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Abstract
The Highveld is identified as an air pollution ‘hotspot’ area where pollutant concentrations

are elevated due to the high density of industrial and non-industrial air pollution sources. To
enhance air quality across the Highveld, it was declared a priority area to manage and
monitor pollutants to reduce their negative impact on the environment and society. Hence,
the aim of this study was to investigate ambient air pollution across the Highveld Priority
Area (HPA), using ground-level SO;, NOx and surface Os concentrations, meteorological
parameters and Moderate resolution imaging spectroradiometer (MODIS) atmosphere
products, for January to December 2011, to develop new modelling techniques to aid in the

management of air pollution.

Results show the annual mean trace gas concentrations of SO,, NOx and surface O3 were
12.14, 14.75 and 28.77 ppb, respectively. SO, and NOx concentrations were highest during
winter at an average of 17.56 and 20.96 ppb, where surface Oz concentrations were highest
during spring at an average of 32.82 ppb. Diurnal patterns of SO, and surface Oz were
similar, where a midday peak occurred. NOx concentrations instead showed peaks during
traffic hours. Ambient air temperature, solar radiation, relative humidity, wind speed and
rainfall levels peaked during summer. Atmospheric pressure was relatively stable
throughout the year. Winds typically ranged from N to E up to April and from S to NW from
May. Very little variation in SO, and NOyx concentrations was explainable by meteorology, 4
t0 29 % and 5 to 23 %, while the influence of meteorology on surface O3 concentrations was
more significant, 23 to 53 %. Spatial multiple regression statistical models using a cross
validation approach for model validation were made over a number of temporal scales. The
model fitting and validation processes indicated that the models were not a good fit as only
up to 69, 74 and 58 % of SO;, NOy and surface Oz concentrations with high root means
square error (RMSE) values of up to 22.10, 15.56 and 18.59 ppb, respectively, could be
explained by the models. This process revealed the potential to model pollutants across the
HPA, and as a pilot study future work can be based on this study. It is clear that spatial
modelling for pollution estimation and management is necessary as seen by the frequent

exceedances of the national and international ambient air quality standards.
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Chapter 1: Introduction

(Source: Crompton, 2016)
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1.1. Background

Clean air is considered a basic human right and a requirement for human health and well-
being (WHO, 2005). Increasing levels of air pollutants across the world have become an
issue for human and environmental health (WHO, 2005; Josipovic et al., 2010). Expanding
industrial and urban areas, especially in developing countries where populations are
growing quickly such as South Africa, are largely responsible for increasing air pollution
levels (Josipovic et al., 2010; Gaur et al., 2014). South Africa has been identified as a
significant air pollution source (Josipovic et al., 2010). Across the country seven criteria air
pollutant species are frequently emitted, CéHs, CO, NO2, Os, PB, PMio, SO. (DEA, 2009).
Within South Africa there are a number of air pollution ‘hotspot’ areas, namely the Highveld
Priority Area (HPA), the Vaal Triangle Air-shed Priority Area and the Waterberg Bojanala
Priority Area. These are areas where ambient air quality standards for criteria air pollutants
are or may be exceeded or any other situation exists which is causing or may cause a

significant negative impact on air quality in the area (DEA, 2017).

Among the different pollutants emitted across the HPA, SO,, NOx and surface O3 are
particularly common where they can cause or exacerbate a number of respiratory problems,
cardiovascular and lung disease, and other damaging effects on human health (WHO, 2005;
Vallero, 2008; DEA, 2011). Major pollution sources across the HPA include domestic fossil
fuel burning, mining, power generation, transport, petrochemical sectors and other
industrial sectors (DEA, 2011). Each of these major pollutant sources are responsible for
emissions of the pollutants SO; and NOy, while in situ photochemical oxidation of carbon
linked compounds (i.e. CO, CHs and VOC's), emitted, in the presence of NOx are responsible

for the production of the surface O3 (DEA, 2011; Gaur et al., 2014).

To effectively manage and monitor pollutant concentrations, it is crucial to determine
pollutant levels, their variations and their relationship to regional meteorological patterns,
which is typically done using ground-based monitoring networks (Gupta and Christopher,
2009a; Gupta and Christopher, 2009b; Hu et al., 2014a; Hu et al., 2014b; Sotoudeheian and
Arhami, 2014; You et al., 2015). Across the HPA, the South African air quality information
(SAAQIS) monitoring network is used for this purpose. Although ground-level measurements
are considered accurate, these measurements are inadequate as they only cover a small

area (Hu et al., 2014a). Consequently studies incorporating these measurements are narrow
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due to the limited coverage and irregular distribution of monitoring stations (Hu et al.,
2014a; Hu et al., 2014b; Sotoudeheian and Arhami, 2014). To achieve complete coverage of
an area using ground-based monitoring networks is costly and as a result studies into more
efficient monitoring techniques to attain comprehensive measurements of pollutants is
necessary (Sotoudeheian and Arhami, 2014; You et al., 2015). In recent decades,
innovations in remote sensing techniques have encouraged measuring air pollutants using
satellite imagery from a number of sensors, such as MODIS on Terra and Aqua satellites
among others (Sotoudeheian and Arhami, 2014; Hu et al., 2014a; Hu et al., 2014b; You et
al.,, 2015). Hence, remote sensing techniques using derived measurements have been
applied for the purpose of modelling pollutants to gain a full spatial coverage of pollutants
across an area (Hu et al., 2014a; Hu et al.,, 2014b; You et al., 2015). Using derived
measurements of trace gases and aerosols obtained from satellite imagery to estimate
ground-level pollutant concentrations is a necessary but challenging task to manage and
monitor pollutants across an area (Gupta and Christopher, 2009a; Gupta and Christopher,
2009b; Sotoudeheian and Arhami, 2014; Hu et al., 2014a; Hu et al., 2014b; You et al., 2015).
To date no investigation into air pollution modelling across the HPA using satellite imagery
has been undertaken. As a result, in the following sections of this study, the spatio-temporal

patterns of SO,, NOxand surface Oz across the HPA are investigated using satellite imagery.

1.2. Rationale
The National Environmental Management: Air Quality Act (No. 39 of 2004) (NEMAQA)

illustrates that the constitutional right of an environment is that it is kept healthy, and
nothing harmful to the environments health and wellbeing should be done (DEA, 2004). The
Highveld has for long now been an area associated with poor air quality (DEA, 2011;
Balashov et al., 2014). Hence, the HPA was named in November 2007 as it is an area in need
of air pollution control and governance as indicated by the frequent and potential
exceedances of air quality standards (DEA, 2011). Thus, the HPA is an air pollution ‘hotspot’
whereby the roots of air pollution problems are to be identified and addressed in an Air
Quality Management Plan (AQMP) (DEA, 2011). AQMP’s do not follow all avenues to
address air quality problems as they are just guidelines. As a result this study will introduce
new techniques into modelling pollutants which can be used to identify and address air

quality problems using information on the relationship of air pollutants to meteorology and
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for air quality to satellite-derived measurements, meteorology and other potential factors,

which is a recent study endeavor never performed across any area in South Africa.

1.3. Contribution to existing knowledge
To comprehensively monitor pollutants it is necessary to measure the variation of pollutant

concentrations over numerous temporal scales (Zunckel et al., 2004; Pudasainee et al.,
2006; Laakso et al., 2008; Elampari and Chithambarathanu, 2011; Gaur et al., 2014). Across
the country studies have investigated the temporal variation of many aerosols and trace
gases (Zunckel et al., 2004; Laakso et al., 2008; Collett et al., 2010; Abiodun et al., 2014;
Balashov et al., 2014). Few studies have focused on the temporal variation of pollutant
species over Highveld area (Collett et al., 2010; Balashov et al., 2014). As a result, this study
will add to the body of knowledge on the temporal variation of pollutants SO,, NOx and

surface O3 concentrations across the Highveld.

In addition, it is important to understand how meteorological parameters influence the
concentrations of pollutants (Dueflas et al, 2002; Elminir, 2005; Elampari and
Chithambarathanu, 2011). There are few studies across the world (Dueiias et al., 2002;
Elminir, 2005; Elampari and Chithambarathanu, 2011), and none across the Highveld.
Hence, this study will add to the body of knowledge on the relationship of SO;, NOyx and

surface O3 to regional meteorology and of this subject across the Highveld area.

Many studies have used simple linear regression modelling to relate ground-level
concentrations of trace gases and aerosols to satellite-derived measurements (Chu et al.,
2003; Wang and Christopher et al., 2003; Engel-Cox et al., 2004; Engel-Cox et al., 2006;
Hutchinson et al., 2006; Fishman et al., 2010). More recently, multiple regression and non-
linear modelling has been used for the purpose of relating the two by including other factors
that influence ground-level trace gas and aerosol concentrations (Gupta and Christopher,
2009a; Gupta and Christopher, 2009b; Sotoudeheian and Arhami, 2014; Hu et al., 2014a; Hu
et al., 2014b; You et al., 2015). This study will add to this body of knowledge by using
multiple regression modelling incorporating some of the many factors that influence trace
gas concentrations, in a new location being the Highveld and for SO,, NOx and surface O3

over numerous temporal scales.
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Many air quality monitoring studies measure the frequency of exceedance of air quality
standards for trace gases and aerosols (Josipovic et al., 2010; Venter et al., 2012). This study
will add to the body of knowledge of the frequency of exceedance of SO,, NOx and surface
O3 across the HPA. New ways to identify a pollution ‘hotspot’ will be explored using the

probability of exceedance.

This study may be used as guideline for modelling pollutants to develop methods whereby

pollutants across an area may be accurately modelled using satellite and ground-level data.

1.4. Aim and objectives
This study aims to investigate ambient air pollution, using ground-level SO, NOx and surface

O3 concentrations, meteorological parameters and MODIS atmosphere products, across the

HPA, a pollution ‘hotspot’ area in South Africa.
The main objectives are:

1. To determine the seasonal, monthly and diurnal variation of ground-level SO,, NOx and
surface O3 concentrations,

2. To investigate how regional meteorological conditions influence SO;, NOx and surface Os
concentrations,

3. To investigate the relationship between ground-level SO;, NOx and surface O3
concentrations, meteorological conditions and MODIS atmosphere products and,

4. To investigate if SO, NOx and surface Os levels exceed national and international air

quality guidelines and the human and environmental health implications thereof.

1.5. Structure of thesis
The work presented herein is divided into six chapters. Chapter 1 provides an introduction

to this study. Chapter 2 discusses the associated literature. Chapter 3 provides an overview
of the study area. Chapter 4 explains the data and methodological approaches utilised. The
results are presented and discussed in Chapter 5. In Chapter 6 the key findings are

summarised with recommendations.
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Chapter 2: Literature review

(Eskom, 2017b)
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2.1. Primary and secondary pollutants
SO, NOx and surface Oz are common air pollutants in South Africa's ambient air and across

the HPA (DEA, 2004). These air pollutants can be considered in two main categories, primary
and secondary air pollutants. SO, and NOy are primary pollutants emitted directly from
sources into the atmosphere (Vallero, 2008; Harrison et al., 2014). Surface Os is a secondary
air pollutant manufactured in air when primary pollutants (i.e. precursor gases) under the
influence of sunshine react with and in the presence of one another (Vallero, 2008; Harrison

etal., 2014).

2.2. Whatis SO
SO, belongs to a group of air pollutants known as oxides of Sulphur (SOx) (Datta et al., 2010).

SO; is a non-flammable, strong smelling gas phase pollutant (Chen et al., 2001; Datta et al.,
2010). It is one of the most commonly released sulphur compounds in the atmosphere
(Chen et al., 2001). It is predominantly a primary pollutant, but when dimethylsulphide from
the ocean is oxidised by OH radicals, SO; is formed as a secondary pollutant (Chen et al.,
2001; Jourdain and Legrand, 2001; Fisshea et al., 2006; Datta et al., 2010). SO, may also be

oxidised to produce secondary aerosols and cause acid rain (Lin et al., 2008).

SO, is emitted from a number of natural and anthropogenic sources (Table 2.1).
Anthropogenic emissions of SO; from combustion processes, for example coal burning for
power generation, are the most common and they occur at high enough concentrations for
SO; to be considered a major atmospheric pollutant (Datta et al., 2010; Lu et al., 2010). The
majority of SO; emissions, particularly across the HPA, are from the combustion of sulphur
containing fuels at point sources (Chen et al., 2001; Datta et al., 2010; DEA, 2011; Harrison
et al., 2014). SO, sources are generally unevenly distributed across an area and as a result
SO, concentrations vary spatially, especially across the HPA where the majority of SO;
sources are across the eastern side (Datta et al., 2010; DEA, 2011). Additionally, SO, has an
uneven temporal distribution as a result of its short atmospheric lifetime of about 2 to 3

days (Zunckel, 1999; Stehr et al., 2000; Chen et al., 2001).
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Table 2.1: Common sources of SO, (Stehr et al., 2000; Chen et al., 2001; Datta et al., 2010;
DEA, 2011; Gaur et al., 2014; Harrison et al., 2014).

Pollutant Sources of SOz

SOz e Petrochemical plants — petroleum production

e  Fossil fuel burning — biomass, domestic (household), vehicle exhaust
emissions and power generation

e  Mining (coal)

e  Gas extraction

e  Emissions from soil microbial processes

e  Agricultural activities — land clearing

e  Geothermal —Volcanoes and hot springs

SO; is highly reactive and soluble and as a result it is easily removed from the atmosphere
through wet and dry depositional processes (Fisshea et al., 2006). According to Zunckel et al.
(1996) the rate of dry deposition of SO, over the Highveld largely exceeds the rate of wet
deposition, mainly due to the low levels of precipitation experienced. Dry deposition occurs
throughout the year when pollutants settle on land, water, building and vegetation surfaces
(Zunckel et al., 1996; Zunckel, 1999). During the summer months the Highveld experiences
the majority of its rain, and during this time SO; is removed through wet deposition
processes, namely precipitation or scavenging (within clouds as cloud condensation nuclei)

(Zunckel et al., 1996; Zunckel, 1999).

2.2.1. Why does SO: matter

SO; is an important pollutant to consider as exposure may influence both human and
environmental health as well as climate (Vallero, 2008; Harrison et al., 2014). In a
developing country such as South Africa, high SO; levels as a result of coal combustion
persist (Lourens et al., 2011; Harrison et al., 2014). The resulting SO, concentrations build up
to dangerous levels under certain meteorological conditions and in particular terrains which

limit dispersion (Datta et al., 2010; Gaur et al., 2014; Harrison et al., 2014).

SO; exposure influences human health immensely. Brief exposure to SO; for as short as 10
minutes, may begin to affect pulmonary function in individuals (WHQO, 2005). Mortality as a
result of long term exposure to SO, may occur (WHO, 2005; Harrison et al., 2014). In
humans, SO; typically affects the respiratory system by constricting bronchi through mucus

secretion, worsening asthmatic symptoms making breathing difficult or bringing about
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asthma, promoting chronic bronchitis and causing coughing (Vallero, 2008; Harrison et al.,
2014). Exposure to SO, may also act as an irritant to eyes, nose and throat (Vallero, 2008;

Harrison et al., 2014).

In vegetation, SO, may cause severe stress through: inhibition of growth; physical
destruction namely leaf blemishes; disturbance of internal processes namely metabolic
function; and deterioration of health increasing plant susceptibility to other stressors
namely disease and/or insect attack (Vallero, 2008; Harrison et al., 2014). The outcome of
the influence of SO, on vegetation may have economic and aesthetic effects (Vallero, 2008;
Harrison et al., 2014). In ecologically sensitive areas particularly SO, exposure may lead an
overall decline in biodiversity through loss of sensitive species (Vallero, 2008; Harrison et al.,

2014).

SO; in the atmosphere is commonly converted to SO4% through oxidation reactions (Chen et
al., 2001). The resulting SO4? particles actively scatter solar radiation promoting surface and
atmospheric cooling (Datta et al., 2010; Harrison et al., 2014). These particles also act a
cloud condensation nuclei and as a result cloud albedo levels are increased which leads to
an increase in cloud droplet numbers, a decrease in cloud sizes reducing the precipitation
ability of clouds increasing their lifetime effectively enhancing the reflection of solar

radiation to space (Harrison et al., 2014).

2.2.2. Seasonal variation of SO
SO; has an obvious seasonal variation. During rainy seasons, namely summer across the HPA,

SO; concentrations are lowest as SO; is easily removed from the atmosphere through wet
depositional processes (Laakso et al., 2008; Meng et al., 2009; Datta et al., 2010; Gaur et al.,
2014). Additionally, SO, may be photochemically reduced through heat and sunlight (Meng
et al., 2009). Hence, during summer months SO, concentrations are typically lowest due to
removal by precipitation, more rapid photochemical reactions and vertical and horizontal
mixing in an unstable atmosphere (Laakso et al., 2008; Meng et al., 2009; Data et al., 2010;
Gaur et al., 2014).

Stable winter atmospheric conditions from high pressure cells promote subsidence and

more frequent temperature inversions prohibiting any vertical mixing of SO, concentrations
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(Laakso et al., 2008; Meng et al., 2009; Data et al., 2010; Gaur et al., 2014). As a result, SO;
concentrations peak during winter (Lyubovtseva et al., 2005; Laakso et al., 2008; Meng et al.,
2009; Data et al., 2010; Gaur et al., 2014). Higher SO, concentrations in South Africa’s winter
months according to Venter et al. (2012) may partially be as a result of regional recirculation

of pollutants.

In South Africa and particularly over the Highveld where the majority of the country’s power
stations reside, winter SO, concentrations are high not only due to the conditions of the
atmosphere, but because more electricity and domestic burning is used for space heating
(Lourens et al., 2011). Furthermore, the seasonal variation of SO; is more pronounced where
pollutant sources are strongest or more concentrated (Meng et al., 2009; Datta et al., 2010;

Venter et al., 2012; Gaur et al., 2014).

2.2.3. Monthly variation of SO
During winter, June, July and August for the Southern hemisphere, SO, concentrations peak

and then during summer, December, January and February, these concentrations are at
their lowest as discussed in the previous section. Pollutant concentrations are also known to
vary monthly due to changing meteorological conditions, source strength characteristics
among others (Vallero, 2008). Hence, during one season SO; concentrations may not vary or

they may vary substantially from month to month.

In Washington, United States, Chen et al. (2001) found that from 1999 to 2000 SO;
concentrations were lowest during August and during December concentrations were
particularly high. Similarly, Gaur et al. (2014) in Northern India and Meng et al. (2009) in
Northern China identified peak SO; concentrations during December and during August the
concentrations of SO, were lowest. In Hyytidld, Finland Lyubovtseva et al. (2005)
investigated SO; concentrations in a boreal forest and found that August concentrations
were lowest while during February, concentrations of SO, were highest. From September
2004 to May 2005 Saliba et al. (2006) investigated SO, concentrations across Beirut,
Lebanon and identified a December peak. Summer concentrations were not measured but
during September, the beginning of autumn, SO, concentrations were at their lowest for the

sampling campaign (Saliba et al., 2006).
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In South Africa across the Highveld Lourens et al. (2011) investigated SO, concentrations
during 2007 and 2008 and found that SO, concentrations peaked during July and during
November they were lowest. Near Mafikeng in the North-West, South Africa Laakso et al.
(2008) showed that during 2006 and 2007 the concentrations of SO, peaked during July and

during January they were lowest.

2.2.4. Diurnal variation of SO
SO, has a complex diurnal variation, which is more distinct during winter (Laakso et al.,

2008; Datta et al., 2010; Gaur et al., 2014). It has two diurnal variations resulting from
diurnal changes of the mixing layer and from the type of source for SO, (Stehr et al., 2000;

Chen et al., 2001).

One diurnal variation which is characteristic of rural and semi-rural areas shows a mid-day
SO, peak around 12h00 and 13h00 (Zunckel et al., 1999; Stehr et al., 2000; Chen et al., 2001;
Lyubovtseva et al., 2005; Laakso et al., 2008; Lin et al., 2008; Meng et al., 2009; Collett et al.,
2010). This is as a result of a shallow mixing layer forcing SO, concentrations to subside and
mix at the surface (Zunckel et al., 1999; Stehr et al., 2000; Chen et al., 2001 Meng et al.,
2009; Collett et al., 2010). SO, concentrations in this case generally decrease at night as a

result of dry deposition (Zunckel et al., 1999; Laakso et al., 2008).

Another SO; variation occurs as a result of source strength and temperature inversion layers
during the morning and evening (Data et al., 2010; Gaur et al.,, 2014). A morning and
evening peak are as a result of peak time traffic emissions, power use and domestic fossil
fuel use (Datta et al., 2010; Gaur et al., 2014). Additionally the evening peak is exacerbated
by the onset of an inversion layer (induced by low surface temperature from nocturnal
radiative cooling) that prohibits vertical mixing and the morning peak is exacerbated once
the nocturnal inversion layer has broken up and a mixing layer has developed (Datta et al.,
2010; Venter et al., 2012; Gaur et al., 2014). During winter the morning and evening peaks
are more pronounced as a result of source strength and more persistent and pronounced

temperature inversion layers (Venter et al., 2012).
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2.3. What is NOx
Oxides of Nitrogen (NOx = NO + NO3) are a group of highly reactive gases which contain

nitrogen and oxygen atoms (Pandey et al., 2008). NOx are mainly generated from fossil fuel
combustion (Table 2.2) (Harrison et al., 2014). NO is a colourless, insoluble, odourless gas
emitted directly to the atmosphere and is photochemically oxidised to form the NO,, a
brown odorous gas (Lal et al., 2000; Harrison et al., 2014). Oxidation of NOx may produce
secondary aerosols and cause acid rain (Lin et al., 2008). NOx for this study is a primary

pollutant.

Table 2.2: Common sources of NOx (Abdul-Wahab and Bouhamra, 2004; David and Nair,
2011; DEA, 2011; Gaur et al., 2014; Harrison et al., 2014).

Pollutant Sources of NOx
NOx e  Fossil fuel burning — biomass, domestic, vehicle exhaust emissions and
industrial
e  Mining
e  Wild fires

e Lightning strikes
e  Soil microbial activity
e  Agricultural activities — land clearing, agricultural waste combustion

The majority of NOx are emitted from combustion processes in vehicles (Harrison et al.,
2014). NO emissions levels are dependent on source density (i.e. traffic density) (Abdul-
Wahab and Bouhamra, 2004). NOy sources are unevenly distributed and concentrated, as a
result NOx concentrations exhibit a large spatial variation (Ahammed et al., 2006; Pandey et
al., 2008; Meng et al., 2009; Gaur et al., 2014). NOx has an atmospheric lifetime, shorter

than SO, of a couple of hours to a day (Gaur et al., 2014).

A major sink for NOx is the photochemical reaction producing surface O3 (Ahammed et al.,
2006; Pandey et al., 2008; Meng et al., 2009; Gaur et al., 2014). NOx are removed through
dry deposition processes. NO may easily be removed to form NO; (Lal et al., 2000; Jain et al.,
2005; Pandey et al., 2008; Harrison et al., 2014). NOy, a gas soluble in liquids, may easily be
removed through cloud scavenging and precipitation as well as through dry deposition (Jain
et al., 2005; Gaur et al., 2014). Over the Highveld, as is the case for SO, removal, dry
deposition and photochemical reactions are the most common removal paths for the

soluble NOyas there is little precipitation (Collett et al., 2010).
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2.3.1. Why does NOx matter

NOyx are an important group of pollutants that may both directly and indirectly negatively
influence both human and environmental health (Harrison et al., 2014). NOy levels may build
up under particular meteorological conditions which limit dispersion (Harrison et al., 2014).

NOxy also acts as a catalyst during surface O3 formation (Harrison et al., 2014).

At extremely high levels NOx exposure can cause death, while at low levels NOx mainly
targets the respiratory system affecting the structure of lung tissue (Harrison et al., 2014).
NOy can also disturb the blood’s ability to transport oxygen throughout the body leading to
headaches, fatigue and dizziness (Harrison et al., 2014). NO; is toxic to both humans and
animals. High levels of NO; can permanently damage the respiratory tract and lungs,
increasing vulnerability to asthma (WHO, 2005; Harrison et al., 2014). Exposure to NO can
cause unconsciousness, vomiting, mental confusion and damage to teeth (Harrison et al.,
2014). NOy also acts as an irritant to the eyes, nose, throat and lungs (Harrison et al., 2014).

It also causes shortness of breath, fatigue and nausea (Harrison et al., 2014).

NOy is toxic and may both indirectly and directly damage vegetation (Harrison et al., 2014).
Physically NOx may reduce plant growth rates, bleach plant tissue, promote leaf blemishes,
and cause leaf fall (Harrison et al., 2014). NOy indirectly damages plants through wet and dry
deposition, when deposited NOyx enters the soil increasing soil mineral nutrients to levels too

high for vegetation (Harrison et al., 2014).

NOxy is a catalyst during the production of surface Oz (Harrison et al., 2014). This is important
as surface O3 is a Greenhouse gas (GHG), as a result NOx indirectly warms the Earth’s surface
(Harrison et al., 2014). During the production of surface Os, NOy initiates the production of
the OH radical which removes some GHG’s, namely CO, CHs4 and HCFC's, essentially acting as
a cooling agent (Ahrens, 2009; The Royal Society, 2008). NO; is oxidised to form nitrate
particles which directly and indirectly cause a negative surface forcing resulting in net

cooling (Ahrens, 2009).

2.3.2. Seasonal variation of NOx
NOx demonstrates a clear seasonal variation. The seasonal variation of atmospheric

conditions plays a major role in the variation of NOx concentrations (Abiodun et al., 2014). In
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areas where NOx sources are strongest, for example urban city centres, there is a more
distinct seasonal variation (Hassan et al., 2013; Abiodun et al., 2014), while Gaur et al.

(2014) found no seasonal variation in rural areas with no significant NOx sources.

In winter, across the Highveld, NOx concentrations are allowed to accumulate as a result of
increased emissions from widespread biomass burning, power generation and domestic
fossil fuel burning and slower removal from less efficient photochemical removal (Piketh et
al., 1999; Collett et al., 2010). High NOx concentrations during winter are also promoted by
subsidence and more frequent and persistent temperature inversion layers from high

pressure systems (Collett et al., 2010).

According to David and Nair (2011) a decrease in NOx concentrations coincides with an
increase in surface O3 concentrations. In spring and summer as photochemical activity
increases NOx concentrations decrease (Lyubovtseva et al., 2005; Beig et al., 2007; Pandey et
al., 2008; Meng et al., 2009; Collett et al., 2010). However, in addition frequent precipitation
results in minimum NOx concentrations during summer months (Lyubovtseva et al., 2005;

Beig et al., 2007; Pandey et al., 2008; Meng et al., 2009; Collett et al., 2010).

2.3.3. Monthly variation of NOx

During winter, June, July and August for the Southern hemisphere, NOx concentrations are
highest while during summer, December, January and February NOx concentrations are at
their lowest as discussed in the previous section. NOx concentrations may or may not during

a particular season vary from month to month.

Across India there have been many investigations into the levels of NOx. Beig et al. (2007)
sampled during 2003 and 2004 and found that during December NOx concentrations peaked
while during July and August NOx concentrations were lowest. Similarly Gaur et al. (2014)
sampled from 2009 to 2013 and found that during December NOx concentrations were
highest while during July they were at their lowest. David and Nair (2011) also found
December NOy concentrations to be highest during 2007 to 2009 at Trivandrum, India while
during June they were lowest. During 2001 to 2003 at Anantapur, India Ahammed et al.
(2006) found that during January NOx concentrations peaked and during October they were

lowest.
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During 2003 to 2006 Meng et al. (2009) measured NOy across Northern China and found
that December NOx concentrations were highest and during July these concentrations were
substantially lower. Abdul-Wahab and Bouhamra (2002) measured NOx concentrations
during 1997 in Kuwait and found that concentrations during August were noticeably low
while concentrations during January were relatively higher. In Jeddah City, Saudi Arabia
Hassan et al. (2013) found that concentrations of NOx measured from December 2011 to
December 2012 were highest during March and during July they were lowest. In Hyytial3,
Finland from 1997 to 2003 concentrations of NOx displayed a peak during March and during

August they were lowest (Lyubovtsev et al., 2005).

In South Africa, NOx concentrations measured by Abiodun et al. (2014) in Cape Town during
2001 to 2008 were highest during June and during January they were particularly low. NOx
concentrations measured by Laakso et al. (2008) near Mafikeng, North-West during 2006

and 2007 were found to peak during June and during March they were lowest.

2.3.4. Diurnal variation of NOx
In most rural areas, during summer, during strong wind episodes diluting NOx concentrations

and during high rainfall periods NOx concentrations generally do not display any diurnal
variation (Pandey et al., 2008; Collett et al., 2010; Gaur et al., 2014). During winter and in
areas with major NOy sources, NOx concentrations show a distinct diurnal variation (Abdul-
Wahab and Bouhamra, 2004; Lyubovtseva et al., 2005; Abiodun et al., 2010). The boundary
layer remains lower for longer during winter promoting a distinct diurnal variation (Beig et

al., 2007).

A typical diurnal variation for NOx concentrations can be described by a morning peak when
traffic densities are high, surface winds are slow and the nocturnal temperature inversion
layers break up, followed by a minimum during the day when NOx is removed by
photochemical processes, diluted from strong winds and expansion of the mixing layer, and
a distinct evening peak (greater than the morning peak) when traffic densities are high and
temperature inversions onset (Lal et al., 2000; Abdul-Wahab and Bouhamra, 2004,
Lyubovtseva et al., 2005 Ahammed et al., 2006; Beig et al., 2007; Lin et al., 2008; Pandey et
al., 2008; Meng et al., 2009; Collett et al., 2010; David and Nair, 2011; Reddy et al., 2012;
Abiodun et al., 2014; Gaur et al., 2014).
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2.4. What is O3

O3 is an almost colourless gaseous component of the atmosphere occurring in both the
stratosphere and troposphere layers (Figure 2.1) (Xu et al., 2008; Ahrens, 2009). About 90%
of Oz is present in the stratosphere. Here Os is produced following the photolysis of
molecular oxygen (Xu et al., 2008; Ahrens, 2009). This creates the ‘ozone layer’, which acts
as a protective layer filtering out dangerous UV radiation (Xu et al., 2008; Ahrens, 2009). In
the troposphere, O3 is present when it is transported from the stratosphere through
stratospheric intrusions from westerly waves (Balashov et al., 2014), and on the surface
tropospheric O3 is additionally produced photochemically and is a principal component of
smog (Vingarzan, 2004; Ahammed et al., 2006; Xu et al., 2008; Ahrens, 2009). Here, Os is a
GHG that absorbs terrestrial radiation and particularly at ground-level, photochemical Os is
a hazardous air pollutant (Xu et al., 2008; Ahrens, 2009). O3 within the troposphere is a toxic

substance with an unpleasant smell (Ahrens, 2009).
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Figure 2.1: A schematic diagram of O3 in the stratosphere and in the troposphere — showing
ground-level photochemical Os (Ahrens, 2009).

2.4.1. O3 as a surface air pollutant
O3 is a common air pollutant in South Africa's ambient air (DEA, 2004). Surface Os is an air

pollutant in the troposphere especially within the surface boundary layer. Combustion of

fossil fuels is one of the principal processes that release the gaseous precursor pollutants
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that react form surface Os (Table 2.3) (Gaur et al., 2014). Along with the presence of the
precursor gases, many meteorological conditions promote the formation of surface O3 (Gaur
et al., 2014). The formation, transport, chemical destruction, deposition and atmospheric
lifetime of surface Os will determine its concentration in any given area (Vingarzan, 2014).
The lifetime of surface O3z to about 2 days (Fishman et al., 1991). The lifetime of

tropospheric ozone is approximately 90 days (Fishman et al., 1991).

Table 2.3: Common sources of the precursors that form Oz (Abdul-Wahab and Bouhamra,
2004; Vingarzan, 2004; Ahammed et al., 2006; David and Nair, 2011; DEA, 2011; Gaur et al.,
2014; Harrison et al., 2014).

Pollutant Sources of Oz precursors

O3 e  Fossil fuel burning — biomass, domestic, vehicle exhaust emissions, power
generation and industrial

e  Mining

e Land changes — deforestation

e  Wild fires

e Lightning strikes

e  Soil microbial activity

e  Agricultural activities — land clearing, agricultural waste combustion

Surface Os in particular is produced from the reaction between the precursor gases, namely
VOC’'s (NMHC and CHa4) as well as CO in the presence of sunlight, and the OH (hydroxyl
radical) and NOx catalysts in the boundary layer (Figure 2.2) (Dueiias et al., 2002; Zunckel et
al., 2004; Ahammed et al., 2006; Lin et al., 2008; The Royal Society, 2008; Xu et al., 2008;
Ahrens, 2009; David and Nair, 2011; Abiodun et al., 2014; Balashov et al., 2014; Gaur et al.,
2014; Harrison et al., 2014). The photochemistry of Oz is a complex series of chemical
reactions that is dependent on the availability of O3 precursor gases (Crutzen et al., 1999)

(Figure 2.2).
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Figure 2.2: A schematic representation of Oz in the stratosphere and the production and
destruction of O3 in the boundary layer of the Troposphere (After: The Royal Society, 2008).

The first reaction is the photolysis of O3 which is a destruction process (reaction 1) (The
Royal Society, 2008; Ahrens, 2009; Harrison et al., 2014). This reaction occurs when solar
radiation (hv) at wavelengths (A) less than about 320 nm penetrates the atmosphere to
reach the boundary layer (The Royal Society, 2008; Ahrens, 2009; Harrison et al., 2014). Os
photolysis generates excited (single state) oxygen atoms, O(!D), which easily react with
water vapour (H20) to form hydroxyl radicals, OH" (reaction 2) (The Royal Society, 2008;
Ahrens, 2009; Harrison et al., 2014). This is an important reaction as OH" is responsible for
most chemical change within the atmosphere (The Royal Society, 2008; Harrison et al.,
2014). In this way OH" determines the oxidising capacity of the atmosphere and the
atmospheric lifetime of O3z (Crutzen et al., 1999; Staehelin et al., 2001). When OH" reacts
with CO and VOC’s (CHs and NMHC's), Oz is easily produced or removed (Crutzen et al.,
1999; Staehelin et al., 2001).

O3 + hv - 0(*D) + 0, A < 320 nm (reaction 1)
0(*D) + H,0 — 20H™ (reaction 2)
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O3 is formed naturally when O and O3 react in the presence of solar radiation (Crutzen et al.,
1999; Staehelin et al., 2001; The Royal Society, 2008; Harrison et al., 2014). Some of the
O('D) atoms formed in reaction 1 are deactivated to ground state, where O3 and M is
produced (reaction 3) (Crutzen et al., 1999; Staehelin et al., 2001; The Royal Society, 2008;
Harrison et al., 2014). M is a third body that absorbs the energy released during the reaction
(The Royal Society, 2008).

0+ 0, » O3 + M(reaction 3)

O3 may be removed or produced when OH" reacts with the precursor gases in the presence
of NOyx and sunlight (Crutzen et al., 1999; Staehelin et al., 2001; The Royal Society, 2008;
Harrison et al., 2014). The net production of Os is very dependent on the concentration of

NOy in the atmosphere (Crutzen et al., 1999; Duefias et al., 2002).

An example of the photochemical production of O3, when CO is oxidised by OH" O3 is readily
formed through the following reactions (Crutzen et al., 1999; Staehelin et al., 2001; The
Royal Society, 2008; Harrison et al., 2014):

CO+ OH™ — CO, + H(reaction 4)

Here, H reacts with O; to produce the peroxyl radical, HO; (reaction 5), which may react
with NO to produce OH and NO; (reaction 6) (Crutzen et al., 1999; Staehelin et al., 2001;
The Royal Society, 2008; Harrison et al., 2014). When solar radiation penetrates through the
atmosphere to ground-level and is less than 420 nm, any NO, present will produce NO and
O (reaction 7) (Crutzen et al., 1999; Staehelin et al., 2001; The Royal Society, 2008; Harrison
et al., 2014). This reaction occurs most commonly when air is highly polluted (The Royal
Society, 2008; Ahrens, 2009). Following this reaction 3 occurs to produce Os, where the net
reaction of this process is reaction 8 (Crutzen et al., 1999; Staehelin et al., 2001; The Royal

Society, 2008; Harrison et al., 2014).
H+ 0, + M - HO, + M(reaction 5)
HO, + NO - OH™ + NO, (reaction 6)
NO, + hv - NO + OA < 420 nm (reaction 7)

CO + 20, —» CO, + Oz(reaction 8)
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O3 can easily be destroyed when it combines with NO (reaction 9) (Ahrens, 2009; Harrison et
al., 2014). O3 can also be easily destroyed when it combines with HO; (reaction 10) (The
Royal Society, 2008). According to David and Nair (2011), the amount of surface Os lost due
to photochemical loss mechanisms is greater than the loss due to dry deposition. The net
result of the destruction of O3 with CO shown by reaction 11 (Crutzen et al., 1999; Staehelin
et al., 2001; The Royal Society, 2008; Harrison et al., 2014).

O3 + NO — NO, + O,(reaction 9)
O3 + HO, - OH™ + 20, (reaction 10)
CO + 03 = CO, + O,(reaction 11)

O3 is a soluble compound easily removed during precipitation episodes (Balashov et al.,
2014; Gaur et al., 2014). O3 may also easily settle on vegetation, water and land surfaces
(Ahammed et al., 2006; David and Nair, 2011; Harrisson et al., 2014). According to Zunckel
et al. (2004) the removal of O3 through dry deposition over the Highveld is far greater than

through wet deposition.

2.4.2. Why does surface Os matter
Surface Os is an important pollutant as it exerts a negative influence on both human and

environmental health as well as climate in the boundary layer (The Royal Society, 2008;
Ahrens, 2009; Elampari and Chithambarathanu, 2011). Even at low concentrations surface
O3 adversely impacts human and environmental health (Ahrens, 2009). Surface O3 has a
harmful impact on the biosphere, human health, animal populations, manufactured goods
and agricultural productivity (Lal et al., 2000; Duefias et al., 2002; Zunckel et al., 2004; Jain et
al., 2005; Lin et al., 2008; Xu et al., 2008; Khoder, 2009; David and Nair, 2011; Hassan et al.,
2013).

In humans, surface Oz predominantly targets the respiratory system (Kouvarakis et al., 2000;
The Royal Society, 2008; Ahrens, 2009; Elampari and Chithambarathanu, 2011; Gvozdi¢ et
al., 2011; Reddy et al.,, 2012; Balashov et al., 2014). For extreme cases, from long term
exposure, mortality (usually respiratory related) from surface Os is possible (Beig et al.,

2011; Ahrens, 2009). Most other cases reveal that surface O3 exposure brings about
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respiratory problems, irritation of eyes, nausea and headaches (Kouvarakis et al., 2000; The
Royal Society, 2008; Ahrens, 2009; Elampari and Chithambarathanu, 2011; Gvozdi¢ et al.,
2011; Reddy et al., 2012; Balashov et al., 2014). The main concern in humans is respiratory
damage as this may decrease lung function, exacerbate asthma in asthmatic subjects or
even bring about asthma, cause pulmonary inflammation, chest pain, coughing, pulmonary
congestion and an overall decline in lung capacity (Kouvarakis et al., 2000; The Royal Society,
2008; Ahrens, 2009; Elampari and Chithambarathanu, 2011; Gvozdi¢ et al., 2011; Reddy et
al., 2012; Balashov et al., 2014).

In natural vegetation and agricultural crops, surface O3 may cause severe stress, produce
visible injuries and negatively influence their growth ability and overall health by increasing
their susceptibility to disease (Pochanart et al., 1999; Satsangi et al., 2004; Avnery et al.,
2011; Lourens et al., 2011). The resulting influence of surface Oz on crops and plants may be
detrimental to economies and food security (Wang and Mauzerall, 2004; Avnery et al.,
2011). For agricultural crops, crop yields as well as quality are reduced (Avnery et al., 2011;
Elampari and Chithambarathanu, 2011). Exposure may also influence natural vegetation and
agricultural crops abilities to produce as well as store food and it may cause changes in

morphology and physiology (Avnery et al., 2011; Elampari and Chithambarathanu, 2011).

Surface Os also influences climate. It is a GHG that can alter the surface energy balance, by
absorbing outgoing terrestrial radiation (infrared radiation) in the atmospheric window (A ~
9.6 um) (IPCC, 2001; Betts et al., 2002; Yamaniji et al., 2006; Ahrens, 2009). It is the third
most important GHG after CO2 and CH4 (IPCC, 2001; Betts et al., 2002; Ahrens, 2009).

2.4.3. Seasonal variation of surface O3
Seasonally surface O3 concentrations display a clear variation. During the wet season, in

summer, cloud cover and precipitation reduce the amount of solar radiation reaching the
surface and in turn it reduces the amount of surface Os being formed by promoting the
removal of surface O3z and its precursors through wet deposition (Zunckel et al., 2004; Jain et
al., 2005; Ahammed et al., 2006; Meng et al., 2009; Reddy et al., 2012; Hassan et al., 2013;
Gaur et al., 2014).
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Surface O3 concentrations have a broad peak during the dry season (August to November)
when skies are clear and temperatures are warm, as solar radiation easily reaches the
surface promoting a large amount of photochemical generation of surface Os (Zunckel et al.,
2004; Jain et al., 2005; Ahammed et al., 2006; Meng et al., 2009; Reddy et al., 2012; Hassan
et al., 2013; Gaur et al., 2014). Over the Highveld surface Os concentrations show a strong
seasonal variation, where the surface Os peak, during the dry season, is supported by
widespread NOy (a precursor of Surface Os) generation from fossil fuel and biomass burning

(Zunckel et al., 2004).

During late summer and early autumn, surface O3 concentrations in South Africa are at a
minimum (Zunckel et al., 2004). In other parts of South Africa, in the Southern African
Savannah environment, the seasonal variation of surface Os may be particularly weak

(Laakso et al., 2008).

2.4.4. Monthly variation of surface O3
During spring, September, October and November for the Southern hemisphere, surface Os

concentrations peak and then during autumn, March, April and May, these concentrations
are lowest as discussed in the previous section. During one season surface Oz concentrations

may not vary or they may vary substantially from month to month.

Across India many studies have investigated the monthly variation of surface Os, their
findings follow: Khemani et al. (1995) found that during 1991 and 1992 surface Os levels
across Pune were highest during April and lowest during August; across Ahmedabad City
from 1991 to 1995, Lal et al. (2000) found a maximum during April and during August
concentrations were at their lowest; Naja et al. (2003) worked in Mt Abu from 1993 to 2000
and found maximum surface Os levels during May and minimum levels during August;
Satsangi et al. (2004) worked in Agra from 2000 to 2002 and found that during April surface
O3 levels peaked while August levels were at a minimum; across New Delhi from 1997 to
2003 Jain et al. (2005) found concentrations peaked during April and during August they
were lowest; across Anantapur from 2001 to 2003 Ahammed et al. (2006) found that during
March surface O3 levels peaked and during August these levels were at a minimum for the
sampling period; similarly to Khemani et al.(1995), Beig et al. (2007) found that surface O3

levels across Pune during 2003 and 2004 peaked during April and during August they were
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at a minimum; across Trivandrum from 2007 to 2009 surface Os levels measured by David
and Nair (2011) were maximum during December while during June they were lowest;
Reddy et al. (2012) also measured surface Os levels across Anantapur but did not find the
same results as Ahammed et al. (2006) and instead found that during 2010 the surface O3
levels peaked during April and during September they were lowest; Sharma et al. (2013)
sampled surface Os levels across the North Western Himalayan region during 2010 and
found that during May these levels were highest while during October they were lowest;
lastly Gaur et al. (2014) sampled surface Os levels from 2009 to 2013 across Kanapur and

found that levels were highest during May and lowest during August.

Across China many studies have investigated the monthly variation of surface Os, their
findings follow: Tu et al. (2007) worked in Nanjing City from 2000 to 2003 and found that
surface O3 levels peaked during May and during December they were lowest; Lin et al.
(2008) worked across Northern China from 2004 to 2006 and found that during May surface
O3 levels peaked while during November they were lowest; across Eastern China during
2004 Shan et al. (2008) found that surface O3 levels peaked during April and during
December they were lowest; during 1994 and 1995 and then during 2005 and 2006 Xu et al.
(2008) found that surface Os; peaked during May and were lowest during December;
Similarly to Lin et al. (2008), Meng et al. (2009) worked across Northern China but instead
found that during April surface Oz levels were highest while during November they were
lowest; across the Pearl River Delta during 2006 and 2007 Zheng et al. (2010) found that

surface O3 levels peaked during May and during December they were lowest.

Across Eastern Asia Wang and Mauserall (2004) found that during May surface Os levels
from 1999 to 2000 peaked and during December they were lowest. Similarly Yamaji et al.
(2006) also worked across Eastern Asia and found that during 1995 surface Os levels peaked

during May and during December they were lowest.

Across the rest of the world there have been fewer studies. From 1997 to 2003 Lyubovtseva
et al. (2005) found that in Hyytidld, Finland surface Os levels peaked during April while
during October they were lowest. Jaffe and Ray (2007) used surface O3z measurements from
1987 to 2004 from North and Western United States and Alaska and found that

concentrations were highest during May and lowest during August. Across Cairo, Egypt
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during 2004 and 2005 Khoder (2009) found that surface Os levels peaked during July and
during January they were lowest. Across the Jeddah City, Saudi Arabia from 2011 to 2012
Hassan et al. (2013) measured surface Oz and found that levels peaked during August and
during February they were at their lowest. During July across Kuwait, Iraq, Abdul-Wahab and
Bouhamra (2002) and across Northern Spain, Garcia et al. (2005) found surface Os
concentrations to be highest and during December these concentrations were found to be

lowest.

In South Africa, Balashov et al. (2014) using data recorded across the Highveld found that
surface Oz concentrations peaked during October and during May they were lowest for the
period of 1990 to 2007. Across the Highveld during 2006 and 2007 Lourens et al. (2011)
identified an October peak in surface O3 concentrations and during May the concentrations
were lowest. Near Mafikeng, North-West, South Africa, Laakso et al. (2008) during a 2006 to
2007 sampling campaign found that surface O3 concentrations were highest during
September while during July they were lowest. Across Southern Africa, Zunckel et al. (2004)
identified that during 1999 to 2001 October concentrations of surface Oz were highest while

February concentrations were lowest.

2.4.5. Diurnal variation of surface O3
Surface Os concentrations exhibit a clear diurnal variation. South African surface O3

concentrations are high during the day and low at night throughout all the seasons (Zunckel
et al., 2004). During the dry season the diurnal variation is more pronounced than for the

rest of the year (Zunckel et al., 2004).

Surface Os concentrations are lowest at night and drop to a minimum around sunrise as
sources of surface Oz precursor gases emit very little at night and photochemical reactions
cannot occur in the absence of sunlight and photochemical loss mechanisms dominate
under the nocturnal inversion layer (Zunckel et al., 2004; Jain et al., 2005; Lyubovtseva et al.,
2005; Ahammed et al., 2006; Meng et al., 2009; David and Nair, 2011; Reddy et al., 2012;
Hassan et al., 2013; Gaur et al., 2014).

Once the nocturnal inversion layer is broken up by sunlight, air aloft is allowed to mix

downward allowing upper tropospheric O3z to mix in with boundary layer surface Oz, and the
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surface O3 precursors are allowed to mix and photochemically react bringing about a gradual
rise in surface O3 concentrations (Zunckel et al., 2004; Jain et al., 2005; Ahammed et al.,
2006; Meng et al., 2009; David and Nair, 2011; Reddy et al., 2012; Hassan et al., 2013; Gaur
et al., 2014). Throughout the day temperatures gradually increase as the sunlight intensity
increases promoting surface Oz formation (Zunckel et al., 2004). From midday to the late
afternoon surface Os concentrations peak, and following that concentrations gradually

decrease as sunlight intensity and temperatures decrease (Zunckel et al., 2004).

2.5. Transportation of air pollutants over South Africa
Meteorology plays a central role in ambient air quality levels. The overall temporal variation

and spatial distribution of air pollutants are explained by source characteristics, emission
rates, atmospheric lifetimes, vertical and horizontal transport and local terrain (Cosijn and
Tyson, 1996; Gartsang et al., 1996; Tyson et al., 1996b; Duefias et al., 2002). Meteorology
influences the emission and removal, transport and mixing, and photochemical reactions
(Duenas et al., 2002; Tu et al., 2007; David and Nair, 2011). The lifetime of pollutants will
also play an important role in their transportation across an area; pollutants with longer
atmospheric lifetimes will be transported over further distances (Fishman et al., 1991;

Krishnamurti et al., 1993).

The concentration of air pollutants in a given area is not only dependent on their regional
production but also on the meteorology across the region, dispersion into and out of an
area and the accumulation of pollutants (Tyson et al., 1996b). The dispersion and
accumulation of pollutants in a given area is a function of transportation of air throughout
the atmosphere (Gartsang et al., 1996; Tyson et al., 1996b). Air pollutant transportation is
dependent on the state of the atmosphere, namely whether the atmosphere is stable or
unstable (Gartsang et al., 1996; Tyson et al., 1996b). Air transport over southern Africa is
highly controlled (Tyson et al., 1996b). The transportation of air pollutants over southern
Africa is driven by planetary and synoptic scale circulation features of the general circulation
patterns for the Southern hemisphere (Gartsang et al., 1996). These general circulation
features control vertical and horizontal transport and patterns for pollutants (Cosijn and

Tyson, 1996; Gartsang et al., 1996; Tyson et al., 1996b; Tyson et al., 1997).
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Five major general circulation types with different frequencies throughout the vyear
dominate over Southern Africa explaining the dispersion and accumulation of pollutants
(Figure 2.3) (Tyson et al., 1996b). The first, the semi-permanent subtropical anticyclones
mostly present during winter months, with a frequency exceeding 70%, are characteristic of
the subsidence limbs of the Southern hemisphere general circulation Hadley and Ferrell cells
(Figure 2.3) (Tyson et al., 1996b). The transient mid-latitude ridging anticyclones occur
throughout the year with a frequency of 10% (Figure 2.3). Together both anticyclones have
a frequency of 80% during July (Figure 2.3). During this time pollutants have restricted
vertical motion and recirculation will typically occur (Tyson et al., 1996a). The westerly
baroclinic disturbances, namely the cut-off low, occur with a frequency of 20-30%
throughout the year (Figure 2.3). The barotropic quasi-stationary tropical easterly waves are
primarily a summer phenomenon and occur at a frequency of 50 — 60% in January (Figure

2.3).
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Figure 2.3: Major circulation types affecting southern Africa and their monthly
occurrence frequencies from 1988-1992. For the graph legend, the thick black line
represents the continental anticyclone, the thin dashed line represents the
westerly wave, the thick dashed line represents the ridging anticyclone, the
second thickest black line represents the cut-off low and the thinnest black line
represents the easterly disturbances. Thick lines represent conditions at 500hPa
and light lines represent conditions at 850hPa (Tyson et al., 1996b).

2.5.1. Vertical transport
Southern Africa and its adjacent oceans are positioned for wide-spread subsidence as they

are located under the subsidence limbs of both the Hadley and Ferrell cells (Gartsang et al.,
1996). The result is large scale stability over South Africa. In a stable atmosphere easterly

disturbances and cut-off lows may occur encouraging instability for unstable conditions to
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persist which promotes vertical movement and transport of air and its constituents (Cosijn

and Tyson, 1996; Tyson et al., 1996b).

Given South Africa’s position and the high level of stability, absolutely stable layers i.e.
stable discontinuities, where the lapse rate of temperature is less than the saturated
adiabatic lapse rate, are known to occur (Cosijn and Tyson, 1996; Gartsang et al., 1996;
Tyson et al., 1996a). Absolutely stable layers regulate and control vertical mixing and as a
result of these layers horizontal mixing is promoted over vertical mixing (Cosijn and Tyson,
1996; Gartsang et al., 1996; Tyson et al.,, 1996a; Kirkman et al., 2000). Pollutants are
typically trapped between these layers and trapped pollutants may readily photochemically
react or may accumulate or be transported horizontally from their sources (Kirkman et al.,
2000). Very little vertical mixing of pollutants occurs over South Africa (Cosijn and Tyson,

1996; Gartsang et al., 1996; Tyson et al., 1996a).

The semi-permanent absolutely stable layers occur on most no-rain days at 700 hPa, 500
hPa and 300 hPa throughout the country and at coastal areas an additional stable layer is
present at 850 hPa (Figure 2.4) (Cosijn and Tyson, 1996; Gartsang et al., 1996). The 700 hPa
stable layer is present on top of the mixing layer at a height of 1.5 km above the interior
plateau, it lasts for about 7 days and it is easily broken by the westerly wave (Figure 2.4)
(Cosijn and Tyson, 1996; Gartsang et al., 1996; Tyson and Gatebe, 2001). The main stable
layer, situated at 500 hPa, is spatially abundant and temporally persistent and it is about 3
km above the interior plateau (Figure 2.4) (Cosijn and Tyson, 1996; Gartsang et al., 1996).
This stable layer can withstand westerly disturbances to last for up to 40 days at a time
(Gartsang et al., 1996). The 300 hPa layer is located about 8 km above the interior plateau
and just under the troposphere and lasts for about 2 days (Figure 2.4) (Cosijn and Tyson,
1996; Gartsang et al., 1996).
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Figure 2.4: Mean annual location of the absolutely stable layers over southern Africa. The
depth of the layers is indicated by the vertical extent of the shaded boxes; vertical lines give
the standard deviation of the base height. Pl denotes Pietersburg, PR Pretoria, BE
Bethlehem, BL Bloemfontein, UP Upington, SP Springbok, CT Cape Town, PE Port Elizabeth
and DB Durban (Cosijn and Tyson, 1996).

These layers are all stable enough to inhibit vertical transport of pollutants, and thus
pollutants may easily accumulate under these layers creating stratification within the
atmosphere (Tyson et al., 1996b; Tyson and Gatebe, 2001). Once broken up and destabilised
by well-developed low pressure troughs and cut-off lows, the stable layers release trapped
pollutants and at this time vertical mixing occurs (Cosijn and Tyson, 1996; Gartsang et al.,

1996; Tyson et al., 1996b; Tyson and Gatebe, 2001).

Additionally, inversion layers, where temperature increases with height, in the boundary
layer promotes the horizontal dispersion and accumulation of pollutants as vertical motion
is inhibited (Tyson et al., 1988). Two types of inversion layers are typical over southern
Africa, namely, the temperature inversion and the elevated inversion layer (Tyson et al.,

1988).

2.5.2. Horizontal transport
In South Africa’s typically stable atmosphere air is more likely to disperse horizontally than

vertically (Cosijn and Tyson, 1996). There are five basic modes of horizontal air transport
over southern Africa (Figure 2.5). These modes of air transport are as a result of the five

major circulation types affecting southern Africa (Gartsang et al., 1996). These modes of
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transport are shown in Figure 2.5. Each synoptic circulation type produces different

transport fields (Tyson et al., 1996b).

Dominating these modes of transport is the anticyclone mode, the continental and ridging
anticyclone (Figure 2.5) (Gartsang et al., 1996; Tyson et al., 1996b). This mode of transport
results in frequent recirculation at spatial scales that vary from tens to thousands of

kilometers (Gartsang et al., 1996).

Two modes of direct transport can be expected from anticyclonic systems (Figure 2.5)
(Tyson et al., 1996b). Air exiting the sub-continent and into the Atlantic Ocean is known as
the Angolan plume (Figure 2.5) (Tyson et al., 1996b). While, air exiting the sub-continent
and into the Indian Ocean is known as the Natal plume (Figure 2.5) (Tyson et al., 1996b).
About 75% of all air exiting the sub-continent exits via the Natal plume for the continental
cyclone (Tyson et al., 1996b). The Angolan plume is favoured by the ridging anticyclone
(Tyson et al., 1996b).

The continental high is also associated with recirculation of air and its constituents over tens
to thousands of kilometers for about 2 to 3 days up to almost three weeks (Figure 2.5)
(Tyson et al., 1996a; Tyson et al., 1996b; Tyson and Abreton, 1998). About 44% of air
transport is through recirculation during no-rain days, this generally takes place between
the surface and 500 hPa (Figure 2.5) (Tyson et al., 1996a; Tyson and Gatebe, 2001).
Recirculated pollutants may be carried by local to macro scale winds that generally return to

their sources (Tyson and Abreton, 1998).

The westerly wave general circulation pattern quickly transports air towards the Indian
Ocean, whereas the Easterly wave produces as fast air transport field towards the Atlantic

Ocean (Figure 2.5) (Tyson et al., 1996b).
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Figure 2.5: Schematic representation of major low-level air transport modes over South
Africa (Gartsang et al., 1996).

2.5.3. Transport of pollutants into and out of the Highveld
The Highveld region is one of the largest anthropogenic emission sources in the Southern

hemisphere. Understanding the nature of the transport of pollutants into and out of the
industrial Highveld is a crucial starting point toward an understanding of the nature of the
atmospheric chemistry and air transport over southern Africa (Frieman and Piketh, 2002).
Air transported into and out of the Highveld affects pollutant concentrations over the
Highveld and the pollutant concentrations over other regions in southern Africa, even as far

as Cape Town (Frieman and Piketh, 2002; Abiodun et al., 2014).

Four air transport pathways towards the Highveld occur between 700 and 850 hPa (Frieman
and Piketh, 2002). Air is transported towards the Highveld from the Atlantic Ocean, the
Indian Ocean, the African continent and the sub-continent (Figure 2.6). The majority of air
transported to the Highveld is from the Atlantic Ocean, this air is generally emission free
(Frieman and Piketh, 2002). When Atlantic air flow is associated with pronounced ridging
behind a cold front recirculation of trace gases and aerosols may occur (Frieman and Piketh,
2002). African transport, most prominent during winter, of air may bring trace gases and

aerosols from central-Africa to the Highveld; this air frequently carries pollutants (Figure
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2.6) (Frieman and Piketh, 2002). Recirculated air flow, sub-continental flow (Figure 2.6), is
typically filled with pollutants and takes up to 2 to 3 days to reach the Highveld (Frieman
and Piketh, 2002). Recirculation of air typically occurs during autumn and winter (Frieman
and Piketh, 2002). Indian Ocean airflow is typically associated with high moisture levels from

the ocean and ocean aerosols (Frieman and Piketh, 2002).

Atlantic Ocean flow

Indian Ocean flow

Figure 2.6: Air transport pathways into the Highveld region and their percentage frequency
occurrence (After: Frieman and Piketh, 2002).

There are two main modes of air transport out of the Highveld (Frieman and Piketh, 2002).
The first is direct transport where air is transported to Equatorial Africa, the Atlantic Ocean,
the Indian Ocean and the South Indian Ocean (Figure 2.7) (Frieman and Piketh, 2002). The
second mode is recirculated transport, whereby air and its constituents recirculate towards
their point of origin over regional to sub-continental scales (Figure 2.7) (Frieman and Piketh,
2002). The main transport routes are towards the Indian Ocean (39%) and recirculation

(33%) (Figure 2.8) (Frieman and Piketh, 2002).
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Figure 2.7: The main transport pathways out of the Highveld region (Frieman and Piketh,
2002).

Figure 2.8: The percentage frequency of the main transport pathways out of the Highveld
region (Frieman and Piketh, 2002).

2.6. Meteorological controls on the levels of primary pollutants, SO:
and NOx

Meteorology along with emissions, atmospheric chemistry and topography are well known
contributors to air pollution episodes (Akpinar et al.,, 2008). Hence, the effect of
meteorological conditions on pollutant concentrations has been readily analysed. For
primary pollutants meteorological factors, in particular, wind speed, wind direction,
atmospheric pressure, relative humidity and temperature are known to influence the
behavior of pollutants (For example: Cuhadaroglu and Demirci, 1997; Demirci and
Cuhadaroglu, 2000; Latini et al., 2002; Elminir, 2005; Turalioglu et al., 2005; Akpinar et al.,
2008; Giri et al., 2008; llten and Selici, 2008; Lin et al., 2008; Luvsan et al., 2012). High
pollution levels are often a result of unfavorable meteorological conditions, which reduce

the atmospheres ability to disperse and transport pollutants (Latini et al., 2002; Xu et al.,
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2011). Moreover, regional and local scale meteorology influences pollutants in different

ways (Xu et al., 2011).

NOyx and SO; are both to an extent easily influenced by meteorological conditions. Chio et al.
(2013) found that primary pollutant concentrations are, in addition to regional meteorology,
particularly dependent on emission rates from sources and land cover/use patterns. The
majority of studies have found that primary pollutants are not significantly related to any
particular meteorological parameter and they are typically insignificantly related to the
combined action of all the meteorological factors in a particular area (For example:
Cuhadaroglu and Demirci, 1997; Demirci and Cuhadaroglu, 2000; Latini et al., 2002; Elminir,
2005; Turalioglu et al., 2005; Akpinar et al., 2008; Giri et al., 2008; llten and Selici, 2008; Lin
et al., 2008; Luvsan et al., 2012).

The majority of studies have identified that primary pollutant concentrations are negatively
correlated to wind speed, rainfall, temperature and solar radiation, and are positively
correlated to relative humidity and atmospheric pressure (Cuhadaroglu and Demirci, 1997;
Demirci and Cuhadaroglu, 2000; Latini et al., 2002; Elminir, 2005; Turalioglu et al., 2005;
Akpinar et al., 2008; Giri et al., 2008; llten and Selici, 2008; Laurinavic¢iené, 2008; Lin et al.,
2008; Luvsan et al., 2012). Luvsan et al. (2012) used multiple regression analysis and found
that 87.4% of daily SO, concentrations accumulated due to lower temperatures, lower wind
speeds, lower precipitation, higher relative humidity, higher atmospheric pressure and
lower levels of solar radiation. They also identified that these concentrations were
dependent on the topographic and geographic setting of Ulaanbaatar, Mongolia. Turalioglu
et al. (2005) similarly found that high SO, concentrations are related to colder
temperatures, lower wind speeds, high atmospheric pressure, lower precipitation and

higher relative humidity in Erzurum, Turkey.

Lin et al. (2008) found that NOx concentrations are negatively related to wind speeds and
temperatures and are positively related to relative humidity in Beijing, China. In addition,
Laurinavi¢iené (2008) found that NOx are negatively related to wind speed and rainfall and
are positively related to temperature in Kaunas city, Lithuania. Akpinar et al. (2008) found
that primary pollutant concentrations had a moderate to weak relationship with the

meteorological parameters that characterise Elazig city, Turkey and that along with the
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source emission rates and topographic setting, the pollutant concentration patterns could
be explained. Hence, it is evident that pollutant levels are dependent on meteorological
parameters, but in addition to this they are influenced by source emissions, land use/cover
and atmospheric lifetime (previous day concentrations) among other factors (Latini et al.,
2002; Turalioglu et al., 2005). As a result, there are no clear linear relationships between

meteorology and pollutant concentrations (Xu et al., 2011).

2.7. Meteorological controls on the levels of secondary pollutants,

surface O3
The chemical reactions responsible for secondary air pollutants depend on ambient air

pollutants, thus there is ample evidence throughout the literature indicating surface Oz not
only relies on its precursor gases but also the meteorological conditions that prevail in the
boundary layer (For example: Adul-Wahab and Bouhamra, 2002; Duefias et al., 2002; Elminir
et al., 2005; Pudasianee et al., 2006; Tu et al., 2007; David and Nair, 2011; Balashov et al.,
2014). To better understand the influence of surface O3z on humans and the environment,
studies have incorporated analyses of regional meteorological conditions and their
relationship to surface O3 to characterise the spatial and temporal distribution of surface O3

(Elminir, 2005).

Considerable variations in meteorological conditions over diurnal and monthly scales can
exert an impact on surface Oz levels (Duefias et al., 2002; Elminir, 2005; Balashov et al.,
2014). Ambient air temperature is typically cited as one of the closest direct associates with
surface Oz, but Flaum et al. (1996) identified that ambient air temperature alone cannot
adequately explain the variation in surface Os. Thus, consideration of the relationship
between surface O3 and multiple meteorological variables is more viable, as surface O3
being a secondary pollutant is dependent on meteorology in complex ways (Flaum et al.,
1996; Thompson et al., 2001; Dueiias et al., 2002; Elminir, 2005; Balashov et al., 2014).
Hence, the meteorological conditions that are known to influence surface O3 in the
boundary layer are solar radiation, ambient air temperature, wind speed and direction,
atmospheric pressure, humidity, cloud cover and precipitation (Duefas et al., 2002; Elminir,

2005; Tu et al., 2007; Balashov et al., 2014).
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Surface Os has been found to show a clear trend with ambient air temperature in a number
of locations, South Africa (Balashov et al., 2014), India (David and Nair, 2011), Egypt (Elminir,
2005), Kuwait (Abdul-Wahab and Bouhamra, 2002), Spain (Dueiias et al., 2002), USA
(Rasmussen et al., 2012) and China (Tu et al., 2007). Typically a rise in ambient air
temperature increases photochemical reaction rate gradually increasing surface O3
concentration, therefore surface Os is positively related to ambient air temperature (Abdul-
Wahab and Bouhamra, 2002; Duefias et al., 2002; Elminir, 2005; Tu et al., 2007; Adame et
al., 2008; David and Nair, 2011; Rasmussen et al., 2012; Balashov et al., 2014).

Elampari and Chithambarathanu (2011) found that O3 peaked when ambient air
temperatures peaked for the day. Ambient air temperature is essentially a reflection of the
amount of solar radiation received at the surface, which is a necessary component for the
photochemical reactions forming surface Os (Balashov et al.,, 2014). Solar radiation is
positively correlated to surface Oz (Duefias et al.,, 2002; Elminir, 2005; Elampari and
Chithambarathanu, 2011). Interestingly, Abdul-Wahab and Al-Alwai (2002) found that
temperature plays an important role on surface Oz concentrations, while solar radiation had

a lesser effect than expected.

Winds play a role in transporting Os and its precursor gases, controlling the spatial
distribution of O3z and its precursor gases (Abdul-Wahab and Bouhamra, 2002; Duefias et al.,
2002; Elminir, 2005; David and Nair, 2011; Elampari and Chithambarathanu, 2011).
Pollutants generally accumulate when wind speeds are not strong enough for dilution
(Elminir, 2005). Most studies have identified that surface O3 accumulates during calm, low
wind speed conditions with a constant wind direction (Elminir, 2005; Balashov et al., 2014).
In contrast to this Abdul-Wahab and Bouhamra (2002), found that the average O3
concentrations showed a progressively higher concentrations during stronger winds, than
during calm winds. They concluded that this might be related to the fact that vertical
transfer of air becomes active with the development of turbulence and mixing and this
might have brought O3 from the upper levels of the atmosphere, the stratosphere, down to
the lower levels, the troposphere. The result of this was an increase in O3 levels in addition
to the photochemically produced O3 at the surface. While Tu et al. (2007) found that

average surface O3 concentrations increased steadily with wind speeds from 1 — 4 m.s and
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then dropped once wind speeds exceeded 4 m.s, when stability in the boundary layer

reduced.

Relative humidity is an indicator of the moisture content in the air (Dueias et al., 2002;
Elminir, 2005; Tu et al., 2007; Balashov et al., 2014). The moisture content of air may easily
alter the concentration of OH which resultantly promotes the growth or decay of surface O3
(Duefias et al., 2002; Elminir, 2005; Tu et al., 2007; Balashov et al., 2014). Dueiias et al.
(2002), found the highest average surface O3 concentrations occur at a humidity less than or
equal to 40%. High relative humidity may indicate wet and cloudy conditions which tends to
remove surface Os and its precursor gases through wet deposition, and scattering and
reflecting solar radiation thereby reducing photochemical processes (Duefias et al., 2002;

Elminir, 2005; Elampari and Chithambarathanu, 2011; Balashov et al., 2014).

Studies have indicated that surface O3 is positively and significantly influenced by ambient
air temperature and solar radiation, significantly and negatively influenced by relative
humidity and negatively influenced by wind speed, wind direction and rainfall (For example:
Dueiias et al., 2002; Elminir, 2005; Elampari and Chithambarathanu, 2011; Balashov et al.,
2014).

2.8. Satellite observations for air quality modelling: relating satellite-

derived measurements and ground-based measurements
The most direct way to obtain air quality measurements is from ground-level pollutant

measurements, routinely collected from surface monitoring stations (Al-Saadi et al., 2005).
However, there are many gaps in surface monitoring networks (Al-Saadi et al., 2005).
Observations from satellites can help overcome the limitations associated with point surface
monitoring by spatially enhancing the surface network (Al-Saadi et al., 2005). Since 1995,
instruments measuring trace gases, among others, O3, PM’s, NO, NO; and SO, in the
troposphere and stratosphere have been put into orbit (Hoff and Christopher, 2009).
Remote sensing of trace gases and aerosols has developed rapidly since the 1990’s and
MODIS in particular is one of the instruments that effectively provide derived

measurements that can assist air quality modelling.
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Advances in remote sensing has opened the way for measuring and modelling atmospheric
pollution across continental and global scales (Edwards, 2006). A challenge for remote
sensing missions is to directly assess local and regional scale air quality to provide important
information for public health, policy development and application, etc. (Edwards, 2006).
One such way that remote sensing has been used to aid air quality modelling is by relating
satellite-derived measurements to ground-level measurements (Al-Saadi et al., 2005;
Edwards, 2006). Using satellite imagery to retrieve full atmospheric column measurements
is a simple task. To get a measure of the ground-level concentration of trace gases and
aerosols is a more complex task as a relationship between satellite-derived measurements
and ground-level concentrations needs to be established. Many studies have opted to
identify a simple linear relationship between satellite-derived measurements and ground-
level concentrations, while more recent studies have incorporated meteorology and surface
information (For example: Land use/cover, elevation etc.) to refine this relationship using,
for example multiple regression modelling, Geographic weighted regression (GWR) and

multivariate non-linear modelling (Table 2.4) (Hoff and Christopher, 2009).

Table 2.4: Some literature on the relationship of MODIS satellite imagery to trace gases and
aerosols across the world. 2Slope and Intercept converted. "Multiple regression.

Reference Pollutant(s) Sensor Location Number Regression (linear or R
of ground | multiple) value
monitors
Chu et al., 2003 PM1o MODIS Northern Italy | 1 PM1o=54.7 AOD + 8.0 0.82
Wang and PMa.s MODIS Jefferson 7 PM2.s =77.0 AOT - 0.23 0.67
Christopher, 2003° (Terra) Country, USA
MODIS PM2.s = 68.6 AOT + 1.93 0.76
(Aqua)
Average PM2s=72.3 AOT + 0.85 0.98
of
MODIS
Terra and
Aqua
Engel-Cox et al., PMa.s MODIS USA 1338 PMo2.s (Daily) = 18.66 AOD 0.428
2004 +7.54
PMoa.s (Hourly) = 22.55 0.4
AOD + 7.5
Li et al., 2005 PMio MODIS Hong Kong, 14 PMao (1 km resolution 0.695
China AOD) =327.87 AOD —
69.55
PM10 (10 km resolution 0.419
AOD) = 263.83 AOD —
24.93
Engel-Cox et al., PMazs MODIS Baltimore, 4 PM25=31.1 AOD + 5.2 0.65
2006 USA
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Gupta et al., 2006* PM2s MODIS Hong Kong, 5 PM2.s (Average) = 166.67 0.96
China; Sydney, AOT — 24.83
Australia;
Switzerland,
Europe; Delhi,
India; New
York, USA
Hutchinson et al., PM2s MODIS Texas, US 28 PM2.s (August) = 68.8 AOD | 0.47
20062 -39.9
PM2.s (September) = 59.7 0.98
AOD -17.2
Koelemeijer et al., PM1o MODIS Europe 88 PM1o=214 AOD —-42.3 0.58
2006
van Donkelaar et al., | PMzs MODIS USA and Not given | PM25=1.22 AOD —-4.61 0.69
20062 Canada
An et al., 20072 PM MODIS Beijing, China 6 PM2s5=21.7 AOD + 6.1 0.92
PM10=31.1 AOD +5.1 0.92
Gupta and PM2s MODIS Southeastern 38 PM2s=29.4 AOD + 8.8 0.62
Christopher, 2008 USA PM2s5=27.5A0D + 15.81 0.52
Schaap et al., 2009 PMas MODIS Cabauw, 1 PM25=120A0D +5.1 0.72
Netherlands
Zhang et al., 2009 PMa.s MODIS USA 521 PMo2.s (Average) = 0.8113 0.90
AOD +3.2672
Nicolantonio et al., PM2s MODIS Northern Italy | 25 PM2s5=1.18 AOD -1.71 0.68
2009° (Terra)
MODIS PM2s=1.23 AOD-1.79 0.59
(Aqua)
Barnaba et al., 2010 | PMao MODIS Po Valley, Italy | 3 PMio=-526.32 AOT + 0.18
131.58
van Donkelaar et al., | PMzs MODIS USA Not given PM25=0.93 AOD + 1.64 0.77
2010°
Lee etal., 2011 PMo2.s MODIS Northeastern 26 PM25=0.96 AOD + 0.44 0.97
USA
Lietal., 20112 PM1o MODIS China and 200 PM1o=2.58 AOT — 166.85 0.62
Northern
Thailand
Chenetal., 2013 PM2s MODIS Northern Tien- | 2 PM2s5=58.3 AOD + 8.9 0.74
Shan Central
Asia
Hu et al., 2014a™ PM2s MAIAC Southeastern 166 PM2s5=13.75+12.67 AOD | 0.91
USA —0.65 Wind speed +
0.0003 Elevation + 0.0005
Major roads — 2.06 Forest
cover + 0.01 Point
emissions
Ma et al., 2014 PMa.s MODIS China 113 PM2s=0.61 AOD + 24.85 0.80
Xin et al., 2014 PM2s MODIS Northern 1 PM2.s (Average) = 89.72 0.81
China AOD + 28.46
Chu et al., 20152 PMa.s MODIS Baltimore 1 PM2.5=1.82 AOD — 15.96 0.75
Washington
corridor, USA
Lin et al., 20152 PMa.s MODIS China 565 PM2s (Annual) =1.23 AOD | 0.90
-7.19
PM2.s (Monthly) = 1.35 0.76
AOD -18.35
Nguyen et al., 20152 | PMas MODIS Vietnam 274 PM2s5=1.66 AOD - 15.73 0.76
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Sinha et al., 2015 PM2s MODIS Hyderabad, Not given | PMas(Average) = 30.913 0.57

India AOD + 29.295

Relating trace gases and aerosols to satellite imagery for the purpose of modelling
pollutants is still a discipline in its developing stages. Researchers have identified that
satellite-derived measurements of Aerosol Optical Depth (AOD) and Os, among others, are
related to ground-level trace gas and aerosol concentration and can be empirically
converted to give measurements of aerosol and trace gas concentrations (You et al., 2015).
A clear majority of studies have focused on PM;5 and PMyo in particular to develop models
to estimate ground-level concentrations from satellite-derived AOD products (Table 2.4). No

studies have focused on other trace gases and aerosols which this study has been based on.

Early exploration into this topic, Chu et al. (2003) found that MODIS aerosol retrievals
provide useful information for global air pollution as a high correlation of 0.82 between
PMsioand AOD for a single site in Northern Italy was identified. Wang and Christopher (2003)
found a higher correlation of 0.98 between PMa.s and AOD across a number of sites in the
US by using both Aqua and Terra daily data and concluded that MODIS Aerosol Optical
Thickness (AOT) products may provide useful for air quality modelling across USA. Engel-Cox
et al. (2004) examined the linear relationship between PM3s and AOD across the entire USA
and found a low correlation of 0.4 between them. They identified a better correlation in the
eastern and Midwest portion of the country, while patchy data left them with poor
correlations across the western parts of the country (Engel-Cox et al., 2004). They concluded

that the correlation was location dependent (Engel-Cox et al., 2004).

Application of the 1-km MODIS AOD by Li et al. (2005) proved useful to characterise PM1g
and evaluate the spatial variability of surface PM1o across Hong Kong, but it was noted that
further improvements on the relationship are necessary to accurately monitor pollutants.
Hutchinson et al. (2006) worked in Texas, USA and found that the relationship between
PM2.s and MODIS AOD was time specific and during September the correlation (0.98) was
stronger than during August (0.47). Gupta et al. (2006) measured the relationship of PM2s
to AOT at a number of locations across the world and concluded that derived AOT is a good
proxy for monitoring PM air quality but a stronger relationship will come from the inclusion

of meteorological parameters in the relationship. van Donkelaar et al. (2006) found a
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significant, 0.69, relationship between AOD and PM.s and concluded that satellite AOD
measurements have the potential to provide a unique synopsis of ground-based PM;;s
provided other information influencing PM2 s concentration is coupled into the relationship.
Koelemeijer et al. (2006) found that using information about the boundary layer to develop
a relationship between AOD and PM1o improved the significance of the relationship to 0.58
and further meteorological and land use information added to the relationship may improve

the significance.

Across Beijing An et al. (2007) found that both PM>.s and PMyg are significantly relatable to
AOD. Gupta and Christopher (2008) found that mean hourly PM2s was more significantly
related to AOD, with a correlation of 0.62, than PM;s hourly, which had a correlation of
0.52, and concluded that the relationship strength may increase with addition of other
factors, for example meteorology and land use, to the relationship. Gupta and Christopher
(2009a and 2009b) looked at how to effectively monitor PM s to examine whether the use
of meteorological parameters would improve the relationship of PM,sand AOT. They found
a 20 — 50 % improvement of the model RMSE when adding in temperature and boundary
layer height to the relationship (Gupta and Christopher, 2009a; Gupta and Christopher,
2009b). They also found that multiple regression modelling with these meteorological
parameters improved the R value of the model from 0.60 to 0.68 (Gupta and Christopher,
2009a; Gupta and Christopher, 2009b).

Schaap et al. (2009) explored the relationship between AOD and PM,s at Cabauw,
Netherlands and found an R value of 0.70 but further identified that the methodology used
needs to be investigated to develop the use of satellite imagery for air pollution monitoring
purposes. Zhang et al. (2009) measured the relationship of AOD to PM3s across the USA and
confirmed that this relationship was location specific as throughout the USA there were
different correlations and across the southeastern part of the country this relationship was
highest at 0.6 and an average relationship across the country was high at 0.9. Nicolantonio
et al. (2009) worked in Northern Italy and found a significant correlation of 0.80 between
PM_.5 and AOD through the combined used of AOD, meteorological simulations and ground-
level measurements on a monthly basis. The relationship incorporated assumptions about
the influence of meteorology on PM;s, without incorporating actual meteorological data

(Nicolantonio et al., 2009).
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Up until 2010 it was clear that further investigation into this relationship of satellite-derived
measurements and pollutants was necessary. More work on incorporating meteorology and
land use/cover was essential, but further investigation in different locations was necessary
and more importantly an investigation into higher spatial resolution imagery and more than

just AOD/AOT derived products relating to other trace gases and aerosols was necessary.

During and following 2010, more studies incorporated satellite-derived images and ground-
level pollutant concentrations into their study. Studies also incorporated other factors
known to influence pollutant concentrations to develop multiple regression relationships.
van Donkelaar et al. (2010) used AOD measurements to estimate PM,s concentrations
across the USA for use in health impact studies and found a correlation of 0.77 between the
two, but recommended that further investigation be done to incorporate other factors that
influence pollutant concentrations. Using two years of ground-level PM1o data and satellite-
derived AOD in the Po Mountain Valley, Barnaba et al. (2010) were not able to identify a
strong relationship and attributed that to the absence of measurements of other factors
influencing the concentration of PMio. They also expressed that further investigation into
this relationship was necessary to estimate the frequency of exceedance of pollutants

(Barnaba et al., 2010).

Lee et al. (2011) investigated a method to reduce the bias of only a few monitoring stations
in epidemiological studies by incorporating satellite-derived AOD. They expressed the great
potential remote sensing technologies have to expand on ground-based monitoring
networks but identified the need for further study into this topic especially by incorporating
meteorological and other parameters that influence ground-level pollutant concentrations
(Lee et al., 2011). Li et al. (2011) correlated AOT and PMio and found that the correlation
demonstrated substantial seasonal and regional difference, likely to be as a result of
atmospheric conditions, particularly relative humidity, among other factors. They concluded
that the inclusion of these factors into regression models may lead to more accurate
assessment of PMio from space borne observations (Li et al., 2011). Emili et al. (2011) found
that the correlation between PMip and AOD is location specific and in flatter sites the
accuracy of this relationship was higher than in alpine valleys and elevated sites. They
concluded that satellite-derived PMio maps are too inaccurate and more work on the

relationship between the two is needed (Emili et al., 2011).
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Tsai et al. (2011) correlated PM,s and AOD across Taiwan and found that addition of
boundary layer heights in this relationship increased the R value from about 0.80 up to
about 0.90 but validation of this relationship generated poor results. Chen et al. (2013)
found that the linear regression results between PM; s and AOD showed that PM2s can be
estimated from AOD measurements, but there is still need to improve this relationship as
the validation results obtained were poor. Toth et al. (2014) investigated the relationship
between PM; s and AOD and concluded that for a stronger relationship, improvements in
the spatial scale of satellite-derived MODIS 10 km? AOD are necessary. Xin et al. (2014)
investigated the linear regression between AOD and PM; s across Northern China and found
a strong correlation of 0.76 for the full year but during each season the slope and intercept
found were completely different from one another. Additionally, the validation results

obtained were found to be poor (Xin et al., 2014).

Ma et al. (2014) investigated the correlation between PM; s and AOD in China and found a
strong correlation of 0.78 with a strong cross validation result of 0.8, but the RMSE result
was high resulting in a Mean predicted error (MPE) of 8.28 pg/m?3. Their results confirmed
the need for satellite-derived AOD to be used in conjunction with land use and
meteorological parameters for correlation with PM2s (Ma et al., 2014). Hu et al. (2014a)
identified that the coarse resolution of satellite-derived AOD makes it difficult to estimate
PM,s. To better test this relationship they incorporated Multi-angle implementation of
atmospheric correction (MAIAC) 1km? satellite-derived AOD, meteorological and land use
parameters and found a strong correlation for 2003 using multiple regression analysis (Hu et
al., 2014a). They were less concerned with the correlation results and more so with the
validation results which was high at 0.91 with a high prediction error of 2.73 pug/m3 (Hu et
al., 2014a). They concluded that the higher spatial resolution satellite imagery improved

their correlation as local pollution episodes were easily identifiable (Hu et al., 2014a).

Most monitoring stations are situated in urban areas, Hu et al. 2014b concluded that the
relationship between satellite-derived AOD, PM; 5, meteorological and land use parameters
can reduce the bias introduced from the position of monitoring stations. They found a
strong correlation of 0.85, a MPE of 1.73 pg/m3 and a validation of 0.88 for the 10 year
analysis (Hu et al., 2014b). Soutoudeheian and Arhami (2014) found that multiple regression

models outperformed the linear regression models incorporating land use and
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meteorological parameters over Tehran, Iran. Overall they found that the models did not
completely reflect the spatial variation of PMig and that further investigation using other

statistical models is necessary (Soutoudeheian and Arhami, 2014).

Chu et al. (2015) acknowledged the relationship between AOD and PM3s but their validation
results were poor and this was attributed to the coarse resolution satellite imagery, and the
lack of land use/cover and meteorological parameters known to influence ground PM;s
concentrations. Lin et al. (2015) found a good agreement between satellite-derived AOD
and PMzs across China. They found the linear regression method to be well applicable as a
simulation based method would bring in many model uncertainties when predicting PM3 5
(Lin et al., 2015). Their result suggest that this approach may effectively estimate PMas
concentrations but the relationship needs further investigation as the results were poor.
Nguyen et al. (2015) results highlighted the potential use of MODIS AOD at a regional scale
across Vietnam. However, the coarse resolution of the 10 km2 AOD and the model limitation
in over/under estimating maximum and/or minimum PM;s concentrations needs further
investigation by incorporating higher spatial resolution satellite imagery, atmospheric

conditions and physical aspects known to influence ground-level PM; s concentrations.

Sinha et al. (2015) found, during their investigation of ground-level PM.s along with
meteorological parameters and satellite-derived AOD, that changes in local emissions and
boundary layer dynamics are major concerns in the accurate estimation of PMys from
MODIS AOD, while the uneven spatial distribution of PM; 5 in the urban environment made
estimating PMa.s using the correlation of meteorology, ground-level PM;s and AOD a
considerable challenge across Hyderabad, India. You et al. (2015) found a low correlation
between PM; 5 and AOD. Later correlations using meteorological and land use parameters
yielded better results improving model performance to 0.88 (You et al., 2015). They
concluded that these results and the results from all studies incorporating meteorology and
land use parameters may be useful to develop models incorporating satellite-derived
measurements for the purpose of estimating local and regional trace gas and aerosol

concentrations (You et al., 2015).

It is still clear that further investigation into the relationship between satellite-derived

measurements and ground-level pollutant concentrations is necessary. More work on
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incorporating meteorology and land use parameters has been done but still not enough
work has been done as results are still poor and other aerosols and trace gases besides PM
have rarely been investigated. Other trace gases and aerosols need to be considered and
other parts of the world, especially South Africa — the focus area of this study, need to be
studied. The resolution of satellite-derived AOD and other satellite-derived products needs
to be improved as pollution episodes may be smaller than the current resolution of imagery.
Other satellite-derived products have been developed, for example satellite-derived ozone,

and their usefulness needs to be investigated further.

Few studies have used MODIS AOD to identify a relationship with pollutants besides
PMio25. An et al. (2007) found that SO, concentrations were relatable to AOD with a
significant relationship of 0.7 across Beijing. Lamasal et al. (2008) used Ozone mapping
instrument (OMI) to infer ground-level NO; concentrations for part of the study across the
USA. They found a relationship of 0.67 between OMI and ground-level NO; concentrations
and concluded that the temporal and spatial correlation between OMI derived and ground-
level NO; was even higher than previously found for PM2.s over North America (Lamasal et
al., 2008). Fishman et al. (2010) investigated the relationship of Total ozone mapping
spectrometer derived measurements and surface Oz across Midwest USA and found this
relationship to be significant at 0.75 and that satellite data may be useful to assess the
impact of surface Oz on crop vyields. Before the relationship may be utilised fully, other
factors influencing surface Oz concentration are to be included in the investigation of this
relationship (Fishman et al., 2010). Focusing on other traces gases and aerosols will be
beneficial for future study on the relationship of satellite-derived measurements and
concentrations of air pollutants. Additionally, this discipline will benefit from higher spatial

resolution satellite imagery to pick up on local scale pollution events.

2.9. Ambient air quality guidelines for SOz, NOx and Surface O3 and the

associated health risks if these guidelines are exceeded
To protect the public health of South African citizens particular air quality standards have

been set by the South African government (DEA, 2009). Air quality standards are
fundamental to effective air quality management and exceedances of these standards

indicate potential health risks and impacts (DEA, 2011; CSIR, 2012). By comparing monitored
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ambient air quality data against air quality standards the exposure to pollution may be
captured (CSIR, 2012). When these standards are exceeded in populated areas, the risks to
human health may be significant (DEA, 2011). Hence, it is important to monitor the

frequency of exceedance of the air standards using legislation guidelines.

Previously ambient air pollution across South Africa was controlled by the Air Pollution
Prevention Act (No. 45 of 1965) which regulated the release of harmful gases primarily from

industrial sources. More recently the NEMAQA (No. 39 of 2004) has been implemented.

Through the implementation of the NEMAQA, National Ambient Air Quality Standards
(NAAQS) have been developed specifically for South Africa (Table 2.5). As a result, the
Department of Environmental Affairs and municipalities have key responsibilities to ensure
the development and implementation of air quality management policies, local guidelines
and standards of emissions and ambient concentrations, air quality database, licensing
provisions, public awareness campaigns and a framework to enforce legal compliance (DEA,
2004). These responsibilities are necessary to ensure effective air quality management (DEA,

2009).

Table 2.5: Ambient AQG’s for SO,, NO; and Os (Australian Government, 2002; WHO, 2005;
DEA, 2009; European Commission, 2015; EPA, 2016).

Pollutant South African | World Health United States Australian European
National Organisation Air | Environmental National Commission
Ambient Air Quality Protection Agency | Environmental Air Quality
Quality Guidelines National Air Protection Standards
Standards (ng/m?d) Quality Standards | Council National | (ug/m?3)
(ug/m3) Ambient Air

Quality
Standards (ppm)

SOz 500 (191 ppb) | 20 (8 ppb) (24- 75 ppb (1-hour 0.20 (1-hour 350 (1-hour
(10-minutes hour mean) mean) mean) mean)
mean)

350 (134 ppb) 0.08 (1-day

(1-hour mean) mean)

125 (48 ppb) 500 (191 ppb) 0.5 ppm (3-hour 0.02 (1-year 125 (24-hour
(24-hour (10-minute mean) mean) mean)
mean) mean)

50 (19 ppb)

(annual

mean)

NO2 200 (106 ppb) | 200 (106 ppb) (1- | 100 ppb (1-hour 0.12 (1-hour 200 (1-hour
(1-hour mean) | hour mean) mean) mean) mean)

40 (21 ppb) 40 (21 ppb) 53 ppb (annual 0.03 (1-yar mean) | 40 (1-year
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(annual (annual mean) mean) mean)

mean)
(OF! 120 (61 ppb) 100 (50 ppb) (8- | 0.070 ppm (8-hour | 0.10 (1-hour 120 (8-hour
(8-hour mean) | hour mean) mean) mean) mean)
0.08 (4-hour
man)

Ambient Air Quality Standards (AQS) are designed as a guideline to protect public health
and to reduce the impact of air pollution (Colls, 1997; WHO, 2005). Each standard is an
exposure level over a specific time period and is based on an extensive body of scientific
evidence relating to air pollution and its health consequences (WHO, 2005; Vallero, 2008).
The ambient AQS provides the acceptable maximum concentration of criteria air pollutants
in the atmosphere without threatening human health. These guidelines cannot fully protect
human health, especially for sensitive individuals who may experience potential health
issues at levels below these guidelines (Colls, 1997, WHO, 2005; Vallero, 2008). Each
standard describes the concentrations of pollutants that cannot be legally exceeded during
a specific time period within an area, hence they need to be complied with (Vallero, 2008;
DEA, 2009). In South Africa, source specific control measures have been developed and put
in place for a number of sources, mainly industrial sources, to maintain that the AQS’s are

not exceeded to allow for effective air quality management across the country (DEA, 2011).

Setting AQS is fundamental for effective air quality management (DEA, 2009; WHO, 2005).
Ambient air quality guidelines are regulated throughout most of the world (Table 2.5).
Although the guidelines have gaps and uncertainties, they offer a strong foundation for the
recommended guidelines and they are constantly being worked on to improve the
information base of these guidelines (WHO, 2005). The WHO guidelines, in particular,
provide scientific guidance on setting AQS for all countries (WHO, 2005). National standards
are generally based on a particular approach adopted for balancing health risks,
technological feasibility, economic considerations and various other political and social
factors, which in turn will depend on among other things the level of development and

national capability in air quality management (WHO, 2005).

Unfortunately South Africa is limited by human, financial and technological resources. Thus,
a priority area approach was adopted to focus available resources in areas that are

considered to have very poor air quality and are in need of immediate attention. In keeping
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with the requirements of NEMAQA, the HPA has been developed and is in the process of
implementing the AQMP for the Highveld (DEA, 2011).

These three pollutants may be associated with adverse health effects as mentioned earlier
on and as listed in Table 2.6. Inhalation or absorption of SO, NOx and Surface O3 may
generally exacerbate pre-existing disease states in Table 2.6 (Vallero, 2008). In particular, O3
is associated with damage to crops and vegetation and potential adverse health effects,
while NOx and SO, may have potential longer-term human health effects (Lourens et al.,
2011). Furthermore, these adverse health effects will most likely occur when the pollutant
concentrations reach/exceed the ambient AQG’s in Table 2.5. Moreover, the effects of air
pollution are assumed to be greater in developing countries, such as South Africa, than in
developed countries due to difference in the levels of exposure and co-exposure to a
mixture of pollutants, the population structure, nutritional status, lifestyle and

socioeconomic status (Romieu and Herndandez-Avila, 2002).

Table 2.6: Some of the adverse human health effects associated with SO2, NOx and Surface
O3 (Vallero, 2008).

Pollutant Associated adverse human health effects
SO2 Respiratory (bronchial inflammation, bronchitis, lung
edema)

Irritant (eyes, nose, throat, respiratory tract)
Increasing chance of asthma

NOx Rapid death (at extremely high concentrations)
Respiratory (bronchial inflammation, bronchitis)
Irritant (nose, throat)

Haematological (impairs normal blood transport)

Surface O3 Respiratory (severe pulmonary edema, bronchial
inflammation)

Irritant (eyes, throat, chest — asthma and discomfort,
respiratory tract)

Fatigue, lack of coordination

Headache

Haematological (decrease in blood pressure, weakens
pulse)

Ambient air quality modelling forms an important part of the monitoring plan for the HPA. A
well-developed air quality monitoring network which is built up by a number of aspects, for
example ground-based monitoring stations and satellite imagery among others, helps the

HPA work towards achieving the air quality management objectives set out by the HPA air
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qguality management plan by allowing the government to identify temporal and spatial

trends in air pollution which is essential for effective air quality management (DEA, 2011).

2.10. Synthesis of the literature review
Typically SO2 and NOyx concentrations peak during winter, while surface Oz peaks during

spring. On a smaller spatial scale site specificity often occurs, for example SO,
concentrations may exhibit one of two diurnal variations related generally to meteorology
and source characteristics. Meteorology in particular is a factor that governs pollutant
concentrations over annual to diurnal time scales and over numerous spatial scales.
Moreover, meteorology and anthropogenic influences play a particularly important role in

the formation, transport and destruction of pollutants.

Modelling pollutant concentrations for the purpose of concentration estimation is a
complex task which relies heavily on the factors that influence pollutant concentrations.
Satellite imagery has made it possible to view pollutants over numerous spatial scales and
as a result satellite-derived measurements are invaluable pieces of data for these models.
Spatio-temporal statistical pollutant estimation models are site specific and for this reason
models need to be speicified to an area by considering the factors that influence pollutants
concentrations in that specific area. In order to develop this relationship for adequate
ground-level measurements of pollutants, meteorology, land use/cover and satellite
imagery on spatial scales comparable to local scale pollution are necessary. Such a model
would become useful for civil society and therefore complex statistical models should be
avoided. Simple statistical models, for example GWR and multiple regression etc., will
benefit society and aid in improving air quality and essentially human and environmental
health. Furthermore, with studies of spatial modeling for estimation of pollutant
concentrations using statistical models to estimate pollutants being absent in South Africa,
this study should further contribute to the knowledge gap and possibly promote future

studies of this kind across the country.
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Chapter 3: Study site

(Eskom, 2017a)
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This study primarily focuses on the Highveld to investigate air pollution. Air pollution has for
long now been recognised as a major issue for the Highveld (Balashov et al., 2014). The
Highveld is South Africa’s most populated area and the largest industrial hub with over 75%
of the country’s industrial infrastructure (Freiman and Piketh, 2002; Balashov et al., 2014).
As a result the Highveld accounts for the majority of South Africa’s ambient air pollutants
(Freiman and Piketh, 2002). Understanding the nature of gaseous air pollutants across the
Highveld is essential to an understanding of air pollution over South Africa. Therefore, it is

important that this study takes place within Highveld and in particular within the HPA.

3.1. Basic geography of the Highveld

The Free State, Mpumalanga and Gauteng provinces of South Africa make up the Highveld
area. The Highveld area occupies 25° - 27°S and 28° - 30°E (Frieman and Piketh, 2002; Esau
et al., 2012). This area is a high lying plateau about 1700 meters above sea level with an
approximate area of 300 000 km? (Tyson et al., 1988; Frieman and Piketh, 2002; Esau et al.,
2012; Balashov et al., 2014). The Highveld is a plateau which is generally flat with some
surface undulation (Esau et al., 2012). The Highveld landscape has been modified by
urbanisation, industrialisation, mining, forestry and agriculture and as a result little natural

grassland remains (Tyson et al., 1988; DEA, 2011; Esau et al., 2012; Balashov et al., 2014).

3.2. Basic climatology of the Highveld

The Highveld is at a high altitude and as a result its climate is generally cooler than other
places at similar latitudes (Esau et al., 2012). South Africa resides at the descending limb of
the Hadley cell (Frieman and Piketh, 2002; Esau et al., 2012). Consequently, the Highveld
area experiences general anti-cyclonic conditions promoting clear skies and an average air
pressure of about 800 hPa throughout the year (Tyson et al., 1988; Frieman and Piketh,
2002; Esau et al., 2012). Winds over the Highveld are generally variable (Esau et al., 2012).

Winters (June to August) are generally dry and mild with average day time temperatures of
about 15 — 19 °C, but at night temperatures can drop below freezing (Tyson et al., 1988;
Esau et al., 2012). During winter, surface inversions that last from the evening till just before

sunrise are common as a result of stable and clear conditions (Tyson et al., 1988; Esau et al.,
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2012). Winter precipitation is uncommon, but vertical uplift from the development of cold

fronts may bring about winter precipitation (Esau et al., 2012).

During summer (December to February) the average day time temperatures are high
ranging from 25 — 32 °C (Tyson et al., 1988; Esau et al., 2012). Solar radiation absorption at
the surface facilitates the development of unstable low pressure troughs which promotes
precipitation (Tyson et al., 1988; Esau et al., 2012). Precipitation over the Highveld ranges
from 600 to 800mm per annum and mainly occurs during the summer time (Esau et al.,

2012). During summer surface inversion layers are less common (Esau et al., 2012).

Hence, the Highveld has high atmospheric stability, clear skies, low winds speeds and
persistent temperature inversions which are highly adverse climatic conditions for the
dispersion of atmospheric pollutants (Tyson et al., 1988). Moist unstable conditions during
the summer period offer for the dispersion and deposition of atmospheric pollutants,
whereas during winter dry and stable conditions promote the accumulation of atmospheric

pollutants (Tyson et al., 1988).

3.3. The HPA

This area covers about 31 106 km? in parts of the Mpumalanga and Gauteng provinces
(Figure 3.1) (DEA, 2011). It consists of the Ekurhuleni, Lesedi, Dipaleseng, Delmas, Goven
Mbeki, Emalahleni, Steve Tshwete, Lekwa, Muskaligwa and Pixley ka Seme local

municipalities (DEA, 2011).
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Figure 3.1: Map of the study area including elevation, major towns, roads and some major
pollution sources using a SRTM DEM and NGI topographic layers (Author: S Roffe).
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The HPA is known for its diverse range of anthropogenic activities, which promote elevated

levels of pollutants, namely agriculture, coal-fired power generation, industry, mining, coal

dumps, transportation (namely air and motor vehicle transportation), clay brick

manufacturing, waste treatment and disposal, household activities (For example: fuel

burning) and petrochemical operations (Figure 3.2) (Tyson et al., 1988; Lourens et al., 2011;

DEA, 2011; Balashov et al., 2014). As a result the HPA is an air pollution ‘hotspot’ area that

accounts for over 90% of the country’s emissions of gaseous air pollutants (Collett et al.,

2010).
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Figure 3.2: Land use/cover across the HPA (Author: S Roffe).
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3.4. Population distribution across the HPA
This HPA houses about 3.6 million individuals (Figure 3.3) (DEA, 2011; Lourens et al., 2011).

Gauteng houses the bulk of individuals and within Gauteng Ekurhuleni hosts the majority
persons. Within Mpumalanga Lesedi, Goven Mbeki and Emalahleni have the greatest

population densities.
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Figure 3.3: Population distribution across the HPA using 2011 census figures (Author: S
Roffe).
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Chapter 4: Data and Methodology

(Outdoorphoto, 2007)
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4.1. Data

Three main sources of data have been used in this study. These are: pollutant

concentrations, meteorological parameters and MODIS atmosphere products.

4.1.1. Pollutant concentrations
Pollution monitoring relies heavily on networks of ground-level monitors measuring

ambient air pollutant concentrations within the boundary layer (Emili et al., 2011). The
pollutants of interest for this study were SO2, NOx and surface Os. These are criteria air
pollutants commonly found over the HPA with known human and environmental health

implications (Lourens et al., 2011).

Ground-based measurements are the representative data for pollutants with the boundary
layer (Alston et al., 2012). This study is concerned with pollutants within this layer, as in this
layer pollutants directly influence human and environmental health. The SAAQIS network of
monitoring stations provides measurements of pollutant concentrations within the
boundary over numerous temporal scales. Across the HPA there are 24 monitoring stations
situated within areas of high population density. The SAWS was contacted in order to obtain

measurements from these monitoring stations.

Twenty four datasets, for the period of 2010 to 2015, were provided. For a station to have
been included in this study, a full dataset was required. A full dataset is one with at least
one full week of readings for each month throughout a year. As a result, many stations had
to be excluded from this study due to missing data. Only one full year of data was deemed

necessary for this study, as there was a limited amount of full datasets.

For SOy, in 2010 only 5 full datasets were present, while there was 13 for 2011, 10 for 2012,
and 6 for 2013, 2014 and 2015. For NOy, in 2010 only 6 full datasets were present, while
there were 8 in 2011, 8 for 2012, 4 for 2013 and 5 for 2014 and 2015. For surface Os, in
2010 only 6 full datasets were present, while there was 9 for 2011, 8 for 2012, 7 for 2013
and 2014, and 5 for 2015. With the lack of full datasets, only 2011 was selected for this
study on the basis of there being the majority of data available. No temporal interpolation

was performed on this data.
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Only monitoring stations with data for each month during 2011 for the HPA have been used
(Table 4.1). Data regarding the concentrations of SO,, NOx and surface O3 were at hourly
intervals in Microsoft excel spreadsheets. Each monitoring station continuously samples,
and therefore each hourly measurement obtained is the concentration in ppb measured at
that particular time and not an hourly average. Additionally, each monitoring station has
detection limits, representing the lowest measurable concentration of pollutants (DNP,
2012). The detection limits are: <0.4 ppb for SO, <0.4 ppb for NOx and <1 ppb for surface Os

(DNP, 2012). Figure 4.1 shows the spatial distribution of the monitoring stations throughout

the study area.

Table 4.1: Details of the monitoring stations.

Station Pollutant(s) | Longitude Latitude Site classification (emissions | Altitude
measured) (m.a.s.l.)

Balfour SO,, NOxand | 28.59 -26.66 Residential (domestic fuel burning) | 1572

surface O3 and industrial

Camden SO,, NOxand | 30.11 -26.62 Industrial (power generation and | 1637

surface O3 mining)

Elandsfontein SO,, surface | 29.42 -26.25 Rural (agriculture) and Industrial | 1746

03 (power generation, mining and petro
chemical)

Ermelo SO,, surface | 29.97 -26.49 Residential (domestic fuel burning) | 1767

(OF] and industrial (coal transportation
and power generation)

Grootvlei SOz, NOxand | 28.48 -26.77 Industrial (petro chemical and power | 1517

surface O3 generation)

Hendrina SO2, NOxand | 29.73 -26.13 Residential (domestic fuel burning) | 1768

surface O3 and industrial

Komati SO2 29.45 -26.1 Rural and industrial (power | 1620
generation)

Leandra SOz2and NOx | 28.48 -26.37 Rural (farming) and industrial (power | 1687
generation, petro chemical and
mining)

Middleburg SO2and NOx | 29.46 -25.8 Residential (domestic fuel burning) | 1508
and industrial (mining)

Phola SOzand NOx | 29.04 -26 Rural (farming) and industrial (power | 1534
generation, petro chemical and

73




mining)
Secunda SOz, surface | 29.08 -26.55 Industrial (petro chemical) and | 1620
(OF! residential (domestic fuel burning)
Standerton surface O3 29.22 -26.97 Residential (domestic fuel bringing) 1569
Wattville SO 28.3 -26.23 Residential and industrial 1650
Witbank SO2, NOxand | 29.19 -25.88 Residential (domestic fuel burning | 1600
surface O3 and transportation) and industrial
(mining)
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Figure 4.1: Location of the monitoring stations in the study area (Author: S. Roffe).

4.1.2. Meteorological parameters
To monitor pollutants an understanding of their behaviour is essential (Duefias et al., 2002).

Hence, an understanding of the meteorological conditions that govern their behaviour is
necessary (Dueiias et al., 2002). SO, and NOy are primary pollutants and are influenced by
meteorology, for their transportation and destruction, as soon as they are emitted from
sources (Elminir, 2005). Surface Os as a secondary pollutant is reliant on meteorology during
its formation, transportation and destruction processes (Duefas et al., 2002; EImini, 2005;

Balashov et al., 2014).
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Most monitoring stations from the SAAQIS network have co-located meteorological
monitoring stations. The meteorological data collected by these stations was used for this
study (Table 4.2). Only stations with a full year of data were used. Ten monitoring stations
had full year datasets for 2011. No stations had atmospheric pressure measurements.
Atmospheric pressure plays an important role in the behavior of pollutants (Vallero, 2008).
Consequently, additional stand-alone meteorological data for the HPA was obtained from
the SAWS. Two extra stations were provided (Table 4.2). Twelve meteorological stations to
describe the regional meteorological conditions for the HPA were used (Figure 4.2; Table

4.2).

Both sets of datasets were obtained as Microsoft excel spreadsheets. Data from the 10
meteorological stations was continuously collected data at hourly intervals. The following
meteorological variables were obtained from these stations: relative humidity (%); ambient
air temperature (°C); solar radiation (W.m2), rainfall (mm), wind speed (m.s) and wind
direction (°). Data from the two stand-alone meteorological stations were daily averages.
The following meteorological variables were obtained: atmospheric pressure (hPa) and
rainfall (mm). Table 4.3 shows the meteorological parameters measured by each monitoring

station. No temporal interpolation was performed.

Table 4.2: Details for the meteorological monitoring stations.

Station Latitude Longitude Altitude (m.a.s.l.) Stand-alone/co-located
Balfour 28.586 -26.663 1572 Co-located
Camden 30.106 -26.6226 1637 Co-located
Elandsfontein 29.417522 -26.245517 1746 Co-located
Ermelo_1 29.969002 -26.49348 1767 Co-located
Ermelo_2 29.983 -26.497 1774 Stand-alone
Grootvlei 28.48 -26.7647 1517 Co-located
Komati 29.4507 -26.097 1620 Co-located
Leandra 28.480089 -26.372 1687 Co-located
Middleburg 29.4636 -25.796061 1508 Co-located
Phola 29.038164 -25.99567 1534 Co-located
Secunda -26.497 29.186 1657 Stand-alone
Standerton 29.2228 -26.965 1569 Co-located
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Figure 4.2: Meteorological monitoring stations in the study area (Author: S Roffe).

Table 4.3: Details of the meteorological variables for each monitoring station.

Meteorological variable

Solar Wind
Temperature radiation Relative speed Wind Rainfall Atmospheric
Station (°C) (W.m?) humidity (%) | (m.s?) direction (°) | (mm) pressure (hPa)
Balfour Yes No Yes Yes Yes Yes No
Camden Yes No Yes Yes Yes Yes No
Elandsfontein Yes No No Yes Yes Yes No
Ermelo_1 Yes Yes Yes No No No No
Ermelo_2 No No No No No Yes Yes
Grootvlei Yes No No Yes Yes No No
Komati Yes No Yes Yes Yes No No
Leandra Yes Yes Yes Yes Yes Yes No
Middleburg Yes Yes Yes No No No No
Phola Yes No No Yes Yes No No
Secunda No No No No No Yes Yes
Standerton Yes No Yes Yes Yes Yes No
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4.1.3. MODIS data

Satellite imagery has a large spatial and a good temporal coverage of landscapes (Prasad
and Singh, 2007). Satellite remote sensing of air pollutants in the boundary layer has
evolved dramatically. Satellite observations successfully provide estimates of trace gases
and aerosols in regions where ground-level measurements are unavailable. Satellite
observations are available for a range of pollutant aerosol and trace gas species (Martin,
2008). Passive sampling satellites flying in near-polar, sun-synchronous, low Earth orbits
with an altitude of 705 km will yield information on lower tropospheric constituents

(Martin, 2008).

The MODIS instrument, on board the Terra (launched 18 December 1999) and Aqua
(launched 4 May 2002) platforms is a passive sampler at an altitude of 705 km with a near
polar, sun-synchronous, low Earth orbit, is uniquely designed with a wide spectral range (0.4
to 14.4 pg/m3) of 36 band channels which provide an abundance of information of
atmospheric, terrestrial and oceanic phenomenon (Seeman et al.,, 2006; Martin, 2008;
NASA, 2016). MODIS has a wide viewing swath of 2330 km (cross track) by 10 km (along
track at nadir) with a 55° scanning pattern (NASA, 2016). It provides a wide spectral
coverage of the visible, near infrared and infrared regions of the electromagnetic spectrum,
thus providing a large amount of information on phenomena (Seeman et al., 2006; NASA,
2016). It provides a medium spatial resolution of 250 — 1000 m, where band channels 1 — 2
are at 250 m, band channels 3 — 7 are at 500 m and band channels 8 — 36 are at 1000 m
(Seeman et al., 2006; NASA, 2016). It provides a near daily global coverage across most of
the world and two equator crossings per day at 10:30 AM in a descending direction (Terra)
and at 13:30 PM in an ascending direction (Aqua) (Martin, 2008; NASA, 2016). The near-
daily coverage, wide spectral range and medium spatial resolution MODIS provides, enables
it to observe the Earth’s atmosphere to continuously monitor change (Seeman et al., 2006).
Hence, the MODIS instrument can provide information on the evolution and extent of air

pollution, addressing air quality on a daily basis.

The MODIS instrument has a full set of on-board calibrators to provide radiometric, spectral
and spatial calibration to aid in offering an unprecedented look at phenomena (NASA,

2016). This means that the Terra and Aqua instruments have a stable spectral and spatial
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performance and no pre-processing for radiometric and geometric corrections will be

necessary (NASA, 2016).

MODIS has 3 levels of data (NASA, 2016). Level 1 products are daily scenes, while level 2
and 3 data are specifically derived atmosphere, land, ocean and cryosphere products (NASA,
2016). Level 2 and level 3 imagery, from the Terra platform, from the Goddard Space Flight
Centre NASA LAADS free of charge have been used for this study (Appended table 8.1).

4.1.3.1. Level 2
Two level 2 MODIS imagery products have been used for this study. The first is the

MODO04_L2 which has a resolution of 10 x 10 km at nadir (NASA, 2016). The AOD (no units)
was obtained at 550 nm with a data range of -0.05 to 5.0 (NASA, 2016). This product
monitors the ambient aerosol optical thickness over oceans and land masses and has been
used for the analyses of SO, and NOx (NASA, 2016). AOD is related to the loadings of fine
particles in an atmospheric column and it measures light extinction by aerosol scattering
and absorption in an atmospheric column (Hu et al., 2014a). The second product used,
MODO7_L2, has a resolution of 5 x 5 km at nadir and a data range of 0 to 500 DU (NASA,
2016). The total-ozone burden product used from this collection of products is an estimate
from band channel 30 (9.580 — 9.880 um) of the total-column stratospheric and
tropospheric ozone content over a 5 km? atmospheric column and has been used for the

analyses of surface O3 (NASA, 2016).

4.1.3.2. Level 3
The three Level-3 MODIS products are global gridded MODIS Atmosphere products (NASA,

2016). Each level-3 products contain statistics generated from the corresponding level-2
products (NASA, 2016). Among other statistics calculated are simple (mean, minimum,
maximum, standard deviation) statistics and histograms of the quantity measurement and
confidence of the quantity measurement (NASA, 2016). These statistics are summarized and
interpolated over a 1x1° global grid for daily (MOD08 _D3), eight-day (MODO8_E3) and
monthly (MODO08_M3) temporal periods (NASA, 2016). Each temporal resolution has been

used for this study.
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The first product, total column ozone derived is an estimate of O3 measured in Dobson units
(Du) where 1 unit ppb of tropospheric O3 = 0.65 Du and the data range is 0 to 500 DU (IPPC,
2001; NASA, 2016). This total column ozone measurement is derived from band 30 (9.580 —
9.880 um) and was developed to monitor the potential harm caused by the anthropogenic
depletion of stratospheric Oz as well as the anthropogenic formation of tropospheric O3
(NASA, 2016). Whereas, the AOD derived is an estimate of the aerosol optical depth for a
column of air which can range from -0.05 to 5.0 (NASA, 2016). This AOD measurement was
developed to monitor the effect of aerosols on climate (NASA, 2016). The AOD images have
been used for the analysis of SO, and NOy, while the total column ozone has been used for

the analysis of surface Os.

4.1.4. Data limitations: Pollutant concentrations and meteorological

parameters
A ground-based monitoring station accurately measures pollutant levels and meteorological

parameters within the boundary layer. These networks have a limited geographic coverage,
and in particular for the networks across the HPA monitoring stations are only located in
high population density areas. Hence, pollutant concentrations and meteorological patterns
of a limited geographic coverage are available. A comprehensive ground-based monitoring
network is difficult to obtain due to the high maintenance, calibration and establishment
costs associated. This and missing data limits the quality of data obtained from ground-level
monitoring networks. Datasets are not always checked before archiving and as a result

many outliers and errors are present in these datasets.

Initially, there were many gaps in each dataset. Removal of errors and outliers, as per section
4.2.1., resulted in additional gaps. Where data were missing and removed, these remain as
omitted data, rather than being filled by interpolated values as the results generated show
misleading trends. As a result, the large number of current data gaps within the SAWS
datasets reduce the reliability of these ground-level datasets. Hence, satellite imagery was
used to improve these datasets. Coupled with satellite-derived measurements, the ground-
level data readings of pollutant concentrations and meteorology may bring out the
advantages of each dataset and potentially be more reliable to monitor and model SO;, NOx

and surface Os levels across the HPA. This reiterates the purpose of this study.
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4.1.5. Data limitations: Satellite imagery
Satellite remote sensing can step in to monitor regional air quality where ground monitors

are not available, not reliable or sparsely distributed (Gupta and Christopher, 2009a; Emili et
al., 2011; Hu et al., 2014a). Satellite imagery does however have limitations. MODIS data
products in particular are limited: by their coarse spatial resolution, temporally with only
one or two sunlit overpasses of a region per day, and to clear sky pixels among other factors
(Emili et al., 2011; Alston et al., 2012). These factors may lead to misleading data in a pixel,
especially as data values are interpolated over large spatial resolutions. Therefore,
combining ground-level and satellite data potentially exploits the advantages of both

measuring methods (Emili et al., 2011).

4.2. Methodology

The following methodology is an investigation into the spatio-temporal patterns of SO;, NOy
and surface O3z concentrations. These concentrations were first investigated on diurnal to
seasonal time scales. They were then investigated with regard to the regional HPA
meteorology. Next, the pollutants were modelled on the time scales of the MODIS
atmospheric products. Lastly, the pollutants were investigated with regard to national and

international ambient air quality standards.

4.2.1. Initial data analysis
A critical first step for this data analysis required an understanding of the mean and the

distribution of this data, i.e. the ‘five number summary’. The ‘five number summary’ is the
minimum and maximum values, middle (median), upper and lower quartile values (Underhill
and Bradfield, 2009). The mean and summary of the observations of SO,, NOxand surface O3
concentrations and meteorological variables have been used to identify outliers in each

dataset and for later sections.

The arithmetic mean value provides a measure of central tendency and was calculated using

the following equation:

Arithmetic mean: x = %Z’i\’zlxi (Underhill and Bradfield, 2009) {Equation 1}.
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The median, represents the middle ranked value of the dataset. The following equation was

used:
Median: Q2 = nTﬂ (Underhill and Bradfield, 2009) {Equation 2}.

The upper and lower quartiles are the numbers ranked halfway between the median and

the upper and lower fences. The following equations were used:

Q22+1; Upper quartile: Q3 = n — Q1 + 1 (Underhill and Bradfield,

Lower quartile: Q1 =

2009) {Equations 3.1 and 3.2}

The upper and lower fences represent the upper and lower extremes of the datasets. Any

values outside of these may be outliers. The follow equations were used:

Upper fence: U = Q3 + 1.5IQR; Lower fence: L = Q1 — 1.5IQR; Interquartile range:
IQR = Q3 — Q1(van Emden, 2008; Underhill and Bradfield, 2009) {Equations 4.1, 4.2 and
4.3}.

Outliers are values that are significantly different to the bulk of the dataset. These values
may be genuine observations, namely extremes, or machine failures. All negative values
have been taken as errors as a negative concentration value is impossible. All non-reading
values 999 have been removed. Most of the outliers identified have been taken as correct
readings and all readings which were significantly different from surrounding data values

were removed.

4.2.2. Analysis for variation
Pollutant concentrations vary indefinitely over various time scales. This variability is

characterised by the time variability of source strengths, transport and dispersion processes,
deposition mechanisms, chemical conversion mechanisms and pollutant atmospheric
lifetimes (Vallero, 2008). Meteorology is considered to be one of the strongest factors
influencing pollutant concentrations over temporal scales (Duenas et al., 2002; Vallero,
2008; Hassan et al., 2013; Gaur et al., 2014). The meteorology across the South African
Highveld varies temporally over diurnal to seasonal scales (Frieman and Piketh, 2002; Esau

et al., 2012). The source characteristics also vary over diurnal to seasonal scales (Vallero,
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2008). To determine the seasonal, monthly and diurnal variation of SO,, NOx and surface O3

time series plotting has been used in the form of graphs and maps.

4.2.2.1. Analysis for seasonal variation
In South Africa, and particularly across the Highveld, meteorological conditions are subject

to strong seasonal variability (Laasko et al., 2012). As a result of this and regional HPA
source characteristics, pollutant concentrations vary seasonally across the Highveld (Laakso
et al., 2012). Changes in source strength throughout a year may also bring about a marked
seasonal variation of pollutant concentrations, for example during South African winters
more coal is burned to fuel the growing energy demands increasing the pollutant
concentrations emitted from power stations. In South Africa there are four seasons (Table
4.4). The seasonal variation is then based on the fluctuation of pollutant concentrations at a

seasonal scale over a particular 2011.

Table 4.4: Duration of each season for South Africa (SAWS, 2016).

Season Summer Autumn Winter Spring
Duration 1 December to 1 Marchto 31 May | 1Juneto 31 August | 1Septemberto 30
28/29 February November

The seasonal mean concentrations for SO,, NOx and surface Oz have been calculated using
equation 1 and graphed for each monitoring station (Zunckel et al., 2004; Ahammed et al.,
2006; Abdul-Wahab and Bouhamra, 2007; David and Nair, 2011; Reddy et al., 2012). Each
mean has an error bar which represents the standard deviation, which demonstrates how
much the bulk concentrations differ from the mean (Underhill and Bradfield, 2009). The

following equation was used to calculate the standard deviation:
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4.2.2.2. Analysis for monthly variation
The monthly variation of pollutants is very similar to the seasonal variation, but it is

calculated over the twelve months of the year: January, February, March, April, May, June,

July, August, September, October, November and December.

The monthly cycle of SO;, NOx and surface Oz has been determined using the five number
summary for each month of each monitoring station (Duefas et al., 2002; Zunckel et al.,
2004; Laakso et al., 2008; Gaur et al., 2014). The ‘five number summary’ shows the spread
of concentrations for each month and the mean monthly concentrations for each
monitoring station (Duefias et al., 2002; Zunckel et al., 2004; Laakso et al., 2008; Gaur et al.,
2014). These values were calculated using the equations 1 to 4.3. These were plotted as
box-and-whisker plots. Each box has 3 lines, the bottom being the lower quartile, the middle
being the median and the top being the upper quartile. The lines extending out from the
box represent the lower (from the lower quartile) and upper (from the upper quartile)

fences, i.e. the extremes in each dataset.

4.2.2.3. Analysis for diurnal variation
Pollutant concentrations typically vary over a 24 hour period. A typical diurnal variation for

each pollutant at each monitoring station for each season has been graphed (Zunckel et al.,
2004; Ahammed et al., 2006; Fisshea et al., 2006; Adame et al., 2008; Laakso et al., 2008;
Gaur et al., 2014). A single day with no missing data was chosen at random to plot graphs of

the typical diurnal variations of SO,, NOx and surface Os for each monitoring station.

4.2.3. Regional meteorological patterns
Meteorological conditions govern the behaviour of pollutants (Elminir, 2005). In order to

understand the behaviour of SO;, NOx and surface Os, it is essential to gain an
understanding of the meteorological influences on these pollutants. Before this can be
done, it is essential to first gain an understanding of the prevailing meteorological
conditions. The regional meteorological patterns have been identified through time series
plotting. Considerable variations in pollutants concentrations as a result of synoptic
meteorology occur over monthly and diurnal scales (Duefas et al., 2002; Elminir, 2005;

David and Nair, 2011). Therefore, each meteorological condition was plotted over a monthly
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and diurnal scale using the same methods as for section 4.2.2. Over a monthly scale,
relatively longer term trends were identified, whereas over a diurnal scale shorter term
anomalies were identified (Dueias et al., 2002). The SAWS stand-alone stations have daily
average measurements, therefore diurnal time series plotting was only possible for the
SAWS co-located stations. Rainfall has been analysed as monthly totals (Duefias et al., 2002;
Elminir, 2005; Laakso et al., 2008). Wind directions per station have been graphed monthly
as a frequency distribution chart as per the methodology of Laakso et al. (2008), showing

the frequency of the 8 cardinal directions per month (Table 4.5).

Table 4.5: Details of the 8 cardinal wind directions.

Degree range (°) Direction
0<x<45 N
45<x<90 NE
90<x<135 E
135<x<180 SE
180<x<225 S
225<x<270 SW
270<x<315 W
315<x<360 NW

4.2.4. The linear relationship of meteorology and SOz, NOx and surface

03 levels
To determine if there is a relationship between regional synoptic meteorological patterns

and SOz, NOx and surface Oz across the HPA, correlation analysis has been undertaken
(Duefias et al., 2002; Elminir, 2005; Underhill and Bradfield, 2009). Correlation analysis
determines whether a relationship between a dependent (y) and an independent (x)
variable is present (Underhill and Bradfield, 2009). To determine if synoptic meteorology
influences these pollutants, meteorology was the independent (x) variable and the pollutant
concentrations were the dependent (y) variable (Duefas et al., 2002; Elminir, 2005). To
identify if a relationship exists, the correlation coefficient r has been calculated. The
correlation coefficient (r) will always lie between -1 and +1 and the closer r is to +/- 1, the
stronger the relationship is between the two variables (Underhill and Bradfield, 2009). The r
value will indicate the strength and direction of the correlation, where a negative value will

indicate a decrease in one variable when the other increases and a positive value will
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indicate an increase in one variable as the other increases (Underhill and Bradfield, 2009). A
value close to +/- 1 will indicate a consistent change in the SO,, NOx and surface O3
concentrations (x) from a change in the independent meteorological variables (y) (Dueias et
al., 2002; Elminir, 2005; Underhill and Bradfield, 2009). The Pearson correlation coefficient
for the strength of the relationship between SO;, NOx and surface Oz concentrations and
each meteorological variable has been calculated using the statistical package IBM SPSS
Statistics 23, using the following equation:

2(xi—%)(yi—y)

T' =
Ir| VE@Ei— 0)2(yi—y)?

(Underhill and Bradfield, 2009) {Equation 6}.

Once the strength of the relationship has been calculated, it is necessary to determine the
statistical significance of this relationship. The statistical significance, p value, is a measure
of the probability that the results obtained are representative of the population or just as a
result of a coincidence of the random sampling (Underhill and Bradfield, 2009). This value
ranges from 0 to 1. The closer p is to 0, the smaller this value, the greater the chance that
the result obtained is a true indicator of the behaviour of the data over the study period
(Underhill and Bradfield, 2009). The p value obtained tests the null hypothesis (Ho: p = 0)
that there is no relationship between SO;, NOy and surface O3 concentrations and synoptic
meteorology, the dependent and independent variables (Underhill and Bradfield, 2009). The

p values were calculated using SPSS.

When associating dependent variables such as SO,, NOx and surface O3 concentrations with
independent variables such as synoptic meteorological conditions among others, it is
important to calculate the proportion of the total variability of the dependent variable as a
result of the changes observed in the independent variable (Underhill and Bradfield, 2009).
This is calculated using the coefficient of determination (R?) (Underhill and Bradfield, 2009).
The result is an R? value between 0 and 1 (Underhill and Bradfield, 2009). A value closer to 1
suggests that a greater proportion of variability in the dependent variable is explained by
variation in the independent variable (Underhill and Bradfield, 2009). The R? value was

calculated in SPSS using the following equation:

_ b(xxy-L22Y)

R? = (Underhill and Bradfield, 2009) {Equation 7}.

2 E»?
Ly?—= =
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Synoptic meteorological conditions are known to influence pollutants over monthly scales
(For example: Comrie, 1990; Comrie and Yarnal, 1992; Comrie, 1994; Eder et al., 1994;
Cuhadaroglu and Demirci, 1997; Demirci and Cuhadaroglu, 2000; Duefias et al., 2002; Latini
et al., 2002; Elminir, 2005; Lin et al., 2011; Luvsan et al., 2012; Balashov et al., 2014). As a
result the correlation and regression analysis will be done over a monthly scale for each
monitoring station as demonstrated by Elmini (2005). Temperature, solar radiation, relative
humidity, rainfall, atmospheric pressure, wind speed and wind direction have been

correlated to SO,, NOx and surface Os over a monthly scale.

For the monthly scale correlation and regression analysis, the SO,, NOx and surface Oz and
meteorological data were grouped per month to determine the pearson correlation
coefficient and the significance of the relationship between SO,, NOx and surface O3 and
each meteorological parameter (Duefias et al.,, 2002; Elminir, 2005; Elampari and
Chithambarathanu, 2011). Each monitoring station does not have co-located meteorological
stations. This analysis was only performed using monitoring stations with co-located
meteorological stations and only between the meteorological variables measured by the
meteorological station. The monthly average atmospheric pressure for Ermelo_2 and
Secunda were correlated with the monthly average SO, NOx and surface Os stations for the
Ermelo and Secunda monitoring stations, as this is the only scale available for atmospheric
pressure. Ermelo and Secunda do not have NOy data. To obtain a general understanding of
the influence of atmospheric pressure on NOy, Camden and Balfour NOx concentrations

were used.

4.2.4.1. Statistical limitations
The primary limitation of statistical analyses arises from gaps in the dataset. Missing data

are inevitable and as a result the n value is reduced for statistical analyses. The p value
determines the probability that the calculated trends and relationships may still hold in a
fuller dataset (Underhill and Bradfield, 2009). There is concern regarding the possibility that
the missing values may potentially change the p value of the linear correlations. Hence, the
effect of a reduced n value resulting from the omission of missing data ensures that the p

value reported is a true probability result and not one created by chance when interpolating
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missing values (Underhill and Bradfield, 2009). The resulting p value may still be limited by

missing values which may dilute or strengthen correlations (Underhill and Bradfield, 2009).

4.2.5. Multiple regression analysis of meteorology and SOz, NOx and

surface O3 levels
The influence of each meteorological variable has now been studied alone. It is unlikely that

only one meteorological variable will explain the behaviour of SO,, NOx and surface Os.
Rather a combination of the meteorological variables that occur simultaneously will explain
their behaviour (Duenas et al., 2002; Elminir, 2005; Balashov et al., 2014). Each
meteorological variable has been used for the multiple regression analysis over a monthly
scale (Duefias et al., 2002; Balashov et al., 2014). Each multiple regression model will
demonstrate the relationship between SO,, NOx and surface O3 and the independent

meteorological variables for each monitoring station as Akpinar et al. (2009) demonstrated.
Each model was calculated using SPSS using the following equation:

Y = o+ Pix1 + Paxy + -+ Brxi + € (Underhill and Bradfield, 2009) {Equation 8}.

The strength of each model has been determined by the coefficient of variation (R?)
equation 7 (Underhill and Bradfield, 2009). The strength depends on the degree to which
the combination of independent meteorological variables can explain the changes in the

behaviour of SO,, NOx and surface O3 (Underhill and Bradfield, 2009).

The accuracy of each multiple regression model is necessary to calculate as some
independent variables included may in fact be surplus factors and they may not necessarily
influence the behaviour of the dependent variable (Underhill and Bradfield, 2009). Surplus
factors do not influence the strength of the model, but they do reduce the accuracy of a
model (Underhill and Bradfield, 2009). The accuracy of the model is determined by the root-
mean-square error (RMSE) on SPSS:

0, = RMSE = /Z(y_—y“t)z(Underhill and Bradfield, 2009) {Equation 9}
est N ’ q .
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4.2.5.1. Multiple regression model limitations and recommendations
The multiple regression models created for this section are limited by the meteorological

data obtained from the SAAQIS network. These datasets do not provide measurements for
each meteorological parameter at each station nor does each station have meteorological
measurements. To improve these models more data and reliable data are necessary.
Additionally, missing data may dilute or strengthen the significance of each variable within

the multiple regression, thereby influencing the significance of each model.

4.2.6. Satellite derived measurements
Each raw image has been processed using the MODIS conversion toolkit (MCTK), a plugin on

ENVI, as per the MCTK user guide (White et al., 2016). The MCTK processes each MODIS
product by converting the digital numbers to extract/retrieve AOD at 550 nm (You et al.,
2015) or Ozone (Du) values at 9.580 — 9.880 um (NASA, 2016). In this process the map

projection can be specified and it has been specified to the datum WGS84.

4.2.7. Exploring the relationship between ground-level pollutant
concentrations, meteorological parameters and satellite-derived
measurements across the HPA

Ground based measurements of trace gas and aerosol concentrations are the most accurate

measurements of pollutant levels within the boundary layer (Hu et al., 2014a). The ground-
based monitoring network across the HPA is associated with many limitations as discussed
previously. Satellite derived measurements of total atmospheric column have the potential
to enhance the SAAQIS monitoring network measurements to provide pollutant exposure
measurements. The MODIS satellite products have medium spatial resolutions which limit
their ability to alone estimate pollutant concentrations but coupled with ground-level

measurements improves their estimation ability.

Many previous studies have used linear regression methods to establish a relationship
between satellite-derived measurements and ground-level trace gases and aerosols (Table
3.4). Most of these studies concluded that a linear relationship between satellite-derived
measurements and ground-level measurements is not suitable to estimate surface level

pollutants.
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Ground level pollutant concentrations across the HPA are influenced by meteorology and
land use (For example: elevation, emission sources and land cover, etc.) among other
factors. Simple linear regression models between satellite-derived measurements and
ground-level pollutant concentrations will not be suitable to describe pollutants across the

HPA. Instead models incorporating meteorology and land use should be developed.

Multiple regression models incorporating meteorology and satellite-derived measurements
have been created to estimate ground-level pollutant concentrations (Figure 4.3) (Gupta
and Christopher, 2009; Hu et al., 2014a; Hu et al., 2014b; Sotoudeheian and Arhami, 2014;
You et al., 2015). Incorporating measurements of land use has been left for future work.
Using meteorological measurements of: temperature (°C); relative humidity (%); solar
radiation (W/m?); rainfall (mm); wind speed (m.s?); wind direction (°) and atmospheric
pressure (hPa) and satellite-derived AOD or total column Os, multiple regression models
have been created. Each model was calculated using SPSS using equation 8. An R? value,
which identifies how well the model fits the data, was calculated using SPSS for each model

using the equation 7.

Twelve models, four per pollutant, were made using the level 2, level 3: daily, 8-day and
level 3 monthly MODIS satellite imagery, pollutant concentrations data and meteorological
data. The model building process is indicated in Figure 4.3. All data were averaged over the

temporal scale matching the satellite imagery.

Each model incorporates data from the peak and trough months of each pollutants variation
to create the model. SO; and NOy concentration peaks were generally during June and they
were generally at their lowest during January. An average of 7h00 and 8h00 on the 15% of
January and June were used for the level 2 model, the average of the 15™ of January and
June were used for the level 3 daily model, the average of the 12" to the 15 of January and
June were used for the level 3 8-day model and the average of January and June were used
for the level 3 monthly model. Surface O3 generally peaked during September and is lowest
generally during April. An average of 8h00 and 9h00 on the 15™ of April and September
were used for the level 2 model, the average of the 15™ of April and September were used

for the level 3 daily model, the average of the 12t to the 15% of April and September were
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used for the level 3 8-day model and the average of April and September were used for the

level 3 monthly model.

The meteorological data for each model were averaged over the same scales as the
pollutant data. Meteorological data were interpolated using the closest two stations for
those stations without meteorological data or without data of a meteorological parameter.
Atmospheric pressure data for the level 2 models were the atmospheric levels for the daily
models; this was done to include atmospheric pressure as it was shown to significantly

influence each pollutant and thus it is important to include in each model.

«

‘ Pollutants ‘ ‘ MODIS ‘

Meteorology

Statistical
model

Validation

S0O,, NOx and
Surface O3
estimation

Figure 4.3: An outline of the model building steps (adapted from Gupta and Christopher,
2009a).

4.2.7.1. Validation of the relationship between ground-level pollutant

concentrations and satellite-derived measurements
Before the models may be used for application purposes, an assessment of validity is

essential. This will determine if the models will be able to function successfully for their
purpose and which scale model may be best applicable. Validation of each model involves

testing each models predictive performance using a cross validation method (Gupta and
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Christopher, 2009; Montgomery et al., 2012; Chen et al., 2013; Hu et al., 2014a; Hu et al.,
2014b; Sotoudeheian and Arhami, 2014; You et al., 2015).

This validation method used 2011 data for the month of August, i.e. data not included in the
model building process (Montgomery et al., 2012; Burt et al., 2009). Satellite-derived values
and meteorological data for the month of August during 2011 were used in the multiple
regression models to determine a predicted (model) value of pollutant concentration at
each monitoring stations for each model. This value was then compared to the measured

(observed) values using the following RMSE equation:

n .—Y.)2
RMSE = /MTX) (Burt et al., 2009) {Equation 10},

Yiis the observed value, X; is the model value and n is the sample size (Burt et al., 2009). This

value represents the offset of the models predicted data compared to the observed data.

The next step involved calculating the coefficient of determination, R?, value between the
predicted and observed values for each model. An R? value greater than 0.75 indicates that
the model fits the data well, and that model may be applicable across the HPA (Burt et al.,

2009). The R? value was calculated in SPSS using equation 7 previously mentioned.

4.2.7.2. Model limitations
Each model has many limitations associated with the quality of data used. Firstly, each

model is limited by the lack of meteorological data and the interpolation of this
meteorological data. To create a model it was necessary to interpolate the data.
Interpolation may introduce trends that do not exist in the datasets. Each model was limited
by the amount of monitoring stations as more monitoring stations would have captured

more of the spatio-temporal patterns that exist.

The MODIS satellite imagery have medium to poor spatial scales, of 5 km?, 10 km? and 1°2.
Each of these pixels contains interpolated statistics. Pollutant hotspots may be as small as a
couple of meters (Vallero et al., 2008). Hence, any spatial variability in pollutant species

smaller than the pixel size is lost.

91



Pollutant concentrations are influenced by land use patterns among other factors (Vallero et
al., 2008; Hu et al., 2014a; Hu et al., 2014b). All influential factors were not included in the
model building process. This may significantly influence the applicability and accuracy of

each model of each model (Montgomery et al., 2010).

4.2.8. Frequency of exceedance of international and national ambient

air quality standards for SOz, NOx and surface Os across the HPA
For the purpose of this study, some of the international WHO air quality guidelines

(WHOAQG) and the South African National Ambient Air Quality Standards (SANAAQS) have
been used (Table 4.6). The South African standards are a benchmark against which the
measurements from this study should be compared while the WHO standards are
referenced in order to contextualise the values internationally. The frequency of
exceedance of these standards for SO,, NOx and surface O3 has been measured by averaging
the hourly pollutant concentrations over the respective averaging periods in Table 4.6 (DEA,
2009). Once averaged, the data were compared to the standards to determine the

frequency of exceedance for each pollutant at each monitoring station (DEA, 2009).

Table 4.6: Ambient AQG’s for SO, NO; and Os (WHO, 2005; DEA, 2009).

South African National Ambient Air Quality Standards World Health Organisation Air Quality
Pollutant 3 - 3
(ng/m?3) Guidelines (pg/m?3)
350 (134 ppb) (1- 125 (48 ppb) (24- | 50 (19 ppb)
hour averaging hour averaging (annual
SO2 period) (88 period) (4 averaging period) | 20 (8 ppb) (24-hour averaging period)
exceedances allowed | exceedances (No exceedance
per year) allowed per year) | allowed)
209 (106 ppb) (1-hour averaging | 40 (21.ppb) (a.nnual 200 (106 ppF)) (1- 40 (21 ppb) (annual
NO2 period) (88 exceedances averaging period) (No hour averaging . .
. averaging period)
allowed per year) exceedance allowed) period)
0 120 (61 ppb) (8-hour averaging period) (11 exceedances 100 (50 ppb) (8-hour averaging period)
allowed per year)

When the ambient air quality standards at a particular monitoring station are or may be
exceeded, this monitoring station is identified as a pollution ‘hotspot’ (DEA, 2011). Using
data from each monitoring station allows one to identify some pollution ‘hotspot’ areas
across the HPA, while interpolation surfaces can allow one to spatially visualise pollutant
exceedances over a raster surface. The IDW interpolation technique has been used to view

the frequency of exceedances as a raster surface across the entire HPA. IDW is a simple
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spatial interpolator which estimates grid points based on a weighted average of measured
values surrounding the unmeasured location (Wong et al., 2004; Emili et al., 2011). It was
chosen on the basis that it makes the assumption that things closer to one another are more
alike than those further apart and to predict a value for an unmeasured location the cells
closer to the prediction location will have a greater influence on the cells value than those
farther away (Wong et al., 2004; Emili et al., 2011). The advantage of using IDW is that it
does not form assumptions about the statistical model that forms the basis of the data
(Wong et al., 2004; Emili et al., 2011). There are drawbacks to using IDW: a) no information
about the error of the predicted values is provided as it is for kriging, and b) maximum and
minimum of the field always corresponds to the position of the measurements which may

typically not be a physical quantity of the dataset (Wong et al., 2004; Emili et al., 2011).

4.2.9. Probability of exceedance of international and national ambient

air quality standards for SOz, NOx and surface O3 across the HPA
Probability is an estimate of the likelihood of a particular event occurring (Burt et al., 2009;

Mendenhall, 2009). This value ranges between 0 and 1, where a value closer to 1 indicates a
higher confidence of an event occurring (Burt et al., 2009; Mendenhall, 2009). Identifying
the probability of exceeding an ambient air quality standard may be a potential way to

identify a pollution ‘hotspot’. Both the WHOAQG and SANAAQS were used (Table 4.6).

The data for 2011 for each monitoring station is assumed to follow the normal distribution.
The probability question has been identified as P (X > ambient air quality standard). X
represents the pollutant concentrations averaged over the averaging period for a particular
ambient air quality standard. To determine the probability of X exceeding a particular
ambient air quality standard, the area under the probability density function curve above X

is calculated by standardizing X to a z score using the following equation:
z= % (Mendenhall, 2009) {Equation 11}.

Where, X is a normally distributed variable with a mean, u and a standard deviation, 0. The

standardized value z has a standard normal distribution (Mendenhall, 2009). Once X has
been standardized the probability question becomes P (Z >%) (Mendenhall, 2009). To

calculate the respective area under the curve for the probability of exceedance of each
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standard, the p value, corresponding to the z value for X in the z table was obtained
(Mendenhall, 2009). This value represents the area under the curve to the left of the z value
(Mendenhall, 2009). To determine the area to the right of the z value for X the following

formula was used (Mendenhall, 2009):

P (X > ambient air quality standard) = P (Z >¥ =1-P(Z >%) {Equation 12}.

4.2.10. Frequency and probability of exceedance limitations and

recommendations
The missing data from the SAAQIS network limits both of these sections largely as the

measure and probability of exceedances may be greater if a full dataset was available. The
spatial coverage of the monitoring stations over the HPA is limited and thus the spatial
coverage of the exceedances is in turn limited, especially to identify pollution ‘hotspot’
areas. Improvements in satellite imagery used for air quality, especially improvements in
spatial resolution, will be beneficial as areas without ground-level monitoring stations may

be analysed to identify pollution ‘hotspots’.
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4.2.11. Summary of the methodological procedure
A step by step flow diagram of the methodological procedure is presented below in Figure

4.4,

Satellite
imagery

Meteorological
parameters
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concentrations

Initial data
analysis

Initial data

analysis

Pre-
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processing processing

Diurnal, monthly and
seasonal variation

MCTK
processing

Diurnal and
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probability of
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Multiple regression
models

Validation

Pollutant
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Figure 4.4: Flow diagram of the methodological procedure for this study.
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Chapter 5: Results and Discussion

(Steyn, 2013)
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The primary aim of this study was to investigate ambient air pollution during 2011, using
ground-level SO,, NOx and surface Os concentrations, meteorological parameters and
MODIS atmosphere products, across the HPA, a pollution ‘hotspot’ area in South Africa. In
doing so, this study contributes to the existing body of scientific knowledge on: the
temporal variability of pollutants; the influence meteorology has on pollutants; estimating

ground-level pollutants using satellite imagery; pollution ‘hotspots’.

The results for 2011 are discussed throughout this chapter. This discussion aims to address
the objectives of this study by critically analysing the results obtained throughout this study

in comparison to results from other studies.

5.1. Temporal variation of pollutants
Pollutant concentrations vary over numerous temporal scales that may range across annual

to diurnal time scales (Vallero, 2008). Pollution monitoring is an essential task required for
the management of pollutants. An understanding of the variation in pollutant
concentrations over time is a key component to the monitoring process. Therefore, in the
sections following, the results seasonal, monthly and diurnal variations of SO;, NOx and

surface Os are analysed for the eventual aim of managing these pollutants across the HPA.

5.1.1. Variation of SO

The annual average concentration of SO, was 12.14+5.0 ppb. The highest SO, concentration
recorded was 474.3 ppb (at the Komati monitoring station) and the lowest concentration
recorded was 0.4 ppb (at the Camden monitoring station). The annual average obtained in
this study was typically higher than for most studies across the world and across South
Africa (For example: Carmichael et al., 2003; Laakso et al., 2008; Pandey et al., 2008; Meng
et al., 2009; Lourens et al., 2011; Venter et al., 2012; Gaur et al., 2014; Harrison et al., 2014).
Higher SO, levels were observed across the HPA may be directly attributed to a relatively
high population density, a high density of pollution sources, i.e. coal fired power stations,
fossil fuel emissions from industrial sources, biomass burning, domestic fuel use,
transportation and agricultural land clearing for food production among other sources, poor

emission controls and poor implementation of legislation (DEA, 2011).
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Seasonal average SO; concentrations ranged between 5 and 30 ppb, where winter
concentrations are at an average of 17.56 ppb were usually higher and summer
concentrations at an average of 9.73 ppb were generally lower similar to other studies
(Appended figure 8.1; Figure 5.1) (For example: Lyubovtseva et al., 2005; Laakso et al., 2008;
Lourens et al., 2011; Venter et al., 2012). Variation from this seasonal pattern occurred
(Figure 5.1; Appended figure 8.1). During winter Secunda had extremely high SO
concentrations possibly due to a higher demand on the petrochemical plant located in
Secunda and domestic fuel use (Figure 3.1) (Table 4.1). In Grootvlei and Balfour a slight
summer maximum occurred with little variation during the rest of the year possibly due to
an increased demand for power generation, from the Grootvlei power station, and
residential emissions during this time (Figure 3.1) (Table 4.1). In Leandra a spring maximum
occurred with little variation during the rest of the year possibly due to an increase in the

rural and industrial emissions across Leandra (Figure 3.1) (Table 4.1).

Across the Highveld during winter high pressure cells are persistent and they bring about
atmospheric stability, stagnant air, low mixing heights, the formation and persistence of
inversion layers, vertically stable layers and little to no rainfall (Cosijn and Tyson, 1996;
Lourens et al., 2011; Venter et al., 2012). Along with air transport into the Highveld, these

factors all contribute to high SO; levels across the HPA.
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Anthropogenic heating during winter resulting in SO, within the ambient atmosphere would
have promoted the winter maximum (Meng et al., 2009; DEA, 2011). Summer air was
normally cleaner due to high mixing heights and few inversion layers from low pressure cells
which are able to push through to the HPA (Tyson and Preston-Whyte, 2000). SO, was found
to be lower during summer and this may be directly attributed to wet depositional

processes removing SO; at high rates (Zunckel et al., 2000).

The monthly variation in SO; concentrations was similar to the seasonal variation, where
concentrations of SO, peaked during winter and during summer they were at their lowest
similar to other studies (Figure 5.2; Appended figure 8.2) (For example: Lyubovtseva et al.,
2005; Laakso et al., 2008; Meng et al., 2009; Datta et al., 2011; Lourens et al., 2011; Venter
et al., 2012; Gaur et al., 2014). It is clear that concentrations generally peaked during June at
an average of 20.08 ppb and during January concentrations were at a minimum with an

average of 9.40 ppb (Appended figure 8.2).
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Figure 5.2: Map showing the monthly variation of SO,.

As previously mentioned SO can have two diurnal variation patterns. SO, concentrations

displayed a distinct and clear variation during each season (Figures 5.3). The diurnal
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variations at each monitoring station were typically similar and peaked during the midday,
between 8h00 and 15h00 similar to other studies (Saliba et al., 2006; Lin et al., 2008; Laakso
et al., 2008; Meng et al., 2009; Gvozdi¢ et al., 2011; Venter et al., 2012).

The variation at each monitoring station was more pronounced during winter, due to less
effective mixing which reduces the dilution of SO, much the same as other studies (For
example: Saliba et al., 2006; Laakso et al., 2008; Meng et al., 2009; Venter et al., 2012). This
diurnal variation pattern is typically associated with semi-rural and rural areas whereby

inversion layers play a large role in the diurnal variation (Venter et al., 2012).

The SO; diurnal variation patterns across the HPA were not associated with cooking and
space-heating practices which would produce SO, peaks during the morning between 6h00
and 8h00 and during the evening between 18h00 and 20h00 (Venter et al., 2012). Instead
this single peak during the midday correlated with the breakup of inversion layers (Venter et
al., 2012). When the strong inversions layers, which formed during the night persisting until
sunrise, break up SO; is released into the boundary layer where the levels gradually
increased to peak around midday between 12h00 and 15h00 (Figure 5.3) (Venter et al.,
2012). Higher level stack emissions, from for example power stations, would have
accumulated between inversion layers resulting in high SO; levels able to subside to the
boundary layer once the inversion layers broke up promoting SO, accumulation during the
day (Figure 5.3) (Venter et al., 2012). During winter these inversion layers would have been
more pronounced and strong due to the presence of high pressure cells promoting a more
distinct variation (Figure 5.3) (Laakso et al., 2008; Venter et al., 2012). SO, concentrations
were low at night and decreased as a result of dry deposition throughout the day (Figure

5.3) (Zunckel et al., 1999; Laakso et al., 2008).
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Figure 5.3

101



Middleburg Phola
15 40
5 5
8 10 g 30 _
2 £ 20 /\/ -
N5 o~
o) Q10 \=——-—
wvy wvy
OIIIIIIIIIIIIIIIIIIIIIIIII O|||||-|'||||||||||||||IIIII
OO O O O O O o o o o o o o O O O o
S 32388323883388 83 8383388388388 ¢83
o O O ©O O ©O O o o o o o O O O O O O o o o o o o
S8 8888838 3838 8 9 S8 88388888 88 8
O N < W 00 O N < O 0 O O N < O 00 O N & VW 0 O
T 4 =+ +H4 <4 N T o = «—=H =€ N
Time (h) Time (h)
Secunda Wattville
30 20
5 5
8 20 g 15
2 210
o~ o S EEE——
gl g 5 e —
O||||IIIIIIIIIIIIIIIIIIIII OIIIIIIIIIIIIIIIIIIIIIIIII
O O O O O O O O o o o o O O O O O O O o o o o o
S8 8838838888 9 9 SRS T T = T = = T = = I = B =R
O O O O O O O O o o o o O O O O O O O o o o o o
S8 888888338 e 9 S8 8988938838 88 3
O N < O 00 O N <& O 0 O O N < W 00 O N < W 0 O
™ = = = = N ™ = = = = N
Time (h) Time (h)
Witbank
25 -
_. 20 -
a
2 15 -
<10 -
2
5_
OIIIIIIIIIIIIIIIIIIIIIIII
O O O O O © O o o o o o
RS R = I = T = = T = = I = =
O O O O O O O O O O o o
S8 8858888398 8 g
O N < O 00 O N < VW 0 O
I 4 —+H «—+H «—«+H N
Time (h)

Figure 5.3 continued: Diurnal variation of SO,. Each line represents a season. Blue — Summer; Red -
Autumn; Green — Winter; Purple — Spring.

5.1.2. Variation of NOx
The annual average concentration of NOx was 14.75+5.17 ppb. The highest NOy

concentration recorded was 261.8 ppb (at the Phola monitoring station) and the lowest
concentration recorded was 0.4 ppb (at the Leandra monitoring station). The annual

average obtained in this study was typically higher than most studies across the world and
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across South Africa (For example: Naja and Lal, 2002; Naja et al., 2003; Ahammed et al.,
2006; Beig et al., 2007; Laakso et al., 2008; Debaje and Kakade, 2009; Meng et al., 2009;
Nishanth et al., 2012; Reddy et al., 2012; Gaur et al., 2014). Higher NOx concentrations
across the HPA may be attributed to the relatively high population density across the HPA as
well as the extremely high density of pollution sources across the HPA, i.e. fossil fuel
emission sources — especially vehicles, industrial sources and agricultural land clearing for

food production among other sources and poor emission controls (DEA, 2011).

There are a number of studies with NOx annual averages higher than for this study, for
example: Abdul-Wahab and Bouhamra (2002) found an annual average of 60.8 ppb; Pandey
et al. (2008) found an annual average of 180 ppb and 67.1 ppb; Hassan et al. (2013) found
an annual average of 37.9 ppb. These studiers strategically placed their monitoring sites at
road side locations (Abdul-Wahab and Bouhamra, 2002; Pandey et al., 2008; Hassan et al.,
2013). The majority of NOx are emitted from combustion processes in vehicles which was
why these studies had such high concentrations of NOx (Ahammed et al., 2006; Laakso et al.,
2010; Harrisson et al., 2014).

Seasonal average NOx concentrations ranged between 5 and 35 ppb, where the winter
average at 20.90 ppb was the maximum and the summer average of 9.68 ppb was the
minimum similar to other studies (Appended figure 8.3; Figure 5.4) (For example: Naja and
Lal, 2002; Abdul-Wahab and Bouhamra, 2002; Naja et al., 2003; Ahammed et al., 2006; Beig
et al., 2007; Laakso et al., 2008; Pandey et al., 2008; Debaje and Kakade, 2009; Meng et al.,
2009; Nishanth et al., 2012; Reddy et al., 2012; Hassan et al., 2013; Gaur et al., 2014).
Variation from this seasonal pattern occurred at the Middleburg monitoring station (Figure
5.4; Appended figure 8.3). During spring maximum NOy concentration levels occurred while
there was little variation during the rest of the year possibly due to an increased demand in
the surrounding industrial areas, increased vehicle emissions and increased domestic

burning during spring.

Higher NOy levels during winter are attributable to: a lack of wet deposition removal due to
rainfall; the prevailing circulation type, being typically high pressure cells promoting
stagnant air parcels, prohibiting vertical and turbulent mixing due to a low mixing height and

a high presence and persistence of inversion layers; increased anthropogenic emissions
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namely for heating purposes, reduced photochemical reduction of NOx to form surface Os;
local surface wind processes; and stronger horizontal regional wind processes promoting
transboundary transport of NOx and air flow into the HPA (Naja and Lal, 2002; Abdul-
Wahab and Bouhamra, 2002; Naja et al., 2003; Ahammed et al., 2006; Beig et al., 2007;
Laakso et al., 2008; Pandey et al., 2008; Debaje and Kakade, 2009; Meng et al., 2009;
Nishanth et al., 2012; Reddy et al., 2012; Hassan et al., 2013; Gaur et al., 2014).

Lower NOy levels during summer were attributable to: a higher level of dry deposition
during summer; the persistence of low pressure cells promoting higher rainfall and
essentially wet deposition, less inversion layers and vertical mixing due to a higher mixing
height; and high levels of solar radiation promoting day time reduction of NOyx through
photochemical reduction processes to form surface Oz (Naja and Lal, 2002; Abdul-Wahab
and Bouhamra, 2002; Naja et al., 2003; Ahammed et al., 2006; Beig et al., 2007; Laakso et
al., 2008; Pandey et al., 2008; Debaje and Kakade, 2009; Meng et al., 2009; Nishanth et al.,
2012; Reddy et al., 2012; Hassan et al., 2013; Gaur et al., 2014).
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Figure 5.4: Map showing the seasonal variation of NOx.
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The monthly variation of NOx concentrations was similar to the seasonal variation where the
winter months demonstrated peak NOx concentrations, while the summer displayed NOy
minima similar to many other studies (Figure 5.5; Appended figure 8.4) (For example: Naja
and Lal, 2002; Abdul-Wahab and Bouhamra, 2002; Naja et al., 2003; Ahammed et al., 2006;
Beig et al., 2007; Laakso et al., 2008; Pandey et al., 2008; Debaje and Kakade, 2009; Meng et
al., 2009; Nishanth et al., 2012; Reddy et al., 2012; Hassan et al., 2013; Gaur et al., 2014).
June concentrations were generally the highest with an average of 22.61 ppb, while January
concentrations were lowest with an average of 12.34 ppb (Appended figure 8.4). Typically
there was no variation in the monthly concentrations of NOx during one season, while there

was a variation in the monthly concentrations between the different seasons.
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Figure 5.5: Map showing the monthly variation of NOx.

The typical diurnal variation found had two peaks, during the morning and evening hours
(Figure 5.6). High NOy levels persisted from the evening to the late morning and then during
the day, especially when surface O3 levels peak, NOy levels were particularly low; this was
similar to many studies around the world (For example: Naja and Lal, 2002; Abdul-Wahab

and Bouhamra, 2002; Naja et al., 2003; Ahammed et al., 2006; Beig et al., 2007; Laakso et
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al., 2008; Pandey et al., 2008; Debaje and Kakade, 2009; Meng et al., 2009; Nishanth et al.,
2012; Reddy et al., 2012; Hassan et al., 2013; Gaur et al., 2014). The two peaks were
associated with peak traffic hours when vehicle emissions were highest (Naja et al., 2003;
Ahammed et al., 2006; Beig et al., 2007; Pandey et al., 2008; Debaje and Kakade, 2009;
Meng et al., 2009; Zheng et al., 2010; Reddy et al., 2012; Hassan et al., 2013; Gaur et al.,
2014).

Persisting NOx concentrations from the early evening to the late morning hours were
attributed to the presence of nocturnal inversion layers which persisted throughout this
time (Figure 5.6) (Naja et al., 2003; Ahammed et al., 2006; Beig et al., 2007; Pandey et al.,
2008; Debaje and Kakade, 2009; Meng et al., 2009; Zheng et al., 2010; Reddy et al., 2012;
Hassan et al., 2013; Gaur et al., 2014). These nocturnal inversion layers trapped NOx across
the surface; they were prominent during winter leading to a more distinct diurnal variation
of NOx during this time (Figure 5.6) (Naja et al., 2003; Ahammed et al., 2006; Beig et al.,
2007; Pandey et al., 2008; Debaje and Kakade, 2009; Meng et al., 2009; Zheng et al., 2010;
Reddy et al., 2012; Hassan et al., 2013; Gaur et al., 2014).

A dip in NOx concentrations during the daytime hours was attributed to photochemical
reduction processes of NOy, a surface Os precursor, to form surface Oz (Naja et al., 2003;
Ahammed et al., 2006; Beig et al., 2007; Pandey et al., 2008; Debaje and Kakade, 2009;
Meng et al., 2009; Zheng et al., 2010; Reddy et al., 2012; Hassan et al., 2013; Gaur et al.,
2014). NOx levels were generally at a minimum when surface Oz levels peaked for the day,
similar to the rest of the world (Figures 5.6) (For example: Naja et al., 2003; Ahammed et al.,
2006; Beig et al., 2007; Pandey et al., 2008; Debaje and Kakade, 2009; Meng et al., 2009;
Zheng et al., 2010; Reddy et al., 2012; Hassan et al., 2013; Gaur et al., 2014). Dilution of
pollutants due to mixing promoted by the formation of the boundary layer may have also
been a reason why NOx concentrations were lower during the daytime (Figure 5.6)

(Ahammed et al., 2006).
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Figure 5.6
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5.1.3. Variation of surface O3
The annual average concentration of surface Oz was 28.771£9.09 ppb. The highest surface O3

concentration recorded was 495.5 ppb (at the Camden monitoring station) and the lowest
concentration recorded was 1 ppb (at the Ermelo monitoring station). The annual average
obtained in this study is typically similar to most of the studies across the world (For
example: Guicherit and Roemer, 2000; Naja and Lal, 2002; Carmichael et al., 2003; Naja et
al., 2003; Satsangi et al., 2004; Zunckel et al., 2004; Ahammed et al., 2006; Meng et al.,
2009; Pudasainee et al., 2006; Sahu and Lal, 2006; Beig et al., 2007; Tu et al., 2007; Adame
et al., 2008; Laakso et al., 2008; Tiwari et al., 2008; Debaje and Kakade, 2009; Elampari and
Chithambarathanu, 2011; Lourens et al., 2011; Kumar et al., 2012; Laakso et al., 2012; David
and Nair, 2011; Chelani, 2012; Nirshanth et al., 2012; Reddy et al., 2013; Balashov et al.,
2014; Gaur et al., 2014; Harisson et al., 2014). Higher surface O3 concentrations were found
particularly for rural sites. This was also clear across the HPA as surface Os s easily dispersed
and high concentrations are generally further away from pollutant sources in rural areas

(Lourens et al., 2011). In general high levels of surface Os exist across the HPA.

Seasonal average surface O3 concentrations ranged between 10 and 80 ppb, where late
winter and spring concentrations were generally higher and end of summer and autumn
concentrations were generally lower (Figure 5.7; Appended figure 8.5). Average spring and
autumn concentrations across the HPA were 32.82 and 23.88 ppb respectively. Variation
from this seasonal pattern of surface Oz occurred at the Balfour, Secunda and Witbank
monitoring stations (Figure 5.1; Appended figure 8.1). A summer maximum in surface Os
concentrations and little variation during the rest of the year occurred at the Balfour
monitoring station, while an autumn maximum and little variation during the rest of the
year occurred at Secunda and in Witbank a winter maximum with little variation during the
rest of the year. The variation of these seasonal patterns were possibly all due to a higher
occurrence of the conditions to form surface O3 as well as a higher level of surface O3

precursor gases during the time when maximum levels occurred.

Across the HPA the late winter to early spring maxima may be attributed to prevailing semi-
permanent high pressure cells promoting inversion layers which allows very little mixing of
air resulting in trapping of Os precursor gases emitted during winter from biomass burning

and other fossil fuel burning processes, recirculation of air especially air trapped between or
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under inversion layers i.e. absolute stable layers; air flow into the Highveld; clear skies, low
relative humidity levels, little to no rainfall, high solar radiation levels, high temperatures
and stagnant air with low wind speeds which is similar to other studies (For example:
Khemani et al., 1995; Pochanart et al., 2001; Abdul-Wahab and Bouhamra, 2002; Duefias et
al., 2002; Naja et al., 2003; Zunckel et al., 2004; Garcia et al., 2005; Jain et al., 2005;
Ahammed et al., 2006; Beig et al., 2007; Adame et al., 2008; Khoder et al., 2009; Meng et
al., 2009; Laakso et al., 2010; Zheng et al., 2010; David and Nair, 2011; Elampari and
Chithambarathanu, 2011; Reddy et al, 2012; Venter et al.,, 2012; Hassan et al., 2013;
Balashov et al., 2014; Gaur et al., 2014). Higher surface Os levels during this time may have
also been as a result of stratosphere-troposphere O3 exchange mechanisms being higher
during the end of winter and during early spring (Khemani et al., 1995; Varotsos et al., 2001;
Garcia et al., 2005; Ahammed et al., 2006).

The end of summer and autumn minimum may then be attributed to prevailing low
pressure systems displacing high pressure systems to influence the HPA (Zunckel et al.,
2004). During this time the conditions promoted are lower levels of solar radiation, lower
temperatures, higher relative humidity levels promoting higher cloud cover as well as
rainfall and essentially wet deposition, higher wind speeds and more effective vertical
mixing similar to other studies (For example: Khemani et al., 1995; Pochanart et al., 2001;
Abdul-Wahab and Bouhamra, 2002; Dueias et al., 2002; Naja et al., 2003; Zunckel et al.,
2004; Garcia et al., 2005; Jain et al., 2005; Ahammed et al., 2006; Beig et al., 2007; Adame et
al., 2008; Khoder et al., 2009; Meng et al., 2009; Laakso et al., 2010; Zheng et al., 2010;
David and Nair, 2011; Elampari and Chithambarathanu, 2011; Reddy et al., 2012; Venter et
al., 2012; Hassan et al., 2013; Balashov et al., 2014; Gaur et al., 2014).
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Figure 5.7: Map showing the seasonal variation of surface Os.

The monthly variation of surface Os concentrations typically peaked during the spring
months and they dropped to a minimum during the autumn months similar to many other
studies (Figure 5.7; Appended figure 8.6) (For example: Khemani et al., 1995; Pochanart et
al., 2001; Abdul-Wahab and Bouhamra, 2002; Duefias et al., 2002; Naja et al., 2003; Zunckel
et al., 2004; Garcia et al., 2005; Jain et al., 2005; Ahammed et al., 2006; Beig et al., 2007;
Adame et al., 2008; Khoder et al., 2009; Meng et al., 2009; Laakso et al., 2010; Zheng et al.,
2010; David and Nair, 2011; Elampari and Chithambarathanu, 2011; Reddy et al., 2012;
Venter et al., 2012; Hassan et al., 2013; Balashov et al., 2014; Gaur et al., 2014). September
concentrations were generally highest with an average of 38.54 ppb, while April
concentrations were generally lowest with an average of 22.21 ppb (Appended figure 8.6).
Typically there was no variation in the monthly concentrations of surface Oz during one
season, while there was a variation in the monthly concentrations between the different

seasons.
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Figure 5.8: Map showing the seasonal variation of surface Os.

The diurnal cycle of surface Os was characterised by a gradual increase after sunrise,
followed by a maximum Os concentration during the afternoon hours (12h00 to 16h00), a
decline after the maximum, steady night time levels and a minimum O3z concentration
during the early morning hours (6h00 to 8h00) (Figure 5.9), much like the diurnal variation
of surface Os across the world (For example: Khemani et al., 1995; Lal et al., 2000; Duefias et
al., 2002; Pudasainee et al., 2003; Zunckel et al., 2004; Garcia et al., 2005; Jain et al., 2005;
Ahammed et al., 2006; Beig et al., 2007; Tu et al.. 2007; Adame et al., 2008; Lin et al., 2008;
Shan et al., 2008; Xu et al., 2008; Khoder et al., 2009; Meng et al., 2009; Zheng et al., 2010;
David and Nair, 2011; Elampari and Chithambarathanu, 2011; Reddy et al., 2012; Hassan et
al., 2013; Sharma et al., 2013; Gaur et al., 2014).

The diurnal variation of surface Os was strongly influenced by the level of surface O3
precursors and meteorological conditions (Khoder et al., 2009). The typical diurnal variation
of surface Os coincided with the intensity of solar radiation and temperature throughout the

day (Figure 5.9) (Elampari and Chithambarathanu, 2011).
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The surface Os cycle started with a morning minimum which was attributed to NO titration
of surface O3 via reaction 9 in section 2.4.1. (Abdul-Wahab and Bouhamra, 2002; Garcia et
al., 2005; Beig et al., 2007; Tu et al., 2007; Adame et al., 2008; Shan et al., 2008; Zheng et
al., 2010; Reddy et al., 2012; Sharma et al., 2013). From 6h00 to 8h00 peak levels of surface
O3 precursors were present (Figure 5.9). The formation of surface Os is strongly dependent
on the amount of precursor gases present and once the nocturnal inversion layer breaks up
after sunrise, the presence of these precursor gases along with increasing solar radiation
levels, increasing temperatures, an increase in the boundary layer i.e. mixing layer height,
low relative humidity levels and low wind speeds all promote the gradual formation of
surface O3 (Khemani et al., 1995; Lal et al., 2000; Abdul-Wahab and Bouhamra, 2002;
Dueiias et al., 2002; Garcia et al., 2005; Beig et al., 2007; Tu et al., 2007; Adame et al., 2008;
Shan et al., 2008; Khoder et al., 2009; Zheng et al., 2010; Elampari and Chithambarathanu,
2011; Reddy et al., 2012; Sharma et al., 2013). Solar radiation activates the photochemical
production of surface Oz as well as the mixing of parcels in upper tropospheric Os rich air

with lower tropospheric air promoting the formation of surface O3 (Duefias et al., 2002).

Between 12h00 and 15h00 maximum solar radiation and temperatures push the mixing
layer to a maximum height from convective heating (Figure 5.9) (Khemani et al., 1995; Lal et
al., 2000; Abdul-Wahab and Bouhamra, 2002; Duefias et al., 2002; Garcia et al., 2005; Beig
etal., 2007; Tu et al., 2007; Adame et al., 2008; Shan et al., 2008; Khoder et al., 2009; Zheng
et al., 2010; Elampari and Chithambarathanu, 2011; Reddy et al., 2012; Sharma et al., 2013).
At this time surface Os levels were at their maximum as photochemical reactions were
maximised and the process of O3 rich air from the upper troposphere mixing with the lower
troposphere was maximised (Figure 5.9) (Khemani et al., 1995; Lal et al., 2000; Abdul-
Wahab and Bouhamra, 2002; Dueiias et al., 2002; Garcia et al., 2005; Beig et al., 2007; Tu et
al., 2007; Adame et al., 2008; Shan et al., 2008; Khoder et al., 2009; Zheng et al., 2010;
Elampari and Chithambarathanu, 2011; Reddy et al., 2012; Sharma et al., 2013). When
surface Oz levels reached a maximum the levels of the precursor gas, NOy, were at a
minimum (Figure 5.6; Figure 5.9) (Elampari and Chithambarathanu, 2011). Recirculation of
surface O3 was also more likely to occur when the mixing height was highest (Adame et al.,

2008).
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After a maximum was reached solar radiation levels and ambient air temperatures started
decreasing and surface Oz levels gradually declined to low and steady night time levels
(Figure 5.9) (Khemani et al., 1995; Lal et al., 2000; Abdul-Wahab and Bouhamra, 2002;
Dueiias et al., 2002; Garcia et al., 2005; Beig et al., 2007; Tu et al., 2007; Adame et al., 2008;
Shan et al., 2008; Khoder et al., 2009; Zheng et al., 2010; Elampari and Chithambarathanu,
2011; Reddy et al., 2012; Sharma et al., 2013). During this time NO titration and dry
deposition removal mechanisms acted to reduce the surface Os; concentrations (Khemani et
al., 1995; Lal et al., 2000; Abdul-Wahab and Bouhamra, 2002; Duenas et al., 2002; Garcia et
al., 2005; Beig et al., 2007; Tu et al., 2007; Adame et al., 2008; Shan et al., 2008; Khoder et
al., 2009; Zheng et al., 2010; Elampari and Chithambarathanu, 2011; Reddy et al., 2012;
harma et al., 2013). The removal processes would have occurred throughout the day but a
decline in surface O3 was only noted after sunrise as photochemical reactions slow down
when solar radiation and temperatures decrease (Khemani et al., 1995; Lal et al., 2000;
Abdul-Wahab and Bouhamra, 2002; Dueiias et al., 2002; Garcia et al., 2005; Beig et al.,
2007; Tu et al., 2007; Adame et al., 2008; Shan et al., 2008; Khoder et al., 2009; Zheng et al.,
2010; Elampari and Chithambarathanu, 2011; Reddy et al., 2012; Sharma et al., 2013).

After sunset nocturnal inversion layers persist and during this time residual surface O3
concentrations would have remained steady in the stable night time atmosphere and the
presence of nocturnal inversion layers traps surface Os inhibiting any mixing (Khemani et al.,
1995; Lal et al., 2000; Abdul-Wahab and Bouhamra, 2002; Duefias et al., 2002; Garcia et al.,
2005; Beig et al., 2007; Tu et al., 2007; Adame et al., 2008; Shan et al., 2008; Khoder et al.,
2009; Zheng et al., 2010; Elampari and Chithambarathanu, 2011; Reddy et al., 2012; Sharma
etal., 2013).
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Diurnal variation of surface O3 at each monitoring station. Each line represents a season.

Blue — Summer; Red — Autumn; Green — Winter; Purple — Spring.
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Figure 5.9 continued: Diurnal variation of surface Os. Each line represents a season. Blue — Summer;
Red — Autumn; Green — Winter; Purple — Spring.

5.2. Regional meteorological patterns across the HPA
Above the HPA the atmospheric circulation is dominated by anticyclonic systems during

most of the year with frequent easterly disturbances during summer. The regional

meteorological patterns discussed below confirm this.

5.2.1. Temperature

Temperatures across the HPA were warmer during summer and cooler during winter (Figure
5.10; Appended figure 8.7). Mean monthly temperatures were about 20 °C during summer
and during winter they dropped to an average of 10 °C. Temperatures often dropped below
0 °C during winter particularly during the evening and early morning hours, between 20h00
and 7h00 (Figure 5.10; Figure 5.11; Appended figure 8.7). During the rest of the year,
minimum temperatures ranged between 0 and 15 °C. The lowest recorded temperature was
— 9.47 °C during July. Winter maximum temperatures ranged between 20 and 25 °C
between 12h00 and 16h00 (Figure 5.10; Figure 5.11; Appended figure 8.7). During summer
the maximum temperatures typically ranged between 30 and 35 °C and occasionally
exceeded 35 °C (Figure 5.10; Figure 5.11; Appended figure 8.7). During the rest of the year,
maximum temperatures ranged between 20 and 30 °C. The highest recorded temperature

was 38.08 °C recorded during December.
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The diurnal variation of temperature during a typical day was low and steady during the

evening and morning hours just before sunrise, between 5h00 and 6h00, as persisting

nocturnal inversion layers would have inhibited temperature variations (Figure 5.11).

Thereafter convective warming of the surface increased ambient air temperatures gradually

until they reached a maximum between 12h00 and 16h00 depending on the season (Figure

5.11). Following this temperatures start to gradually decline until sunset between 18h00

and 19h00 (Figure 5.11).
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Autumn; Green — Winter; Purple — Spring.
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Figure 5.11 continued: Diurnal variation of temperature. Each line represents a season. Blue —
Summer; Red — Autumn; Green — Winter; Purple — Spring.

5.2.2. Solar radiation

Solar radiation levels ranged between 0 and 1000 W.m2 (Figure 5.12; Appended figure 8.8).
During winter the maximum ranged between 400 and 740 W.m2 (Figure 5.12; Appended
figure 8.8). During summer the solar radiation levels were typically higher ranging between
800 and 1000 W.m, where the maximum solar radiation recorded was 1100 W.m™ during
January (Appended figure 8.8). Average solar radiation values ranged between 130 and 500
W.m=2 (Appended figure 8.8), where the summer average was about 400 W.m? and the

winter average was about 200 W.m2 (Appended figure 8.8).
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Figure 5.12: Map showing the monthly variation of solar radiation.
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The diurnal variation of solar radiation was clear with no solar radiation before sunrise and
after sunset (Figure 5.13). After sunrise, ~6h00, solar radiation levels gradually started rising
to reach maximum levels around ~12h00 and 13h00 (Figure 5.13). Thereafter solar radiation

levels started to gradually decline to 0 W.m™ by ~19h00 (Figure 5.13).
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Figure 5.13: Diurnal variation of solar radiation. Each line represents a season. Blue — Summer; Red —
Autumn; Green — Winter; Purple — Spring.

5.2.3. Relative Humidity

Relative humidity levels were higher during summer and lower during winter, and for
Komati they showed a smaller variation with higher levels during winter and spring instead
(Figure 5.14). During summer relative humidity levels were as high as 80 %, while during
winter they dropped to around 50 % (Figure 5.14; Appended figure 8.9). During summer,
higher relative humidity levels would have promoted cloud formation due to the frequent

occurrence of easterly lows whereas during winter semi-permanent high pressure cells
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would have promoted low relative humidity levels and almost no cloud cover across the

HPA.
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Figure 5.14: Map showing the monthly variation of relative humidity.

Relative humidity levels were high and steady during the night and early morning hours due
to persistent nocturnal inversion layers (Figure 5.15). After sunrise, ~6h00, relative humidity
levels began to gradually decline until minimum levels of about ~40 % were reached (Figure
5.15). Thereafter relative humidity levels started to gradually rise until sunset, ~19h00

(Figure 5.15).
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Figure 5.15
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5.2.4. Rainfall

Rainfall fell mainly during summer, particularly from October through to March, when
easterly waves persisted (Figure 5.16; Appended figure 8.10) (Tyson and Preston-Whyte,
2000). During winter rainfall rarely fell (Figure 5.16; Appended figure 8.10). Rainfall levels
ranged between 10 and 230 mm per month during October to March rainfall season and
during the rest of the year they ranged between 0 and 60 mm per month (Appended figure
8.10).
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Figure 5.16: Map showing the monthly level of rainfall.

5.2.5. Wind speed
Wind speeds were similar throughout the year (Figure 5.17; Appended figure 8.12). Average

wind speeds ranged between 1.7 and 16 m.s? (Figure 5.17; Appended figure 8.12).
Minimum wind speeds were as low as 0 m.s! and ranged between 0 and 1.5 m.s™ (Figure
5.17; Appended figure 8.12). The maximum wind speeds recorded ranged between 5 and 16
m.s!, where the highest recorded wind speed was 15.88 m.s* (Figure 5.17; Appended figure
8.12).
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Figure 5.17: Map showing the monthly variation of wind speed.

Between ~18h00 and 6h00 nocturnal inversion layers persist (Tyson and Preston-Whyte,
2000). During this time meteorological variables are typically stable and wind speeds during
this time were no different (Figure 5.18). After 6h00 wind speeds started to gradually rise
until a maximum was reached between 12h00 and 15h00 (Figure 5.18). Thereafter wind

speeds started to gradually decline (Figure 5.18).
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Figure 5.18: Diurnal variation of wind speed. Each line represents a season. Blue — Summer; Red —
Autumn; Green — Winter; Purple — Spring.
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Figure 5.18 continued
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5.2.6. Wind direction

Monthly wind directions ranged from N to E during January to April, summer and autumn

(Figure 5.19). From May to December they ranged between S and NW (Figure 5.19).

Balfour

Wind direction frequency (%)
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Figure 5.19: Monthly variation of wind direction.
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Figure 5.19 continued: Monthly variation of wind direction.
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Figure 5.19 continued: Monthly variation of wind direction.

5.2.7. Atmospheric pressure
Anticyclonic semi-permanent high pressure systems dominate throughout the year (Tyson

and Preston-Whyte, 2000). During summer easterly wave disturbances occur lowering the
average monthly atmospheric pressure values (Appended figure 8.11). The atmospheric
pressure was stable ranging between 800 and 840 hPa throughout the year (Figure 5.20;
Appended figure 8.11).
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Figure 5.20: Map showing the monthly variation of atmospheric pressure.

5.3. The relationship of meteorology and pollutants across the HPA
Air quality is influenced by prevailing meteorology. Meteorology plays an important role in

the formation, accumulation, transportation and destruction of both primary and secondary
pollutants. As a result the relationship between some meteorological parameters and SO,

NOy and surface O3 has been analysed across the HPA.

5.3.1.S0:

SO; typically displayed a weak significant or insignificant relationship to most meteorological
parameters similar to other studies (Table 5.1) (For example: Kartal and Ozer, 1998;
Cuhadaroglu and Dermici, 1997; Elminir, 2005; Turalioglu et al., 2005; Akpinar et al., 2008;
llten and Selici, 2008; Akpinar et al., 2009; Lin et al., 2011). Few relationships were found to
be significant (Table 5.1). The relationship of SO, to temperature and solar radiation was
positive similar to other studies (For example: Cuhadaroglu and Dermici, 1997; Kartal and
Ozer, 1998). Temperature was shown to be negatively related similar to a few studies (Table

5.1) (For example: Elminir, 2005; Turalioglu et al., 2005; Akpinar et al., 2008; Ilten and Selici,
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2008; Akpinar et al., 2009; Lin et al., 2011). Akpinar et al. (2008) found a negative
relationship between SO, and solar radiation. Relative humidity, wind speed, wind direction
and rainfall were found to be negative and insignificantly related to meteorology (Table 5.1)
similar to most studies (For example: Cuhadaroglu and Dermici, 1997; Akpinar et al., 2005;
Elminir, 2005; Turalioglu et al., 2005; Ilten and Selici, 2008; Akpinar et al., 2009; Lin et al.,
2011).

Table 5.1: Strength of the relationship between SO, and each meteorological variable.
Statistically significant correlations are indicated by an asterisk; no data is represented by -.

Pollutant: SO

Monitoring station strength of relationship (r)
Meteorological
Month variable Balfour | Camden | Elandsfontein | Ermelo | Grootvlei | Komati Leandra | Middleburg Phola
January Temperature (°C) 0.20 0.22 *0.31 0.28 0.14 *0.38 0.27 0.24 0.22
Solar radiation (W.m2) - - - 0.28 - - 0.23 0.20 -
Relative humidity (%) -0.25 -0.29 - -0.26 - -0.03 -0.05 -0.28 -
Wind speed (m.s?) -0.06 -0.23 -0.27 - -0.02 -0.09 -0.03 - -0.10
Wind direction (°) -0.17 -0.29 -0.25 - -0.11 -0.08 -0.18 - -0.07
Rainfall (mm) -0.04 -0.04 -0.08 - - - -0.0004 - -
February Temperature (°C) *0.36 0.31 0.27 *0.34 *0.31 0.26 0.26 *0.58 *0.34
Solar radiation (W.m?2) - - - *0.31 - - *0.33 *0.37 -
Relative humidity (%) *-0.38 -0.28 - *-0.35 - -0.0002 -0.11 *-0.53 -
Wind speed (m.s?) -0.09 -0.05 -0.27 - -0.02 -0.11 -0.01 - -0.09
Wind direction (°) -0.14 -0.23 *-0.40 - -0.15 -0.07 -0.17 - -0.05
Rainfall (mm) -0.04 -0.02 -0.01 - - - -0.06 - -
March Temperature (°C) *0.39 *0.39 0.28 *0.36 *0.40 *0.41 *0.36 *0.38 0.28
Solar radiation (W.m%2) - - - 0.29 - - *0.34 *0.36 -
Relative humidity (%) *-0.40 -0.28 - *-0.35 - -0.03 -0.28 *-0.32 -
Wind speed (m.s) -0.20 -0.14 -0.15 - -0.06 -0.18 -0.06 - -0.11
Wind direction (°) -0.05 -0.18 -0.33 - -0.10 -0.04 -0.02 - -0.05
Rainfall (mm) -0.01 -0.01 -0.004 - - - -0.06 - -
April Temperature (°C) 0.21 *0.32 *0.51 0.18 0.28 *0.47 0.10 *0.30 0.23
Solar radiation (W.m2) - - - 0.22 - - 0.20 *0.41 -
Relative humidity (%) -0.22 *-0.37 - -0.23 - -0.14 -0.02 *-0.46 -
Wind speed (m.s?) -0.06 *-0.35 -0.14 - -0.06 -0.26 -0.09 - -0.25
Wind direction (°) -0.13 -0.24 -0.16 - -0.16 -0.04 -0.08 - -0.08
Rainfall (mm) -0.01 -0.02 -0.03 - - - -0.07 - -
May Temperature (°C) 0.20 *0.37 0.23 *0.39 0.21 0.25 0.08 0.18 -0.01
Solar radiation (W.m2) - - - 0.21 - - 0.05 *0.31 -
Relative humidity (%) -0.24 *-0.46 - *-0.42 - -0.06 -0.02 *-0.36 -
Wind speed (m.s?) -0.19 *-0.31 -0.16 - -0.03 -0.22 -0.06 - -0.14
Wind direction (°) -0.03 -0.18 -0.09 - -0.15 -0.07 -0.15 - -0.19
Rainfall (mm) -0.04 -0.005 -0.02 - - - -0.06 - -
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June Temperature (°C) 0.28 *0.40 0.25 0.27 0.22 0.16 0.21 *0.31 0.07
Solar radiation (W.m%2) - - - 0.07 - - 0.20 *0.35 -
Relative humidity (%) -0.19 *-0.34 - *-0.40 - -0.10 -0.21 *.0.37 -
Wind speed (m.s?) -0.17 *-0.32 -0.04 - -0.03 -0.06 -0.02 - -0.005
Wind direction (°) -0.08 -0.16 -0.23 - -0.07 -0.06 -0.12 - -0.12
Rainfall (mm) -0.03 -0.03 -0.06 - - - -0.05 - -
July Temperature (°C) *0.30 *0.36 *0.38 *0.34 0.12 0.29 *0.35 0.25 0.10
Solar radiation (W.m?2) - - - 0.09 - - 0.29 *0.35 -
Relative humidity (%) -0.29 *-0.43 - *-0.49 - -0.11 -0.17 *-0.35 -
Wind speed (m.s?) -0.03 *-0.32 -0.05 - -0.02 -0.26 -0.04 - -0.08
Wind direction (°) -0.03 -0.21 *-0.36 - -0.19 -0.02 -0.06 - -0.27
Rainfall (mm) -0.03 -0.05 -0.05 - - - -0.02 - -
August Temperature (°C) 0.20 *0.39 0.22 0.25 0.02 0.27 0.36 *0.42 0.10
Solar radiation (W.m2) - - - 0.10 - - 0.26 *0.40 -
Relative humidity (%) -0.20 *-0.40 - *-0.38 - -0.08 -0.28 *-0.39 -
Wind speed (m.s?) -0.04 -0.13 -0.13 - -0.04 -0.11 -0.01 - -0.06
Wind direction (°) -0.01 -0.25 *-0.31 - -0.19 -0.20 -0.08 - -0.24
Rainfall (mm) -0.0002 -0.04 -0.05 - - - -0.01 - -
September | Temperature (°C) 0.10 *0.44 *0.38 *0.36 0.07 *0.38 *0.53 0.25 -0.07
Solar radiation (W.m%2) - - - 0.16 - - *0.41 *0.32 -
Relative humidity (%) -0.03 *-0.40 - *-0.43 - -0.10 *-0.31 *-0.33 -
Wind speed (m.s?) -0.03 -0.25 -0.05 - -0.02 -0.28 -0.04 - -0.13
Wind direction (°) -0.06 -0.23 -0.20 - -0.10 -0.04 0.02 - -0.19
Rainfall (mm) -0.03 -0.02 -0.02 - - - -0.01 - -
October Temperature (°C) 0.12 *0.42 0.28 *0.35 0.14 *0.34 *0.45 *0.30 -0.12
Solar radiation (W.m?2) - - - 0.13 - - *0.46 *-0.30 -
Relative humidity (%) -0.22 *-0.38 - *-0.31 - -0.13 -0.15 -0.17 -
Wind speed (m.s?) -0.07 -0.20 -0.18 - -0.20 -0.16 -0.01 - -0.21
Wind direction (°) -0.01 -0.23 -0.19 - -0.16 -0.16 -0.01 - *-0.37
Rainfall (mm) -0.06 -0.01 -0.07 - - - -0.13 - -
November | Temperature (°C) 0.11 *0.42 0.11 0.09 0.04 0.26 *0.32 0.15 -0.25
Solar radiation (W.m2) - - - 0.20 - - *0.30 0.11 -
Relative humidity (%) -0.01 *-0.39 - -0.18 - -0.03 -0.03 -0.18 -
Wind speed (m.s?) -0.10 -0.18 -0.13 - -0.04 -0.13 -0.04 - -0.28
Wind direction (°) -0.10 *-0.32 -0.12 - -0.16 -0.01 -0.07 - -0.23
Rainfall (mm) -0.002 -0.04 -0.03 - - - -0.06 - -
December | Temperature (°C) 0.09 *0.41 *0.35 0.09 0.14 *0.38 0.19 *0.34 0.09
Solar radiation (W.m2) - - - 0.11 - - 0.29 0.11 -
Relative humidity (%) -0.10 *-0.40 - -0.17 - -0.11 -0.13 -0.21 -
Wind speed (m.s?) -0.10 -0.16 -0.24 - -0.003 -0.21 -0.18 - -0.03
Wind direction (°) -0.12 *-0.41 -0.18 - -0.05 -0.02 -0.08 - -0.11
Rainfall (mm) -0.01 -0.07 -0.07 - - - -0.06 - -
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Atmospheric pressure was significantly and positively related to SO; across the HPA, similar
to many studies (For example: Turalioglu et al., 2005; Akpinar et al., 2009) (Table 5.8).
Hence, across the HPA increasing atmospheric pressure generally resulted in an increase in

SO; concentrations during 2011.

Table 5.2: Strength of the relationship between SO; and atmospheric pressure. Statistically
significant correlations are indicated by an asterisk; relationships with a correlation
coefficient greater than 0.7 highlighted by a double asterisk.

Monitoring station Strength of relationship (r)

Ermelo *0.44

Secunda **0.72

Meteorological governance of SO, concentrations were location specific, as seen by the
range in R? values (0.03 to 0.29), whereby only 3 to 29 % of SO, could be explained by
meteorology (Table 5.3). This suggests complexity in the factors governing SO
concentrations across the HPA. Low R? values, low significance values and high standard
error values (10.55 and 17.32 ppb) suggest that meteorology was not the only factor
governing SO; concentrations similar to Turaliglu et al. (2005). Temperature and solar
radiation were found to be positively related to SO,, therefore as solar radiation and
temperatures increased SO, concentrations increased (Table 5.3). Relative humidity, rainfall,
wind speed and wind direction were all found to be negatively related to SO, therefore as
each of these factors increased SO, concentrations as a result decreased, i.e. faster wind
speeds diluted air, while higher levels of relative humidity promoted cloud cover as well as

rainfall which removed SO..

Table 5.3: The relationship of SO, to meteorology. A statistically significant correlation is
indicated by an asterisk. (T: Temperature; S: Solar radiation; RH: Relative humidity; WS:
Wind speed; WD: Wind direction; R: Rainfall).

Monitoring station: Balfour

SO, =19.045 - 0.287 [R] - 0.53 [RH] + 0.307 [T] - 0.013 [WD] - 0.273 [WS]

Coefficient of determination (R?) | Standard error (cest) | Significance of correlation (p)

0.07 10.55 0.88

Monitoring station: Camden

S0O,=8.929 - 0.056 [R] - 0.150 [RH] + 0.137 [T] - 0.028 [WD] - 0.583 [WS]

Coefficient of determination (R?) | Standard error (cest) | Significance of correlation (p)

*0.19 13.63 0.02
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Monitoring station: Elandsfontein

50,=8.772-0.375

R] +0.419 [T] - 0.035 [WD] - 1.287 [WS]

Coefficient of determination (R?)

Standard error (Gest)

Significance of correlation (p)

*0.10

16.94

0.004

Monitoring station: Ermelo

S0, =55.912 - 0.358 [RH] + 0.006 [S] + 0.945 [T]

Coefficient of determination (R?)

Standard error (Gest)

Significance of correlation (p)

0.29*

14.30

0.0001

Monitoring station: Grootvlei

S0,=8.409 +0.313 [T] - 0.021 [WD] - 0.462 [WS]

Coefficient of determination (R?)

Standard error (Gest)

Significance of correlation (p)

0.04

15.43

0.70

Monitoring station: Komati

SO, =-2.339 - 0.010 [RH] +0.790 [T] - 0.016 [WD] - 0.482 [WS]

Coefficient of determination (R?)

Standard error (Gest)

Significance of correlation (p)

*0.10

17.32

0.01

Monitoring station: Leandra

SO2=14.840 - 0.189 [R] - 0.043 [RH] + 0.011 [S] + 0.175

T]-0.031 [WD] - 0.711 [WS]

Coefficient of determination (R?)

Standard error (Oest)

Significance of correlation (p)

0.15*

13.00

<0.001

Monitoring station: Middleburg

SO, =23.355-0.177 [RH] + 0.006 [S] + 0.375 [T] - 0.003 [WD] - 0.649 [WS]

Coefficient of determination (R?)

Standard error (Gest)

Significance of correlation (p)

0.17*

10.69

0.060

Monitoring station: Phola

S0,=18.574 + 0.054 [T] - 0.010 [WD] - 1.512 [WS]

Coefficient of determination (R?)

Standard error (Gest)

Significance of correlation (p)

0.03

15.39

0.02

5.3.2. NO«

NOx was found to be insignificantly and negatively related to most meteorological
parameters similar to other studies (Table 5.4) (For example: Kuebler et al., 2001;
Pudasainee et al., 2006; Lin et al., 2011 Hassan et al., 2013). The strength of relationships
were location specific where only a few locations yielded significant relationships (Table

5.4).
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Table 5.4: Strength of the relationship between NOx and each meteorological variable.
Statistically significant correlations are indicated by an asterisk; no data is represented by -.

Pollutant: NOx
Monitoring station strength of relationship (r)
Month Meteorological variable | Balfour Camden Grootvlei Leandra Middleburg Phola
January Temperature (°C) -0.11 -0.20 -0.03 -0.27 -0.06 *-0.35
Solar radiation (W.m?2) - - - -0.17 -0.08 -
Relative humidity (%) -0.10 -0.25 - -0.01 -0.05 -
Wind speed (m.s?) -0.02 -0.28 -0.14 -0.04 - -0.09
Wind direction (°) -0.24 -0.30 -0.24 -0.09 - -0.03
Rainfall (mm) -0.02 -0.04 - -0.12 - -
February Temperature (°C) -0.20 -0.10 -0.12 *-0.32 -0.01 -0.14
Solar radiation (W.m%2) - - - -0.35 -0.10 -
Relative humidity (%) -0.18 -0.12 - -0.02 -0.01 -
Wind speed (m.s?) -0.04 -0.26 -0.13 -0.11 - -0.04
Wind direction (°) -0.18 -0.28 -0.20 -0.17 - -0.07
Rainfall (mm) -0.01 -0.03 - -0.05 - -
March Temperature (°C) -0.01 -0.003 -0.03 -0.17 -0.09 -0.004
Solar radiation (W.m%2) - - - -0.23 -0.11 -
Relative humidity (%) -0.06 -0.02 - -0.04 -0.05 -
Wind speed (m.s?) -0.28 -0.23 -0.26 -0.04 - -0.01
Wind direction (°) -0.10 -0.26 -0.10 -0.01 - -0.05
Rainfall (mm) -0.03 -0.02 - -0.01 - -
April Temperature (°C) *-0.46 -0.05 -0.0005 -0.004 -0.16 -0.19
Solar radiation (W.m2) - - - -0.02 -0.11 -
Relative humidity (%) -0.15 -0.21 - -0.07 -0.14 -
Wind speed (m.s?) *-0.43 -0.12 -0.26 -0.10 - *-0.30
Wind direction (°) -0.29 -0.24 -0.26 -0.12 - *-0.41
Rainfall (mm) -0.03 -0.04 - -0.02 - -
May Temperature (°C) -0.28 -0.0003 -0.20 -0.05 -0.23 *-0.47
Solar radiation (W.m2) - - - -0.04 -0.22 -
Relative humidity (%) -0.10 -0.15 - -0.17 -0.16 -
Wind speed (m.s?) *-0.34 -0.02 -0.27 -0.07 - -0.23
Wind direction (°) -0.22 *-0.32 -0.18 -0.17 - *-0.49
Rainfall (mm) -0.06 -0.01 - -0.004 - -
June Temperature (°C) -0.24 -0.09 -0.19 -0.05 *-0.36 *-0.46
Solar radiation (W.m2) - - - -0.08 -0.26 -
Relative humidity (%) -0.16 -0.10 - -0.05 *-0.46 -
Wind speed (m.s?) *-0.46 -0.15 -0.38 -0.01 - -0.220
Wind direction (°) -0.26 -0.21 -0.11 -0.19 - *-0.50
Rainfall (mm) -0.04 -0.05 - -0.05 - -
July Temperature (°C) -0.24 -0.18 -0.07 -0.004 -0.26 -0.27
Solar radiation (W.m2) - - - -0.04 -0.10 -
Relative humidity (%) -0.02 -0.06 - -0.08 -0.09 -
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Wind speed (m.s?) *-0.39 -0.18 -0.16 -0.11 - -0.09
Wind direction (°) -0.0023 -0.36 -0.14 -0.23 - *-0.49
Rainfall (mm) -0.02 -0.06 - -0.04 - -
August Temperature (°C) -0.17 -0.15 *-0.31 -0.13 -0.25 *-0.34
Solar radiation (W.m?2) - - - -0.03 -0.16 -
Relative humidity (%) -0.02 -0.04 - -0.13 -0.02 -
Wind speed (m.s?) *-0.36 -0.21 *-0.31 -0.02 - -0.10
Wind direction (°) -0.07 *-0.42 -0.15 -0.14 - *-0.49
Rainfall (mm) -0.02 -0.04 - -0.06 - -
September | Temperature (°C) -0.10 -0.23 -0.28 -0.11 -0.21 *-0.41
Solar radiation (W.m?2) - - - -0.10 *-0.33 -
Relative humidity (%) -0.02 -0.28 - -0.14 -0.18 -
Wind speed (m.s?) *-0.33 -0.03 -0.36 -0.13 - -0.18
Wind direction (°) -0.14 *-0.31 -0.12 -0.02 - *-0.47
Rainfall (mm) -0.01 -0.03 - -0.03 - -
October Temperature (°C) -0.22 -0.17 -0.11 -0.13 *.0.32 -0.24
Solar radiation (W.m2) - - - -0.21 -0.01 -
Relative humidity (%) -0.10 -0.17 - -0.06 -0.01 -
Wind speed (m.s?) *-0.40 -0.08 -0.29 -0.01 - -0.21
Wind direction (°) -0.09 *-0.31 -0.11 -0.03 - *-0.52
Rainfall (mm) -0.09 -0.03 - -0.06 - -
November Temperature (°C) -0.09 -0.22 -0.05 -0.24 *-0.35 *-0.31
Solar radiation (W.m2) - - - -0.15 -0.28 -
Relative humidity (%) -0.05 -0.26 - -0.19 -0.20 -
Wind speed (m.s?) -0.26 -0.01 -0.24 -0.06 - -0.26
Wind direction (°) -0.05 *-0.42 -0.10 -0.09 - *-0.38
Rainfall (mm) -0.04 -0.04 - -0.01 - -
December Temperature (°C) -0.10 -0.16 -0.02 -0.28 -0.06 -0.09
Solar radiation (W.m2) - - - -0.14 -0.01 -
Relative humidity (%) -0.03 -0.19 - -0.17 *-0.30 -
Wind speed (m.s) -0.11 -0.02 -0.17 -0.005 - -0.06
Wind direction (°) -0.15 *-0.54 -0.10 -0.14 - *-0.32
Rainfall (mm) -0.20 -0.09 - -0.09 - -

NOy concentrations were significantly and positively

related to atmospheric pressure (Table

5.5). Hence, as atmospheric pressure increased across the HPA, NOx concentrations

accumulated, similar to SO,.

Table 5.5: Strength of the relationship between NOx and atmospheric pressure. Statistically
significant correlations are indicated by an asterisk.

Monitoring station

Strength of relationship (r)

Ermelo

*0.32

Secunda

*0.46
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Meteorological governance of NOx concentrations was typically location specific, whereby
only 5 to 23 % of NOx concentrations could be explained by meteorology (Table 5.6). The
low R? values, low significance values and high standard error values (8.38 to 18.25 ppb)
suggests that meteorology was not the only factor influencing NOx concentrations (Table
5.6). Instead a number of other factors along with meteorology would have governed NOy
concentrations (For example: land use, atmospheric life time and previous day
concentrations among other factors). All meteorological factors were negatively related to
NOx concentrations (Table 5.6). Hence, during the day when temperatures were high and
solar radiation levels were high, conditions for photochemical reactions were set up and
NOx concentrations were scavenged to form surface Os. Increasing wind speeds generally
diluted NOy concentrations and increasing relative humidity levels were often associated
with rainfall which in turn scavenged NOx through wet deposition processes.

Table 5.6: The relationship of NOx to meteorology. A statistically significant correlation is

indicated by an asterisk. (T: Temperature; S: Solar radiation; RH: Relative humidity; WS:
Wind speed; WD: Wind direction; R: Rainfall).

Monitoring station: Balfour

NOx=41.542 - 4.844 [R] - 0.169 [RH] - 0.590 [T] - 0.013 [WD] - 2.452 [WS]

Coefficient of determination (R?) Standard error (Gest) Significance of correlation (p)

*0.19 12.77 0.03

Monitoring station: Camden

NOx=17.575-0.299 [R] - 0.130 [RH] - 0.337 [T] - 0.028 [WD] - 0.554 [WS]

Coefficient of determination (R?) Standard error (Oest) Significance of correlation (p)

*0.20 9.87 0.02

Monitoring station: Grootvlei

NOx=19.00 - 0.198 [T] - 0.006 [WD] - 0.882 [WS]

Coefficient of determination (R?) Standard error (Gest) Significance of correlation (p)

0.06 11.14 0.50

Monitoring station: Leandra

NOx=17.410-0.150 [R] - 0.043 [RH] - 0.011 [S] - 0.175 [T] - 0.031 [WD] - 0.711 [WS]

Coefficient of determination (R?) Standard error (Oest) Significance of correlation (p)

0.05 8.38 0.50

Monitoring station: Middleburg

NOx=17.481 - 0.038 [RH] - 0.002 [S] - 0.007 [T] - 0.003 [WD] - 1.688 [WS]

Coefficient of determination (R?) Standard error (Oest) Significance of correlation (p)
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0.06 9.72 0.01

Monitoring station: Phola

NOx = 36.539 - 0.736 [T] - 0.003 [WD] - 3.715 [WS]

Coefficient of determination (R?) Standard error (Oest) Significance of correlation (p)

0.23* 18.25 0.001

5.3.3. Surface O3

As a secondary pollutant, surface Os is largely dependent on meteorology (Duefias et al.,
2002). Generally surface O3 displayed weak significant relationships to meteorology,
whereby the relationship to temperature and solar radiation was positive and the
relationship to relative humidity, wind speed and wind direction were negative similar to
many studies (Table 5.7) (For example: Kuebler et al., 2001; Duefias et al., 2002; Latini et al.,
2002; Elminir, 2005; Pudasainee et al., 2006; Tu et al., 2007; Elampari and
Chithambarathanu, 2011; Lin et al., 2011; Hassan et al., 2013; Im et al., 2013; Sharma et al.,
2013). Temperature, solar radiation and relative humidity were particularly significantly

related to surface Oz across the HPA similar to the studies previously mentioned (Table 5.7).

Table 5.7: Strength of the relationship between surface Os and each meteorological
variable. Statistically significant correlations are indicated by an asterisk; relationships with a
correlation coefficient greater than 0.7 highlighted by a double asterisk; no data is
represented by -.

Pollutant: Surface O3
Monitoring station strength of relationship (r)

Month Meteorological variable Balfour | Camden | Elandsfontein | Ermelo | Grootvlei | Standerton
January Temperature (°C) *0.61 *0.66 *0.52 *0.47 *0.68 *0.54
Solar radiation (W.m%2) - - - *0.44 -

Relative humidity (%) *.0.54 *.0.56 - *-0.56 - *-0.54
Wind speed (m.s?) -0.14 *-0.30 -0.14 - -0.21 -0.19
Wind direction (°) -0.17 -0.03 -0.24 - *-0.37 -0.26
Rainfall (mm) -0.04 -0.02 -0.02 - - -0.11
February Temperature (°C) *0.69 **0.75 **0.74 **0.74 **0.74 **0.73
Solar radiation (W.m2) - - - *0.58 -
Relative humidity (%) *-0.65 *-0.68 - *-0.66 - **.0.76
Wind speed (m.s?) -0.28 *-0.49 -0.26 - *-0.34 *-0.47
Wind direction (°) -0.26 -0.03 *-0.35 - *-0.38 -0.29
Rainfall (mm) -0.06 -0.04 -0.02 - - -0.05
March Temperature (°C) **0.79 **0.84 *0.62 **0.76 **0.78 *0.82
Solar radiation (W.m%2) - - - *0.61 -
Relative humidity (%) **.0.74 | **-0.79 - *-0.69 - *-0.76
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Wind speed (m.s?) *-.0.43 *-0.68 -0.14 - *-0.33 *-0.56
Wind direction (°) -0.13 -0.09 -0.19 - -0.16 -0.29
Rainfall (mm) -0.04 -0.06 -0.05 - - -0.06
April Temperature (°C) **0.78 *0.80 *0.34 *0.65 **0.77 **0.89
Solar radiation (W.m?2) - - - *0.52 - -
Relative humidity (%) **.0.72 *-0.65 - *-0.59 - **.0.86
Wind speed (m.s?) *-0.48 *-0.49 -0.04 - *-0.32 *-0.33
Wind direction (°) -0.17 -0.10 *-0.36 - -0.20 *-0.33
Rainfall (mm) -0.0004 -0.01 -0.02 - - -0.07
May Temperature (°C) **0.86 *0.78 *0.37 *0.54 **0.81 *0.84
Solar radiation (W.m?2) - - - *0.56 -
Relative humidity (%) **.0.71 *-0.67 - *-.0.47 - *-0.75
Wind speed (m.s?) **.0.74 *-0.64 -0.23 - *-0.55 *-0.70
Wind direction (°) *-0.47 -0.08 *-0.32 - *-0.30 *-0.49
Rainfall (mm) -0.05 -0.02 -0.06 - - -0.03
June Temperature (°C) **0.73 *0.41 *0.41 *0.43 **0.76 **0.80
Solar radiation (W.m2) - - - *0.52 - -
Relative humidity (%) *-0.66 *-0.33 - *-0.36 - *-0.63
Wind speed (m.s?) *-0.64 -0.27 -0.03 - *-.0.46 **.0.70
Wind direction (°) *-0.38 -0.10 -0.26 - -0.19 *-0.51
Rainfall (mm) -0.01 -0.01 -0.09 - - -0.01
July Temperature (°C) **0.80 **0.84 *0.61 *0.63 **0.76 **0.83
Solar radiation (W.m2) - - - *0.36 - -
Relative humidity (%) *-0.53 *-0.62 - *-0.43 - *-0.61
Wind speed (m.s) *-0.44 *-0.64 -0.17 - *-0.38 *-0.62
Wind direction (°) -0.25 -0.20 *-0.33 - *-0.37 *-0.42
Rainfall (mm) -0.01 -0.03 -0.09 - - -0.04
August Temperature (°C) **0.82 **0.80 *0.51 *0.64 **0.84 **0.84
Solar radiation (W.m2) - - - *0.58 - -
Relative humidity (%) *-0.59 *-0.63 - *-0.32 - *¥*.0.72
Wind speed (m.s?) *-0.45 *-0.58 -0.18 - *-0.44 *-0.60
Wind direction (°) -0.28 -0.19 -0.12 - -0.24 *-0.54
Rainfall (mm) -0.04 -0.05 -0.11 - - -0.02
September Temperature (°C) *0.65 **0.74 *0.82 *0.58 **0.72 **0.77
Solar radiation (W.m2) - - - *0.40 - -
Relative humidity (%) *-0.46 *-0.60 - *-0.53 - *-0.59
Wind speed (m.s?) *-0.38 *.0.36 -0.07 - *-0.40 -0.21
Wind direction (°) *-0.32 -0.14 -0.21 - -0.29 *-0.39
Rainfall (mm) -0.05 -0.07 -0.06 - - -0.04
October Temperature (°C) *0.51 **0.74 **0.75 0.23 *0.67 *0.63
Solar radiation (W.m?2) - - - *0.34 - -
Relative humidity (%) -0.15 *-0.58 - -0.20 - *-0.47
Wind speed (m.s?) *-0.40 *-0.64 -0.18 - *-0.41 *-0.69
Wind direction (°) -0.12 -0.19 -0.29 - -0.25 *-0.58
Rainfall (mm) -0.13 -0.13 -0.05 - - -0.03
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November Temperature (°C) **0.75 **0.80 *0.80 **0.74 **0.84 **0.77
Solar radiation (W.m%2) - - - *0.47 - -
Relative humidity (%) *.0.47 **.0.70 - **.0.70 - *-0.69
Wind speed (m.s?) *-0.52 *.0.41 -0.16 - *-0.52 -0.04
Wind direction (°) *-0.41 -0.23 *-0.40 - *-0.45 *-0.62
Rainfall (mm) -0.07 -0.01 -0.03 - - -0.02

December Temperature (°C) *0.58 **0.78 0.67 0.24 **0.72 *0.59
Solar radiation (W.m?2) - - - 0.09 - -
Relative humidity (%) *-0.58 **.0.73 - -0.10 - *-0.58
Wind speed (m.s?) -0.25 *.0.41 -0.17 - *-0.39 -0.15
Wind direction (°) -0.28 -0.03 -0.10 - *-0.30 -0.06
Rainfall (mm) -0.10 -0.05 -0.003 - - -0.03

The relationship of atmospheric pressure to surface Oz was insignificant and negative similar
to other studies (For example: Duenas et al., 2002; Hassan et al., 2013) (Table 5.8). Hence,
increasing atmospheric pressure generally resulted in a decrease in surface Os

concentrations.

Table 5.8: Strength of the relationship between Surface O3 and atmospheric pressure.
Statistically significant correlations are indicated by an asterisk.

Strength of relationship
Monitoring station | (r)

Ermelo -0.16

Secunda -0.007

Meteorological governance of surface Os concentrations was weak and significant, as seen
by the range in R? values (0.22 to 0.55), whereby about 22 to 55 % of surface O3
concentrations could be explained by meteorology (Table 5.9). Only some of the surface O3
concentrations across the HPA were explainable by meteorology suggesting complexity in
the factors governing surface Os; concentrations. Relatively high R? values coupled with low
significance values and high standard error values (8.67 and 19.50 ppb) suggest that
meteorology was not the only factor governing surface Os concentrations. Other factors
may have governed the behaviour of surface Os concentrations, namely land use,
atmospheric life time and previous day concentrations among other factors. Temperature
and solar radiation were found to be positively related to surface Os, therefore as solar
radiation and temperatures increased surface O3 concentrations increased (Table 5.9).

Relative humidity, rainfall, wind speed and wind direction were all found to be negatively
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related to surface Os, therefore as each of these factors increased surface O3 concentrations
as a result decreased, i.e. faster wind speeds diluted air, while higher levels of relative

humidity promoted cloud cover as well as rainfall, which removed surface Oz (Table 5.9).

Table 5.9: The relationship of surface Oz to meteorology. A statistically significant
correlation is indicated by an asterisk. A relationship with a correlation coefficient greater
than 0.7 highlighted by a double asterisk. (T: Temperature; S: Solar radiation; RH: Relative
humidity; WS: Wind speed; WD: Wind direction; R: Rainfall).

Monitoring station: Balfour

03=11.481 - 8.359 [R] - 0.136 [RH] + 0.909 [T] - 0.011 [WD] - 1.188 [WS]

Coefficient of determination (R?) Standard error (Gest) Significance of correlation (p)

*0.46 10.31 <0.0001

Monitoring station: Camden

0s=21.472 - 1.918 [R] - 0.164 [RH] + 0.806 [T] - 0.008 [WD] - 1.337 [WS]

Coefficient of determination (R?) Standard error (Gest) Significance of correlation (p)

**0.51 11.19 <0.0001

Monitoring station: Elandsfontein

03=13.378-1.232 [R] + 1.410 [T] - 0.033 [WD] - 0.732 [WS]

Coefficient of determination (R?) Standard error (Gest) Significance of correlation (p)

*0.22 19.50 <0.0001

Monitoring station: Ermelo

03=29.996 - 0.192 [R] + 0.005 [S] + 0.030 [T]

Coefficient of determination (R?) Standard error (Gest) Significance of correlation (p)

*0.23 11.92 <0.0001

Monitoring station: Grootvlei

0s=1.870 + 1.098 [T] - 0.022 [WD] - 2.207 [WS]

Coefficient of determination (R?) Standard error (Gest) Significance of correlation (p)

*0.46 12.03 <0.0001

Monitoring station: Standerton

0O3=17.364 - 3.504 [R] - 0.188 [RH] + 0.517 [T] - 0.008 [WD] - 1.691 [WS]

Coefficient of determination (R?) Standard error (Gest) Significance of correlation (p)

**0.53 8.67 <0.0001

5.4. Estimating ground-level pollutant concentrations using
meteorological parameters and MODIS atmosphere products across
the HPA

The following section is an investigation into estimating SO;, NOx and surface O3

concentrations across the HPA using satellite-derived atmosphere products along with the
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meteorological parameters to create spatio-temporal statistical pollution estimation
models. Linear multiple regression were used. This is the first such attempt to model

pollutants across the HPA and in South Africa using satellite-derived atmosphere products.

5.4.1.S0:

Full year spatio-temporal models over a number of temporal (hourly, daily, 8-day and
monthly) and spatial (10km to 1° grid cells) scales using meteorological parameters and
satellite-derived AOD has been created for the purpose of estimating SO;. Only 29 to 69 %
of the SO, concentrations are explainable using this model (Table 5.10). A model predictive
ability of 0.69 is relatively high and similar to recent studies, while lower has been
considered to have a poor predictive ability (For example: Hu et al., 2014a; Hu et al., 2014b;
Ma et al., 2014; Sotoudeheian and Arhami, 2014; You et al., 2015). Model performance may
not fully explain the predictive ability of a model (Hu et al., 2014a; Hu et al., 2014b; Ma et
al., 2014; You et al., 2015). Model performances of (R? is 0.0423 to 0.2252) and RMSE values
(4.71 — 22.10 ppb) of error for each model was identified (Table 5.11). The model
performance values were low compared to more recent multiple regression models with R?
values typically larger than 0.62, possibly as all pollutant controlling factors across the HPA
were not included in the model building process (For example: Hu et al., 2014a; Hu et al.,
2014b; Ma et al., 2014; Sotoudeheian and Arhami, 2014; You et al., 2015). Multiple
regression modelling for pollutant estimation for recent studies is typically associated with
high RMSE values greater than 1 ppb (For example: Gupta and Christopher, 2009a; Gupta
and Christopher, 2009b; Hu et al., 2014a; Hu et al., 2014b; Ma et al., 2014; Sotoudeheian
and Arhami, 2014; You et al., 2015). The RMSE values for the SO, models was similar to
recent studies (For example: Gupta and Christopher, 2009a; Gupta and Christopher, 2009b;
Hu et al., 2014a; Hu et al., 2014b; Ma et al., 2014; Sotoudeheian and Arhami, 2014; You et
al., 2015). Since the R? predictive performance values are lower for this study, the model
performance ability is poor compared to other studies (For example: Gupta and Christopher,
2009a; Gupta and Christopher, 2009b; Hu et al., 2014a; Hu et al., 2014b; Ma et al., 2014;
Sotoudeheian and Arhami, 2014; You et al., 2015). Hence, the four models produced are of

poor quality and will not successfully estimate SO, concentrations.
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Table 5.10: The relationship of SO; to level 2 and level 3 (daily, 8-day and monthly) satellite-
derived AOD and meteorology. A statistically significant correlation is indicated by an
asterisk. A relationship with a correlation coefficient greater than 0.7 highlighted by a
double asterisk. AOD — Aerosol Optical Depth; T — Temperature; RH — Relative humidity; S —
Solar radiation; R — Rainfall; WS — Wind speed; WD — Wind direction; A — Atmospheric
pressure.

SO; Level 2 model

Equation | SO,=993.533-15.893 AOD +0.178 T-0.177 RH +0.130S5-0.023 R- 1.223 WS - 0.107 WD + 1.194 A

R? *0.27

SO; Level 3 Daily model

Equation | SO, =887.741+17.220 AOD +0.043 T -0.069 RH + 0.0106 S-51.438 R-0.336 WS- 0.136 WD + 1.060 A

R? **0.69

SO; Level 3 8-Day model

Equation | SO, =737.845 +33.64 AOD +0.049T-0.018 RH +0.023S-0.039 R-0.875 WS- 0.10 WD + 0.883 A

R2 **0.60

SO; Level 3 Monthly model

Equation | SO,=482.164 +97.317 AOD + 0.459 T - 0.032 RH + 0.042 S- 0.015 R- 0.183 WS - 0.054 WD + 0.566 A

R? **0.61

Table 5.11: Details of the RMSE and R? for the SO, level 2 and level 3 (daily, 8-day and
monthly) model validation. A statistically significant correlation is indicated by an asterisk.

SO: Level 2 model validation

RMSE (ppb) 471

R? 0.0423

SO; Level 3 Daily model validation

RMSE (ppb) 22.10

R? *0.2252

SO; Level 3 8-Day model validation

RMSE (ppb) 9.01

R? 0.0004

SO; Level 3 Monthly model validation

RMSE (ppb) 8.67

R? 0.0195

5.4.2. NO«

Full year models to explain NOx concentrations have been created over a number of
temporal (hourly, daily, 8-day and monthly) and spatial (10km to 1° grid cells) scales (Table
5.12). These models performed better than the SO, models, where 67 to 74 % of NOx

concentrations can be explained by these models (Table 5.12). Compared to other studies,
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with model predictive abilities greater than 0.40, the model predictive abilities are similar
(For example: Gupta and Christopher, 2009a; Gupta and Christopher, 2009b; Hu et al.,
2014a; Hu et al., 2014b; Ma et al., 2014; Sotoudeheian and Arhami, 2014; You et al., 2015).
The high predicitive ability of the NOx models is not enough to determine the predictive
performance of the NOx models. Compared to other studies, the model performance (R? is
0.0004 to 0.2252) were considerably low, while the error measurements of 7.02 up to 15.56
ppb were relatively similar (For example: Gupta and Christopher, 2009a; Gupta and
Christopher, 2009b; Hu et al., 2014a; Hu et al., 2014b; Ma et al., 2014; Sotoudeheian and
Arhami, 2014; You et al., 2015). Hence, the low performance values hinder the predictive
ability of these models and as a result they are not suitable for NOx concentration

estimation.

Table 5.12: The relationship of NOy to level 2 and level 3 (daily, 8-day and monthly) satellite-
derived AOD and meteorology. A statistically significant correlation is indicated by an
asterisk. A relationship with a correlation coefficient greater than 0.7 highlighted by a
double asterisk. AOD — Aerosol Optical Depth; T — Temperature; RH — Relative humidity; S —
Solar radiation; R — Rainfall; WS — Wind speed; WD — Wind direction; A — Atmospheric
pressure.

NOx Level 2 model

Equation | NOx=-5206.268 + 36.430 AOD-1.678 T-0.793 RH-0.046 S-0.01 R-15.801 WS-0.277 WD +6.514 A

R? **0.67

NOx Level 3 Daily model

Equation | NOx=226.214 +3.059 AOD-0.632 T-0.384 RH-0.017 S - 69.744 R- 5.001 WS - 0.020 WD + 0.186 A

R? **0.74

NO Level 3 8-Day model

Equation | NOx=815.005 +46.320 AOD -0.437T-0.280 RH-0.010S-0.042 R- 6.619 WS- 0.022 WD + 0.912 A

R2 **0.68

NOx Level 3 Monthly model

Equation | NOx=331.293 +5.647 AOD-0.243T-0.364 RH - 0.0375S5-1.635 R - 6.544 WS - 0.066 WD + 0.338 A

R2 **0.70

Table 5.13: Details of the RMSE and R? for the NOy level 2 and level 3 (daily, 8-day and
monthly) model validation. A relationship with a correlation coefficient greater than 0.7
highlighted by a double asterisk.

NOy Level 2 model validation

RMSE (ppb) 7.02

R? **0.5057
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NOx Level 3 Daily model validation

RMSE (ppb) 11.93

R? 0.0151

NOx Level 3 8-Day model validation

RMSE (ppb) 15.56

R? *0.1547

NOx Level 3 Monthly model validation

RMSE (ppb) 10.69

R? 0.1323

5.4.3. Surface O3

The estimation ability of the level 2 and level 3 (daily, 8-day and monthly) surface O3 models
were 42 to 58 % which were similar to the SO, models but lower than the NOx models (Table
5.14). Compared to recent studies, where model predictive ability is typically greater than
40 %, the surface O3 models were similar (For example: Hu et al., 2014a; Hu et al., 2014b;
Ma et al., 2014; Sotoudeheian and Arhami, 2014; You et al., 2015). Model predicitive
performance cannot fully explain the predictive ability of the surface Os; models. Upon
validation of the models, it was seen that the performance of the level 3 models were
considerably low and the level 2 model the performance was relatively high, 0.757 (Table
5.15). Compared to other studies, the level 2 model performance was similar and the level 3
model performances were lower (For example: Hu et al., 2014a; Hu et al., 2014b; Ma et al.,
2014; Sotoudeheian and Arhami, 2014; You et al., 2015). High modelling errors, similar to
recent studies, of 8.90 to 18.59 ppb were found (Table 5.15) (For example: Hu et al., 2014a;
Hu et al., 2014b; Ma et al., 2014; Sotoudeheian and Arhami, 2014; You et al., 2015). Hence,

the models produced will not successfully estimate surface O3 concentrations.

Table 5.14: The relationship of surface Os to level 2 and level 3 (daily, 8-day and monthly)
satellite-derived Ozone and meteorology. A statistically significant correlation is indicated by
an asterisk. A relationship with a correlation coefficient greater than 0.7 highlighted by a
double asterisk. DU — Dobson Units; T — Temperature; RH — Relative humidity; S — Solar
radiation; R — Rainfall; WS — Wind speed; WD — Wind direction; A — Atmospheric pressure.

Surface Os Level 2 model

Equation | Surface O3 =159.143 + 0.534 DU +2.289T-0.219 RH +0.0895 - 2.9 R- 2.899 WS - 0.013 WD -0.292 A

R? **0.49

Surface Os Level 3 Daily model
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Equation | Surface O3 =30.605+0.319 DU +3.413 T-0.246 RH +0.191 S- 5.458 R - 5.019 WS - 0.048 WS - 0.048 WD - 0.054 A

R? *0.42

SO;s Level 3 8-Day model

Equation | SurfaceOs=-1009.597 +2.718 DU + 6.5787 T-1.862 RH +0.153 S-2.833 R-0.514 WS- 0.246 WD - 0.177 A

R? **0.58

Surface Os Level 3 Monthly model

Equation | Surface O3 =-500.655+0.711 DU +1.629T-0.473 RH +0.0145-1.712R-3.4 WS- 0.135 WD - 0.354 A

R? *0.43

Table 5.15: Details of the RMSE and R? for the surface Os level 2 and level 3 (daily, 8-day and
monthly) model validation. A statistically significant correlation is indicated by an asterisk. A
relationship with a correlation coefficient greater than 0.7 highlighted by a double asterisk.

Surface Oz Level 2 model validation

RMSE (ppb) 8.90

R? **0.7570

Surface Os Level 3 Daily model validation

RMSE (ppb) 16.04

R? 0.0117

Surface Os Level 3 8-Day model validation

RMSE (ppb) 15.93

R? *0.1651

Surface Os Level 3 Monthly model validation

RMSE (ppb) 18.59

R? 0.0171

5.5. Air pollution ‘hotspots’
Across the HPA a number of SO,, NOx and surface Os ‘hotspots’ were identified based on the

results below.

5.5.1. Exceedance of AQG's - SO;

The South African 1 hour standard of 134 ppb was exceeded by each monitoring station,
except for Hendrina and Secunda (Table 5.16). These two stations had concentrations of SO;
above 100 ppb almost reaching the 134 ppb standard. Each monitoring station was
considered a pollution ‘hotspot’ as the ambient air quality standards are/may be exceeded.
The majority of exceedances for this standard were during May, June, July, August and

September. No more than 88 exceedances of this standard are allowed during 1 year (DEA,
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2009). The Witbank monitoring station exceeded the 1 hour standard 137 times, 49 times
more than allowed (Table 5.16). Hence, the Witbank area is associated with a high level of
risk to human health. Interpolation of the measure of exceedances shows that the highest
proportion of exceedance of 1 hour SO, concentrations were observed in the small north
western area of the HPA where the majority of the countries power stations occur (Figure

5.21d; Figure 3.1).

Ermelo, Grootvlei, Komati, Secunda and Witbank all exceeded the South African 24 hour 48
ppb standard (Table 5.16). Each monitoring station was again considered a ‘hotspot’ with
regard to this standard as the standard was either exceeded or almost exceeded at each
monitoring station. No more than 4 exceedances of this standard are allowed during a 1
year period (DEA, 2009). Both Ermelo and Witbank exceeded this amount, and are therefore
considered high risk areas for human health (Table 5.16). When compared to the 8 ppb 24
hour guideline proposed by the WHO, all the monitoring stations exceeded this guideline
(Table 5.16). Each station had more than 50 exceedances, while Elandsfontein, Ermelo,
Hendrina, Phola and Witbank all exceeded this guideline more than 250 times (Table 5.16).
According the WHO guideline, the SO, concentrations would have adversely affected the

health of individuals living in this area.

Interpolation of both the 24 hour exceedances shows the “coolspot” and “hotspot”
locations correspond to the measured values in Table 5.16. Both the north western and
eastern areas of the HPA had high levels of exceedance of the WHO and South African 24
hour SO, standards (Figure 5.21 b and c). While, the rest of the HPA was typically
represented as “coolspots” (Figure 5.21 b and c). The maxima and minima values, when
interpolated using IDW, correspond to the measurements already captured (Emili et al.,

2011).

Witbank exceeded the 1 year standard of 19 ppb (Table 5.16). No exceedances of this
standard are allowed (DEA, 2009). Ermelo and Hendrina were the only two stations that
may have exceeded this limit. Interpolation of this exceedance shows that the north

western area of the HPA was highly polluted (Figure 5.21 a).
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Table 5.16: Frequency of exceedance SO» using the SANAAQS and the WHOAQG.

Frequency of exceedance for SO, for 2011
SANAAQS WHOAQG

Station 1 hour - 134 ppb | 24 hours - 48 ppb 1year- 19 ppb 24 hours - 8 ppb

Balfour 1 0 No 119
Camden 11 0 No 122
Elandsfontein 17 0 No 268
Ermelo 21 14 No 284
Grootvlei 21 1 No 118
Hendrina 0 0 No 250
Komati 21 2 No 212
Leandra 1 0 No 234
Middleburg 3 0 No 96
Phola 15 0 No 274
Secunda 0 2 No 54
Wattville 1 0 No 167
Witbank 137 29 Yes 252
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Figure 5.21: Spatial distribution of the exceedance of the a) 1 year SAAQIS SO 19 ppb
standard, b) 24 hour SAAQIS SO; 48 ppb, c) 24 hour WHOAQG SO; 8 ppb and d) 1 hour
SAAQIS SO; 134 ppb.
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Figure 5.21 continued: Spatial distribution of the exceedance of the a) 1 year SAAQIS SO, 19
ppb standard, b) 24 hour SAAQIS SO, 48 ppb standard, c) 24 hour WHOAQG SO, 8 ppb
standard and d) 1 hour SAAQIS SO; 134 ppb standard.

The probabilities of exceeding the South African ambient air 1 hour and 24 hour standards

were low at each monitoring station (Table 5.17). Hence, there was little chance of

exceedance of these standards. Witbank was the only station with a probability greater than

0.0001 to exceed to the 1 hour 134 ppb standard (Table 5.17). Elandsfontein, Ermelo and

Witbank were the only stations with a probability greater than 0.0001 to exceed the 48 ppb

24 standard indicating that the north western and eastern areas of the HPA are particularly

risky for human health (Table 5.17). Probabilities exceeding the 24 hour WHO guideline

were all greater than 0.45 (Table 5.17).
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Table 5.17: Probability of exceedance of the SANAAQS SO; 1 hour 134 ppb, 24 hour 48 ppb
and WHOAQG SO; 24 hour 8 ppb standards.

Station P (x > 134) P (x > 48) P (x>8)

Balfour P <0.0001 P <0.0001 0.4801
Camden P <0.0001 P <0.0001 0.5160
Elandsfontein P <0.0001 0.0091 0.6700
Ermelo P <0.0001 0.0047 0.7734
Grootvlei P <0.0001 P <0.0001 0.5000
Hendrina P <0.0001 P <0.0001 0.9357
Komati P <0.0001 P <0.0001 0.7157
Leandra P <0.0001 P <0.0001 0.6844
Middleburg P <0.0001 P <0.0001 0.5279
Phola P <0.0001 P <0.0001 0.7852
Secunda P <0.0001 P <0.0001 0.4880
Wattville P <0.0001 P <0.0001 0.6591
Witbank 0.0011 0.0838 0.8461

5.5.2. Exceedance of AQG’s - NOx

The NOx concentrations measured were compared to the NO, South African and WHO
standards as no standards exist for NOx. The 1 hour 106 ppb standard was exceeded by each
monitoring station except for Camden and Leandra (Table 5.18). The hourly concentrations
of NOx at Camden and Leandra almost exceeded the 106 ppb limit. Hence, each monitoring
station was a NOx ‘hotspot’. No more than 88 exceedances of the 106 ppb standard are
allowed during a year (DEA, 2009). None of the stations exceeded this amount. Interpolation
of the 1 hour exceedances shows the “coolspot” and “hotspot” locations typically
correspond to the measured values in Table 5.18. Interpolation of the 1 hour exceedances
showed that the north western area of the HPA had a particularly high level of exceedances
similar to SO, (Figure 5.22b). The areas surrounding Witbank and Phola have been shown as

relatively “coolspots” with a lower level of exceedances of the NO; standard (Figure 5.22b).

Similar to SOz, only Witbank exceeded the 1 year 21 ppb standard (Table 5.18). No
exceedances of this standard are allowed (DEA, 2009). Interpolation of this exceedance
shows that the north western area of the HPA, similar to SO, was highly polluted (Figure
5.22 a). The NOx concentrations would have adversely affected the health of individuals

living in this area.
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Table 5.18: Frequency of exceedance NO; using the SANAAQS and the WHOAQG.

Frequency of exceedance for NOyfor 2011
SANAAQS and WHOAQG
Station NO: (106 ppb - 1 hour) | NO:(21 ppb - 1 year)
Balfour 12 No
Camden 0 No
Grootvlei 16 No
Hendrina 11 No
Leandra 0 No
Middleburg 4 No
Phola 61 No
Witbank 80 Yes
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Figure 5.22: Spatial distribution of the exceedance of the a) 1 year SAAQIS NO; 21 ppb

standard and b) 1 hour SAAQIS NO; 106 ppb standard.
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Figure 5.22: Spatial distribution of the exceedance of the a) 1 year SAAQIS NO; 21 ppb
standard and b) 1 hour SAAQIS NO; 106 ppb standard.

The probabilities of exceeding the South African and WHO ambient air 1 hour standard were
low at each monitoring station (Table 5.19). Hence, there was little chance of exceedance of
this standard. Similarly to SO, Witbank was the only station with a probability of 0.0001
while the rest were less than 0.0001 (Table 5.19).

Table 5.19: Probability of exceedance of the SANAAQS and WHOAQG 1 hour NO; 106 ppb
standard.

Station P (x> 106)

Balfour P <0.0001
Camden P <0.0001
Grootvlei P <0.0001
Hendrina P <0.0001
Leandra P <0.0001
Middleburg P <0.0001
Phola P <0.0001
Witbank 0.0001
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5.5.3. Exceedance of AQG’s - surface O3
Both the South African 61 ppb 8 hour standard and the WHO 50 ppb 8 hour standard for

surface O3 were exceeded (Table 5.20). Elandsfontein, Hendrina and Secunda exceeded the
South African standard more than 100 times, where Secunda exceeded this standard more
than 200 times (Table 5.20). Only 11 exceedances are allowed per year (DEA, 2009).
Elandsfontein, Hendrina and Secunda all exceeded the WHO standard more than 150 times,
where Secunda exceeded this standard more than 350 times (Table 5.20). Hence, the entire
HPA was a surface O3 ‘hotspot’. Interpolation of both the 8 hour exceedances shows the
“coolspot” and “hotspot” locations correspond to the measured values in Table 5.20 and no
variation of these minima and maxima can be captured unless these values are captured in
the measured data (Emili et al., 2011). Interpolation of these two sets of exceedances shows
that the central HPA has a considerably high level of surface Os pollution (Figure 5.23 a and
b). The surface Oz concentrations across would have adversely affected the health of

individuals living in this area.

Table 5.20: Frequency of exceedance Surface O3 using the SANAAQS and the WHOAQG.

Frequency of exceedance for surface Os for 2011

SANAAQS WHOAQG
Station 8 hours - 61 ppb 8 hours - 50 ppb
Balfour 3 21
Camden 6 38
Elandsfontein 109 224
Ermelo 10 25
Grootvlei 25 97
Hendrina 104 183
Secunda 257 398
Standerton 3 10
Witbank 9 31
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The probabilities of exceeding the South African ambient air 8 hour 61 ppb standard were
low but they were considerably higher than the probabilities for exceedance of SO; and NOx
(Table 5.21). Each probability was higher than or equal to 0.0001, where Hendrina and
Secunda were higher than 0.1 (Table 5.21). Probabilities exceeding the 8 hour 50 ppb WHO
guideline were all greater than 0.001 (Table 5.21). This signifies the magnitude of surface O3

pollution.

Table 5.21: Probability of exceedance of the SANAAQS and WHOAQG 8 hour surface O3
standard.

Station P (x>61) P (x> 50)

Balfour 0.005 0.0089
Camden 0.0021 0.0233
Elandsfontein 0.0968 0.2327
Ermelo 0.0002 0.0039
Grootvlei 0.0102 0.0655
Hendrina 0.1093 0.2236
Secunda 0.3707 0.4880
Standerton 0.0001 0.0015
Witbank 0.0024 0.0287
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Chapter 6: Conclusion

(Wikimedia, 2016)
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Despite knowledge of the serious air pollution problems across the HPA, detailed
characterisation of pollutants is lacking. In an attempt to work towards improving air
quality, this study aimed to investigate SO,, NOx and surface Os concentrations to develop a
new pollution modelling technique which encompasses the full spatial array of the HPA. The
intention is that this modelling technique promotes study into other modelling techniques
and pollution management techniques to improve air quality to in turn work towards the
government’s main aim of improving air quality across the HPA and across South Africa.
Measurements from the established SAAQIS network and MODIS satellite-derived
atmosphere products were used in the first attempt to develop spatio-temporal statistical
models for pollution estimation. It is deemed feasible to develop such modelling techniques

knowing that the HPA is currently considered a pollution ‘hotspot’ area.

With this in mind, development of spatio-temporal modelling techniques to estimate
pollutant levels required an understanding of the nature of pollutants across the HPA. It was
also important to understand which factors contributed to the variation observed in these
concentrations as previously studies creating models identified that a linear relationship
between pollutants and satellite-derived atmospheric measurements is not sufficient
enough to describe pollutants (Gupta et al., 2009a). To create a model that accurately
estimates pollutant concentrations, it was imperative that all factors causing variation of
pollutants were included. The next sections highlight the main findings to get an
understanding of: the nature of SO;, NOx and surface O3, the meteorological factors causing
variations in the concentrations of SO2, NOx and surface Os, the outcome of the first
statistical modelling attempt of SO,, NOx and surface O3 across the HPA, and ways in which
future model outcomes may be used for application with regard to national and

international ambient air quality standards.

6.1. Variation of pollutants across the HPA
Systematic measurements of the criteria air pollutants over the HPA are continuously

carried out. Measurements of SO,, NOx and surface Os during 2011 were used for this study,
and these measurements ranged between 0.0008 to 474.3 ppb for SO3, 0.004 and 261.8 ppb
for NOx and 0.001 and 495.5 for surface Os. An analysis of the temporal variability of these

pollutants was performed over seasonal, monthly and diurnal scales.
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The variation of SOz, NOx and surface Os is typically influenced by changes in atmospheric
conditions as well as from local emissions. Strong seasonal and monthly variations were
exhibited in all pollutant concentrations. SO, and NOyx concentrations peaked during the
winter months with average concentrations of 17.56 and 20.90 ppb potentially due to a
combined effect of anthropogenic emissions and boundary layer processes (Gaur et al.,
2014). Minimum concentrations were experienced during the summer months with average
measurements 9.73 of and 9.68 ppb perhaps due to higher solar intensity, stronger winds

and wet depositional processes promoting lower emission levels (Gaur et al., 2014).

During the spring months optimum conditions occurred for the formation and transport of
surface O3 concentrations where average concentrations were 32.82 ppb and during the
autumn a seasonal average concentration of 23.88 ppb was found as during this time
cleaner air would have travelled across the HPA diluting surface Oz concentrations over the

HPA for minimum concentrations (Adame et al., 2008; Frieman and Piketh, 2002).

The diurnal variation of SOz and NOx was most pronounced during winter and for surface O3
it was most pronounced during spring. SO, and surface Os concentrations rose from a
minimum during the night time and just before sunrise to a peak around midday (12h00 to
15h00) as an increase in the mixing layer height allowed for its accumulation, then
decreasing again until the morning. NOx levels were low and steady during the evening
hours due to nocturnal inversion layers, and during traffic peak time hours (6h00 to 8h00;
17h00 to 19h00). NOy levels peaked with a valley during the afternoon hours where NOx was
removed for the production of surface Os. The variation patterns of these pollutants are

indicative of rural or semi-rural sites.

6.2. Regional meteorological patterns and their influence on SOz, NOx

and surface O3 across the HPA
Continuous observations of meteorology across the HPA were used for this study. Ambient

air temperature, solar radiation, wind speeds, relative humidity and rainfall levels peaked
during summer. Atmospheric pressure was relatively stable throughout the year. Winds
blew from N to E during January to April and during May to December they blew from S to

NW.
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The association between these meteorological variables and SO, and NOx were found to be
weak and insignificant, while the association to surface Oz was found to be weak and
moderately significant. SO, was positively related to atmospheric pressure, solar radiation
and temperature, while it was negatively related relative humidity, wind speed, wind
direction and rainfall. NOx on the other hand was positively related to atmospheric pressure
and negatively related to temperature, solar radiation, relative humidity, wind speed, wind
direction and rainfall. Surface O3 was positively related to solar radiation and temperature,
while it was negatively related to atmospheric pressure, relative humidity, wind speed, wind
direction and rainfall. Multiple regression analysis further reiterated that meteorology play a
very small role in the variation of SO, and NOy, where 3 to 29 % and 5 to 23 % of
concentrations were explainable by meteorology. While still low and of weak significance,
22 to 55 % of surface Os variation was explainable by meteorology. These multiple
regression analyses indicate that the variation in pollutants across the HPA may not only be
explained by meteorology and rather is as a result of many factors, for example: source
density, strength and distribution, atmospheric life time (previous day concentrations),

transboundary air pollution, elevation, terrain and vegetation cover among other factors.

6.3. Estimating ground-level SOz, NOx and surface O3 using MODIS
atmosphere products and ground-based meteorological

measurements over the HPA
Spatio-temporal modelling using multiple regression analysis for the purpose of SO,, NOx

and surface Oz concentration estimation has been performed for this study. This study is the
first of its kind to be attempted in South Africa and essentially across the HPA. Theoretically
many factors influence the concentrations of pollutants, and therefore including these
factors into statistical models has been explored as a way to estimate pollutant
concentrations across the HPA. The relationship of ground-level pollutant concentrations to
satellite-derived MODIS AOD and total-ozone atmosphere products and ground-level
meteorological parameters has been investigated. Several challenges were experienced
regarding the coarse resolution of MODIS satellite-derived products and inclusion of all the
factors that influence pollutant concentrations. As a result the final models, over the
numerous temporal scales, exhibited poor performance. The resulting models were able to

explain 27 to 69 % of SO, 67 to 74 % of NOx and 42 to 58 % of surface O3 concentrations.
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The model validation process showed that these models had high error values and Low R?
values of 4.71 to 22.10 ppb and 0.004 to 0.2252 for SO, 7.02 to 15.56 ppb and 0.0151 to
0.5057 for NOx and 8.90 to 18.59 ppb and 0.117 to 0.7570 for surface Os. It has been
concluded that the HPA shows a need and the potential for spatio-temporal statistical
modelling for pollutant concentration estimation and essentially modelling. Future work will
need to be done for these models to be applicable for use in estimating pollutant

concentrations across the HPA.

6.4. SOz, NOx and surface O3 levels and national and international air

quality guidelines
By comparing the results obtained across the HPA with the SANAAQS’s and the WHOAQG's,

it is evident that concentrations across many areas within the HPA during 2011 were not
acceptable, as they exceeded the standards and above that the minimum number of
exceedances allowed per year. Exceedances typically coincided with high population density

(Figure 3.3).

Typically SO, concentrations were highest with higher probabilities of exceedance at the
Elandsfontein, Ermelo, Grootvlei, Komati, Phola, Secunda and Witbank monitoring stations.
Considering the high density of power stations across the HPA, this would have promoted
high levels of SO, which were at levels possibly risky to human health (Figure 3.1). NOx
concentrations were compared to the NO, ambient air quality standards and these
standards were exceeded at many locations. Typically NOx concentrations were highest at
the Camden, Leandra, Phola and Witbank monitoring stations. Considering the high
population density across the HPA, it is no surprise that fossil fuel burning and vehicle
emissions among others have contributed to the high NOx concentrations. Surface O3
ambient air quality standards were exceeded at the Elandsfontein, Hendrina and Secunda
monitoring stations. Considering the high density of precursor emission sources, this was no
surprise. The high level of exceedances of the ambient air quality standards clearly signifies

the magnitude of SO, NOx and surface Oz pollution across the HPA.
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6.5. Future work, recommendations and implications for the HPA
As a pilot study future work can come out of this study. This study was the first of its kind

with regard to spatio-temporal monitoring of pollutants within South Africa and across the
HPA. The HPA, being a pollutant ‘hotspot’ and a priority area demands work on ambient air
pollution. To address the ambient air pollution issues across the HPA monitoring is essential.
Hence, this work should be used to promote further innovations in modelling techniques to

promote the management of air pollution across the HPA.

In South Africa, seven criteria air pollutant exist. Across the surface of the HPA exceedances
in all seven of these pollutants have been recorded (DEA, 2011). Future work will benefit
from creating spatio-temporal models of all the criteria air pollutants. These future models
should incorporate all factors that influence the concentration of pollutants, from land
cover/use to meteorology, to improve model accuracy and predictive ability. These models
should also incorporate season specific models as influential factors may differ from season
to season (You et al., 2015). Efforts regarding the multiple regression models were not
particularly successful. To create models that may perform better to accurately estimate
concentrations should be considered. Other statistical modelling methods may be useful to
model these complex spatio-temporal patterns. Before this may be done more work into
improving the multiple regression models is needed. Once this option is exhausted other
statistical methods should be used. These methods include, but are not limited to, GWR and

multivariate non-linear modelling.

Satellite imagery plays an important role in the model building process. Most available
satellite imagery, especially the MODIS imagery used in this study, provide imagery of the
atmosphere over coarse spatial resolutions not suitable to detect local scale pollution
episodes. Future models should incorporate satellite-derived measurements with a high
spatial resolution to capture these episodes. An improved spatial scale may mean that daily
coverage of an area may not be possible and more limitations may be introduced into the
model. Hence, possible options for this include MAIAC 1km AOD, where AOD measurements
have the potential to detect most ambient air pollutants. AOD measurements may prove

suitable to estimate all criteria air pollutants across the HPA.
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Models may benefit from improvements in ground-level monitoring networks and addition
of longer data records. Improvements in the SAAQIS monitoring network are always
possible through maintenance, calibration and addition of new monitoring stations to better

represent pollution across South Africa and the HPA.

The South African national ambient air quality standards provide measurements to track air
pollution and identify pollution ‘hotspot’ areas. These standards were reviewed in 2009. It is
currently 2017. A review of these standards is in order. Other possible pollutants may be
added to this list, for example NOx. Compliance with these standards should also be checked

more often, especially within industry to reduce industrial emissions.

The HPA is a highly populated area. The option to move away from the HPA is only available
for a select few. Mitigation strategies should be developed and put in place to reduce the
risk of ambient air pollution among those living in the HPA. Possible mitigation strategies
may only be put in place, especially within households, if there is socio-economic upliftment
of low-income groups (Venter et al., 2012). A main air pollution issue across the HPA is
domestic fossil fuel burning as this is the only option for heating, cooking and lighting for
many low-income groups. Additionally, methods to reduce industrial emissions should be
developed and put in place as this is a more realistic option to reduce ambient pollution

across the HPA.
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8. Appendix

Appendix 8.1.

Table 8.1: Details of the MODIS — level 2 and level 3 — satellite imagery used.

Satellite sensor File name (dataset Data used (dates) Temporal Spatial resolution

and data level used) resolution

Terra MODIS MODO04_12.A2011015.0 | 15/01/2011 07h30 10 x 10 km
730.051.201101518014

Level 2
0

Terra MODIS MODO07_L2.A2011105.0 | 15/04/2011 7h30 5x5km
810.005.201110518130

Level 2
9

Terra MODIS MODO04_L2.A2011166.0 | 15/06/2011 7h40 10 x 10 km
740.051.201116815593

Level 2
4

Terra MODIS MODO07_L2.A2011258.0 | 15/09/2011 7h40 5x5km
810.005.201125815461

Level 2
1

Terra MODIS MODO08_D3.A2011015.0 | 15/01/2011 Daily average 1°x1°
51.2011016122533

Level 3

Terra MODIS MODO08_E3.A2011017.0 | 12/01/2011 - 8-Day 1°x1°

Level 3 51.2011028232815 19/01/2011

Terra MODIS MODO08_M3.A2011001. | 1/01/2011 - Monthly 1°x1°

Level 3 051.2011036104003 31/01/2011

Terra MODIS MODO08_D3.A2011105.0 | 15/04/2011 Daily 1°x1°
51.201110612925

Level 3
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https://ladsweb.nascom.nasa.gov/archive/allData/51/MOD04_L2/2011/166/MOD04_L2.A2011166.0740.051.2011168155934.hdf

Terra MODIS MODO08_E3.A2011105.0 | 12/04/2011 — 8-Day 1°x1°

Level 3 51.2011116232206 19/04/2011

Terra MODIS MOD08_M3.A2011091. 1/04/2011 - Monthly 1°x1°

Level 3 051.2011124012012 30/04/2011

Terra MODIS MODO08_D3.A2011166.0 | 15/06/2011 Daily 1°x1°
51.2011169060522

Level 3

Terra MODIS MODO08_E3.A2011169.0 | 12/06/2011 — 8-Day 1°x1°

Level 3 51.2011188150332 19/06/2011

Terra MODIS MOD08_M3.A2011152. | 1/06/2011 - Monthly 1°x1°

Level 3 051.2011201174823 30/06/2011

Terra MODIS MODO08_D3.A20111258. | 15/09/2011 Daily 1°x1°
051.2011259082708

Level 3

Terra MODIS MODO08_E3.A2011257.0 | 12/09/2011 - 8-Day 1°x1°

Level 3 51.2011265084732 19/09/2011

Terra MODIS MODO08_M3.A2011244. | 1/09/2011 - Monthly 1°x1°

Level 3 051.2011276124808 30/09/2011

Terra MODIS MODO04_12.A2016228.0 | 15/08/2011 7h40 10 x 10 km
740.051.201622814251

Level 2
1

Terra MODIS MODO07_L2.A2016228.0 | 15/08/2011 7h40 5x5km

Level 2 740.005.201622814164

1
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Terra MODIS MOD08_D3.A2011227.0 | 15/08/2011 Daily 1°x1°
51.2011228235633

Level 3

Terra MODIS MODO8_E3.A2011225.0 | 12/08/2011 - 8-Day 1°x1°
Lovel 3 51.2011234011559 1/08/2011

Terra MODIS MODO08_M3.A2011213. | 1/08/2011 - Monthly 1°x1°
Level 3 006.2015055211024 30/08/2011
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Figure 8.1: Seasonal variation of SO,.
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Figure 8.2: Monthly variation of SO>

179



Grootvlei

S0, (ppb)

150 -+
130 -
110 -
90 -
70 -
50 -
30 -
10 ~
-10 -

Month

Figure 8.2 continued: Monthly variation of SO,.
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Figure 8.2 continued: Monthly variation of SO,.
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Figure 8.2 continued: Monthly variation of SO,
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Figure 8.2 continued: Monthly variation of SO,.
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Figure 8.3: Seasonal variation of NOx.

183



Appendix 8.5.
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Figure 8.4 continued: Monthly variation of NOx.
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Figure 8.4 continued: Monthly variation of NOy.
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Appendix 8.6.
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Figure 8.5: Seasonal variation of surface Os.
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Figure 8.6 continued: Monthly variation of surface O3
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Figure 8.6 continued: Monthly variation of surface Os.
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Figure 8.6 continued: Monthly variation of surface Os.
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Figure 8.7: Monthly variation of temperature.
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Figure 8.7 continued: Monthly variation of temperature.
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Figure 8.7 continued: Monthly variation of temperature.
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Figure 8.7 continued: Monthly variation of temperature.
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Figure 8.8: Monthly variation of solar radiation.
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Figure 8.8 continued: Monthly variation of solar radiation.
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Figure 8.9: Monthly variation of relative humidity.
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Figure 8.9 continued: Monthly variation of relative humidity.

197



Standerton

Relative humidity (%)
()]
o

Month

Figure 8.9 continued: Monthly variation of relative humidity.
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Figure 8.10: Monthly levels of rainfall.
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Figure 8.10 continued: Monthly levels of rainfall.
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Figure 8.10 continued: Monthly levels of rainfall.
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Appendix 8.12.
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Figure 8.11: Monthly variation of atmospheric pressure.
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Appendix 8.13.
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Figure 8.12: Monthly variation of wind speed.
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Figure 8.12 continued: Monthly variation of wind speed.
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Figure 8.12 continued: Monthly variation of wind speed.
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