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ABSTRACT

Although a vast number of air quality investigagdrave been conducted on the Mpumalanga
Highveld previously, there has been limited attetopntegrate available datasets from the
different methods of air quality monitoring (saitel] in-situ and ground-based observations)
and modelling. This study compares modelled, setedhd measured data to determine the
most accurate estimate of ground level sulphurid®XSQ) and nitrogen oxide (N

concentrations.

The main value of the project comes from the ‘inverment’ of modelled concentration fields
using measurements. Measurements only providennabon on air quality at isolated places
(for example monitoring stations) or at isolatechds (aircraft measurements and satellite
observations). Dispersion models predict concantiat continually over a wide area.
However, models have inherent inaccuracies basetthe@massumptions made in developing
the model and the variability in the input parametupplied. These can be accounted for or
are part of the inherent variability of the modesults. This study assists in the refinement of
modelled outputs as well as the verification oftebide data using ground-based measured

data as a point of reference.

In the wake of increasing governance on air pahytindustry has been compelled to account
for their impacts on the environment. This studgsaindustry by proposing a method to
guantify their impacts on the environment and gdgsin human health. Three datasets from
2003 (modelled, measured and satellite) were iatedr using a geographic information
system in order to analyse and interrogate the atadgoroduce an integrated set of data, maps
of potentially sensitive ecosystems and maps oémi@l exposure to poor air quality of

sensitive population groupings.

The results of the study have shown that althodgh doncentration value for the NO
tropospheric column is greater than the values rebdeon the ground there is a good
correlation between measured observations and SBIBINY retrievals. The sample size

was too small to indicate a statistically signifitaias.



The results from the validation of the CALPUFF mlodedicate with respect to SO
predictionsthat the model is only reliable for 62% of the time withihet United States
Environmental Protection Agency’s model performangeideline of acceptance i.e.
predictions within a factor of 2, and for N@e predictions are reliable for only 50% of the
time. There is also no constant value by which tiedel under or over predicts. The
cumulative distribution function graphs illustratieat the CALPUFF model predicts the
highest values from the bulk of the distributiothex that the tail of the distribution where
the extremes lie. This could possibly account fe karge variance between measured and

modelled outputs.

The results of identifying areas of potential hdrom SQ emissions reveal that hotspots for
high to very high risk to human health occur arowaid power stations. Generally the
category of high risk around power stations seembet located in areas with population
agglomerations between 0-1 000 pefland 2001- 5000 per Km

Several high risk areas for potential harm to essys from S@emissions can be seen on
the Highveld with a large spatial extent around #a@n Matla and Kriel power station.
Approximately 871 wetlands fall within the highkiareas. The vegetation risk map indicates
a high risk to several grassland and bushveld tyljdeslel results for this study indicate no
potential risk to human health from emissions of Ai@ subsequent conversion to N@®

the atmosphere.



Preface

The Mpumalanga Highveld region is the most indlised area in southern Africa with
emission densities ranked amongst the highesteimtirld. Fifteen coal fired power stations
are located on the Highveld and are amongst the cwitributors to the poor air quality in
this region.

The overarching aim of this study is to improve mltetl air quality predictions using

measured data. The study also aims to integratesurez modelled and satellite data to
evaluate impacts of power station emissions on muh&alth and ecosystems. The ultimate
objective is to be able to credibly predict concatidins without reference to a fixed ground

based monitoring stations using models and s&edirievals.

The objectives of this study are to:

0] Compare the CALPUFF model results to ground basedsorements of SCand
NO, concentrations;

(i) Evaluate the representativeness of satelétaavals to surface concentrations of;SO
and NQ;

(i)  Integrate available ambient air quality datsderived from the different methods of

air quality monitoring and modelling in the Mpumadg Highveld region;

(iv)  Improve modelled ground level air pollution raentration fields by utilising

measured data;

(v) Identify the hot spots for potential harm teniean health and ecosystems from power

station emissions based on the results of the ne@letiing outputs.

The report is divided into eight chapte@hapter 1 outlines the background, rationale for

this study, limitations of ambient monitoring foxp®sure estimation, advantages and
limitations of air dispersion modelling for exposurestimation, the advantages and
limitations of using satellite retrievals for assieg ground level trace gas concentrations and

the aims and objectives of this study.



Chapter 2 presentsan overviewof the study area by providing a general descripaod

discussing the meteorology of the Highveld regi©hapter 3 discusses the literature review
highlighting the atmospheric pollution sources, @pheric chemistry, atmospheric plume
dispersion modelling and geographic informationeys. The ambient air quality guideline
and standard for SOand NQ provides a legislative framework which stipulates

concentration limits to prevent or reduce negagiffects on human health and ecosystems.

Chapter 4 and Chapter 5 discusses the data and methodology utilised & shidy. The
results are presented and discussedCirapter 6. In Chapter 7 the key findings are
summarised and conclusions are preser@dwhpter 8 lists the references utilised in this

study.

Sections of this report have been presented to Bheopean Space Agency at the
Tropospheric Emission Monitoring Inventory Systeseruworkshop which was held in 2007

and 2009 in Frascati, Italy.
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CHAPTER 1
INTRODUCTION

This chapter presents a brief overview of air duain the
Mpumalanga Highveld. The study is motivated by g
justifications to use air dispersion modelling fexposure
estimations. The aims and objectives of this stmydiscussed.
This chapter is concluded by the structure of trssedtation

which sets the framework for the research.
1.1 BACK GROUND

South Africa is a major regional contributor of @&sls and trace gases from
biomass burning, biogenic processes and anthropogestivities (Pikethet al,
2002). The Mpumalanga Highveld is the most highigustrialised area in Southern
Africa with emission densities ranked amongst tighdst in the world (Wenigt al,
2002; Rorich and Galpin, 1998).

Over the years anthropogenic emissions releaséteiiMpumalanga Highveld
region of South Africa from industrial complexesas power plants, open-cast coal
mines, fuel refining processes and domestic coedifiheating have significantly
altered the atmospheric sulphur budget. Over tireksased air pollutant gases are
transformed into particle aerosols during air ntesssport from their various sources.
Several studies of the oxidation of sulphur spefies surface and stack emissions
in open-cast coal mines and coal-fired power pldnting plume transport have been
made at varying atmospheric conditions (Fugas aewtilizza, 1978; Rodhe, 1978)
which result in the formation of aitken particlegdgarticulate sulphate.

Globally human population growth, industrialisatiaand other economic
activities have led to an accelerated increasé€Onahd NQ emissions, leading to air
pollution impacts such as acidification of the wdiedies through removal of sulphur
gases via wet scavenging and dry deposition (Plkanmal, 1995), nitric oxide

deposition and increased radiative forcing effetuge to absorption of downward

1



propagating visible light (Richteat al, 2005). The increase in $@nd NQ emissions
has led to global as well as localised deteriomaitioair quality which is influenced by

local meteorology and topographical factors (Nunatal, 2004; Turner, 1994).

The World Health Organisation (WHO) states thatenttian 2.7 million deaths
have occurred annually due to air pollution (WH®02). Normanet al. (2007)
estimated that in year 2000 outdoor air pollutionSouth African urban areas was
responsible for 4 637 human deaths. The inhabitandstypical urban centre may be
exposed to about 40 individual chemicals and/ougscof chemicals, totalling more
than 100 individual chemical species (WHO, 200@aj).extensive literature review
(WHO 2000a, 2001, 2005; Maynard, 2004; Brunekremd #&lolgate, 2002) has
demonstrated the associations between exposur®4t@i@ NQ pollutants and ill-
health impacts such as increased hospital adms$arrespiratory, cardio vascular
disease, congestive heart failure, increase imastincreases in acute bronchitis and
decreased lung function. Short-term adverse he@#ponses may occur within
minutes for example, asthmatic sufferers expose®@ may experience effects
within minutes (WHO 2000b) or may lag the exposhyeseveral hours, up to a
period of several days (Lipfert, 1994). Hence thisre@ need to accurately assess

ambient air quality.

Ambient air quality is regulated in most countrigsross the globe through
compliance with ambient air quality standards, \whace set to thresholds that protect
human health, vegetation and ecosystems. An Ailildanagement Plan (AQMP)
includes a comprehensive emissions inventory, ambienitoring data, dispersion
modelling results, emission reduction interventjometeorological data and public
participation processes (Department of EnvironnmeAftairs and Tourism, 2001).
This study focuses on the dispersion modelling esmpg an AQMP. In any
atmospheric pollution control programme modellihg iccumulation and dispersion
of pollutants is of the highest priority. Air diggéon models can be used to identify
parts of airsheds likely to experience highest eat@ations of pollution and therefore
assist in the location of ambient air monitoringesi They can also be utilised to
predict future spatial patterns of ambient air yidin concentrations in response to
different air quality management strategies, ess@ntevaluating scenarios of

possible emission reductions. In this way they etso be used to evaluate the

2



effectiveness of existing and proposed AQM straegind assess whether deadlines
for implementation of environmental standards &ely to be met (Sturman, 2008;
Ramandh, 2011). Modelled outputs are used to & gwsant in decision making and
will influence future industrial generation devetoents in the Highveld region.

1.2 RATIONALE FOR THIS STUDY

From the 1950s to the early 1970s, air pollutiors ilaought to be mostly a
localised urban problem and early measures to agdhes issue in Europe and the
United States focused on small urban *“airsheds™ @uality legislation was
introduced in the 1960s and 1970s to meet soctaiands for cleaner air. Air
pollution scientists began to also notice alarmirends in rural locations. It was
found that the air in many of the rural areas wasoming polluted. In the 1970s both
Europe and the United States recognised the enmrgdmegional-scale air pollution
issues, including acid rain, regional haze and smidgese were the results of
increased regional emissions and long range transpair pollution. In the next two
decades scientist around the world produced moiderese for regional scale air
pollution and ill-health impacts (Bachmann, 2008ufe, 2006).

The atmospheric pollution budget is determined mumber of physical and
chemical processes occurring in the atmosphereuf@&id). This information is
necessary for understanding source-receptor raekitips between emissions from
sources and pollution levels measured at spe@tieptor points (Watt Committee on
Energy, 1984). Understanding the atmospheric patbwé important pollutants and
guantifying the flux of material along these patlg/és vital to accurately estimating

ambient pollution concentrations in the atmospliecairie, 2006).

In order to develop an ambient air quality managerstrategy for a particular
area, the ambient pollution concentrations for #resa must be determined. This can
be done by both ambient air quality monitoring (grd monitoring stations or

satellite observations) and atmospheric dispensiodelling.
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Figure 1: Processes involved in the atmospheridupp@h budget (adapted from
Fourie, 2006).

Over the years several independent datasets haare dreated by industry,
government and research institutions of ambient cpiality on the Highveld.
However, the integration of datasets derived framdifferent methods of air quality
monitoring and modelling in this region is limite&urface measurements are
collected at a network of monitoring sites acrole tegion in order to assess
compliance with the South African ambient air qiyaBtandards and to determine
long term trends. A wide range of monitoring metblodies and approaches are
utilised with most monitoring located in close proiy to the major urban areas and
industrial development nodes (Zunketl al, 2004). Eskom’s ground based active
monitoring sites date back to the late 1970’s (Btoand Galpin, 1998) and formed
part of the data which was utilised for integrateord analysis in this study.

In recent years advances in atmospheric dispersiotelling have lead to an
increase in the availability of datasets on grolew pollution concentrations but the
outputs from these models have been debatable. delimyg study was conducted by
Eskom to assess the impact on air quality of ctirfature and planned power station
operations. This study utilised the US EnvironmeRtatection Agency (US-EPA)
approved CALPUFF model which is able to account $patial variability of
meteorological conditions, dry deposition and disfma over a variety of spatially



differing land surfacegScorgie and Venter, 2005). The outputs from thalelling

study was utilised as the second dataset for casgparintegration and refinement.
Since modelled outputs are utilised for decisiorkim@ it is imperative that they
provide an accurate account of the real world. bwing the accuracy of modelled
concentration fields will ultimately assist in kasttair quality predictions for the

Highveld region thereby influencing the air qualityanagement plan of this area.

In addition, remotely sensed data of trace gaseb as S@ O; (ozone) and
NOx (nitrogen oxides) are becoming increasingly avélabvia satellite.
SCIAMACHY is an instrument on board the environnargatellite (ENVISAT)
which measures trace gases, cloud top heights armb@ concentrations in the
atmosphere. These datasets are currently useddatiberworld to evaluate pollution
hotspots and long range transport of emissionsg|Bet al., 2003; Burrowset al,
1999). The study area is continuously cited as tapod for SQ and NQ pollution
(Figure 2) in remote sensing studies around thd&eglo This study utilised total
column tropospheric SOand NQ concentrations measured by SCIAMACHY
(Scanning Imaging Absorption Spectrometer for Atptwsic Cartography) as the

third dataset for validation with ground based meed data and integration.
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Figure 2: The mean tropospheric column density 2006 derived from the
SCIAMACHY instrument (Colletet al, 2010)

A Geographic Information System (GIS) has the gpito integrate various
datasets over different spatial and temporal réigois to provide answers on impacts
and sensitivity studies. The greatest strength Gii% lies in the ability to visualise
spatial features and relationships. Knowledge @& lkbcation and description of
objects as well as their relationship to other cigjeor features is important for
effective management, planning, operational aneéstment decisions (Schuurman,
2004).

This technology provides the capability for thamement of modelled data and
enables the development of one dataset from theraeindependent air quality
datasets which exists for the Highveld region. Mgeserated by this tool provide an
indication of potential risk to human health and®stems on the Highveld. This

information can be utilised to inform and influerfaéure development in this area.

Currently there is a growing awareness on envirgriaiessues such as global

scale air pollution, global climate change and diepletion of natural resources. In
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South Africa the concerns about emissions from -ticed power generation is
increasing due to the awareness on human headifedgbroblems emanating from the
release of gaseous emissions into the atmospheiest(Bt al, 1981). This has
resulted in the establishment of stringent envirentrstandards by the government
for the regulation of pollutant emissions (Depammef Environmental Affairs,
2009). Industries are now forced to formulate angdlement effective environmental

management policies.

1.2.1 LIMITATIONS OF AMBIENT MONITORING FOR EXPOSUR E
ESTIMATION

Generally ambient air pollution monitoring has besed to assess exposure for
human health studies (Bell, 2006) as it is the alrgct method to obtain the ambient
concentration of the pollutant of interest. Instants are placed to answer specific
guestions which results in accurate temporally lvesbinformation but there can be

limitations.

The ability to site locations for ambient air gixaground monitors is limited by
the requirement for resources such as electricityg aurrounding land use or
ownership issues. This implies that ambient groomuhitors may not be located in
the best spot for assessment of a particular aremwce. The accuracy of results
derived from ambient monitoring is dependent on litmétations of the instruments
used, as well as any human error that may occunglunaintenance and calibration

of the analysers (Ramandh, 2011).

Ambient monitors are most likely to over estimale ttrue impact of air
pollution on human health as the devices do notehdle capability of
accommodating for personal activity patterns (B2006) for example time spent

away from the area being monitored for work or eat@n away.

If there are budget constraints within a proje@nttanother limitation can be
that monitored data may lack adequate spatial egecover an area (Zuncket al,
2006; Ramandh, 2011) and ambient monitors may mige full temporal coverage
for a range of pollutants (Bell, 2006).



1.2.2 THE ADVANTAGES OF AIR DISPERSION MODELLING FO R
EXPOSURE ESTIMATION

Air quality dispersion models are developed thecaly, tested against
measured environments and then refined to besuatéor local climatic conditions.
It is an attempt to describe the interrelation &w emissions, atmospheric
concentrations and deposition using a set of madlieal equations that simulate
these conditions. Air quality modelling is abledeercome some of the limitations

discussed in 1.2.1.

Model data typically provides information on airaijty at a high spatial and
user specific temporal resolution. The cost of fmtath air pollution concentrations
with an air quality model is generally lower thdre tcosts to operate a network of
ambient monitoring stations. Models are excelléng\aluating source and receptor
relationships (Turner, 1994; Ramandh, 2011) arahallsers to evaluate the results of
multiple scenarios on several locations in a mamriesre variables can be controlled
(Holloway, 2005).

Real-time models enable a rapid assessment ofripacits that may result from
an air pollution incident as models can be utilismdimproved siting of both mobile
and fixed ambient air quality monitors and theympi¢ianalysis of historic, current or

future scenario assessments (Scorgie and Veni@s, Zoinkelet al,, 2006).

Improving the accuracy of modelled concentratiand will ultimately assist
in better air quality predictions for the Mpumulanigighveld region.

1.2.3 LIMITATIONS IN DISPERSION MODELLING

Essentially model results are estimates of pollutaancentrations. The
accuracy of the model predicted estimates are digmtron three main sources of
errors consequential from incorrect input emissidata, inaccurate meteorological
data and inadequate scientific formulation of thedei (Douglas, 1982; Koosialee,

2006). Since model inputs are only estimates, évemost sophisticated models will



have inherent uncertainties and will have the p@knto underestimate or

overestimate actual concentrations (U.S.EPA 2005).

There is a possibility that the emissions data Hrat used as input into the
models could be inaccurate due to incorrect sowstengths and locations;
unaccounted for time variability in emission ratesgertainties in stack parameters,
and incorrect calculations of plume rise after amis (U.S.EPA, 2002; U.S.EPA,
2005).

The inaccuracies associated with the meteorologizdah could be due to
incorrect wind speed and direction; poorly defirdspersion parameters; incorrect
determination of the atmospheric thermal strucame non-representativeness of the
data from the meteorological surface station wébpect to the site of the pollutant
source ( Douglas, 1982; Michaatlal, 1996; Raghunandast al,, 2006).

There is a likelihood that the air quality modskif might not be representative
of the problems being analysed due to incompletewkerdge of chemical and
physical interactions of gases and particles; irewdr formulations of removal
processes and poorly specified boundary condit{@esnfeld and Pandis, 1998). In
addition, uncertainty may be associated with theaiie specification for example, the
use of a model designed for flat terrain will pa®iinaccurate estimates of
concentrations if it is applied to an area containcomplex topography (Carvalho
and Degrazi2002; U.S.EPA, 2004).

Therefore the extent to which a user has reliafflerination on emissions data,
meteorological data and the correct model phystaig will influence the accuracy

of the model predicted concentrations.



1.2.4 THE ADVANTAGES AND LIMITATIONS OF USING SATEL LITE
RETRIEVALS FOR ASSESSING GROUND LEVEL TRACE GASES

One of the major challenges is the derivation obdyguality quantitative
tropospheric N@column amounts for individual ground pixels basedthe satellite
retrieval. The retrieval of tropospheric trace gpscies by satellites are characterised
by large uncertainties related to errors causednbpsurement noise and spectral
fitting, affecting the calculation of the slant aoin density, errors related to the
separation of stratospheric and tropospheric, Nffiecting the estimate of the
stratospheric slant column and errors due to uaicgytin model parameters such as
clouds, surface albedo andpaiori profile shape of the trace gas, affecting the
tropospheric air mass factor calculation (Boershal, 2004; Jeffery eal., 2005;
Sierket al, 2006; Martin, 2008 ; Josipovic, 2009).

The largest uncertainties are due to clouds, aswhieshield near-surface NO
from the view of the satellite. The retrieval degevery sensitively on the presence
of clouds and even small cloud fractions (betwedn 20%) have a major impact.
High quality observations of the cloud propertiesyd fraction and cloud top height)

are necessary for a quantitative retrieval (Boerstred, 2004; Jefferyet al, 2005).

High quality albedo maps in the relevant spectaalge are essential since the
surface albedo directly influences the sensitivitysCIAMACHY for boundary layer
NO, (Boersmeet al, 2004).

Profiles of some trace gases for example; [df@ characterised by a large range
of variability. At emission areas the M©@oncentration will peak at the surface, while
downstream of such areas the pollution plume waakp at higher altitudes. The
profile of NO, will be determined by aspects like the distribotad emission sources,
the stability and height of the boundary layer, weinoval of nitric acid, deep
convection and long-range transport by the wind. tAbse factors are strongly
varying in time and space (Siegkal, 2006; Josipovic, 2009; TEMIS, 2011).

The stratospheric background of trace gases hake tmutiously quantified in
order to derive the tropospheric column. A commppraach applied to most satellite

retrievals is the assumption that stratosphermetgases for example N@nd SQis
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zonally uniform, or have only a small longitudingriation. Such simplification
makes the retrieval of small tropospheric Nedd SQ columns difficult (Bridhikitti,

2011 and Boersmat al, 2005). This is a result of firstly the neglecttbé vertical
layer that may occur in the atmosphere and secotidyfairly large horizontal

footprint does not capture the small or mediumesbalizontal variability.

Another source of uncertainty is aerosols. Thickosel layers influence the
radiation field and the sensitivity of satellites £xample Global Ozone Monitoring
Equipment (GOME) and SCIAMACHY for near-surfacerietals of trace gases
(Boersmeet al, 2004; Martin, 2008; Jeffery at., 2005; Sierlet al, 2006 ) .

Even though the current satellite measurementsopbspheric trace gases do
not achieve the accuracy required for measuringilaggd surface air pollutant
concentrations, satellite observations are useful eémission characterisation and
support assessment of long-range pollutant trabspat background concentration
using global-scale models (Hidet al, 2009, Kaynak, 2009, Mijling, 2012.
Estimating the strengths of high pollution everstsanother advantage from satellite
retrievals. It is also a practical method of obtagnemission information from remote
regions such as Amazonia and Antarctica. Satediéeved products are useful not
only in the absence of ground level and airborngitin data but can be used to refine

or corroborate such data (Vijayaraghaesmal, 2008).

Satellite remote sensing provides a means to ddraee gas concentration
estimates on an on-going basis at global scalesy Lime series of satellite retrievals
give insight on how human activity contributes tdanges of atmospheric
composition affecting human health and climate IjN, 2012). The wide spectral
range of channels together with global coverage amidanced spatial resolution
provides sufficient information for retrieving tbteolumn concentrations of various
trace gases simultaneously and are widely usedyd¢aeral circulation models and
climate studies. (Let al, 2005). The availability of these observationskdes us to
extensively evaluate air quality models and to ssseodel and observation strengths
and limitations and to use these observationsderaio improve emission inventories
(Kaynak, 2009).
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1.3 AIMS AND OBJECTIVES

The overarching aim of this dissertation is to iaye SQ and NQ modelled

air quality predictions using measured data. Thenate objective is to be able to

credibly predict concentrations without referenoefiked ground based monitoring

stations.

(i)

(ii)

(iii)

(iv)

v)

The objectives of this study are to:

Compare the CALPUFF model results to groundedaseasurements of $0
and NQ concentrations;

Evaluate the representativeness of sateléteavals to surface concentrations
of SO, and NQ;

Integrate available ambient air quality dadtss derived from the different
methods of air quality monitoring and modellinglwe Mpumalanga Highveld
region;

Improve modelled ground level air pollutionrmentration fields by utilising
measured data;

Identify the hot spots for potential harm tenian health and ecosystems from

power station emissions based on the results af¢lhemodelling outputs.
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1.4 STRUCTURE OF DISSERTATION

Chapter 2 provides an overview of the study area. It givgereral description
of the study area and outlines the dispersion pialeof the Highveld.Chapter 3
discusses the literature review of this study. dsatibes the atmospheric pollution
sources and chemistry of the Highveld. Geograptfarmation systems, dispersion
models and ambient air quality standards are atptamed. Chapter 3 is concluded
with the description of the consequences of atmasplpollution on human health
and vegetation.

Chapter 4 andChapter 5 explain all datasets and methodological approaches
utilised in this study. The results are presented discussed irChapter 6. This
includes validation of SCHIMACHY satellite retridgaand an evaluation of the
CALPUFF modelled outputs. Maps produced from thalysmis of potential risk to
SO, and NQ emissions on human health and ecosystems arenpdsénChapter 7

the key findings are summarised and conclusiongedt

kkkkkkkkkkkkkkkkkkkhkkkhkkhkkkhkkkkkkhkkhkkhkkkkkkkkkkkkkkkkk *kkkkkkkkkkkkkkkkk

With the above mentioned objectives (section 1B)mind the literature
examining the atmospheric pollution sources of ,S@nd NQ, chemistry,
meteorology, transport of trace gases and enviemtah and health impacts are
presented in the next chapter. Air dispersion nodplas well as air quality

legislation and GISs are also discussed.
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CHAPTER 2
OVERVIEW OF STUDY AREA

This chapter presents a general description of the
geographic, topographic and climatic charactessb€
the study area together with the meteorology and

transport of trace gases in the Highveld region.

2.1 GENERAL DESCRIPTION OF STUDY AREA
2.1.1 LOCATION OF INDUSTRIALISED HIGHVELD

Whilst the Highveld region covers an area of appnately 400 000 kmthis
study only focused on the industrialised Highveldgion (Figure 3). The
industrialised Highveld region covers an area gfrepimately 30 000 kfat an
altitude of approximately 1 700 m above sea leVétl(s, et al, 1996 and Colletét
al., 2010). It constitutes most of the Gauteng prowiand parts of the Mpumulanga,
Free State and North West provinces. Due to thengdnce of coal and minerals
found on the Highveld, the region has developed asignificant industrial hub in
South Africa.
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Figure 3: The industrialised Highveld region (owtid in blue)
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The industrialised Highveld comprises of three w@btitan municipalities
(City of Johannesburg, City of Tshwane and Ekunhiyleand two district
municipalities (Sedibeng and West Rand) locatedhim Gauteng Province, three
district municipalities (Gert Sibande, Nkungala aBthlanzeni) located in the
Mpumalanga Province, two district municipalities ofanala and Dr. Kenneth
Kunda) in the North West Province and Fezile Dalsitfixt Municipality in the Free
State.

Major towns occurring within this region include aMhleni, Middelburg,
Secunda, Balfour, Standerton, Johannesburg, Tshw&wsFmiston, Sasolburg,

Vereeniging, Randfontein, Rustenburg and Klerksdorp

2.1.2. TOPOGRAPHY & LAND USE

In terms of the regional scale topography the Haijghplateau slopes gradually
downward towards the west and south. To the eesttie Drakensburg escarpment
and to the south is the Vaal basin about 1400meabwean sea level, which tends to
drain cold air from the surrounding high-lying glat of the Gauteng Province (Held
et al, 1996). The industrialised Highveld is relativdlgt with elevations ranging
from 1100 m to approximately 1700 m (Figure 4). Hhepe from East to west is
approximately 1,4°. The generally flat terrain néerspered with relatively low hills

and rocky outcrops (Department of Environmentabi#, 2011).

15



Elevation for Industrialised Highveld|

Legend

-Tums

P | ) studysrea
Sl Elevation
‘,-—-’,-’P‘* 3 Height
[70-1100

[J1100-1200
[1200-1300
I 1300-1400
[ 1400-1500
[ 1500 -1 600
I 16001700
I 1700-1800
I 1800-1300
I 1900-2000
[ 2000 -2 100
[2100-2200
4 []2200-3300

es 5 e
WES 4 Dm

Approximately 70% of the industrial Highveld regies characterised by the

grassland biome (Figure 5) and the reminder igsatll for agricultural, urban, mining
and industrial activites (Collet al, 2010, Ramandh, 2011). Urban and built up areas
occur throughout the industrial Highveld and male approximately 8.5% of the
total land cover. The most extensive built up areasur in the metropolitian
municipality of the Ekurhuleni, City of Johannestpand City of Tshwane with other
significant areas are found in the larger settlasiench as eMalahleni, Middelburg,
Ermelo, Standerton, Secunda, Balfour, Delmas, $aspl Vereeniging, Vanderbjil
Park, Brits, Volksrust and Klerksdorp. Mining cahges approximately 2% of the

total land cover.
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Figure 5: Land use characteristics of industrialisighveld
2.1.3 CLIMATE

The Highveld region is a summer rainfall regiocegeiving an annual rainfall of
approximately 400-700 mm (Weiner and Harris, 200Substantial afternoon
thunderstorms occurr mostly in the months of Novembecember and January with

frost in winter.

The average temperatures in the Highveld are thildughout the year with

slightly cooler temperatures in winter. The longrteaverage (1903-1984) maximum
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temperature is 27.5°C in summer and 19°C in wintgh extreme maxima of 27.8°C

in summer and 21°C in winter (Schulze and Turn@96).

2.1.4 POPULATION

According to Census 2011 data (Table 1) the totapufation of the
industrialised Highveld is an estimated 10 534 ir@ividuals.

Table 1: Population distribution (StatsSA, 2012)

Population
density
(per kma2
Province District Population | )
Bonjonala Platinum 1 507 505 82.2
North West | Dr Kenneth Kaunda 695 933 47.5
Free State | Fezile Dabi 488 036 | 22.9
Ekurhuleni Metropolitan Municipality 3178470 1652.0
City of Johannesburg Metropolitan Municipalit¢ 434 827 | 2 695.9
Gauteng City of Tshwane Metropolitan Municipality 2921 488 460.4
Sedibeng 916 484 219.4
West Rand 820 995 200.9
Ehlanzeni 1688 615| 60.5
Mpumalanga Gert Sibande 1043194 32.8
Nkungala 1308129 78.1

The Gauteng portion of the industrial Highveld aredhome to 71% of the

region’s population (Ekurhuleni, City of Johannegpand City of Tshwane). Due to
the small land mass contribution made by the Gauteanicipalities, together with
the large population figures, the highest poputatiensity also occurs there as well.
Within the Mpumalanga portion of the industrial Higld region, the highest
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population figures occur in the Mbombela and Bushkbdge Local Municipalities
within the Ehlanzeni District Municipality (Stats$S2012).

The 2007 Community Survey conducted by StatsSA,welbo significant
population increases in the major urban centrethefHighveld region. The large
increases in populations within the more developfjgbmalanga regions can be
attributed to rural to urban migration. This is fioned by the decrease in population
figures of the less urbanised regions. The reafamthe migration to urban centres
are due to the prospects of better employment éypities becoming available as
more industrialisation takes place. As more peopdee to urban centres, the quality
of education and general service delivery improvesking urban centres more
attractive destinations (Department of EnvironmieAttairs, 2011).

2.2 METEOROLOGY OF THE STUDY REGION

The state of the atmosphere determines the ratevhath pollution will
accumulate and disperse. Once substances haveshetted into the atmosphere the
determinant of its dispersion is meteorological #mel dilution is a function of wind
velocity and atmospheric stability (Tysenal, 1998 and Piketh, 1994).

221 MACRO SCALE SYNOPTIC CIRCULATIONS

Due to southern Africa’s location in the subtropitss affected by circulation
systems originating in both the tropics to the Imabd mid-latitudes to the south.
Simultaneously it is dominated by semi-permanautirepical high-pressure cells of
the general circulation of the southern hemisphEnge synoptic scale circulations
affect the circulation over southern Africa at acnagcale which allows for the
transport of air and any pollutants contained witlver larger distances. These
include continental anticyclones, easterly troughssterly waves, cut-off lows and
ridging anticyclones (Figure 6). The frequency afcurrence of each of these
circulation patterns varies seasonally (Tyson aresten-Whyte, 1988; Tysoet al,
1998; Tyson and Preston-Whyte 2000).
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The continental anticyclonic circulation occurstop/0% of the time in winter
and 20% in summer making this type of synopticutation the most prevalent
circulation over southern Africa (Tysant al, 1996a). Easterly waves show an annual
cycle, peaking in summer and almost never occuiininginter. Transport associated
with ridging highs and westerly waves shows lieitlenual variation; however these
westerly waves occur with greater frequency duvirgter on the Highveld (Garstang
et al, 1996; Tysoret al, 1996a, 1996b).

Anticyclonic circulation and westery disturbancesuit in the transport of air
from Africa to the south east over the Indian Oceéanthe Natal plume. This
anticyclonic flow results in recirculation, whichayn remain in the continent or
extend over and return from the Indian Ocean. Hgstgave conditions favour
transport to the west over the tropical Atlantice@c in the Angolan plume. Transient
mid-latitude ridging anticyclones result in maxiumansport orginating in the mid-
latitudes and flowing towards the southern Atla@umean (Piketh and Walton, 2004).

Continental antlcyclor/ﬁe T Ridging anticyclone »

rﬂ

Figure 6: Major synoptic circulation types affectisouthern Africa and their monthly
frequency of occurrences over a five year perioteg®n-Whyte and
Tyson, 1988)
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2.2.2 TRANSPORT OF TRACE GASES OVER THE HIGHVELD

Substances emitted high into the atmosphere oreat ground level are
transported by the same patterns as the air irulatron. Vertical transport is
determined by the stability of the atmosphere aodzbntal transport by the local
topographic winds near the surface or by macrosoaleptic circulation (Garstarey
al., 1996; Piketlet al, 1998; Tyson and Preston-Whyte, 2000).

2.2.2.1 Local, Mesoscale & Macroscale Transport

When boundary layer conditions become stable aversions begin to develop
then cold air will drain into hollows and valley3he development of local
topographically-induced circulation is complex atepends on duration as well as the
depth and orientation of the valley. In valleys ttaytime circulations are likely to be
up-slope and vice versa for night time circulatioDsiring the day up-valley winds
develop and conversely at night down-valley mownt@nds blow. During winter
and at night such circulations influence the loweleflow field and control the

transport of ground emissions of pollution (Tysdral, 1988).

Shallow mountain-plain and plain-mountain drainag@&ds occur over the
Highveld (Held, 1985; Garstareg al, 1985 ). When pollution from the Highveld is
advected over the Escarpment at night, it is aéwkeot a highly stable layer of air
draining eastward towards the Lowveld. During ttes/,dthe opposite occurs and
advection is towards and over the Escarpment iaeper and more unstable system.
To the east of the Highveld, stable mountain-pVgiimds transport pollution in visible
plumes for distances greater than 150 km (Ty<tcad, 1988).

Nocturnal mesoscale transport also occurs overHigbveld during surface-
inversion conditions over flat terrain in the abserof local winds as air flow
decouples at the top of an inversion layer. Lovwelggts form as the roughness of the
ground surface is replaced by the relative smoathié the inversion top and rises as
the inversion deepens. Any pollutants trapped tleaitop of the inversion layer are
transported away from the source area to distaot&890-500 km per night (Tyson
and Preston-Whyte, 2000).
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The extent to which synoptic systems and weathgudiances impact on the
dispersion potential of the atmosphere is dependerthe height and persistence of
elevated inversions. Elevated inversions reducénéight at which pollutants are able
to mix and have a strong potential to trap paréitaiberosols and trace gases thereby
inhibiting the vertical movement of pollutants. Bleinversions influence both the
recirculation of pollutants and influence long-rangransport (Department of

Environmental Affairs, 2011).

The most common type of elevated inversion thatiecover South Africa is
the subsidence inversion. This inversion usuallgueg in winter and is associated
with the reduction in the atmospheric dispersiorteptal which results in the
accumulation of pollutants over the Highveld (Zuelait al, 2007).

Cosjin and Tyson (1996) indentified three major dnefjuently occurring
elevated inversions that control the vertical tpams of pollutants in the subtropical
troposphere at the end of the dry season (Augysie8der). These inversions occur
at approximately 3 km, 5 km and 8 km above seal lewth mainly the 5 km
inversion layer acting as the dominant barrier préwig the vertical movement of

pollutants.

Convergence of the upper air impedes the formatibmversions. Cyclonic
disturbances are usually associated with the diisip of inversions, pre-frontal
conditions tend to lower the base of elevated sieas thereby reducing the mixing
depth. After the passage of a cold front, the ngxaepth gradually increases (Scott
and Diab, 2000).

SYNOPTIC-SCALE TRANSPORT

The four major transport pathways of air movinghe Highveld region include
the flows of the Atlantic Ocean , Indian Ocean,igdn continent and subcontinent
(Figure 7). The Atlantic Ocean flow has the largestuency of occurency (43 %)
followed by the Indian Ocean and African continebipth with 26 % and
subcontinental flow of 7% (Frieman and Piketh, 200Bhe Atlantic Ocean flow

reaching the Highveld region is unlikely to contamdustrial pollutants whilst the
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African continental transport may bring pollutaritem the Zambian copper-belt,
biomass burning products in winter and aeroliant tmsouthern Africa. The Indian
Ocean transport carries industrial aerosols ancetgases into the region (Piketh,
1994).

an ﬂOW‘ \\h, ; Indian Ocean flow

Atla;'ltic Oce

___________

£ 3
Subcontinent flow

Figure 7: Transport pathways advecting air to thpuMalanga Highveld region
(Frieman and Piketh, 2003). The shaded arrows atelitajectories between 850 hPa
and 500 hPa.

The five major transport pathways of air moving gweom the Highveld
include Indian Ocean plume, recirculation, south&frican plume, Central African
plume and Cape plume (Figure 8). The Indian Ocdam persists for 48 % of the
time followed by recirculation 32%, southern Afic@lume 12%, Central African
plume 6% and the Cape Plume (1%). The Indian Opdéame is dominant during
winter and autumn but during the summer and spmiogths its frequency is of the
same magnitude as that of the recirculation plupnieeth and Prangley, 1998).
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Figure 8: Five transport pathways from the indasised Highveld region (Piketh and
Prangley, 1998). Percentages represent the anmuekrgage of flow

from a five year period.

The dominant transport pathway of air with its ddosnts is towards the east
coast and out over the Indian Ocean in a distiregterly plume. On average it takes
approximately 4 to 5 days to reach 40° E over titktah Ocean. Recirculation back
over southern Africa is brought about by anticyaocirculation, mainly associated
with transient ridging highs that follow the passad westerly waves and cold fronts
(Tyson and Preston-Whyte, 2000; Terblanehal, 2000; Piketh, 2002).

Frieman and Piketh (2003) estimate that approxiypadd % of all air
transported from the region affects South Africaisighbouring countries. The
polluted air from South Africa also circulates o\Bwuth Africa or flows northwards
over Africa (Figure 8). The dominant eastward flesvevident as a well-defined
plume that has been found to eventually pass swiutustralia, such that in winter
30% of South African air is found in the Australigicinity. With weaker westerlies
during summer, the occurrence of this plume inAbstralian region is less frequent
and more air recirculates and exits towards to gqu@yson and Preston-Whyte,
2000; Freiman and Piketh, 2003).
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The industrialised Highveld region covers an areapproximately 30 000 kfm
at an altitude of approximately 1 700 m above l¢W¢lls, et al, 1996). It constitutes
most of the Guateng province and parts of the Mpganga, Free State and North
West provinces. Due to the abundance of coal amenalis found on the Highveld,
the region has developed into a significant indalstrub in South Africa.

In terms of the regional scale topography the Héthvs relatively flat with
elevations ranging from 1100 m to aproximately 1#00Approximately 70% of the
region is characterised by the grassland biome thedremainder is utilised for
agricutural, urban, mining and industrial actisti€Collet et al, 2010, Ramandh,
2011). The Highveld region experiences most of iigfall in summer and the
average temperatures are mild throughout the yééarskghtly cooler temperatures
in winter. The total population is estimated at5B3d 785 individuals (StatsSA, 2012).

Over southern Africa transport of pollutants occboth vertically due to
convection and horizontally due to synoptic scateutations or by locally induced
topographic winds near the surface.The five magngport pathways of air moving
away from the Highveld include Indian Ocean plumegjrculation, southern African
plume, Central African plume and Cape plume (Piketid Prangley, 1998).
Pollutants released into the atmosphere at groewel-lare transported over long
distances by large-scale air fields and dispergezhiall-scale turbulence.

This chapter has provided a summary of the topdyraland use, population

distribution, climatology and meteorology of thegHveld. The next chapter presents
the literature review that is applicable to thisdst
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CHAPTER 3
LITERATURE REVIEW

This chapter presents a description of the atmagphe
pollution sources, chemistry over the Highveld oegiair
dispersion modelling and geographic informationteys.
The discussion on ambient air quality guidelined an
standards for S£and NQ provides a legislative framework
to prevent or reduce harmful effects on human heatid

ecosystems.
3.1 ATMOSPHERIC POLLUTION SOURCES

Air pollutants are either natural constituents o atmosphere or result from
anthropogenic activities. Pollutants can be poadigtiharmful to the environment,
health of humans and ecosystems. Knowledge of atineog pollution sources and
levels is essential for the assessment of theualitg) in an area and exposure risk for

man and the environment.
3.1.1 POLLUTION SOURCES ON THE HIGHVELD

The Highveld is seen to be one of the most polluégibns in southern Africa
due to the primary economic activities which in@uaiining, electricity generation,
agriculture and forestry. The number of sourcessteged under the Atmospheric
Pollution Prevetion Act (Act 45 of 1965) shows ardoance of industrial processes
in Ekurhuleni. Other industrialised municipalitie€lude eMalahleni, Steve Tshwete,
Musukaligwa and Govan Mbeki (Department of Enviremtal Affairs, 2011).

The manufacturing industry is the largest secondativity contributing to the
atmospheric pollution in this region. Within the muiéacturing sector, important sub-
sectors include wood and wood products, basic iend steel, chemicals,
metallurgical refineries and paper and pulp. Thdrgohemical sector source

inventory is dominated by Sasol’'s Secunda operatidhis is reportedly the largest
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industrial chemical complex in the southern hemgsph The significance of metal
containing ores of the Bushveld igneous compleprioximity to the abundant coal
reserves in the Highveld region has resulted in erons metallurgical operations.
These consist of primary beneficiation operatioaswell as secondary operations
manufacturing higher value goods. Some of the tafgeo-alloy operations include
Highveld Steel, Samancor Chrome, Transalloys, Vamch Ferrometals, Rand
Carbide, Scaw Metals and Acelor Mittal. Althougtakmining dominates the mining
sector minerals such as gold, platinum, chromegsieb, magnesite, iron ore,
vanadium, limestone, dolomite and silica are miae@ large scale (Department of
Environmental Affairs and Tourism, 2003; DepartmeftEnvironmental Affairs,
2011).

The Highveld is the main coal producing region iouth Africa and
approximately 95% of the country’s electricity régment is generated by coal fired-
power stations (Department of Environmental Affamed Tourism, 2003 and
Department of Environmental Affairs, 2011). Fifteeh South Africa’s operational
coal fired power stations are situated in the Hajtiwegion. Coal is also burnt in
industrial plants such as petrochemical works, wreland manufacturing industries
on the Highveld. These plants emit approximately-12 million tons of S@annually
and account for 94 % of all South Africa’s S@missions (Piketlet al, 2003). By
contrast, power generation contributes 73% of tial testimated NQemission of
978 781 tons per annum (Department of EnvironmewtHibirs, 2011). The
hydrocarbon fuel process plants together with fenecast coal mines adjacent to the
power stations are added sources of several sulisad pollutant compounds within
the area (Igbafe, 2007). These various source tghlease huge amounts of hydrogen
sulphide and S@gases per year especially during winter as the ddrfa electricity

increases this leads to an increase in the amdwaab burnt (Snymaet al, 1990).

Besides power station and industrial uses, coatilised for domestic heating
and cooking in informal and township areas. Althougectricity is used where
available, it is noteworthy that a range of othaatérs such as neighbourhood culture,
tradition and fuel cost plays a role in the contmguuse of “dirty” fuels. Combustion
of coal and wood, and in some areas paraffin, nesnie most prevalent energy

sources in the dense low-income settlements.
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Domestic coal burning is a significant source efdevel fine particulate matter
(PM2s and PMp) and contributes significantly to $Qcarbon monoxide (CO), total
organic compunds and benzene emissions. Greenhgaseemissions are also
produced when fuels are combusted in residentigliares, including, but not
limited to, carbon dioxide (C£), methane (Ck) and nitrous oxide (D). Pollutants
from the combustion of wood (including veldt firdaclude respirable particulates,
NO,, CO, polycyclic aromatic hydrocarbons, particuldtenzo(a) pyrene and

formaldehyde (Department of Environmental Affaz11).

Other near ground sources of air pollution inclsdeuldering coal dumps and
motor vehicles. Emissions from motor vehicles adseing the different cycles of
driving from start-up, during driving, evaporatidrom the engine and during re-
fuelling. NOy is formed by the reaction of nitrogen and oxygedar high pressure
and temperature conditions in the engine; 8ults from the sulphur in the fuel. The
amount of emissions released from motor vehicles dapendent on the distance
travelled, speed of travel, age of the vehicle, tiee of fuel used and the emission
abatement technology of the car. Emissions carerdiffom vehicle to vehicle

(Department of Environmental Affairs, 2011).

Emissions are released from airports due to a rahgetivities including the
aircraft operations ground support equipment, wdhic traffic at the airport’s
roadways, parking lot, electrical generators anel &torage facilities. The main
pollutants include carbon monoxide (CO), NCSQ, particulate matter and
hydrocarbons such as benzene, toluene, ethyl beraed xylene (Department of
Environmental Affairs, 2011). It is important toashcterise the emissions from major

airports when assessing air quality in a region.

The Oliver R Tambo International Airport located Ekhuruleni is a major
international and domestic airport, covering a siggnt area and including a number
of different source types. Other smaller airparts the Highveld include Grand
Central in Midrand, Rand Airport in Germiston anahkseria near Randburg.
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The contribution of these sources and lightninga agajor source of NQto the
overall air quality of the Highveld should not beedooked, particularly in the view
of the weak atmospheric dispersion potential ofldveer atmosphere of the region
(Tyson et al, 2000). Lightning is the largest natural sourceNsd, on earth and
contributes approximately 12% of the total Nédnissions globally (Leet al, 1997).
According to Weniget al (2003) lightning accounts for approximately 25% o
tropospheric N@ over the Highveld. The estimates of lightning varbstantially
because lightning is an uncertain source ofyN@d mainly occurs in the upper
tropospheric region. Brunneet al (1998) observed large scale N®@lumes
downwind of thunderstorms, but concluded an unuoesteas to whether this was

created by lightning or if it was attributed to N@pliftment from the ground.

In winter (from the months of July to September)ismions from biomass
burning contribute to the air pollution on the Highd. Pyrogenic emissions affect the
atmosphere in several important ways by influencgrgenhouse warming, the
oxidising capacity of the troposphere, the acidifythe troposphere, stratospheric
ozone depletion and light scattering and absorp(Kinchstetteret al, 2003 and
Sinhaet al, 2003).

African fires are responsible for an average ofrapimately 30 to 50% of the
total amount of vegetation burned globally eachry@aaking Africa, the single
largest biomass burning emissions source (van def &/ al, 2003; van der Werdt
al., 2006; Robertet al, 2008). It is typically characterised by a proledgvinter dry
season, preceded by summer periods with relatfastyrates of plant growth, leading
to fuel accumulation that create conditions condeido frequent fires. Veld fires
commonly occur on the Highveld and are regardedras of the major sources of

NOxin the studyarea (Department of Environmental Affairs, 2011).

Emissions from biomass burning include a wide raofjgaseous compounds
and particles that contribute significantly to ttrepospheric budgets on a local,
regional and global scale. The emission of CO,4 @Hd volatile organic carbons
(VOCs) affect the oxidation capacity of the troplosge by reacting with OH radicles
and emissions of nitric oxide and VOCs which leadhe formation of ozone and

other photo oxidants. Biomass burning plays an maoo role in the biogeochemical
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cycles of carbon and nitrogen. The emissions ase al source of a number of
halogenated compounds such as methyl chloride asttiymbromide that are long

lived enough to destroy the ozone in the stratagpfi€oppmanret al, 2005).

3.2 ATMOSPHERIC CHEMISTRY

Several air pollutants have known or suspected hémeffects on human health
and the environment. Air pollutants may not onlyiex problems in the immediate
vicinity of their sources but can travel long drstas, chemically reacting in the

atmosphere to produce secondary pollutants suphréisulate sulphate and nitrate.

The chemistry of the earth’s atmosphere is dynametis affected by natural as
well as anthropogenic sources and activities. Tighveld region has a significant
contingent of anthropogenic activities that impamt atmospheric chemistry.

Pollutants released on a significant scale inctlB@zand NQ.

3.2.1 NITROGEN OXIDES & NITRATES

The oxides of nitrogen present in the atmosphezendrous oxide (BD), nitric
oxide (NO) and nitrogen dioxide (NP Atmospheric MO was discovered in 1938 by
Adel via infrared absorption features in the sddpectrum. It is not a hazardous
pollutant nor does it display any particular cheahigctivity. There are no gas-phase
reactions that remove it from the troposphereONs an important agent in
controlling the stratospheric ozone balance sirm@e can be reduced catalytically
via chain reactions (Warneck, 1988). It is also afethe greenhouse gases

contributing to global warming.

Large quantitites of NQare emitted via power plants. The N€oncentrations
in power plant plumes are often high enough thanezproduction near the plume
source is prevented and there is substaintial ddsxone through nitrations. As the
plume moves further downwind, the concentratiomsraduced and the production of

ozone in the plume replaces the inital loss of ezd@dwverall there is a tendency for

30



ozone to decrease with increasing,Néncentrations as a result of ozone chemistry

(Department of Environmental Affairs, 2011).

The higher oxides of nitrogen are formed in chemijgacesses such as
nitrations, but the largest contributor is comburstat temperatures greater than 2000
k, whereby NO is formed (equation 1).
2NO + QG — 2 NGO, (equation 1)

Most of the non toxic NO in the atmosphere is rhpakidised in the presence
of Oz molecules at equilibruim conditions to form N®hich is a toxic gas (equation
2) (Atkinson, 2000; Fenger, 2002).

NO + 03— NO,+ O, (equation 2)

Close to a source the NO/N@atios are high, but as oxidation occurs in the
atmosphere, NObecomes the dominant NGspecies (Webb and Hunter, 1998).
During the day N@ absorbs wave lengths greater than 400 nm and gmeer
photodissociation, producing NO and O which quicktnd to molecular oygen to
form ozone (equation 3 and 4) (Warneck, 1988, Fekg@?2).

NO; +hv— NO + O (equation 3)
0,+0+M->0O3+M (equation 4) *M represents an energgeating third
body

In the above two-step process equal amounts oahDQ would be produced.
Simultanously the total amount of ozone is decrdse the reverse reaction with
NO. The rate at which NO converts into N@ highly variable as it depends on
varying atmospheric factors such as time of dagpetion, stability and regional
atmospheric chemistry. In a plume these ratesbeillower as the supply of oxidants
decrease with the consumption of. ®lewitt (2001) found the rate to be 30% per
hour, Gertleret al. (1984) estimated the rate at 8% per hour whildiess conducted
by Colletet al (2010) found the rates range between 11 and 59%.

NOx is a major precursor for the formation of @ the troposhere. Peroxy
radicals (HQ) in the atmosphere react with NO to produce;Né&yuation 5). When

NO, is photolysed, atomic oxygen is formed which inntweacts with an oxygen
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molecule to form @(equation 3 and 4). Nacts as a catalyst fors@rmation when
hydro carbons and CO are oxidised. This cycle wingl hydrogen oxides (HQ and
nitrogen oxides (N@Q) is terminated by the reaction of OH with N@ form nitric
acid or by the reaction of peroxy radicals withleather to form peroxides (Liptrot
1992).

HO, + NO— OH + NQ, (equation 5)

NOx plays a role in the troposphere of regulatthg concentration of the
hydroxyl radicle (OH") ( Bradshaet al, 2000; Hewitt, 2001).

In the presence of ) NO; is readily oxidised to form (nitrate) NTlequation
6) which mostly occurs at night. Throughout therdal cycle NQ conversion to N@
is much slower (Jenkin and Clemitshaw, 2000; He&Q01).
NO,+ O3 — NO3 + O, (equation 6)

At night the principal reaction of N{s often with NQ to set up equilibruim
with dinitrogen pentoxide (pDs) (equation 7).
NO,+ NOs” — N,Os (equation 7)

When dinitrogen pentoxide is hydrated it producésc acid (HNQ) (equation
8). HNG;is a product of the oxidation of NGn the troposphere via the reaction with
the OH’ radicle during the day (Bradshatal, 2000; Jenkin and Clemitshaw, 2000;
Hewitt, 2001). NQ may also form as a result of the dissociation BQ4. The phase
changes of NgJHNO;3; are temperature dependent. Under high temperathf@sis
volatised and gaseous HN@G formed but under low temperatures N® generated
and HNQ concentrations decrease (Jenkin and Clemshaw, 28@;jtt, 2001).
N2Os + H;O — 2HNG; (equation 8)

NOx has a limited tropospheric lifetime of approaitely 1 to 2 days. Equation
5 has a half life of approximately 23 days therefbiNG; acts as a store of NO
keeping it in the troposphere for longer periodol(@hd et al, 1999; Atkinson,
2000).

32



The same end results are obtained in fog dropleese hydration and catalytic
oxidation lead to complete conversion of N@nitric acid (equation 9).
4 NG, + 2H,0 + O, — 4HNG; (equation 9)

Both nitric and nitrous acid can be photodecompdseidrm the lower oxides
(equation 10, 11 and 12) (Jenkin and Clemitshav@02@tkinson, 2000; Hewtitt,
2001).

HNO3; + hv— HO + NG (equation 10)
HNO,+ hv— HO + NO (equation 11)
HNO,+hv— H + NG, (equation 12)

In general the atmospheric processes tend to tlanghe oxides of nitrogen to
the nitric acid stage. These oxidation processassin duration, and during this time
the nitrogen oxides undergo numerous reactionshiciwthey are converted back and
forth between the various oxidation stages. The resdlt is mainly nitrates, which
are removed from the nitrogen atmospheric cyclerdog and dry deposition. A
smaller percentage is found in aerosols as nitrivateses of large-molecule organic

polymers.

Nitrates are mostly formed at night, when thesM&licle reacts with organics
and other cations, which include Mldnd volatile organic compunds as well as with
alkenes, terpenes and benzenes. During the day rb@dly photolyses via two
different pathways (equation 13 and 14) and nisrat@nnot be produced (Liptrot,
1992; Atkinson, 2000; Hewitt, 2001).

NOz + hv 0 700 nm)— NO + G (equation 13)
NOz; + hv 0 580 nm)— NO + G (equation 14)

3.2.2 ATMOSPHERIC SULPHUR

Sulphur is a relatively abundant natural elementeanth found mainly as
sulphide and sulphate ores, whilst in the oceaisspitesent as dissolved sulphate. It is
known that sea bubble spray is associated withogpately 2.65 mg of sulphate per
gram of water (Kellogget al 1972). It has been observed that there is a rapid

disappearance of sulphur dioxide in the oceansximjation and direct absorption by
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sea water, thereby making the oceans which wasdegas a source of sulphate also
a sink for SQ (lgbafe, 2007). In the Highveld region the sulplapecies of
importance are hydrogen sulphide, sulphur dioxidé sulphate (Helekt al, 1993;
Scheifinger and Held, 1997).

The main anthropogenic sources of atmospheric gulphe industries. These
industrial sources include combustion of coal aettgbeum products in furnaces and
boilers, refinery processes and the smelting offieorous ores. The most abundant
source of atmospheric sulphur is the burning afl.cBulphur emissions vary with the
type of coal burnt. Hard and lignite coal whichnsinly used in power plants,
metallurgical and cement industries contain a figamt amount of sulphur in the ash
(Cullis and Hirschler, 1980).

The role of biomass burning emissions as a souaoaat be underestimated
(Andreaet al, 2008; Josipovic, 2009; Lydia, 2010). South Adriand the whole of
Africa is susceptible to large — scale veld andhbfires during the dry season. Also,
firewood forms the basis of the domestic energynenty for a large percentage of
South African rural populations, while a substdniamber of urbanised lower
income population burn coal fires (Helas and Pignd®96; Josipovic, 2009;
McKechnie, 2010; Puxbauet al, 2000).

The non-biogenic natural sources of sulphur compumglude geothermal
emissions resulting from underground sulphur sgifidne highest amount of sulphur
generated in this manner is derived from volcanebgh release mainly sulphur
dioxide and at lower temperatures, hydrogen suphittompanied by small amounts

of sulphur trioxide and more reduced sulphur (Guind Hirschler, 1980).

The most important biogenic natural source of aphesc sulphur is the
biological reduction of sulphur compounds. In thegence of organic matter under
anerobic conditions, sulphur in the form of hydnogailphide, carbon disulphide and
dimethyl sulphide is produced for example maringaal in soils with decaying
vegetation and sulphate-reducing bacte®iar¢vibrio desulphuricangresent in fine-
grained muds (Cullis and Hirschler, 1980).

34



3.2.2.1 Sulphur Oxides

Gaseous sulphur in the atmosphere, exists mostylakides and oxides. The
common sulphide and oxide forms include hydrogelplsde, carbon disulphide,
carbonyl sulphide,dimethyl sulphide, sulphur diexidnd trioxide (Warneck, 1988;
Hewitt, 2000). The common gaseous sulphur speoigsdfin the Highveld region are
hydrogen sulphide and sulphur dioxide from indastsources (Annegaret al,
1996; Heldet al, 1993).

When sulphur, present in reduced form in metaltsdis or in complex organic
molecules in oil or coal, is burnt, most of it Ele@ased as sulphur dioxide. In a hot
plume, for example from smelters or fossil-fuekdi power stations, some of the
sulphur dioxide is quickly oxidised to sulphur #ide. This process is catalysed by
metallic elements from the suspended ash. Wateourapvhich is also present in
such plumes, hydrates the sulphur trioxide SO form sulphuric acid (bF80y)
(Warneck, 1988).

SO, gas could be directly photo-oxidised by either agmunl5, 16 or 17
(Warneck, 1988; Becker, 2004).
SO, +hv— SO, 0.29<A < 0.40 pm (equation 15) (* denotes exthtate)
SO, +20,— SO+ O; (equation 16)
SG; + HyO — HSO (equation 17)

SO is a colourless gas with a strong pungent odous. 2.3 times heavier than
air with a penetrating smell when the concentraggoeeds 1.3 mg T It reacts on
the surface of a variety of airbone solid partides is soluble in water as well as can

be oxidised within airborne waterdroplets (Beci2€04).

Another common reaction whereby sulphur dioxidem® sulphuric acid is
through the oxidation of ozone. The hydroxy radidal produced by the
photodecomposition of ozone and is highly reactiteé any substance. This reaction
does not require a catalyst. Other insignificargct®ns include the by-product of
alkene-zone reactions, oxidation by reaction ofONspecies, oxidation by reactive

oxygen transients and oxidation by peroxy radi¢@dlarneck, 1988).
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In the aqueous phase sulphur exists in the forthreg species (equation 18, 19,
20) (Meszaros, 1981).

S (IV) > SO (aq) + HS@? + SO;* (equation 18)
This dissociation occurs in a two part process:

SO, (ag)— H' + HSGy~ (equation 19)
HSO; (ag)— H' + SQ % (equation 20)

SO, can also be formed by the interaction of hydrogelptsde (HS) and
atomic oxygen or ozone. Oxidation takes place enstirface of aerosol particles as
well as in cloud and precipitation water (equat@l) (Meszaros, 1981; Warnek,
1988).

H.S + G — SO + HO (equation 21)

The homogenous oxidation of $Occurs rapidly when air contains h@nd
ozone. NQ absorbs solar radiation in the visible spectrurd dissociates to give
atomic oygen. Oygen atoms produce ozone or redtS@ to form sulphur trioxide
(equation 22) (Meszaros, 1981; Warnek, 1988).

S+0+M—->SG;+M (equation 22) *M represents an energy acogpti
third body

3.2.2.2 Sulphates

The most widely studied reactions of sulphur diex@are the oxidation to
sulphate and the reactions with air pollutants amnonia. In all systems, gaseous
sulphur dioxide converts to non-volatile sulphat@ck forms aerosols. The aerosols
can have an effect on the opacity of air, cloudnfation , react with other pollutants
in the atmosphere or behave as catalysts to atbactions in a polluted atmosphere
and they are known to aggravate pre-existing hgatiblems in humans. In addition,
unreacted sulphate is a strong acid and excessivk i@mposes damage to land,

vegetation, buildings and contribute towards caoamgManahan, 1991).

There is substantial controversy about the nat@ithe conversion of sulphur
dioxide to sulphate. It is generally accepted thdphate can be formed either from

SO, when sulphuric acid vapour is an end product ohdgenous gas phase reactions
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including photochemical and thermal steps,herehsullp acid droplets are produced
during vapour condensation; or when8©oxidised in fog and cloud droplets after
its absorption, here the sulphate particles amndor by the evaporation of droplets;
and when S@is oxidised on the surface of aerosol particleeegkéros, 1981;
Manahan, 1991, Hel@t al, 1996). However, Piketh (2000) argues that veny f
reactons can take place to sufficiently influenbe atmospheric sulphate burden.
Majority of the atmospheric sulphate aerosol ismfed by oxidation of volatile
pecursors to gaseous,$0, followed by nucleation and condensation processes
form particles . Anthropogenic $S@missions are chemically converted to sulphuric
acid in the atmosphere in the gaseous phag&OHs produced via rapid oxidation of
SO, with OH in the atmosphere to form Hg®olecules. HS©reacts with oxygen to
form SGQ and HQ which is converted to 50, (equation 23, 24, 25) (Meszaros

1981).

SO+ OH— HSG; (equation 23)
HSG:;+ O, — SG; + HO, (equation 24)
SO; + HO— H,SO, (equation 25)

According to Piketh (2000) sulphur dioxide oxidatioate by the hydroyxl
radical exceeds all other proesses. Its oxidatate rs highly dependent on the
concentration of the hydroxyl radical which in tusnformed by photochemistry and
therefore occurs abundantly during day time (Chy¢kal, 1995). Heterogenous
reactions occur in different phases of cloud or fegter or as aerosol droplets
involving the transfer of SO and oxidant speciies to the droplet phase with
subsequent liquid pahse oxidation (Warneck 198BetRj 2000). The homogenous
reaction is assumed to be the dominant reactiom swethern Africa. This is as a
result of the dry conditions that prevail over th&continent for most of the year
(Piketh, 2000).
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3.3 ATMOSPHERIC PLUME DISPERSION MODELLING

Pollutants released into the atmosphere at groewel-lare transported over
long distances by large-scale air fields and dsgbby small-scale turbulence. This
dispersion process is a complex system due torégmepce of different-sized eddies

in the atmospheric flow.

An atmospheric dispersion model is a mathematicallation of the physics
and chemistry determining the transport, dispersind transformation of pollutants
in the atmosphere (Pasquill and Smith, 1983) torawg the ability to characterise,
understand, predict and manage air pollution inetm&éronment (Douglas, 1982). All
air quality modelling systems consist of three mammponents (Figure 9) namely an
emissions, meteorological and air quality modeln@t, 1990). It allows for the
calculation of downwind air pollution concentratsoftom sources given information
relating to the meterological conditions such asdngpeed and direction, atmospheric
stability class, mixing height, dry bulb temperaturcloud amount and height,
emission parameters for example the source locaohheight, stack diameter and
exit velocity, exit temperature and mass flow réerain elevations at the source and
at the receptor locations and the location, heagist width of any obstacles in the path
of the emitted gaseous plume for example buildingctures (Carrutherst al, 1994;
Hall and Spanton, 2002; Pompella, 1998; Sateal, 2000a; Ministry for the
Environment, 2004; Zunckek al, 2006).
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Figure 9: An air quality modelling system (Zannet®90)

Atmospheric dispersion models are also utilisedasgsist in the design and
assessment of various control strategies and akatetachnologies for emission
reductions through predictive and compliance assest type studies. Model
predictions are useful in a wide variety of air ifyadecisions, including determining
appropriateness of facility location, monitoringtwerk design and stack design.
Models also provide information on the areas mo#tuénced by emissions from a
source, the contribution of weather to observeddseand the air quality expected
under different scenarios, for example future sdeesashort-term episodes and long
time trends (Fourie, 2006).

Generally atmospheric dispersion models are emglopg government
departments to determine whether existing or pregpagw industrial facilities are in
compliance with ambient air quality standards. Tigisachieved by superimposing
modelled values upon existing or predicted futurackground air quality
concentrations to produce predicted ambient conmgons. Modelled air quality
values may be compared for aternative plant lonatiand alternative pollution
abatement measures. Suitable emission standardhearbe identified to minimise
risk to human health and to ensure compliance tobiamh air quality
standards/guidelines.
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3.3.1 TYPES OF MODELS

Over the years atmospheric dispersion modelling &dganced from one-
dimensional simulations to multidimensional simigas involving complex
atmospheric chemistry and physics. There are mgrgstof dispersion models which
range from simple screening models that simulatepallution behaviour in the
ambient atmosphere in simple terrains, to more dexnfalso termed refined models)
Gaussian plume and puff models which have the fomality to simulate pollutant
transformation, removal and transport over diffé@areraging periods for both steady
state and spatiotemporal varying meteorology. Defié dispersion models have
different requirements for user specified inputsl &mnctionality and generally the
more complex the case study (complex terrain wimyrsource sector emissions) the

more user specified inputs are required (SchuldeTamner, 1996).

The screening models are known to provide consgevastimates of the worst
case meteorological scenarios to assess impadpeaific sources (Binkowski and
Roselle, 2003; Aghedet al, 2007). In general screening models give a qunilal
impression of the highest concentrations that éedyl to occur at ground level for
point, area, flare and volume sources. These arplsidiffusion models that assume
the transport and diffusion of pollutants are thairmprocesses that affect the
concentration of pollutants with uniform wind spesed state of the atmosphere over
the modelling domain (U.S.EPA, 2005).

Examples of simple models include box models and #imospheric
Turbulence and Diffusion Laboratory (ATDL) modelri®set al, 2002; Zib, 1977)
and SCREEN 3. SCREEN 3 is a single source Gaugdiame model. A range of
stability classes and wind speeds are examinedrderao determine the highest

ground level concentrations which result under st@ase’ meterological conditions.

Complex models include chemical transformation psses and detailed input
data. In addition, complex models assess the dostiiategies in place for emissions
through various emissions scenarios, for example, AERMOD model (U.S.EPA,
2005). AERMOD can be used for complex modellinghae®s such as the dispersion

of vehicle emissions on roads (Venkatratal, 2007).

40



Models describing the dispersion and transportnaissions can be categorised using
different scales for example on the spatial andotwal scales, treatment of transport

equations, treatment of various processes andotihelexity of the approach.

Zannetti (1990) and Zannetti (1993) distinguishedgeneric types of atmospheric
dispersion models namely Gaussian diffusion, nuragrstatistical or semi-empirical,

physical, receptor and stochastic models.

3.3.1.1Gaussian Diffusion Models
GAUSSIAN PLUME MODEL

The Gaussian plume model is the most widely acdegtenputational approach
to calculating the concentration of a pollutantnira single continuous point source
(U.S.EPA, 2005; Zanetti, 1993). This model desaithe transport and dispersion of
pollutants for continuous, buoyant air pollutiomumles arising from ground level or
elevated sources (Ramadah, 2011). It assumes simpén the horizontal and vertical
direction will take the form of a normal Gaussiaorve with the maximum
concentration at the centre of the plume. Dependingatmospheric stability the
model is able to determine plume rise and henez®t stack height, the mean wind
at stack height and actual concentrations for waryime intervals. The plume size is
dependent on the stability of the atmosphere aadditpersion of the plume in the
horizontal and vertical directions (Tyson and RyestVhyte, 2000; U.S.EPA, 2003).

It is based on the assumption that the plume cdraten at each downwind
distance has independent Gaussian distributionls lothe horizontal and in the
vertical axis; therefore the Gaussian formula dbssr a three dimensional
concentration field generated by a point sourcesurstiationary meteorological and
emission conditions (Boubel al, 2004; Beychok, 2005). A simplified version oéth
Gaussian model, the Gaussian climatological mazhei, be used to calculate long-

term averages (e.g. annual values) (Fourie, 2006).

The Atmospheric Dispersion Modelling System (ADMSs3one example of a
steady-state Gausssian plume model. This dispersamel is capable of estimating

pollutant concentrations emitted both continuodstyn point, line volume and area
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sources or discretely from point sources. The matiises algorithms which take

into consideration complex terrain, wet and dry a#fon, short term changes in

concentration and chemical transformations (EPA)620ADMS 3 is commonly

processed with a sequence of hourly meterologicalditions in order to predict

concentrations at receptors for averaging timegingnfrom ten minutes up to a year.

The studies conducted by Pasquill (1961) and GlIff¢1976) catagorise
atmospheric stability for dispersion estimatiom amodelling into six classes (Table

2 and 3). The classification classes range frokrel$eof instability (A) to stability (F)

for both day time and night-time based on metegjiold conditions.

Table 2: The Pasquill stability classes (BeychdQ53)

Stability class

Definition

very unstable

unstable

slightly unstable

neutral

slightly stable

T mp O O @ >

stable

Table 3: Meteorological conditions that define Besquil stability classes (Beychok,

2005)
Surface wind Daytime incoming solar Night-time

speed radiation cloud cover
m/s Strong | Moderate| Slight | >50% | < 50%
<2 A A-B B E F
2-3 A-B B C E F
3-5 B B-C C D E
5-6 C- D D D
>6 C D D D D

The work of Schnelle and Partha (1999) describeel Easquill-Gifford

dispersion parameters as a function of atmosplstaiaility and downwind distance
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from stack. The results showed that the horizatitgdersion coefficients increased as
atmospheric conditions become less stable andth®e is a greater impact on

vertical dispersion than horizontal dispersion wéhpect to stability classes.

Gaussian plume models are based on the assumptiansthere are no
interaction between plumes which are importanmindelling of urban scenarios
(Jacobson, 1999), the emission rate is constantcamtéinuous, wind speed and
direction is homogenous over the modelling domalume range has a normal
Gaussian distribution with the maximum concentrati@curring at the centre of the
plume and the plume edge is reflected from the mptowithout any pollution loss
(Schulze and Turner, 1996).

Gaussian plume models are least applicable in amgasrapid time varying
conditions, varying terrains, spatial scales gretttan 50 km and where complex
chemisty take place (Beychok, 2005; U.S.EPA, 2002).

GAUSSIAN PUFF MODEL

The Gaussian puff model assumes that a continuoesiitted plume or
instantaneous cloud of pollutants can be simulbaiethe release of a series of puffs
that will be carried in a time and space-varyingavfield. The model has the ability
to account for complex flow scenarios because ikamaprovision for changing
meteorological conditions across the modelling dom@he puffs are assumed to
have Gaussian or bell-shaped concentration profiletheir vertical and horizontal

planes (Sciret al, 2000a; Scorgie and Venter, 2005).

An example of a puff model is CALPUFF. It is a tedyer, multi-species non
steady-state Langrangian puff dispersion model lwiscable to simulate the effects
of time and space-varying meterological conditi@ms pollutant transport for both
gases and particulates from point, line, volume anela. It is widely used in
applications involving long-range (> 50 km) trandpof pollutants (Earth Tech,
2000; Scireet al, 2000a; Scorgie and Venter, 2005; Ministry foe tnvironment,
2004).
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The capabilities of CALPUFF enable the model tooact for a variety of
effects such as spatial variability of meterologicanditions, causality effects, dry
depostion and dispersion over a range of spatwdyying land surfaces, plume
fumigation, calm and low wind-speed dispersion,lytaht transformation and wet
removal (Earth Tech, 2000; Scieeal, 2000a; Barna and Gimson, 2002; Scorgie and
Venter ,2005).

However, Calpuff does not perform well under coiodis of extreme turbulence
and the shortest averaging period is limited teledr average ( Earth Tech, 2000;
Godfrey and Clarkson, 1998; Holmes and Morawskag0

3.3.1.2 Numerical Models

Numeric models are used in simulations for areacgourban and industrial
applications that involve reactive pollutants. Téesodels are not widely utilised
because they require extensive input databaseseaadrces (Fourie, 2002).

Zannetti (1993) differentiates numerical modelg ifttur classes namely plume-

rise, Eulerian, Lagrangian and chemical modules.

PLUME RISE MODELS

Plume rise models calculate the vertical displaceraad general behaviour of
the plume. This is affected affected by both thErrbuoyancy and vertical

momentum which tends to elevate the stack height.

EULERIAN AND LAGRANGIAN MODELS

The Eulerian model is represented as a fixed nbolti-model, where the
atmosphere in the modelling domain is divided iatgrid of boxes and the flow of
pollutants in the box is mixed vertically only andt horizontally (Johnson, 1976).
These models use numerical terms to solve the gtmeos diffusion equation and are
therefore able to model the transport of non-rgagbollutants (Fourie, 2002; Fourie,
2006).
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The Lagrangian box approach allows for horizontavement of the columns
of air following the average wind speed and di@ttiThe Eulerian box does not
move horizontally according to the wind speed amdction (UNESCO, 1995). In a
Lagrangian framework a specific parcel of air iBdi@ed in which concentrations of

a pollutant is assumed to be homogeneously mixed.

CHEMICAL MODELS

Chemical models are air pollution models whichtaona chemical component
to simulate chemical transformations in the atmesph The type of chemical
components used range from simple first order togex photochemical reactions.
Several reaction schemes have been proposed fanlasing the dynamics of
interacting chemical elements. These schemes haea bmplemented into both

Langrangian and Eulerian photochemical models (Ep2006; Ramadha, 2011).

3.3.1.3 Statistical/ Semi-Empirical Models

Semi-empirical models were developed mainly faacpcal applications and
consist of a range of different types of modelsthdligh there are conceptual
differences between different models, overall sempirical models are distinguished
by major simplifications and a high degree of emspir parameterisations. This

category includes a variety of box and parametodets (U.S.EPA, 2004).

3.3.1.4 Physical Models

Physical models include the use of wind tunnellorgother fluid modelling
techniques. This type of modelling is complex aaduires high technical skills as
well as access to the necessary facilities. Itdedumainly for the modelling of
complex flow scenarios from a source or groupafrees in small domains ( a few
square kilometres) for example terrain or stack mleash conditions, plume impact
on elevated terrains and diffusion in urban or clexpterrains (Fourie, 2006;
Ramadha, 2011).
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3.3.1.5 Receptor Models

Receptor models start with observed concentratwitein a receptor and
endeavour to apportion the observed concentra@ress sampling point among the
different source types (Moussiopoulos, 1997; Veratat 2003). This is done on the
grounding of the known chemical composition of seuand receptor materials.
Receptor models are based on the principles of #v&ss equations and are
essentially statistical as they do not include #embnistic relationship between

emissions and concentration of a pollutant.

3.3.1.6 Stochastic Models

Stochastic models are based on statistical teabsigvhich are used to analyse
trends, periodicities, interrelationships of airatity and atmospheric measurements
and to forecast the evolution of pollution episodEse main limitation of stochastic
models is the inability to establish cause-effetatronships however; these models
can be efficiently used for applications in reati short-term forecasting and have

the ability to account for uncertainties in modehponents (Moussiopoulos, 1997).

3.3.2 AIR QUALITY MODEL PERFORMANCE EVALUATION

Generally model predictions are used to influehoenan health, social and
economic decision making therefore it is importémat air dispersion models be
evaluated with observational data before theirltesan be utilised with confidence.

There are three components to the evaluation rofj@ality models namely
scientific, statistical and operational. In a stif@evaluation, the model algorithms,
physics, assumptions and codes are examined ifl fietéheir accuracy, efficiency
and sensitivity. This assessment requires an ithdepderstanding of the model. In
statistical evaluations the model predictions a@n@ned to see how well they match
observations. It is also possible for a model tmdpce good outputs but as a result of
compensating errors (Chang and Hanna, 2004).
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Operational evaluations focus on issues relatethdéouser-friendliness of the
model, such as the user’'s guide and interfacey etvecking of the model inputs,
diagnostics of the model calculations and procegsaimd display of model outputs
(Chang, 2002).

Dispersion is primarily a function of turbulenae the atmospheric boundary
layer however turbulence is a random phenomenorcandot be precisely described
or predicted other than by use of statistical pridge such as the mean and variance.
As a result there are both spatial and temporabalbiity that occur in the observed
concentration field. In contrast, uncertainty ie thodel outputs can also be attributed
to factors such as errors in the input data, mpbgsics and numerical representation.
Due to the effects of uncertainty and inherent camaless, it is impossible for an air
quality model forecast to be 100 % accurate. Tieeadways a base amount of scatter
that cannot be removed. Statistical evaluationsiywe a level of confidence which
decisions can be made on (Chang and Hanna, 20848PA, 2007).

3.3.2.1 Model Evaluation Definitions and Methods

The aim of a model evaluation study must be weflretd. Different objectives
could lead to the use of different variables tolest® and different performance
measures. Various model evaluation methodologie® Heeen recommended and
developed for different disciplines for example @urality and water quality models.
Depending on the intended goals associated witlh edgcipline, the focus and
approach is different (Thunet al, 2012).

ASTM (2000) and US-EPA (2007) recommends perfolceameasures such as
the fractional bias, normalised mean square ergagmetric mean, geometric
variance, correlation coefficient and the fractadrpredictions within a factor of 2 of
observations for air quality and dense gas disperginodels. The bootstrap
resampling method is utilised by Hanna (1989) ar®T® (2000) to estimate the
confidence limits on the performance measures. llystlee methodology has been
adopted to investigate whether air quality models correctly predict the maximum
concentration over an entire receptor study aresimum concentration across a

given sampling arc, the concentration integrate@d given sampling arc, or the cloud
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width on a given sampling arc. However this methogy is generic and can also be
applicable to other quantities for example windespand temperature and the stock
price but the predictions and observations muspdieed either in space only, time

only or both space and time (Thuseisal, 2012).

Generally model predictions are directly comparedbservations however the
ASTM (2000) authors recommend the proper averagihgbservations prior to
comparison as misleading results can be producedube air quality models
typically predict ensemble means but observati@psesent single realisations from
an infinite ensemble of cases under the same ¢onsglitand the uncertainties in

observations and model predictions arise from gifiesources.

3.4 GEOGRAPHIC INFORMATION SYSTEMS

Geographic Information Systems (GIS) is a fast gmgwechnological field that
incorporates graphically referenced features vathutar data which can be utilised to
evaluate real world problems. In simple terms locais linked to information to
increase the value of this information. Air qualisyrecorded at specific sites across
the Highveld region. Data collected over a periddtime could be assessed to
determine long term trends for the region or ugeddsess impacts on vegetation at

specific locations.

A GIS is differentiated from other spatially reldtsystems by its analytical
capabilities, making it possible to perform modwjlioperations on the spatial data. Its
power lies in the geo-processing functionality whibas the ability to extract
information from existing datasets, apply analytiftanctions, perform calculations
and write results to a new dataset. A GIS can dégnct two and three- dimensional
characteristics of the earth’s surface, sub surface atmosphere (Bernhardsen,
1992).

The spatial data in GIS databases can be gendratademote sensing via the
direct import of images and maps using photogrammédther methods include

downloading data from global positioning systemsl @hysical capture. Remote
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sensing data such as satellite images and aemabgraphy enable the mapping of
changes in terrain properties, such as vegetatiwerc water and land use both in
space and time. Satellite images give a synopterview and provide very useful
environmental information for a wide range of eomimental studies for example
water resources, air quality, topography, land coaed population location and
dynamics (Skidmore, 2003). Power station emissieesrded at specific locations
can be overlayed with aerial photography to deteenpotential risk to residential

areas or in-land water areas.

3.4.1 COMPONENTS OF A GIS

A GIS consists of hardware, software, data, hunzamsa set of organizational
procedures. All these components need to be innbaldor the system to be
successful. The process and development is iteraind ongoing The selection of
hardware and software is the easiest step in thel@@nent of a GIS. Data collection
and organisation, personnel development and ttabledtment of protocols for GIS
use are often more difficult, time consuming angemsive (Lo and Yeng, 2007;
Bolstad, 2008).

3.4.1.1Hardware

Hardware consists of the technical equipment ne¢dledn a GIS including a
computer system with sufficient power to run théwgare, enough memory to store
large amounts of data and input devices such asecs digitizers, GPS loggers and
printers ( Carver, 1998; DeMers, 2002).

GIS is unique in the volume of data that must derex to define the shape and
location of geographic features. Advances in comgutechnology during the 1990’s
has lead to a substantial decrease of processirgg #éllowed for bigger storage space
on computers and increased the methods for quicketuring of large volumes of

data (Bolstad, 2008).
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3.4.1.2 Software

There are many different software packages widefgilable today. Their
function is to provide capabilities for data inpustorage, management,
transformation, anlaysis and output but the apperamethods, resources and ease of
use of the various systems may be different. Bagtlalitative or quantitative
information on non-spatial attributes of geograplfeatures of interest can be
captured. Software is required to view and edits¢helata, manipulate them to
generate and extract the information that is reguiand produce the materials to
communicate the information that has been develgpednd Yeng, 2007; Bolstad,
2008).

Different softwares offer different functionalisieand the choice of software is
dependent on what analysis the user needs to peridre software is also chosen on
the overall user friendliness of the product arel@hse in which complex analysis can
be performed.

3.4.1.3 Data

Data can be categorised as primary or secondaryitarsl the most time
consuming and expensive component of a GIS. lenisieéd primary if collected in-
house and secondary if purchased from a commaetatal provider. The digital map
base forms the basic data used in the GIS andaalata related to the map objects
can also be attached to the digital data. A GISthasbility to integrate the spatial
data with other data resources and database maeagesystems, which are
commonly used by organisations to maintain and ganheir non spatial data
(Goodchild, 1992; Lillesandt al, 2008).

It is crucial to check the data quality prior tccagng it. Errors in the data set
can add extra costly hours to implementing a GI& the results and conclusions of
the analysis will be incorrect. The guidelines tmsider prior to obtaining the data
include lineage, positional accuracy, attribute uaacy, logical consistency and
completeness (Guptill, 1995; Chrisman, 1999).
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3.4.1.4 People

The people are the component who operate and niekeéstS work. They
include a range of people from managers to databdsenistrators, application
specialists, system anlaysts and programmers. Téey responsible for the
maintenance of the geograpic database and prowdbnital support. People
associated with a GIS can be categorised into viewgeneral users and GIS
specialists. People also need to be educated imrtderstanding of the use of the
software as well as principles of cartography aseétaof protocols guiding the use of
GIS in the organisation (Lo and Yeng, 2007).

3.4.1.5 Procedures

Procedures include how the data will be retriewepyt into the system, stored,
manages, transformed, analysed and presented.rbbedores are the steps taken to
answer the questions that need to be resolved lrenalility of a GIS to perform
spatial analysis and answer these questions is diffiatentiates one system from the
other (Carver, 1998).

The institutional context determines what spatethdare important, how these
data are collected and used and ensures that shktsrare properly interpretted and
applied. Failure to implement a GIS without adegqu@aganisational commitment will

result in an unsuccessful system (Lo and Yeng, R007

3.4.2 DATA MODELS

A spatial data model may be defined as the objadcsspatial database plus the
relationships or rules between them. The purpbsespatial data model is to provide
a formal means of representing and manipulatingapareferenced information. All
spatial data models fall into two broad categomesnely vector and raster data
model. While either of these models can be usedefoesent the feature type,
generally discrete features such as points, limepmtygons are represented by vector

models and continuous categories (i.e. cell matrikat store numeric values) such as
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soil type, rainfall, elevation and vegetation agpresented by raster models (Wade
and Sommer, 2006).

There are other hybrid data models as describesbime GIS users or regarded
as a different family of data models by others éxample triangulated irregular
network (TIN) and surface (Burrough and McDonndl998). The TIN model is
commonly used to represent surfaces such as alasathrough a combination of
point line and area features. Data models areialscchangable in that many features
on the earth can be represented with either théovex raster conceptualization
approach for example elevation may be represergea eontinous surface or as a
series of lines representing contours of equalatlen. Data conversion from one
model to the other entails costs both computatipnahd in data accuracy. The
decision on which data model to utilise in a Glpatals on the type of operation that
needs to be performed. The best data model foremgipplication depends mainly on
the most common operations, the experience andsvidvthe GIS user, the form of
the available data and the influence of the datdahon data quality (Goodchilet
al., 1992; Burrough and McDonnell, 1998; Bolstad, 2008

Co-ordinates are used to define the spatial locadiod extent of geographic
objects. A co-ordinate consists of a pair of nunthed specify locations in relation to
a point of origin. The co-ordinates quantify thestdhce from the origin when
measured along a standard direction. Single orpgrad co-ordiates are organised to
represent the shapes and boundaries that defirmbjbets. Co-ordinate information is
an important part of the data model and modeldiff how they represent these co-
ordinates. Co-ordinates are usually expressed & afnmany standard co-ordinate
systems. The co-ordinates are based upon stareldrdisap projections that
unambiguously define the co-ordinate values fomgwmint in an area (Chrisman,
1999; Bolstad, 2008).

3.4.3 SPATIALLY INTERPOLATED SURFACES

Interpolated models are widely used to review decgson monioring network
design and to predict the efficacy of emission wanprograms. Due to the limited

number of ground monitoring sites across a regioooointry, there is a need to use
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spatial interpolation techniques to predict ambieahcentrations in unmonitored
locations. The justification underlying spatial @rggolation is the assumption that
points closer togther in space are more relatedliikaly to have similar values than
points further apart. This is widely known as Teblfirst law of geography (Miller,

2004). Spatial processes are an important modetirag for many problems of

environmental monitoring. Many of the techniquesspétial interpolation are two-
dimensional developments of the one-dimensionahatt originally developed for

time series analysid-uentes and Smith, 2002).

The type of selection of an interpolation techn&jisedependent on the nature
of the data. Key to this choice is the understagpdih the results and the data.
Characteristics that are important to considerspiial representativeness, temporal
sampling frequency, measurement accuracy and egestef spatial relaionships at
varying scales. The dataset needs to be understoedaluate if there is a need to
force the interpolated surface to pass throughntleasured values when there is a
high degree of imprecision in the measured datathér the data contains a global
trend across the entire area of interest or wheshert-range variation is significant.
Such conditions may influence the decisions regardhe use of local or global
interpolators (U.S.EPA, 2004).

3.4.4 SPECIFIC SPATIAL INTERPOLATION METHODS

There are several characteristics of spatial palation methods. These
characteristics can be classified as point-basestigeareal-based, global versus local,
exactness versus approximate, stochastic versesndeistic, gradual versus abrupt
and covariates (U.S.EPA, 2004; Li and Heap, 2008jdiorgi and Philippopoulos,
2011).

The analysis and interpretation of spatial datagmt® an important part of
geostatistics and is highly human dependent (Geatwh Furrer, 1998). It is well
known that different individuals will take differerapproaches, yielding many
solutions to the same problem (Anderson, 2001; Azpar and Dos Ramos, 2010;
Mookenet al, 2011). It is often a case where judgement, kadgé and experience

play a key role in selecting the proper spatiakrpolation technique for each
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individual study (Englund, 1990). This can be Aatited to the variety of available
spatial interpolation methods, which range fromparintuitive predictions to more

sphisticated and complex procedures (Cressie, @8dyruna and Dos Ramos, 2010;
Mookenet al, 2011).

3.4.4.1 Point-Based versus Areal-Based

Point-based interpolation methods predict valuespacific points in space
based on the values and locations of other disqgreits in space for example the
prediction of SQ concentration at a specific latitude and longitused on the
measurements from a monitoring network. On the rottend, areal interpolation
methods estimate values for entire zones or areasdbon data available for a
different set of zones or areas for example mamyogpheric dispersion models
predict average pollution levels over grid cellsUEPA, 2004; Li and Heap, 2008;
Deligiorgi and Philippopoulos, 2011).

3.4.4.2 Global versus Local

Global interpolators develop and use only one tiondhat estimates values for
the entire sample area therfore changing one idgtat point affects the prediction for
the entire area. Local interpolators break the $ampea into smaller pieces that are
evaluated individually by a particular function. tWa local interpolator a change in at
one data point affects only those areas that cenditat point in the prediction
algorithm. Local interpolation methods that consi@e large percentage of the
measured data points in each localised calculdt@mome similar to global methods.
An example of a global interpolator is a globalymaimial interpolation. This method
includes the fitting of a smooth surface based & mathematical function over all
the measured points. This type of interpolatiomssd when interpolating surfaces
with gradual variation over the study area (U.S.ERA04; Li and Heap, 2008;
Deligiorgi and Philippopoulos, 2011).
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3.4.4.3 Exact versus Approximate

Exact interpolators donot match the measuredegatuin which the interpolation
is based therefore the predicted surface musttpassgh each measured data point.
Approximate interpolators utilise the measured e&salcalculating the predicted
surface, but the surface is not restricted to pagstirough the measured values at
those locations. Approximate interpolators are usegdroduce a surface that avoids
sharp peaks and troughs in the estimated surfat@m@ncommonly used when there
is uncertainity about accuracy of the measured emlUExact interpolators are
preffered when the user has confidence in the medstalues (U.S.EPA, 2004; Li
and Heap, 2008; Deligiorgi and Philippopoulos, 2011

3.4.4.4 Stochastic versus Deterministic

Stochastic methods include the concept of randosimgs the interpolation
process. These methods allow the uncertainity @ptiedicted values to be calculated
for example Kriging. Deterministic methods do nmtarporate statistical probability
theory into development of the predictions andagimathematical formulas or other
relationships to interpolate values for exampleehse Distance Weighted. The
advantage of stochastic methods is the abilitigravide estimates of uncertainity for
the spatial interpolation model's output (U.S.EP20Q04; Li and Heap, 2008;
Deligiorgi and Philippopoulos, 2011).

3.4.4.5 Gradual versus Abrupt

A gradual interpolator produces surfaces with gahdealively smooth changes
whilst an abrupt interpolator produces a discontmsurface with sharp changes. The
proximal “nearest neighbour” method which sets wvkm points equal to the nearest
measured point is an example of an abrupt intetpolaocal interpolators (describes
above) can also produce discontinous surface \eithpd changes (U.S.EPA, 2004; Li
and Heap, 2008; Deligiorgi and Philippopoulos, 2011
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3.4.4.6 Covariates

The inclusion of covariate analysis provides thiditg of an interpolator to take
account of additional variables other than distdmetgveen points in the interpolation
process. In some cases the inclusion of other blagahelps to identify highs and
lows associtaed with the spatial process whichratise could be over looked. It can
also reduce the uncertainity of the interpolationdei’s output if the covariates
explain some of the spatial variability in the prses of interest. Elevation, topography
and land use can bE utilised to explain spatialiatian. When modelling air
pollution, other covariates that might improve pecédns include other pollutants
(that are correlation with the pollutant of intdéjesmeteorology and emissions
information. If SQ concentrations are correlated with temperaturedingd
temperature to a SGpatial interpolation model should improve theuamacy of the
predictions (U.S.EPA, 2004; Li and Heap, 2008; @eligi and Philippopoulos,
2011).

Common point based spatial interpolation metho@ds$ Have been developed
include polygonal (nearest neighbour), inverseadist weighted (IDW), splines,
polynomial interpolation and kriging. These geastetal functions are available in

the Arcview 9.3 software as part of the spatialystaxtension.

3.4.5 SPATIAL INTERPOLATION MODELLING LIMITATIONS

Spatial interpolation provides a valuable tool foetter understanding air
quality, determining the extent of air pollutionoplems, highlighting relationships
between different air pollutants and designing wibant air monitoring networks.
Interpolation is a method or mathematical functibat estimates the values at
locations where no measured values are availabteldison, 2001; Azpuruna and
Dos Ramos, 2010; Mookest al, 2011). The degree to which a spatial interpahatio
model can be successfully developed is strongledégent on the atmospheric fate,
transport of certain pollutants and chemical progerof the air pollutant. According
to Main and Roberts (2001), a pollutant’s resideritcee in the atmosphere,

determines its range of transport. A residence tonethe order of several days
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generally yields long-range transport, which inntleads to more uniform spatial
patterns. More uniform spatial patterns may alsedesistent with longer averaging
times. Spatial interpolation models, model a speg@bint in time for a pollutant and
do not necessarily take into account conditionsl@scribed above during a small
scale spatial interpolation exercise. Different pollutants may present different
technical problems with respect to developing spatterpolation models. The
spatial interpolation modelling needs and the wdtenuse of such models vary from
pollutant to pollutant. These issues must be cemed prior to choice of an
interpolation method (U.S. EPA, 2004).

Depending on the size of the spatial domain to riderpolated, it can be
important to consider different spatial scalesha modelling process. It is possible
that air pollutants or other process being modedlekibit differential behaviours at
varying scales. For example, fine particulates amdne may present relatively
smooth varying large-scale trends at the regioealldue to long-range transport,
more textured variation at the urban scale duééadistribution of emission sources
and further variation at the neighbourhood or micale due to terrain, surrounding
infrastructure and other factors. It is importamintodel these different spatial scales
of variation for the purpose of better understagdime impact of the various causal
factors. Explicit modelling of such spatial effectsy lead to increased accuracy in
the resulting spatial predictions however this negd to model overfitting which
may lead to distortions and misinterpretation dadg&ressie, 1991; U.S.EPA, 2004).

One of the advantages of stochastic interpolati@thods is their ability to
provide uncertainty estimates along with their gpanterpolation predictions. A
limitation of the uncertainty estimates provideddpatial prediction standard errors is
that they are likely to underestimate the true uaggty of the associated spatial
predictions. This is due to the methods being adtage process, where a variogram
model is estimated in the first stage and predictamd uncertainty equations are
applied in the second stage. The second stagei@agiateat the first stage variogram
model as true and known. However, it is only anrapination of the data’s
empirical co-variation. The variogram model itsdf estimated with uncertainty.
Thus, the spatial prediction uncertainty estimatggut from kriging methods do not

account for the inherent uncertainty in estimatthg required variogram model.
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These methods, therefore, are likely to undereséintiae true uncertainty of their
resulting spatial interpolation surface. Also, tstimated uncertainty of interpolated
values can be quite sensitive to the variogram wsetescribe the spatial structure.
This can be true even though the predictions themsemay be quite similar

(U.S.EPA, 2004).

Monitoring network design is highly interrelated tvispatial interpolation
modelling, in that the ability to interpolate welkpends strongly on the design of an
existing network. Thus, the issue of network desigis across all the limitations

discussed above (pollutant and scale).

Spatial interpolation can be compared to “connectiiots” to complete a
picture. The dots represent monitoring statiorlselse being equal, the more space
between “dots” or monitoring stations the more utaiety there is with respect to the
understanding of the picture for those areas filladvia spatial interpolation.
Interpolation at larger spatial scales may regoirmad national or regional monitoring
network data, while smaller scales may require elamban or local networks. This
statement is interrelated with the degree of spatiiormity associated with different
air pollutants. Monitoring network design usuallgcempasses the relative spatial
density or sparsity of such “dots” along with otlkesign issues (U.S.EPA, 2004).

A primary issue of concern with respect to a nekwof monitoring sites
providing data for spatial interpolation modellirsgthe relative spatial density of the
network. The more monitoring locations there avjuling data within the domain of
interest, the better. Consistent with Tobler’'s tlraw of Geography, the common
point based interpolation methods often assumeegrepatial correlation with shorter
distances between points in space. This transladesarger spatial prediction
uncertainty at interpolation locations further frawailable monitoring data. Hence,
more spatially dense monitoring networks tend teldyimore certain spatial
interpolation predictions throughout the domainndérest (US.EPA, 2004; Deligiorgi
and Philippopoulos, 2011).

At some point, the relative spatial sparsity of @nitoring network can hinder a

researcher’s ability to construct a desired spatiakpolation surface based solely on
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point based interpolation methods applied to mainigpdata because monitoring sites
are typically located to detect high concentratiand although such a configuration
is appropriate for identifying the maximum poteh&a&posure and risk, in many cases
it fails to describe the spatial variability of goollution ( Lozanoet al 2009;
Mofarrah and Husain, 2010). This is dependent @ndpplication at hand and the
desired quality of the resulting interpolated scefdUS.EPA, 2004; Deligiorgi and
Philippopoulos, 2011). No simple rule is availatdedetermine whether a monitoring
network’s data are too sparse spatially to reliaqpply the common point based
interpolation methods for a given application. Anf@al evaluation process, such as
the US.EPA recommended Data Quality Objective gss¢ can be used to determine
this. Such an evaluation may lead to researcherslwding that common point based
methods and monitoring data alone are insufficient their spatial interpolation
needs. In this case, supplemental or new data nbghpursued or a different
interpolation approach might be considered for gdanto-kriging or kriging with
external drift (US.EPA, 2004).

Aside from spatial density, which is obviously amportant design component,
one must take into consideration the many othezt§aof monitoring network design.
In particular, the problem of selecting optimal gding designs is complicated by
considerations such as current pollution pattemsteorology, cost, accessibility,
security of sampling sights, and politics (US.ERB804; Mofarrah and Husain, 2010;
Deligiorgi and Philippopoulos, 2011).

3.5 AMBIENT AIR QUALITY GUIDELINES AND STANDARDS

South Africa is administrated by national policasd legislation for air quality
management which has been shaped by internatioslaligs The country is a
signatory to the Kyoto protocol, Viena Conventigntreal Protocol and Stockholm
Convention. Ambient air quality guidelines and stamls are vital for effective air
guality management as standards set encouragerdtexyion of human health and
ecosystems. There is an increasing societal awssefeglobal air quality and trans-
boundary atmospheric pollution impacts. South Afris also signatory to many
multi-lateral environmental agreements (Nationankework, 2007).
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3.5.1 NATIONAL POLICY

South Africa’s first endeavour to control air pditin came in 1965 with the
enactment of the Atmospheric Pollution Preventioot A445). The Atmospheric
Pollution Prevention (APPA, Act 45 of 1965) was dsh®n the best practical means
approach to prevent and control air emissions wbdasidering local conditions,
technical knowledge, control options and the cdstb@mtement (Scorgie, 2007). This
act was regarded as ineffective for a number dfaea Some of the main reasons are
that APPA was seen to have limited powers to eef@ct 24 of the South African
Constitution, although APPA was guided by the hmsictical means approach to
controlling air pollution it was considered ineffee, APPA was largely a point-
source emission control that did not fully addréiss cumulative impacts of air
pollution, allowed for the development of indusdrien areas of poor air quality,
APPA did not set air quality standards and did pratvide incentives for reducing
emissions APPA also lacked transparency in the saeti making processes
(Department of Environmental Affairs and Tourisri02a).

In an attempt to address the short comings of ARR& Department of
Environmental Affairs (DEA) published revised amiiieair quality stanadards in
2006 for public comment. In December 2009 propasmbient air quality standards
were gazetted by the minister of Water and Enviremtal Affairs (Table 4 and Table
5) with compliance dates. The dates for both, @@d NQ were all for immediate
compliance. The National Environmental ManagemantQality (NEMA) Act (39)
2004 came into full effect or™1April 2010.

NEMA Act (39) 2004 was promulagated to give effaxtsection 24(b) of the
South African Constitution in order to enhance diality of ambient air for the sake
of securing an environment that is not harmfulh® health and well being of people.
According to the National Framework (2007), two keincliples that support NEMA

which are relevant to atmospheric pollution include

I pollution avoidance or minimisation- which states that pollution and
degradation of the environment must be avoided,wdrere it cannot be

avoided, must be minimisised and remedied;
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il. waste avoidance and consideration of life cycleassient which states that

waste must be avoided, or where it cannot be adoitdenust be minimised

and re-used or recycled where possible or dispoketda responsible manner.

The NEMA Act (39) of 2004 falls within the broacainework of NEMA, with

the aim to manage air quality through the Best ti®cEnvironmental Option

approach in order to achieve the sustainable dpwedat principles outlined in
NEMA (Diab and Zunckel, 2005; Ramandah, 2011). atioins of NEMA Act (39) of

2004 is prosecutable by law or substantial fineslmaimposed. It is also a paradigm

shift from previous national air pollution polici¢atmospheric Pollution Prevention
Act (45) of 1965 and NEMA Act (107) of 1998) whiafere based mainly on source-
based controls to decentralised air quality managéenthrough an effects-based

approach. The emphasis has changed from exclusivahaging air pollution by the

control of emissions from individual point sour¢esa more inclusive approach based

on controlling ambient concentrations in the reicgjvenvironment (Scorgiet al,
2003, Ramandah, 2011).

Table 4: National ambient air quality $Gstandards and

(Department of Environmental Affairs, 2009b)

compliance dates

Averaging Period | Concentration Frequency of Compliance
(ng/m3) Exceedence Date

10 minutes 500 526 immediate

1 hour 350 88 immediate

24 hours 125 4 immediate

1 year 50 0 immediate

Table 5: National ambient air quality NOstandards and

(Department of Environmental Affairs, 2009)

compliance dates

Averaging Period | Concentration Frequency of Compliance
(ng/m3) Exceedence Date

1 hour 200 88 immediate

1 year 40 0 immediate
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Acess to air quality information was recently beoswith the launch of the
South African Air Quality Information System (SAA®). SAAQIS is a web based
interactive system that provides South Africanswitformation on the quality of the
ambient air. SAAQIS has 40 monitoring stations asrthe country including full

coverage of the national Priority areas.

SAAQIS is recogonised as a centralised, verifiedliagtion for the practical
implementation of the Air Quality Act to facilitateompliance with norms and
standards by the different stakeholders. It is atsn as a vertical integration of the 3
spheres of government i.e national, provisional kaal with respect to air quality

information.

3.6 CONSEQUENCES OF ATMOSPHERIC POLLUTION

Knowledge of the effects of atmospheric pollution buman health and
ecosystems on the Highveld is limited. Knowledgéenga and experiences learnt
from the Northern Hemisphere indicate the needifoely evaluation of atmospheric
pollution impacts on the environment. Decision nmrake&oncerned with the
compliance and control of atmospheric pollutiorite sustainabilty and conservation
of natural resources require a quantification diaicimpacts and risks of impacts

under different development scenarios.

3.6.1 EFFECTS ON HUMAN HEALTH

Air pollution seems to cause the largest and masespread hazards and
environmental problems as compared to other forhpolution. The form of the air
pollutant i.e. gas or particulate, produces diffiéreffects within the respiratory tracts.
Humans inhale about 7500 litres of air each day #&ir lungs and respiratory
system are in contact with and have the potentiaktain harmful substances in the

air (Lippmann and Schlesinger, 1979).

The effects of air pollutants can be classifiecbagding to the type of effect they
can have on human health. According to LippmannSaidesinger (1979), pollutants
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and their effects include chemical irritants, fiticoresponse, asphyxiant response,
allergic response, systemic reactions, and mutageéeratogenic and carcinogenic

reactions.

While gaseous sulphur species are known to coméribo respiratory tract
infections ((Balme®t al, 1989) atmospheric particulate sulphates are & rnarmful
secondary pollutant than other particulate matieekample pollens (Carmichael and
Peters, 1984; Tunceadt al 1985). Kitagawa (1984) reported severe casesimg |
disease near a plant emitting sulphuric acid aésoso Japan. The number of
occurrences decreased with increasing distance dway the plant, and when
sulphuric acid was removed completely from the smorss, the incidence of lung
disease decreased sharply.

Controlled studies with exercising asthmatics iathc that some of them
experienced changes in pulmonary function and ratgpy symptoms after periods of
SO, exposure as short as 10 minutes. Based on thisresag the WHO recommended

3
that the air quality guideline value of 5Q@/m should not be exceeded over
averaging periods of 10 minutes. Significant asgtams were found between S(at
concentrations as low as 18 udjrand mortality in long term studies (WHO, 2005).

A summary of health effects of S@ provided in Table 6.
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Table 6: Summary of S(health effects (Raghunanadestral, 2006)

Concentration
Effects
(Ppm)
0.3 Taste threshold
0.5 Odour threshold
Bronchiolar constriction
Lo Respiratory infection
2 ACGIH recommended TLV-TWA
3 Easily detected odour
12-Jun May cause nasal and throat irritation
10 Upper respiratory irritation, nose bleeding
20 Eye irritation, development of chronic respiratory
symptoms, respiratory protection is advised
50-100 Maximum tolerable exposures for 30-60 minutes
>100 NIOSH recommended immediate danger to life

Studies on atmospheric pollution effects on humealth in South Africa have
produced confusing and ambiguous conclusions gingilaonclusions arrived at from
studies conducted by first world countries. Theltheaffects of ambient atmospheric
pollution are difficult to quantify as the effecise compounded with the effects of
domestic coal or biofuel combustion, cigarette simgkoccupational exposure to

pollutants and exposures in the home.

Research was conducted on a group of children dittgriSasolburg primary
schools to determine the effects of atmospheritquéates and Sg£on the health of
these children. The control group was made up idirem attending primary schools
from surrounding country towns. Both groups wer@ased to different levels of
smoke and S© pollution. Although no significant differences wereported for
respiratory illness and passive smoking influedldung functions were worse in the
study group (Coetzee, 1986). A questionaire suogrnducted on children from the
Mpumulanga Highveld revealed that exposed childrave increased frequencies of
certain respiratory symptoms such as coughing aheering (significant amongst

girls only) and certain respiratory illnessess sastasthma in boys and chest colds in
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girls (not illnesses such as bronchitis and pneua)oBubsequent lung function tests
on both exposed and unexposed children showed gmfisant differences and
therefore did not support the results from the tjaeaires (Zwiet al, 1987). These
lung test results contradict those of Coetzee (L9B6ntradictory results also indicate
that more research is needed in this area ana tthase-response relationship needs to

be established.

In population studies N{has been associated with adverse health effects eve

when the annual average héncentration complied with the WHO annual guidelin

3
value of 40ug/m . Also some indoor studies suggest effects on ra&gpy symptoms

3
among infants at concentrations below 4§fm. However, NQ is an important

constituent of combustion-generated air pollutiod & highly correlated with other
primary and secondary combustion products, it isleaar to what extent the health

effects observed in epidemiological studies argbatiable to NQ itself or to other

correlated pollutants (WHO, 2005).

Many short term experimental human toxicology stsdshow acute health
3
effects at levels higher than 506/m , and one meta-analysis has indicated effects at

3
levels exceeding 20@g/m. However the WHO reports that current scientific
literature has not accumulated evidence to chamgm fthe initial WHO-2000

3
guideline value of 20@ug/m for 1-hour NQ concentration. In experimental studies
the lowest level of nitrogen dioxide exposure régmrin more than one laboratory

3
shows a direct effect on pulmonary function in astics at 56Qug/m . Studies of

bronchial responsiveness among asthmatics indaratecrease in responsiveness at

3
levels greater than 200g/m (Updated Air Quality Guidelines for Europe, 1994;
WHO, 2005).

Recently published studies document that,Nén indicator of a complex

mixtures of traffic-related combustion pollutiomrchave higher spatial variation than
particle mass. In addition, these studies repodederse effects on the health of

children living in the areas characterised by higleeels of NQ even when the
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overall level was low. Furthermore, recent studiesndoor NQ concentrations have
added evidence on adverse effects of ,N@ respiratory symptoms in children

(WHO, 2005).

3.6.2 EFFECTS ON VEGETATION

The Mpumulanga Highveld is South Africa’s domindotestry production
area. These forests are mostly man-made foregis®fEucalyptusspecies and black
wattle (Acacia mearns)i More than 80 % of these commercial forests acated on
the eastern region of South Africa and approxinya®€ % lie in a zone potentially
affected by industrial pollution from the Highve{d@ysonet al, 1988). Few studies
have been conducted in South Africa on the impattspecies on non-commercial
vegetation species (Van Tienhovehal, 2003). More of these studies need to be

undertaken in order to determine critical levelthvagonfidence (Josipovic, 2009).

Gaseous pollutants such as NO; and SQ are absorbed through the stomata
or damaged cuticles of trees. Effects on the laad &s physiology may be
biophysical through responses in the stomata. Rimital effects arise through the
direct uptake of pollutants in tissues or intek@atsi with enzymes and proteins and
changes to cell membranes especially where i© concerned. These effects
subsequently affect physiological processes suchhasosynthesis (Winnegt al,
1985; Kozlowski and Constantinidou, 1986). Respsnge SQ by foliage are
observable at concentrations of 35 ppb and leszl@ski and Constantinidou,
1986). Nitrogen dioxide is toxic to plants in shiatm exposures from concentrations
of 120 pg/m. It will cause plant growth deficiency and hamjisrregular growth
progression (DEA, 2011).

In South Africa, fumigation experiments were cortédcby Kelly (1986) with
Eucalyptus gradis Pinus elliottii and Pinus patula with exposure to SO at
concentrations of 50, 100, 500 and 1000 ppb resedget The effects were assessed
as visible damage. It was found that daily expogareone to two hours (over 26
days) at concentrations of 50 and 100 ppb causedbn@age to any of the species.

Eucalyptus gradishowed damage after hourly exposures to 500 ppb&atays, and
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both Eucalyptus gradisndPinus elliottiiwere damaged by hourly exposures to 1000
ppb for the same time perio®inus patulawas not affectedPinus patulaand
Eucalyptus gradishowed damage after a single 6 hour exposureGppb.Pinus
elliotii showed slight damage after 6 hours but only shasigraficant damage after 3
consecutive weekly 6-hour exposures. Once damage wsible, subsequent

exposures increased damage in all species concerned

Mist precipitation frequently occurs on the Highvehnd adjacent regions
(Schulze, 1965). Acid mists with pH less than 3éh&een noted to have negative
effects on trees (Unsworth, 1984). This could rediocest productivity.

The oxides of nitrogen seem to be less problenaatttindirectly implicated in
damage to trees. With nitrogen oxides and acid, ynergistic effects with other
pollutants have been reported in some experimehngsof et al, 1988). Sulphur
deposition has been shown to increase frost seihgitn trees and there is evidence
that dry and wet deposition of nitrogen behavethensame manner (Nihlgard, 1985;
Unsworth and Crossley, 1985). Effects of this kamd pertinent to the Highveld area
as periodic drought affects tree growth and thenaie dictates the choice of species

resistant to frost (Tysoet al, 1988).

The primary agricultural crops of the Highveld arenuals and are grown under
dryland conditions. The agricultural sector produosaize, sunflower, potatoes and
sorghum with maize being the major crop produc{idapartment of Environmental
Affairs and Tourism, 2003). Winnet al (1985) have indicated that the maize crops
examined in the early 1980’s were relatively toherm ambient atmospheric levels of
SO, at the time. The general assumptions are that maiggatively sensitive to £
and more tolerant to nitrogen oxides, but furtheidies are required for adequate
conclusions to be drawn. The second most importesy, sunflower, is relatively
sensitive to S@and nitrogen oxides and tolerant te @nited States EPA Research
Management Committee, 1981, 1982) whereas dry basnsensitive to all three
pollutants (Tysoret al, 1988). Marshalet al (1998) added that crops are at risk from
O3, but over a greater area than they are sensai®&}
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Engelbrecht (1987) conducted investigations on dffects of varying S@
concentrations on dry beanBh@seolus vulgar)sin a non-filtered greenhouse. The
study monitored effects from concentrations rangfimgm 50 ppb to 100 ppb.
Exposure times ranged from 30 minutes to two holinsextreme treatment was also
administered where concentrations were increas&d0@0 ppb and exposure time to
8 hours. Responses in growth and yield to diffel®@ doses showed significant
reductions in biomass and yield of pods relativedntrols at low exposures (50 ppb).
Doses of 3 000 ppb for 8 hours caused severe datndgaves and reduced biomass

considerably.

kkkkkkkkkkkkkkkkkhkkhkkhkkkkkkkkkkkkkhkkkkkkkkkkkkkkkhkk kkkkkkhkkkkkkkkkkkk

NOx and SQ pollutants have both natural and anthropogeniacesu The
Highveld is seen to be one of the most pollutedoregy in southern Africa. The
Highveld is the main coal producing region in SoAthca and approximately 95 %
of the country’s electricity requirement is genedatoy coal fired-power stations
(Department of Environmental Aaffairs, 2003; Depwht of Environmental Affairs,
2011). Besides power station and industrial uses isautilised for domestic heating
and cooking in informal and township areas. Othearnground sources of air
pollution include smouldering coal dumps, motorickds and emissions from airport

activities. Lightning and biomass burning are atsjor contributors.

The oxides of nitrogen present in the atmosphereNgD, NO and NQ. NO is
emitted directly into the atmosphere via high terapge conbustion, where after it
oxides into NQ it further oxides into N@ Gaseous sulphur in the atmosphere, exists
mostly as sulphides and oxides. The common gasadplur species found in the
Highveld region are hydrogen sulphide and,S€@m industrial sources. When
sulphur, present in metal sulphides, oil or coddusnt most of it is released as SO
In a hot plume most of the S@ quickly oxidised to S@ Water vapour which is also
present in these plumes, hydrate thg 8dorm HSO, (Warneck, 1988).

An atmospheric dispersion model is a mathematicaulation of the physics
and chemistry determining the transport, dispersiod transformation of pollutants

in the atmosphere (Pasquill and Smith, 1983) torawg the ability to characterise,
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understand, predict and manage air pollution iretindronment (Douglas, 1982). It is
also utilised to assist in the design and assedsaferarious control strategies and
abatement technologies for emission reductionsutfirgpredictive and compliance
assessment studies. There are many types of sigpeanodels which range from
simple screening models that simulate air pollutioehaviour in the ambient
atmosphere in simple terrains, to more comples Sanisplume and puff models
which have the ability to simulate pollutant trasrefation, removal and transport
over averaging periods for both steady state aatdaipmporal varying meteorology.
Dispersion models can be classified into six gengpes namely Gaussian diffusion,

numerical, statistical or semi-empirical, physicakeptor and stochastic models.

GISs incorporate graphically referenced featureth wabular data to evaluate
real world problems. Data collected over a periddtime could be assessed to
determine long term trends for the region or ugeddsess impacts on vegetation at
specific locations. Power station emissions reabrde specific locations can be
overlayed with other datasets for example, wetlangsrs and residential areas to
determine potential risk to human health and edesys. A GIS is made up of five
components namely hardware, software, data, hurah®rganisational procedures.
Spatial data models are utilised to represent amdhipulate spatially-refernced
information and fall into two categories called to¥cand raster data models. There
are other hybrid data models which are regardeddmye GIS users as a different

family of data models for example surface and TBNr(ough and McDonnell, 1998).

Due to the limited nhumber of ground monitoring sigeross a region or area of
interest, there is a need to use spatial interjpolaechniques to predict ambient
concentrations in unmonitored locations. There saeeral characteristics of spatial
interpolation methods and these can be classifedoant-based versus areal-based,
global versus local, exactness versus approxinstehastic versus deterministic,
gradual versus abrupt and covariates (U.S.EPA, ;200dnd Heap, 2008; Deligiorgi
and Philippopoulos, 2011). There are a variety dtial interpolation methods
available which range from simple intuitive predas to more sophisticated and
complex procedures. It is well known that differemdividuals may choose different

approaches to yield the same solution to a proljenderson, 2001; Azpuruna and
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Dos Ramos, 2010; Mookeet al, 2011) however limitations to the use of spatial

interpolation techniques must be fully understood.

South Africa is governed by national policies aedislation for air quality
management which has been influenced at the irttenad, national, provincial and
municipal levels. Ambient air quality guidelinesdastandards are important for
effective air quality management as limits and démds set encourage protection of
human health and ecosystems. The knowledge offtbet ®f atmospheric pollution
on human health and vegetation on the Highveldinstdd. The effects of air
pollutants can be classified according to the tgpeffect they can have on human
health. According to Lippmann and Schlesinger (39p®llutants and their effects
include chemical irritants, fibrotic response, aspht response, allergic response,

systemic reactions and mutagenic, teratogenic ar@nogenic reactions.

Gaseous pollutants such as NO; and SQ are absorbed through the stomata
or damaged cuticles of trees. Effects on the laad &s physiology may be
biophysical through responses in the stomata achigimical through the uptake of
pollutants in tissues, interactions with enzymes g@mnotein and changes to cell
membranes. These effects subsequently affect plgstal processes such as
photosynthesis (Winnet al, 1985; Kozlowski and Constantinidou, 1986).

Now that the literature of this study has beenwuised the methodology utilised

in this study is explained in the following chapter
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CHAPTER 4
DATA COLLECTION

This chapter presents the data and informationviaatcollected
and utilised in this study. The Eskom ambient airaldy
montoring network and data recorded at the Eskoourgt
based montoring stations are discussed in detale T
SCIAMACHY sensor, coverages, differential optichkarption
spectroscopy (DOAS) method, nadir — limb geometrids
SCIAMACHY and the non steady state of the CALPURes
of models are explained in this chapter.

4.1. INTRODUCTION

Data and information for this study was obtainemht the Eskom air quality
database of ground-based continuous measureméatsSduth African Weather
Services (SAWS) meteorological data, Airshed PlagniProfessionals dispersion
modelling studies conducted on behalf of Eskom #wedEuropean Space Agency’s
(ESA) SCIAMACHY retrievals. Only data that was reded in 2003 for N@ and
SO, concentrations were utilised.

4.2 GROUND-BASED MEASUREMENTS

Eskom began air quality monitoring on the Highvigeldhe late 1970’s and has
since compiled a comprehensive database (RorichGafgin, 1998). Both regional
and compliance monitoring is undertaken at sitegsndnd of Eskom power stations
to assess the compliance with DEAT ambient guidslithe impact on air quality
from power station emissions, regional impacts ongaality, long-term pollution
trends and identify and quantify the contributidnpollution from various sources.
The Eskom air quality datasets are also utilisedrigerstand atmospheric chemistry
and wet and dry deposition processes over the ldilghvAmbient monitoring
provides a means of comparing power station imp&ztsocal and international
ambient guidelines and standards. Regional mongotias been undertaken at

Elandsfontein, Verkykkop, Makalu, Palmer and Lean¢kigure 10) which presents
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ambient air quality data representative of the daet impacts from numerous
sources in the areas of concern. Ambient concémisaiof primary and secondary
pollutants, such as SONO,, O; and fine particulate matter (FPM) with a diameter
less than 10 pm (P)), as well NO and NQare continuously monitored at these
sites. In addition, meteorological parameters afdmiirection, wind velocity, wind
speed, sigma theta and ambient temperature arareladored. Eskom installed an
ambient monitoring site at Leandra to continuoushpnitor SQ, FPM and
meteorological parameters to assess the impactairoquality resulting from the
electrification of Lebohang Township located at hé@ (Rorich, 2005).

Compliance monitoring on the Mpumulanga Highvisldindertaken at Arnot,
Camden, Kendal and Majuba power stations. Ambigrguality monitoring datasets
from these sites are also utilised to assess pmilutends from emission control

strategies and impacts from other sources (Sno®4)20

The siting of ambient stations is influenced byeteorology, air quality issues
and resource constrainthe monitoring stations at Elandsfontein, Verkykkop
Palmer and Makalu are classified as rural — an amemtry location, in an area of
low population density, distant as far as posditde roads, populated and industrial
areas. The source influences at these sites amdyntang-range transport of urban
and rural plumes. The monitoring station at Leansli@dassified as urban-background
— an urban location distanced from sources ancefiner broadly representative of
city-wide background conditions. The source inflee being motor vehicles,
commercial, domestic and space heating emissioms.EEkom monitoring stations

and site locations are shown in Figure 10.
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Figure 10: Eskom air quality monitoring networkrelation to Eskom power stations

42.1

NETWORK RELIABILITY

The percentage data recovered at each Eskom mogittation, together with

the reliability of each parameter is presented abl& 7. Eskom utilises the South
African National Accreditation System (SANAS) figuof 80% as a measurement
standard for the representativeness of data captsirce DEA has not published
guidelines for the indication of network reliabylit

The overall network reliability for 2003 was gooslith a 83.2% data capture
across all monitoring stations. The Camden momgpstation dataset was not utilised
in this study as recording only began in July amel averall network reliability for

this site was 49.4 %. The lowest site data captfre/2.1% was recorded at
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Elandsfontein monitoring station resulting from ym2.6% of NQ data being
recorded due to faulty instrumentation and a lae availability of 87% due to power
outages. Palmer monitoring station also experiennacherous power outages
resulting in only 79% site availability which afted the overall network percentage
data capture. Other data loss on the network wgsliaattributed to instrumentation
malfunction, power failures at sites and unavaligbof spares for instrumentation
(Rorich, 2005; Murray and de Beer, 2004).

Table 7: Percentage data capture

Monitoring NO, SO, | Temperature | Wind Wind | Data Site

Station Direction | Speed | Capture | Availability

Makalu 99.7 95.1| 100 100 100 98.8 100

Elandsfontein | 42.6 75.8| 80.6 79.1 79.1 72.1 87.1

Leandra Not 99.3 | 100 100 100 84.1 100
Available

Palmer 77.9 78.1| 79.4 79.4 79.4 77.7 79.4

Verkykkop 76 98 99.5 90.5 90.5 83.8 100

Majuba (J1) Not 97 100 100 100 77 77.3
Available

Majuba (J3) Not 63.7 | 93.2 93.2 93.2 77 76.8
Available

Kendal 98.3 98 100 100 100 95.0 86.2

Overall network data capture 83.2

4.2.2 METEROLOGICAL OBSERVATIONS & AIR QUALITY AT G ROUND
MONITORING STATIONS

The distributions of wind direction and wind spded daytime and night-time
hours are summarised on polar diagrams for eactindrononitoring station. The
positions of the spokes show the directions fronictwithe wind was blowing and the
length of the segments indicate the percentagkeo$peeds in the various categories.
The day time and night-time sector S&hd NQ exceedance roses describe the wind
sectors in which the highest concentrations ocdurfge centre of the wind rose

depicts the position of the ambient air quality mbanng station.
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4.2.2.1 Elandsfontein Monitoring Station

The Elandsfontein monitoring station is situatedtred Elandsfontein micro-
wave transmiting station, 25 km east of Kriel andtlsl power stations and 38 km
south of Duvha power station. Due to the centredfion of this monitoring station in
the Mpumalanga industrial area and the large amoluhistorical data recorded, it is
considered to be of prime importance to regionapadot studies and long-term

pollution trend analysis (Rorich, 2005).
METEROLOGICAL OBSERVATION

The diurnal winds are predominantly from the sow#st to north (52.2%),
east-north-east to east-south-east (23.6%) andgéntly 0.9% at 10 mig(Figure
11). At night the wind direction was mainly frometmorth-east to east-north-east
(50.3%) and north-west to north (19.8%) with lowénd speeds (4.4% > 7 Mg
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Figure 11: Daytime and night-time wind roses anBkontein
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The average diurnal wind speeds increase fronm3’8at 07h00 to a maximum
of 4.6 m&" at 11h00 (Figure 12). They remain fairly constafgicreasing in the late
afternoon, then increasing throughout the evennthkeegin to drop once more during
the early morning hours. This general pattern ofrdil wind speeds greater during
the day and lower during the night-time period Iiserved at all Eskom monitoring
stations. Exceptions occur when changing weath&esys are passing. The increase
during the day is due to the fact that under twbusurface winds tend to couple with
upper air winds. At night under inversion condigothe surface winds become

decoupled and are not influenced by the upper iaidsv
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Figure 12:Diurnal variation of wind speed at Elandsfontein

The average daily wind speed graph for Elandsfanteigure 13) shows that
the wind speeds are generally highest during AugnidtSeptember and lowest during
June and July. The highest daily average of 9.9 was recorded in September. The
observation at all Eskom monitoring stations ist #neerage daily wind speeds are
different at all stations and the highest and lawdzsly averages are recorded in
different months for all stations suggesting thegse differences are related to the

predominant weather system in the area during tmesghs.
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Figure 13: Average daily wind speed at Elandsfontei

The average temperature increases rapidly frol@@6&ha maximum of 27°C at
13h00, then decreases during the afternoon andreyéfigure 14). As expected, the
highest temperatures are recoded between 12h0Q%r@D. This pattern of hottest

ambient temperatures experienced shortly after @ooihcoolest just before sunrise is
observed at all Eskom monitoring stations.
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Figure 14: Diurnal ambient temperature at Elandsfion

Daily average ambient temperature graphs at Elant#sn (Figure 15) show
that the temperatures are generally highest fromeBder to February and lowest
from June to August. The highest average hourly @aity temperatures of 34.1°C
and 25.3°C respectively was recorded in Januarytla@adowest average hourly of -
5°C was recorded on 21 August whilst the lowestaye daily temperature of 4.2°C
was recorded on 18 October during an exceptiondl fcont. All Eskom monitoring

stations recorded lower temperatures in the wimi@nths as compared to summer.
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Figure 15: Daily average ambient temperature atdstontein

SULPHUR DIOXIDE

The season variations in average hourly and dalycentrations (Table 8)

indicate that the highest concentrations are gépedaring the winter months. A

highest average hourly of 283 ppb was recordeday.M

Table 8: Highest average hourly, daily and mon8®@2 concentrations (ppb)

Month Highest Hourly | Highest Daily | Monthly % Data
Average Average Average Capture
January 121 29.6 9.8 58
February 157 22 6.7 87
March 59.3 14.9 5.6 47
April 112 25.9 9.8 95
May 283 30 13.8 75
June 139 38 11.3 95
July 154 34.7 15.8 98
August 226 52.7 15.8 99
September 78.6 21.8 10.3 83
October No data No data No data 0
November 57 13.2 2.8 62
December 146 18.2 9.1 93
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NITROGEN DIOXIDE

The season variations in average hourly and dahcentrations are illustrated
in Table 9. Comprehensive data analysis is notipesdue to substantial data loss
during the winter months. The highest average jotwhcentration of 52 ppb was
recorded in December and the highest average dailgentration of 13.5 ppb was

recorded in August.

Table 9: Highest average hourly, daily and mon#hMgrage N@concentrations

Month Highest Hourly | Highest Daily Monthly % Data
Average (ppb) | Average (ppb) | Average (ppb) | Capture
January 34.2 11.3 5 58
February 19 4.6 2.5 54
March No data No data No data 0
April No data No data No data 0
May No data No data No data 0
June No data No data No data 0
July No data No data No data 0
August 514 13.5 2.6 99
September 14.4 4.3 1.9 94
October 55.2 11.5 3.6 98
November 52.1 7.3 4.1 33
December 56.2 12.6 7.4 65

4.2.2.2 Verkykkop Monitoring Station

The Verkykkop monitoring station is located on aumtain top at Volksrust 35
km south of the Majuba power station and 70 km ls@outh-east of Tutuka power
station. The site is approximately 130 km southtis@ast of the central Mpumulanga
industrial complex. The monitoring station was cassioned in 1984 to assess long-
range transportation of power station plumes fremti@l Mpumulanga, impacts from
Majuba power station and theory of recirculation mfllutants back onto the
Highveld.
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METEOROLOGICAL OBSERVATIONS

During the day the winds are mainly from the westth-west to north (48.2%)
and south-south-east to south (27.3%) while duttiregnight the winds are generally
from the north-north-east to east-south-east (3. drth-west to north (24%) and
south-south-east to south (21.3%). They frequeeigeed 10 m& during the day
(22.4%) and night (18.2%), possibly due to the'sitdevation of approximately 2

146 m above sea level (Figure 16).

[

Arc represents

4% interval

- 0.5-2.5 mfs

2.5-5.0 mfs
$.0-7.0 m/fs ST i T I eV
7.0-10.0 mfs .
> 10.0 mfs
Calm (0-0.5 mfs) = 0.4% .- . B -
Night hours (1l9:00-06:00)
N
Arc represents
% interval
- 0.5-2.5 mfs 2
2.5-5.0 mfs
5.0-7.0 mfs Wemeotoeeaeem=! 0.4 ] - - --E

U}...-A.-,‘;rn'— g
'
' '

Figure 16: Daytime and night-time wind roses atky&kop

SULPHUR DIOXIDE

Although Verkykkop monitoring station is located the boundary of southern
Mpumalanga the diurnal variation is very similarthat of Elandsfontein monitoring
station located in central Mpumalanga and showsdrtheence of tall stack emitters
impacting at the site predominantly during the m&) period. The average
concentrations recorded are much lower than thEtarfdsfontein monitoring station.
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A highest average hourly of 140 ppb was recorde®esember while the highest
average daily of 29.8 ppb was recorded in Nover(ibable 10).

Table 10: Highest average hourly, daily and mon8@ concentrations (ppb)

Month Highest Highest Daily | Monthly % Data
Hourly Average Average Capture
Average
January 49 12.3 4 97
February 123 20.1 3.7 89
March 57.2 11.7 3.4 99
April 58 10.2 4.4 94
May 70.6 23.4 5 100
June 101 15.2 4.5 95
July 68.1 20.6 6.4 100
August 67.1 15.8 5.8 96
September 110 19.3 7.4 93
October 125 15.2 6.2 98
November 129 29.8 7 92
December 140 15.6 5.4 100

NITROGEN DIOXIDE

The season variations in average hourly and dahcentrations are illustrated
in Table 11. High concentrations were recorded mduthe summer months. The
highest average hourly and daily concentration®00® ppb and 19.2 ppb respectively
were recorded in November.
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Table 11: Highest average hourly, daily and monhh@ concentrations (ppb)

Month Highest Highest Daily | Monthly % Data
Hourly Average Average Capture
Average
January 27.6 6.5 3.8 81
February 23.2 9.7 55 65
March 26 7.6 4.8 35
April 17.1 4.9 3.5 48
May 334 11.7 4.3 100
June 14.3 8.3 6.4 17
July 41.6 12.9 4.7 66
August 27.3 10.8 4.8 96
September 22 7.2 4.5 94
October 39.7 9.3 4.6 98
November 60.6 19.2 6.8 94
December 47.9 11.6 5.8 100

4.2.2.3 Palmer Monitoring Station

The Palmer monitoring station is approximatelyl® @ above sea level and is
located 22 km north of Belfast and 50 km northdnagast of Arnot power station.
The site was commissioned in 1989 to assess thacismwf plumes from central
Mpumulanga on the eastern Escarpment forest piangat

METEROLOGICAL OBSERVATION

During the day the most dominant wind directiofgy(re 17) are from the
south-west to north-north-west (44.3%) and nortt-eéa east (31.5%). During the
night the most dominant wind directs are northast€59.2%) and west-north-west to
north-north-west (26.2%). The wind speeds occaflipexceed 10m$ during the
day (4.8%) and night (4.1%).
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Figure 17: Daytime and night-time wind roses atrizal

SULPHUR DIOXIDE

The average hourly and daily concentrations wegkdn during June to August
(Table 12) which is attributed to the influencedaimestic heating by coal and wood
burning appliances during the winter months. Thisdmmon practice by residence in
informal settlements across the eastern Highvelchrpsment region. A highest
average hourly and daily concentration of 156 ppdb 48 ppb was recorded in August

and July respectively.
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Table 12: Highest average hourly, daily and mon8 concentrations (ppb)

Month Highest Highest Daily | Monthly % Data
Hourly Average Average Capture
Average
January 1.2 1 0.5 4
February 12.9 3.2 1.3 27
March 97.8 17.7 3.1 100
April 39.8 10 2.6 97
May 57.9 17.7 4.9 99
June 89.8 23.8 3.8 97
July 146 56.3 16.9 99
August 156 315 9.7 99
September 42.9 10.1 2.5 96
October 29.4 21.7 2.9 42
November 77.6 43 17.3 63
December 19.2 7.5 2.1 95

NITROGEN DIOXIDE

Although NQ average monthly concentrations are generally lbvgher

concentrations were recorded between May and Au@ieble 13). The highest

average hourly concentration of 38.3 ppb was resmbnth July, while the highest

average daily concentration of 13 ppb was recondéday.
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Table 13: Highest average hourly, daily and monhh@s concentrations (ppb)

Month Highest Highest Daily | Monthly % Data
Hourly Average Average Capture
Average
January 1.5 0.6 0.4 4
February 6.1 15 1 26
March 31.6 7.1 1.6 100
April 9.7 2.6 1.3 97
May 25.7 13 25 99
June 25.4 11.3 19 97
July 38.3 10.3 3.9 99
August 33.2 9.4 2.6 99
September 15.6 4.7 1.1 96
October 12.3 3.9 1.4 42
November 20 4.6 15 62
December 8.2 2.5 0.9 96

4.2.2.4 Makalu Monitoring Station

Makalu monitoring station (approximately 1 500 boee sea level) is located
12 km south-south-west of Lethabo power station@kch east of the industrial area
of Sasolburg. This site has been in operation sit@®4 and was established by
Eskom to assess impacts from Vaal and Highveld pataions which have since
been decommissioned and the impacts from Lethal@pstation which was being
constructed at the time (Rorich, 2005).

METEROLOGICAL OBSERVATION
During the day the most dominant wind directiorsrevfrom the west-north-
west to north (27.8%), north-east to east (20.786) south-west to west-south-west

(14.3%) with winds occasionally at 4.5% exceedimgs? (Figure 18). During the
night the dominant wind directions are from theteesth-east to south-south-east
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(47.6%), north-west to north (21.7%) and south-wWBt%) with wind speeds much
lighter, seldom exceeding 7 thé1.1%).
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Figure 18: Daytime and night time wind roses at Mak
SULPHUR DIOXIDE
There appears to be little seasonal influencehenSQ concentrations at this

site (Table 14). A highest average hourly, dailgl anonthly concentration of 305
ppb, 38.6 ppb and 12. 1 ppb respectively was afirded in July.
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Table 14: Highest average hourly, daily and mon8@ concentrations (ppb)

Month Highest Highest Daily | Monthly % Data
Hourly Average Average Capture
Average
January 171 17.5 8.7 100
February 75 19.8 7.6 90
March 138 28.7 9 100
April 88 20.7 6.1 97
May 58.2 12.4 5.6 100
June 73.5 26.2 7.3 96
July 305 38.6 12.1 100
August 49.6 16.6 54 60
September 81.1 10.9 6.2 81
October 78.6 14.7 5.8 99
November 156 24 6.6 96
December 117 14.7 5.9 100

NITROGEN DIOXIDE

Average monthly concentrations were generally déigihuring winter and the

transitional season months i.e. between May ande8#yer (Table 15). The highest

monthly average of 12.2 ppb was recorded in Julye highest average hourly

concentration of 46.5 ppb was recorded in Octovile the highest average daily

concentration was recorded in September.

87



Table 15: Highest average hourly, daily and monhh@ concentrations (ppb)

Month Highest Highest Daily | Monthly % Data
Hourly Average Average Capture
Average
January 23.9 8 51 100
February 28.2 10.2 5.1 90
March 31.9 9.8 5.8 100
April 37.6 14.4 6.7 97
May 45.2 15.1 8.3 100
June 39.9 17.1 8.1 96
July 44 20.7 12.2 99
August 32.9 18.6 9.2 99
September 39.8 23.2 8.4 97
October 46.5 16.8 8 99
November 31.8 13 7.3 97
December 34.3 11.1 6.8 100

4.2.2.5 Leandra Monitoring Station

Leandra monitoring station (approximately 1 706atvove seal level ) is
located at Leandra Junior School, 2 km north of ¢katre of the old Lebohang
township and north-north-west of the new developntewnship, which is rapidly
growing towards the east. The monitoring statios w@ammissioned in 1995 with the
aim of assessing the air quality at Leandra and itgacts resulting from the
electrification of Lebohang (Rorich, 2005).

During the day the dominant wind directions amnfrthe west-north-west to
north-north-west (39%), east to east-south-eastl{4B south-south-east (5.5%) and
south-west (5.3%) with wind speeds occasionallyeering 7 mdat 2.4% of théime
(Figure 19).
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Figure 19: Daytime and night-time wind roses foahédra

SULPHUR DIOXIDE

The average hourly, daily and monthly S€ncentrations (Table 16) are
highest between April and July. A highest averagarly of 215 ppb and average
monthly of 14.9 ppb was recorded in July while ghieist daily average of 44.6 ppb

was recorded in May.
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Table 16: Highest average hourly, daily and mon8 concentrations (ppb)

Month Highest Highest Daily | Monthly % Data
Hourly Average Average Capture
Average
January 114 17.9 55 100
February 149 30.9 8.1 90
March 160 27.5 8.3 99
April 161 39 10.9 96
May 170 10 99
June 207 39.6 3.4 96
July 41 14.9 99
August 132 25.1 7.6 99
September 117 16.2 6.5 96
October 85.8 15 4.8 99
November 176 35.4 6.9 95
December 177 28.7 6.3 99

4.2.2.6 Kendal Monitoring Station

Ambient air quality monitoring has been undertakerthe vicinity of Kendal
power station since 1993. The monitoring is angrdakpart of the power stations
environment management strategy and is seen asldink between power station
operations and environmental management. The dlgeist to assess environmental
impacts and compliance against the guidelines Istipdl by the Department of
Environmental Affairs. The monitoring station isusited 2 km south-south-east of the

power station on the prevailing wind direction (Ivay and de Beer, 2004).

METEOROLOGICAL OBSERVATIOS

The dominant wind directions during the monitoripgriod (Figure 20) were
from the north to west (47.6%) and easterly to-easth-easterly (14.6%) sectors
during the daytime. During the night the most frerafuwind directions were from the
east-north-earth to south-east (36.7%) and norst-teenorth-north-east (28.7%).
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Figure 20: Daytime and night-time wind roses fonKal

SULPHUR DIOXIDE

The highest average hourly, daily and monthly emtrations were all recorded
in March (Table 17).

Table 17: Highest average hourly, daily and mon8 concentrations (ppb)

Month Highest Highest Daily | Monthly % Data
Hourly Average Average Capture
Average
January 562 84.9 20 97
February 448 67.6 17.5 89
March 145.5 99
April 344 63.6 16.8 96
May 459 62 16.7 99
June 113 27.3 13.2 92
July 445 91.2 21.3 98
August 312 58.7 16.5 99
September 505 80.3 17.4 95
October 492 121.9 21.9 99
November 391 67.3 16.4 95
December 358 39.6 13.2 98
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NITROGEN DIOXIDE

The average daily and monthly M€@oncentrations (Table 18) are highest in the
month of May. Although a highest monthly concemndraiof 10.8 ppb was recorded in
both May and June, the month of May had a highecgrgage of data capture. The
highest average hourly of 65.5 ppb was recordédctober.

Table 18: Highest average hourly, daily and monhh@ concentrations (ppb)

Month Highest Highest Daily | Monthly % Data
Hourly Average Average Capture
Average
January 40.4 10.8 6.4 98
February 45.2 14.1 8.3 89
March 58.7 20.3 7.7 98
April 44.6 17.6 9.8 96
May 63.2 29.7 10.8 99
June 77 224 10.8 94
July 39.7 21.9 9.5 98
August 51.2 18 7.3 98
September 62.9 16 9.6 95
October 65.5 20.6 8.4 98
November 30.6 9.5 4.5 94
December 36.6 8.4 4 98

4.2.2.7 Majuba Monitoring Stations

Ambient air quality monitoring at Majuba power stat is undertaken by
Eskom to assess compliance to legislation and meterthe local impacts on air
quality from stack emissions and other activitieshsas coal stock piling and ash
disposal. The monitoring forms an integral partted power stations environmental
management strategy and is seen as a vital linkelaet power station operations and

environmental management.
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The ambient air quality monitoring stations J1 a3 situated at the Majuba
power station are equipped for continuous monigprri SQ and fine particulate
matter as well as meteorological parameters of wielbcity, wind direction and
ambient temperature. J1 and J3 are situated 3 kith-east and 10.1 km west-north-
west respectively of Majuba power station in thateern Mpumalanga Highveld. J1
was installed in December 1994 and J3 in Januad®.20

METEROLOGICAL OBSERVATION

The dominant wind directions at J1 and J3 (Figul@a &and Figure 21b
respectively) are from the west-south-west to nadtth-west (47.68% and 42.74%
respectively) and east-north-east to south-eas830 and 22.63% respectively)
during the daytime and at night east-north-eastaisth-east (52.04% and 53.25%
respectively). At night winds from the north-west®r reduce in frequency.
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Figure 21a: Daytime and night-time wind roses fbr J
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Figure 21b: Daytime and night-time wind roses f&r J

SULPHUR DIOXIDE

The average hourly and daily concentrations wegkdn during July to August
at J3 (Table 19). A highest average hourly andydaiincentration of 164 ppb and
35.4 ppb was recorded in August and July respdygtive

At the J1 monitoring station the average hourlg daily concentrations were
higher during July and September (Table 19). A ésgjhaverage hourly and daily
concentration of 214 ppb and 49.4 ppb was recontedseptember and July

respectively.
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Table 19: Highest average hourly, daily and mon®@ concentrations [ppb] at J1

and J3

Month Highest Highest Daily | Highest % Data

Hourly Average Monthly Capture

Average Average

J1 J3 Ji J3 J1 J3 J1l J3
January 190 | 48.5| 30.1 | 11.1 55 3.9 99 54
February 150 | 35.8 | 29.6 5.9 6.1 4.5 79 9
March 147 | 69.2 | 30.8 | 13.2 4.8 5.1 98 53
April 148 120 | 16.3 | 15.1 4.4 5.1 96 96
May 112 77.8 24 17.7 4.4 4.2 99 99
June 109 | 78.7 | 18.9 | 14.2 4.7 4.6 95 71
July 195 106 49.4 30.8 7.5 9.1 98 98
August 173 164 | 259 | 35.4 9.8 7.7 99 99
September| 214 86 32.2 | 16.6 10.5 7.4 94 52
October 202 71 23.3 9.8 7.5 4.5 94 40
November| 184 | 46.6 23 9.6 9.3 4.2 92 78
December| 152 3.3 21.3 1.3 8.1 1.3 99 4

4.3 MODELLED DATA

As discussed in Section 3.3 air dispersion modgléna useful tool to establish
the spatial and temporal patterns of ground lee8ufant concentrations arising from
the emission of various sources. Increasing redidras been placed on ground level
air pollution concentration estimates from models the primary basis for
environmental, health and risk assessments andrndeieg emission control
requirements (Scorgie and Venter, 2005; Davadtisal, 2007, Zawar-Reza and
Sturman, 2008). The modelled concentration fielthéciv were utilised in this study
were produced by Airshed Planning Professionalbairalf of Eskom. Although the
modelling study was conducted to assess air polutiompliance of cumulative
operations of current, return to service and pregdsskom power stations located
within the Mpumalanga and Gauteng provinces, tha dalised in this study is only
of current baseline operations (Eskom power stamhother sources).

4.3.1 SOURCE AND EMISSION DATA INPUTS
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Emission rates for each pollutant and source wegeired as an input into the
CALPUFF model. Source parameter requirements fputirinclude stack height,
stack diameter, exit temperature, exit velocitgvation of stack base above sea level
and source location (Sciet al, 2000a). The largest source of emissions at ther&s
power stations is the main stacks. The data fosettgarameters were provided by

Eskom.

Although source and emissions data were collated Abrghed Planning
Professionals for the Eskom current operating dardi (comprising emissions data
for the years 2001, 2002 and 2003), future opegatianditions and cumulative
proposed scenarios only data for current operatmgditions were utilised in this

study.

Monthly emission variations were calculated basedh® energy outputs per
month for 2001 to 2003 from the current Eskom postations. Eskom provided the
data for energy outputs and the total emissionsypar. Emission rates were varied
diurnally for the simulations and a ‘typical’ diwhvariation for summer and winter
based on energy output was utilised (Figure 22)iriQuwinter there is a distinct
increase in electricity demand therefore therenisrereased energy output during
morning and evening hours. This trend is far laéssratt during the summer months
(Scorgie and Venter, 2005).
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Typical Diurnal Profile Based on Energy Output for Winter and Summer
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Figure 22: Typical diurnal profile based on thergyeoutput for winter and summer
(Scorgie and Venter, 2005)

Source and emission data for sources other thaonEglower stations which
were available and in the public domain and/or \idrich permission had been
obtained were included in the modelling simulatiddsurces accounted for included
road traffic (vehicle exhaust emissions), houselfioddl burning (coal, wood, paraffin
and gas), industrial, commercial and institutiofwedl burning (coal, wood, paraffin,
heavy fuel oil and gas) and various industrial pescemissions. Other significant
sources not accounted for include fugitive dusbr(frindustry, mining, vehicle
entrainment and agriculture), agricultural and vietel burning and aireborne aerosols
from distant sources imported as a result of lagge transport (Scorgie and Venter,
2005).

4.4 SPATIAL DATA INPUTS

TNT mips a product of Microlmages as well as Enwvmental Science
Research Institute’s (ESRI's) Arcview 9.3, map amige processing softwares,
were used as the tools for the analysis of theiadpaformation, advanced image
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processing, desktop mapping, spatial database reareag and visual applications.
TNT mips was employed mainly for the processingthed satellite data which is
recorded in HDF format. The three air quality datas(surface measurements,
satellite retrievals and modelled concentratiofdéeas discussed in section 3.2, 3.3
and 3.4 were analysed, interrogated and integreiecan interpolation technique
within Arcview to ultimately produce risk maps amdprove the modelled outputs

using measured concentrations.

The spatial datasets utilised in the GIS to outmlt maps include, vegetation
coverage, population density, residential areasd laover, wetlands, towns, air

guality monitoring stations and power stations.

The population density dataset was derived from20@8 SPOT 5 building
count dataset. The SPOT 5 building count datasstavaroduct of a South African
government initiative which utilised the SPOT datimagery to map the location of
all dwelling units and building structures in theuatry.

kkkkkkkkkkkkkkkkkkkhkkhkkkkhkkkkkkhkkhkkhkkhkkhkkkhkkkkkkkkkkkk kkkkkkkkkkkkkkkkk

Data and information for this study was obtaineshfrthe Eskom air quality
data base, the SAWS, Airshed Planning Professiatiafgersion modelling studies
conducted on behalf of Eskom and the European Spgeacy’'s SCIAMACHY

retrievals over the Highveld. Only datasets frorary2003 were utilised in this study.

Eskom began ambient air quality monitoring in thie11970’s for both regional
and compliance monitoring down wind of Eskom povetations and to assess
impacts from power station emissions. The Eskomitaong stations that were used
in this study included Elandsfontein, Verkykkop, hdai, Palmer, Leandra, Arnot,
Kendal, Majuba 1 and Majuba 3. The overall netwoekability for data capture

across all monitoring stations was 83.2%.

Although source and emissions data were collated Abghed Planning
Professionals for the Eskom current operating dard (comprising emissions data

for the years 2001, 2002 and 2003), future opegataonditions and cumulative
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proposed scenarios only data for current operatmgditions were utilised in this

study.

TNT mips and Arcview software were utilised for thealysis of satellite
retrievals and modelled outputs. Spatial dataddisad in the risk assessment aspect
of this study included vegetation coverage, poputatiensity, residential areas, land
cover, wetlands, towns, air quality monitoringtistas and power stations . In this
study three air quality datasets (surface measurenesatellite retrievals and
modelled fields) have been statistically analysed iategrated using an interpolation
technique in a GIS to produce a new set of “impddveodelled data of ambient NO

and SQ over the Highveld region.

The following chapter looks at the methodologitamework for the study and

discusses the assumptions made.
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CHAPTER 5
METHODOLOGY

This chapter discusses the methodological apprdachthe
study and states all the assumptions that were .nfégemethod
for the analysis and interrogation of SCIAMACHY rievals,
modelled output, statistical distribution at theil taf the
modelled data, integration of measured and modelkdsets
and the risk analysis for potential exposure toutaimpn and

ecosystems are described.
5.1 INTRODUCTION

In air dispersion modelling, it is important to ite remotely sensed data as
well as predicted concentrations from models witbugd-based measuresments in
order to acertain the level of confidence with whitie results can be utilised in
decision making. As discussed in section 1.2 thdysarea is often cited as a hotspot
for SO, and NQ pollution (Figure 2) in satellite observationswand the world. In this
study an attempt is made to validate satellite-eor@mote sensing observations
(SCIAMACHY retrievals) from the Mpumalanga Highvetdgion and CALPUFF
modelled outputs against measured ground-level esdrations of S@ and NQ.
Ground monitoring stations for ambient air quabiyly provide concentrations at a
point whereas the use of satellite observations amatlelled outputs provide

coverages over a wider area.
Increasingly, modelled outputs are being overlayath spatial datasets to

determine potential risk to population and ecosysteAs discussed in Section 2.6

this is a useful method which can be used in AQRkbPan airshed.
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5.2 SCIAMACHY

5.2.1 SCIAMACHY SENSOR & COVERAGE

SCIAMACHY was launched in March 2002 as part of Eheopean ENVISAT
space craft mission. The dataset is derived fromnaging spectrometer which
records solar radiation transmitted, scattered rafidcted in the ultraviolet, visible
and shortwave infrared wavelength region (220-2 88 at moderate resolution
(0.2-1.5 nm). Scattered sunlight is measured inrraad limb geometry, transmitted
solar and lunar radiation in occulation geometmy @olar and lunar irradiance in
occulation (Sierlet al, 2006). The extraterrestrial solar irradiance amar radiance
is determined from observations of the sun andriben above the atmosphere. The
absorption, reflection and scattering behaviourtred atmosphere and the earth’s
surface is determined from comparison of the emrthinshine radiance and solar
irradiance. Inversion of the ratio of the earthimishine radiance and solar irradiance
provides information about the concentration aredridiution of selected atmospheric
gasses and aerosols as well as knowledge aboprdssure, temperature, radiation
field, cloud cover, cloud top height and albedotlod earth’s surface (Gurldt al,
2003; Bovensmanet al, 1999).

A unique feature of the SCIAMACHY sensor is thelippf the instrument to
alternate viewing geometries (Bovensmaginal, 1999). In nadir mode (down-
looking) column densities of trace gases are netdewith a spatial resolution of 30 x
60 km using the Differential Optical Absorption $pescopy (DOAS) technique
(Platt and Perner, 1983). In this mode the instntrseans the atmosphere underneath
the space craft by sensing upswelling solar razhathat has been transmitted and
scattered in the atmosphere and reflected towdrelsearths’s surface. In the limb
mode (in the direction of the flight) two mirrorgrett the sunlight scattered by the
atmosphere near the horizon into the spectromBi@rng this scanning mode the
vertical atmosphere is explored by changing thgeanheight from the surface up to
approximately 100 km (Sierét al, 2006). The inversion of the combination of limb
and nadir measurements enables the calculatiomeo™NiQ and SQ tropospheric

column concentrations.
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Attenuation processes mainly scattering and moée@lysorption determine the
intensity of the detected radiation at distinguighiwavelengths. Therefore the
radiance measurements contain information on cdrat@n and distribution of
several trace gases showing distinct spectral pbeorfeatures in the observed

wavelength (Bovensmaret al, 1999).

SCIAMACHY is able to observe the whole earth in0® Ininute orbital period.
Measurements are made with a ground pixel size5ok BO knf, but due to the
restricted bandwidth for data transmission, gehefalr observations are integrated
on board, leading to a standard retrieved grouping! size of 30 x 60 kf The
usage of alternating viewing geometries createaksralong the track which forms a
checkerboard pattern. The limb-nadir alternatiopregrammed in a manner such that
areas which are missed during one scan are cobgréte next overpass 3 days later.
This permits SCIAMACHY to achieve a global coveragehe equator with a 6-day
cycle (Beirle, 2004).

5.2.2 DIFFERENTIAL OPTICAL ABSORPTION SPECTROSCOPY (DOAS)
ANALYSIS

SCIAMACHY utilises the DOAS method to determine centrations of trace
gases by measuring their specific narrow band akisarstructure in the ultra violet
(UV) and visible spectrum region (Platt, 1994; Pktd Perner, 1983). The DOAS
instrument consists of a light source (generally $hn or scattered sunlight) and an
optical setup which has the ability to send andeikec the light through the
atmosphere. After its path through the atmosphkeelight is spectrally analysed and
the concentration of atmospheric constituents afteutated. In the atmosphere the
light undergoes extinction processes by air mokscind aerosols, turbulence and
absorption by many trace gases (Platt, 1994).

The objective of any spectroscopic method formudldte the atmosphere is to
separate these effects in order to derive the ctwrat®ns of the atmospheric
constituents. DOAS performs this by separating dtuss sections of the trace gas
absorptions into low and high frequency parts cd numerical filtering methods.

By applying the same filtering routine to the lightensity for a path of fixed length,
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a new light intensity is created which containsIthe frequency part of the spectrum
(the exclusion of turbulence effects, as well ak labad band gas absorption
structures). After the filtering DOAS only observibge narrow absorption structures
and this is used to determine the trace gas coratemts (Platt, 1994).

Generally many trace gases absorb in the sameragbegion. If this is the case
then a numerical fitting procedure is used to saeathem. Differential absorption
cross-sections for some of the trace gases abgombithe UV/visible wavelength
spectrum that can be measured by DOAS are showkigure 23 The right axis
describes the detection limits of the trace gaegsther with the typical light path

lengths used to measure them (Stutz and Platt,)1997
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Figure 23: Differential absorption cross-sectiohsame trace gases absorbing in the
UV/visible wavelength spectrum (Stutz and Plat971)9
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5.2.3 SCIAMACHY LIMB AND NADIR MEASUREMENTS

Both the stratosphere and troposphere containgfisagrt amounts of molecular
NO, which plays an important role in the radiativensfer and the energy budget. As

discussed in Section 2.2.1 and 2.3.1,M@urces are both natural and anthropogenic.

The SCIAMACHY instrument was designed with the maim of deriving
tropospheric concentrations of trace gas specidss Was achieved with the
implementation of a spectrometer which continuoadligrnates between the limb and
nadir geometries (Bovensmaanal, 1999). The viewing angles for the acquisition of
limb spectra are adjusted to focus the tangenttp@s close as possible over the
region, which is measured 7 minutes later in amstdie. This provides the capability
to infer vertical stratospheric concentration desfidirectly over the region of the
nadir measurement. Integrating these profiles fthentropopause upwards produces
the stratospheric vertical column density abovetéinget area (Sier&t al, 2006 and
Richteret al, 2005).

Sierk et al. (2006) implemented the limb-nadir matching methodccompute
tropopause heights from meteorological model dakese data consisted of three-
dimensional model calculations of pressure and &satpre on a latitude/longitude
grid of 1° resolution and 60 height levels up tpraximately 60 km. A combination
of two concepts is utilised to define the boundaetween the troposphere and
stratosphere. For the topics (x 20° latitude frdra ¢quator) a temperature gradient
criterion is used which defines the tropopauséeatpoint where the condition dT/dH
> -2 k/lKM (where T and H denote temperature anitudk, respectively) is satisfied.
At the mid-latitudes, the calculated potential igty (PV) threshold of 3.5x10
Km?/(sec kg) is used to define the tropopause. Ingvegjon for the application to
SCIAMACHY measurements, the tropopause values \aeesaged within the nadir
states to calculate the lower boundary for the migak integration of the
corresponding N@limb profiles, and thus the stratospherical vettadumn density
(VCD).

The DOAS analysis of the nadir spectra yields ttal tslant column densities

(SCDs) for the ground pixels, the stratospheric V@D mapped to the nadir
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observation geometry by transforming it to a cqroesling stratospheric SCD. Using
the airmass factor of the stratosphere ( AMMJ-component the difference from the
SCD and VCD is exploited to obtain the troposphslant column density (SGi)
equation 26 (Sierkt al, 2006).

SCD(rop = SCIQotal,nadir— VCDstrat,IimbX AM I:strat,nadir equation 26

5.2.4 SCIAMACHY ANALYSIS

SCIAMACHY observations are freely available on tl®iropean Space
Agency’'s website. The daily individual overpassedil from SCIAMACHY
observations at Eskom monitoring stations wereaeitd from the TEMIS Website
(http://lwww.temis.co.za). The extraction also imgd all SCIAMACHY
observations for distances not greater than 20@Gwksay from the Eskom monitoring
stations. The scale of the SCIAMACHY pixel is larglean the scale that is required
for ground observations. SCIAMACHY retrievals amsbd on gridded data at 1km x

1km resolutions.

The hourly average concentrations recorded at tekorE ground based
monitoring stations were compared with the sateltiverpasses in order to validate
the SCIAMACHY instantaneous retrievals. Within teeidy domain there are 67
SCIAMACHY pixels (30 km x 60 km) of imagery for yed003 (Figure 39). A GIS
polygon layer was created using these pixels. Tdhwerdinate data of the Eskom
ground based monitoring stations were utilisedrtmlpce a GIS layer and the hourly,
daily and annual concentration datasets per statias recorded as attribute data

within this layer.

The SCIAMACHY sensor measures the total number oleoules of NQ gas
in the whole depth of the atmosphere over the epixel area (30 km x 60 km).This
is referred to as the total N@olumn. An on board calculation is then utilised t
automatically compute the concentration of N@©the tropospheric layer and this is
referred to as the tropospheric N@olumn. Using assumptions, this integrated
tropospheric N@value needs to be converted to a representatigéesconcentration

value at a point. To perform this, it is assumeat thsignificant proportion of the NO
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is in the mixing layer which is thoroughly mixed ifMhg, 2012) and the
concentration value is constant (implying thatithiging layer is uniformly mixed). It
is further assumed that the depth of the mixingilay 800 m typically for the time of
day that the satellite overpasses the Highvelddiigs$ al 1998). This is an estimate

which can be reviewed for future studies.

The extracted tropospheric MNOcolumn retrievals were recorded by
SCIAMACHY in molecules x 18 / cnf and had to be converted to ug/to allow
comparisons against Eskom ground measured data.enhailed the conversion from
molecules per surface area into a mass per voluoneeatration (equation 27,

equation 28, equation 29, equation 30, equatioe@dation 32 and equation 33).

The following calculation was utilised in the consien:

number of moles = mass / molar mass quaton 27
Molar mass [NGQ| = 14.007 + (15.999 x 2) g/mol eqaatk8
=46 g/mol

NO, is not an ideal gas
1 mole of NQ = 6.02 x 1*molecules (Avagadro’s constant) equadnn
=464

1 x 10° molecules = 469 x (1 x ¥dmolecules) / 6.02x TOmolecules  equation 30
= 7.641x18¢g

Conversion from grams to micrograms:
7.641 x 10%g x (1 x 16) equation 31
=0.07641 pg

In terms of mass per area this is 0.07641 pd./@me mixing depth height is assumed
at 80 000 cm.

Conversion from pg /cfrto pg /eni:
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0.07641 pg /cm2 /80 000 cm equation 32
=9.55125 x 10 pg /cnt

Conversion to pg /f

9.55125 x 10 x (1 x 106) equation 33
=0.955125 pg /fh

The value of 0.955125 g s the representative surface concentration of\ibe
satellite retrieval at the measuring point on theugd. This constant value was
multiplied to the NQ@ tropospheric column values which were retrieved thg

satellite in order to estimate the point valuelom ground.

The NQ data was in some instances negative in the oveffjas. This can be
attributed to the retrieval processes and is censilacceptable within error margins.
In some instances the tropospheric N@lues were higher than the total NO
column. This is caused by the fact that both vahrescalculated in an independent
manner, however the tropospheric value is beliewed be more realistic

(http://www.temis.co.za; pers coml) and this walssetl in the study.

SCIAMACHY retrievals for tropospheric SQor years 2003 and 2004 are
unavailable by ESA due to instrumentation noisergpe&oml) and therefore a

validation of SQ retrievals could not be made in this study.

The overall limitations of using satelliteetrievals for comparability and
validation to monitored ground level concentratians discussed in section 1.2.3.

5.3 THE CALPUFF MODELLING SUITE

The CALPUFF (California puff) modelling suite is &nited States
Environmental Protection Agency approved air disjper model suitable for
application in modelling domains of between 50 kmd 200 km. The model is able to
account for temporal and spatial variability of swblogical conditions, dry
deposition and dispersion over a variety of spatialiffering land surfaces.

CALPUFF can also simulate plume fumigation, low avispeed dispersion and
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determine first order chemical transformationsgas phase reactions of s&hd NQ
(Scireet al, 2000a; Scorgie and Venter, 2005; USEPA, 2005u£t al, 2006).

CALPUFF is a non steady state regional Langragiaiih rRodel comprising of
three components namely: CALMET, CALPUFF and CALAQEigure 23). The
model utilses three dimensional meterological Betttveloped by CALMET and a
series of overlapping puffs to represent the spatral temporal distribution of
emisions from a source. CALPOST is then used assapocessor of the CALPUFF
outputs to produce a summary of the simulatiossite (Scireet al, 2000a; SRC,
2008).

meteorological geophysical program control
data data data

l |

| CALMET meteorological model |

emissions chemical, ozone,

data deposition data

terrain, receptor, program control
meteorological data data

CALPUFF dispersion model

post processing and graphical display
programs

Figure 24: CALPUFF modelling system (SRC, 2008).

5.3.1 THECALPUFF COMPONENT

The CALPUFF component recognises emissions asessdrcontinuous puffs.
Each puff is simulated to move with the ambient dviitow. As the wind flow
changes, the path of each puff is displaced ingrdragian manner while undergoing
Gaussian dispersion. The model predicted concémtgaire computed based on the
contributions of each puff as it passes near arat avreceptor point defined in the
modelling domain (Sciret al, 2000a; SRC, 2008).
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This CALPUFF component requires as a minimum tipaiirof hourly average
surface meteorological data. The CALMET componenuiilised to generate the
three dimensional wind fields for input into the DAUFF component. In the study to
assess air pollution compliance of cumulative ojp@na of current, return to service
and proposed Eskom power stations located withen Nfpumalanga and Gauteng
provinces, Airshed Planning Professionals utilisegiximum hourly average, daily,
and annual average concentrations to simulategpkcation of CALPUFF (Scorgie
and Venter, 2005). This study utilises the resditsn the Airshed Planning

Professionals study and is limited to the paramsetet by these consultants.

CALPUFF allows for first order chemical transformoat modelling in order to
determine gas phase reactions for oxides of sulpmat nitrogen. Chemical
transformation rates were computed internally eyrtitodel using the RIVAD/ARM3
Scheme. This scheme allows for the separate niogletf NO, and NQ. The
RIVAD/ARM3 scheme treats the NO and Bl€onversion process in addition to the
NO, and total NQ and SQ to SQ conversions, with equilibrium between gases
HNO3z; and ammonium nitrate aerosol. The scheme usesnsérozone data together
with modelled radiation intensity as surrogatestha hydroxide concentration when
gas phase free radical chemistry is active (Seiral, 2000; Scorgie and Venter,
2005).

5.3.2 THECALMET COMPONENT

The CALMET meteorological model contains a diagiwostind field module
which requires input on terrain and kinematics afg slope flows and terrain
channelling. The wind fields are computed in a siep process. In the STEP 1 wind
field, the initial guess wind field is adjusted f@rrain effects. The user is prompted
by the programme to input the vertical layers, tigto which the domain wind is
averaged and calculated, and the upper air andcaurheteorological stations are
included in the interpolation to produce the spigtiaarying guess field. The Step 1,
initial guess field and wind observational data thien weighted by allowing the user
to input a radius of influence to the produce thepS wind field. The programme

excludes any observational data from the interpmiaif the distance between the
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source and a particular grid point exceeds the maxi radius of influence specified
(Scireet al, 2000b; SRC, 2008; USEPA, 2005).

CALMET was utilised in the Eskom study to simul#te meteorological field
within the Mpumalanga Highveld, including the sphthorizontal and vertical) and
temporal variations in the wind field and atmosphstability. CALMET required in
put data for upper air parameters however therensagpper air monitoring stations
available within the Mpumalanga Highveld therefdlee nearest SAWS station
located at Irene in the Tshwane Municipality wadisetd. The SAWS ETA-Model
data for twelve locations was used. Data were pbthiwice daily for five sounding
levels. The initial guess field in CALMET was detened as a combined weighting
of surface winds at nine Eskom monitoring statiand ten SAWS stations, vertical
extrapolation using Similarity Theory and upper &inds. Data was obtained from
the Eskom monitoring stations at Verkykkop, Elaodstin, Kendal 2, Leandra,
Majuba 1, Majuba 3, Makalu, Palmer and Camden. SAB/S stations used in the
study were located in Johannesburg, Irene, VeregepnidVitbank, Leandra, Ermelo,
Standerton, Newcastle, Verkykkop and Bethal (Secagid Venter, 2005).

The CALMET model requires average hourly surfactadeind speed, wind
direction, mixing depth, cloud cover, temperatweative humidity, pressure and
precipitation as an input. The mixing depth is m&asured at any monitoring station

and had to be calculated based on available temperand predicted solar radiation.

5.3.3 THE MODELLING DOMAIN AND RECEPTOR LOCATIONS

The modelling domain was defined to incorporateekisting, return to service
and proposed Eskom power stations as well as themmen impact zones of these
stations. The three return to service power statioamely Camden is located 22 km
south east of Ermelo, Grootveli 18 km south wedafour and Komati 35 km south
of Middelburg and approximately 40 km north of BathThe proposed new power
stations namely Grootveli B, Kendal B and Lethabaov@&e located within a 2 km
radius of the already existing and return to sergiower stations.
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The meteorology was modelled and the dispersigotiitants simulated for an
area 160 km (east-west) by 108 km (north-south)h wambient ground-level
concentrations and deposition level predicted f@r 280 receptor points. The
resolution of the Cartesian receptor grid was 1 @i7/By 1 770 m. Discrete receptor
points were specified for each of the monitoringtien locations to facilitate the
simulation of concentrations and deposition at éhlesations (Scorgie and Venter,
2005).

5.4 ANALYSIS OF MODELLED OUTPUTS

The highest modelled hourly averages were staitianalysed and compared
against the highest measured concentrations inr dalevalidate the CALPUFF
modelled outputs. This process provides us witlinditation of the performance of
the model. No attempt was made to pair the datarie and space. The measured
hourly averages of SOand NQ concentrations were extracted from the
Environmental Database-driven Web-enabled Intedrat8ystem (EDWEIS)
developed for Eskom’s environmental observations analysis. Values which
indicate no data recorded for that hour were délefehe data was ranked in
ascending order and the percentile, at which thasomed value was observed, was
calculated. Comparisons between measured and raddedlues were performed at
the 99.99 percentile because in the study condudigd Airshed Planning
Professionals to assess the impact on air qudlitpwent, future and planned power
station operations, the CALPUFF model was usedetave the highest predicted
value (worst case scenario). All measured valueee veenverted from parts per

billion (ppb) to microgram per meter cube (ugyior comparisons.

The upper limit of the concentration values is gkdted as twice the model
value and the lower limit is half the model valueeach monitoring station. The
expected excursions depict the exceeded ordersaghitnde between the measured

and modelled values (equation 34).

Exceeded Order of Magnitude = (99.99 % - percerdflanodel values) x 100
equation 34
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5.5 DISTRIBUTION TAIL ANALYSIS

The comparative analysis between the measured adéli®ad outputs revealed
a significant difference between these two datatbetefore an attempt was made to
statistically interrogate the modelled outputs lidev to determine if there was bias in
the model which could be corrected.

All missing values were removed from the measurathskt. The measured
values were then sorted in ascending order. Datanadtiplied by a factor of 2.62
and 1.89 in order to convert concentrations frob pp ug/ni for SG and NQ
respectively. The cumulative distribution functi@DF) for each monitoring station
was plotted for the ordered, converted values. Tistribution fits were also
performed to establish distribution characteristfos example log normal. The tails
of the distributions according to break points wexamined. These were determined
visually but a more vigorous analysis should beedtm establish the threshold,
however this was not required for this study (CoR801; Gumbel, 2004; Sharne&
al., 2012).

5.6 INTEGRATION OF MEASURED AND MODELLED
VALUES

The measured and modelled datasets were integi@tidm a new dataset
which could then be interrogated to produce a nam@urate estimation of ground
level concentrations of ambient $&nd NQ.

The hourly averages recorded at all Eskom monigosiations for S@and NQ
ambient concentrations in year 2003 were extraétech EDWEIS. All missing
records were deleted and the highest daily, moné#rg annual averages were
calculated. A database was created for these aa®@yl this database was used to

create point layers within the GIS.

The CALPUFF model uses SURFER as the GIS applicatay spatially

depicting pollution concentrations. However this plagation has limited
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functionalities and did not possess the abilitptocess files in HDF format which is
required for the validation and integration of t8€IAMACHY retrievals in this
study. The functionalities within SURFER are basiad do not allow for
sophisticated statistical analysis and easy integraf datasets. The output from the
CALPUFF modelling study was exported to ARCVIEW foterrogation, refinement
and integration. The exported modelled outputs flBWRFER were in a format
unrecognisable by ARCVIEW and needed to be transdrin order to allow for
system compatibility.

The base map which was utilised in the CALPUFF rhedes geo-referenced
within the ARCVIEW application and created as aelayAll the modelled values
were imported into ARCVIEW in order to create amdayer. These points were
spatially adjusted to fit the base map and the medi@oints were geo-referenced to
the monitoring stations. The modelled point layarsre then interpolated to a

continuous raster surface.

A model was developed within ARCVIEW to produce @wnconcentration
raster dataset which utilises the ground based toredi values as the “truth” and
calculates a new surface value for the modelldddithereby improving the modelled
concentration outputs. The model makes use of amrge distance weighted
interpolation function which estimates surface ealtdior each pixel using the value

and distance of nearby pixels.

5.7 HOT SPOT ANALYSIS

The new “improved” dataset was created into a paier for hot spot analysis.
Algorithms were formulated for different scenariasorder to assess impacts from
SO, and NQ exposure on human health and ecosystems from ptation
emissions. Algorithms formulated for each scenamoe utilised to create individual

GIS layers.

In the SQ hot spot analysis, GIS layers were created toiajyatlepict areas

where, the highest hourly average of 350 [Egihich was exceeded more than 88
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times a year, highest daily average of 125 fgithich was exceeded more than 4
times a year and annual average exceedence of/88 fay the protection of health,

occurs.

In the NQ hot spot analysis, GIS layers were created toad|yatlepict areas
where the annual average of 40 pYamd maximum 24 hour of 200 pgirwere

exceeded.

The frequency of exceedences for each point isujpub from the CALPUFF
model therefore the risk analysis is limited to ga@ameters which were used in the
Eskom study conducted by Airshed Planning Profesdso Were possible DEA
proposed standards for immediate compliance hage belised to reflect current risk
from power station operations (Discussion docum@BtAQM&CC/30/10/07/01).

The new “improved” air quality dataset was inteatagyl against DEA's,
WHO'’s and EU’s ambient air quality standards to naag identify potential risk to

human health, vegetation and ecosystems from pstaBon emissions.
The classification of health risks to $€&xposures was based on the work of

Scorgie and Gruenewaldt (2008). The different thoéds that were utilised in the

assessment are described in Table 20.
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Table 20: Thresholds specified for health effeSisofgie and Gruenewaldt, 2008)

Maximum Hourly
Average SO2

Catg?sokry of Concentration Basis
(ng/m3) (99th
percentile)
Low <660 California Acute Reference Level for Mild
Moderate 660 — 930 Respiratory Effects given as 666/m3

Upper range of UK’s “high” band (i.e. 708
ug/ms for 15 minute average — projected as
934 ug/m3 for a 1-hourly averaging periogl)
High 930 — 1400 (a). Coincides closely with the dose-
response threshold at 94§/m? given for
increased airway resistance in asthmatigs at
exercise

UK’s “very high” band (i.e. 1064g/m3
Very high >1400 for 15 minute average — projected as 1404
ug/ms for a 1-hourly averaging period)(k

o

(a) “High” band expressed by UK Department for Eamment, Food and Rural

Affairs (DEFRA) as “significant effects may be re#d by sensitive individuals and
action to avoid or reduce these effects may be etedd.g. reducing exposure by
spending less time in polluted areas outdoorshratics will find that their 'reliever'

inhaler is likely to reverse the effects on thegun

(b) “Very high” band expressed by UK DEFRA as folk “the effects on sensitive

individuals described for 'High' levels of pollutionay worsen”.

The annual S® and NQ modelled concentrations were overlayed with
vegetation, wetland and land cover datasets toliglghareas likely to be impacted
from power station emissions. The thresholds etlisn the risk assessment were
generated based on the work of Scorgie and Grudde(@®08) whom classified the
potential for harm to vegetation from S@xposures into three distinct categories
(Table 21).
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Table 21:. Thresholds specified for potential harm viegetation (Scorgie and
Gruenewaldt, 2008)

Maximum Annual
Average SQ Basis
Concentration (ug/ms)

Category of Risk for
Vegetation Injury @

Low < 20ug/ms3
Moderate 20 — 3Qg/m3 EC annual S®limit given as
20 pg/ms for the protection of
ecosystems
High > 30ug/m? WHO guideline for annual

SO given as in range of 10 |-
30 pug/m3 depending o
sensitivity of receiving
environment

—

The census 2001 enumerated area dataset could enattilised for the
calculation of population density because the arsgwesent a size of land
enumerated by one census fieldworker in the alkmtatensus period for the data
capture. The enumerated areas are not uniform amaot be amalgamated to reflect

the density of a municipality or district.

The SPOT 5 Building Count dataset was used forc#heulation of population
density. In the SPOT 5 Building Count dataset evielling in South Africa was
captured as a point. As recommended by StatsSA2J2@h estimate of 1,6 was
multiplied to each dwelling to estimate the numb&households in the country. A
house hold is defined by STATS SA as a group opf@that form a nuclear family.
An estimation of 3.6 people per household (Stats2®42) was utilised to calculate a

new population density dataset

kkkkkkkkkkkkkkkkkhkkhkkhkkkkhkkkkkkkkkhkkhkkkkkkkkkkkhkkhkk kkkkkkkkkkkkkkkkkk

In this study an attempt is made to validate s&dborne remote sensing
observations (SCIAMACHY retrievals) from the Mpumafja Highveld region and
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CALPUFF modelled outputs against measured grouwel-leoncentrations of SO
and NQ.

The daily individual overpass files from SCIAMACHMbservations at Eskom
monitoring  stations  were  extracted from the TEMIS ebaite
(http://www.temis.co.za). The hourly average com@dions recorded at the Eskom
ground based monitoring stations were compared tivélsatellite overpasses in order
to validate the SCIAMACHY instantaneous retrievals.

The highest modelled hourly $@nd NQ averages were statistically analysed
and compared against the highest measured contbeméran order to validate the
CALPUFF modelled outputs. The comparative analpgtveen the measured and
modelled outputs revealed a significant differebhetveen these two datasets and an
attempt was made to statistically interrogate thi of the distributions of the

modelled outputs in order to determine if there biasness in the model.

A model was developed in ARCVIEW to produce a new cuality dataset
whereby the measured data was integrated into tiaeled dataset to produce a more
accurate estimate. The model was run for diffeseanarios utilising the “new” dataset in
order to assess impacts from ;S&hd NQ exposure on human health and ecosystems

from power station emissions.
The results from the analysis of SCIAMACHY retriésjanodelled S@and NQ

outputs, analysis of tail distributions and riskhtanan health and ecosystems from power

station emissions will be presented in the follayvalmapter.
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CHAPTER 6
RESULTS AND DISCUSSION

This chapter examines and discusses the statistical
analaysis of the modelled, measured and remotely
sensed air quality datasets, refinement of modelled
outputs and the quatification of impacts on human

health and ecosystems from power station emissions.
6.1 VALIDATION OF SCIAMACHY NO , RETRIEVALS

The processing of raw data obtained from the TEM&Dsite for NQ retrievals
from the SCIAMACHY satellite, produced 67 pixels iohagery within the study
domain for the year 2003 (Figure 25). Analysis ltése retrievals revealed that the
Arnot and Elandsfontein monitoring stations had highest number of image pixel
intersects. The nature of the SCIAMACHY imaging iotlee Highveld for the year
2003 was such that insufficient satellite retrisvalere available to conduct any
guantifiable analysis at Kendal, Camden, Palmerkyeéop and Makalu ground
monitoring stations i.e less than 2 image coverage available at these ground
monitoring stations . Unfortunately in year 2003k&m recorded data at the Arnot
monitoring station only in November and Decembaet s corresponded to 2 image
coverages which limits quantifiable analysis as thonitoring station. Therefore the
Elandsfontein monitoring station was the only statith data suitable for analysis

of measured N@concentrations against SCIAMACHY retrievals.
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Figure 25: Available SCIAMACHY data within study main

The 6 records for which both measured data ancgesponding SCIAMACHY
NO; retrievals occur are indicated in Table 22. Tk&din measured values at 10:00
were utilised in this evaluation as Eskom recordsrly average concentrations and
the SCIAMACHY satellite overpasses the Highveldamsn 09:30 and 10:30.

Table 22: Comparison of measured hourly averageasurations and SCIAMACHY
retrievals at 10:00

Elandsfontein monitoring Measured hourly average | SCIAMACHY
station concentration retrieval
Year | Month| Day| Hour N@(ppb) | NG (ug/m®) | NO, (ug/n?
2003 | 1 16 10 2.12 4.01 4.68

2003 | 1 19 10 6.19 11.70 7.38

2003 | 1 29 10 7.85 14.84 21.13
2003 | 8 5 10 2.21 4.18 9.69

2003 | 10 1 10 1.13 2.14 5.53

2003 | 10 7 10 3.82 7.22 6.92
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The SCIAMACHY sensor measures the total number olieoules of NQ gas
in the whole depth of the atmosphere over the ermixel area (30 km x 60 km)
referred to as the total NCcolumn value. An independent calculation is furthe
utilised on board to derive the tropospheric N§@lumn for the pixel area. Using
assumptions as discussed in Section 4.2, repréisentingle near ground-level
concentration values at a point were estimated filoese integrated values. A good
correlation (R = 0.76), that is 76% of the variance explainedtily model was
estimated to exist between measured concentraindsthe SCIAMACHY data at

10:00 (Figure 26) indicating a linear relationship.

Elandsfontein: Measured (10:00) vs SCIAMACHY NO , (R*=0.76)
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Figure 26: Correlation of measured ground conceatra and SCIAMACHY

retrievals at 10:00

The satellite derived N£roncentration value is observed to be greater tihan
values measured on the ground because SCIAMACHfdsdhe total concentration
in the atmosphere over a pixel (60km x 30 km) vaer¢he monitoring station records
the concentration at a point. Also the SCIAMACHY asarement is an instantaneous
value whereas the measurment from the monitoriaijpst is a hourly average value.
The assumptions made in the conversion of the siperic NQ column to indicate a
ground concentration may not be robust enoughflectea true representation. There
may be a possibility that the satellite is not jpeadly calibrated for Southern Africa
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and the airmass factor used in the calculatiomeflight path in the satellite could be

different for Southern Africa as compared to otfegions in the world.

The regression analysis of measured concentratmmsthe ground and
SCIAMACHY retrievals at 09:00 (Figure 27) reveakegoor correlation (R= 0.18).

Elandsfontein: Measured 09:00 vs SCIAMACHY NO , (R*=0.18)
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Figure 27: Correlation of measured ground concaatra and SCIAMACHY
retrievals at 09h00

The values retrieved by the satellite for N& 09:00 are higher than the
measurements recorded on the ground (Table 23)hwbhan be expected, as
instantaneous values at a point are always goihg tagher than hourly mean values
in a real situation. Whilst the analysis of measduibservations with satellite
retrievals has been severly restricted due to gapse measured data that coincide
with high temporal resolution satellite overpasgbégse results show that there is

potential for analysis with a more complete dataset

The sample size (6 records) was too small to deternany statistically

significant bias.
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Table 23: Comparison of measured hourly averageeasarations and SCIAMACHY

retrievals at 09:00

Measured hourly | SCIAMACHY

Elandsfontein monitoring average retrieval
station concentration
Month NO, |NO, |NO

Year Day | Hour | (ppb) (ng/nt) | (ng/nt)
2003 1 16 | 9 1.84 3.48 4.68
2003 1 19 | 9 4.34 8.20 7.38
2003 1 29 | 9 3.44 6.50 21.13
2003 8 5 9 1.85 3.50 9.69
2003 10 1 9 0.9 1.70 5.53
2003 10 7 9 5.43 10.26 6.92

6.2 VALIDATION OF THE CALPUFF MODEL

6.2.1 SQ STATISTICAL ANALYSIS OF MEASURED AND MODELLED
CONCENTRATIONS

US-EPA (2007) and Chang and Hanna (2004) acceptielled predictions
within a factor of 2 of observations as one ofdtagistical validation methods utilised
for air dispersion modelling. Given that the US EBi&es the acceptable range of
uncertainty in dispersion model results as bein@%5to 200% only model
predictions falling outside of this range when camnggl to measured concentrations,
were flagged as being unrepresentative (i.e. medsiar modelled ratios of <0.5 or
>2.0). Flagged values are indicated in red fontainles 24 and 25. Based on this
premise the upper limit of the concentration valtegsesent twice the model value
and the lower limit is half the model value at eambnitoring station.

Statistical evaluations of the $Qmeasured and modelled concentrations
indicate that out of eight monitoring stations thedel under predicts at five
monitoring stations (Elandsfontain, Verkykkop, Ldemy Makalu and Palmer) and
over predicts at the other three monitoring statifiendal, Majuba 1 and Majuba 3)
(Table 24). The model has a calculated reliabiity62%. The comparison of the
measured value to the upper and lower limits of riialel also indicates that the
model does not conform at Majubal, Majuba3 and Balmonitoring sites. Under
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predictions at Palmer monitoring station could Iieikated to the location of this
station on the periphery of the modelling domaithwiot all sources contributing to

this site having been quantified and included egimulations.

There is no constant value by which the model updedicts as demonstrated
in the expected excursions. The expected excursiadisate the number of times
exceeded if the model value was accepted as tleshibld (99.99 percentile). The

values indicated in the percentile of the modeliool indicates the actual percentile

Table 24: Comparison of modelled and measured kidiaurly SQconcentrations

(after Scorgie and Venter, 2005)

MODEL @
99.99th 99.99th percentile
percentile
Highest Highest
hourly hourly Expected
measured modelled excursion
Lower | Upper | Monitoring concentration | concentratio
limit | limit | stations (ug/md) n(pg/m°)
119.3 | 477.2 | Verkykkop 366.80 238.62 14.00
244.8 | 979.2 | Elandsfontein | 741.46 489.58 4.00
1215.1| 4860.6 Kendal 2114.34 2430.28 0.00
181.2 | 724.8 | Leandra 563.30 362.42 17.00
691.1 | 2764.4 Majubal 560.68 1382.20 0.00
503.5 | 2014.0 Majuba3 429.68 1007.02 0.00
352.7 | 1410.7 Makalu 799.10 705.34 3.00
37.5 149.9 | Palmer 408.72 74.94 577.00

6.2.2 NQSTATISTICAL ANALYSIS OF MEASURED AND MODELLED
CONCENTRATIONS

Statistical evaluations of the NOmeasured and modelled concentrations
indicate that the model both under and over predat 50 % of the time (Table 25).
The comparisons of the measured value to the landrupper limits reveal that the
modelled values do not conform at Camden and Pahlm@nitoring sites. Again,
under predictions at Palmer monitoring station ddug attributed to the location of
this station on the periphery of the modelling domaith not all sources contributing
to this site having been quantified and includedhe simulations. Camden power

station was not operational in year 2003 as it b&ing prepared for return to service
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and under predictions at this modelling domain dooé due to the model under
predicting for low level sources in the area. Th@exted excursions indicate that

there is no constant bias in the model for whichieziions could be easily applied.

Table 25: Comparison of modelled and measured Nighest hourly concentrations

(after Scorgie and Venter, 2005)

MODEL @
99.99th Monitoring 99.99th percentile
percentile stations
: Highest Expected
AN s neliny hgurly excpursion
measured
concentration modelleql
Lower | Upper ) concentration
limit | limit (L9 (ug/m?)
33.49 | 133.94 Verkykkop 114.53 66.97 28
22.18 | 88.70 | Camden 94.88 44.35 5
68.87 | 275.48 Elandsfontein | 106.22 137.74 0.00
86.14 | 344.56 Kendal 145.53 172.28 0.00
83.22 | 332.90 Makalu 87.89 166.45 0.00
13.48 | 53.92 | Palmer 72.39 26.96 16

6.2.3 DISTRIBUTION TAIL ANALYSIS

The analysis of measured and modelled values shdéavgd discrepancies as
discussed above. From the preliminary results the® an indication that what was
observed from the model and the results obtainech the empirical fit of the data
yielded different probability values at the tail. Bxeak in the quantile graph is
observed as illustrated in Figures 28 and 29. Tdgcates that there is a different
behaviour in the tail of the distribution i.e thellbof the distribution seems to behave
differently to the distribution at the tail whichk where the extreme values are located.
Cumulative Distribution Function graphs were pldtfer all monitoring stations for
both SQ and NQ and these graphs indicate that the CALPUFF moppéars to
predict the highest values based on calculatioom fthe bulk of the distribution
rather than the unique distribution at the tailBisTcould possibly account for the

large variance between measured and modelled values
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Figure 28: Cumulative distribution function graphN©D, concentrations at Kendal
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Figure 29: Cumulative distribution function graphS®, concentrations at

Verkykkop monitoring station
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6.3 POTENTIAL FOR HEALTH AND VEGETATION IMPACTS

A risk assessment is a tool used in risk managetoeestimate the increased
risk of health problems in people who are exposedidrying amounts of toxic
substances . A risk assessment for an air pollidantbines results of studies that
estimate the level of people’s exposures at diffiedestances from the source of the
pollutant. Hotspot analysis is a widely utilisedkriassessment tool by national and
international agencies to inform environmental geB, quantify the impact of air

pollution on human health and vegetation and wejgfions for pollution control.

The CALPUFF modelled data was “improved” as désatiin section 5.6. This
new “improved” air quality dataset was further mogjated against DEA’s air quality
standards and the risk thresholds based on the whf&corgie and Gruenewaldt
(2008) to map and identify potential risk to huntesalth, vegetation and ecosystems
from power station emissions. The risk categoisafior the hotspot analyses has
been described in Tables 20 and Table 21.

6.3.1 COMPARISON OF SOUTH AFRICAN AMBIENT AIR QUALI TY
STANDARDS TO INTERNATIONAL BEST PRACTISES

The T' of April 2010 marked a significant milestone for guality management
in South Africa when the new National Air QualityctAcame into full effect and the
old Atmospheric Pollution Prevention Act of 1965svapealed. The air quality limits
issued in South Africa (Table 26 and 27) were camebavith limits from the World
Health Organisation (WHO), International Financergooation (IFC), European
Community (EC) and United States Environmental €rtodn Agency (US-EPA) for
bench marking and hot spot analysis. Generally\Singth African ambient air quality
SO, and NQ standards seem to be in line with those of the WEO, US-EPA and
EC except for S@were the WHO for maximum 24 hour averages is tstri¢20
pg/nt) . This limit of 20ug/nt is set as the limit for the protection of humamailtte
by the WHO.

126



With regards to US-EPA the annual average and maxi 24 hour average for
SO, seems to be more relaxed however, the US-EPA sllanly one exceedence a
year for the maximum 24 hour average. The Soutic@drlimit is much lower (125
pg/nt) with and allowance of 4 exceedences. The ECs armerage for SOis
much stricter as the Commission utilises this vaifig0 ug/ni for the protection of

ecosystems.

Table 26: Comparative ambient air quality standdodsSG, (adapted from Scorgie
and Venter, 2005)

Averaging South African Air IFC WHO US-EPA | EC (2003)

Period Quality Act (2007) | (2005) | upg/m* | pg/m?
ug/m’ ug/m® | pug/m’

Annual 50 50 5¢) 80 20

Average 10-3¢?

Max 24-Hour | 125 125 126 365 | 125"

Average

Max 1-Hour | 350 - 35¢” - 350%

Average

10 Minute 500 - 508" - -

Average

(1)Air quality guidelines issued for Europe for gh@tection of human health

(2) Represents the critical level of ecotoxic effeissued for Europe; a range is given to accoontifferent sensitivities of
vegetation types

(3) WHO 1994

(4) Arithmetic mean

(5) Not to be exceeded more than 1 day per year

(6) Limited value to protect ecosystems

(7) Limit to protect health, to be complied with Bgnuary 2005 (not to be exceeded more than 3 peregear)

(8) Limit to protect health, to be complied with Bgnuary 2005 (not to be exceeded more than 4 peregear)
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Table 27: Comparative ambient air quality standdodNO, (adapted from Scorgie
and Venter, 2005)

Averaging Period | South African Air WHO US-EPA | EC (2003)
Quality Act pg/m?® (2005) | ug/m? ug/m’
ug/m’
Annual Average 40 40 160 40
30 NO @
Max 24-Hour - 150 - -
Average
Max 1-Hour 200 200 - 200
Average

(T) Arithmetic mean
(2) Annual limit for the protection of human heatthbe complied with by 1 January 2010
(3) Not exceeeded more than 18 times per year.lifhisto be complied with by 1 January 2010

(4) Annual limit for the protection of vegetation

6.3.2 ANALYSIS OF POTENTIAL RISK FROM SO , CONCENTRATIONS

The SQ diurnal variation graphs at all Eskom monitoririgti®ons utilised in
this study generally depict a build-up of S@oncentrations in the early morning,
climbing rapidly from 07h00, peaking just beforeoncand then dropping off sharply
to reach back ground levels again about 22h00 (€i§0). The standard deviation
gives an indication of the worst case scenario.e@dly there is a another small peak
in the afternoon around 18h00 due to coal firesdfonestic heating and cooking. The
high concentrations recorded during the mid-dayogegire typical, of emissions from
high-level sources as a result of strong daytinteveotive air turbulence experienced
on the Highveld, which tend to bring stack emissida ground level, while the

emissions are buoyed above the surface inversiongdoight-time.

The SQ diurnal variation shows the influence of tall $t&enitters impacting at
sites predominantly during the mid-day period dwe atmospheric instability.
Concentrations are comparatively lower during theneng and early morning period,

suggesting little influence from tall stack sources
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Elandsfontein S0O2 diurnal variations

N\
N

N
(8]

-

/

/N

/ // \\ \b-...,—-
\L"—/ ‘\*"\

S02 [ppb)
>
T

\
|

1.2 3 4 § 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Hourly Standard Deviation Hourly Mean

Figure 30: S@diurnal variation at Elandsfontein

6.3.2.1 Sector Exceedance Roses

ELANDSFONTEIN MONITORING STATION

The daytime sector exceedance rose indicatesréwalpnce of sources to the
south-south-west (Figure 31) which indicate Sasaufida, the west-south-west and
west sectors indicating Matla and Kriel power stasi respectively. All these sources
are tall stack emitters. The night-time sector edlemce rose shows dominant sources
in the west-north-west and north-west sectors, rkasly associated with low level
emitters. This plot shows little influence fromltatack emissions suggesting that
these plumes are buoyed above the night-time sunfeersion.
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Night hours (19:00 - 06:00) Day hours (07:00 - 13:00)
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&rc represents 9% interval Axc represents 7% interval

98%ch = 238.2 ppb, exceeded 66 times 98%ch = 79. ppb, exceeded 66 times

Figure 31: S@daytime and night-time sector exceedance roses

VERKYKKOP MONITORING STATION

The daytime sector exceedance rose (Figure 3®ata$ prominent sources to
the north-north-west of which Majuba power statimiikely to be the most dominant
and to a lesser degree to the north. The night-tenator exceedance rose for which
the 98 percentile value is half of the daytime ealindicates the same sectors but
with the north more prominent. Due to the sitetstiade, the power station plumes
may be impacting on this site during the night-tipegiod. The source to the north is
most likely from low level emissions at Amersfoatn that would be enhanced

during the evening.
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Figure 32: Daytime and night-time $€ector exceedance roses

PALMER MONITORING STATION

The daytime sector exceedance rose (Figure 33¢ates$ the prevalence of
sources in the south-south-west to west-south-amstwest-north-west to north-west

sectors. Most of the power stations as well asrdddestack emitters in Middelburg

and Witbank lie south-south-west to west-south-vedghe site. The sources in the

west-north-west to north-west sectors are indumtiy low level sources. The extreme

night-time concentrations are similar to thosehs tlaytime values. The night-time

sector exceedance rose shows the dominance ofesour¢he north-west and north-

north-east to east-north-east which are low lepetees in the area.
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Night-time (19:00 - 06:00)

Daytime (07:00 - 15:00)

&rc represents 5% interval

&xc represents 4% interxval

Conc. = 499 ppb (98th perxcentile ) Conc. = 40 ppb (98¢th perxcentile )

Figure 33: S@daytime and night-time sector exceedance roses

MAKALU MONITORING STATION

The daytime sector exceedance rose (Figure 34gates the prevalence of
sources in the north-north-east to east-north-sestors which would indicate the
impact from Lethabo power station which lies to ttweth-north-east. The night-time
sector exceedance rose shows the dominance okl@ldources in the north-west to

north-north-west and south-south-east sectors.eTiselittle influence from Lethabo

power station in the north-north-east at night.
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Figure 34: S@daytime and night-time sector exceedance roses
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LEANDRA MONITORING STATION

The daytime sector exceedance roses (Figure 3®) she prevalence of
sources in the north-east to south-east sectotis thvé east-north-east most dominant.
Kriel and Matla power stations lie to the east-hagast and Sasol Secunda lies south-

east of the site.

The night-time sector exceedance roses show sourdbe majority of sectors
but most dominant in the north-north-east to easthreast and south-east to west
sector which may be related to numerous low legalees in these areas. The lower
income housing at Lebohang is located south-eastetst of the monitoring site,
while the new development of housing stretches wagrds Kinross. The majority

of these homes use coal or wood on occasion faedpaating and cooking.

Day hours (07:00 - 18:00) Night hours (19:00 - 06:00)
N N

SO W O .

Arc represents 6% interval Arc represents 3% interval

98%th = €9 ppb 98%th = S1 ppb

Figure35: SQ daytime and night-time sector exceedance roses
KENDAL MONITORING STATION

The SQ daytime sector exceedance rose (Figure 36) iretidabes distributed
between the north west and north sectors indicafiegdal power station stacks as

the source. The SQliurnal variations show that these exceedancesrigat mostly
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between 10:00 and 17:00 which is indicative of $édick emissions being brought to
ground level by convective air turbulence. The hiyine sector exceedance rose

indicates a weak low level source to the east.

Day hour= (07:00 - 18:00) Night hours (19:00 - 06:00)
X X

S s
&xc represents 1232 interxval &xc represents 5% interval
982ch = 2490. ppb, exceeded 85 times 98%ch = 249.9 ppb, exceeded 36 times

Figure 36: S@daytime and night-time sector exceedance roses

MAJUBA MONITORING STATION

The daytime sector exceedance roses at J1 antodB that there is a lobe
indicating main sources distributed between thethhsest and west-north-west
(Figure 37a and 37b), indicating emissions from Wdaj and Tutuka power stations.
The night-time sector exceedance rose indicatesséonis from low level sources at

both monitoring stations.
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Figure 37a: S@daytime and night-time sector exceedance ros&3 at
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Figure 37b: S@daytime and night-time sector exceedance ros&k at
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6.3.2.2 SQ Hot Spot Analysis
HEALTH RISK ASSESSMENT

The DEA ambient air quality standard for hourly Sé@ncentration has been
gazetted at a tolerance of 350 udimith apermissiblerequency of 88 exceedances
for immediate compliance (DEA, 2009). The assessnoérthe modelled spatial
distribution of impact on population agglomeratioiiBigure 38), show that
exceedances occur at both relatively sparse ansefjepopulated areas. The areas
where the DEA standards for immediate complianee exceeded are generally of
population agglomerations 0 to 1 000 per’Kotated in areas close to Matla, Kriel
and Kendal power stations in the central Highvélke hot spot near Vanderbijilpark
in the Vaal Triangle is located in a more densaguated area of 2001 to 5000 per
km?. The hotspot to the west of Tembisa extends ow@ulation agglomerations
1001 to 2000, 2001 to 5000 and 5001 to 10 000. dhoep which is an informal
settlement is located in this area. The analysis e¢vealed that high concentrations
of SG, occur in areas which are located close to Hengvowaer station and west of

Sebokeng.
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Highest SO2 Hourly Exceedance on Populated Areas
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Figure 38: Highest S{hourly average exceedances on populated areas

Hotspots for potential high to very high risk tonman health are observed

around all power stations (Figure 39) except Gredtand Camden which were not

operational in 2003. Generally the category of \l@gh risk near power stations seem

to be located in areas with population agglomenatibetween 0 to 1000 per km

areas around Vanderbijlpark and Sasgltwhich have population

except for

agglomerations between 2001 to 5000 and 5 001 @@@er k.
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Potential Risk to Human Health from SO2 Concentrations
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Figure 39: Potential risk to human health from legfhhourly S@concentrations

The DEA ambient air quality standard for daily S€ncentration has been
gazetted at a tolerance of 125 ugmith apermissibldrequency of 4 exceedances for
immediate compliance (DEA, 2009). Analysis of mdekdloutputs on population
density show hotspot areas around the Kendal, MHtliel, Hendrina, Duvha and
Arnot power stations (Figure 40). The impacts arneggally on population
agglomerations of 0 to 1 000 per kmxcept for areas close to Standerton and
Vanderbjlpark which impact on agglomerations betw2ed01 to 5 000 per Knand
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5001 to 10000. Generally the areas of risk extend from Mitda} in the north to

Standerton in the south and Westonaria in the west.

Highest SO2 Daily Exceedance on Populated Areas
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Figure 40: Highest S{aily average exceedance on populated areas

The DEA ambient air quality standard for annuak $@ncentration has been
gazetted at a tolerance of 50 ugnith no permissibleexceedances for immediate
compliance (DEA, 2009). An assessment based om thasameters show that there

are no impacts from power station emissions (Figdne
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Highest SO2 Annual Exceedance on Populated Areas
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Figure 41: S@annual average exceedance on populated areas

ECOSYSTEM RISK ASSESSMENT

Several high risk areas for potential harm to es®sys can be seen on the

Highveld (Figure 42) with a large extent around #alnh Matla and Kriel power

station. Generally the potential high risk areaged from Standerton in the South, to

Middelberg in the North and the Vaal Triangle ie tlvest and south west. There are

several informal settlements located in the wedtsouth west areas.
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Potential Risk to Ecosystes from SO2 Concentrations

N

Figure 42: Impact on ecosystems fromy®0ncentrations

There are approximately 26 837 wetlands in theystaigea with 871 being
located in areas categorised as high risk. Thensgyees of wetlands found on the
Highveld can be described as channelled valleysbgtdepression, flat, flood plain,
seep, unchannelled valley-bottom and valleyheag. SE® impact of emissions from
the Kendal, Matla and Kriel power stations seenhdawve the largest spatial extent
(Figure 43).

141



Potential Risk to thands from S

= g D)
g 2N

02 Concentrations

T~ 5

[JHigh
7] Wetlands

Figure 43: Impact on wetlands from S€ncentrations

According to the map (Figure 44) of potential rigk vegetation from SO
emissions there seems to be a potential for hgihta the Eastern Highveld , Soweto
Highveld and Rand Highveld grasslands as well asHEpoli Granite, Cartonville
Dolomite, Tsakane Clay and Gold Reef grasslande Gbld Reef and Andesite
Mountain bushvelds are also located in high rigaar
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Potential Risk to Vegetation from SO2 Concentrations
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Figure 44: Impact on vegetation from S€»ncentrations

6.3.3 ANALYSIS OF POTENTIAL RISK FROM NO , EMISSIONS

The NQ diurnal variation graph shows the influence of s&hck emitters
impacting at the site predominantly during the m&y period due to atmospheric
instability and low level sources to a smaller extbetween 06h00 to 08h00 and
15h00 and 18h00 due to motor vehicle emissionsu(Eig5). Generally this distinct
signature is observed at all monitoring sites. Htandard deviation gives an

indication of the worst case scenario.
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Elandsfontein NO2 diurnal variations
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Figure 45: NQ diurnal variation at Elansfontein

6.3.3.1 Sector Exceedance Roses
ELANDSFONTEIN MONITORING STATION

The daytime sector exceedance rose indicates |prevsources to the west,
which indicate Kriel and Duvha power station to tieth (Figure 46). The impact

from Matla power station in the west-south-westagligible.

The night-time sector exceedance rose indicateshniower concentrations
were recorded during these hours. The dominanteswere in the north-north-east,
south-south-east, south-south-west and north-wexdbis. These sources are most
likely related to motor vehicle emissions in neighbng towns. This plot shows no
influence from power stations, suggesting that éhglsimes are buoyed above the

night-time surface inversion at this site.
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Figure 46: NQ daytime and night-time sector exceedance roses

VERKYKKOP MONITORING STATION

Both the day-time and night-time sector exceedaases (Figure 47) show the
prevalence of sources to the north-north-west amthnpwith the north being more
dominant at night. This suggests that in both msta as with the S@oncentrations,
the highest concentrations are likely to be relatedvajuba power station in the

north-north-west and Amersfoort in the north.
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Figure 47: Day time and night-time N®ector exceedance roses
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PALMER MONITORING STATION

Both the daytime and night-time sector exceedanses (Figure 48) indicate
the prevalence of major sources in the south-seat-to west-south-west sectors.
Arnot power station lies south-south-west while #i@ma, Duvha, Kriel and Matla
power stations all lie south-west to west-southtveéthe monitoring station, as do
the towns of Middelburg and Witbank.
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Figure 48: NQ daytime and night-time sector exceedance roses

MAKALU MONITORING STATION

The daytime sector exceedance rose (Figure 49ysshbe prevalence of
sources in the south to north-east sectors, wighnibrth-west and north-north-west
sectors as most dominant. Sasolburg lies to thg Wasderbijlpark to the north-west

and Vereeniging to the north. The night-time seetareedance rose shows dominant
sources in the west and north-north-west sectors.
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Figure 49: NQdaytime and night-time sector exceedance roses

KENDAL MONITORING STATION

The day and night time sector Bl@xceedance roses at the Kendal monitoring
station(Figure 50) show sources in majority ofdketors but most dominant occur in the South

East, South West and North West sectors which neaglated to numerous high level sources
in the vicinity.

Day hours (07:00 - 18:00) Night hours (19:00 - 06:00)
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Figure 50: NQdaytime and night-time sector exceedance roses
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6.3.3 ANALYSIS OF POTENTIAL RISK FROM NO , CONCENTRATIONS

Results from the analysis of the Ménnual average for a tolerance of 40 Ug/m
for the protection of human health (DEA, 2009) &tdug/ni for the protection of
vegetation (EC guideline) show no areas of potentiacern around power stations.
The highest measured annual average concentratiothé year was recorded at
26.99 ug/m.

Eskom records from ground monitoring stations ¢atbd that there were no
stations which exceeded the 200 ughighest hourly average more than 88 times a
year as stipulated by DEA’s national ambient agldgy standards. The highest hourly
average was recorded at 145.5 utanKendal monitoring station.

kkkkkkkkkkkkkkkkkhkkhkkhkkkkkkkkkhkkhkkhkkhkkkkkkkkkkkkkkk *kkkkkkkkkkkkkkkkk

Elandsfontein was the only monitoring station dalggfor analysis of measured
NO, observations against SCIAMACHY retrievals. A fgigood correlation seems to

exist between measured observations and SCIAMAC#HtE.d

Statistical evaluations of the $Qmeasured and modelled concentrations
indicate that out of eight monitoring stations thedel under predicts at five and over
predicts at the other three. The calculated rditglof the model for S@ modelled
concentrations are 62%. The comparison of the medswalue to the upper and
lower limits of the model also indicate nonconfotyrat three monitoring stations.

Statistical evaluations of the NOmeasured and modelled concentrations
indicate that the model both under predicts and pxedicts for 50% of the time. The
comparison of the measured value to the upper awerllimits of the model also
indicate nonconformity at two monitoring statioi$iere appears to be no constant
biasness in the model for both S&hd NQ outputs.

The results on the statistical distribution of thmodelled outputs seem to
indicate that the CALPUFF model predicts the highedues based on calculations
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from the bulk of the distribution rather than th@ique distribution at the tails. This

could possibly account for the large variance betwaeasured and modelled values.

Hotspots for high to very high risk to human hedfttm SQ emissions occur
around all power stations. Generally the categdrigigh risk around power stations
seems to be located in areas with population agglations between 0 to 1 000 and 2
001 to 5 000 per kfn

Several high risk areas for potential harm to estesys from S@emissions
can be seen on the Highveld with a large spatisdrgxaround Kendal, Matla and
Kriel power station. Approximately 871 wetlands| faithin the high risk areas. The
vegetation risk map indicates a high risk to sdvgrassland and bushveld types.
There seems to be no potential risk to human healthecosystems from emissions

of NO and subsequent conversion toNiOthe atmosphere.

The following chapter discusses the conclusionthisf study and outlines the

recommendations and opportunities for future retear
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CHAPTER 7
CONCLUSION & SUMMARY

This chapter discusses the extent to which theltsesu
have addressed the study objectives and outlines th

recommendations and opportunities for future resear

7.1 SUMMARY OF RESULTS

The overall aim and objectives of this study waescribed in Section 1.3. The
main objective of this study is to improve S@nd NQ modelled air quality
predictions using measured data in order to credibédict concentrations without

reference to fixed ground based monitoring stations

The study utilised data for the year 2003 fromHEs&om air quality database of
ground-based continuous measurements, the SouticaAfrWeather Services
meteorological data, Airshed Planning Professiomaspersion modelling studies
conducted on behalf of Eskom and the European Spgemcy’'s SCIAMACHY
retrievals. Measured, modelled and remotely semseduality data was validated,
interrogated, interpolated and integrated in thesyitito create one “improved” air
guality dataset for the Highveld region. This nawcmality dataset for the Highveld
was further interrogated against the DEA’s, WHOgl &C’s ambient air quality
standards to map and identify potential risk to honmealth and ecosystems from
power station emissions. The potential harm tothesid ecosystems was mapped as

categories of low, medium and high risk areas.

The results of the study have shown that althabghconcentration value for
the NQ tropospheric column is greater than the valuegmiesl on the ground there
is a good correlation between measured observatiothSCIAMACHY retrievals.

The regression analysis of measured concentratmmsthe ground and
SCIAMACHY retrievals at 9:00 revealed a poor caatigin as compared to the
regression analysis conducted on SCIAMACHY dataewtd at 10:00 alluding to
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the fact that there may be sensitivity for acqigsitimes.
No SCIAMACHY retrievals where available for $G@omparisons.

The results from the validation of the CALPUFF rabihdicate with respect to
SO, predictionghatthemodel is only reliable for 62% of the time withinet United
States Environmental Protection Agency’'s model qrerince guideline of
acceptance i.e. predictions within a factor of @tiStical analysis of SOmeasured
and modelled concentrations indicate that out glitemonitoring stations the model
under predicts at five monitoring stations (Elaodsein, Verkykkop, Leandra,
Makalu and Palmer) and over predicts at the offtweet monitoring stations (Kendal,
Majubal and Majuba 3). The comparison of the measaoncentrations to the upper
and lower limits of the model also indicated thie model does not conform at three

monitoring stations (Majuba 1, Majuba 3 and Palmer)

For NG, the CALPUFF model predictions were reliable fotyo50% of the
time. The comparisons of the measured concentsatmithe lower and upper limits
reveal that the modelled values did not conforrtwat monitoring sites (Camden and

Palmer).

There is also no constant value by which the maaheler predicts and over

predicts as demonstrated in the expected excursaloslated for both SCand NQ.

The analysis of the CDF graphs indicate a break ilnthe quantiles for both
SO, and NQ modelled data at all monitoring stations. It seem@appear that the
CALPUFF model predicts the highest values fromlibik of the distribution rather
that the tail of the distribution where the extrentie. This could possibly account for

the large variance between measured and modeltpdtsu

The results on the analysis of potential risk fr&@, emissions reveal that
hotspots for high to very high risk to human he&ldm SQ emissions occur around
all power stations. Generally the category of higlk seems to be located in areas
with population agglomerations between 0 1 0002081 to 5001 per kfm
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Several high risk areas for potential harm to estesys from S@emissions
can be seen on the Highveld with a large spatisdrgxaround Kendal, Matla and
Kriel power station. Approximately 871 wetlands| faithin the high risk areas. The
vegetation risk map indicates a high risk to sewgrrassland and bushveld types.

There is no potential risk to human health fromsaioins of NO and subsequent

conversion to N@in the atmosphere..

In conclusion it can be established that a GI& mwerful tool which can be
utilised to statistically analyse, interrogate amigrate different air quality datasets.
This study demonstrated that a GIS can be utiligedmprove and quantify the
evaluation of impacts from power station emissionsecosystems and human health

by identifying areas of potential risk to exposure.

7.2 RECOMMENDATIONS FOR FUTURE RESERACH

Although this study proves that it is possible &inre CALPUFF modelled
outputs using measured values via a GIS, the grooowitoring stations should be
strategically located to represent an adequate Isadigtribution which will further
improve the accuracy of the model outputs.

One of the findings of this study was that the CAIEFF model seems to use an
equation based on the bulk of the distribution tedpt behaviour of variables in
extreme scenarios. The cumulative distribution fiemc graphs show unique
behaviour at the tails of the distribution were théremes occur and predictions by
the model should be made based on equations demiviiee tail of the distribution.
This should be further investigated as it wouldréase the reliability of the
predictions. It is suggested that a new algoritomtifie model based on an empirical
equation be formulated. This should be based oatgrehan 10 years of continuous

data and performance should be compared againsuthent algorithm.

Results showed that SCIAMACHY retrievals of N€oncentrations were not
representative of measured surface concentrafidresconcentration retrieved by the

satellite is given for the total amount of N@er tropospheric column. This cannot be
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easily translated to the concentration at the giowmithout complex physical science
calculations and assumptions. Future research glstigate the robustness of the
assumptions made for the conversion. Researchdheulocused on determining the
amount of NQ at varying altitudes within the tropospheric cotufor comparative

analysis with surface measurements and boundagy lelyaracteristics for example
mixing height variability, turbulent mixing, thermmand mechanical turbulence,

albedo, etc.

The SCIAMACHY pixel resolution of 60 km x 30 km i®o coarse for
comparative analysis with a point which representsoncentration on the ground.
The results from the analysis on satellite retdew@em to show that there could be
high sensitivity to the time of acquisition of date data. This should be further
investigated with a different dataset as the 20@8gskt did not have sufficient
intersects between SCIMACHY pixels and monitoringatisns. Surface
measurements are recorded hourly whereas thereme dag due to the orbit cycle of
the satellite with regards to concentrations retteby a satellite. Greater dispersion
and dilution of pollutants occur with increasingnd which could account for
discrepancies between satellite retrievals and umedssurface concentrations. It is
recommended that other satellites with finer resmhs be investigated for example
OMI and GOME. SCIAMACHY overpasses the Highveldioegonce every four
days whereas OMI and GOME have daily orbits.

The study revealed that integration of availableqaiality datasets with a GIS
can improve the evaluation of impacts from powatigh emissions on human health
and ecosystems by identifying hotspots. It is rec@mded that these areas of concern

should be verified by research in the field.
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