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Abstract

The Highvelh & ARSYGAFASR & Iy FANI LRffdziAzy WK2i

are elevated due to the high density of industrial and idustrial air pollution source§o
enhanceair quality acrossthe Highveld it was declared a priority areeo marnage and
monitor pollutantsto reduce thér negative impacbn the environment andociety. Hence,
the aim of thisstudy was to investigate ambient air pollution across tHeyhveld Priority
Area {HPA, usinggroundlevel SQ NG and surface © concentrations, meteorological
parameters andModerate resolution imaging spectroradiometeMQDIS atmosphere
products for January to December 201tb, develgp new modellingechniques ¢ aid inthe

management of air pollution

Results show the annuahean trace gas concentrations 8Q, NG and surface @were
12.14 14.75and 28.77 ppb, respectively SQ and NQ concentations were highest during
winter at an average of 17.58nd 20.96ppb, where surface gconcentratiors werehighest
during springat an average of 32.8ppb. Diurnal patterns of SCGand surface @were
similar, where a midday peak occurtddO; concentrations instead showed peaks during
traffic hours. Anbient air temperature, solar radiation, relative humidity, wind speed and
rainfal levels peaked during summer. Atmospheric pressure was relatively stable
throughout the yearWinds typically ranged from N toup to April andfrom S to NWfrom
May. Very little variation in S€and NQ concentrations wagxplainable by meteorology, 4
to 29 % and 5 to 23 % hile the influence of meteorology on surface €éncentrations was
more significant, 23 to 53 %patial multipg regression statistical modelssing a cross
validation approach for model validatiowere made @er a number of tempal scalesThe
model fitting and validation processindicated that the models were not a good fit as only
up to 69, 74 and 58 % of SHNQ and surface @concentrations withhigh root means
square error RMSE values of up to 22.1015.56 and 18.59pb, respectively,could be
explained by the modelghis process revealed the potential to model pollutaatsoss the
HPA and & a pilot study future work cabe based on thistudy. It is clear that spatial
modelling for pollution estimatiorand managements necessary as seen by the frequent

exceedances of the national and international ambient air quality standards.
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1.1. Background
Clean air is consideres basichuman right and a requiremerfor human health and wié

being (WHO, 2005)ntreasing levels of air pollutants across the world have become an
issue for human and environmental health (WHO, 2005; Josigd\at, 2010. Expanding
industrial and urban areas, especially in developing countries where populations are
growing quickly such as South Africa, are largely responsible for increasing air pollution
levels (Josipoviet al, 201Q Gauret al, 2014). South Afte has been identified as a
significant air pollution source (Josipoetal., 201Q. Across the countrgeven citeria air
pollutant speciesare frequently emitted, €H, CO, N@ G, PB, P\b, SQ (DEA, 2009).
Within South Africa there are a number of airfpd dzii A 2 Y W Knaniely thisHigield NS &
Priority Area HPA, the Vaal Triangle Ashed Priority Area and the Waterberg Bojanala
Priority Area. These are areahere ambient air quality stadardsfor criteria air pollutants

are or may beexceededor any other situation exists which isausing or may cause a

significant negative ipact on air quality in the are@EA, 2017).

Among the different pollutants emitted across the HPA,S®Q and surface Q are
particularly common where they can cause or exacerbate a number of respiratory problems,
cardiovascular and lung disease, and other damaging effects on human health (WHO, 2005;
Vallero, 2008 DEA, 201}l Major pollution sources across thé®A include domestic fossil

fuel burning, mining, power generation, transport, petrochemical sectors and other
industrial sectorsPEA, 201}l Each of these major pollutant sources are responsible for
emissions of the pollutants S@nd NQ, while in situ ppotochemical oxidation of carbon
linked compounds (i.e. CO, C&hd VO Q& 0 I , iB tHie\pileSeSdR of N@re responsible

for the production of the surface {dDEA, 2011Gauret al., 2014).

To effectively manage and monitor pollutant concentrations,istcrucial to determine
pollutant levels, their variations and their relationship to regional meteorologedterns,
which is typially done usinggroundbasedmonitoring networks (Gupta and Christopher,
2009a; Gupta and Christopher, 2009b; ¢twal, 2014a; Hiet al., 2014b; Sotoudeheian and
Arhami, 2014; Yoet al, 2015). Across the HPA, tlB®uth African air quality information
(SAAQIBMonitoring network is used for this purpose. Although grodedel measurements
are considered accurate, theseeasurementsare inadequate as thegnly cover a small

area (Huet al, 2014a). Consequently studies incorporating these measurements are narrow
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due to the limited coverage and irregular distribution of monitoring stations étal.,
2014a; Hwet al,, 2014; Sotoudeheian and Arhami, 2014). To achievepeta coverage of

an area usingroundbasedmonitoring networks is costly and as a ressilidiesinto more
efficient monitoring techniques to attain comprehensive measurements of pollutants is
necessary (@oudeheian and Arhami, 2014; Yoet al, 2015). In recent decades,
innovations in remote sensing techniques have encouraged measuring air pollutants using
satellite imagery from a number of sensors, such as MODIS on Terra and Aqua satellites
among otherg(Sotoudeheian and Arhami, 2014u et al, 2014a; Hwet al, 2014b; Yoiet

al., 2015). Hence, remote sensing techniquesing derived measurementlave been
applied for the purpose of modellingollutants to gaima full spatialcoverage of pollutants
acros an area (Hwet al, 2014a; Huet al, 2014b; Youet al, 2015). Using derived
measurements of trace gases and aerosols obtained from Igat@ihagery to estimate
groundlevel pollutant concentrations is a necessary but challenging task to manage and
monitor pollutants across an area (Gupta and Christopher, 2009a; Gupta and Christopher,
2009b; Sotoudeheian and Arhami, 20Hy et al,, 2014a; Hiet al, 2014b; Yot al,, 2015).

To date no investigatn into air pollution modellingicross the HPA using sedite imagery

has been undertaken. As a result, in the following sections ofthidy, the spatietemporal

patterns of S@ NQand surface @across the HPA are investigatesing satellite imagery

1.2. Rationale
The National Environmental Managememtir Quality Act (No. 39 of 2004NEMAQA)

illustrates that the constitutional right of an environment is that i kept healthy and

nothing harmful to the environmentsealth and wellbeing should be done (DEA, 2004). The
Highveld has for long now been area associated with poor air qualitypEA, 2011

Balashowet al., 2014). Hence, thelPAwas named in November 2007 as it is an area in need

of air pollution control and governance as icated by the frequent and potential
exceedancesf air quality stadards DEA, 2010 @ ¢ Kdza> GKS 1t! A& |y |
whereby the roos of air pollution problems are to be identified and addressedaimAir

Quality Management PlanAQMP (DEA, 2010 ® ! vat Qa R2 y20 F2ff 2«
address air quality prdbmsas they ae just guidelines. As a resulis studywill introduce

new technques into modellingpollutants which can be used to identifynd address air

quality problemsusing information orthe relationship of air pollutantto meteorology and
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for air quality to satellite-derived measuremenismeteorology and other potdial factors,

which isa recentstudyendeavomeverperformed across any area in South Africa

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

concentrations over numerous temporal scales (Zunehkedl, 2004; Pudasaineet al.,
2006; Laakset al., 2008; Elampari and Chithambarathanu, 2011; Gawad., 2014). Across

the country studies have investigated the temporal variation of many aerosols and trace
gases (Zunckedt al, 2004; Laakset al., 2008; Collettet al, 2010; Abioduret al,, 2014;
Balashovet al, 2014). Few studies have focused on the temab variation of pollutant
species over Highveld area (Collettal., 2010; Balashogt al., 2014). As a result, this study
will add to the body of knowledge on the temporal variationpafilutants SQ, NG and

surface @concentrations across the HigHde

In addition, it is important to understand how meteorological parameters influence the
concentrations of pollutants (Duefias et al, 2002; Elminir, 2005;Elampari and
Chithambarathanu, 2011). There arewf studies across the world (Dius et al, 2002;
Elminir, 2005; Elampari and Chithambarathanu, 201hd aone across the Highveld
Hence, this study will add to thieody of knowledge orthe relationship of S¢& NQ and

surface @to regional meteorolgy andof this subject across the Highveld area.

Many studies have used simple linear regression modelling to relgmundlevel
concentrations of trace gases and aerosolssébellitederived measurements (Chet al.,
2003; Wang and Christophet al, 2003; EngeCoxet al, 2004; EngeCoxet al, 2006;
Hutchinsonet al., 2006; Fishmaet al., 2010). More recently, multiple regression and non
linear modelling has been used for the purpose of relating the two by including other factors
that influencegroundlevel trace gas and aerosaoncentratiors (Gupta and Christopher,
2009a; Gupta and Christopher, 2009b; Sotoudeheian and Arhami, B0kt;al, 2014a; Hu

et al, 2014b; Youwet al, 2015). Thisstudy will add to this body of knowledge by using
multiple regression modelling incorporating sometlbé many factors that influence trace
gas concentrations, in a new location being the Highveld and fer I$Q and surface @

over numerous temporal scales.
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Many air quality monitoring studies measure the frequency of exceedance of air quality
standarddor trace gases and aerosols (Josip@tial., 2010; Venteret al,, 2012). This study

will add to the body of knowledge of the frequency of exceedance of BQ and surface

> ONRPaa GKS I1t! o bSg ¢lea (G2 ARSyS8dgRe | L2

probability of exceedance.

This study may beused as guideline for modellingpllutants to develop methods whereby

pollutants across an area may be accurately modelled usindjisatnd groundleveldata.

1.4. Aim and objectives
Thisstudyaims to investigate ambient air pollution, usiggpundlevel SQ, NQ and surface

Os concentrations, meteorological parameters and MODIS atmosphere products, across the
HPAE | LRtfdziA2y WK2:GaLR3GdQ I NBIF Ay {2dziK ! FNX

The main objectives are:

1. To determne the seasonal, monthlgnd diurnal variation of grountevel SQ, NG and
surface @concentrations,

2. To investigate how regional meteorological conditions influencg BQ and surface @
concentrations,

3. To investigatethe relationship between grountbvel SQ, NQ and surface ©
concentrations, meteorological conditions and MODIS atmosphere products and,

4. To investigate if SONQ and surface ©levels exceed national and international air

guality guidelines and the human and environmental health inagilbns thereof.

1.5. Structure of thesis
The work presented herein is divided into six chapt@isapter 1provides an introductio

to this study. Chapter 2discusses the associated literatu@hapter 3provides an overview
of the study areaChapter 4explainsthe data andmethodological pproaches utilisedThe
results are presented and discussed @hapter 5 In Chapter 6the key findings are

summarisedvith recommendations
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Chapter 2: Literature review

(Eskom 201b)
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2.1. Primary and s econdary pollutants
SQ, NG and suirface Q are common air pollutants in South Africa's ambientaaid across

the HPADEA, 200¥ These air pollutants can lm®nsidered in two main categories, primary
and secondary air pollutantsSQ and NQ are primary pollutants emitted directly from
sourcesinto the atmosphereVallero, 2008Harrisonet al., 2014).Surface ®is a secondary
air pollutant manufactured in aiwhen primary pollutants (i.e. precursor gagamder the
influence of sunshineeact with andin the presence of one another (Vallero, 206frrison
et al, 20149.

2.2. What is SQ

{hoSt2y3a G2 | 3ANRdzLI 2F | AN Lt foddld Bl d iy @ &y
{hAd Ftyi2vWw ot ST &AGNBy3 &YSt SAEI HInASTLIGH &id | LI
HAMnO® LG Aa 2yS 2F GKS Yz2ald O2yyzyfte NBfES
0/ KBS 1 A0 RONBR2YAY I yitE bKANKERA WG E&RE ¥ dl LK/
GKS 2AGSIZEARAASRY 023 hT2 W¥ RSOy R NEK B £ & tzh | y i
Hn MU2 dzZNREFAY YR [ SSHNIZY R N5l i ®mIT Hodoh &K SHf a2 068
2EARAASR (2 LINPRdzOS 4SO2yRBUEI tuiNp a2t a ' yR C

{hA&d SYAGGSR FTNRBY | ydzZYoSNI 2F yIGdsd® | yF
l YOKNRLRZ2 ISy A O, ONERAYA 4QA 2 WaEdzR2FEA 2FyR NIINPED SraLa S8 O2 | f
L2 6 SNJ ISWNEBI RKEYyY2ad O02YY2y YR GKS& 200dzNJ |
{hi®dS O2yaARSNBR I YI 22 NISHY 2am SKiSTNRA[iCe mI2 & © dzti K
YI 22 NR URY A2573 A{20Y &0 A Odzf || NI &5+ ®NR X3 ( KES OR 0 HzA G A
O2y Gl AyAy3 Fdz5¢t & SHIE I iaznAymST( 558 Hx@0B 4 1Tio ¥ MISH & 2 v
SO | f 0Z,ardMDESYyEMBEEOEYyt & IRANHINA blyzR SRMBH  NB &
{hO2y OSy (@MNINBA 2 F 0 SiaALbSGAe £ &8 | ONRP&& GKS, 1t! 4
a2dzNOS&a | NB I ONRHIAS GiEK SHT8Se hasli g/ MR REXK R F | F ¥ & X
dzy S@Sy (GSYLIZNIt RA&GNROYAARKSNIO |t ANHKBRAA oGS 221
RIF@a 0%dzyO1St Xl mabpBT [ & Spghi N0 ©
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Table 21: Common surces of S@(Stehret al., 2000; Cheret al, 2001; Datteet al., 2010;
DEA, 2011Gauret al., 2014; Harrisort al., 2014).

t2tfdziil yi Sources of SO

{h 1 Petrochemical plantg petroleum production

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

Mining (coal)

Gas extraction

Emissions from soil microbial processes

Agricultural activitieg land clearing

Geothermalk; Volcanoes and hot springs

= =4 —a —a -8

{hAad KAIKEE NBIgRABS Ay RBE2KdEoAk fS2 NBY2OSR TN
GKNRdzZAK ¢6SG FyR RNE RSIEAEAHIMPRyU & LONEIERASE ©
OMmppcd GKS NIdGS 2ZF0RNEI RS LRAIKARIYR 2(FF NEhSt & ¢

RSLIZaAAGAZ2Y I YI2My tf &S OIRESA LB HG(KAE2 y5 NEBE LBSANR §Fy @ DO d
0KNRdZAK2dzi GKS @SN gKSy LRffdzilyia aSdatsS z
0 Yodzy O SEvdbpc T %dzy O1 St =X mMdppoPd 5dzNAYy I GKS & d
0KS Y 22MMRAAYyEZ YR RddzNRYI NBRRISRAYENRWAK g S
LIN2 OS&aasSaszs yI YOS QSNKEAANITA OFgiANIZKYA y2 NOf 2 dzZRa | &
6 YodzyN SHmdppc T %dzy 01 St = mphpdpO &

2.2.1. Why does SQ matter
SQ is an inportant polluant to consider as x@osue may influence both human and

environmental health as well as climat&/allero, 2008;Harrison et al, 2014). In a
developing country such as South Africa, high B@els as a result of coal combustion
persist Lourenset al, 2011;Harrisonet al,, 2014).The resultindgSQ concentationsbuild up
to dangerous levels undeertainmeteorological conditionand in particular terrainsvhich

limit dispersion Dattaet al,, 2010; Gauet al., 2014;Harrisonet al., 2014).

SQ exposure influences human health immensdyief exposure to SQor as short as 10
minutes, maybegin to affect pulmonary function in individuals (WHO, 2005). Mortality as a
result of long term exposure to S@nay occur(WHO, 2005; Harrisoet al, 2014. In
humans, Setypicallyaffects the respiratory system bgonstricing bronchi through mucus

secretion, worseimg asthmatic symptoms making breathing difficult or biimgy about
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asthma, promoting chronic bronchitis and causeaughing Yallero, 2008Harrisonet al.,
2014). Exposure to S@nay alsoact as an irritant to eyesjose and throat Vallero, 2008;
Harrisonet al., 2014).

In vegetation, S© may cause severe stress througihibition of growth; physical
destruction namelyleaf blemishes;disturban@ of internal processes namelgnetabolic
function; and deterioration of health increasing plant sustibjlity to other stressors
namelydiseaseand/or insect attack \{allero, 2008Harrisonet al, 2014). The outcome of
the influence of S@on vegetation may have economic and aesthetic effevtslliéro, 2008;
Harrisonet al., 2014). In ecologically sensitive areas particularly, 8posure may lead an
overall decline in biodiversity through loss of sensitive spedaligro, 2008Harrisonet a.,
2014).

SQ in the atmosphere is commonly converted tos8@rough oxidation reactions (Chest

al., 2001). The resulting $Opatrticles actively scatter solaadiation promoting surface and
atmospheric coolingQ{atta et al, 2010;Harrisonet al, 2014). These particles also act a
cloud condension nuclei and as a result clowbedo levels are increased which leads to
an increase in cloud droplet numbers, a decrease in cloud sezieEingthe precipitation
ability of cloudsincreasing their lifame effectively enhaning the reflection of solar

radiation to space (Harriscet al., 2014).

2.2.2. Seasonal variation of SO,

{bKIFa |y 200A2dza aSlaz2ylft QGFINAFGA2Yy d 5dzNAy 3
{ hO2y OSYiUNI GA2Y&GABNSIa2pBaNBEYagdSR FNRY GKS |
RSLIaAGA2y I SINPIOK & A WS ol Sty dEn] d&TR 5| HaddiM /ST =D I d2NJ
HamnU® IRRKH & 2RBROROKSYAOLIffe NBRIdzZOSR G KNZRdz3|
SOl o /ByOBNR yRI & dzY YS KR Y DP§ €& 8L § hIRIPBEI I DB RdzS
NEBY2@Ff 08 IYINEROANMUINRARK2G20KSYAOLIT NBIFOGAZ2Yy
YAEAY3I Ay |y dzf& G oat2S SHiG A adIK S$iNdSnyoT a Sy 3 S
DI dzNJ SGO®f & HAamn

{GFrofS GAYGSNI GY2AaLIKSNAO O2yRAGA2ya FTNRBY K
Y2NB FNBIjdzSy G GSYLISNF GdzNB Ay @SNBEO22YWES yLINE KiAAO2A
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grri142 Sid FtodS wnnyT aSyaADISANII Db I t&mPrhdNGSM rHzfi
02y OSYy(NrGA2ya LS| RANKyYy@BhwRy2Z S8 ol & ¢D 2 P &S
HAndpT 5F4lF SO | f @D Hl ANEDKIS/ND S{alNNIS i A 2 W 3> A ¥i n{ma dzi
Y2y (GKa | 002 NRA A odhlze +ISyNIBNS f t & 68 & + NB&dA
2F LRttdzitydao

Ly {2dziK ! FNAOIFI YR LI NIAOdz I NI & 2@SNJ GKS | A
a0l dA2ya NBORROSYy#EMNY@ERIYyEh I NBE KAdK2y2(02PyhE
FGY2aLKSNBX odzi 6SOlIdzaS Y2NB St SOGNROAGE |y
O[ 2dBIBYREPMMO ®@ CdzNIIKSNY2NB XA & K82 B | WRF Yy 2 dz@po 8l
L2t fdziib yi &2dz2NDOSa ' NB &G NB I & i n 2800 B2 kg OB y C
+SYS68NF M ST ZD I deNIn O D

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

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

they may vary substantially from month to month.

In Washington, United States, Chet al. (2001) found that from1999 to 2000 SO
concentrationswere lowest during August and during Decemhbmmcentrationswere
particularly high. Similarly, Gaet al. (2014) in Northern India and Mergt al. (2009) in
Northern China identified peak $€bncentrations during December and during August the
concentrations of SOwere lowest. In Hyy#ld, Finland Lyubovtsevat al. (2005
investigated S@©concentrations in a boreal forest and found that August concentrations
were lowest while during February, concentrations of: 8@re highest. From September
2004 to May 2005 Salibat al. (2006) investigated SQroncentrations across Beit,
Lebanon and identified a December peak. Summer concentrations were not measured but
during September, théeginningof autumn,SQ concentrations were at their lowest for the

sampling campaign (Salileaal., 2006).
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In South Africa across the Highddlourenset al. (2011) investigated S@oncentrations
during 2007 and 2008 and found that S€»ncentrations peaked during July and during
November they were lowesNear Mafikeng in the NortfWest, South Africd_aaksoet al.
(2008) showed that during 2@ and 2007 the concentrations of S6@aked during July and

during Januaryheywere lowest.

2.2.4. Diurnal variation of SO »
{hKI & | O2YLX SE RAdINYIf GFNAIFGA2Y S SHKAIGKD A &

HANSYEISG S Hda mnSTO Mklided K & G662 RAdzZNYIFE GF NRA I (
RAdzNY I £ OKIFy3ISa 2F (GKS YAEAY 3, & { ESENDU HiymRn nFTNE
| K=l adnmo d

hyS RAdzNY It @FNRAFGAZ2Y 6 KA OMUzMI&E O-KNBNT-3 BSHA @
{ BLISF 1 F NRBdzy R ™MH KA B Gy Rn Enap§SETNG |- £ donlzp 0 /6 BBRyA M

[ @dz0 2 BUESBHIdnp SUE & P &SRITS |[uAmyn ySTO alStymn pS G ERE © S G
HAMNO® ¢KAA Ad & || NBAHA{ORFPINI GK2YE 262 YA
YAEGKS & dzNF | DB lotwdpayy §RISE | 1 n nSTH ¥ KBS WSG Z | f
HAandT Ji2X im0y OB GINI GAZ2ya Ay GKA& OFasS 3§,
NB&dzZ G 2F RNE SRSUIAIMNEISHAYE | diypdzyy B 1S ¢

Ly 20 KONINRH A2y 200dzNB Fa | NBadzZ d 2F &2dzNOS
RdzZNAY 3 (KS Y2BEIBIHYEH 3 IyiRd &85 YRy n! Y2 NY Ay 3
SOSYAy3 LISIF]T FNB +ta | NBadzZ G 2F LISF1 GAYS @

FdzSt5 keSS >0 1t pm/OT =D Hopdn! RRAGA2Yy I ff& GKS S@OSyA
08 UKST2¢¥¥SMAYy®DSNBRAZ2Y I &8SN) 0AYRdzOSR o6& (25
NI RAFTGAGS 022t Ay30 GKFG LINPKAOAGA GOSNIAOIf
GKS y200dz2Ny It AYyOSNBEA2Y I FeaRRRKBESIARNBRE Y ©dzL)
HMMaBSYyS8Nl HOMEBRISF timdMn5 dzZNA Y 3 gAY GSNI GKS Y2 NYA
FNB Y2NB LINRy2dzyOSR Ia | NBadzZ# 4 2F &az2dz2NOS a
GSYLISNY GdzZNE Ay OSNEA 2WMHIOESNARE 6+Sy (SN
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2.3. What is NO,

hEARDA (N2 Py boibdb HNMBE 27 INRIXKI & HRBAOKA OGSy dl &
YAGNRIASY H Ry B/EREBEY # d ney NBI HHE ¥ S NENESRE a At FdzS
O2Y0dz&EGABY S HOPEDZIOHBEMNA®2YhS ARY &2 RGENIFBNGE S 4 &
SYAGGSR RANBOGINB AayRIKES(2ONGEALKI f f &8 2ERRAAS
NE gy 2RPNBEZI BthanTSh ENNR&AY O h EVIREINBR RO T
aS02yRINE | SNRazta SiyR O uzgd BORIAGER R E NLINJ Y 10 NBE v
L2t € dzi I yi o

(@]

Table 22: Common sources of N@AbdutWahab and Bouhamra, 200®avidand Nair,
2011;DEA, 2011Gauret al,, 2014; Harrisort al., 2014.

t2tfdzil yi Sources of NO

b ke 1 Fossil fuel burning biomass, domestic, vehicéxhaust emissions and
industrial

Mining

Wild fires

Lightning strikes

Soil microbial activity

Agricultural activitieg land clearing, agricultural waste combustion

= =4 —a —a -9

¢CKS YI22NRNE SWAMIKSR FTNRBY O02Y0dzaAaAGA2F0 INRDOSa
HAMNO® bhif SHFIRBILBYRSY (I 2y &2dz2NDOS RSyarade oA
2 K6 FyR . 2dzKta2NEND SHin i NP IdaS @RIVSIRE R/ R D2y O8
NB & dzA#QR yEOIS y (i NI A2y a SEKAOAG S ENHBT atlByirg &
FEdunnySa alS @ n dSTU SO HiOdNWEKA & B hy | 0 Y 2 S&LIKASKNANTG SENA
OKFy2Fhl O2dzLX S 27 SKiZdzNEp min2) & RIF & 06 DI dzNJ

A major sink for NQis the photochemical reaction producing surface(®hammedet al,

2006; Pandewt al., 2008; Menget al, 2009; Gauet al,, 2014). N@are removed through

dry deposition processeBlO mayeasilybe removed to form N@(Lalet al., 2000; Jairet al.,

2005; Pandet al, 2008; Harrisoret al., 2014). N@ a gas soluble in liquidsnayeasilybe
removed through cloud scavenging and precipitation as well as through dry deposition (Jain
et al, 2005; Gauret al, 2014). Over the Highveld, as is the case fos rf8@oval, dry
deposition and photochemical reacotis are the most common removal paths for the

soluble NQas there is little precipation (Collettet al,, 2010).
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2.3.1. Why does NG matter
brlNBE Iy AYLRNIFYy(d 3INRdAzL) 2F LRffdzityida GKIFAQG

AYTEdzSyO0S ®R2 B OKMEIYYWSIYYil $0 XKISH ®ieKSHEH MNX B & yo d
dzLJ dzy RS NJ LJ NJi A O oyi RAND ARS/(AS 26NKRAT KT ANRNSE R BO/AR R ® 1.IS WE
brlfla@ia Fa I OF (@Al K deh/iH | deNPi Oy h

| BEGNBYSt e KBSEKR&EEMBt DI Yh O dzAS RSEVIKAY f@KA f
OF NBKSS) aNBia LIA NI FFS®D G Ay a0 8K S & i NUzO (SdaNB- #24¥m nf 0dgy 3
brOlFYy |fa2 RAaGdZND GKS o6f22RQa | ®REf X &8 RAg Il N
KSIRIFEOKSaz FIdA3dzSSh YyRHAMMABRESIE (@I | ONINIKA 26/dzY
FYAYLEad | A0 ¥SBEBINA gEy bthe RINI B8 HKR NBzl
AYyONBAdAAYSINT 0 Af AGe (2 | &GBKEN Hdemind & LI aded G2 N
Ol dzaS dzyO2yaoOAz2dzaySaas @2YAUlAYy3Ar YSFULEEft @2y
Hamneldt dzh | OGa a Fy ANNARGEYyd (2 SiKSH iS@SEED y
LIif a2 Ol dzaSa aK2 NIy Sadaa 24F o8 KENNERER2ny® [dd A 3dzS | y

brrAd G§2EAO YR YlI& 020K AYRANBOGS& SH R MR NS (
t KEaAQVt 8@ NBRdzOS L Iyd 3INRPgUGK NIGSaxz of Sk OK
' yR Ol dz&a S t S§(FZ [ #hab @A oA NBNA (Bf28/ RI Y 3S&a LI I yda
RSLI2aAAGAZ2Y I 4SS SRRLIAKSH SIR AEh AYONBI aR23 &2Af
KAIK F2NIDSEBEABK®YinL ®

breAa | OFGFfead RdzNRAyY 0 IGHENSELINRIR®ZONA® y¢ RAFA AMAAN
4 AdAVWFEDAS SpSAz @ @ | & | eABRAMNBIO bthe 461 Nya G KS
61 F NBEZ2¥dmMn 0 5dz2NAY 3T §KS HINRARIdRD {iAS2y (KIS a dxe
GKS NEIR&E OANIKY2PSa 42YS DI RIOEAR /I /S0&r /$Zadyia
I O022tAy3 | ASYEKSOWRBREY 4K @ OhB PeESRR nlinzy T2NY
LI NI A Of BANBIKMNCOK | YR AYRANBOGf e OFdzn8y Si yS3t
O22BARBBYAaAS HANPL D

2.3.2. Seasonal variation of NOx

brRSY2yadN»GSa | Ot SIFENJ aStrazyltt @GFENARIGAZ2Y ®

O2yRAGAZY& LIl &a | YI2D2YONR ;A ySAyzr SHEmMamNIRiR dizy
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F NBl a o¢fSNBIISSES GINBy 388G F2NJ SEF YL S dzNb Yy
RAAGAYOUG aStazy$id IghdMb i 583 K &4 Bban EDFyOIWIK | £ @
OHnmny F2dzyR y2 aSlkaz2ylt @ NREaRMAAWO SAayd NHzNI f

LY 6AYGIGKE | ONRRESIGRSY (bNd GA2ya FNB Ffft2SR G2
AYONBI ASR SYAaaAizya FTNBY gARSALINBIR 0A2Yl aa
F2aaAf FdzSt o0dzNYyAYy3I yR af26SNI NBY2JISi FNRY

I & depef  / S20f ST FSHIiM 0 0 @D 21y AOBK GINR G A2y a RddzZNAYy3a gAyidS
4dz0 aARSYOS YR Y2NB FNBIdzSyid FyR LISNARAAGSY!

LINE & 4 dzNB & &SHi(zS Yaaw mon/02df £ S
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I O0O2NRAY3 (2 5FFAR | ¥R 0B ¥ B W iuMImimd 2 yra RGN
AYONBI 4SS 492 yaQISNFIFNBEIIINR y A dzY WRNI a4 LIK23G2O0KSYA
AYONBI:@SEO8YiNI iA2yad REONBHMSEHIRLEBMRDBASIBYRS
FEdHnnySh alSy@n pEGERES®BNODP | 26 SOSNE AY | RRAGA
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S8z awnT BACH ERSIYSTH alSymin pSGEZRESBH G @

2.3.3. Monthly variation of NOx
During winter, June, July and August for the Southern hemisphergcdi©entrations are

highest while during summer, December, January and Februaxycdi@entrations are at
their lowest as discussed in the previous sectiony diidcentrations mayr may not during

a particular season vary from month to month.

Across India there have been many investigations into the levels of Béyet al. (2007)
sampledduring 2003 and 2004ndfound that during December N©oncentrations peaéd
while during July and August NEncentrations wee lowest. Similarly Gauet al. (2014)
sampledfrom 2009 to 2013and found that during December N@oncentrations wee
highest while during uly they wee at their lowest.David and Nair (2011) also fadin
December N@Qconcentrations to be highest during 2007 to 2009 at Trdram, Irdia while
during June they weréowest. During 2001 to 2003 at Anantapur, India Ahamnetdal.
(2006) found that during January Nédncentrations peaked and during Octobeeyhwere

lowest
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During 2003 to 2006 Mengt al. (2009) measured N@cross Northern China and found
that December NQoncentrations were highest and during July these concentrations were
substantially lower. AbduiWahab and Bouhamra (2002) measured xNiOncentrations
during 1997 in Kuwaiaind found that concentrations during August wameticeablylow
while concentrations during January werelatively higher. In Jeddah City, Saudi Arabia
Hassaret al. (2013) found that concentrations of N@easured fromDecember 2011 to
December 2012 were highest during March and during July they wereston Hyytéla,
Finland from 1997 to 2003 concentrations of \di3playeda peak during March and during
August they were loweglLyubovtse\et al., 2005).

In SouthAfrica, NQconcentrations measured by Abiodeh al. (2014) in Cape Town during
2001 to 2008 were highest during June and during January they were particularijf@w
concentrations measured by Laaksbal. (2008) near Mafikeng, NortWest during 2006

and 2007 were found to peak during June and during March they wereskow

2.3.4. Diurnal variation of NO
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2.4. What is Oz
Oz is an almost colourless gaseoosmponent of the atmosphereccuring in both the

stratosphere and troposphere layers (Figure 2.1)d€Xal., 2008; Ahrens, 2009). About 90%

of Gz is present in the stratospheredere Oz is produced following the photolysis of
molecular oxygen (XetalX HAAny T ! KNBYA&ZX HAnpONDXE KAKA GNIH (
as a protective layer filtering out dgerous UV radiatioiXuet al., 2008; Ahrens, 2009). In

the troposphere, @ is present when it is transported from the stratosphere through
stratospheric intrusiongrom westerly waves (Balashaet al., 2014), and on the surface
tropospheric Q is additionallyproduced photochemically and is a principal component of

smog (Vingarzan, 2004; Ahammetal., 2006; Xwet al,, 2008; Ahrens, 2009). Herez 9 a

GHG that absorbs terrestrial radiation and pautarly atgroundlevel photochemical @is

a hazardous air pollutant (at al., 2008; Ahrens, 20090 within the troposphere is toxic

substance with an unpleasant smell (Ahrens, 2009).
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Figure 2.1A schematic diagram of:@n the stratosphere and in the troposphegeshowing
groundlevel photochemical &Ahrens, 2009).

2.4.1. O as a surface air pollutant
Oz is a common air pollutant in South Africa's ambient air (DEA, 280dace Q is an air

pollutant in the troposphere especiallyvithin the surface boundary layelCombustion of

fossil fuels is one of the principal processes that releasegtseous precursor pollutants
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that reactform surfaceOs (Table 2.3Gauret al, 2014).Along wit the presence of the
precursor gasesmany meteorological conditions promote the formationsafrfaceOs (Gaur
et al, 2014).The formation,transport, chemical destructionjepositionand atmospheric
lifetime of surfaceOs will determine its concentration in any given arean@arzan, 2014).
The lifetime of surface ©to about 2 days (Fishmaet al, 1991). The lifetime of
tropospheric ozone is approximately 90 days (Fishetaad., 1991).

Table 2.3:Common surces ofthe precursors that formrO; (AbdutWahab and Bouhamra,
2004; Vingarzan, 2004; Ahammedtal., 2006; David and Nair, 201DEA, 2011Gauret al.,
2014; Harrisoret al., 2014.

t2ftdzit ya [{ 2 dzNDSEINEFdzME 2 NE

ho 1 Fossil fuel burning biomass, domestic, vehicle exhaust emissionsygr
generation and industrial

Mining

Land changes deforestation

Wild fires

Lightning strikes

Soil microbial activity

Agricultural activitieg land clearing, agricultural waste combustion

= =4 -4 —a -8 -

Surface @in particular $ producedrom the reaction between the precursor gases, namely
+h/ Q& 06 b ak) ks welyaR CO ih the presencesainlight, and the OH (hydroxyl
radical) and N@catalysts in théboundary layeFigure 2.2JDuefiaset al., 2002; Zunckest

al., 2004; Ahammeet al., 2006; Liret al, 2008;The Royal Society, 2008u et al., 2008
Ahrens, 2009David and Nair, 2011; Abiodun et al., 2014; Balagial, 2014; Gauet al,
2014 Harrisonet al, 2014. The photochemistry of ©is a complex series of chemical
reactions that is dependent on the availability o Precursor gases (Crutzest al., 1999)
(Figure 2.2).
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Figure 2.2:A schematic representation ofzGn the stratosphere and the production a
destruction of Qin the boundary layer of the Troposphere (After: The Royal Society, 2

The firstreactionis the photolysis of ©which is a destruction process (reaction 1) (The
Royal Society, 2008; Ahrens, 2009; Harrisbial., 2014). This reaction occurs wheolar
radiation (v0 + G ¢ @St SyaakKa o<0v fSaa aGKFy |6 2dz
reach the boundary layer (The Royal Society, 2008; Ahrens, 2009; Hatriashn2014). @
photolysis generates excited (single state) oxygen atom®))Qhich asily react with
water vapour (HO) to form hydroxyl radicals, Okteaction 2) (The Royal Society, 2008;
Ahrens, 2009; Harrisoet al, 2014). This is an important reaction as"@Hesponsible for
most chemical change within the atmosphere (The Royal Society, 2008; Haatisin
2014). In this way OHletermines the oxidising capacity of the atmosphere and the
atmospheric lifetime of @(Crutzenet al,, 1999; Staeheliret al, 2001). When OHeacts
gAUK [/ h I ysR yRh /bQA s/ishEadiy>produced or removed (Crutzenal,
1999; Staeheliet al., 2001).

/| EBVO/ $ | _ ocimi OAAA®ET I
I $ (/1 9°¢/ ( OAAAQEI 1
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Oz is formed naturally wherO and Op react in the presence of solar radiation (Crutzgral,
1999; Staeheliret al, 2001; The Royal Society, 2008; Harrisbral., 2014). Some of the
O(D) atoms formed in reaction 1 are deactivated to ground state, wheyar@ M is
produced (reaction 3jCrutzenet al,, 1999; Staeheliet al, 2001; The Royal Society, 2008;
Harrisonet al, 2014). M is a third body that absorbs the energy released during the reaction

(The Royal Society, 2008).

I 1 ©/ - OAAADEIT I
Oz may be removed or produced when Qidacts with the precursor gases in the presence
of NQ and sunlight (Crutzeet al., 1999; Staeheliret al, 2001; The Royal Society, 2008;

Harrisonet al,, 2014). The net production of:@s very dependent on the concentration of
NOin the atmosphere (@Wtzenet al, 1999; Duefast al., 2002).

An exampleof the photochemical production ofDwhen CO is oxidised by Gbi is readily
formed through the following reactions (Crutzext al, 1999; Staeheliret al, 2001; The
Royal Society, 2008; Harrisehal.,, 2014):

#/1 | ( °© #/ ( OAAAOEI 1]
Here, H reacts with £Xo produce the peroxyl radical, H@reaction 5), which may react
with NO to produce Otand NQ (reaction 6) Crutzenet al,, 1999; Staeheliet al., 2001;
The Royal Society, 2008; Harrisgral, 2014). When solar radiation penetrates through the
atmosphere togroundleveland is less than 420 nm, any N@esent will produce NO and
O (reaction 7) (Crutzeet al,, 1999; Staeheliet al,, 2001; The Royal Society, 2008; Harrison
et al, 2014) This reaction occurs most commonly when air is highly polluted (The Royal
Society, 2008; Ahrens, 2009). Following this reaction 3 occurs to prodyeeh€re the net

reaction of this process is reaction 8 (Crutztral., 1999; Staeheliet al, 2001; The Royal
Society, 2008; Harrisaet al., 2014).

( I -0(/ - OAAAROEII
(I .19/ ( .1 ORARPEII
JOBEO ./ /< tTcia OAAAPET ]
41 c/o#/ | OAAARPEI]

34



Oz caneasily be destroyed when it combines with NO (reaction 9) (Ah20139; Harrisomt
al., 2014). @ can also be easily destroyed when it combines with, f€action 10) (The
Royal Society, 2008). According to David and Nair (2011), the amount of susfiost due
to photochemical loss mechanisms is greater than thss due to dry deposition.He net
result of the destruction of @with CO shown by reaction 11 (Crutzetnal,, 1999; Staehelin
et al, 2001; The Royal Society, 2008; Harrisoal., 2014).

/.10 .7 | OAAALQEII
/ (/97 ( ¢/ OAAA®OEIT 1
#1 | o#/ | OAAA®OEI 1
Oz is a soluble compouneéasily removed during precipitation episodes (Balaskbal,,
2014; Gauret al, 2014). @ may alsoeasily settle on vegetation, ater and land surfaces
(Ahammedet al., 2006; David and Nair, 201Harrissoret al., 2014. According to Zunckel

et al. (2004) the removal of £through dry deposition over the Highveld is far greater than

through wet deposition.

2.4.2. Why does surface O; matter
{ dZNJFhEXOB |y AYLRNIIyG LRttdzilyd & AG SESNI A

SY@ANRYYSyidltf KSIfGK la ¢Sttt la OfAYFIGS Ay
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¢CKS w2elf {2O0AS0&d IMWLAWIR | KRNEY & IZY o1lnMIETEK | y dz>
FEdnnvmBi wE R@aMH T S 26 Hap@R2EEG NSYS Ol aSaz FTNRY
SELIR&dzZNBT Y2NII f AGe ¢ dzaddzNIh0SNB a2LIAENT aif2INE & . NS
HAMMRNBY &X HAandOaS da 2 Nk 05AKKHE GBS G2 & dZNB o NRA y 3 &
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2.4.3. Seasonal variation of surface O3
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2.4.4. Monthly variation of surface O 3
During spring, September, October and November for the Southern hemisphere, sugface O

concentrations peak and then during autumn, March, April and May, these concentrations
arelowest as discussed in the previous sectibaring one season surface; @ncentrations

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

Across India many studies have investigated the monthly variation of surfacéhé&x
findings follav: Khemaniet al. (1995) found that during 1991 and 1992 surfacel&vels
across Pune were highest during April dodest during August across Ahmedabad City
from 1991 to 1995Lalet al. (2000) found a maximum durg April and during August
concentrationswere at their lowest; Najeet al. (2003) worked in Mt Abu from 1993 to 2000
and found maximum surface sQevels during Mayand minimum levels durindhugust;
Satsanget al. (2004) worked in Agra from 2000 to 2088d found that during April surface
Oz levels peaked while August levels wexea minimum; across New Delhi from 1997 to
2003 Jairet al. (2005)found concentrations peakeduring April and during August they
were lowest across Anantapur from 2001 to 2ZD@&hammecdkt al. (2006) found that during
March surface @levels peaked and during August these levels were at a minimum for the
sampling period; similarly to Khemaat al(1995), Beiget al. (2007) found that surface O
levels across Pune during 2003da2004 peaked during Apaind during August they were
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at a minimum across Trivandrum from 2007 to 2009 surfacgdeVels measured by David
and Nair (2011)were maximum during December while during June they wkreest,
Reddyet al. (2012) also measuresurface Q@levels across Anantapiout did not find the
same results as Ahammed al. (2006) and instead found that during 2010 the surfage O
levels peaked during April arglring Septembethey were lowest Sharmaet al. (2013)
sampled surface ©evelsacross the North Western Himalayan region during 2010 and
found that during May these levels were highest while during Octobey tere lowest;
lastly Gauret al. (2014) sampled surfaces@vels from 2009 to 2013 across Kanapur and

found that levels wez highest during May anldwest during August

Across Chinanany studies have investigated the monthly variation of surfaeg tkeir
findings follow:Tu et al. (2007) worked in Nanjing City from 2000 to 2003 and found that
surface Q levels peaked duringlay ard during December they werowest; Linet al.
(2008) worked across Northern China from 2004 to 2006 and found that during May surface
Oz leves peaked while during November they were lowestross Eastern China during
2004 Sharnet al. (2008) foundthat surface @ levels peaked during April and during
December they were lowestluring 1994 and 1995 and then during 2005 and 2006t>al
(2008) found that surface Opeaked during May and were lowest during December;
Similarly to Liret al. (2008), Menget al. (2009)worked across Northern China but instead
found that during April surface evels were highest while during November they were
lowest; across the Pearl River Delta during 2006 and 2007 Zitealg(2010) found that

surface Qlevels pe&ed during May and during December they were lowest.

Across Eastern Asia Wang and Mauserall (2004) found that during May sutdfdeecld
from 1999 to 2000 peaked and during December they were lowest. Similarly Yetnadyji
(2006) also worked across Eas Asia and found that during 1995 surfacel€yels peaked

during May and during December they were lowest.

Across the rest of the world there have been fewer studies. From 1997 to 2003 Lyubovtseva
et al. (2005) found that in Hyydld, Finland surface :Qevels peaked during April while
during October they were lovat. Jaffe and Ra§2007) used surfacez@easurements from

1987 to 2004 from North and Western United Statesd Alaska andfound that

concentrations werehighest during Mayand lowest duringAugust AcrossCairo, Egypt
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during 2004 and 2005 Khoder (2009) found that surfagée@ls peaked during July and
during January they were lowest. Across the Jeddah City, Saudi Arabia from 2011 to 2012
Hassaret al. (2013) measured surfacez@nd found that levels peaked during August and
during February they werat their lowest.During July across Kuwait, Iraq, Abiéhab and
Bouhamra (2002) and across Northern Spain, Gagtiaal. (2005) found surface O
concentrations to be highesind during Decembethese concentrations were found to be

lowest

In South Africa, Balasha@t al. (2014) using data recorded across the Highveld found that
surface @Qconcentrations peaked during October and during May they were lowest for the
period of 1990 to 2007. Across the Highveld during 2006 and 2007 Loeteais(2011)
identified an October peak in surface @ncentrations and during May the concentrations
were lowest Near Mafikeng, NorttWest, South Africa, Laaksbal. (2008) during a 2006 to
2007 sampling campaign found that surface €bncentrations were highest during
September while during July they wemvest Across Southern Africa, Zunckelal. (2004)
identified that during 1999 to 2001 October concentrations of surfageéde highest while

February concentrations were lowest.

2.4.5. Diurnal v ariation of surface O 3
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2.5. Transportation of air pollutants over South Africa
Meteorology plays a central role in ambient air quality levels. The overall terhpariation

and spatial distribution of air pollutants are explained by sourceraittaristics, emission
rates, atmospheric lifetimes, vertical and horizontaahsport and local terrain (Cips and
Tyson, 1996; Gartsargg al., 1996; Tysoret al, 1996b; Duefiast al, 2002). Meteorology
influences the emission and removal, transport and ngxiand photochemical reactions
(Duefiaset al., 2002; Tuwet al, 2007; David and Nair, 2011). The lifetime of pollutants will
also play an important role inheir transportation across an area; pollutants with longer
atmospheric lifetimes will be transported over further distances (Fishreaml., 1991;
Krishnamurtiet al,, 1993).

The concentration of air pollutants in a given area is not only dependent an ribgional
production but also on the meteoftogy across the region, dispersion into and out of an
area and the accumulation of pollutants (Tyset al, 1996b). The dispersion and
accumulation of pollutants in a giveareais a function of transportatiomf air throughout

the atmosphere (Gartsanegt al, 1996; Tysoret al, 1996b). Air pollutantransportation is
dependent on the state of the atmosphere, namely whether the atmosphere is stable or
unstable (Gartsangt al, 1996; Tysoret al., 1996b). Airtransport over southern Africa is
highly controlled (Tysoet al, 1996b).The transportation of air pollutants over southern
Africa is driven by planetary and synoptic scale circulation features of the general circulation
patterns for the Southern hemisghe (Gartsanget al, 1996). These general circulation
features control vertical and horizontal transpaand patterns for pollutants (Cag and
Tyson, 1996; Gartsargg al., 1996; Tysomet al., 1996b; Tysoret al., 1997).
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Five major general circulatiotypes with different frequencies throughout the year
dominate over Southern Africa explaining the dispersion and accumulation of pollutants
(Figure 2.3) (Tysoat al, 1996b). The first, thsemipermanent subtropical anticyclones
mostly present duringvinter months, with a frequency exceeding 70%, are characteristic of
the subsidence limbs of the Southern hemisphere general circulation Hadley and éadtsel
(Figure 2.3) (Tysomet al, 1996b). Theransient midlatitude ridging anticyclonesccur
throughout the year with a frequency df0% (Figure 2.3). Together both anticyclones have
a frequency of 80% during July (Figure 2.3). During this time pollutants have restricted
vertical motionand recirculationwill typically occur (Tysoret al, 1996a). Thewesterly
baroclinic disturbancesnamely the cubff low, occur with a frequency of 2B0%
throughout the year (Figure 2.3). Tharotropic quasstationary tropical easterly wavese
primarily a summer phenomenoand occurat a frequency of 5@ 60% in dnuary (Figure
2.3).
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Ridging anticyclone
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Figure 2.3: Major circulation types affecting southern Africa and their mor
occurrence frequencies from 198892. For the graph legend, the thick black
represents the continental anticyclone, the thin dashed line represent:s
westerly wave, the thick dashkeline represents the ridging anticyclone,
second thickest black line represents the -ofit low and the thinnest black it
represents the easterly disturbances. Thick lines represent conditions at £
and light lines represent conditions at 85@hfrysoret al,, 1996b).

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

are locatedunderthe subsidence limbs of both the Hadley and Férells (Gartsangt al.,
1996). The resulis large scale stability over South Africa.arstable atmosphereasterly

disturbances and cudff lows may occuencouragingnstability for unstable conditions to
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persistwhich promotes vertical movement and transport of air and its constitué@issijn

and Tyson, 1996; Tysenal.,, 1996b).

DA@SYy { 2 dzipsition! afid\theChigif [@veof stability absolutely stable layers i.e.
stable discontinuities, where the lapse rate of temperature is less than the saturated
adiabatic lapse rate, are kwn to occur (Cosijn and Tyson, 1996; Gartsahgl, 1996;
Tysonet al, 1996a). Absolutely stable layers regulate and control vertical mamogas a
result of these layertorizontal mixings promoted over vertical mixin@Cosijn and Tyson,
1996; Gasang et al., 1996; Tysoret al, 1996a; Kirkmaret al, 2000). Bllutants are
typically trapped between these layers and trapped pollutantsy readily photochemically
react or may accumulate or be transportédrizontallyfrom their sources (Kirkmaet al.,
2000). Very little vertical mixing of pollutants occurs over South Africa (Cosijn and Tyson,

1996; Gartsangt al,, 1996; Tysoet al., 1996a).

The sempermanent absolutely stable layers occur on mostraim day at 700 hPa, 500

hPa and 30Pa throghout the country and at coastal areas an additional stable layer is
present at 85thPa (Figure .2) (Cosijn and Tyson, 1996; Gartsab@l., 1996). The 708Pa
stable layer is present on topf the mixing layer at a heightfd..5 km above the interior
plateau, it lasts for about 7 days aiitdis easily broken by the westerly wave (Figure 2.4)
(Cosijn and Tyson, 1996; Gartsaigal., 1996; Tyson and Gatebe, 2001). The main stable
layer, situated at 500 hPas spatially abundant and temporally persistentdit is about 3

km above the interior plateau (Figure 2.4) (Cosijn and Tyson, 1996; Gagsahgl1996).

This stable layer can withstand westerly disturbances to last for up to 40 days at a time
(Gartsanget al., 1996). The 300 hPa layer is locate@d@tt8 km above the interior plateau

and just under the troposphere and lasts for about 2 days (Figure 2.4) (Cosijn and Tyson,
1996; Gartsangt al., 1996).
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Figure2.4: Mean annual location of the absolutely stable layers over southern Affica.
depth of the layers is indicated by the vertical extent of the shaded bosesical lines give
the standard deviation of the base height. Pl denotemtersburg, PR Pretoria, BE
Bethlehem, BL Bloemfontein, UP Upington,Spifingbok, CT Cape Town, PE Portligiha
and DB DurbaCosijn and Tyson, 1996).

These layers are all stable enough to inhibit vertical transport of pollutants, and thus
pollutants may easily accumulate under these layers creating stratification within the
atmosphere (Tysoat al, 1996b; Y¥son and Gatebe, 2001). Once broken up and destabilised
by welldeveloped low pressure troughs and aft lows the stable layers releageapped
pollutants and at this time vertical mixing occuf€osijn and Tyson, 1996; Gartsaial.,

1996; Tysoret a., 1996b; Tyson and Gatebe, 2001).

Additionally, inversion layers, where temperature increases with height, in the boundary
layer promotes the horizontal dispersi@nd accumulatiorof pollutants as vertical motion

is inhibited (Tysoret al., 1988). Twatypes of inversion layers are typical over southern
Africa, namely, the temperature inversion and the elevated inversion layer (Tgtsah,
1988).

2.5.2. Horizontal transport
Ly { 2dzi K ! Fshbleatn@sphei@mi isinadd likely &0 disperse horizontally than

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

major circulation typesffecting southern Africa (Gartsared al., 1996).These nodes of
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transport are shown in igure 2.5. Each synoptic circulation type produces different

transport fields (Tysoet al,, 1996Db).

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

kilometers(Gartsanget al., 1996).

Two modes b direct transport can be expected from anticyclonic systems (Figure 2.5)
(Tysonet al., 1996b). Air exiting the sutontinent and into the Atlantic Ocean is known as
the Angolan plume (Figure 2.5) (Tysetnal, 1996b). While, air exiting the swdontinert

and into the Indian Ocean is known as the Natal plume (Figure 2.5) (€ysdn 1996Db).
About 75% of all air exiting the swontinent exits via the Natal plume for the continental
cyclone (Tysoret al, 1996b). The Angolan plume is favoured by theing anticyclone
(Tysoret al,, 1996b).

The continental high is also associated with recirculation of air and its constituents over tens
to thousands ofkilometersfor about 2 to 3 days up to almost three weeks (Figure 2.5)
(Tysonet al, 1996a; Tysoret al., 1996b; Tyson and Abreton, 1998). About 44% of air
transport is through recirculation during fain days, this generally takes place between
the surface and 500 hPa (Figure 2.5) (Tysbral, 1996a; Tyson and Gatebe, 2001).
Recirculated pollutants ay be carriedy local to macro sda winds that generally returto

their sources (Tyson and Abreton, 1998).

The westerly wave general circulation pattern quickly transports air towards the Indian
Ocean, whereas the Easterly wave produces as fastaisport field towards the Atlantic
Ocean (Figure 2.5) (Tysehal., 1996b).

45



Direct sasterly or Anticyclonic circulation and

westerly transport easterly transport
Anticyclonic circulation and Anticyclonic recirculation
westerly transport

7 7

Figure 2.5:Schematic representation of major level air transport modes over South
Africa (Gartsangt al., 1996).

2.5.3. Transport of p ollutants into and out of the Highveld
The Highveld region is one of the largest anthropogenicssimm sources in the Southern

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

as Cape Tow(Frieman and Piketh, 200Abiodunet al., 2014.

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

aerosolsfrom centralAfrica to the hghveld; this ai frequently carries pollutantgFigure
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2.6) (Frieman and Piketh, 2002). Recirculated air flow-coitinental flow (Figure 2.6), is

typically filled wih pollutants and takes up to 2 t8 days to reach the Highveld (Frieman

and Piketh, 202). Rerculation of air typically occurduring autumn and winter (Frieman

and Piketh, 2002). Indian Oceanflaw is typically associated with high moisture levels from

the ocean and ocean aerosd@Frieman and Piketh, 2002).

Atlantic Ocean flow ‘

Indian Ocean flow

Figure 2.6:Air transport pathways into the Highveld region and their percentage frequency

occurrence After: Frieman and Piketh, 2002).

There are two main modes of air transport out of the Highveld (Frieman and Piketh, 2002).

The first is direct transport where air isahsported to Equatorial Africa, the Atlantic Ocean,

the Indian Ocean and the South Indian Ocean (Figure(Rri®man and Piketh, 2002)he

second mode is recirculated transport, whereby air and its constituents recirculate towards

their point of originover regional to sulzontinental scales (Figure 2.7) (Frieman and Piketh,

2002). The main transport routes are towards the Indian Ocean (39%) and recirculation

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

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

2.6. Meteorological controls on the levels of primary pollutants, SO >
and NO

Meteorology along with emissions, atmospheric chemistry and topography are well known
contributors to air pollution episodes (Akpinaet al, 2008). Hence, the effect of
meteorological conditions on pollutant concentrations has been readily analysed. For
primary pollutants meteorological factors, in particular, wind speed, wind direction,
atmospheric pressure, relative humtigiand temperature are known tanfluence the
behavior of pollutants (For example: Cuhadaroglu and Demirci, 1997; Demirci and
Cuhadarglu, 2000; Latinet al, 2002; Elminir, 2005; Tura$iln et al., 2005;Akpinaret al,
2008; Giri et al,, 2008; llten and Selici, 2008; len al, 2008; Luvsanet al., 2013. High
pollution levels are often a result of unfavorable meteorological cond#tjovhich reduce

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

ways (Xiet al,, 2011).

NOcand SQ@are both to an exteneasily influenced by meteorological conditions. Gétial.
(2013)foundthat primary pollutant concentrations aren addition to regional meteorology,
particularly dependent on emission rates from soureesl land cover/use pattes) The
majority of studies have found that primary pollutants are not significantly related to any
particular meeorological parameter and they argpically insignificantlyrelated to the
combined action of all the meteorological factors in a particulaeaafEor example:
Cuhadaroglu and Demirci, 1997; Demirci and Cuhadaroglu, 2000;dteini2002; Elminir,
2005; Turali@lu et al, 2005;Akpinaret al., 2008;Giriet al, 2008; Ilten and Selici, 2008; Lin
et al, 2008 Luvsaret al,, 2012).

The majoity of studies have identified that primary pollutant concentrations are negatively
correlated to wind speed, rainfall, temperature and solar radiation, and are positively
correlated to relative humidity and atmospheric pressure (Cuhadaroglu and Den9igdi; 1
Demirci and Cuhadaroglu, 2000; Latial, 2002; Elminir, 2005; Turallo et al., 2005;
Akpinaret al., 2008;Giri et al, 2008; liten and Selici, 2008; Laurittasi Sy T Lineta.,ny T
2008; Luvsaret al, 2012). Luvsast al. (2012) used multiple regression analyarsd found

that 87.4% of daily S{@oncentrationsaccumulated due téower temperatures, lower wind
speeds, lower precipitation, higher relative humidity, higher atmospheric pressure and
lower levels of solar radiatn. They also identified that these concentrations were
dependent on the topographic and geographic settinglddanbaatar, Mongolia. Turabiu

et al. (2005) similarly found that high $Cconcentrations are related to colder
temperatures, lower wind spets, high atmospheric pressure, lower precipitation and

higher relative humidity in Erzurum, Turkey.

Linet al. (2008 found that NQ concentrations are negatively related to wind speeds and
temperatures and are positively related to relative humidity jiBg, China. In addition,
Laurinavd A SY' T 6 H 1 ny Gargregywely ralaked to wihdrspeed and rainfall and
are positively related to temperaterin Kaunas city, Lithuania. g\kar et al. (2008) found

that primary pollutant concentrations had enoderate to weak relationship with the

YSG$S2NRf 23A0! LI NI YSGSNBR GKFG OKFNI OGSNRAS
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source emission rateand topographic settingthe pollutant concentration patterns could
be explained. Hence, it is evidertat pollutant levels aredependent on meteorological
parameters, but in addition to this they are influenced by source emissland use/cover
and atmospheric lifetime (previous day concentrations) among other fagtasniet al,
200ZT ¢ dzN&t 6IAZ2D@f 4z a result, there are no clear linear relationships between

meteorology and pollutant concentrations (¥tal.,, 2011).

2.7. Meteorological controls on the levels of secondary pollutants,

surface Os
The chemical reactions responsible for sedany air pollutants depend on ambient air

pollutants, thus there is ample evidence throughout the literature indicating surfaae©O

only relies on its precursor gases but also the meteorological conditions that prevail in the
boundary layerfor exampleAdutWahab and Bouhamra, 2002; Duef@sl., 2002; Elminir

et al, 2005; Pudasianeet al, 2006; Twet al, 2007; David and Nair, 2011; Balaskeb\al.,
2014). To better understand the influence of surfaceo® humans and the environment,
studies haveincorporated analyses of regional meteorological conditions and their
relationship to surface €10 characterise the spatial and temporal distribution of surfage O
(Elminir, 2005).

Considerable variations in meteorological conditions over diurnal andtimo scales can
exert an impact on surfaces®evels (Duefiagt al, 2002; Elminir, 2005; Balashev al,,
2014). Ambient air temperature is typically cited as one of the closest direct associates with
surface @, but Flaumet al. (1996) identified that ambient air temperature alone cannot
adequately explain the variation in surface;. Ohus, consideration of the relationship
between surface ©and multiple meteorological variables is more viable, as surfagce O
being asecondarypollutant is dependent on meteorology in complex ways (Flatnal.,
1996; Thompsoret al, 2001; Duefa®t al., 2002; Elminir, 2005; Balashet al., 2014).
Hence, the meteorological conditions that are known to influence surfageinCthe
boundary layer a solar radiation, ambient air temperature, wind speed and direction,
atmospheric pressure, humidity, cloud cover and precipitation (Duefias, 2002; Elminir,

2005; Twet al,, 2007; Balashost al., 2014).
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Surface @has been found to show a clear tr@ with ambient air temperature in a number
of locations, South Africa (Balashetval., 2014), India (David and Nair, 2011), Egypt (Elminir,
2005), Kuwait (AbdtlVahab and Bouhamra, 2002), Spain (DueBasal, 2002), USA
(Rasmusseret al, 2012) and Chan (Tuet al, 2007). Typically a rise in amnt air
temperature increass photochemical reaction rategradually inceasing surface ©
concentration therefore surface @is positively related to ambient air temperatu@bdut
Wahab and Bouhamra, 200Rusdiaset al, 2002;Elminir, 2005; Tet al., 2007; Adamest

al., 2008;David and Nair, 201 Rasmussest al., 2012;Balasho\et al., 2014).

Elampari and Chithambarathanu (2011) found that @eaked when ambient air
temperatures peaked for the day. Ambient air temperature is essentially a reflection of the
amount of solar radiation received #te surface, which ia necessary component for the
photochemical reactions formingsurface @ (Balatov et al, 2014). Solar radiation is
positively correlated to surface :0Duefaset al, 2002; Elminir, 2005; Elampari and
Chithambarathanu, 2011)Interestingly, AbdulWahab and ARlwai (2002) found that
temperature plays an important role on surface €é@ncentrations, while solar radiation had

a lesser effect than expected.

Winds play a role in transportin@s; and its precursor gases, controlling the spatial
distribution of Q and its precursor gases (AbetMahab and Bouhamra, 2002; Duef@sl.,
2002 Elminir, 2005; David and Nair, 2011; Elampari and Chithambarathanu, 2011).
Pollutants generally accumulate when windpeeds are not strong enough failution
(Elminir,2005). Most studies have identified that surface &cumulates during ca, low
wind speed conditions with aonstant wind direction (Elminir, 2005; Balastet\al., 2014).

In contrast to this AbdwWahab and Bouhamra (2002), found that the average O
concentrations sbwed a progressively higher concentratiodsring stronger winds, than
during calm winds. They concluded that this might be related to the fact that vertical
transfer of air becomes active with the development of turbulence and mixing and this
might have brought ©from the upper levels of the atmospherthe stratospheredown to

the lower levelsthe troposphere The result of this was an increase inl€vels in addition

to the photochemically produced fOat the surface. While Tet al. (2007) found that

average surface £zoncentrations increased steadily with wind spgedrom 1¢ 4 m.s! and
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then dropped once wind speeds exceeded 4-when stability in the boundary layer

reduced.

Relative humidity is an indicator of the moisture content in the air (Duediaal., 2002;
Elminir, 2005; Tet al., 2007; Balashogt al,, 2014). The moisture content of air may easily
alter the concentratiorof OHwhich resultantly promotes the growth or decay of surface O
(Duenaset al, 2002; Elminir, 2005; Tet al, 2007; Balashoet al, 2014). Duefiagt al.
(2002), found the highst average surfacef@oncentrations occur at a humidity less than or
equal to 40%. High relative humidity may indicate wet and cloudy conditions which tends to
remove surface ©and its precursor gases through wet deposition, and scattering and
reflecting solar radiation thereby reducing photochemical processes (Duefias, 2002;
Elminir, 2005; Elampari and Chithambarathanu, 2011; Balasthaly 2014).

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

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

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

measurements, routinely collected from surface monitoring stationsSgidiet al., 2005).
However, there are many gaps in surface monitoring networksSéaldiet al, 2005).
Observations from satellites can help overcome the limitations aatmtwith point surface
monitoring byspatiallyenhancing the surface network ¢(8hadiet al., 2005). Since 1995,
instruments measuringrace gases, among others,3;,CPMQ,aNQ NG and SQ, in the
troposphere and stratosphere have been put into orbit fHand Christopher, 2009).
Remote sensing of trace gases and aerosols has developddRdpe & Ay OS GKS
MODIS in particularis one of the instruments that effectively provide derived

measurements thatan assist air quality modelling
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Advancesn remote sensing has opened tlvegay for measuring and modelliragmospheric
pollution across continental and global scales (Edwards, 2006). A challenge for remote
sensing missions is to directly assess local and regional scale air quality to provideninporta
information for public health, policy development and application, etc. (Edwards, 2006).
One such way that remote sensing has besedito aid air quality modelling by relating
satellitederived measurements to grouddvel measurements (Aaadiet al.,, 2005;
Edwards, 2006). Using satellite imagery to retrieve full atmospheric column measurements
is a simple task. To get a measure of tireundlevel concentration of trace gases and
aerosols is a more complex task as a relationship between satddiiged measurements

and groundlevel concentrations needs to be established. Many studies have opted to
identify a simple linear relationship between satellderived measurements anground
levelconcentrations, while more recent studies have incorpetatneteorology and surface
information (For example: Land use/cover, elevation eto.yefine this relationship using

for example multiple regression modellinGeographic weighted regressio&\(VR and

multivariate nonlinear modellingTable 2.4) (Hothnd Christopher, 2009).

Table 2.4:Some literature on the relationship of MODIS satellite imagery to trace gases and
aerosols across the worléSlope and Intercept converte@Multiple regression.
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Relating trace gases and aerosols to satellite imadger the purpose of modelling
pollutants is still a discipline in its developing stages. Researchers have identified that
satellitederived measurements of Aerosol Optical Depth (AOD) an@m@ong others, are
related to groundlevel trace gas and aerosol concentration and can be ecatly
converted to give measurements of aerosol and trace gas concentrationse{¥bu2015).

A clear majority of studies have focused onBMnd PMo in particular to develop models

to estimate groundevel concentrations from satellitderived AOproducts (Table 2.4). No

studies have focused on other trace gases and aerosols whicsttidighas been based on.

Early exploration into this topic, Chet al. (2003) found that MODIS aerosol retrievals
provide useful information for global airopution as a high correlation of 0.8%tween
PMwand AOD for a single site in Northern Italy was identified. Wang and Christo/iios) (2
found a higher correlation of 0.98etween PM.s and AOD across a number of sites in the
US by using both Aqua and Terrailg data and concluded that MODIS Aerosol Optical
Thickness (AOT) products may provide useful for air qualityellingacross USA. Eng€bx

et al. (2004) examined the linear relationship between Rnd AOD across the entire USA
and found a low corredtion of 0.4between them. They identified a better correlation in the
eastern and Midwest portion of the country, while patchy data left them with poor
correlations across the western parts of the country (Ex@@etet al., 2004). They concluded

that the correlation was location dependent (Engebxet al, 2004).

Application of the &kkm MODIS AOD by ¢éi al. (2005) proved useful to characterise RM

and evaluate the spatial variability of surface ®llcross Hong Kong, but it was noted that
further improvements on the relationship are necessary to accurately monitor pollutants.
Hutchinsonet al. (2006) worked in Texas, USA and found that the relationship between
PMesand MODISAOD was time specific and during September the correlgiio®8) was
stronge than during Augus(0.47). Guptaet al. (2006) measured the relationship of BM

to AOT at a number of locations across the world and concluded that derived AOT is a good
proxy for monitoring PM air quality but a stronger relationship will come fromitickision

of meteorological parameters in the relationship. van Donkelafral. (2006) found a
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significant, 0.69, relationship between AOD and:BMnd concluded that satellite AOD
measurements have the potential to provide a unique synopsis of grbaséd PMs
provided other information influencing PMconcentration is coupled into the relationship.
Koelemeijeret al. (2006) found that using infmation about the boundary layer to develop

a relationship between AOD and RMmproved the significance of the relationship to 0.58
and further meteorological and land use information added to the relationship may improve

the significance.

Across Beijig Anet al. (2007) found that both Pksand PMo are significantly relatable to
AOD. Gupta and Christopher (2008) found that mean hourly sRis more significantly
related to AOD with a correlation of 0.62than PM s hourly, which had a correlationfo
0.52, and concluded that the relationship strength may increase with addition of other
factors, for example meteorology and land use, to the relationship. Gupta and Christopher
(2009a and 2009b) looked at how to effectively monitor2Bkd examine whetler the use

of meteorological parameters would improve the relationship of.B&hd AOT. They found

a 20¢ 50 % improvement of the model RMSE when adding in temperature and boundary
layer height to the relationship (Gupta and Christopher, 2009a; GuptaGindstopher,
2009b). They also found that multiple regression modelling with these meteorological
parameters improved the R value of the model from 0.60 to 0.68 (Gupta and Christopher,
2009a; Gupta and Christopher, 2009b).

Schaapet al. (2009) explored th relationship between AOD and BMat Cabauw,
Netherlands and found an R value of 0.70 but further identified that the methodology used
needs to be investigated to develop the use of satellite imagery for air pollution monitoring
purposesZhanget al. (2009)measured the relationship of AOD to Pdacross the USA and
confirmed that this relationship was location specific as throughout the USA there were
different correlations and across the southeastern part of the country this relationship was
highestat 0.6 and an average relationship across the country was high at 0.9. Nicolantonio
et al. (2009) worked in Northern Italy and foundsagnificant correlation 00.80 between
PMesand AOD through the combined used of AOD, meteorological simulations anddgr

level measurements on a monthly basis. The relationship incorporated assumptions about
the influence of meteorology on P, without incorporating actual meteorological data

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

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

During and following 2010, more studies incorporated sateti#eived images and ground
level polluant concentrations into theirstudy. Studies also incorporated other factors
known to influence pollutant concentrations to develop multiple regression relationships.
van Donkelaaret al. (2010) used AOD measurements to estimatePMoncentrations
acrossthe USA for use in health impact studies and found a correlation of 0.77 between the
two, but recommended that further investigation be done to incorporate other factors that
influence pollutant concentrations. Using two years of grolevtl PMo data ard satellite
derived AOD in the Po Mountain Vall&arnabaet al. (2010) werenot able to identify a
strong relationship and attributed that to the absence of measurements of other factors
influencing the concentration of P They also expressed that fer investigation into

this relationship was necessary to estimate the frequency of exceedance of pollutants

(Barnabeet al, 2010).

Leeet al. (2011) investigated a method to reduce the bias of only a few monitoring stations
in epidemiological studies by incorporating sateliterived AOD. They expressed the great
potential remote sensing technologies have to expand on grehagbd monitoring
networks but identified the need for furthestudyinto this topic especially by incorporating
meteorological and other parameters that influence grotladel pollutant concentrations
(Leeet al, 2011). Let al. (2011) correlated AOT and Riéand found that the correlation
demonstrated substantial seasonal and regional difference, likely to be as a result of
atmospheric conditions, particularly relative humidity, among other factors. They concluded
that the inclusion of these factors into regression modeiay lead to more accurate
assessment of PMfrom space borne observations @tial, 2011). Emilet al. (2011) found

that the correlation between PM and AOD is location specific and in flatter sites the
accuracy of this relationship was higher thanalpine valleys and elevatedtes. They
concluded that satellitalerived PMo maps are too inaccurate and more work on the

relationship between the twas needed (Emigt al,, 2011).
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Tsaiet al. (2011) correlated Pk and AOD across Taiwan and found that addition of
boundary layer heights in this relationship increased the R value from about 0.80 up to
about 0.90 but validation of this relationship gaated poor results. Chent al. (2013)
found that the linear regression results between #nd AOD showed that PMcan be
estimated from AOD measurements, but there is still need to improve this relationship as
the validation results obtained were po Tothet al. (2014) investigated the relationship
between PMsand AOD and concluded that for a stronger relationship, improvements in
the spatial scale of satellitderived MODIS 10 khMAOD are necessary. X al. (2014)
investigated the linear regssion between AOD and BMacross Northern China and found

a strong correlation of 0.76 for the full year but during each season the slope and intercept
found were completely different from one another. Additionally, the validation results

obtained werefound to be poor (Xiet al., 2014).

Ma et al. (2014) investigated the correlation between Pd&nd AODnN Chinaand found a
strong correlation of 0.78 with atrong cross validation result &8, but the RMSE result
was high resulting in a Mean predéct error (MPE) of 8.28g/m3. Their results confirmed
the need for satellitederived AOD to be used in conjunction with land use and
meteorological parameters for correlation with BM(Ma et al, 2014). Huet al. (2014a)
identified that the coarse resotion of satellitederived AOD makes it difficult to estimate
PMes. To better test this relationship they incorporated Mwdingle implementation of
atmospheric correction (MAIAC) 1Rmatellite-derived AOD, meteorological and land use
parameters and founa strong correlation for 2003 using multiple regression analysi®{Hu
al., 2014a). They were less concerned with the correlation results and movétsahe
validation results which was high at 0.91 withigh prediction error of 2.73>g/m3 (Hu et

al., 2014a). They concluded that the higher spatial resolution satellite imagery improved

their correlation as local pollution episodes were easily identifiablegttal, 2014a).

Most monitoring stations are situated in urban areas, étual. 2014b concludd that the
relationship between satellitelerived AOD, Plk, meteorological and land use parameters
can reduce the bias introduced from the position of monitoring stations. They found a
strong correlation of 0.85, a MPE of 1.2§/m? and a validation 00.88 for the 10 year
analysis (Het al,, 2014b). Soutoudeheian and Arhami (2014) found that multiple regression

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

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

Chuet al.(2015) acknowledged the relationship between AOD and £t their validation
results were poor and this was attributed to the coarse resolution satellite imagery, and the
lack of land use/cover and meteorological parameters known to influence groung PM
concentrations. Liret al. (2015) found a good agreement beten satellitederived AOD

and PMsacross China. They found the linear regression method to be well applicable as a
simulation based method would bring in many model uncertainties when predictings PM
(Lin et al, 2015). Their result suggest that thispapach may effectively estimate BN
concentrations but the relationship needs further investigation as the results were poor.
Nguyenet al. (2015) results highlighted the potential use of MODIS AOD at a regional scale
across Vietnam. However, the coarssolution of the 10 k/hAOD and the model limitation

in over/under estimating maximum and/or minimum Rbiconcentrations needs further
investigation by incorporating higher spatial resolution satellite imagery, atmospheric

conditions and physical aspedtsown to influence groundevel PM sconcentrations.

Sinhaet al. (2015) found, during their investigation of groutelel PMs along with
meteorological parameters and satelliteerived AOD, that changes in local emissions and
boundary layer dynamicare major concerns in the accurate estimation of 22Nrom
MODIS AOD, while the uneven spatial distribution obPM the urban environment made
estimating PM;s using the correlation of meteorology, grouelel PMs and AOD a
considerable challengeceoss Hyderabad, India. Yet al. (2015) found a low correlation
between PMsand AOD. Later correlations using meteorological and land use pssene
yielded better results improving model performance @88 (Youet al, 2015). They
concluded that thes results and the results from all studies incorporating meteorology and
land use parameters may be useful to develop models incorporating satdifeed
measurements for the purpose of estimating local and regional trace gas and aerosol

concentrationgYouet al,, 2015).

It is still clear that further investigation into the relationship between sateliiézived

measurements and grounrlével pollutant concentrations is necessary. More work on
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incorporating meteorology and land use parameters has beemedbut still not enough

work has been done as results are still poor and other aerosols and trace gases besides PM
have rarely been investigated. Other trace gases and aerosols need to be considered and
other parts of the world, especially South Africéahe focus area of thistudy, need to be
studied. The resolution of satellit#gerived AOD and other satelliderived products needs

to be improved as pollution episodes may be smaller than the current resolution of imagery.
Other satellitederived producs have been developed, for example satelierived ozone,

and their usefulness needs to be investigated further.

Few studies have used MODIS AOD to identify a relationship with pollutants besides
PMuwozs. An et al. (2007) found that S©concentrationswere relatable to AOD with a
significant relationship of 0.7 across Beijing. Lamasadl. (2008) used Ozone mapping
instrument (OMI) to infer groundevel NQ concentrations for part of the study acrodse

USA. They found a relationship of 0.67 betwé&a¥I| and groundevel NQ concentrations

and concluded that the temporal and spatial correlation between OMI derived and ground
level NQ was even higher than previously found for PAver North America (Lamaset

al., 2008). Fishmaret al. (2010) investigated the relationship of Total ozone mapping
spectrometer derived measurements and surface &ross Midwest USA and found this
relationship to be significant at 0.75 and that satellite data may be useful to assess the
impact of surface ©on crop yields. Before the relationship may be utilised fully, other
factors influencing surface z@oncentration are to be included in the investigation of this
relationship (Fishmaret al, 2010). Focusing on other traces gases and aerosols will be
beneificial for future study on the relationship of satellitelerived measurements and
concentrations of air pollutants. Additionally, this discipline will benefit from higher spatial

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

2.9. Ambient air quality guidelines for SO >, NQ and Surface Oz and the

associated health risks if these guidelines are exceeded
To protect the public kalth of South African citizengarticular air quaty standardshave

been set by the South African governme (DEA, 2009). Air quality standards are
fundamental to dfective air quality managemenand exceedances of these standards

indicate potential health risks and impacBEA, 2011CSIR, 2012). By comparing monitored
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ambient air quality dataagainst air gality standardsthe exposure to pollution may be
captured (CSIR, 2012). When these standards are exceeded in populated areas, the risks to
human health may be significanDEA, 201l Hence, it is important to monitor the

frequency of egeedance of the astandardsusing égislation guidelines.

Previously ambient air pollution across South Africa was controlled by the Air Pollution
Prevention Act (No. 45 of 1965) which regulated the release of harmful gases primarily from
industrial sources. More recenttiie NEMAQANo. 39 of 2004) ebeen implemented

Through the im@mentation of the NEMAQANational Ambient Air Quality Standards
(NAAQS have been developed speciity for South Africa (Table 2.5As a result, e
Department of Environmental Affairs and municipalities/e key responsibilities to ensure
the development andmplementation of air quality management policies, local guidelines
and standards of emissions and ambient concentrations, air quality daab&ensing
provisions, public awareness campaigns and a framework to enforce legal comgidthie
2004) These esponsibilities are necessary@asue effective air quality managemerDEA,
2009.

Table 2.5:Ambient! v DQa > N& Bdd QlGAustralan Government, 2004VHO, 2005;
DEA, 2009%uropean Commission, 2015PA, 2016)
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Ambient Air Quality StandardsAQ9 are designed as a guideline to protect public health
and to reduce theimpact of air pollution(Colls, 1997 WHO, 2005). Each standaisi an
exposure levebver a specific time period and is based on an extensive body of scientific
evidence relating to air pollution and its health consequen@®$O, 2005Vallero, 2008).

The ambient AQ®rovides the acceptable maximum concentratiohcriteria air pollutans

in the atmosphere without threatening human healthhese guidelines cannot fully protect
human health, especially for sensitive individuals who mageggnce potential health
issues at levels below these guidelines (Colls, 1997; WHO, 2005; Vallero, 2008). Each
standarddescribes the concentrations of pollutants that cannot be legally exceeded during
a specific timegoeriod within an area, hencthey neal to be compliedwith (Vallero, 2008;
DEA, 2009)n South Africa, source specific control measures have been developed and put
in place for a number of sources, mainly industrial sources, to maintain that th€ afS

not exceeded to allow for effectivar quality management across the countBHA, 2011

Setting AQS$s fundamental foreffective air quality management (DEA, 2009; WHO, 2005).
Ambient air quality guidelines are regulated throughout most of the world (Table 2.5).
Although the guidelinesdve gaps and uncertainties, they offer a strong foundation for the
recommended guidelines and they are constantly being worked on to improve the
information base of these guidelines (WHO, 2005). The WHO guidelines, in particular,
provide seentific guidane on setting AQ®r all countries (WHO, 2005National standards

are generally based on a particular approach adopted fmlancing health risks,
technological feasibility, economic csideraions and various other political and social
factors, which inturn will depend on among other thingke level of development and

national capabity in air quality managemerf?wVHO, 2005)

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

considered to have very poor air quality and are in need of immediate attentiokeeping
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with the requirements of NEMAQA, the HRAsbeen developed and is in thprocess of
implementing the AQMPRor the HighveldDEA, 20111

Thesethree pollutants may be associated with aghge health effects as mentioned earlier

on and as listedn Table 2.6Inhalation or absorption of SONQ and Surface ©may

generally exacerbate prexistingdisease states in Tabk6 (Vallero, 2008). In particular,zO

is associated with damage to crops and vegetation and potential adverse health effects,
while NQ and SQ may have potential longeterm human health effects (Loureret al.,

2011). Furthermore, these adverse health effects will most likelyur when the pollutant
concentrationsNB | OKk SEOSSR (G KS | Y.dvorBoper, the effBtQaf arh y ¢ | 6
pollution are assumed to be greater in developing countries, such as South Africa, than in
developed countries due to difference in the levels of exposure andxposure to a

mixture of pollutants, the population structure, nutritional statudjfestyle and

socioeconomic status (Romieu andrhi@gandezAvila, 2002).

Table 2.6:Some of the adverse human health effects associated with SQ and Surface
Oz (Vallero, 2008).
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Ambient air quality modellinfprms an important part of the monitoring plan for the HRBA.
well-developed air qualitynonitoring network which is built up by a number of aspects, for
examplegroundbasedmonitoring statons and satellite imagery among others, helps the

HPA work towards achieving the air quality managenwjectivesset out by the HPA air
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guality management plarby allowing the government to identify temporal and st

trends in air pollutiorwhich is esential for effective air qualitmanagement@EA, 2011

2.10. Synthesis of the literature review
Typically S@and NQ concentrations peak during winter, while surface @eaks during

spring. On a smaller spatial scale site specifiafyen occurs, for example S©
concentrations may exhibit one of two diurnal variations related generally to meteorology
and source characteristicdMeteorology in particular is a factor that governs pollutant
coneentrations over annual to diurnal time scaleand over nunerous spatial scales.
Moreover, neteorology and anthropogenic influences play a paradyl important role in

the formation, transport and destiction of pollutants

Modelling pollutant concentrations for the purpose of concentration estimation is a
complex task which relies heavily on the factors that influence pollutant concentrations.
Satellite imagery has made it possible to view pollutants over numerous spatial scales and
as a result satellitelerived measurements are invaluable pieces of data fisé models.
Spatietemporal statistical pollutant estimation nu@ls are site specific and for this reason
models neé to be speicified to aareaby considering the factors that influence pollutants
concentrations in that specific aredn order to develop this relationship for adequate
groundlevel measurementsof pollutants, meteorology,land use/coverand satellite
imagery on spatial scales comparable to local scale poll@rennecessary. Such a model
would become usefulor civil ©ciety andtherefore complex statistical models should be
avoided Simple statistical models, for example GWR and multiple regression etc., will
benefit society and aid in improving air quality and essentially human and environmental
health. Furthermore, wth studies of spatial modeling for estimation of pollutant
concentrations using statistical models to estimate pollutants being absent in South Africa,
this study should further contribute to the knowledge gap and possibly promote future

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

(Eskom 2017)
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This study primarily focuses on the Highveld to investigate air pollution. Air pollution has for

long now been recognised as aajor issue for the Highvel@Balashowet al, 2014). The

| AAKPSER A& {2dziK ! FNAOIQAa Yz2ald LR2LMzZFGSR N
2F GKS O2dzy iNEQ& AYRdAzZZGNALF f Ay T Net&lj 208D G dzNB ¢
As a result the Highveld accounts for the majority of 86U ! F NA OF Q& | Yo A Sy
(Freiman and Piketh, 2002). Understanding the nature of gaseous air poll@#eartssthe

Highveld is essential to an understanding of air pollution over South Africa. Therefore, it is

important that this stuly takes plae within Highveld and in particular within the HPA.

3.1. Basic geography of the Highveld
The Free State, Mpumalanga and Gauteng provinces of South Africa make up the Highveld

area. The Highveld area occupies 237°S and 28°30°E (Frieman and Piketh, 20E5au
et al, 2012. This aea is a high lying plateau about 1700 meters above seal lith an
approximate area of 300 000 Kr(iTysonet al., 1988; Frieman and Piketh, 20@sauet al.,,
2012; Balashoet al, 2014. The Highveld is a plateau whichgesnerally flat with some
surface undulation Esauet al, 2012. The Highveld landscapeas beenmodified by
urbanisation, industriaisation, mining, forestryand agriculture and as a resliltle natural
grassland remain@ysonet al,, 1988;,DEA, 201 1Esawet al,, 2012; Balashoet al., 2014).

3.2. Basic dimatology of the Highveld
TheHighveldis at a high altitude and as a result its climate is generally cooler than other

places at similar latitudes (Esatial, 2012). South Africeesides at the descending lbvof
the Hadley cell (Frieman and Piketh, 20@8auet al, 2012. Conseqantly, the Highveld
areaexperiences genat anticyclonic conditions promoting clear skies aalaverageair
pressure of about @ hPa throughout the yeafTysonet al, 1988;Frieman and Piketh,
2002;Esatet al,, 2019. Winds over the Highveld are geady variable (Esaet al., 2012).

Winters (June to Augustre generally dry and mild with average day time temperatures of
about 15¢ 19 °C, but at night temperatures can drop below freezing (Tytoal., 1988;
Esauet al., 2012). Duringvinter, surface inversions that lastdm the evening tiljust before

sunrise are commoas a result of stable and clear conditions (Tysbal,, 1988; Esaet al,,
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2012). Whter precipitation is uncommonbut vertical uplift from the development of cold

fronts may lsing aboutwinter precipitation(Esatet al., 2012).

During summer(December to February) thaverage dg time temperatures are high
rangng from 25¢ 32 °C (Tysoest al,, 1988; Esaet al., 2012). Solar radiation absorption at
the surface facilitates thelevelopment ofunstablelow pressure troughsvhich promotes
precipitation (Tysonet al, 1988; Esaet al, 2012). Precipitation over the Highveld ranges
from 600 to 800mm per annurmand mainly occurs during the summer tinjEsauet al.,,

2012).During summe surfaceinversion layers are less common (Esaal. 2012).

Hence, the Highveld hakigh atmospheric stability, clear skies, low winds speeds and
persistent temperature inversionsvhich are highly adverse climatic conditions for the
dispersion of atmepheric pollutants (Tysoet al., 1988). Moisunstable conditions during
the summer period offer for the dispersion and deposition of atmospheric pollutants,
whereas during winter dry andtable conditions promote the accumulation of atmospheric

pollutants (Tysoret al., 1988).

3.3. The HPA
This area covers about 31 106 kin parts of theMpumalanga and Gauteng provinces

(Figure3.1) DEA, 2011 It consists of the Ekurhuleni, Lesedi, Dipaleseng, Delmas, Goven
Mbeki, Emalahleni, Steve Tshwete, Lekwa, Muskaligwa and Pixley ka Seme local

municipalities DEA, 2011

67



29°0'0"E 30°0'0"E

26°0'0"S

27°0'0"S4 -

_~271°0'0"S

29°0'0"E 30°0'0"E

220 Kilometers

1 |
Legend

* Town

] Highveid Priority area

) i I Provincial boundary
25°0'0"S =~26°0"0"S

Major road

& Power station

£ sasol Synthetic Fuels
DEM

m.a.s.l.
- High : 2276

20:00s —20°0'0"S

M Low - 675

[~35°0'0"S

I I I
15°00°E 20°00'E 25°00°E 20°00°E

Figure 31: Map of the study area including elevation, major towns, roads and soajer
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The HPAs known for its diverse range of anthropogenic actigiti@hich promote elevated

levek of pollutants,namelyagriculture, coafired power generation, indstry, mining, coal

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

manufacturing, waste treatment and disposal, household activitiésr (example:fuel

burning) and petrochemical operatioiiigure 3.2) (Tysoet al., 1988;Lourenset al.,, 2011;

DEA, 2011BalashowtalS HamnO® !'a | NB&adzZ & GKS 1 t!
I OO02dzyiia F2NJ 20SN) prr: 2F GKS O2dzy i NBaa
2010).
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Figure 32: Land use/cover across thdéPA(Author: SRoffe).
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3.4. Population distribution across the HPA
This HPA housexbout 3.6 million individuals (Figure 3.@EA, 2011Lourenset al,, 20117).

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

population densities.
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Chapter 4. Data and Methodology

(Outdoorphotg 2007
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4.1. Data
Three main sources of dathave been used inthis study. These are: pollutant

concentrations, meteorological parameters and MODIS atmosphere products.

4.1.1. Pollutant concentrations
Pollution monitoring reliesheavily on networks of groundlevel monitors measumg

ambient air pollutant concentrations withinthe boundary layerEmiliet al., 2011). The
pollutants of interest for thisstudy were SQ, NQ and surfaceOs. These are criteria air
pollutants commonly found over the HPA witknown human and environmental health

implications (Lourenst al., 2011).

Groundbased measurements are the representative data for pollutants with the boundary
layer (Alstoret al., 2012). Thistudyis concerned with pollutants within this layer, as in this
layer pollutants directly influence human and environmental healtle $AAQIS network of
monitoring stations provides measurements of pollutant concentrations within the
boundary over numerous temporal scales. Across the HPA there are 24 monitotiogssta
situated within areas of high population densifyhe SAWS wasntacted in order to obtain

measurements from these monitoring stations.

Twenty fourdatasets for the period of 2010 to 201,5vere provided For a station tdhave
been included in thisstudy, a full datasetwas required. A full datases one with at least
one full week of readings for each month throughout a year. As a resalty stations had
to be excluded from thistudy due to missing data. Only one full year of data wWasmed

necessaryor thisstudy, as there was a limited amount of full datasets

ForSQ, in 2010 oty 5 full datasets were present, while there was 13 for 2011, 10 for 2012,
and 6 for 2013, 2014 and 201Bor NG, in 2010 only 6 full datase were present, while
there were8 in 2011, 8 for 2012, 4 for 2013 and 5 for 2014 and 2015. For surtada O
2010 only 6 full datasets were present, while there was 9 for 2011, 8 for 2012, 7 for 2013
and 2014, and 5 for 2013ith the lack of full datasst only 2011 was selected forhis
study on the basis of there being the majority of daasailable No temporal interpolation

was performed on this data.
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Only monitoring stations with data for each month during 2011 for the HPA have been used

(Table 4.1) Data regarding the concentratis of S@ NQ and surface @were at hourly

intervalsin Microsoft excelspreadsheets Each monitoring station continuously samples,

and therefore each hourly measurement obtained is the concentratigompinmeasured at

that particular time and not an holy average Additionally, each monitoring station has

detection limits, representing the lowest measurable concentratafnpollutants (DNP,

2012. The detection limits are: <0.4 ppb for £&0.4 ppb for Nand <1 ppb for surfacez0

(DNP, 2012)Figure4.1 shows the spatial distribution of the monitoring stations throughout

the study area.

Table 4.1Details of the monitoring stations.
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4.1.2. Meteorological parameters
To monitor pollutats an understanding dheir behaviour is essentigDuefiaset al., 2002).
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Hence, an understanding of the meteorological conditions thaterntheir behaviour is

necessary (Duefiast al., 2002).SQ and NO, are primary pollutants and are influenced by

meteorology for their transportation and destructioras soon as they are emitted from

sources Elminir, 2005)SurfaceOs as a secadary pollutant is reliant ometeorology during

its formation transportation and destructionprocessegDuefaset al., 2002; Elmini, 2005;

Balashowet al,, 2014).
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Most monitoring stations from the SAAQISetwork have celocated meteorological
monitoring stations The meteorological data collected by these stations was usedHis
study (Table 4.2)Only stations with a full year afata were used Ten monitoring stations
had full year datasetgor 2011 No stations had atmospheric pressumeasurements
Atmospheric pressure plays an important role in the behavigoafutants (Vallero, 2008)
Consequently additional stanealone meteorological data for the HPA was obtained from
the SAWS. Two extra stations were providé&dble 4.2) Twelve meteorological stations to
describe the regional meteorological conditions for thBAivere used(Figure 4.2; Table

4.2).

Both sets of datasets were obtained &dicrosoft excel spreadsheet®ata from the 10
meteorological stations wasontinuously collected data at hourly intervals. The following
meteorological variables were obtainedfn these stations: relative humidity (%); ambient

air temperature (°C); solar radiation (W2n rainfall (mm), wind speed (mts and wind
direction (°). Datdrom the two standalone metorological stations werelaily averages.

The following meteorological variables were obtained: atmospheric pressure (hPa) and
rainfall (mm). Table 4.3 shows the meteorological parameters measured by each monitoring

station.No temporal interpolation was performed.

Table 4.2Detalls for the meteorological monitoring stations.

Station Latitude Longitude Altitude (m.a.s.l.) Standalone/co-located
Balfour 28.586 -26.663 1572 Colocated
Camden 30.106 -26.6226 1637 Colocated
Elandsfontein 29.417522|  -26.245517 1746 Colocated
Ermelo_1 29.969002 -26.49348 1767 Colocated
Ermelo_2 29.983 -26.497 1774 Standalone
Grootvlei 28.48 -26.7647 1517 Colocated
Komati 29.4507 -26.097 1620 Colocated
Leandra 28.480089 -26.372 1687 Colocated
Middleburg 29.4636 -25.796061 1508 Colocated
Phola 29.038164 -25.99567 1534 Colocated
Secunda -26.497 29.186 1657 Standalone
Standerton 29.2228 -26.965 1569 Colocated
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Table 4.3Details of themeteorological variables for each monitoring station.

Low : 675

Meteorological variable

Solar wind
Temperature radiation Relative speed Wwind Rainfall | Atmospheric

Station (°C) (W.n1?) humidity (%) | (m.s?%) direction (°) | (mm) pressure (hPa)
Balfour Yes No Yes Yes Yes Yes No

Camden Yes No Yes Yes Yes Yes No
Elandsfontein | Yes No No Yes Yes Yes No
Ermelo_1 Yes Yes Yes No No No No
Ermelo_2 No No No No No Yes Yes
Grootvlei Yes No No Yes Yes No No

Komati Yes No Yes Yes Yes No No

Leandra Yes Yes Yes Yes Yes Yes No
Middleburg Yes Yes Yes No No No No

Phola Yes No No Yes Yes No No

Secunda No No No No No Yes Yes
Standerton Yes No Yes Yes Yes Yes No
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4.1.3. MODIS data

Satellite imagery has a large spatial and a good temporal coverage of landscapes (Prasad
and Singh 2007). Satellite remote sensing of air pollutants in the boundary layer has
evolved dramatically. Satellite observations successfully provide estimates of trace gases
and aerosols in regionsvhere groundlevel measurements are unavabée. Satellite
observations are available for a range of pollutant aerosol and trace gasesp@dartin,

2008). Passive samplingtsllites flying in neapolar, sursynchronous, low Earth orbits

with an altitude of 705 km will yield information on lower troposphericnstituents

(Martin, 2008).

The MODIS instrument, on board the Terra (launched 18 December 1999) and Aqua
(launched 4 May 2002) platforms is a passive sampler at an altitude of 705 km with a near
polar, sunrsynchronous, low Earth orbit, is uniquely designdth a wide spetral range (0.4

G2 ™o/ of 36 band channels which provide an abundance of information of
atmospheric, terrestrial and oceanic phenomenon (Seerearal, 200; Martin, 2008;
NASA, 2016). MODIS has a wide viewing swath of 2330 kss (tack) by 10 km (along
track at nadir) with a 55° scanning pattern (NASA, 20l[6jprovides a wide spectral
coverage of the visible, near infrared and infraregions of the electromagnetic spectrum,
thus providing a large amount of information ongriomena (Seemast al, 2005; NASA,
2016).1t provides a medium spatial resolution of 2§A000 m, where band channels¢12

are at 250 m, band channelsc37 are at 500 m and band channelg; 86 are at 1000 m
(Seemaret al., 2006; NASA, 2016)t provides a near daily global coverageross most of

the world and two equatorcrossing per dayat 10:30 AM in a descending éation (Terra)

and at 13:30 PM in an aending direction (Agua(Martin, 2008; NASA, 2016)h& near

daily coverage, wide spectral rg@ andmediumspatial resolution MODIS provides, enables
AG G2 20aSNBS (GKS 9FNIKQa FdY2a3aLkSNB®GL2 02y
Hence, the MODIS instrument can provide information on the evolution and extent of air

pollution, addressingir quality on a daily basis.

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

2016). This means that the Terra and Aqua unsents have a stable spectral and spatial
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performance and no preprocessing for radiometric and geometric corrections will be
necessaryNASA, 2016).

MODIS has 3 levels of datidASA, 2016). Levelptoducts are daily scenes, whievel 2

and 3 data arespecifically derived atmosphere, land, ocean and cryosphere products (NASA,
2016). level 2 and level 3nagery, from the Terra platfornfrom the Goddard Space Flight
Centre NASA LAADS free of charge have bsedfor this study (Appended &ble 8.1)

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

MODO04 L2 which has a resolution of 10 x 10 km at nadir (NASA, Z0&&OD(no units)

was obtained at 550 nm with alata range of-0.05to 5.0 (NASA, 20d). Thisproduct
monitors the ambient aerosol optical thickness over oceans and land masses and has been
used for the analyses of 5@d NQ (NASA, 2016 AOD is related to the loadings of fine
particles in an atmospheric column and it measures lightnektn by aerosol scattering

and absorption in an atmospheric column (ldtal, 2014a).The second product used,
MODO7_L2has a resolution of 5 x 5 km at nadir and a data range of 0 to 500 DU (NASA,
2016). The totabzone burden product used from thislxtion of products is an estimate

from band channel 30 9(580 ¢ 9.880 >m) of the totalcolumn stratospheric and
tropospheric ozone content over a 5 Rratmospheric column and has been used for the

analyses of surfaces@NASA, 2016).

4,1.3.2. Level 3
Thethree Level3 MODIS products are global gridded MODIS Atmosphere piodNASA,

2016). EacHevel3 products contain statistics generated from tleerrespondinglevel2
products (NASA, 2016). Amomgher statistics calculated arsimple (mean, minimum,
maximum, standard deviation) statistics and histograms of the quantity measurement and
confidence of the quantity measurement (NASA, 2016). These statistics are summarized and
interpolated over a 1x1° global grid for daiyi@D08 D3 eightday (MODO08 EB and
monthly MODO08_M3 temporal periods (NASA, 2016). Each temporal resolution has been
used for thisstudy.
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Thefirst product,total column ozonelerived is an estimate of{dneasured in Dobson units
(Du) where 1 unitppb of tropospheric @= 0.65Duandthe datarange is 0 to 500 DU (IPPC,
2001; NASA, 2016). This total column ozomasurement is derived from band 30 (9.580
9.880>m) and was developed to monitor the potential harm cadibg the anthropogenic
depletion of stratospheric ©as well as theanthropogenic formation of troposphericz0
(NASA, 206). Whereas, the AOBerived is an estimate of the aerosol optical depth for a
column of air which can range fror.05 to 5.0 (NASA&016). This AOD measurement was
developed to monitor the effect of aesols on climate (NASA, 2016). The AOD images have
been used for the analysis of 5&hd NQ, while the total column ozone has been used for

the analysis of surfacezO

4.1.4. Data limitations: Pollutant concentrations and meteorological

parameters
A groundbasedmonitoring station accurately measures pollutant levels and metegiobd

parameters withinthe boundary layer. Thesgetworks havea limited geographic coverage,
and in particularfor the networks across the HRAonitoring stations are onljocated in
high population density areasience pollutant concentrations and meteorological patterns
of alimited geographic coverage are availablecdprehensivegroundbased monitoring
network is difficult to obtain due to the high maintenance, caliiton and establishment
costs associated. This and missing data limits the quality of data obtained from ¢gexahd
monitoring networks. Datasetare not always checked befor@chivingand as a result

many outliers and errors are present in these datase

LYAGALFrffes GKSNB 6SNB Ylyeée 3AlLlA Ay SIFOK RIGL
NOHINIGE dzf G SR BYLJARRAKSRE RIGF gSNB YAdaaiAy3ad |y
2YAGGSR REFEGES NIGKSNI GKFy @k yNeS sRIBESSR 16 R A
YAAREY I DINBY RBKEINHS ydzYoSNI 2F OdzNNByd RIEFGF
ROF&aSGa NERAEOS AT et SPSTKRAS Aalldaxy RI SyOSs &
dzZa SR (2 AYLINZ @2 diLs SRS HREFARNESI IR dzNB Y SWR &z RG K S
f SASfGF NBFRAy3Ia 2F LRtftdziltyld O2yOSYiGNI GAZ2Y
I RO yiGl3Sa 2F SFOK REFEGFE&ASE yR LI2GSysislht f & 6
YR &dslIBIOSE ah | ONBa NBRKS NI ti!S& di&#@R A IIzZNLI2 &S 2 7F
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4.1.5. Data limitations : Satellite imagery
Satellite remote sensing can step in to monitor regional air quality where ground monitors

are not available, not reliable or sparsely distributed (Gupta and Christop@8a; Emilet

al.,, 2011; Huet al, 2014a).Satellite imagery does however have limitatiohMdODISdata
products in particulamare limited: by their coarse spatial resolution, temporally with only
one or two sunlit overpasses of a region per day, and to clear sky pixels among other factors
(Emiliet al, 2011; Alstoret al., 2012).These factors may lead to misleadidgta ina pixel,
especiallyas dda values are interpolated over large spatial resolutioffherefore,
combining groundlevel and satellite data potentially exploits the advantages of both

measuring methods (Emét al., 2011).

4.2. Methodology
The following methodology is an investigatiinto the spatietemporal patterns ofSQ, NQ

and surface @concentrations.Theseconcentrations werdirst investigatedon diurnal to
seasona time scales. Theyvere then investigated with regard tothe regional HPA
meteorology Next the pollutants were modelled on the time scales of the MODIS
atmospheric products. Lastlyhe pollutants were investigated with regard to national and

international ambient air quality standards.

4.2.1. Initial data a nalysis

I ONRGAONE ARANBRGIAGYWE BANIAG NBlj dANBR K WR diy RS
RAAUNAOdZIAR YA @F D (KRS RF MBSS yWHAYHOBNI Vadavord NE DdzY
YAYAYdzY YR YIFEAYdzY @I fdzSax YARRES O0YSRAIFYyOZX
YR . NI RFWISBGRD Yy AldyYR I NB 02 FNJAIKBA2yd# Iy RT A dNF I OS
02y OSY UNARI AT BS2 N2 f XINGSE 3y @d2NIRFPOIYSIEA T  2dzit A
RFEFGIFABANI YRGSNI aSOiA2yao

K2ttt 26Ay3 Slidzr GAZ2YY

Arithmetic mean:aff —B @ (Underhill and Bradfield, 2009quation 1}.

80



The median, represents the middle ranked value of the datafie® following equatiorwas

used
Median:0¢ — (Underhill and Bradfield, 2009Equation 2}

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

the upper and lower fences. The following equatiovere used

Lower quartileDp ——; Upper quartiebo & 0p p (Undehill and Bradfield,

2009){Equations 3.1 and 3.2}

The upper and lower fences represent the upper and lower extremes of the dat@sets.

values outside of these mdye outliers Thefollow equationswvere used

Upper fence™y 0o p®00;Yower fenced 0Op p®'O0;Wterquartile range:
00 'YO0o 0Op(van Emden, 20Q8Jnderhill and Bradfield, 2009Equations 4.1, 4.2 and
4.3}

Outliers are values that are significantly different to the bulk of the dataset. These values
may be genuine observationsamely extremes,or machine failures. All negative values
have been taken as errors as a negative concentration value issgilgh@. All nofreading
values999 have been removed. Most of the outliers idiéed have been taken as correct
readingsand all readings which wersignificantly different from surrounding data luas

were removed

4.2.2. Analysis for v ariation

t2f fdzit yd O2yOSyidN)}dGA2ya @I NBE AyRSTAyAiSt e
OKIF NI OGSNRA&ASR 02ade&NO8AYSNBYNAKSX{ & NBY 2 B2 NI
RSLI2aAGAZ2Y YSOKI yAAYWASNBEGARSY LB G Ky Ayady & I Yy2Ra
fATEAGANEE SNRPSE Hnannyo®d aSiS2Nepftz23&8 Aa O2yaiRsS
AYTFEdzSy OAy3a iIfai2a@SINGg GG SOyt G DF @& 5 £ £ £
Hany T $& aBHE MoSTH DiddNn 0 @ ¢ KS YSGS2NRt23e | O
| AIKOSETR OFINASAE (GSYLRNIrftte 20SNJ RAdaNYy It G2
SUZIFHAMHONDS KEKIANIdDG SNR A GAOA a2 @I NE 2 3SN
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4.2.2.1. Analysis for seasonal variation
In Souh Africa, and particularly acrosee Highveld, meteorological conditions are subject

to strong seasonal variability (Laas&b al., 2012). As a result of this angegional HPA
source characteristi¢pollutant concentrations vary ssandly across the Highveld dakso

et al, 2012).Changes in source strength throughout a year may also bring about a marked
seasonal variation of pollutant concentrations, for example during South African winters
more coal is burned to fuel the growingnergy demands increasing the pollutant
concentrations emitted from power stations. In South Africa there are four seasons (Table
4.4). The seasonal variation tisen based on the fluctuation of pollutant concentrations at a

seasonal scale overparticular 2011

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

{SIazy { dzY Y S NJ I dzii dzY' y 2 Ay i SN { LINR y 3
5dzN} G A2y [m 5SOSYoSm al NOK G/m WdzyS (G2{m {SLIISYO
HYyKH$ CSo b2@SYo SN

¢tKS aSlhazylrt YSIy O0NORyYa dehit OBY HEB3 NIDE i D dzf |
SljdzZl AR WNF LIKSR F2NJ S| OK SviziytAtieNA Y B i YIYiE R v
HnncT-21 &KRdet ' yR . 2dzKI YNI = wAanT TS 053 @gRv HEOydR 9Dl |-«
YSEyYy KFa |y SNNRNS yoilaNd ek GKG NG NFS YRR S/@AT NG A Sy
YdzOK (GKRYyOEYHI NI GA2ya RAFFSNI FNRY GKS YSIy ¢
Tttt 26Ay3a SljdztGA2y 61 a dzaSR G2 OFftOdzA GS GKS

w

, Lo yRSNKATE | y®ROlj dell RFASE RED H 1 1 o
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4.2.2.2. Analysis for monthly v ariation
The monthlyvariation of pollutants is very similato the seasonal variation, buit is

calculated over the twelve months of the yedanuary, February, March, April, May, June,

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

The monthly cycle of SONQ and surface @has been determined using the five number
summary for each month of each monitoring station (Duegasl., 2002; Zunckeét al.,

2004; Laakset al, 2008; Gauetal HaAamMnoO® ¢KS WFAOPS ydzYo SNI adz
of concentrations for each month and the mean monthly concentrations for each
monitoring station (Duefaset al., 2002; Zunckedt al,, 2004; Laksoet al., 2008;Gauret al.,
2014).These values were calculated using the equatibrt® 4.3.These were plotted as
box-andwhisker plos. Eactbox has 3 lines, the bottom being the lower quartile, the middle

being the median and the top being the uppguartile. The lines extending out from the

box represent the lower ffom the lower quartile) and upper ffom the upper quartile)

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

4.2.2.3. Analysis for diurnal v ariation
Pollutant concentrations typically vary over a 24 hour peri@dypical diurnal variation for

each pollutant at each monitoring station for each seabas been graphe@@unckekt al,,
2004; Ahammecet al, 2006; Fissheat al, 2006; Adameet al, 2008;Laakscet al., 2008;
Gauret al,, 2014) A single day with no missing data was s& at random to plot graphs of

the typicaldiurnal variations of SONG and surface @for each monitoring station.

4.2.3. Regional meteorological p atterns
Meteorologicd conditions govern the behaviour of pollutants (Elminir, 2005). In order to

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

David and Nair, 2011). Therefore, each meteorological condition was plotted over a monthly
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and diurnal scale using the same methodsfais section 4.2.2 Over a monthly scale,
relatively longer term trends wereidentified, whereas over a diurnacaleshorter term
anomalies weradentified (Duefast al, 2002). The SAWS staatbne stations have daily
average measurements, theremrdiurnal time series Iptting was only possible for the
SAWS ctocated stations. Rainfall has been analysed as monthly tdbalsi{aset al., 2002;
Elminir, 2005 Laakscet al,, 2008). Wihd directions per station have been graphed monthly
as a frequency distribution chart agmpthe methodology of Laakset al. (2008), showing
the frequency of the 8 cardal directions per month (Table 4.5

Table 4.5Details of the 8 cardinal wind directions.

Degree range (°) Direction
n xxX45 N

np x<A0 NE

dn xIMK35 E

MO p <380 E SE

MYy X< 35 S
HHpx<XO0 SW

HT /X<H5 W

0 M px< 360 NW

4.2.4. Thelinear relationship of meteorology and SO >, NQ and surface

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

and SQ, NQ and surface @ across the HPAcorrelation analysis has been undertaken
(Duefaset al., 2002; Elminir, 2005; Underhill and Bradfield, 2009). Correlation sisaly
determines whethera relationship between a dependeny)(and an independentxj
variable is present(Underhill and Bradfield, 2009). To determine if synoptieteorology
influences these pollutantsmeteorology washe independentX) variable and the pollutant
concentrations werethe dependent y) variable (Duefiagt al, 2002; EIminir2005). To
identify if a relationship exists, the correlation coefficienthas been calculated.The
correlation coefficientr) will always lie betweerl and +1 and the closeris to ++ 1, the
stronger the relationship is between the two variables (¥ridll and Bradfield, 2009Y.her
value will indicate the strength and direction of terrelation, wherea negative value will

indicate a decrease in one variable when the other increases and a positive vdllue wi
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indicate an increase in one variablethe otherincreaseqUnderhill and Bradfield, 2009A
value close to +/ 1 will indicate a consistent change in ti®3, NG and surface @
concentrations X) from a change in the independent meteorological varialyg (Duefiagt

al., 2002; Elminir, 206; Underhill and Bradfield, 2009). The Pearson correlation coefficient
for the strength of therelationship betweenSQ, NQ and surface @ concentrations and
each meteorological variable has been calculatesihg the statistical packag8M SPSS

Statistcs 23 using the following equation:

9s BE— (Underhill and Bradfield, 2009 quation 6}.

Once the strength of the relationship has been calculated, it is necessary to determine the
statistical significance of this rélanship. The statistical significange value is a measure

of the probability that the results obtained are representative of the population or just as a
result of a coincidence of the random samplitnderhill and Bradfield, 2009This value
ranges from 0 to 1. The clospiis to 0, the smaller this value, the greater the chance that
the result obtained is a true indicator of the behaviour of the dateer the study period
(Underhill and Bradfield, 2009Thep valueobtained teststhe null hypothesis (&1 p = 0)

that there is no relationship between SONG and surface @concentrations and synoptic
meteorology, the dependent and independent variablgaderhill and Bradfield, 2009The

p valueswere calculated usin§PSS

Whenassociating dependent varialslsuch asSQ, NQ and surface @ concentrations with
independent variable such as synoptic meteorological conditioasmnong others it is
important to calculate the proportion of the total variability of the dependent varaat a
result of the changes observed in the independent variable (Underhill and Bradfield, 2009).
This is calculated using the coefficient of determinatigf) (Underhill and Bradfield, 2009

The result is af® value between 0 and Underhill andBradfield, 2009 A value closer to 1
suggests that a greater proportion of variability in the dependent variable is explained by
variation in the independent variableJaderhill and Bradfield, 2009 The R value was

calculated irSPS8sing the followingequation:

B B

B 22
Y — = (Underhill and Bradfield, 2009k quation 7}.
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Synoptic meteorological conditions are known to influence pollutants over monthly scales
(For example:Comrie, 1990; Comrie and Yarnal, 1992; Comrie, 1994; &dak, 1994,
Cuhadaroglu and Demirci, 1997; Demirci and Cuhadaroglu, Pa@Fiaset al, 2002;Latini

et al,, 2002;Elminir, 2005Linet al, 2011; Luvsaet al., 2012;Balashowt al., 2014). As a
result the correlation and regression analysis will be domera monthly scale for each
monitoring station as demonstrated by Elmini (2005). Temperature, solar radiation, relative
humidity, rainfall, atmospheric pressure, wind speed and wind direction have been

correlated to S@ NQ and surface @over a monthly scale.

For the monthly scale correlation and regression analysis, the @ and surface @and
meteorological data were grouped per month to determine tipearson correlation
coefficient and the significance of the relationshiptween ®», NQ and surface @and

each meteorological parameter (Dueias al, 2002; Elminir, 2005; Elampari and
Chithambarathanu, 2011). Each mimming station does not have docated meteorologial
stations. This analysis was only performed usingnitoring stations with celocated
meteorological stations and only between the meteorological variables measured by the
meteorological station. The monthly average atmospheric presdior Ermelo 2 and
Secunda wereorrelated with the monthly average SONG and surface Q stations for the
Ermelo and Secunda monitoring stations, as this is the only scale available for atmospheric
pressure. Ermelo and Secunda do not have t#@a. To obtain a generainderstanding of

the influence of atmospheric pressure on N@anden and Balfour NOconcentrations

were used.

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

are inevitable and as a resulhe n valueis reducedfor statistical analysesThe p value
determines the probability that the calculated trends and relationships may still hold in a
fuller dataset Underhill and Bradfield, 2009T.here is concern regarding the possibility that
the missing values may potentially clggnthep valueof the linear correlationsHence, he
effect of a reducedh valueresulting from the omission of missing data ensures that pghe

valuereported is a true probability result and not one created by chance when interpolating
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missing values (Underhill and Braaiil, 2009).The resultingo valuemay still be limited by

missing values which may dilute or strengthen correlatidsisoerhill and Bradfield, 2009

4.2.5. Multiple regression a nalysis of meteorology and SO 2, NQ. and

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

only one meteorological variablewill explain the behaviour 08Q, NG and surface Q.
Rather a combination of the nieorological variables that occur simultanedy willexplain
their behaviour (Dueias et al, 2002; Elminir, 2005 Balashovet al, 2014. Each
meteorological variable has been used for the muUdtipegression analysis over a monthly
scale (Duefiaset al., 2002 Balashovet al, 2014. Each multipleregression modebwill
demonstrate the relationship betweesQ, NQ and surface @ and the independent

meteorological variablefor each monitoring station as Akpinet al. (2009) demonstrated
Eachmodel was calculated usirgPS8sing the following equation:
W 1 I ® T o E f @ f (Underhilland Bradfield, 2009 quation 8}.

The strength of eachmodel has been determined by the coefficient of variatid®) (
equation 7(Underhill and Bradfield, 2009). The strengthpdads on the degree to which

the combination of independent meteorological variables can explain the changes in the
behaviour ofSQ, NG andsurface @ (Underhill and Badfield, 2009).

The accuracy of each multiple regression model is necessary to atalad some
independent variables included may in fact be surplus factors and they may not necessarily
influence the behaviour of the dependent variable (Underhill and Bradfield, 2009). Surplus
factors do not influence the strength ofie model, but they d reduce the accuracy of a
model (Underhill and Bradfield, 2009). The accuracy of the model is determined by the root
meansquare error (RMSE) @PSS

” YO YO 22— (Underhill and Bradfield, 2009¥quation 9}.
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4.2.5.1. Multiple regression mod el limitations and recommendations
The multiple regression models created for this section are limited by the meteorological

data obtained fromthe SAAQI®etwork. These datasets do not provide measurements for
each neteorological parameter at eac$tation nor does each station have metedogical
measurements.To improve these models more data and reliable data are necessary.
Additionally, nissing data may dilute or strengthen the significance of each variable within

the multiple regression, therebwfluencing the significance of each model.

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

ENVl,as per the MCTK user guide (Whéeal,, 2016. The MCTK processes each MODIS
product by converting the digital numbers to extract/retrieve A@QD550 nm (Youet al.,
2015) orOzone (Du) valueat 9.580¢ 9.880>m (NASA, 2016)in this processhe map

projectioncan be specified and it has bespecified to the datum WGS84.

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

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

measurements of pollant levels within the boundanayer(Huet al, 2014a). Thground
basedmonitoring network across the HPA is associated with manyalilons as discussed
previously.Satellite derived measurements of total atmospheric columanwe the potential

to enhancethe SAAQIS monitoring networkeasurementgo provide pollutant eposure
measurements. The MOD#$atellite products have medium spatial resolutions which limit
their ability to alone estimate pollutant concentratis but coupled with groundevel

measurements improves their estimation ability

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

pollutants.
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Ground level pollutant concentrations across the HPA are influenced by meteoroldgy an
land use For example:elevation, emission sources and land cgvetc.) among other
factors. Smple linear regression models betweesatellitederived measurements and
groundlevel pollutant concentrations wilhot be suitableto describe pollutants aoss he

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

Multiple regression models incorporating meteorology asadellite-derived measurements
have been created to estimatgroundlevel pollutant concentrations (Figure 4.3Gupta
and Christopher, 2009; Het al., 2014a; Hwet al,, 2014b; Sotoudeheian and Arhami, 2014;
Youet al, 2015). Incorporating measurements of land use has been left for future work.
Using meteorological measurements of: temperatuf€)( relative humidity (%); solar
radiation (W/n¥); rainfall (mm);wind speed (m:3); wind direction ) and atmospheric
pressure (hPaand satellitederived AOD or total columrOs, multiple regression models
have been created. Each model was calculated uSiA§$ising equation 8. An R value,
whichidentifies how well the model fits the dataas calculated usin§PS$r each model

using the equation 7

Twelve models, four per pollutant, wemade using thdevel 2, level 3daily, 8-day and
level 3 monthly MODIS satlite imagery pollutant concentrations data and meteorological
data. The model building process is indicatedrigure 4.3 All data were averaged over the

temporal scale matching the satellite imagery.

Each model incorporates data from the peak and gloumonthsof each pollutans variation
to create the model. SCand NQ concentrationpeaks were generallgluring June andhey
were generally at their lowest during January. @&rerage of 7h00 and 8h00 on the6f
January and June were used for the level 2 model, the average of thefl¥anuary and
June were used for the level 3 daily model, the average of tHetd 2he 15" of January and
June were used for the levadI8-day model and the average of Janyand June were used
for the level 3 monthly model. Surface @enerally peakedluring September and is lowest
generallyduring April. An average of 8h00 ant@®D on the 1% of April and September
were used for the level 2 model, the average of thé b6 April and September were used

for the level 3 daily model, the average of the"it® the 15" of April and September were
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used for the leveB 8-day model and the average of April and September were used for the

level 3 monthly model.

The meteorologichdata for each model were averagjeover the same scales as the
pollutant data. Meteoological data were interpolatedising the closest two stations for
those stations without meteorological data or withodata ofa meteorological parameter.
Atmospheric pessure data for the level 2 models were the atmospheric levels for the daily
models; this was done to include atmospheric pressure as it was shown to significantly

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

«

‘ Pollutants ‘ ‘ MODIS ‘

AN

Meteorology

Statistical
model

Validation

SQ, NQand
Surface @
estimation

Figure 4.3An outlineof the model building step&@dapted from Gupta and Christopher,
2009a).

4.2.7.1. Validation of the relationship between ground -level pollutant

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

esential. This will determinef the models will be able to function successfully their
purpose andwhich scale model may be best applicable. Validation of each model involves

testing each models predictive performance using a cross validation methogtg and
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Christopher, 2009Montgomeryet al, 2012;Chenet al, 2013; Huet al, 2014a; Huet al,
2014b; Sotoudeheian and Arhami, 2014; ¥éoal., 2015.

This validtion method used 2011 datar the month ofAugust i.e. datanot included in the
model building process (Montgomeey al., 2012; Burtt al, 2009).Satellite-derivedvalues
and meteorological data fothe month of August dung 2011 were used in the multiple
regression models to determina predicted(model) value of pollutant concentratin at
each monitoringstationsfor each model This value was then compared to theeasured

(observed)yaluesusing the followinlRMSE equation:

Yo'yYo — (Burtet al, 2009) {Equation 10}.
Yi is the observed value, i the model value and n is the sample size (Bugl., 2009). This

value represents the offseif the modes predicted data compared to the observed data.

The next step involved calculating the coefficient of determination,vRlue between the
predicted and observed values for each model. R valuegreater than 0.75ndicates that
the model fis the datawell, andthat modelmay be applicable across the HRB\urt et al.,

2009) TheR? value was calculated iBPS8sing equatior¥ previously mentioned.

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

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

more of the spatietemporal patterns that exist.

The MODIS saték imagery havenedium to poorspatial scales, of 5 kin10 knf and 1°2.
Each of these pixels contains inelated statisticsPollutant hotspots may be as small as a
couple of meters (Valleret al, 2008). Hence, rey spatial variability in pollutant species

smaller than the pixel size is lost.

91



Pollutant concentrations are influenced by land use patteameng other factorgValleroet

al.,, 2008; Huwet al., 2014a; Hwet al,, 2014b).All influential factors were not included in the

model building process. Thimay sigificantly influence the applicabilityand accuracy of

each modebf eachmodel (Montgomeryet al., 2010).

4.2.8. Frequency of exceedance of international and n ational ambient
air quality standards for SO 2, NQ and surface Oz across the HPA
For the purpose of thisstudy, some of the international WHO air quality guidelines

(WHOAQG) and the South African National Ambient Air Quality Standards (SANAAQS) have

been used (Table 4.6The South African standards are a benchmark against which the

measuremats from this study should be compared while the WHO standards are

referenced in order to contextualise the values internationallfhe frequency of

exceedance of these standards for,SRQ and surface @has been measureby averaging

the hourly pollutant concentrations over the respective aaging periods in Table 4(BEA,

2009). Once averagedhe data were compared to the standarde determine the

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

Table 4.6Ambient! v D Qa > R@ &l @ WHO, 2005; DEA, 2009
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data from each monitoring statioallows one to identifygsome pollutionW K 2 {iQareds

across the HPAwhile interpolation surfaces can allow one to spatially visualise pollutant

exceedances over a raster surface. The IDW interpolation technique has been used to view

the frequency ofexceedances as a raster surface across the entire HPAiSIRVgimple
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spatial interpolator which estimates grid points based on a weighted average of measured
values surrounding the unmeasured locatiodng et al., 2004;Emiliet al, 2011). Itwas
chosen on the basis that it makes the assumption that things closer to one another are more
alike than those further apart ando predict a value for an unmeasured location the cells
closer to the prediction location will have a greater influence on the calisevthan those
farther away YWonget al., 2004;Emiliet al., 2011). The advantage of using IDW is that it
does notform assumptions about the statistical model that forms the basis of the data
(Wonget al,, 2004;Emiliet al,, 2011). There ardrawbackgo using IDW: a) no information
about the error of the predicted values is provided as it is for kriging, and b) maximum and
minimum of the field always corresponds to the position of the measuremehish may

typically not be a physical quantity of thatdset(Wonget al., 2004;Emiliet al,, 2011).

4.2.9. Probability of exceedance of international and n ational ambient

air quality standards for SO 2, NQ and surface Os across the HPA
Probability is an estimate of the likelihood of a particular event aweg (Burtet al., 2009;

Mendenhall, 2009). This value ranges between 0 and 1, where a value closer to 1 indicates a
higher confidenceof an event occurring (Buet al., 2009; Mendenhall, 2009). Identifying
the probability of exceedingin ambient airquality standard may be gotential way to

identifyalJ2 f £ dzi A2y WK2 G aL2 i QNAAQRVie# usédalle 46). h! vD | Y R

The data for 2011 for each monitoring station is assumed to follow the normal distribution.
The probability question has been médied asP (X > ambient air quality standardX
representsthe pollutant concentrations averaged over the averaging period for a particular
ambient air quality standard. To determine the probability Xfexceeding a particular
ambient air quality standa, the area under the probability density function curve abdve

is calculated by standardizingo az scoreausing the following equation:
o —— (Mendenhall, 2009) {Equation 11}.

Where, Xis a normally distributedrariable with a meany and a sandard deviation . The

standardized value z has a standard normal distribution (Mendenhall, 2009). XOhas
been standardized the probability question becomies(Z >—) (Mendenhall, 2009). To

calculate the respective area under the curve for f®@bability of exceedance of each
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standard, thep value corresponding to thez valuefor X in the z table was obtained
(Mendenhall, 2009). This value represents the areder the curveo the left of thez value
(Mendenhall, 2009). To determine the area to the right of thgaluefor X the following

formula was used (Mendenhall, 2009):

P (X > ambient air quality standardP (Z>—) = 1- P (Z >—) {Equation 12}.

4.2.10. Frequency and probability of e xceedance limitations and

recommendations

The missingdata from the SAAQIS network limits both of these sections largely as the
measureand probabilityof exceedances may be greater if a full dataset was available. The

spatial coverage of the monitoringagtons over the HPA is limited and thus the spatial
O20SNI3S 2F (KS SEOSSRIyOS&a Aa Ay Gdz2Ny €AY
areas.Improvements in satellite imagery used for air quality, especially improvements in

spatial resolution, wilbe beneficial as areas without groutel/el monitoring stations may

0S Iylrfe@adaSR (2 ARSyGATe LRffdziAzy WK20GalLkRidac
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4.2.11. SiImmary of the methodological procedure
A step by step flow diagram of the methodological procedure is presented below in Figure

4.4,

Satellite
imagery

Meteorological

Pollutant
parameters

concentrations

Initial data
analysis

Initial data
analysis

Pre-
processing

Pre
processing

Diurnal, monthly and
seasonal variation

MCTK
processing

Diurnal and
monthly variation

Frequency and
probability of
exceedance

Linear and multiple

Multiple regression )
regression models

models

Validation

Pollutant
estimation

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

(Steyn,2013
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The primary aim of this studyasto investigate ambient air pollution during 2011, using
groundlevel SQ, NQ and surface © concentrations, meteorological parameters and
MODIS atmosphere products, across tHBA | L2t f dzi A2y WK2GalLkRaQ |
doing so, thisstudy contributes to the existing body of scientific knowledge on: the
temporal variability of pollutard; the influence meteorology has on pollutants; estimating

groundt S@St LRftdzilyda dzaiAy3a arFrdStftAdS AYlFISNET

The results for 2011 are discussed throughout this chagteis discussion aims to address
the objectives of thistudyby aitically analysing the results obtained throughout tetady

in comparison to results from other studies.

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

to diurnal timescales(Vallero, 2008). Pollution monitoring is an essential task required for
the management of pollutants. An understanding of the variation in pollutant
concentrations over time is a key component to the monitoring process. Therefore, in the
sections fdlowing, the results seasonal, monthly and diurnal variations of, 8i0x and

surface @are analysedor the eventual aim of managing these pollutants across the HPA.

5.1.1. Variation of SO
Theannualaverage concentration of S@as 12.145.0ppb. The highest S@oncentration

recorded was 474.3 pplat the Komati monitoring stationand the lowest concentration
recorded was @ ppb (at the Camdemmonitoring station) The annual average obtained in
this study was typically higher thaior most studies across thevorld and across South
Africa (For exampleCarmichaekt al, 2003 Laakseet al, 2008; Pandegt al, 2008; Meng

et al, 2009; Lourenst al,, 2011; Venteet al,, 2012;Gauret al,, 2014 Harrisonet al., 2014).
Higher S@levelswere observedacross the HPA may be directly attributed to a relatively
high population densitya high density of pollution sources, i.e. coal fired power stations,
fossil fuel emissions from industrial sources, biomass burning, domestic fuel use,
transporiation and agricultural land clearing for foodggluction among other sourceppor

emission control&nd poor implementation of legislatiogfibEA, 20111

97



Seasonal average SQ@oncentrations ranged between @nd 30 ppb, where winter
concentrations are at an average of 17.56 pplwvere usually higher and summer
concentratiors at an average of 9.73 pplvere generally lowersimilar to other studies
(Appended igure 81, Figure 5.1(For example: Lyubovtsee al., 2005; Laakset al., 2008;
Lourenset al, 2011; Venteret al., 2012).Variation from this seasonal pattern occurred
(Figure 5.1; Appended figure 8.1puring winter Secunda had extremely high,SO
concentrations possibly due to a higher demand on the petrochemical plant located in
Secundaand domestic fuel use(Figure 3.1YTable 4.1) In Grootvlei and Balfour a slight
summer maximum occurred with little variation during the rest of the year possibly due to
an increased demand for power generation, from the Grootvlei power statamg
residential emissionduring this time (Figure 3.XYable 4.1)In Leandra a spring maximum
occurred with little variation during the rest of the year possibly due to an increase in the

rural and industrial emissions acrdssandra(Figure 3.1) (Tabk.1).

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

factors all contribute to high S@evels across the HPA.
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Anthropogenic heatingluring winter resulting in SQvithin the ambientatmospherewould

have promoted the winter maximuniMeng et al, 2009; DEA, 2011 Summer air was
normally cleaner due to high mixing heights and few inversion layers from low pressure cells
which are able to push tlough to the HPATyson and PresteWhyte, 2000)SQ was found

to be lower during summer and this may be directly attributed to wet defanal

processes removing S@ high rates (Zunckeit al,, 2000).

The monthly variation in S@oncentrations wa similar to the seasonal variation, where
concentrations of SEpeaked during winter and during summer they were at their lowest
similar © other studies(Figure 5.2; Appendedgure 8.2)(For example: Lyubovtsew al.,
2005; Laakset al, 2008; Menget al., 2009; Datteet al., 2011; Lourenst al, 2011; Venter

et al, 2012; Gauet al, 2014). It ixlear thatconcentrationggenerally gaked during June at
an averageof 20.08 ppband during January concentrations were at a minimum with an

average of 9.40 ppb (Appendetytire 8.2).
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Figure 5.2Map showing the monthly variation of 20

As previously mentione®Q can have two diurnalariation patterns. S©concentrations

displayed a distinct and clear variatiafuring each seasorfFigures 5.8 The diurnal
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variations at each monitoring station were typically similar and peaked during the midday,
between 8h00 and 15h00 simil&r other studies (Salibat al,, 2006; Liret al., 2008; Laakso
et al, 2008; Menget al., 2009; Gvozdiet al, 2011; Venteet al,, 2012).

The variation at each monitoring station was more pronounced during winter, due to less
effective mixing which reduces thdilution of S@, much the same as other studieBof
example:Salibaet al., 2006; Laakset al, 2008; Menget al,, 2009; Venteet al., 2012). This
diurnal variation pattern is typically associated with seomal and rural areas whereby

inversion layes play a large rolm the diurnal variatior(Venteret al., 2012).

The S@diurnal variation patterns across the HRv&re not associated with cooking and
spaceheating practices which would produce S&&aks during the morning between 6h00
and 8h00 and dring the evening between 18h00 and 20h00 (Vergeal, 2012). Instead
this single pak during the midday correlataslith the breakup of inversion layers (Venier
al.,, 2012). When the strong inversions layeshich formed during the night persisng until
sunrise, break up S@is releasedinto the boundary layerwhere the levels gradually
increased to peak around midday between 12h00 and 15h00 (Figure(\BeB}er et al.,
2012). Higher level stack emissigngrom for example power stationswould have
accumulatedbetween inversion layers resulting in high Stevelsable to subside to the
boundary &yer once the inversion layers broke promoting S@accumulation during the
day (Figure 5.3)Venteret al., 2012). Duringvinter these inversion layers would have been
more pronounced and strong due to the presence of high pressuremrellsoting a more
distinct variation (Figure 5.3Laakscet al, 2008; Ventert al, 2012). S@concentrations
were low atnight and decrasedas a result of dry deposition throught the day (Figure

5.3)(Zunckekt al,, 1999; Laakset al., 2008).
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Figure 5.3 continuedDiurnal variation of SO Each line represents a season. BiuBummer; Red
Autumn; Greerg Winter; Purpleg Spring.

5.1.2. Variation of NO«
The annual average concentration of © was 14.75t5.17 ppb. The highest B

concentrationrecorded was 261.8 ppkat the Phola monitoring stationdnd the lowest
concentration recorded was 0.ppb (at the Leandramonitoring station) The annual

average obtained in this studyas typically higher than mostudies across the worldnd
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across South Africa (For example: Naja and Lal, 2002;elalg 2003; Ahammedcet al.,

2006; Beiget al, 2007; Laakset al., 2008; Debaje and Kakade, 2009; Metcal., 2009;
Nishanthet al, 2012; Reddyet al, 2012; Gaurt al, 2014. Higher NQ concentrations
across the HPAaybe attributed to the relatively high population density across the HPA as
well as the extremely high density of pollution sources across the HPA, i.e. fossil fuel
emission sourcesg especially vehicles, industrial sources and agricultural land clearnng fo

food production among other sources and poor emission contiofsA, 201

There are a number of studies with N@nnual averages highe¢han for this study for
example: AbdulWahab and Bouhamra (2002) found an annual average of 60.8 ppb; Pandey
et al. (2008) found an annual average of 180 ppb and 67.1 ppb; Hatsa#n(2013) found

an annual average of 37.9 ppb. Thestediers strategically placed their monitoring sites at
road side locations (AbdWahab and Bouhamra, 2002; Pandsyal., 2008; Hasm et al,,
2013). The majority of N@wre emitted from combustion processes in vehiokdsich wa

why these studies had such high concentrations of #@ammecet al., 2006;Laakscet al.,

2010;Harrissoret al., 2014).

Seasonal average QN concentratiors rangedbetween 5 and 35pb, wherethe winter
averageat 20.90 ppb was the maximum and the summer averag®.68 ppbwas the
minimum similar to other studies (Appendedytire 8.3; Figure 5)4For example: Naja and

Lal, 2002; AbdeWahab and Bouhamra, 2002; N&al., 2003; Ahammeet al., 2006; Beig

et al,, 2007; Laakset al., 2008; Pandegt al., 2008; Debaje and Kakade, 2009; Men@l.,

2009; Nishanthet al, 2012;Reddyet al, 2012; Hasanet al, 2013; Gaurt al, 2014).
Variation from this seasonal pattern occurred at the Middleburg monitoring station (Figure
5.4; Appended figure 8.3). During spring maximumn bidcentration levels occurred while
there was little variation during theest of the year possibly due to an increased demand in
the surrounding industrial areas, increased vehicle emissions and increased domestic

burning during spring.

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

a high presence and persistence of inversion layers; increased antjgomoemissions
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namely for heating purposes, reduced photochemical reduction of tN@orm surface @
local surface wind processeand stronger horizontal regional wind processes promoting
transboundary transport of NO and air flow into the HPANajaand Lal, 2002; Abdul
Wahab and Bouhamra, 2002; Naga al, 2003; Ahammeckt al, 2006; Beiget al, 2007;
Laaksoet al, 2008; Pandeet al, 2008; Debaje and Kakade, 2009; Mesigal, 2009;
Nishanthet al., 2012;Reddyet al., 2012; Hassaet al., 2013; Gauet al., 2014).

Lower NQ levels during summer we attributable to: a higher level of dry deposition
during summer; the persistence of low pressure cells promoting higher rainfall and
essentially wet deposition, less inversiayersand verical mixing due to a higher mixing
height; and high levels of solar radiation promoting day time reduction ofxN®ough
photochemical reduction processes to form surface(®aja and Lal, 2002; AbaWahab

and Bouhamra, 2002; Nagt al., 2003; Ahammeet al., 2006; Beiget al., 2007; Laakset

al.,, 2008; Pandewt al., 2008; Debaje and Kakade, 2009; Mengl., 2009; Nishanttet al.,
2012;Reddyet al,, 2012; Hassaet al,, 2013; Gauet al,, 2014).
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The monthly variation odNO,concentrationsvas similar to the seasonal variation where the
winter months demonstrated peak N@oncentrations, while the summer displayed NO
minimasimilar to many other studie@~igure 5.5; Appendedgure 8.4)(For example: Naja

and Lal, 2002; AbdWahab and Bouhamra, 2002; N&gal., 2003; Ahammeet al., 2006;
Beiget al,, 2007; Laakset al,, 2008; Pandegt al., 2008; Debaje and Kakade, 2009; Mehg

al., 2009; Nishantlet al., 2012;Reddyet al., 2012; kssanet al, 2013; Gauet al., 2014).

June concentrations were generally the highest with an average of 22.61 ppb, while January
concentrationswere lowest with an average of 12.34 ppBdpended igure 8.4). Typically
there was no variation in the montplconcentrations oNOx during one season, while there

was a variation in the monthly concentrationstweenthe different seasons.
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Figure 5.5:Map showing the monthly variation of NO

The typical diurnal variatiofound had two peaks, during thenorning and evening hours
(Figure 5.6). Hh NOx levels persistd from the evening to the late morning and then during
the day, especially when surface [Bvels peak, NQOevels wee particularly low this was
similar to many studies around the wor{Bor example:Naja and Lal, 2002; AbdWahab

and Bouhamra, 2002; Nagt al., 2003; Ahammeet al, 2006; Beiget al., 2007; Laakset
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al.,, 2008; Pandewt al., 2008; Debaje and Kakade, 2009; Mengl., 2009; Nishanttet al.,
2012; Reddyet al, 2012; Hassarmt al, 2013; Gauret al, 2014. The two peakswere
associated with peak traffic hours when vehicle emissioege highest (Najat al., 2003;
Ahammedet al, 2006; Beiget al, 2007; Pandegt al, 2008; Debaje and Kakade, 2009;
Meng et al,, 2009; Zhengt al, 2010; Reddet al, 2012; Hassaet al., 2013; Gauet al,
2014).

Persisting N©concentrations from the early ewméng to the late morning hours we
attributed to the presence of nocturnal inversion layers which peesighroughout this
time (Figure 5.6)Najaet al, 2003; Ahammedet al., 2006; Beigt al,, 2007; Pandegt al,
2008; Debaje and Kakade, 2009; Mexical,, 2009; Zhengt al, 2010; Reddt al., 2012;
Hassaret al,, 2013; Gauet al, 2014). These nocturnal invessi layers traped NO, across
the surfacejthey were prominent during winter leading to a more distinct diurnal variation
of NQ during this time (Figure 5.6]Najaet al, 2003; Ahammecbt al., 2006; Beiget al.,
2007; Pandet al, 2008; Debaje and Kakade, 2009; Meagl.,, 2009; Zhengt al., 2010;
Reddyet al, 2012; Hassaet al, 2013; Gauet al., 2014).

A dip in NQ@ concentrations duringhe daytime hours was attributed to photochemical
reduction processes of NQOa surfaceOs precursor, to form surface {Najaet al., 2003;
Ahammedet al, 2006; Beiget al, 2007; Pandegt al, 2008; Debaje and Kakade, 2009;
Meng et al, 2009; Zhenget al, 2010; Reddet al, 2012; Hassaet al., 2013; Gauet al,
2014). NQlevels weregenerally at a minimum when surface [@vels peaked for the day,
similar to the rest of the world (Figuresth (For exampleNajaet al., 2003; Ahammeet al.,
2006; Beiget al, 2007; Pandeyt al., 2008; Debaje and Kakade, 2009; Mentgl., 2009;
Zheng et al,, 2010; Reddet al, 2012; Hassaet al, 2013; Gauet al., 2014). Dilution of
pollutants due to mixing promoted by the formation of the boundary layer rhaye also
been a reason why NOconcentrations were lower during the daytim@igure 5.6)
(Ahammecdket al.,, 2006).
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Figure 5.6:Diurnal variation of N© Each line represents a season. BtuSummer; Red; Autumn

Greeng Winter; Purpleg Spring.




5.1.3. Variation of surface O 3
Theannualaverage concentration of surfac was28.7#9.09 ppb.The highessurfaceOs

concentrationrecorded was 495.5 pptat the Camden monitoring statio@nd the lowest
concentration recorded was fipb (at the Ermelomonitoring station) The annual average
obtained n this study is typically simidao most of the studies across the worlgFor
example: Guicherit and Roemer, 2000gja and Lal, 200Z;armichaekt al., 2003;Najaet
al., 2003; Satsanget al, 2004;Zunckelet al, 2004; Ahammedet al, 2006;Meng et al.,
2009;Pudasaineet al,, 2005; Sahu and Lal, 2006; Beaigal., 2007;Tuet al., 2007;Adame
et al,, 2008;Laakscet al., 2008;Tiwariet al, 2008; Debaje and Kakade, 20@&ampari and
Chithambarathanu, 2011;0ourenset al, 2011;Kumaret al,, 2012;Laakscet al,, 2012;David
and Nair, 2011; Chelani, 2012; Nirshaethal, 2012; Reddt al., 2013;Balashowet al,
2014;Gauret al,, 2014 Harissoret al., 2014).Higher surface @©concentrations were fond
particularly for rural sites. This wassoclear across the HPa#s surface €ls easily dispersed
and high concentrations are generally further away from pollutant sourcesural areas

(Lourenset al,, 2011).In general high levels of surface €xist across the HPA.

Seasonal average surface €ncentrations rangedetween 10 and 80 ppb, wherate
winter and springconcentrations were generally higher aetid of summer andautumn
concentrations were generally loweFifure 5.7Appended igure 8.5).Average spring and
autumn concentrations across the HPA were 32a82 23.88 ppb respectivel\}ariation
from this seasonal patterof surface @ occurredat the Balfour, Secunda and Witbank
monitoring stations (Figure 5.1; Appended figure 8.14.summer maximunin surface @
concentrations and little variation durinthe rest of the yearoccurred at the Balfour
monitoring station while an autumn maximum and little variation during the rest of the
year occurred at Secunda and in Witbank a winter maximum with little variation during the
rest of the year. The variationf these seasonal patterns wepmssiblyall due to a higher
occurrenceof the conditions to form surface 0as well as a higher level of surface O

precursor gases during the time when maximum levels occurred.

Across the HPAne latewinter to early sprig maxima may be attributed tprevailing semi
permanent high pressure cells promoting inversion layers which allows very little mixing of
air resulting in trapping of &precursor gases emitted during winter from biomass burning

and other fossil fuel burnig processeggcirculation of air especially air trapped between or
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under inversion layers i.e. absolute stable layeiis flow into the Highveldglear skies, low
relative humidity levels, little to no rainfall, high solar raibn levels, high tempetares
and stagnant air with low wind speedwhich is similar to other studie@~or example:
Khemaniet al,, 1995; Pochanart al, 2001, AbduWahab and Bouhamra, 200Ru€&iaset
al., 2002; Najaet al, 2003; Zunckekt al., 2004; Garcieet al, 2005; Jairet al., 2005;
Ahammedet al,, 2006; Beigt al., 2007; Adameet al., 2008; Khodeet al., 2009; Menget
al., 2009; Laakset al, 2010; Zhenget al, 2010; David and Nair, 2011; Elampari and
Chithambarathanu, 2011; Reddt al, 2012;Venter et al., 2012; Hassanet al, 2013;
Balashowt al, 2014; Gauet al, 2014). Highesurface Q@ levels during this time malyave
also been as a result of stratosphergoposphere Q exchange mechanisms being higher
during the end of winter and during early springhémaniet al, 1995; Varotsost al., 2001;
Garciaet al,, 2005; Ahammeaet al., 2006)

The end of summer and autumn minimum may then be attributed to prevailing low
presure systems displacing high pressure systems to influence the HPA (Zenekel
2004). During this tim¢he conditions promoted are lower levels of solar radiation, lower
temperatures, higher relative humidity levels promoting higher cloud cover a$ agel
rainfall and essentially wet depositiorhigher wind speeds and more effective vertical
mixing similar to other studiegFor exampleKhemaniet al, 1995; Pochanaret al., 2001;
AbdutWahab and Bouhamra, 200Budias et al, 2002; Najeet al, 2003; Zunckeét al,
2004; Garciat al., 2005; Jairt al., 2005; Ahammeet al., 2006; Beigt al,, 2007; Adamet

al., 2008; Khodeet al, 2009; Menget al., 2009; Laakset al, 2010; Zhenget al,, 2010;
David and Nair, 2011; Elampari and Chitharab@anu, 2011; Reddgt al, 2012; Venteet

al.,, 2012; Hassaet al,, 2013; Balashost al,, 2014; Gauet al,, 2014).
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Figure 5.7Map shaving the seasonal variation of surfaCe.

The monthly variationof surface @ concentrationstypically peaked duringhe spring
months and they drppedto a minimum during the autumn month&milar to many other
studies (Figure 5.7; Appendejdre 8.6) (For examplé&hemaniet al, 1995; Pochanant
al.,, 2001; AbduWahab and Bouhamra, 200Rudiaset al., 2002; Najat al., 2003; Zunckel
et al, 2004; Garciat al., 2005; Jairet al,, 2005; Ahammedat al., 2006; Beiget al., 2007;
Adameet al., 2008; Khodeet al,, 2009; Menget al,, 2009; Laakset al., 2010; Zhengt al.,
2010; David and Nair, 2011; Elampari and Chithambarathanu, 2011; Reddy 2012;
Venteret al,, 2012; Hassaat al, 2013; Balashogt al., 2014; Gauet al., 2014. September
concentrations were generally highest with an average 88.54 ppb, while April
concentrationswere generally lowest with an average 22.21ppb (Appended igure 8.49.
Typically there was no variation in the monthly concentrations of surfaceu@ing one
season, while there was a variation in the monthly concentratioesveen the different

seasons.

110



29“0.'0”E 30°q'0”E

N

A

26°0'0"SA F26°0'0"S

Legend

03 (ppb)
1 cm =106 ppb

I:J January
I:] February
- March
Loreoos [ April
- May
:| June
l:] July
- August
- September
- October
29°0'0"E 20°0'0"E - November

\:| December

27°0'0"SH Standerton

0 35 70 140 Kilometers
L 1 | | | 1 1 1 |

Figure 5.8Map shaving the seasonal variation of surfaCe.

The diurnal cycle oburface @ was characterised by gradual increase after sunrise,
followed by amaximumQOs concentration during the afternoon hourdZh00 to16h00) a
decline after the maximum, steady night time levalsd a minimumQOz concentration
during the early morning hour$l{00 to 8h00) (Figure 5.9)much like the diurnal variation
of surface @across the worldRor exampleKhemaniet al., 1995; Laét al., 2000;Dueiaset
al., 2002;Pudasaineet al., 2003;Zunckelet al., 2004;Garciaet al, 2005;Jainet al., 2005;
Ahammedet al., 2006; Beiget al,, 2007;Tuet al. 2007;Adameet al, 2008;Linet al,, 2008;
Shanet al,, 2008;Xuet al,, 2008;Khoderet al., 2009;Menget al,, 2009; Zhengt al., 2010;
David and Nair, 2011; Elampari and Chithambarathanu, ZRéddyet al, 2012;Hassaret
al.,, 2013 Sharmeet al., 2013; Gauet al., 20149.

The diurnal variation of surfaceszQvas stronglyinfluenced by the level oburface Oz
precursors and meteorological conditions (Khodeal., 2009).Thetypical diurnal variation
of surface @coincideal with the intensity of solar radiatioand temperaturethroughout the

day(Figure 5.9JElampari andChithambarathanu, 2011).
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The surface &cycle startedwith a morning minimam which wasattributed to NO titration

of surface @via reaction 9 irsection 2.4.1(AbdutWahab and Bouhamra, 200&arciaet
al., 2005;Beiget al,, 2007 Tuet al, 2007; Adara et al,, 2008; Sharet al., 2008; Zhengt
al.,, 2010; Reddwet al., 2012; Sharmat al, 2013. From6h00 to 8h00 peak levels of surface
Os precursorswere present (Figure 59The formation of surface s strongly dependent
on the amount of precursor gases presemd ace the nocturnal inversion layer breaks up
after sunrise, the preence of these precursor gases along with increasoigr radiation
levels increasing temperaturesan increase in théoundary layer i.e. mixing layer height,
low relative humidity levels and low wind speeds all promote the gradual formation of
surface Q@ (Khemaniet al, 1995; Lalet al, 2000; AbduWahab and Bouhamra, 2002;
Dudiaset al,, 2002; Garciat al., 2005; Bag et al,, 2007; Twet al., 2007; Adamet al., 2008;
Shanet al,, 2008; Khodeet al., 2009; Zhengt al,, 2010; Elampari and Chithambarathanu,
2011; Reddyet al, 2012; Sharmat al., 2013. Solar radiation activates the photochemical
production of surfae G as well as the mixing gfarcelsin upper tropospheridds rich air

with lower tropospheric air promoting the formation of surface (Dudiaset al., 2002).

Between 12h00 and 15h00 maximum solar radiation and temperatures push the mixing
layer to a maximum height from convective heat{rggure 5.9JKhemaniet al., 1995; Lakt
al., 2000; AbduWahab and Bouhamra, 200Rudiaset al., 2002; Garciat al, 20(®b; Beig
et al, 2007; Twet al, 2007; Adamet al,, 2008; Shaet al, 2008; Khodeet al., 2009; Zheng
et al, 2010; Elampari and Chithambarathanu, 2011; Redd}., 2012; Sharmat al., 2013.
At this time surface ®@levelswere at their maximumas photochemical reactions we
maximised and the process ot @ch air from the upper troposphere nming with the lower
troposphere wa maximised(Figure 5.9)(Khemaniet al., 1995; Lalet al, 2000; Abdul
Wahab and Bouhamra, 200Rudiaset al, 2002; Garia et al., 2005; Beigt al., 2007; Tet
al., 2007; Adameet al., 2008; Sharet al., 2008; Khodeet al., 2009; Zhenget al, 2010;
Elampari and Chithambarathanu, 2011; Reddyal., 2012; Sharmat al, 2013. When
surface Q@ levels reachd a maximum he levels of the precursor gas, NOwvere at a
minimum (Figure 5.6; Figure 5.9Elampari and Chithambarathanu, 201Rgcirculation of
surface @was also more likelyat occur when the mixing height wéahighest (Adamet al.,,
2008).
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After a maximum waseached solar radiatiotevelsand ambient air temperature started
decreasing andurface Q levels gradually declined to low and steady night time levels
(Figure 5.9)Khemaniet al., 1995; Lalkt al, 2000; AbduMWahab and Bouhamra, 2002;
Dueiaset al,, 2002; Garciat al,, 2005; Beigt al., 2007; Twet al,, 2007; Adamet al., 2008;
Shanet al,, 2008; Khodeet al., 2009; Zhengt al,, 2010; Elampari and Chithambarathanu,
2011; Reddyet al, 2012; Sharmaet al., 2013. During this time NO titration andry
deposition removal mechanisms actto reduce the surface £concentrations Khemaniet

al., 1995; Laekt al, 2000; AbduWahab and Bouhamra, 200Rueiaset al., 2002; Garciat

al., 2005; Beiget al,, 2007; Twet al, 2007; Adamest al, 2008; Shart al,, 2008; Khodeet
al., 2009; Zhenget al, 2010; Elampari and Chithambarathanu, 2011; Reeidgl., 2012;
harmaet al, 2013. Theremoval processewould haveoccured throughout the day but a
decline in surface ©was only noted after sunrise as photochemical reactions slow down
when solar radiation and temperatures decreaséhémaniet al, 1995; Lalket al., 2000;
AbdutWahab and Bouhamra, 200Buéias et al., 2002; Garciat al., 2005; Beiget al,
2007; Tuwet al,, 2007; Adamet al,, 2008; Shawet al,, 2008; Khodeet al,, 2009; Zhengt al.,
2010; Elampari and Chithambarathanu, 2011; Rextdyt., 2012; Sharmat al, 2013.

After sunsetnocturnal inversion layers persisind during this timeresidual surface @
concentrationswould haveremaired steadyin the stable night time atmosphere artte

presence of nocturnal inversion layaraps surface @inhibiting anymixing(Khemaniet al,

1995; Lakt al, 2000; AbduWahab and Bouhamra, 200Rueiaset al., 2002; Garciat al,,

2005; Beiget al,, 2007; Twet al, 2007; Adameet al,, 2008; Shart al., 2008; Khodeet al.,

2009; Zhengt al,, 2010; Elampari and Chithambarathanu, 20R&ddyet al,, 2012;Sharma
et al, 2013).
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Figure 5.9:Diurnal variation osurface @ at each monitoring station. Each line represents a sei

Blue¢ Summer; Red Autumn; Greerg Winter; Purpleg Spring.
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Figure 5.9 continuedDiurnal variation of surfac®s. Each line represents a season. Btueummer
Redg Autumn;Greeng Winter; Purpleg Spring.

5.2. Regional meteorological patterns across the HPA
Above the HPA the atmospheric circulation is dominated by anticycloniensgstiuring

most of the year withfrequent easterly disturbancesluring summer. The regional

meteorological paterns discussed below confirm this.

5.2.1. Temperature
Temperatures across the HP&ne warmer during summer and c@olduring winter (Figure

5.10; Appendedifure 8.7). Mean monthly temperatures were about ZD during summer
andduring winter they dropped to an average of 4D. Temperaturesften dropped below

0 °C during wintemparticularly during the evening and early morning hours, between 20h00
and Th00 (Figure 5.10; Figure 5.11; Appendéguife 8.7). During the rest of thgear,
minimum temperatures ranged between 0 and I& The lowest recorded tempure was

¢ 9.47 °C during July. Winter maximum temperatures ranged between 20 andC25
between 12h00 and 180 (Figure 5.10; Figure 5.11; Appendeplife 8.7). During summer
the maximum temperatures typicallyanged between 30 and 38C and occasionally
exceeded 35 °Grigure 5.10; Fige 5.11; Appendeddure 8.7)During the rest of the year,
maximum temperatures ranged between 20 and @0 The highest recorded temperature

was 38.08C recorded during December
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Figure 5.10Map showing the monthly variation of temperature.

The diurnal variation of temperature during a typical day was low and steady during the
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evening and morning hourgist before sunrise between 5h00and 6h00,as persisting

nocturnal inversion layers waal have inhibited temperature variationgFigure 5.11).

Thereafter convective warming of the surface increased ambient air temperatures gradually
until they reached a maximum between 12h00 and 16h00eteling on the season (Figure

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

and 19h00 (Figure 5.11).
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Figure 5.11:Diurnal variation of temperature. Each line represents a season. Glbemmer; Red

Autumn; Geen¢ Winter; Purpleg Spring.
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Solarradiation levelganged between 0 and 1000 WhiFigure 5.12; Appendedgfire 8.8).
During winter the maximumanged between 400 an@40 W.n¥ (Figure 5.12; Appended
figure 8.8). During summer the solar raa levels weretypicallyhigherranging between
800 and 1000 W.ry where the maximum solar radiation recorded was 1100 YAduring
January (Appendeddure 8.8) Average solar radiation values ranged between 130 and 500

W.m? (Appended ifgure 8.8), whee the summer average was about 400 W.iand the

winter average was about 200 WhiAppended ifjure 8.8).
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Figure 5.12Map showing theanonthly variation of solar radiation.
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The diurnal variation of solar radiation was ¢l@dth no solar radiation before sunrise and
after sunset (Figure 5.13). After sunrise, ~6h@farsradiation levels gradually started rising
to reach maximum levels around ~12h00 and 13h00 (Figure 5.13). Thereafter solar radiation

levels started to gradually decline to 0 W2y ~19h00 (Figure 5.13).
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Figure 5.13Diurnal variation okolar radiation. Each line represents a season. BlSemmer; Red,
Autumn; Greerg Winter; Purpleg Spring.

5.2.3. Relative Humidity
Relative humidity levels wes higher during summer and lower during winteand for

Komati they showed a smaller variati with higher levels during winter and spring instead
(Figure 5.14). Duringueimer relative humidity levels we as high a80 %, while during
winter they droged to around 50 % (Figure 5.14; Appendégufe 8.9). During summer,
higher relative humidity levelg/ould have promoted cloud formaton due to the frequent

occurrence of easterly lows whereas during winter sperimanent high pressure cells
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would havepromoted low relative humidity levels andlmost no cloud cover across the
HPA.
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Figure 5.14Map showing the monthlyariation of relative humidity

Relative humidity levels were higind steady during the nigt#nd early morning hours due

to persistent nocturnal inversion layers (Figure 5.15)eA$unrise, ~6h00, relative humidity
levels began to gradually decline until minimum levels of about ~4@8% reached (Figure
5.15). Thereafter relative humidity levels started to gradually rise until sunset, ~19h00
(Figure 5.15).
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5.2.4. Rainfall
Rainfal fell mainly during summey particularly from October through to March, when

easterly wavespersisted (Figure 5.16; Appendedglire 8.10)(Tyson and PresteWhyte,
2000) During winter rainfall rarely t&(Figure 5.16; Appendedgfire 8.10). Rainfall levels
ranged between 10 and 230 mm per month during October to Maechfall seasorand
during the rest of the year they ranged between 0 and 60 mm per mOtipended igure
8.10)
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Figure 5.16Map showinghe monthlylevelof rainfall

5.2.5. Wind speed
Wind speedsvere similar thoughout the year (Figure 5.1Appended igure 8.13. Average

wind speeds ranged between 1.7 and 16 t(figure 5.17; Appendedigiire 8.12.
Minimum wind speeds were as low as 0 tand ranged between 0 and 1.5 m.&Figure
5.17; Appendedifure 8.12. The maximum wind speeds reded ranged between 5 and 16
m.s?, where the highest recorded wind speed was 15.88%{F&yure 5.17; Appendedgtire
8.12.

122



28°0'0"E 29° 0"0"E 30° OI'O”E

26°0'0"S+ 26°0'0"S

Legend
Wind speed (m/s)

1lem=6m/s

[ vanuary
5700 - February
[ ] marcn
B Aol
[ way
B e
oy
B August
28°00°E 2°00°E 20°00°E I scptemoer
[ octover

0 50 100 200 Kilometers I ovember

L L I L 1 1 ! 1 | - December

Grootvlei

27°0'0"SH Standerton

Figure 5.17Map showing the monthlyariation of wind speed

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

speeds started to gradually decline (Figure 5.18).
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Figure 5.18:Diurnal variation of wind speed. Each line represents a season. 8leemmer; Red;
Autumn; Greerg Winter; Purpleg Spring.
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5.2.6. Wind direction
Monthly wind directions rangedfom Nto E during January to April, summer and autumn

(Figure 5.19). Fromayto December theyanged between S and NW (Figure 5.19).
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Figure 5.19Monthly variation of wind direction 125
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Figure 5.19 continuedvionthly variation of wind direction.

5.2.7. Atmospheric pressure
Anticyclonic sempermanent high pressure systerd®minate throughout the year (Tyson

and PrestoAWhyte, 2000). During summer easterly wave disturbarmesr lowering the
average monthly atmospheric pressuralves (Appendedidure 8.11). fie atmospheric
pressure was stable ranging between 800 and 840 thiRaughout the year(Figure 5.20;
Appended igure 8.11).
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Figure 5.20Map showing the monthlyariation of atmospheric pressure

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

the formation,accumulationtransportation and destruction of both primary and secondary
pollutants. As a resulthe relationship between someeteorological parameterand SQ,

NOcand surface ©has been analyseacross the HPA

5.3.1.5O
SQ typicallydisplayed a weaksignificantor insignificant relationship tanost meteorologcal

parameters similar to other studies (Table 5.1For example:Kartal and zer, 1998;
Cuhadaroglu and Dermici, 1997; Elminir, 2005; TWaliet al, 2005;Akpinaret al., 2008;
llten and Selici, 2008; Akpinat al., 2009; Liret al,, 2011) Few relationships were found to
be significant (Table 5.1The relationship of SGo temperature and solar radiatiorwas
positive similar toother studies (For example: Cuhadaroglu and Dermici, 1B8#al and
zer, 1998). Temperature was shown to be negatively relataahilar toa few studiegTable
5.1)(For example: Elminir, 200%uralicElu et al,, 2005;Akpinaret al., 2008 lliten and Selici,
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2008; Akpinaret al, 2009; Linet al, 2011). Akpinaret al. (2008) found a negative

relationship between S£and solar radiation. Relative humidity, wind speed, wind direction

and rainfallwere found to be negative and insignificantly related to meteorology (Table 5.1)

similar to most studies (For exampléuhadaroglu and Dermici, 1997; Akpiearal,, 2005;
Elminir, 2005; Tural@u et al, 2005; llten and Selici, 2008; Akpiraral., 2009 Linet al,

2011).

Table 5.1:Strength of the relationship between $@nd each mteorologcal variable
Statistically significant correlations are indicated by an astenisldata is represented by

Pollutant: SQ

Monitoring station strength ofrelationship (r)

Meteorological

Month variable Balfour | Camden | Elandsfontein | Ermelo | Grootvlei | Komati Leandra| Middleburg | Phola
January Temperature (°C) 0.20 0.22 *0.31 0.28 0.14 *0.38 0.27 0.24 0.22
Solar radiation (W.r) 0.28 - - 0.23 0.20 -
Relative humidity (%) | -0.25 -0.29 -0.26 - -0.03 -0.05 -0.28 -
Wind speed (m:% -0.06 -0.23 -0.27 - -0.02 -0.09 -0.03 - -0.10
Wind direction (°) -0.17 -0.29 -0.25 - -0.11 -0.08 -0.18 - -0.07
Rainfall (mm) -0.04 -0.04 -0.08 - - - -0.0004 - -
February | Temperature (°C) *0.36 0.31 0.27 *0.34 *0.31 0.26 0.26 *0.58 *0.34
Solar radiation (W.r) *0.31 - - *0.33 *0.37 -
Relative humidity (%) | *-0.38 -0.28 *-0.35 - -0.0002 -0.11 *-0.53 -
Wind speed (m:3 -0.09 -0.05 -0.27 - -0.02 -0.11 -0.01 - -0.09
Wind direction (°) -0.14 -0.23 *-0.40 - -0.15 -0.07 -0.17 - -0.05
Rainfall (mm) -0.04 -0.02 -0.01 - - - -0.06 - -
March Temperature (°C) *0.39 *0.39 0.28 *0.36 *0.40 *0.41 *0.36 *0.38 0.28
Solar radiation (W.rf) 0.29 - - *0.34 *0.36 -
Relative humidity (%) | *-0.40 -0.28 *-0.35 - -0.03 -0.28 *-0.32 -
Wind speed (m:3 -0.20 -0.14 -0.15 - -0.06 -0.18 -0.06 - -0.11
Wind direction (°) -0.05 -0.18 -0.33 - -0.10 -0.04 -0.02 - -0.05
Rainfall (mm) -0.01 -0.01 -0.004 - - - -0.06 - -
April Temperature (°C) 0.21 *0.32 *0.51 0.18 0.28 *0.47 0.10 *0.30 0.23
Solar radiation (W.r) 0.22 - - 0.20 *0.41 -
Relative humidity (%) -0.22 *-0.37 -0.23 - -0.14 -0.02 *-0.46 -
Wind speed (m:% -0.06 *-0.35 -0.14 - -0.06 -0.26 -0.09 - -0.25
Wind direction (°) -0.13 -0.24 -0.16 - -0.16 -0.04 -0.08 - -0.08
Rainfall (mm) -0.01 -0.02 -0.03 - - - -0.07 - -
May Temperature (°C) 0.20 *0.37 0.23 *0.39 0.21 0.25 0.08 0.18 -0.01
Solar radiation (W.r) 0.21 - - 0.05 *0.31 -
Relative humidity (%) | -0.24 *-0.46 *-0.42 - -0.06 -0.02 *-0.36 -
Wind speed (m:3 -0.19 *-0.31 -0.16 - -0.03 -0.22 -0.06 - -0.14
Wind direction (°) -0.03 -0.18 -0.09 - -0.15 -0.07 -0.15 - -0.19
Rainfall (mm) -0.04 -0.005 -0.02 - - - -0.06 - -
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June Temperature (°C) 0.28 *0.40 0.25 0.27 0.22 0.16 0.21 *0.31 0.07
Solar radiation (W.r) - - - 0.07 - - 0.20 *0.35 -
Relative humidity (%) | -0.19 *-0.34 - *-0.40 - -0.10 -0.21 *-0.37 -
Wind speed (m:3) -0.17 *-0.32 -0.04 - -0.03 -0.06 -0.02 - -0.005
Wind direction (°) -0.08 -0.16 -0.23 - -0.07 -0.06 -0.12 - -0.12
Rainfall (mm) -0.03 -0.03 -0.06 - - - -0.05 - -
July Temperature (°C) *0.30 *0.36 *0.38 *0.34 0.12 0.29 *0.35 0.25 0.10
Solar radiation (W.rH) - - - 0.09 - - 0.29 *0.35 -
Relative humidity (%) -0.29 *-0.43 - *-0.49 - -0.11 -0.17 *-0.35 -
Wind speed (m:% -0.03 *-0.32 -0.05 - -0.02 -0.26 -0.04 - -0.08
Wind direction (°) -0.03 -0.21 *-0.36 - -0.19 -0.02 -0.06 - -0.27
Rainfall (mm) -0.03 -0.05 -0.05 - - - -0.02 - -
August Temperature (°C) 0.20 *0.39 0.22 0.25 0.02 0.27 0.36 *0.42 0.10
Solar radiation (W.rH) - - - 0.10 - - 0.26 *0.40 -
Relative humidity (%) | -0.20 *-0.40 - *-0.38 - -0.08 -0.28 *-0.39 -
Wind speed (m:y -0.04 -0.13 -0.13 - -0.04 -0.11 -0.01 - -0.06
Wind direction (°) -0.01 -0.25 *-0.31 - -0.19 -0.20 -0.08 - -0.24
Rainfall (mm) -0.0002 -0.04 -0.05 - - - -0.01 - -
September| Temperature (°C) 0.10 *0.44 *0.38 *0.36 0.07 *0.38 *0.53 0.25 -0.07
Solar radiation (W.r) - - - 0.16 - - *0.41 *0.32 -
Relative humidity (%) | -0.03 *-0.40 - *-0.43 - -0.10 *-0.31 *-0.33 -
Wind speed (m:3 -0.03 -0.25 -0.05 - -0.02 -0.28 -0.04 - -0.13
Wind direction (°) -0.06 -0.23 -0.20 - -0.10 -0.04 0.02 - -0.19
Rainfall (mm) -0.03 -0.02 -0.02 - - - -0.01 - -
October Temperature (°C) 0.12 *0.42 0.28 *0.35 0.14 *0.34 *0.45 *0.30 -0.12
Solar radiation (W.r) - - - 0.13 - - *0.46 *-0.30 -
Relative humidity (%) | -0.22 *.0.38 - *.0.31 - -0.13 -0.15 0.17 -
Wind speed (m:% -0.07 -0.20 -0.18 - -0.20 -0.16 -0.01 - -0.21
Wind direction (°) -0.01 -0.23 -0.19 - -0.16 -0.16 -0.01 - *-0.37
Rainfall (mm) -0.06 -0.01 -0.07 - - - -0.13 - -
November | Temperature (°C) 0.11 *0.42 0.11 0.09 0.04 0.26 *0.32 0.15 -0.25
Solar radiation (W.r) - - - 0.20 - - *0.30 0.11 -
Relative humidity (%) | -0.01 *-0.39 - -0.18 - -0.03 -0.03 -0.18 -
Wind speed (m:y -0.10 -0.18 -0.13 - -0.04 -0.13 -0.04 - -0.28
Wind direction (°) -0.10 *-0.32 -0.12 - -0.16 -0.01 -0.07 - -0.23
Rainfall (mm) -0.002 -0.04 -0.03 - - - -0.06 - -
December | Temperature (°C) 0.09 *0.41 *0.35 0.09 0.14 *0.38 0.19 *0.34 0.09
Solar radiation (W.r) - - - 0.11 - - 0.29 0.11 -
Relative humidity (%) | -0.10 *-0.40 - -0.17 - -0.11 -0.13 -0.21 -
Wind speed (m:y -0.10 -0.16 -0.24 - -0.003 -0.21 -0.18 - -0.03
Wind direction (°) -0.12 *-0.41 -0.18 - -0.05 -0.02 -0.08 - -0.11
Rainfall (mm) -0.01 -0.07 -0.07 - - - -0.06 - -

130




Atmospheric pressure was significantly and positively related toa8f@ss the HPA, similar
to many studies (For example: Tur&lio et al, 2005; Akpinaret al, 2009)(Table 5.8)
Hence, across the HR#creasing atmospheric pressugenerally resulted in an increase in

SQ concentrations during 2011.

Table 5.2:Strengh of the relationship between S@nd atmospheric pressurétatistically
significant correlations are indicated by an asterisk; relationships with a correlation
coefficient greater than 0.7 highlighted by a double asterisk.

Monitoring station Strength ofrelationship (r)

Ermelo *0.44

Secunda **(.72

Meteorological governance of $@oncentrations were location specific, as seen by the
rangein R values .03 to 0.29, whereby only 3 to 29 % of $©Gould be explained by
meteorology (Table 5.3). This suggests complexity in the factors governing SO
concentrations across the HPRBow R values low significance valueand high standard
error values (10.55 and 17.3@pb) suggest that meteorologyvas not the only factor
governing SQ concentrationssimilar to TuralElu et al. (2005) Temperatureand solar
radiation were found to be positively related to SQOtherefore assolar radiation and
temperatures increas# SQ concentrationancreased (Table 5.3). Relative humidity, rainfall,
wind speed and wind direction were all found to be negatively related tg ®®@refore as
each of these factors increased S€@ncentrations as a result decreasace. faster wind
speeds dilutd air, while higher levels of relative humidity promdteloud cover as well as

rainfall which remove®QO.

Table 5.3:The relationship of & to meteorology A sftistically significant correlation is
indicated by an asterisT: Temperature; S: Solar radiation; RH: Relative humidity; WS:
Wind speed; WD: Wind diction; R: Rainfall).

Monitoring station: Balfour

SQ= 9.045-0.287 [R} 0.53 [RH] + 0.307 [¥P.013 [WD} 0.273 [WS]

Coefficient of determination @ | { (i I Y Rl NR) | Significance of correlatiomp)

0.07 10.55 0.88

Monitoring station: Camden

SQ= 8.929- 0.056 [R} 0.150 [RH] + 0.137 [TD.028 [WD} 0.583 [WS]

Coefficient of determination @ | { G I Y Rl NR) | Significance of correlatiomp)

*0.19 13.63 0.02
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Monitoring station: Elandsfontein

SQ=8.772-0.375 [R] + 0.419 [FP.035 [WD} 1.287 [WS]

Coefficient of determination @ | { ( I Y RI NR) | Significance of correlatiomp)
*0.10 16.94 0.004

Monitoring station: Ermelo

SQ=55.912- 0.358 [RH] 9.006 [S] 0.945 [T]

Coefficient of determination @& | { (i I Y Rl NR) | Significance of correlatiomp)

0.29* 14.30 0.0001

Monitoring station: Grootvlei

SQ=8.409 + 0.313 [F0.021 [WD} 0.462 [WS]

Coefficient of determination @ | { G I Y Rl NR) | Significance of correlation Yp

0.04 15.43 0.70

Monitoring station: Komati

SQ=-2.339-0.010 [R{] + 0.790 [T} 0.016 [WD} 0.482 [WS]

Coefficient of determination @ | { (i I Y Rl NR) | Significance of correlatiom)

*0.10 17.32 0.01

Monitoring station: Leandra

SO= 14.840-0.189 [R} 0.043 [RH] + 0.011 [S] + 0.175{]031 [WD} 0.711 [WS]

Coefficient of determination @ | { 4 I Y Rl NR) | Significance of correlatiomp)

0.15* 13.00 <0.001

Monitoring station:Middleburg

SQ=23.355-0.177 [RH] .006 [S] 0.375 [T} 0.003 [WD} 0.649 [WS]

Coefficient of determination @ | { ( I Y Rl NR) | Significance of correlatiom)

0.17* 10.69 0.060

Monitoring station: Phola

SQ=18.574 9.054 [T} 0.010 [WD} 1.512 [WS]

Coefficient of determination @ | { (i I Y Rl NR) | Significance of correlatiop)

0.03 15.39 0.02

5.3.2. NO&
NO: was found to beinsignificantly and negativelyrelated to most meteorologcal

parameters similar to other studies (Table 5.4)(For example:Kuebler et al., 2001;
Pudasaineeet al,, 2006; Liret al, 2011 Hassaet al., 2013) The stength of relationships
were location specific where only a few locations yielded significant relationships (Table
5.4).
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Table 5.4 Strengh of the relationship between & and each meteorological variable.
Statistically significant correlations are indicated by an asterisk; no data is represented by

Pollutant: NQ
Monitoring station strength of relationship (r)
Month Meteorological variable | Balfour Camden Grootvlei | Leandra | Middleburg Phola
January Temperature (°C) -0.11 -0.20 -0.03 -0.27 -0.06 *-0.35
Solar radiation (W.rH) - - - -0.17 -0.08 -
Relative humidity (%) -0.10 -0.25 - -0.01 -0.05 -
Wind speedm.s?) -0.02 -0.28 -0.14 -0.04 - -0.09
Wind direction (°) -0.24 -0.30 -0.24 -0.09 - -0.03
Rainfall (mm) -0.02 -0.04 - -0.12 - -
February Temperature (°C) -0.20 -0.10 -0.12 *-0.32 -0.01 -0.14
Solar radiation (W.r) - - - -0.35 -0.10 -
Relative humidity (%) -0.18 -0.12 - -0.02 -0.01 -
Wind speed (m:3 -0.04 -0.26 -0.13 -0.11 - -0.04
Wind direction (°) -0.18 -0.28 -0.20 -0.17 - -0.07
Rainfall (mm) -0.01 -0.03 - -0.05 - -
March Temperature (°C) -0.01 -0.003 -0.03 -0.17 -0.09 -0.004
Solar radiation (W.r) - - - -0.23 -0.11 -
Relative humidity (%) -0.06 -0.02 - -0.04 -0.05 -
Wind speed (m:y -0.28 -0.23 -0.26 -0.04 - -0.01
Wind direction (°) -0.10 -0.26 -0.10 -0.01 - -0.05
Rainfall (mm) -0.03 -0.02 - -0.01 - -
April Temperature (°C) *-0.46 -0.05 -0.0005 -0.004 -0.16 -0.19
Solar radiation (W.rm) - - - -0.02 -0.11 -
Relative humidity (%) -0.15 -0.21 - -0.07 -0.14 -
Wind speed (m:y *-0.43 -0.12 -0.26 -0.10 - *-0.30
Wind direction (°) -0.29 -0.24 -0.26 -0.12 - *-0.41
Rainfall (mm) -0.03 -0.04 - -0.02 - -
May Temperature (°C) -0.28 -0.0003 -0.20 -0.05 -0.23 *-0.47
Solar radiation (W.r) - - - -0.04 -0.22 -
Relative humidity (%) -0.10 -0.15 - -0.17 -0.16 -
Wind speed (m3) *.0.34 -0.02 -0.27 -0.07 - -0.23
Wind direction (°) -0.22 *-0.32 -0.18 -0.17 - *-0.49
Rainfall (mm) -0.06 -0.01 - -0.004 - -
June Temperature (°C) -0.24 -0.09 -0.19 -0.05 *-0.36 *-0.46
Solar radiation (W.r) - - - -0.08 -0.26 -
Relative humidity (%) -0.16 -0.10 - -0.05 *-0.46 -
Wind speed (m:9 *-0.46 -0.15 -0.38 -0.01 - -0.220
Wind direction (°) -0.26 -0.21 -0.11 -0.19 - *-0.50
Rainfall (mm) -0.04 -0.05 - -0.05 - -
July Temperature (°C) -0.24 -0.18 -0.07 -0.004 -0.26 -0.27
Solarradiation (W.nv) - - - -0.04 -0.10 -
Relative humidity (%) -0.02 -0.06 - -0.08 -0.09 -
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Wind speed (m:% *-0.39 -0.18 -0.16 -0.11 - -0.09
Wind direction (°) -0.0023 -0.36 -0.14 -0.23 - *-0.49
Rainfall (mm) -0.02 -0.06 - -0.04 - -
August Temperature (°C) -0.17 -0.15 *-0.31 -0.13 -0.25 *-0.34
Solar radiation (W.rH) - - - -0.03 -0.16 -
Relative humidity (%) -0.02 -0.04 - -0.13 -0.02 -
Wind speed (m3) *.0.36 -0.21 *.0.31 -0.02 - -0.10
Wind direction (°) -0.07 *-0.42 -0.15 -0.14 - *-0.49
Rainfall (mm) -0.02 -0.04 - -0.06 - -
September | Temperature (°C) -0.10 -0.23 -0.28 -0.11 -0.21 *-0.41
Solar radiation (W.r) - - - -0.10 *-0.33 -
Relative humidity (%) -0.02 -0.28 - -0.14 -0.18 -
Wind speed (m:3) *.0.33 -0.03 -0.36 -0.13 - -0.18
Wind direction (°) -0.14 *-0.31 -0.12 -0.02 - *-0.47
Rainfall (mm) -0.01 -0.03 - -0.03 - -
October Temperature (°C) -0.22 -0.17 -0.11 -0.13 *-0.32 -0.24
Solar radiation (W.r) - - - -0.21 -0.01 -
Relative humidity (%) -0.10 -0.17 - -0.06 -0.01 -
Wind speed (m:y *-0.40 -0.08 -0.29 -0.01 - -0.21
Wind direction (°) -0.09 *-0.31 -0.11 -0.03 - *-0.52
Rainfall (mm) -0.09 -0.03 - -0.06 - -
November | Temperature (°C) -0.09 -0.22 -0.05 -0.24 *-0.35 *.0.31
Solarradiation (W.nv) - - - -0.15 -0.28 -
Relative humidity (%) -0.05 -0.26 - -0.19 -0.20 -
Wind speed (m:% -0.26 -0.01 -0.24 -0.06 - -0.26
Wind direction (°) -0.05 *-0.42 -0.10 -0.09 - *-0.38
Rainfall (mm) -0.04 -0.04 - -0.01 - -
December | Temperature (°C) -0.10 -0.16 -0.02 -0.28 -0.06 -0.09
Solar radiation (W.r) - - - -0.14 -0.01 -
Relative humidity (%) -0.03 -0.19 - -0.17 *-0.30 -
Wind speed (m:y -0.11 -0.02 -0.17 -0.005 - -0.06
Wind direction (°) -0.15 *-0.54 -0.10 -0.14 - *-0.32
Rainfall (mm) -0.20 -0.09 - -0.09 - -

NGO concentrationswere significantly and positively related to atmospheric pressure (Table
5.5). Hence, as atmospherigressure increased across the HPANQ concentrations

accumulated, similar to SO

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

Monitoring station | Strength of relationship (r)

Ermelo *0.32

Secunda *0.46
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Meteorological governance dfiG concentrations was typically logah specific, whereby
only 5 to 23 % of N©Oconcentrations could be exghed by meteorologyTable 5.6). The
low R values, low significance values and high standard error values (8.38 to 4825
suggests that met@ology wa not the only factor influencing N@oncentrations(Table
5.6). Instad a number of other factoralong with meteorologyvould have governedNO;
concentrations (Br example: land use, atmospheric life time angbrevious day
concentrations amon@ther factorg. All meteoological factorsnvere negativelyrelated to
NOx concentrations (Table 5.6). Hence, during the day when tempezatwee high and
solar radiation levels we high, conditios for photochemical reactions e set up and
NOx concentrations wee scavenged to form surfacesdncreasing wind speeds generally
diluted NQO, concentrations and increasing relative hulity levels wereoften associated
with rainfall which in turn scavengedQ, through wet deposition processes.

Table5.6: The relationship of B to meteorology A sttistically significant correlation is

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

Monitoring station: Balfour

NO.= 41.542 4.844 [R} 0.169 [RH} 0.590 [T} 0.013 [WD} 2.452 [WS]

Coefficient of determination @ | { G I Y Rl NR) Significance of correlatiom)

*0.19 12.77 0.03

Monitoring station: Camden

NO.= 17.575 0.299 [R]- 0.130 [RH} 0.337[T] - 0.028 [WD} 0.554 [WS]

Coefficient of determination @ | { G Y R NR) Significance of correlatiop)

*0.20 9.87 0.02

Monitoring station: Grootvlei

NO.= 19.00- 0.198 [T} 0.006 [WD} 0.882 [WS]

Coefficient of determination @ | { G F Y RI NR) Significane of correlation |p)

0.06 11.14 0.50

Monitoring station: Leandra

NO.= 17.410-0.150 [R} 0.043 [RH} 0.011 [S} 0.175 [T} 0.031 [WD} 0.711 [WS]

Coefficient of determination @ | { G I Y Rl NR) Significance of correlatiom)

0.05 8.38 0.50

Monitoring station: Middleburg

NO.=17.481- 0.038 [RH} 0.002 [S} 0.007 [T} 0.003 [WD} 1.688 [WS]

Coefficient of determination @ | { G I Y Rl NR) Significance of correlatiom)
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0.06 9.72 0.01

Monitoring station: Phola

NQ.= 36.539 0.736 [T} 0.003 [WD} 3.715 [WS]

Coefficient of determination @ | { G I Y Rl NR) Significance of correlatiom)
0.23* 18.25 0.001

5.3.3. Surface
As a secondary pollutant, surface 1S largelydependent on meteorology (Ddies et al.,

2002). Generally surface Odisplayed weak significant relationships to meteorology,
whereby the relationship to temperature and solar radiation was positive and the
relationship to relative humidity, windpeed and wind direction were negatigmilar to
many studiegTable 5.7{For exampleKuebleret al., 2001;Dueiaset al, 2002;Latiniet al.,
2002; Elminir, 2005; Pudasainee et al, 2006; Tu et al, 2007; Elampari and
Chithambarathanu, 201Linet al., 2011;Hassaret al, 2013;Im et al,, 2013;Sharmeet al,,
2013. Temperature, solar radiation and relative humidity were particularly significantly

related to surface eacross the HPAimilar to the studies previously mentioné@able 5.7).

Table 57: Strendgh of the relationship between surfac€s; and each mteorologcal
variable Statistically significant correlations are indicated by an asterisk; relationships with a
correlation coefficient greater than 0.7idhlighted by a double asterisk; no tdais
represented by.

Pollutant: Surface @
Monitoring station strength of relationship (r)
Month Meteorological variable Balfour | Camden| Elandsfontein | Ermelo | Grootvlei | Standerton
January Temperature (°C) *0.61 *0.66 *0.52 *0.47 *0.68 *0.54
Sola radiation (W.n?) - - - *0.44
Relative humidity (%) *-0.54 *-0.56 - *-0.56 - *-0.54
Wind speed (m:y -0.14 *-0.30 -0.14 - -0.21 -0.19
Wind direction (°) -0.17 -0.03 -0.24 - *-0.37 -0.26
Rainfall (mm) -0.04 -0.02 -0.02 - - -0.11
February Temperature (°C) *0.69 **0.75 **0.74 **0.74 **0.74 **0.73
Solar radiation (W.r) - - - *0.58
Relative humidity (%) *-0.65 | *-0.68 - *-0.66 - **.0.76
Wind speed (m:y -0.28 *-0.49 -0.26 - *-0.34 *-0.47
Wind direction (°) -0.26 -0.03 *-0.35 - *-0.38 -0.29
Rainfall (mm) -0.06 -0.04 -0.02 - - -0.05
March Temperature (°C) **0.79 **0.84 *0.62 **0.76 **0.78 *0.82
Solar radiation (W.r) - - - *0.61
Relative humidity (%) **.0.74 | **-0.79 - *-0.69 - *-0.76

136



Wind speedm.s?) *-0.43 | *-0.68 -0.14 - *-0.33 *-0.56
Wind direction (°) -0.13 -0.09 -0.19 - -0.16 -0.29
Rainfall (mm) -0.04 -0.06 -0.05 - - -0.06
April Temperature (°C) **0.78 *0.80 *0.34 *0.65 *»*0.77 **0.89
Solar radiation (W.rH) - - - *0.52 - -
Relative humidity (%) **-0.72 | *-0.65 - *-0.59 - **-0.86
Wind speed (m:3y) *-0.48 *-0.49 -0.04 - *-0.32 *-0.33
Wind direction (°) -0.17 -0.10 *-0.36 - -0.20 *-0.33
Rainfall (mm) -0.0004 -0.01 -0.02 - - -0.07
May Temperature (°C) **0.86 *0.78 *0.37 *0.54 **0.81 *0.84
Sola radiation (W.n?) - - - *0.56 -
Relative humidity (%) *.0.71 | *-0.67 - *-0.47 - *-0.75
Wind speed (m:3y) *-0.74 | *-0.64 -0.23 - *-0.55 *-0.70
Wind direction (°) *-0.47 -0.08 *-0.32 - *-0.30 *-0.49
Rainfall (mm) -0.05 -0.02 -0.06 - - -0.03
June Temperature (°C) **0.73 *0.41 *0.41 *0.43 **0.76 **0.80
Solar radiation (W.rm) - - - *0.52 - -
Relative humidity (%) *-0.66 | *-0.33 - *-0.36 - *-0.63
Wind speed (m:y *-0.64 -0.27 -0.03 - *-0.46 **.0.70
Wind direction (°) *-0.38 -0.10 -0.26 - -0.19 *-0.51
Rainfall (mm) -0.01 -0.01 -0.09 - - -0.01
July Temperature (°C) **0.80 | **0.84 *0.61 *0.63 **0.76 **0.83
Solar radiation (W.r) - - - *0.36 - -
Relative humidity (%) *-0.53 | *-0.62 - *-0.43 - *-0.61
Wind speed (m:y *-0.44 | *-0.64 -0.17 - *-0.38 *-0.62
Wind direction (°) -0.25 -0.20 *-0.33 - *-0.37 *-0.42
Rainfall (mm) -0.01 -0.03 -0.09 - - -0.04
August Temperature (°C) **0.82 **0.80 *0.51 *0.64 **0.84 **0.84
Solar radiation (W.r) - - - *0.58 - -
Relative humidity{%) *-0.59 *-0.63 - *-0.32 - **.0.72
Wind speed (m:% *-0.45 | *-0.58 -0.18 - *-0.44 *-0.60
Wind direction (°) -0.28 -0.19 -0.12 - -0.24 *-0.54
Rainfall (mm) -0.04 -0.05 -0.11 - - -0.02
September Temperature (°C) *0.65 **0.74 *0.82 *0.58 **0.72 **0.77
Solar radiation (W.r) - - - *0.40 - -
Relative humidity (%) *-0.46 | *-0.60 - *-0.53 - *-0.59
Wind speed (m:y *-0.38 *-0.36 -0.07 - *-0.40 -0.21
Wind direction (°) *-0.32 -0.14 -0.21 - -0.29 *-0.39
Rainfall (mm) -0.05 -0.07 -0.06 - - -0.04
October Temperature (°C) *0.51 **0.74 **0.75 0.23 *0.67 *0.63
Solar radiation (W.r) - - - *0.34 - -
Relative humidity (%) -0.15 *-0.58 - -0.20 - *-0.47
Wind speed (m:% *-0.40 | *-0.64 -0.18 - *-0.41 *-0.69
Wind direction (°) -0.12 -0.19 -0.29 - -0.25 *-0.58
Rainfall (mm) -0.13 -0.13 -0.05 - - -0.03
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November Temperature (°C) **0.75 | **0.80 *0.80 **0.74 **0.84 *»*0.77
Solar radiation (W.r) - - - *0.47
Relative humidity (%) *-0.47 | *-0.70 - **.0.70 - *-0.69
Wind speedm.s?) *-0.52 *-0.41 -0.16 - *-0.52 -0.04
Wind direction (°) *-0.41 -0.23 *-0.40 - *-0.45 *-0.62
Rainfall (mm) -0.07 -0.01 -0.03 - - -0.02
December Temperature (°C) *0.58 **0.78 0.67 0.24 **0.72 *0.59
Solar radiation (W.rH) - - - 0.09
Relative humidity (%) *.0.58 | *-0.73 - -0.10 - *.0.58
Wind speed (m:% -0.25 *-0.41 -0.17 - *-0.39 -0.15
Wind direction (°) -0.28 -0.03 -0.10 - *-0.30 -0.06
Rainfall (mm) -0.10 -0.05 -0.003 - - -0.03

The relationship of atmospheric pressuresiarface Qwas insignificant and negatigmilar
to other studies(For exampleDuehaset al, 2002;Hassaret al, 2013) (Table 5.8Hence,
increasing atmospheric pressurgenerally resulted in adecrease in surface Oz

concentrations

Table 58: Strength of the relationship betweenuBace Oz and atmospheric pressure
Statistically significant correlations are indicated by an asterisk.

Strength of relationship
Monitoring station | (r)

Ermelo -0.16

Secunda -0.007

Meteorological governance of surfa€® concentrationswasweak andsignificant as seen
by the rangein R values (.22 to 0.5, whereby about 22 to 55 % of surface O
concentrationscould be explained by meteorology (Table 5.9). Only some of the surface O
concentrations across the HPA ngeexplairable by meteorology suggestingopmpkxity in
the factors governing surfad® concentrations Relatively high Rvaluescoupled with low
significarce values and high standard error values (8.67 and 19.50 ppggest that
meteorology wa not the only factorgovernng surface @ concentrations. Other factors
may have gvemed the behaviour of surface fOconcentrations namely land use,
atmospheric li¢ time and previous day coegtrations among other factorsTemperature
and solar radiation were found to be positively related to surfage tBerefore as solar
radiation and temperatures increased surface €ncentrations increased (Table 5.9).

Relativehumidity, rainfall, wind speed and wind direction were all found to be negatively
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related to surface @) therefore as ach of these factors increased surfa@gconcentrations
as a result decreased, i.e. faster wind speeds dilw@, while higher level®f relative

humidity promoted cloud cover as @il as rainfall, which removeslurfaceOs; (Table 5.9.

Table 5.9: The relationship of wface Oz to meteorology A sttigtically significant
correlation isindicated by an asteriskA relationshipwith a correlation coefficient greater
than 0.7 highlighted by a double asterigk: Temperature; S: Solar radiation; RH: Relative
humidity; WS: Wind speed; WD: Wind direction; R: Rainfall).

Monitoring station: Balfour

Os= 11.481 8.359 [R} 0.136 [RH] + 0.909 [TP.011 [WD} 1.188 [WS]

Coefficient of determination @ | { G I Y R} NR) Significance of correlation (p

*0.46 10.31 <0.0001

Monitoring station: Camden

03= 21.4721.918 [R} 0.164 [RH] + 0.806 [TP.008 [WD} 1.337 [WS]

Coefficient of determination @& | { G I y RF NR) | Significance of correlation (p

**0.51 11.19 <0.0001

Monitoring station: Elandsfontein

0= 13.378 1.232 [R] + 1.410 [T.033 [WD} 0.732 [WS]

Coefficient of determination @ | { G F Yy Rl NR) | Significance of correlation (p

*0.22 19.50 <0.0001

Monitoring station: Ermelo

0s= 29.996 0.192 [R] + 0.005 [S] + 0.030 [T]

Coefficient of determination @ | StandardS NNENJ Significance of correlation (p

*0.23 11.92 <0.0001

Monitoring station: Grootvlei

Os= 1.870 + 1.098 [F0.022 [WD} 2.207 [WS]

Coefficient of determination @ | { G Yy Rl NR) | Significance of correlation (p

*0.46 12.03 <0.0001

Monitoring station: Standerton

Os= 17.364 3.504 [R} 0.188 [RH] + 0.517 [TP.008 [WD} 1.691 [WS]

Coefficient of determination @ | { G I y RF NR) | Significance of correlation (p

**0.53 8.67 <0.0001

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

the HPA
The following section is an investigation into estimatifg), NQ and surface ©

concentrationsacross the HPAsing satellitederived atmosphere products along withe
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meteorological parameters to create spatiemporal statistical pollution estimation
models Linear multiple regreson were usedThis is the first such attempt to model

pollutants across the HPand in South Africasing satellitederived atmosphere products.

54.1.SQ
Full year spatigemporal modek over a number of temporal (hourly, daily-da&y and

monthly) and spatial (10km to°Igrid cells) scalessing meteorolgical parameters and
satelite-derived AOD has been created for the purpose of estimating Gy 29 to 69 %

of the SQ concentrations ee explainable using this model (Table 5.10)nodel predictive
ability of 0.69 is relatively high and similar to recent studiedile lower has been
considered to have a poor predictive abil{yor example: Het al., 2014a; Hiet al., 2014b;
Maet al, 2014; Sotadeheian and Arhami, 201¥,ouet al., 2015).Model performance may
not fully explain the predictive ability of a model (ldual, 2014a; Huet al,, 2014b; Maet

al.,, 2014; Yot al., 2015). Mvdel performances of @s0.0423 to 0.2252) and RMSE values
(4.71 ¢ 22.10 ppb) of error foreach modelwas identified (Table 5.11).The model
performance values were low compared to more neceultiple regression modelwith R
values typically larger than 0.6possibly as all pollutant controlling factors across the HPA
were not included in the model building process (For exampleetal,, 2014a; Het al,
2014b; Maet al, 2014; Sotoudeeian and Arhami, 2014; Yoet al, 2015). Multiple
regression moddihg for pollutant estimation for recent studies tigpically associated with
high RMSE values greater than 1 ppb (For exan@gta and Christopher, 2009a; Gupta
and Christopher, 2009tu et al, 2014a; Hwet al, 2014b; Maet al., 2014; Sotoudeheian
and Arhami, 2014; Yoet al, 2015).The RMSE values for the :S@odels was similar to
recent studies (For exampl&upta and Christopher, 2009a; Gupta and Christopher, 2009b;
Huet al, 2014a; Huet al,, 2014b; Maet al, 2014; Sotoudeheian and Arhami, 2014; ¥ou
al., 2015). Since the?Predictive performance values are lower for this study, the model
performance ability is poor compared to other studies (For exantplgata and Chrispher,
2009a; Gupta and Christopher, 2009 et al, 2014a; Hwet al,, 2014b; Maet al., 2014;
Sotoudeheian and Arhami, 2014; Yewal., 2015). Hence hie four models producedra of

poor quality and will not successfully estimate>80ncentrations
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Table 5.10The relationship of SQo level 2and level 3 (daily,-8ay and monthly¥atellite
derived ACD and meteorology A statistically significant correlation is indicated by an
asterisk. A relationshipwith a correlation coefficient greater than 0.7 highlighted by a
double asteriskAOD¢ Aerosol Optical Depth; @ Temperature; Ri Relative humidity; §
Solar radiation; R; Rainfall; WS; Wind speed; WD; Wind direction; A¢ Atmospheric
pressure.

SQ Level 2 model

Equation | SQ = 98.533-15.893 AOD #©.178 T-0.177 RH 0.130 S0.023 R 1.223 WS 0.107 WD 4.194 A
R *0.27

SQ Level 3 Daily model

Equation | SQ = 887.741 +71.220 AOD + 0.043-D.069 RH + 0.0106-51.438 R 0.336 WS 0.136 WD 4.060 A
R **0.69

SQ Level 3 8Day model

Equation | SQ = 737.845 + 33.64 AGDP0.049 F0.018 RH + 0.023-8.039 R 0.875 WS 0.10 WD $©.883 A
R **0.60

SQ Level 3 Monthly model

Equation | SQ=482.164 + 97.317 AOD + 0.45901032 RH + 0.042-8.015 R 0.183 WS 0.054 WD $.566 A
R **0.61

Table 5.11:Details of the RMSE and for the SQ level 2 and level 3 (daily,-@y and
monthly) model validation A statistically significardorrelation is indicated by an asterisk.

SQ Level 2 model validation

RMSE (ppb) 471
R 0.0423

SQLevel 3 Daily model validation
RMSE (ppb) 22.10
R *0.2252

SQ Level 3 8Day model validation
RMSE (ppb) 9.01
R 0.0004

SQ Level 3 Monthly modelalidation
RMSE (ppb) 8.67
R 0.0195

5.4.2. NQ
Full yearmodelsto explain N@ concentrationshave been created over a number of

temporal (hourly, daily, €lay and monthly) and spatial (10km t6 drid cells) scales (Table
5.12). Thee models performed better thanthe SQ models, where 6710 74 % of NQ®

concentrationscan be explained by these models (Table 5.C&mpared to other studigs
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with model predictiveabilities greater tharD.40, the model predictive abilities are similar
(For example:Gupta and Christopher, 2009a; Gupta and Christopher, 20BRbet al.,
2014a; Hwet al,, 2014b; Maet al,, 2014; Sotoudeheian and Arhami, 2014; ¥oal., 2015).
The high predicitive ability of é&@dNQ models is not enough to determine the predictive
performance of the NOmodels. Compared to other studies, theodel performanceR is
0.0004 to 0.2252)vere considerably lowwhile theerror measurements of 7.02 up to 15.56
ppb were relatively sinar (For example:Gupta and Christopher, 2009a; Gupta and
Christopher, 2009bHu et al., 2014a; Hwet al, 2014b; Maet al,, 2014; Sotoudeheian and
Arhami, 2014; Yoet al., 2015). Hence, the low performance values hinder the predictive
ability of these modelsand as a result they are not suitable for NEncentration

estimation.

Table 5.12Therelationship of ND« to level 2and level 3 (daily,-8ay and monthlyyatellite
derived AOD and meteorology. A statistically significant correlation is indicated by an
asterisk. A relationshipwith a correlation coefficient greater than 0.7 highlighted by a
double asteriskAOD¢ Aerosol Optical Depth; @ Temperature; R Relativehumidity; S¢
Solar radiation; R; Rainfall; WS; Wind speed; WD; Wind direction; Ac Atmospheric
pressure.

NOx Level 2 model

Equation | NO:=-5206.268 $6.430 AOD1.678 T-0.793 RH 0.046 S 0.01 R 15.801 WS 0.277 WD + 6.514 A
R **0.67

NOx Level 3 Daily model

Equation | NO.= 226.214+3.059 AOD 0.632 T-0.384 RH 0.017 S 69.744 R 5.001 WS 0.020 WD 6.186 A
R **0.74

NOx Level 3 8Day model
Equation | NO,= 815.005 + 46.320 AGD.437 T- 0.280 RH 0.010 S 0.042 R 6.619 WS 0.022 WD ©.912 A
R **0.68

NOx Level 3 Monthly model

Equation | NO.= 331.293 6.647 AOD 0.243 T- 0.364 RH 0.0375 S 1.635 R 6.544 WS 0.066 WD 9.338 A
R **0.70

Table 5.13:Details of the RMSE and fr the NOx level 2 and level 3 (daily,-@y and
monthly) model validationA relationshipwith a correlation coefficient greater than 0.7
highlighted by a double asterisk.

NO(Level 2 model validation
RMSE (ppb) 7.02
R **(0.5057
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NO«Level 3 Daily modelalidation
RMSE (ppb) 11.93
R 0.0151

NOLevel 3 8Day model validation
RMSE (ppb) 15.56
R *0.1547

NO:Level 3 Monthly model validation
RMSE (ppb) 10.69
R 0.1323

5.4.3. Surface Q

The estimation ability athe level 2 and level 3 (daily;day and monthlyysurface @ models
were 42 to 58 %which were similar to the S@nodels but lower than the NO@nodels (Table
5.14). Compared to recent studies, where mogetdictive ability is typically greater than
40 %,the surface @models were similar (For example: ldual, 2014a; Hwet al., 2014b;
Ma et al, 2014; Sotoudeheian and Arhami, 2014; Yaual, 2015). Model predicitive
performance cannot fully explain thpredictive ability of the surface ©models. Upon
validation of the models, it waseen that the performance of the level 3 modelere
considerably low andhe level 2 model the performance waslatively high, 0.757(Table
5.15).Compared to other studies, the level 2 model performance was similatrentvel 3
model performanceswere lower (For example: Het al, 2014a; Hiet al, 2014b; Maet al.,
2014; Sotoudeheian and Arhami, 2014; Y&l 2015).High modelling errorssimilar to
recent studiespf 8.90 to 18.59 ppb were found (Table 5.{B5)r example: Het al,, 2014a;
Huet al, 2014b; Maet al,, 2014; Sotoudeheian and Arhami, 2014; ¥bal,, 2015). Hence,

the models produced will not successfully estimate surfapgo@centrations.

Table 5.14:The relationship of surfac®s to level 2and level 3 (daily,-8ay and monthly)
satellitederivedOzoneand meteorology. A statistically significant correlation is indicated by
an asterisk A relationshipwith a correlation coefficient greater than 0.7 highlighted by a
double asteriskDU ¢ Dob®n Units T ¢ Temperature; RH, Relative humidity; & Solar
radiation; Rg Rainfall; WS Wind speed; WIg Wind direction; A Atmospheric pressure.

Surface @Level 2 model

Equation | Surface @=159.143 + 0.534 Dt2.289 F0.219 RH + 0.089-2.9 R- 2.899 WS 0.013 WD 0.292 A
R **0.49

Surface @Level 3 Daily model
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Equation | Surface ®= 30.605 + 0.319 DU + 3.41300246 RH + 0.191-5.458 R 5.019 WS 0.048 WS 0.048 WD 0.054 A

R *0.42

SQ Level 3 8Day model

Equation | Surface@=-1009.597 + 2.71BU + 6.5787 71.862 RH €.153 S 2.833 R 0.514 WS 0.246 WD 0.177 A

R **(0.58

Surface @Level 3 Monthly model

Equation | Surface ®@=-500.655 + 0.711 DU + 1.6290:473 RH + 0.014-3.712 R 3.4 WS 0.135 WD 0.354 A

R *0.43

Table 5.15Details of the RMSE and fr the surfaceOs level 2 and level 3 (daily;day and

monthly) model validationA statistically significant correlation is indicated by an asteAsk.

relationshipwith a correlation coefficient greater than 0.7 highlighted by a double asterisk.

58 L 8

Surface GLevel 2 model validation

RMSE (ppb)

8.90

R

**0.750

Surface QLevel 3 Daily m

odel validation

RMSE (ppb)

16.04

R

0.0117

Surface @Level 3 8Day modelvalidation

RMSE (ppb)

15.93

R

*0.1651

Surface @Level 3 Monthly model validation

RMSE (ppb) 18.59
23 0.0171
Il EO DPii1 O6O6EIT OEI 60ODPI 60O

Across the HPA a number of S8Q and surface @YK 2 (1 a LJ12 G 4 Q

results below.

5.5.1. Bxceedancel £ ! 1SG% O

The South African 1 houtasmdard of 134 ppb was exceeded by each monitoring station

except for Hendrina and Secunda (Table 5.16). Ttvesastations had concentrations of SO

0
o

SNB

above 100 ppb almost reaching the 134 ppb skam. Each monitoring sition was

O2y&aARSNBR |
The majority of exceedances for this standard were during May, June, July, August and

September. No more than 88 exceedances of gtandard are allowed during 1 year (DEA,
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2009). The Witbank monitoring station exceeded the 1 hour standard 137 times, 49 times
more than allowed (Table 5.1@}ence, theWitbank area is associated with a high level of
risk to human healthinterpolation of the measure of exceedancebows that the highest
proportion of exceedance ol hour S@ concentrations wee observed in the small north
western area of the HPA where the majority of the countries power stations occur (Figure

5.21d; Figure 3.1).

Ermelo, Grootvlei, Komati, Secunda and Witbank all exceeded the South African 24 hour 48
ppb standard (Tabl&.16). Each monitoring staton&a | 3 Ay O2yaARSNBR |
regard to this standard as the standard was either exceeded or almost exceed=aih
monitoring station. No more than 4 exceedances of this standard are allowed during a 1
year period (DEA, 2009). Both Ermelo and Witbank exceeded this amount, and are therefore
considered high risk arsaor human health (Table 5.16)Vhen comparedo the 8 ppb 24

hour guideline proposed by the WHO, all the monitoring stations exceeded this guideline
(Table 5.16). Each station had more than 50 exceedances, while Elandsfontein, Ermelo,
Hendrina, Phola and Witbank all exceeded this guideline more 25@ntimes (Table 5.16).
According the WHO guideline, the S¢ncentrations would have adversely affected the

health of individuals living in this area.

Interpolation of both the 24 hour exceedances showsk S G O22f alLl2id¢ | yR
locations correspondo the measured values in Table 5.1t the north western and

eastern areas of the HPA had high levels of exceedance of the WHO and South African 24
hour SQ standards (Figure 5.21 b ang). While, the rest of the HPA was typically

NB LINE & S ¢ookSIR2 (- &é a6 CA 3 dzNBe maxitna mnd MinirhayVRuesihend
interpolated using IDWc¢orrespond to the measurementslready captured (Emikt al,

2011).

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

western area of the HPA was highly polluted (Figure 5.21 a).
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Table 5.16Frequency of exceedance 8@3ing theSANAAQS and the WHOAQG

Frequency of exceedancerf SQfor 2011
SANAAQS WHOAQG

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

Balfour 1 0 No 119
Camden 11 0 No 122
Elandsfontein 17 0 No 268
Ermelo 21 14 No 284
Grootvlei 21 1 No 118
Hendrina 0 0 No 250
Komati 21 2 No 212
Leandra 1 0 No 234
Middleburg 3 0 No 96
Phola 15 0 No 274
Secunda 0 2 No 54
Wattville 1 0 No 167
Witbank 137 29 Yes 252

a 29°00"E 30°0'0"E

N

A

26°0°0"S: -26°0'0"S

Legend
¢ Monitoring station

[ IHra

502 frequency of exceedance
SANAAQS

1 year (19 ppb)

e

B Yes

27°0'0"S: 27°0'0"S

29°00°E 30°00'E

0 35 70 140 Kilometers
L

1 1 1 i L 1 1 I

Figure 5.21 Spatialdistribution of the exceedance of tha) 1 year SAAQIS SO ppk
standard b) 24 hour SAAQIS $@8 pph ¢)24 hour WHOAQG $@ ppband d)1 houl
SAAQIS SQ34 ppb.
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Figure 5.21 continuedSpatialdistribution of the exceedance of theg 1 year SAAQIS S8
ppb standard b) 24 hour SAAQIS $d@8 ppbstandard, ¢)24 hour WHOAQG $@ ppk
standard and d} hour SAAQIS $084 ppbstandard.
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Figure 5.21 continuedSpatialdistribution of the exceedance of thed 1 year SAAQIS 5T®
ppb standard b) 24 hour SAAQIS $@8 ppb standard, c¢)24 hour WHOAQG $@ ppt
standard and d} hour SAAQIS $084 ppbstandard.

The probabilities of exceeding the South African ambient air 1 hour and 24 hour standards
were low at each monitoring station (Table 5.1Hence, there was little chance of
exceedance of these standard¥itbank was the only station with a probability greater than
0.0001 to exceed to the 1 hour 134 ppb standard (Table 5.17). Elandsfontein, Ermelo and
Witbank were the only stations with a prability greater than 0.0001 to exceed the 48 ppb

24 standard indicating that the north western and eastern areas of the HPA are particularly
risky for human health (Table 5.1Hrobabilities exceeithg the 24 hour WHO guideline
were all greater than 0.45Téble 5.17).
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Table 5.17Probabilityof exceedance of the SANAAQS 1 hour 134 ppb24 hour 48 ppb
and WHOAQG S@4 hour 8 pplstandard.

Station P (x>134) | P (x> 48) P (x> 8)
Balfour P <0.0001] P <0.0001] 0.4801
Camden P <0.0001f P <0.0001] 0.5160
Elandsfontein P <0.0001 0.0091 0.6700
Ermelo P < 0.0001 0.0047 0.7734
Grootvlei P <0.0001] P <0.0001] 0.5000
Hendrina P <0.0001] P <0.0001] 0.9357
Komati P <0.0001] P <0.0001 0.7157
Leandra P <0.0001] P <0.0001] 0.6844
Middleburg P <0.0001] P <0.0001 0.5279
Phola P <0.0001] P <0.0001 0.7852
Secunda P <0.0001] P <0.0001] 0.4880
Wattville P <0.0001] P <0.0001] 0.6591
Witbank 0.0011 0.0838 0.8461

5.5.2. Bxceedancel £ ! 1NO§ O
The NQ concentrdions measuredwere compared to the NOSouth African and WHO

standards as no standards exist for,NThe 1 hour 106 ppb standard was exceeded by each
monitoring station except for Camden and Leandra (Table 5TI®).hourly concentrations

of NQat Camden and Leandamost exceeded the 106op limit. Hence, each monitoring

station was a NOQWK 2 (i & LJadieCttian 88 2xceedams of the 106 pplstandard are

allowed during a year (DEA, 2008pne of the stations exceeded this amoulmiterpolation

2F GKS wm K2dz2NJ SEOSSRI ISR GaKk2(63aL2 G ES f ¢ O2 8 @A
correspond to the measured values in Table 5Ih&rpolation of the 1 hour exceedances

showed that the north western area of the HPA had a particularly high level of exceedances
similar to S@(Figure 5.22b)The areasurrounding Witbank and Phola have been shown as

NEBfIFGA@GSt & a022f allRida¢ oA 0K standdrd(Egarb.229.0St 2 F

Similar to S@ only Witbank exceeded the 1 year 21 ppb standard (Table 5.1i8).
exceedances of this standard aa#lowed (DEA, 2009). Interpolation of this exceedance
shows that the north western area of the HPA, similar te, $@s highly polluted (Figure
5.22 a).The NQ concentrations would have adversely affected the health of individuals

living in this area.

149



Table5.18 Frequencyf exceedance Nfusing the SANAAQS and the WHOAQG.

Frequency of exceedance for Nar 2011
SANAAQS and WHOAQG
Station NG:(106 ppb- 1 hour) | NG:(21 ppb- 1 year)
Balfour 12 No
Camden 0 No
Grootvlei 16 No
Hendrina 11 No
Leandra 0 No
Middleburg 4 No
Phola 61 No
Witbank 80 Yes
a 29°00"E 30°00"E
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NOx frequency of exceedance
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Figure 5.22:Spatialdistribution of the exceedance of tha) 1 year SAAQIS NQ@1 ppt
standardand b)1 hour SAAQIS NQ06 ppbstandard.
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Figure 5.22:Spatialdistribution of the exceedance of the) 1 year SAAQIS NQ1 ppk
standardand b)1 hour SAAQIS N@06 ppbstandard.

The probabilities of exceeding the South African and WHO ambient air 1 hour standard were

low at each monitoringtation (Table 5.19)Hence, there was littl chance of exceedance of

this standard.Similarly to S© Witbank was the only statiowith a probability of 0.0001

while the rest were less than 0.00QTable 5.19).

Table 5.19 Probabilityof exceedance of the SANAA@ZI WHOAQG hour NQ 106 ppb

standard

Station P (x> 106)

Balfour P < 0.0001,
Camden P <0.0001
Grootvlei P < 0.0001,
Hendrina P < 0.0001,
Leandra P <0.0001
Middleburg P <0.0001
Phola P <0.0001
Witbank 0.0001

151



5.5.3. Exceedancel £ ! 1surfad® Os
Both the SouthAfrican 61 ppb 8 hour standard and the WHO 50 ppb 8 hour standard for

surface Qwere exceedd (Table 5.20)Elandsfontein, Hendrina and Secunda exceeded the
South African standard more than 100 times, where Secunda exceeded this standard more
than 200 times (Table 5.20). Only 11 exceedances are allowed per year (DEA, 2009).
Elandsfontein, Hendrina and Secunda all exceeded the WHO sthnatae than 150 times
where Secunda exceeded this standard more than 350 times (Table 5.20). Hence, the entire
HPA was aurface Q WK 2 (i dntegpalafioh of both the 8 hour exceedances shows the
GO22ftallRié FyR aK2GalLRide t20F0A2ya @mNBa LRy
variation of these minima and maxima can be captured unless these values are captured in
the measured data (Eméi al,, 2011) Interpolation of these two sets of exceedances shows
that the central HPA has a considerably Higyel ofsurface @ pollution (Figure 5.23 and

b). The surface ©Oconcentrdions acrosswould have adversely affected the health of

individuals living in this area.

Table5.20 Frequencyof exceedance Surfaces Gsing the SANAAQS and the WHOAQG.

Frequency of exceedance for surfacefor 2011

SANAAQS WHOAQG
Station 8 hours- 61 ppb | 8hours-50 ppb
Balfour 3 21
Camden 6 38
Elandsfontein 109 224
Ermelo 10 25
Grootvlei 25 97
Hendrina 104 183
Secunda 257 398
Standerton 3 10
Witbank 9 31
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The probabilities of exceeding the South African ambient air 8 hour 61 ppb standard were
low but they were considerably higher than the probabilities for exceedance sfl8DONQ

(Table 521). Each probability was higher than or equal to 0.0001, where Hendrina and
Secunda were higher than 0.1 (Table 5.21). Probabilities exceeding the 8 hour 50 ppb WHO
guideline were all greater than 0.001 (Table 5.21). This signifies the magnitude oedyfac

pollution.

Table 5.21 Probability of exceedance of the SANAA@Sd WHOAQG® hour surface Q
standard

Station P (x>61) | P (x>50)
Balfour 0.005 0.0089
Camden 0.0021 0.0233
Elandsfontein 0.0968 0.2327
Ermelo 0.0002 0.0039
Grootvlei 0.0102 0.0655
Hendrina 0.1093 0.2236
Secunda 0.3707 0.4880
Standerton 0.0001 0.0015
Witbank 0.0024 0.0287
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Chapter 6: Conclusion

(Wikimedig 2016
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Despite knowledge of the serious air pollution problemsoasr the HPAdetailed
charactersation of pollutants islacking. In an attempt to work towards impring air
quality, this studyaimed to investigate SONQG and surface @concentrationso develop a
new pollution modellingtechniquewhich encompasses the fidpatial array of the HPAhe
intention is that thismodellingtechnique promotesstudy into other modellingtechniques
and pollution management techniques to improve air qualityin turn work towards the
A2PSNYYSY (i Qa YIAY | AY rofsthe NP Rc@ds \Sauth IAidd) |j dzl f
Measurements from the established SAAQIS network and MOHaiSllite-derived
atmosphere products were used in thiest attempt to develop spatidgemporal statistical
models for pollution estimationit is deemedeasble to develop sucimodellingtechniques

knowing that the HPAiscurrenty 2 Yy A RSNBR | laigd f dzi A2y WK2 (&Ll

With this in mind, develoment of spatiotemporal modelling techniquesto estimate
pollutant levels requireén understanding of the naturef @ollutants across the HPA. It was
also important to understand which factors contribdtéo the variation observed ithese
concentrations as previously studies creating models identified thahesaid relationship
between pollutants and satllite-derived atmospheric measurementss not sufficient
enoughto describe pollutant§Guptaet al, 2009a).To create a model that accurately
estimates pollutantconcentrations it was imperative that all fetors causing variation of
pollutants were included The next sections highlight thenain findings to get an
understanding of: the nature of SONQ and surface @) the meteorological factors causing
variatiors in the concentrationsof SQ, NQ and surface @ the outcome of the first
statisticalmodellingattempt of SQ, NG and surface @across the HPAnd waysin which
future model outcomes may be used for applicatiomith regard to national and

international ambient air quality standards.

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

carried out. Measurements of SONQG and surface @during 2011were used for thistudy,
and these measurements ranged between 0.0008 to 474.3 ppb fgr(8@M4 and 261.8 ppb
for NOcand 0.001 and 495.5 for surface.@n analysis of the temporal variability of these

pollutants was performed over seasonal, monthly and diurnal scales.
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The variation of S®) NG and surface @is typicallyinfluenced by changes in atrapheric
conditions as well as froniocal emissionsStrong seasonal and monthly variations were
exhibited in all pollutant concentrationsSQ and NQ concentrations peaked durinthe
winter months with averageconcerrations of 17.56 and 20.90 pppotentially due to a
combined efect of anthropogenic emissions argbundary layer processes (Gaer al.,
2014). Mnimum concentrations were experiendeluringthe summermonthswith average
measurement®.73 of and 9.68 ppb perhaps due to higher solantensity, stronger winds

and wet depositional process@gsomoting lower emission leve(§&auret al,, 2014)

Duringthe springmonths optimum conditions occurred for the formation and transport of
surface @ concentrations where average concentrations w&2.82 ppb andduring the
autumn a seasonal average concentration 28.88 ppbwas found as during this time
cleaner air would have travelled across the HPA diluting surfa@®i@entrations over the

HPA fominimumconcentrationg Adameet al,, 2008; Frieman and Piketh, 2002).

The diurnal variation of S@nd NQwas mostpronounced during winter antbr surface @

it was most pronounced during spring. Sé&nd surface © concentrations rose from a
minimumduring the night time angust beforesunriseto a peak around midday (12h00 to
15h00) as an increase in the ning layer height allowed for itccumulation then
decreasing again until the morning. N@vels were low and steady during the evening
hoursdue to nocturnal inversion layerendduring traffic peak time hours (6h00 to 8h00;
17h00 to 19h0Q)NC levels peaked with a valley during the afternoon howrgere NQwas
removed for the production of surfacesOThe variation patterns of these pollutants are

indicative of rural osemirural sites.

6.2. Regional meteorological patterns and their influence on SO 2, NG

and surface Oz across the HPA
Continuous observations of meteorology across the HPA were used fattlig Ambient

air temperature, solar radiation, wind speeds,atfe humidity and rainfall levels peaked
during summer. Atmospheric pressure was relatively stable throughout the year. Winds
blew from N to E during January to April and during May to December they blew from S to
NW.
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The association between these metetwgical variables and $@nd NQ were found to be
weak and insignificant, while the association to surfacew@s found to be weak and
moderately significantSQ was positively related to atmospheric pressure, solar réaia

and temperature while it was negatively related relative humidityyind speed,wind
direction and rainfall. N©on the other hand was positively related to atmospheric pressure
and negatively related to temperature, solar radiation, relative humidity, wind speed, wind
direction ard rainfall. Surface was positively related to solar radiation and temperature,
while it was negatively related to atmospheric pressure, relative humidity, wind speed, wind
direction and rainfallMultiple regression analysis further reiterated that metelogy play a
very small role in the variation oc8Q and NO,, where 3 to 29 % and 5 to 23 % of
concentrations were explainable by meteorology. While still bovd of weak significange

22 to 55 % of surface sOvariation was explainableby meteorology. Tése multiple
regression analyses indicate that the variation in pollutants across the HPA may not only be
explained by meteorology and rathes as a result ofmany factors, dr example: source
density, strength and distribution, atmospheric life time (pius day concentrations),

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

6.3. Estimating ground -level SO, NG and surface Os using MODIS
atmosphere products and ground -based meteorological

measurements over the HPA
Spatietemporal modelling using multiple regression analysis for the purpose af $Q

and surface @concentration estimation has been performed for this study. This study is the
first of its kind to be attempted in South Africa and essentiatlsossthe HPA. Theoretically
many factors influence the concentrations of pollutants, and therefore including these
factors into statistical modelshas been explored asa way to estimate pitutant
concentrations across the HPPhe relationship of grountevel pollutant concentrations to
satellitederived MODIS AOD antbtal-ozone atmosphere products and groutelel
meteorological parameters has been investigated. Several challenges experienced
regarding the coese resolution of MODIS satelliteerived products and inclusion of all the
factors that influence pollutant concentrations. As a result the final models, over the
numerous temporal scales, exhieit poor performanceThe resuling models were able to

explain27 to 69 % of SN67 to 74 % of 8 and 42 to 58 % of surfaces©oncentrations.
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The model validation process showed that these models had high error values and® Low R
values of 4.71 to 22.10 ppb and 0.004 to 0.2252 fof, 3M2 to 15.56 ppb and 0.0151 to
0.5057 for NQ and 8.90 to 18.5%pb and 0.117 to 0.7570 for surface;.Ot has been
concluded that theHPAshows a need and the potential for spatemporal statistical
modelling for pollutant concentration estimation and essentiatigdelling Future work will

need to be done for thes models to be applicable for use in estimating pollutant

concentrations across the HPA.

6.4. SO, NQ, and surface Os levels and national and international air

quality guidelines
By comparing the results obtained across the HPA withthé $ ! v fd@h&@WHQA v DQa

it is evident that concentrations across many areathin the HPAduring 2011 were not
acceptable, as they exceeddtle standards and above thate minimum number of
exceedances allowed per ye&xceedances typically coincided with high pagioh density
(Figure 3.3).

Typically S©concentrations were higheswith higher probabilities of exceedana the
Elandsfontein, Ermelo, Grootvlei, Komati, Phola, Secunda arzhkiitmonitoring stations
Considering the high density of power stationsass the HPA, this would have promoted
high levels of SOwhich were at levels possibly risky to human health (Figure 8lD).
concentrations were compared to the NMGmbient air quality standards and these
standards were exceeded at many locatiomgpi@lly NQ concentrations were highest at

the Camden, Leandra, Phola and Witbank monitoring stations. Considering the high
population density across the HPA, it is no surprise that fossil fuel burning and vehicle
emissions among others have contributed toetligh NQ concentrations Surface @
ambient air quality standards were exceeded at tandsfontein, Hendrina and Secunda
monitoring stations. Considering the high density of precursor emission sources, this was no
surprise. The high level of exceedasad the ambient air quality standards clearly signifies

the magnitude of S& NG and surface @pollution across the HPA.
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6.5. Future work, recommendations and i mplications for the HPA
As a pilot study future work can come out of this study. This stualy the first of its kind

with regard to spatieemporal monitoring of pollutants within South Africa and across the
lt! ® ¢KS 1t!> 0SAYy3a | LRtfdzilyid WkBientalt2 i Q
pollution. To address the ambierdir pollutionissues across the HPAonitoring is essential.
Hence, his work should be used to promote further innovationgnondellingtechniques to

promote the management of air pollution across the HPA.

In South Africa, seven criteria air pollutant exist. Acrossstivéace of the HPA exceedances
in all seven of these pollutants have been recordBd&A, 20101 Future work will benefit
from creating spatidemporal models of all the criteria air pollutantShese future models
should incorporate all factors that inunce the concentration of pollutants, from land
cover/use to meteorologyto improve model accuracy and predictive abilifyese models
should alsancorporateseason specific models as influential factors may differ from season
to season (Yowet al, 2015). Efforts regarding the multiple regression models were not
particularly successfullTo createmodels that may perform better to accurately estimate
concentationsshould be consideredther statistical modelling methods may be useful to
model thesecomplex spatieemporal patterns. Before this may be done more work into
improving the multiple regression models is needed. Once this option is exhausted other
statistical methods should be usethese method&clude, but are not linted to, GWR and

multivariate nonlinear modelling.

Satellite imagery plays an important role in the model building process. Most aeailabl
satellite imagery, especially the MODIS imagery useithis study provide imagery of the
atmosphere over coarse spatial resolutionst rsuitable to detect local scale pollution
episodes Future models should incorporate satelliderived measurements with a high
spatial resolutiorto capture these episode#&\n improved spatial scale may mean that daily
coverage of an area may not be pitds and more limitations may be introduced into the
model.Hence, pssible options for this include MAIAC 1km AOD, where AOD measurements
have the potential to detect most ambient air pollutan8OD measurements may prove

suitable to estimate all criteai air pollutants across the HPA.
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Models maybenefit from improvements in grountével monitoring networksand addition
of longer data recordsImprovements in the SAAQIS monitoring network are always
possible hrough maintenance, calibration aradidition d new monitoring station$o better

represent pollution across South Africa and the HPA.

The South African national ambient air quality standards provide measurements to track air
LR2ffdziAz2zy YR ARSYGATFe LI2f € dzi A 2wed iWRORA IEI4I2 G Q
currently 2017. A review of these standards is in order. Other possible pollutants may be
added to this list, for example NOGCompliance with these standards should also be checked

more often especially within industry to reduce indtial emissions

The HPA is a highly populated area. The option to move away from the HPA is only available
for a select few. Mitigation strategies should be developed and put in place to reduce the
risk of ambient air pollution among those living in th®Ad Possible mitigation strategies

may onlybe putin place, especially within householdsthére is socieeconomic upliftment

of low-income groups (Venteet al, 2012). A main air pollution issue across the HPA is
domestic fossil fuel burning as this the only option for heating, cooking and lighting for
many lowincome groups. Additionally, methods teduce industrial emissions shoulb
developed and put in place as this is a more realistic option to reduce ambient pollution

across the HPA
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8. Appendi x

Appendix 8.1.

Table 8.1Details of the MODI&level 2 and level 8 satellite imagery used.
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