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Abstract 

The work presented m this dissertation stems from the link that exists between 

meteorological conditions and the significant accumulation of air pollutants in large urban 

agglomerations. The research focuses on the Greater Cape Town Area (GCTA), where 

temperature inversions lead to high air pollutant concentrations and episodes of air pollution. 

As local meteorological conditions are often manifestations of larger weather producing 

phenomena (e.g. anticyclones), the work presented studies the changes that may occur in the 

synoptic conditions associated with temperature inversions, which will consequently affect 

the rate of occurrence of air pollution episodes. 

After a brief introduction of the topic, background information on the relevant legislation and 

the actions taken towards an air pollution abatement strategy and a detailed literature review, 

the high levels of air pollution in the GCT A during winter and especially during the morning 

peak hour traffic and their link to temperature inversions are studied in detail for the year 

2002. The large scale circulation and its link to temperature inversions are studied through 

the application of the Self-Organizing Maps technique using NCEP-DOE Reanalysis 2 data 

and making use of the findings for the year 2002. The synoptic states most associated with 

temperature inversions are found to be the anticyclonic conditions caused by the South 

Atlantic High Pressure (SAHP) system and the west coast trough associated with berg winds 

bringing dry continental air towards the GCT A. The 2002 data also show that more air 

pollution episode days are associated with west coast troughs than with the SAHP system and 

the average strength of the temperature inversions associated with west coast troughs is found 

to be approximately 50 % higher than that associated with the SAHP system. 

The Global Circulation Models (GCMs) ECHAM5, CNRM- CM3 and CSIRO- MK3.5 are 

used to study the potential changes in the future climate of the area under the IPCC A2 

emissions scenario. ECHAM5 shows a small increase in the synoptic states associated with 

anticyclonic influence over the south western part of South Africa and CNRM- CM3 shows a 

small increase in both the synoptic states associated with anticyclonic influence and those 

associated with a west coast trough. Both models show a small decrease in the synoptic states 

associated with cold fronts. CSIRO-MK3.5 was not found to adequately reflect the current 

climatology in the domain, making it difficult to distinguish between model bias and future 

climate trends. 
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1. Introduction 

1.1 Air pollution in Cape Town 

Cape Town is a large urban agglomeration, within which the increased level of human 

activities related to the emission of air pollutants leads to a deterioration of ambient air 

quality. As outlined in the Brown Haze II study (Piketh et aI, 2004), the main anthropogenic 

activities that contribute to the emission of air pollutants in the Greater Cape Town Area 

(GCTA) are: 

• Motor vehicle emissions (PM in particular emitted from diesel vehicles). 

• Industrial emissions (refineries, steel mills, smelters, cement manufacturing, paper 

manufacturing, brickworks etc.) and burning of industrial waste. 

• Domestic activities in residential areas (cooking, heating and burning of household 

waste). 

These emission sources lead to high air pollution levels, which are continuously monitored 

through an air quality network operated by the City of Cape Town. The network currently 

monitors the concentration of the main pollutants carbon monoxide (CO), nitric oxide (NO), 

nitrogen dioxide (N02), nitrogen oxides (NOx), sulphur dioxide (S02), particulate matter 

(PM IO) and ozone (03), which are directly or indirectly linked to the combustion of fossil 

fuels, as well as the pollutants hydrogen sulfide (H2S) and total reduced sulphur compounds 

(TRS), which are related to certain types of industrial activity and sewage treatment facilities. 

1.1.1 Impacts of air pollution on health 

Air pollution has a number of impacts ranging from increased corrosion of buildings to 

reduced agricultural yield and effects on ecosystems, but most importantly it has significant 

negative impacts on human health. A number of epidemiological studies have been 

conducted worldwide aiming to quantify the increased morbidity and mortality associated 

with exposure to ambient air pollutant levels (WHO, 2003; Pope et aI, 2002). It is widely 

recognised that a single pollutant-based approach is in many ways limited, as in reality the 

population is exposed to a mixture of pollutants and it is the combined effect of this exposure 

that leads to the observed health effects. It is however extremely difficult to determine the 
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synergistic effect of combinations of pollutants (Katsouyanni, 2003) and this remains the 

subject of ongoing research (e.g. Mauderly & Samet, 2009). 

In 2000 a study was conducted in South Africa which focused on the quantification of the 

impacts of urban population exposure to elevated levels of PM. A number of diseases can be 

attributed to air pollution and in the study of Norman et al (2007) cardiopulmonary diseases, 

cancers of the respiratory system (trachea, bronchus and lung) as well as acute respiratory 

infections in children of young age (0-4 years) were considered. The results showed that the 

number of deaths in urban areas in South Africa which can be attributed to air pollution are 

about 0.9 % of the total number of deaths from all causes in 2000 (uncertainty interval 0.3-

l.5%), which is approximately 4650 deaths. The uncertainty interval is certainly significant, 

however as the study only considers exposure to PM, the number of deaths are most likely 

underestimated. The consideration of the accumulative effect from exposure to all known 

pollutants would certainly lead to larger estimates. The study also points out that a detailed 

local research has not yet been conducted about the numbers of people who get sick and lose 

their quality of life because of air pollution, which would also increase the number of people 

significantly affected by air pollution. According to the study, fossil fuel combustion and 

traffic-related air pollution are the main sources of PM related air pollution in South Africa. 

1.2 Synoptic climatology, temperature inversions and air pollution episodes 

Apart from the emission of air pollutants, prevailing meteorology and the consequent 

dispersion of pollutants in the atmosphere also plays a significant role in the concentrations 

monitored and during stable atmospheric conditions air quality becomes significantly worst. 

This leads to air pollution episodes, when the concentration of air pollutants is found to be 

above health and environmental standards. In the GCT A, stable atmospheric conditions are 

observed mainly during the winter period (between cold fronts) when the associated weak 

land/sea temperature and pressure differences result in stagnant conditions during which 

temperature inversions are pronounced and lead to the trapping of air pollutants close to the 

surface (Jury et aI, 1990; Wicking-Baird et aI, 1997). In the GCTA these air pollution 

episodes are widely known as brown haze episodes due to the reduced visibility associated 

with the elevated concentrations. 

Temperature inversions are a weather pattern in which as one moves from the surface to 

higher altitudes, the temperature increases rather than following the normal pattern of 
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decreasing temperature. i.e. the normal lapse rate. The vertical distance in which the 

temperature inversion occur> is the lmersion layer, which may stan at the surface or it may 

be an eievHted condition such that there i8 a surface layer thHt exhibits nonnal temperature 

conditions before the inversion base is re"ched. Temperature inversions can thus be broadly 

categori,ed into two types, elevHlcd and surface inversions as shown in Figure I-I. 

<OOr-------__ -------------------------

.w r---------------~----------__, 

I Lo'" invm.iOl1 I 
In"",,ion to\-' 

Figure I-I: Typical temperature inversions (Griffin, 2007). 
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Perhaps the most common callsc of elevated temperaNre inversions is the subsidence of air 

mass "s-ocialed with high-pres-me areas. Th~ de'Cendillg air j, C0l11pre"eci alld undergoes 

adiabatic healing:. As a rcsuH, in the lower regions of a high-prussllw system the air has a 

higher temperature than the cooler air parcels directly in contact with the earth's surface and 

this form oftcmpcrarnrc in version is tennecl a subsidence inversion (e.g. Griffin, 2(07) 

In adclitioll to the ,ubsidel1(:e inver_ion, Griffin (2007) di,tinguisil es thfC'e types of inversions 

depending on the way these arc Conned. A./i"unlal inversion in which a rapidly mO"ing warm 

or cold air ma"e advances on a more stationary mass of a significantly dilTcrcnl temperature, 

an adveclive inversion which may h~ fonned when wann air move, over a cokler surface and 

a radiation inver.,ion, the mo,t common form of 'urface-hased in"~rsion. which occurs 

during nightime when the surface of the earth has hecome cooler a, a re,ult of the loss of 

rmliant energy. 

This project studies the relation,hip hetween the large-scale atmospheric circulation and (he 

,table atmo'pheric condition, observed at local or regional scale. which lead to air pollution 

episodes in the GCTA. It will thus mah use of the principl . ' of Synoptic Climatology, which 

according to Harry and Perry (l973) Can be deflned as "obklining insight into local or 

regional climate, by examining the relationship of weather elementll. individllally or 

collectively. to atmospflcric circulation", The approach must commonly used to link the two 

,cale, (regional and large scale) is to categorise the atmospheric state into broad categories 

(cla,,;ses) amI then relate the..: synoptic categories to a dependent variable (H~wit"'n & 

Cr:lll~. 2002). which in this sUldy is local temperature inve"ion. The technique that is applied 

in this study (0 classify the synoptic ,tate, i, called Self Organising Maps (SOMs) and it, 

usefulness in recognising important links betwe~n the synoptic-,cak pattern:; and weather 

conditions at the surface has been noted in a number of studies (e.g. Michaelides et aI, 2007; 

Ilewitson & Cran~. 2002; Cavazos, 2000; Cavazos, 1999). 

In addition (0 studying the link hetween atmospheric drclilation amI the 'table atmospheric 

cOOOitious observ~d at 10l.al scale. the current study investigate:; the changes that may Ul"ur 

in the synoptic conditions. under a particu~r climate change scenario. A, a consequence, 

temperdture inversions and the potential for the build up of air poHution may be different. 

Climate change scenario, are primarily studied using Global Circulation Mod~b (GeM:;) and 

the result, of three GCMs applied in the context of th~ Intergovernmental Panel on Climate 
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Change (lPCC) fourth Assessment Report (AR4) (lPCC, 2007a) are u,ed tu lnve,tigate 

change, in the synoptic circulatiun. 

/.3 Previous Studies- Literature redew 

Temperature inversiuns and thelT link tu air pollutiun episodes has been the sllbject of much 

research. \>"eather condition, re,ulting in temperature inversion, are a frequently ob,erved 

phenomenon that leads tu high concentrations of air pollutants in hig cities such as Mllmbai. 

Los Angeles. Mexico City, Sao Paulo, Santiago, Tehran and al,o 'mailer citie, like 0,10. Salt 

Lake City. Boise. One uf the most senuus air pollution episodes related to a temperature 

inversion waS the Great Smog which occurred in London in 1952 and claimed the life of 

- 4.000 people (e.g. Bell & Davis, 20(1). Such air polllltion episodes are otlen associated 

Wilh reduced v;,ihility due to the fonnalion of a brown haz~. 

The occurrence of brown haze in the GCTA has lead to two studies. the Brown I laze projects , 

which aimed at (a) detennining the major SOurce, uf the hro ... n haze (Wicking·Bmrd et al. 

1997) and (b) characterising the physical and chemical properties of brown haLe and 

quantifying the concentrations (lateral and vertical e;>.tent) for the evaluation of potential 

health efl-"cts and the design of air pollution abatement strategic, (Piketh et al. 2(04). Th~ 

fi"t ,tudy fOCllsed on ,ourc~ apponionment and wa, ba,~d un gruund measurements. In the 

second study the vertical structure of the atmosphere during the brown haze episodes was 

also ,tudied. It wa' confLnned that the meteorology ofth~ GCT A during wint~r i. conducive 

to the establishment of highly stable atmospheric condition, close to the surface as well as 

beTWeen 1-3 km above sea le,cl. Episodes were fOllnd to OCCllf on days when lllversion layers 

fonned close to the surface. particlllarly lInder the influence of anticyclonic circulation. Such 

condition, occur between the p3.'isage of cold fronts. when atmospheric subsidence is dri ,en 

by the South Atlantic HIgh Pressure (SAHP) system which ridges in ~aSlWard, O\'~r the 

sUtlth-westem tip of Africa. Subsidence inversions arc generally presentlll the eastern region. 

of the semi-pemHment oceanic high-pressure systems found in the SOllthern Hemi'phere at 

about 30"S and in these locations they are qua'i-pennanent and r~a.'ionab ly 'tationary 'ystems 

(Keen. 1979). Both Cape Tuwn and Lm Angel~, ar~ in 'uch latitude" the latter experiencing 

subsidence inversions due to the Eastem Pacific High (NRC, 1991; Griffin, 20(7), hut 

combined with the high I~vds of emissions e;>.pcriences e,pecially strung air pollution 

~pisudes which have been the subject of re,earch O\'er many years (e.g. Magill, 1949) and 
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have n~c~ssit~kd the design of serious air pollution abatcmcnt strategics (c.g. Sehwatl7 & 

Hayward,2()()4) . 

Keen (1979) associates both subsidcnce in,,=ions and surface based radiation inversions 

with high-pressure systems, as the surface based kmperatur~ inv~rnlUn is predominantly ~ 

nocturnal phenomenun (esl"'cially during long winter nights) associatcd with clear night-tinte 

skies aud light winds_ also a charactcristic of anticyclonic circulation, Radiative inversion 

persists into the morning hours (when the rat~ o[ air pollutant ~mi"ions i. ~lso high) until the 

h~ating [rom the earth', surface cauSeS an erosion uf this inver.iun layer, enabling ditTusion 

and "crtical motion, Both suhsidcnce and radiation in"ersions may be widespread phenomena 

and could on occasions co-exist at different levds (Keen, 1979) 

The climate in South Africa and thc domain of intcrest is described in detail in Tyson and 

Preston-Whyte (2000). Dracoulide. (1994) di.tinguishe. th~ md~urolugy in the GCTA 

according to four typical synoptic maps, shown in Figure 1-2, 

, , " ",. " " " '" ." 

'0 

" 
" 

'" ,," " " " ., .. " 

",,, ","",." ",." 

d, ::L -::]J ffi 
Figure 1-2: Typical synoptic maps for the Southern A[ric~n .uhcontinent (Dracoulides, 

1994) which are associated primarily with (a) the summer period (b) thc winter I"'riod (c) 

early spring and late winkr and (d) anticyclonic circulation. 
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During the summer period, a high south-easterly air flow dominates (Figure l-2a), which is 

caused by a ridging anticyclone over the south Atlantic (SA WB, 1996). This leads to high 

wind velocities and high atmospheric turbulence which efficiently dilute and disperse air 

pollutants. In the winter months the wind is generally from the north-west (Figure l-2b). This 

flow is caused by a pre-frontal system, which also brings overcast conditions and low 

temperatures (SA WB, 1996). The high wind velocities also effectively disperse pollutants 

during these conditions. The synoptic conditions displayed in Figure l-2c occur mainly in 

early spring and late winter. The formation of a high pressure system over the western Cape, 

in association with another high over Natal and a cold front over the west coast, result in berg 

wind recirculations over the western coast area. Berg winds and coastal lows tend to occur 

together. The term coastal low describes a unique, shallow (does not normally extend above 

the 800 hPa level) low pressure system which develops along the coast. Depending on 

whether the pressure rises or falls to the south of the system, the low may move northwards 

or southwards along the coast, though more often in migrates to the south coast. Coastal lows 

produce warm offshore airflow (berg winds) ahead of the system and cool onshore airflow 

behind it. Strong overnight temperature inversions are associated with the light berg wind 

conditions ahead of migrating coastal lows (SA WB, 1996). In their study of winter air 

pollution episodes over Cape Town, Jury et al (1990) associated these conditions with the 

occurrence of brown haze episodes. Finally, in Figure l-2d the stagnant conditions associated 

with anticyclonic circulation are shown. These lead to light variable winds and elevated 

temperature inversions and have the potential to result in air pollution episodes, as there is 

insufficient air flow to dilute pollutants (Jury et aI, 1990). The synoptic meteorological 

aspects of brown haze episodes in Cape Town have also been described in Jury et al (1989), 

Ngeleza (1989) and Jury and Barclay (1992). 

The use of GCM results to study the changes that may occur in the synoptic conditions under 

various climate change (CC) scenarios and their impact on air pollution build-up potential, 

has been the subject of recent research. Numerous studies have used GCM results to drive the 

application of regional models and study the impact of changing meteorological conditions 

on air pollutant transport and transformation. Mickley et al (2004) examined the impact of 

future climate change on regional air pollution meteorology in the US using the Goddard 

Institute of Space Studies (GISS) model. They found an increase in summertime regional 

pollution episodes in the midwestern and northeastern US, which appear to be driven by a 

decline in the frequency of mid-latitude cyclones tracking across southern Canada, as the cold 
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fronts associated with these cyclones provide the main mechanism for ventilation of the 

midwestern and northeastern US. Anderson et al (2001) used the HadCM3 model results for a 

single grid point in the British Isles, [52.5°N, OOW], corresponding to the location of central 

England, to study the changing frequency of episodes of cold still winter weather and of 

episodes of hot sunny summer days, based on the IPCC IS92a (business as usual) scenario. 

They found that the number of days with both low windspeeds and low minimum 

temperatures (combining to create poor dispersion) declined through the 21 st Century as 

winters become milder and windier. The summer findings showed that the occurrence of 

elevated temperatures and low windspeed condition, conducive to photochemical episodes, 

became significantly more common in the second half of the 21 st Century. It should however 

be noted that care needs to be taken when using model results for a single grid cell for any 

given assessment. The same model can produce different results for an identical region and 

period, if different initial conditions and/or parameterisation schemes are applied. Moreover, 

despite substantial progress in understanding inter-model differences (IPCC, 2007a: 591), the 

internal variability between GCMs can lead to results that differ greatly over the same region. 

Depending on the application, instead of single grid cell model results different aggregation 

techniques and other methods can be employed (e.g. Hewitson, 2003). 

For the area of Cape Town, Shannon and Hewitson (1996) used the GENESIS (developed by 

the National Centre for Atmospheric Research) and the GISS models to study changes in the 

frequency of temperature inversions. Normalised sea level pressure, expressed by four 

statistical terms, was found to best characterise the impact of the larger circulation on local 

temperature inversions. This study made use of a type of Artificial Neural Network (ANN) 

which was trained using data from the National Meteorological Centre (NMC). The GCM 

model results were presented to the ANN and for the control simulation it was found that 

both models compared favourably with each other, predicting on average 20 boundary layer 

inversions per year. For a doubling of CO2 scenario, the results showed an increase in the 

frequency of temperature inversions by 25 % according to GISS and 33 % according to 

GENESIS. 

The current study extends the work of Shannon and Hewitson (1996). Radiosonde data is 

used to determine the strength and extent of boundary layer temperature inversions and is 

then further combined with air pollution data to link temperature inversion to air pollution 

episodes in the GCTA. Focusing on the winter period, when air pollution episodes in the 
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GCTA are most pronounced, the Self-Organising Maps (SOMs) technique, a different type of 

ANN than that used by Shannon and Hewitson (1996), is applied to classify the synoptic 

states observed in current climatology and relate particular synoptic states to temperature 

inversions. Finally, making further use of SOMs, three GCM results are used to study the 

implication of future CC on air pollution episodes. 

2. State of air quality in Cape Town 

2.1 Definition of air pollution, legislation and actions 

The official definition of air pollution in South African law, IS "any change in the 

environment caused by any substance emitted into the atmosphere from any activity, where 

that change has an adverse effect on human health or well-being or on the composition, 

resilience and productivity of natural or managed eco-systems, or on materials useful to 

people, or will have such an effect in the future" (City of Cape Town, 200 I). 

To protect the effects on human health and the environment, a number of laws and 

regulations relating to the emission of air pollutants and ambient air quality levels have been 

set. These can be distinguished between laws that are applicable at national scale and 

regulations, additional by-laws as well as other policies that are set by the local authorities. 

Firstly, the right to clean air is ensured through section 24 of the South African Constitution. 

In 2004, the South African government passed the National Environmental Management: Air 

Quality Act (NEM-AQA, 2004). The purpose of the act is to improve air quality through laws 

and regulations; to set standards for monitoring, managing and controlling ambient air 

quality; and to set out fines and penalties for where non-compliance is noted (the "polluter 

pays principle" applies). 

At the local government scale, appropriate action is taken in the form of air quality 

management plans, by-laws and other policies. In Cape Town, the City of Cape Town is the 

authority responsible for Air Quality Management. The City has enacted a by-law that aims 

to control air pollution, and to remedy the damage caused by any air pollution that does 

occur. This Air Pollution Control By-law (City of Cape Town, 2001) is in line with the South 

African Constitution and makes rulings about: how much smoke may be emitted from non-
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residential premises, residences and vehicles; who may install, alter, replace or operate fuel­

burning equipment; when and where any open burning may take place (such as waste) and 

which emissions are regarded a nuisance. The City of Cape Town can also make any number 

of new laws which prohibit or restrict the emission of air pollutants from certain premises, the 

combustion of certain types of fuel etc. 

In 2005, the final "Air Quality Management Plan for the City of Cape Town" (AQMP) was 

released (City Health Department, 2005) aiming to establish Cape Town as "the city with the 

cleanest air in Africa". It can be viewed as a first step towards designing an overall strategy to 

improve air quality and reduce the sources of air pollution. The AQMP places particular 

emphasis in the reduction of the health effects related to air quality, especially during brown 

haze episodes. It comprises of 11 key objectives, which are further broken down into 

strategies and action plans. 

The City of Cape Town has also collaborated with research groups in order to further study 

the nature of brown haze episodes. During the Brown Haze (Wicking-Baird et aI, 1997) and 

Brown Haze II (Piketh et aI, 2004) projects, the causes of brown haze were studied in detail, 

the physical and chemical characteristics were determined and the potential health effects 

were examined. 

Finally, to improve air quality in informal areas of Cape Town, where due to specific 

emission sources the concentration of certain air pollutants has been found to be especially 

high, pilot projects such as the Khayelitsha Air Pollution Strategy (CapeTown, 2008a) have 

been set up. In Khayelitsha the problem mainly resides in the smoke emitted from wood and 

tyre burning, as well as the strong winds that contribute to the resuspension of dust from 

unpaved roads and pavements. Systematic air quality measurements are being performed and 

the project is expected to identify the main sources and educate households as to the 

measures that can be taken to reduce air pollution. 

2.2 Air pollution monitoring network in Cape Town 

2.2.1 Station location and measurements 

The City of Cape Town monitoring network currently comprises of 12 stations spread around 

the greater area of the city as shown in Figure 2-1. 
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Figure l - l : Location of the air qual ity monitoring sta!lons (CapeTown, 2oo8b). 

r-;car-to-real time information concerning daily air pollutant levels is aVailable through 

CapeTown (2ooRb). Fur the purposes of this study, huurly meteorological and air pollutant 

cuncentration data from certain stations was made available by the City of Cape Town, Air 

Quality Monitoring Laboratory or the Scientific Services Department (Waggie, 200R) 

filllowing a "pecific rommi request. An (werviev .. of the data considered in this study as well 

as the dmracterisation of each station type according to infonnation from CapeTown (200Rb) 

and Waggie (200&) call be ronnd in Tabl~ 2- 1 The time period and the pollntants measured 
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differ from station to station. From the full details presented in Annex I (year and data 

completeness) the hourly data availability for certain periods of time is poor, necessitating a 

careful selection of the time period and stations that will be used further on in the analysis, so 

that the most comprehensive data set is chosen. 

Table 2-1: Overview of the data made available for this study and characterisation of each 

station type. 

Station name 
Abbreviated Station Type of 

PM)o N02 NO, S02 CO 0 3 
Wind Wind Time 

station name code station speed direction period 

Athlone ATHL CC3 
Urban 

1998-2003 
background 

x x x x 

Bothasig BOTH BM3 
Urban 1998-2007 

background 
x x x x 

City Hall CH CCI Traffic x x x x 1998-2003 

Drill Hall DH CC6 
Urban 

1998-2007 
background 

x 

Goodwood GOOD 007 
Urban 1998-2004 

background 
x x x x x x x x 

Khayelitsha KHAY CC4 
Urban 

1999-2007 
background 

x 

Industrial 
(iocated 

Killarney KILL ZD7 0.6 Ian from x x x 2002 
Caltex 

refinem 

Molteno MOLT CC2 
Urban 

1998-2003 
background 

x 

Plattekl oof PLAT 008 N/A x x x x 2000-2003 

Table View TBLV TMI 
Urban 

1998-2003 
background 

x x x x x x 

2.2.2 Limit and Target values 

The Department of Environmental Affairs and Tourism (DEA T) has established national 

ambient air quality standards (SANS, 2005) for the protection of human health, setting in this 

way the permissible concentration of various pollutants in ambient air. These standards are 

termed air pollution limit or target values and have been set in accordance with international 

standards, which are in tum based on the findings of international scientific groups active in 

this field. The specific dates by which these values must be met are to be determined in 

accordance with SANS (2004), which is the framework for setting and implementing the 

national ambient air quality standards. Furthermore, in SANS (2004) the definitions of 

"limit" and "target" are provided, the main difference being that the limit values are "not to 

be exceeded once attained", whereas the target values are "to be attained where possible". 

Target values are frequently termed "long term acceptable thresholds" and at these values 

pollutants are either harmless to health and the environment or unlikely to be reduced through 
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expending further reasonable cost on abatement due to background sources or other factors. 

As an example, from the pollutants which are considered in this study only for 0 3 target 

rather than limit values have been set, due to "the potential which exists for trans boundary 

transportation of this pollutant" (SANS, 2005). 

Table 2-2: Limit and target values for the protection of human health in Ilg/m3, as defined in 

SANS (2005). 

10 min limit 
8-hourly 

Daily limit Annual limit 
value for the 

Hourly limit running average 
value for the value for the 

protection of 
value for the for the 

protection of protection of Pollutant 
human health 

protection of protection of 
human health human health 

(10-min running human health human health 
(24-hour (calendar year 

(lh average) (calculated on 1-
average) 

~ourly averages 
average) average) 

~ulphur dioxide (S02) 500 350 125 50 
/Nitr02en dioxide (N02) 200 40 
!carbon Monoxide (CO) 30 10 
\particulate matter (PM IO) 75 40 
Iozone (03)* 200 120 
* The values refer to target values as only these have been defined III SANS (2005). 

Note: All concentrations are measured at a standard temperature (2YC) and pressure (101.3 kPa). 

2.3 Sources of emissions 

According to the Cape Town emission inventory which was compiled in 1995 and was used 

and reported in detail in the Cape Town Brown Haze Study (Wicking-Baird et aI, 1997), 

emissions from road transport are the single largest source of primary NOx, PMIO, PM2.5 and 

Volatile Organic Compound (VOC) emissions comprising 65.7 %, 52.6 %, 42.5 % and 

69.2 % of the total emissions respectively. The Caltex oil refinery, heavy fuel oil boilers and 

the use of coal for industrial and commercial purposes are the largest contributors to the total 

S02 emissions with a contribution of 72.4 %. 

The detailed contribution of each emission source to the concentrations measured at the 

various monitoring stations spread across the city will be different depending on the location 

and the particular meteorological conditions that occur during the measurements. A detailed 

source apportionment study for the city of Cape Town has been performed for PM2.5 during 

brown haze episodes which occurred between July 1995 and June 1996 and the results can be 

found in Wicking-Baird et al (1997). 
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2.4 ConcelUra/ioli of air poilu/allis 

2.4.1 Inter-annual ,'ariation 

In ord~r to proyide an oyervi~w of the ,tate of air ~uality m the GCTA, th~ intL'T-anmml 

variation of the concell1ration of main air pollutall1s is presented in Figures 2-2 to 2-4. 
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Fil:ure 2-2: Annual mean SOl (top) arxl NO, (b(}umn) concentrations across ,·arious typ~s of 

monitoring stations in the GCT A. 

Figure 2-2 sbows the mt~r-annual variation of the mean SO, and NO, concell1ration" 

Altflough data for rec"I1t years i, lacking for most stations, for SO, it is clear that the 
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industrial station at Killarney measures the highest concentrations, though these were still 

below the annual limit value of 50 llg/m3 in 2002. At Bothasig station, for which the most 

complete data set is available, the concentrations appear to remain relatively stable, though a 

significant decrease in 2007 is noted. The monitoring station in the city centre (City Hall 

station) shows an increase of S02 concentrations in 2003, most probably due to the increase 

in vehicle traffic observed in recent years. Overall, the concentrations observed are similar to 

the concentrations observed in large cities in Europe which do not yet make wide use of zero 

sulphur fuels for diesel and petrol vehicles, such as Athens, Bratislava and Krakow (EEA, 

2008a; EEA, 2008b). 

For N02, concentrations at the industrial and the urban background stations are low. 

However, measurements at the City Hall traffic station are significantly elevated and in most 

years the annual mean concentration is above the limit value of 40 llg/m3
• From the data 

available a clear upward or downward trend cannot be deduced and data for more recent 

years are needed to draw robust conclusions. Clearly vehicle traffic is a significant source of 

emissions contributing to the N02 concentrations measured at this site. For comparison it is 

mentioned that higher N02 concentrations at traffic stations are also systematically observed 

in large European cities, where very high concentrations of around 100 llg/m3 are measured at 

traffic stations in e.g. London, Rome and Bucurest (EEA, 2008a). 
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Figure Z-J: Annual mean NO, (top) and PM,o (bonom) concentrations across various types 

"fITI<JnitoTlng stations in th~ GCT A. 

In Figure 2-3 the inter-anllual variation (If the mean NO, and PM," conccntmtions ilre 

pre~emed. As concern:; NO" the nlCilsurcm~>JllS ilre m line with those [or NO, and by far the 

high<'~l KO, concemralions arc recorded at lh~ City Hill! traffic station. NO, are produced by 

COmbU.51iOIl proce55cs and the primary pollutant directly emitted. ;5 :\0 together with a small 

proponion ofN01. NO is oxidised by 0, in the a1m0sphcrc on a time scale of tens ()fminul~s 

to give :\0,. NO and :-;0) arc collectively known as NO, because they arc rapidly inter­

converted during the day. NO, is 5plit up by L'V light to giv~ NO and an 0 atall, which 
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combines with molecular oxygen (02) to give 0 3. Therefore, although a limit value for NOx 

concentrations is not set by legislation, it is convenient to study the sum of NO and N02 to 

acquire an overview of the contribution of fossil fuel combustion to the ambient 

concentrations (in the case of City Hall station the main source of emissions being fossil fuel 

use by road vehicles). 

For PMIO systematic exceedances of the annual limit value of 40 f.lg/m3 are recorded at the 

background station of Khayelitsha, though concentrations are not significantly elevated at any 

other traffic, industrial or background station. As has been mentioned in section 2.1, a 

dedicated project (the "Khayelitsha Air Pollution Strategy") has been set up to study and 

improve air quality in this area. The local emission sources contributing to the elevated 

concentrations are mainly smoke emitted from tyre and wood burning, though there is also 

considerable contribution from natural PM IO sources due to the strong winds that cause e.g. 

road dust resuspension. As discussed in chapter 1.1.1, the impacts of PM air pollution on 

health are significant and it necessary to take up specific measures to reduce the 

anthropogenic sources as far as possible. For comparison it is mentioned that the 

concentrations observed in Khayelitsha are high even compared to background 

concentrations in European cities, where values of around 50 f.lg/m3 are observed in very few 

cities, e.g. Bucurest and Krakow (EEA, 2008a). 
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acro" various types of monitoring s!<tlion, in the GCT A. 

[nter.annua! variation of mean CO and 0, cOllCentruliun, are soown in Figure 2-4. 

Measurements of CO are only available for the City Hall traffic station and (he Goodwood 

background stalion. T!J<, devated concentrations at the City J [an station confmn once again 

that traffic is a significant source of emissiun, in the city centre, !.hough as the limit value 

only applies 10 hourly cnncentralions lhese are not further analysed in lhi, section. For 

comparison it is mentioned lh<tl due lu the wide use of catalylic vehides. CO concentratiuns 
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in large European cities are generally low and the annual mean concentrations measured in 

recent years at traffic stations are ~ 1.5 mg/m3 or lower (EEA, 2008a). 

Ozone measurements are only available for two background stations. The concentrations 

measured are comparable but generally lower than those observed in Europe, where a number 

of large cities are found to have annual mean concentrations of around 45-50 Ilg/m3. 

However, as the limit value only applies to hourly concentrations, these are not further 

analysed in this section. 

2.4.2 Daily, weekly and monthly patterns 

In order to analyse hourly, daily, weekly and monthly patterns of air pollutant concentrations, 

the most complete year, considering both temporal and spatial (across stations) data 

availability, was chosen. The detailed tables in Annex I concern hourly data capture and the 

year 2002 was found to provide the most comprehensive data set. The daily, weekly and 

monthly averages that follow were all computed based on the hourly data. Furthermore, the 

daily monthly, weekly averages were calculated using both the fully hourly data set and the 

data set that resulted if the daily averages were computed only when the hourly data 

availability was greater than 13 times per day. It is common practice to establish such a data 

availability threshold (e.g. Medina et aI, 2002) and the data capture percentage used in this 

study is in line with the guidelines provided by the European Commission for the exchange 

of data and information from air pollution networks (European Commission, 2001) and 

followed by e.g. AIRBASE (2008). Nevertheless, it should be noted that the changes in the 

monthly and weekly values were found to be minimal and it is not the focus of this study to 

analyse this issue further. A more important source of uncertainty in certain cases is the lack 

of sufficient daily averages (due to the complete lack of hourly data for those days) for the 

calculation of monthly averages and the determination of an air pollution episode. Where data 

availability is low, this is mentioned in the analysis. The weekly variation of the 

concentration of main air pollutants is presented in Figures 2-5 to 2-7. 
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Figure 2-5: Average weekly variation of SO, (top) and "0, (bottom) concentrations in 2002 

aero" , 'an(}u, type, (}f monit(}ring stations in the GeT A, 

From the weekly variation in Figure 2-5 It i, noted that the SO, concentration, appear lower 

on Sunday8 at ail Station8, with the exception of Killamey industrial stati(}n. This is due t(} the 

faet that the SOl concentrations mea,uroo at background statium Hre ;nfluc>Jlcec! by intlumial 

activity and vehide tramc whkh " sigrufi~amly lower on Suooay,_ Thi,;, the rea80n why 

the reduction (}f SO, concentrations on Sunday ;8 all the more pronouIlCed in the 

lllCasurements fwm City Hal! traffic 8tation, The concentralJons at Killarney mdustrial ,rati(}n 
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are related to the industrial activity, tbe prccis~ pattern of wnich IS not known and hence 

cann<JI be ~n~ly,ed fur1h~L 

The weekly variation of NO, COOlcentmtions ~I,o ,hows ~ r~duction on Sunday. and this IS 

observed for all stations. Againlhis cllhl is due 10 the reduced industrial activity but mostly 

the fedllC~d traffic on Sundays and the elTect is most pronounced at City Halltmffic statioll_ 
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Figure 2-6: A,-erage weekly variation of NO, (top) and PM1D (bottom) conc~ntmlion, in 

2002 across various types of monitoring stations in the GeT A. 
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In Figure 2-6, the weekly variation of NO x and PM IO is shown. For NOx lower concentrations 

over the weekend (mainly Sunday) are noted for all stations. As for S02 and N02 this is 

mainly due to the reduction in vehicle traffic volumes, the effect of which is most pronounced 

at City Hall traffic station. 

The weekly pattern for PM IO is quite different depending on the station. In Khayelitsha the 

significant contribution of natural sources (wind blown dust) and road dust resuspension as 

well as the anthopogenic emissions linked to cooking and heating, also mentioned in chapter 

2.4.1, cause high concentrations to be observed throughout the week. In other cases (stations), 

industrial activity and traffic contribute significantly to PM IO concentrations through both 

coarse and fine PM emissions (PM IO and PM2.5 respectively) and reduced PM IO 

concentrations are observed on Sunday. As in the case of S02, the pattern at Killarney station 

is expected to be influenced by the industrial activity, which however is not known and 

therefore not further analysed. 
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Figure 2-7: Average weekly variation of CO (l"p) and 0, (bottom) concentralion, in 2002 

aeross various types of monitoring stations in lhe GCTA. 

In Figure 2·7 the weekly variation of CO and 0, is shown. As CO measured at City Hall 

traffic ,lalion i, directly relaled 10 CO emi"ion, from vehide" the reduction in CO 

concentrations measured (m Sunday i. very much pmm)unced due to reduced traffic volumes. 

G(xxlw,xxl stati(m i, a background stalion therefore this reduction is not as prollOwleed, bUl il 

i. still "bserved. 
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For OJ, higher concentrations are observed over the week~nd ~nd especially on Sunday. The 

complex form~tion atxl de,truction mechani,ms for 0) have been the subject of much 

re,earch and especially in urban areas 0 , rcciuction strategi ~s rely on the b~lanced r~duction 

of NO, and voe emissions (~ .g. Moussiopoulos ~t ai, 20(0), The higher OJ concentralions 

obs~n'ed OYer the weekend in Figure 2-7 are most probahly caused hy th~ reduction in NO, 

emissions attributed to the reduction in the numbcr of \,ehicle" without th~ ,imlLitaneous 

reduction 1!l VlK emissions. 

For the eyaluation of th ~ monthly pattern" meteoroIO!!lC~1 data was also considered in the 

analysis. The d~ta was pmtly ob1.1ined from the measurements pcrforrt",d hy the City of Cape 

Town nel1.vork (see Tabl~ 2-1) and partly from data proVIded by the South AIi'ican Weather 

Sen'ice following a specific foml~1 request (Linnow, 2(08). The location of the SAWS 

st1tions used in th ~ analysis can be s ~~n in Figure 2-8 atxl station detall, can be found in 

Tabl~ 2-3, 

Figure 2-8: Location of the meteorological stations which are operated by th~ South African 

Wealher Service and which were used in lhis ,tudy, 
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Table 2-3: Cbaracteristic' of the South Afri~un W~athcr Scrvice ,tatiow; u<ed in thi8 8tmly 

(Linnow, 2(08). 

full ".,ion name Station abbr<vlation LAT eo, lI. igbt from "a kHI 

CAPE TOW," - I-'OIU NFT ~" -3 3.913 18 .4~3 

CAPE TO\\'1-O WO AIR ('\\.'O-AIR) -)).970 IH,oo 

MOLTENO RESERVOIR IUOS _319.l7 1 ~_410 
.. 

8.0 -- - - - - -- - _. 

'.0 

~ 80 

• 5.0 • • • • • '.0 
c 

• 30 

2.0 

1.0 

0.0 

40% 
------------- ~--------

~ 

- --- -- - -- - ,,./- - - - ~ -
• 45% /' 

.~ 
"".-/--------

..... •... /C .. 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

(,m 

42 m 

"m 

' --+- RES 1 

~~ 

1 ___ PORT; _ c= 
1::--- TBLV 

Figure 2-\1: A vcrage monthly variation of wind speed in 2002 aero" u num!J.,r of monitoring 

8tation< in the GCr A. The percentage< indicate where the availability of daily averages for 

the calculation of the monthly mean~ was low. 

The monthly variation of wind speed in 2002 at variou< locution< around Cape Town i8 

shown in Figure 2-9. A clear ~easonal putt~rn of high~r winc! ~peeds during the ~urnm~r 

month, emerges. the intensity of which depends on the location. This pattern corresponds 

do~ely to the sea~onal pattern observed using long~r time <erie< record, (Kruger, 2002). 

Higher wind ,peeds arc expected at the Port ~talion, a, the site experiences very laminar flow 

during the two dominant wind regime, (soulh ea,terly und north w~8terly) . However, the 

monthly means r~cordec! at the Port 8tation c!uring March. April and May are based On low 

data availability and are considered unreliable. It is expected that full data cupture would 

,how an overall pattern <imilar to that observed for other ,tali on'!. 
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Figure 2-Hl: Average monthly variation of S02 (top) and NO, (boltom) concentrations 

(J.lglm') in 2002 acro,s various types ofmoniloring stations in the GeT A. 

The nxmthly variation of 501 and NO, concentrations is :;hOWTl in Figure 2-1 D. Apart from 

the concentrations at Killam~y industrial station, where prooollllccd peaks are oooerved, the 

SOl concentration. at all stations arc generally found to be relatively stable all year round. A 

clear seasonal cycle is nOI observed, a finding which is confmncd by previous :;tudics (Jury ct 

aI, 1990). The low data capture for Killarney <illiion in February (57 %) is noted and (hi, 
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value is not considered to be as reliable as for other months. As in the case of the weekly 

variation of S02 at Killarney station, the monthly variation will also be related to the monthly 

industrial activity pattern. The peaks observed in September, November and December are 

attributed to the emissions from the Caltex refmery, which during the prevalent south-easterly 

conditions are transported downwind towards the Killarney station (see monthly and episode 

reports in CapeTown (2008b)). Overall, the meteorological conditions will have an important 

influence on the build up of concentrations and the lower S02 concentrations observed during 

the summer months across most stations are influenced by the stronger winds recorded in 

Cape Town during that period of the year (see Figure 2-9). A comparison of the monthly 

concentrations observed in 2002 against those of previous years can be found in the 

Milnerton Air Quality project and the CMC Administration monthly reports available in 

CapeTown (2008b). 

The monthly variation of N02 generally shows higher concentrations during the winter 

months for all stations, except for City Hall. The low data capture for Killarney station in 

February (57 %), for City Hall and Table View in March (68 % and 61 % respectively) and 

for Athlone in May (13 %) is noted and these values are not considered to be as reliable as for 

other months. As has already been discussed in chapter 2.4.1, NO and N02 are rapidly inter­

converted during the day depending on the availability of 0 3 and sunlight. Therefore, it is 

expected that high N02 concentrations observed in February at City Hall are linked to the 

balance of 0 3 concentrations and the high insolation and temperatures during that time of the 

year. The peak observed in April at City Hall is attributed to the overall lower than usual 

wind speeds during that time of the year, but also the air pollution episodes attributed to 

temperature inversions and stable atmospheric conditions which occurred between the 10th_ 

12th and 15th_19th (see monthly and episode reports in CapeTown (2008b)). 
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Figure 2-11 : A,-crage monthly variation of NO, (top) and PM," (bottom) ~onccntralion" 

U.lg/m' ) in 2()()2 aero.'\.< variuu, type, of monituring swlions in the GeT A. 

The momhly variation of NO, and PM]" concentration, are _<huwn in Figure 2-11. The low 

l"0, data capmre for Killarney station ill February (57 'Yo ), for City Hall in March (6~ 'Yo) and 

for A!hlooc in May (13 "!oJ j, nuted and these values is nO! consid~reci to be a, reliable as for 

other months. Overall, bigber l"0, concentrations are clearly ob:;erved during the wimer 

months across all stalioru. NO, (the sum ufNO am! KO, ) can be coru;ider~d an inert 8"" and 
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the higher concentrations during the winter months are attributed to the unfavourable 

dispersion conditions which occur during that period of the year (Tyson et aI, 1976), also 

confirmed in Loewenheim (1988) and Ngleza (1989). 

PMIO concentrations across all stations are generally found to be relatively stable all year 

round (Figure 2-11). Concentrations at Khayelitsha station are systematically higher than all 

other stations, though the seasonal variability follows that of the other stations. The higher 

concentrations observed are the result of local emissions sources (smoke) related to wood and 

tyre burning. As already mentioned in section 2.1, specific actions are planned to reduce 

these emissions. The low data capture for Bothasig station in January and July (55 % and 

58 %), for Killarney in February (57 %) and for Athlone in July and November (55 % and 

40 %) is noted and these values are not considered to be as reliable as for other months. The 

higher concentrations observed in February are attributed to slightly lower wind speeds 

compared to other years. For Table View in particular, building operations taking place close 

to the site also contributed to the elevated concentrations. The peak observed at Table View 

station in March is again attributed to the ongoing building operations taking place close to 

the site throughout the month. The peak observed in the month of May for all stations is 

attributed to the lower wind speeds compared to other years and the prolonged air pollutant 

episode that lasted between 18-22 May and was caused by stable atmospheric conditions and 

the re-circulation of air pollutants (see monthly and episode reports in CapeTown (2008b)). 

Apart from the anthropogenic emission sources, it is expected that natural sources such as 

windblown dust and sea salts also contribute significantly to the measured concentrations and 

the seasonal variation of these sources would need to be investigated to analyse the monthly 

patterns any further. 

39 

Univ
ers

ity
 of

 C
ap

e T
ow

n



, 
~ 
g 
o 
o 

30 

15 -----

'0 

05 ---~ , 
0.0 +----_---, 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0, 

/- ~""'-----------

. ...•. ............... -... ./. ...... . 
---- - .... _ .. -------- ..-'-------------_. 
_ • ______ _ L __ .~"" •• __ _ 

• 
" " " , ,, + 

5 
0 ~ ,,, Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Figur~ 2-12: Average monthly variation ufCO (top) and OJ (boltom) conc~ntrations (",gim' ) 

in 2002 across various types of monitoring stations ill the OCT A. 

The monthly variation o[CO and 0) conc~ntralions are shown in Figure 2-ll. The low data 

caprnrc tor CO concentrations m~asur~d at Goodwood station ill September (50 %) is noted. 

CO concentrations across both ,lations are d early found to be higher during the winter 

months, As ha< already been discussed in the analysis of weekly CO variation (figure 2-7), 

the concenmnions at City I [an are primarily due 10 traffic emissions and the peak obsened in 
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December could be due to higher traffic volumes associated with touri,m activity during the 

holiday period. T caflic counts would be needed to further \alidate this point. 

The monthly vanation of 0] concentrations does not reveal higher values during the Summer 

months, as is most commonly found to be the ca~e in e.g. Europe (EEA, 200:\c). This is 

primarily due to the high wind sp"ed, and favourable dispersion conditions which oCCur 

during the summer months (sec figure 2-9) which inhibit the build up of 0) precur>or gases. 

Similarly, high concentrations are found to occur in late winter and early spring, when 

stagnant meteowlogical conditions which most commonly OCCur during that time of the year 

(Tyson et ai, 1976) combtne with high in>olation and higher ambient temperarures. 
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Fil:ure 2-13: Average diurnal variation of wind speed in 2002 across a number of monitoring 

stations in the GeT A. 

The average diurnal variation of wind :;peed at various IOClltion, around Cape Town is shown 

in Figure 2-13. A clear tendency towards higher wind speeds during the afternoon hours i, 

observed, which is in agreement with the pattern from longer time ~eries records (Kruger, 

2oo2). 
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Figure 2-14: Diurnal variation of S02 (top) and NO) (bottom) concentrations (I'gimJ
) m 

2002 aero" variou, type. ()[monitoring ,lations in the GeT A, 

The ayemg~ diurnal variation of SO) and NO, concentrations in 2()()2 arc shown in Figure 

2-14. The SO, panem observed for Killarney industrial ,(utiuu will be directly rdated to the 

industrial activity pattern, the detailed form of which i, not known. The diurnal pattern at 

background stations will aI,,, be influenced by indu:;trial activity. but mo,t1y by traffic 

emission, and tw" T"'aks are observed during the morning and aficm""n hours. M"rning and 
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afternoon peaks are most pronounced at the City Hall traffic station and are related to the 

business working hours. It is important to note that the morning peak is much more 

pronounced than the afternoon peak, which is mainly due to the increased wind speeds which 

are systematically observed during the afternoon hours, as can be seen in Figure 2-13. 

Another contributing factor is most probably the higher traffic volumes expected in the 

morning hours, since these include school related transport which is temporally much more 

dispersed in the afternoon. The higher traffic volumes in the morning hours also coincide 

with the nocturnal radiative temperature inversions which persist into the morning hours until 

the heating from the earth's surface causes an erosion of this inversion layer (see also chapter 

1.3). This leads to increased levels of air pollution between 8:00-10:00 am. 

The diurnal pattern for N02 concentrations at most stations reveals similar peaks to those 

observed for S02, related to the increased vehicle traffic during the start and finish of 

business working hours. The diurnal pattern at City Hall is slightly different, showing 

elevated N02 concentrations throughout the day. This is due to the complex balance between 

0 3 availability, insolation and NO emissions from vehicles which are rapidly converted to 

N02• The city centre, being the centre of main economic activity, is also expected to have 

high traffic volumes throughout the day, leading to increased NO and N02 emissions and 

thus increased N02 concentrations. However, detailed traffic counts are not available to 

confirm this hypothesis. 
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Figure 2-1 5: Diurnal variation of NO, (top) and PMw (bonom) concentrations (~g1ml) m 

2002 across various types ofmonilOring station, in the GCTA. 

TIle average diurnal variation ofNU, and PM,o concentrations in 2002 are shown in Figure 

2-15. For KO, cOllc~ntmti()ns. two distinct peaks arc observed aero" all stations during the 

morning ami afternoon peak traffle hour" A, in the ca,e of SO" the NOx morning p~ak i, 

eSp"cially pronounced, most probably rdated to the reduced wind "])"eds observed in the 
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morning hours compared to the afternoon throughout the area of study (Figure 2-13). The 

close correspondence of S02 and NOx peaks on a daily basis has also been noted in previous 

studies (Jury et aI, 1990). As has been mentioned in the S02 analysis, the higher traffic 

volumes in the morning hours coincide with the nocturnal radiative temperature inversions 

which persist into the morning hours leading to increased levels of air pollution between 

8:00-10:00 am. 

The diurnal variation of PM IO also shows two peaks for most stations. These are primarily 

related to the proportion of PM IO attributed to PM2.5 emissions from traffic. At Khayelitsha 

station, a pronounced evening peak is observed and is related to the increased anthropogenic 

activities in the evenings such as cooking and heating (burning of wood, coal and paraffin). 
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Figure 2-16: Diurnal vm:ialiun of CO (lop) and 0] (bouom) concenlraliuru ("Wm)) in 2002 

aero" various types of monitoring ,!alion, in the GCTA. 

The average diurnal variHlion of CO and 0, in 2002 are ,hown in Figure 2-16, As the CO 

concentration, for both ,!alion' are primarily anribmed 10 CO emis:;ions from traffic, the 

peaks observed are in line with the peal< traffic hours, as has been the ca,e for NO., NO, and 
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S02. The higher morning peak is attributed to the lower dispersion conditions observed in the 

morning, in comparison to the afternoon hours (Figure 2-13). 

The diurnal pattern for 0 3 is similar to that observed in most urban areas (e.g. EEA 2008a), 

and the higher concentrations observed after midday are attributed to the high insolation 

during that time of the day. 

2.4.3 Air pollution episodes 

In this study, NOx concentrations are selected to characterise air pollutions episodes. The 

selection was made for a number of reasons. Firstly, NOx can be considered an inert gas and 

hence can be directly linked to dispersion conditions, unlike N02 which is a photochemical 

air pollutant and its concentration levels change during the day with the changing solar 

isolation levels and its participation in a number of chemical reactions. S02 can also be 

considered inert, but from the analysis in section 2.4.2 it was found that S02 levels are 

closely linked to industrial activity levels, a local emission source compared to traffic, which 

can significantly influence the concentrations measured at certain stations under certain 

meteorological conditions. This study aims at linking air pollution episodes to the large 

circulation patterns which cause stagnant meteorological conditions across most of the aCTA 

and a pollutant with high background concentrations levels is required. A similar problem 

exists with PMIO, for which local emission sources are also found to have a significant impact 

on the concentrations measured, masking in certain cases the link to widespread 

meteorological conditions. Finally, a very important reason for selecting NOx concentrations 

is the temporal and spatial data availability, since e.g. CO concentrations are only measured 

at two stations, whereas NOx data are available for six. For the above reasons, the high NOx 

concentrations observed in the aCT A are found to be most appropriate for the 

characterisation of air pollution episode days in this study. This is in line with previous 

studies focusing on meteorological aspects and air pollution episodes in the aCTA (Jury et 

aI, 1989; Ngeleza, 1989; Jury et aI, 1990; Jury & Barclay, 1992). 

For each station in the aCTA, the variation of average daily NOx concentrations in 2002 and 

the maximum hourly value recorded per day are shown in Figures 2-17 to 2-19. As was also 

pointed out in the analysis of Figure 2-11, for all stations higher concentrations are observed 

during the winter period. The analysis will therefore focus on the six month period April­

September. The highest concentrations are observed at the City Hall traffic station, which is 
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locatcd closc to the monitoring site used in Jury et al (1990) and is the only station in 2002 

that measures concentration:; do,e to the magnitude reponed in Jury et al (1990). 
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Figure 2_17: Daily average and maximum hourly NO. concentration, (Jlglrn') in 2002 

measured at City lIall (top) and BOlhasig (bouom) ,Mion,. 
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Figure 2-19, Daily average and maximum hourly NO, concentrations (~glm" ) in 2002 

measured at Table View (top) and Killamey (bonom) stations. 

In orller to stlllly the link between air pollution episodes, temperature inversion and the larger 

synoptic circulation, it is necessary to establish an "episode lIay·· critenon. Stullies that focus 

on the analysis of air pollution impacts 011 health usually defme such a criterion as the 
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exceedance of air quality objectives. These can be exceedances of the World Health 

Organisation (WHO) guidelines or those indicated in nation,al standards set by legislation. 

For the reporting of air pollution episodes in the aCTA performed for compliance purposes, 

the Air Quality Monitoring Section of the Scientific Services Department of the City of Cape 

Town uses the air quality standards set by DEAT (defined in SANS (2005», but also the UK 

and WHO guidelines. 

This study does not aim at checking compliance, but at determining days with higher than 

average air pollution which can then be linked to specific meteorological conditions and 

larger scale weather producing systems. Along the lines of the work of Jury et al (1990), two 

criteria are set: 

1. The daily average should be at least 1.5 times the monthly average. 

2. The above criterion should be met across more than two stations. 

The second criterion aims at ensuring that the high air pollution observed on the particular 

day is linked to the meteorological conditions that occur in the greater area and not just a 

phenomenon caused by local topography or a local emission source. Using both these criteria, 

49 episodes days are found to occur between April and September 2002 and of these 12 occur 

in just two stations, 8 in three stations, 12 in four stations, 11 in five stations and 6 in all six 

stations (see Annex II for a complete list of days). The episode days resulting from the 

application of both these criteria to the whole 2002 time series (January-December) leads to 

87 episode days, i.e. 38 occur in the summer period between January-March and October­

December. However, the intensity of the episodes is much reduced in the summer months, 

since from the top 37 episode days only 8 are in the summer months and of these one is in 

late March and the other beginning of October (hence almost in the winter period). The above 

results were obtained by categorising the episode days firstly according to the number of 

stations that the episodes occur in (i.e. episodes across all 6 stations are at the top of the list) 

and secondly according to the magnitude of the episode at the Athlone background station (a 

typical background station located far from local emission sources). 

For comparison purposes it is also mentioned that using the criterion that the daily average 

should be twice the monthly average leads to 20 episode days in the winter period, of which 8 

occur in just two stations, 5 in three, 4 in four, 1 in five and 2 in all six. 
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3. Climate Change 

According to the Fourth Assessment report (AR4) of the Intergovernmental Panel on Climate 

Change (IPCC), an average global warming ofO.74°C ± O.l8°C has been observed in the last 

100 years (IPCC, 2007a: 237). It is estimated that by the end of the century, even if global 

Greenhouse Gas (GHG) concentrations are stabilised at year 2000 levels, the long response 

time of the climate system will still lead to further global warming of around 0.6°C (IPCC, 

2007a: Table TS.6). It is therefore clear that changes to the currently observed climate will 

occur due to past GHG emissions, even if drastic measures to halt their further increase are 

immediately taken. Until today the international community has failed to reduce GHG 

emissions and drastic measures do not seem to be under discussion, so it appears very 

unlikely that concentrations will be stabilised at year 2000 levels in the immediate future. 

This means that by the end of the century global warming is expected to be more than 0.6°C. 

Although global average temperature is expected to increase, the changes in climate will be 

different in each region reflecting changes in the atmospheric and oceanic circulation and 

other components of the climate system. According to the AR4 the whole of Africa is 

predicted to get warmer during this century and in southern Africa the rainfall is likely to 

decrease in the western part and in much of the winter rainfall region (IPCC, 2007a: 866). In 

order to further assess the impact of climate change at the regional scale, the application of 

regional climate models or empirical downscaling techniques is required (IPCC, 2007a: 852), 

as the spatial resolution of General Circulation Models (GCM) is too coarse to reveal detailed 

information. 

The insufficient climate data and the restrictions in computational facilities and human 

resources have lead to very few regional studies being conducted in Africa (IPCC, 2007b: 

443). However, in recent years significant efforts have been made to develop the potential to 

assess regional climate change within Africa (e.g. Hewitson et aI, 2006) and important 

fmdings have already been published (e.g. New et aI, 2003; Tadross et aI, 2005; Hewitson & 

Crane, 2006; Tadross et aI, 2006; Tadross et aI, 2007). 

A study of precipitation changes over South Africa using empirical downscaling indicates an 

increased summer rainfall over the central and eastern part of the country, whereas little 
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change is expected in the region of the Western Cape, though an overall drying in summer 

and a slight decrease in winter frontal rainfall is noted (Hewitson & Crane, 2006). 

3.1 General Circulation Models (GCMs) 

Climate is defined as the long-term statistics of the weather, i.e. the average of the weather 

globally or in a particular region over a long period of time. General Circulation Models 

(GCMs), also referred to as Global Circulation Models, incorporate the fundamental physical 

laws such as conservation of mass and energy and momentum and consider a series of 

observations to simulate the overall behaviour of the atmosphere. GCMs are mathematical 

representations of the climate system, expressed as computer codes and run on powerful 

computers. 

GCMs have shown "significant and increasing skill" (lPCC, 2007a: 600) in representing 

many important mean climate features, such as the large-scale distributions of atmospheric 

temperature, precipitation, radiation and wind, and of oceanic temperatures, currents and sea 

ice cover. They have also been found able to simulate essential aspects of many of the 

patterns of climate variability observed across different time scales (e.g. advance and retreat 

of monsoon systems, seasonal shifts of temperatures, the Northern and Southern 'annular 

modes'). GCMs, or models very closely related to them, have been successfully used to make 

seasonal forecasts, demonstrating their ability to represent important features of the general 

circulation across shorter time scales, as well as aspects of seasonal and interannual 

variability (lPCC, 2007a: 600). 

Another very important aspect of GCMs is their ability to reproduce features of past climates 

and climate changes. They have been found capable of simulating ancient climates, such as 

the warm mid-Holocene (-6,000 years ago) or the last glacial maximum (-21,000 years ago). 

GCMs have also been found to simulate many observed aspects of climate change over the 

instrumental record. The most important example is global temperature trend over the past 

century, which can be modelled with high skill when both natural and human factors that 

influence climate are included (lPCC, 2007a: 601). However, this does not directly imply that 

GCMs can also simulate future climate with a similar degree of accuracy, as it cannot 

necessarily be assumed that the relationships between circulations and variables used in the 

various parameterisation schemes remain constant in time. 
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It remains a fact that many micro-physical processes are still poorly understood, rendering 

their consideration in GCMs very difficult and resulting in inherent inaccuracies and 

uncertainties in all GCMs (Peixoto & Oort, 1992, IPCC, 2007a: 601). Moreover, the effect of 

some large scale circulations on remote areas of the earth are also either not understood or 

captured in many models. 

To assess the differences between GCM outputs, a number of model intercomparison studies 

have taken place to compare model results under different types of simulations (IPCC, 2007a: 

594). In recent years, the Coupled Model Intercomparison Project (CMIP) Phase 3 provided 

important input to the IPCC AR4 by collecting and archiving GCM output from simulations 

of the past, present and future climate. This unprecedented collection of recent model output 

is officially known as the "WCRP CMIP3 multi-model dataset" (CMIP, 2009). 

In this study three GCMs were used to acquire an insight in the range of possible climate 

futures in the region influencing the climate in the GCTA, according to the selected IPCC 

SRES scenario. The data was obtained from the "WCRP CMIP3 multi-model dataset". A 

brief description of the three models can be found in the section below. 

3.1.1 ECHAM5 

The ECHAM5 is the fifth generation most recent version of the Max Planck Institute (MPI) 

for Meteorology (Germany) GCM. Like its predecessors, ECHAM5 employs a spectral 

dynamical core. Vorticity, divergence, temperature and the logarithm of surface pressure are 

represented in the horizontal by a truncated series of spherical harmonics. A transform 

technique developed in the 1970's (details in Roeckner et al (2003)) is used such that non­

linear terms, including parameterizations, are evaluated at a set of almost regularly distributed 

grid points - the Gaussian grid. The model's horizontal resolution roughly translates to 

1.9° x 1.9°. In the vertical, a flexible coordinate is used, enabling the model to use either the 

usual terrain following sigma coordinate or a hybrid coordinate for which upper-level model 

surfaces flatten over steep terrain, becoming surfaces of constant pressure in the stratosphere. 

There are 31 levels in the vertical and the pressure at the top level is 10 hPa. The ocean model 

has a horizontal resolution of 1.5° x 1.5° and 40 levels in the vertical. A detailed description 

of the atmospheric model is given in Roeckner et al (2003) and of the ocean model in 
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Marsland et al (2003) and references therein and a summary of the main characteristics are 

available through the Coupled Model Intercomparison Project website (CMIP, 2009). 

3.1.2 CNRM-CM3 

The CM3 is a coupled GCM model developed by the Centre National de Recherches 

Meteorologiques (CNRM) at Meteo France. This coupled GCM is based on the ARPEGE­

Climat version 3 atmospheric model and the OP A8.1 oceanic model. ARPEGE-Climat is a 

spectral model with a progressive hybrid sigma-pressure coordinate and a two-time-Ievel 

semi-Lagrangian semi-implicit integration scheme. All the physics and the treatment of 

model nonlinear terms require spectral transforms to a Gaussian grid. The model's horizontal 

resolution roughly translates to 1.9° x 1.9°. The vertical levels are defined with a progressive 

hybrid sigma-pressure vertical coordinate including 45 layers, in order to correctly represent 

the atmospheric circulation in the stratosphere. The pressure at the top level is 0.05 hPa. The 

OPA 8.1 ocean model has a horizontal resolution of 2° in longitude and varies in latitude 

from 0.5° at the equator to 2° in polar regions and has 31 levels in the vertical. A detailed 

description of the atmospheric model is given in Salas-Melia et al (2005) and of the ocean 

model in Madec et al (1998) and references therein and a summary of the main characteristics 

are available through the Coupled Model Intercomparison Project website (CMIP, 2009). 

3.1.3 CSIRO-MK3.5 

The MK3.5 GCM model is one of a series of models developed by the Commonwealth 

Scientific and Industrial Research Organisation (CSIRO) in Australia. It is based on MK3.0, 

but includes a number of physical parameterisation and numerical improvements compared to 

its predecessor. The model's horizontal resolution roughly translates to 1.9° x 1.9° and it has 

18 vertical levels with 4.5 hPa pressure at the top level. The dynamical framework of the 

atmospheric model is based upon the spectral method. The atmospheric model includes a 

comprehensive cloud microphysical parameterisation and the convection parameterisation is 

based on that used in the Hadley Centre model. Atmospheric moisture advection is carried 

out by the semi-Lagrangian method. A simple treatment of the direct radiative effect of 

sulphate aerosol using a perturbation of the surface albedo is included. The MK3.5 ocean 

model is based on the Geophysical Fluid Dynamics Laboratory (GFDL) Modular Ocean 

Model version 2.2 (MOM2.2). It has a horizontal resolution of 0.8° x 1.9° and 31 levels in the 

vertical. A detailed description of both model components is given in Gordon et al (2002) and 
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references therein and a summary of the mam characteristics are available through the 

Coupled Model Intercomparison Project website (CMIP, 2009). 

3.2 Scenarios and tools for the assessment of climate change 

For synthesising and communicating the extensive information produced and used in studies 

related to CC, a number of tools must be combined. In this study two tools are used. CC 

scenarios are necessary to contextualise the future and set the range of values for certain 

variables and SOMs are used to visualise and assess GCM results. 

3.2.1 Climate Change scenarios 

"Climate scenarios are plausible representations of the future that are consistent with 

assumptions about future emissions of GHGs and other pollutants and with our understanding 

of the effect of increased atmospheric concentrations of these gases on global climate" 

(IPCC-TGICA, 2007). A climate scenario is an indication of what the future could be like 

depending on assumptions about e.g. economic growth, global population figures, energy 

demand, emissions of GHGs and aerosols as well as aerosol precursors (which lead to 

secondary aerosol production), land use changes, which together with the assumptions about 

the behaviour of the climate system over long time scales lead to an image of the future. 

The IPCC Special Report on Emission Scenarios (SRES) groups the IPCC scenarios into four 

families AI, A2, BI and B2, which explore alternative development pathways, covering a 

wide range of demographic, economic and technological driving forces and resulting GHG 

emissions. The SRES scenarios do not include additional climate policies above current ones. 

The current study will make use of the SRES A2 scenario which according to IPCC (2000) 

"describes a very heterogeneous world. The underlying theme is self-reliance and 

preservation of local identities. Fertility patterns across regions converge very slowly, which 

results in continuously increasing global population. Economic development is primarily 

regionally oriented and per capita economic growth and technological change are more 

fragmented and slower than in other storylines". 

The focus of this study will be on the changes likely to occur in the period 2046-2065. 

According to the A2 scenario, a global temperature increase of 1.65°C is predicted for the 

period 2046-2065 relative to the period 1980 to 1999 (IPCC, 2007a: 763). The CO2 
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concentrations for the middle of the century are predicted to be -550 ppm as a result of a 

steady increase of CO2 emissions which will reach 18 GtC/yr by the middle of the century 

(IPCC, 2007a: Figure 10.26). 

3.2.2 Self-Organising Maps (SOMs) 

A Self-Organising Map (SOM) is part of a large group of techniques known as Artificial 

Neural Networks (ANNs). It was developed by Kohonen (1997) and is a tool that can be used 

to cluster, classify and visualize multi-dimensional data sets. SOMs are widely used across a 

number of disciplines and in recent years have been successfully used in climate applications 

(Hewitson, 2008). 

A SOM is a type of unsupervised ANN that will span the data set and determine nodes 

(archetypal points) around which the data can be clustered. Unlike other clustering 

techniques, it does not identify clusters in the multi-dimensional data set, but rather identifies 

archetypal points that are capable of representing the data around them. An important 

characteristic, compared to other synoptic classification techniques is that a SOM is capable 

of representing non-linear relationships, as it makes no assumptions about the properties of 

the data set (Skupin & Agarwal, 2008). Also, in the atmospheric field the SOM analysis is 

particularly useful as it preserves the continuous nature of the synoptic states, while allowing 

their complex distribution to be clearly visualised, as it places the most dissimilar 

atmospheric states in the most distant nodes of the SOM and the similar states in adjacent 

nodes (Hewitson, 2008). 

A SOM provides the user with a two-dimensional matrix, reflecting the distribution of the 

input data set. Each element of the matrix is a node (archetypal point) capable of representing 

the data around it. The SOM (matrix) is trained in an iterative way, with each node being 

weighted by the input data that most closely match the node. A difference with most cluster 

algorithms is that during this process the neighbouring nodes are also incrementally adjusted, 

in accordance with a user defined update kernel (Skupin & Agarwal, 2008). 

In atmospheric applications each node is a particular synoptic state for a particular variable. 

By studying the frequency with which each synoptic state occurs in the initial data set used to 

train the SOM (i.e. the number of input data that map to each node), the current climate 

characteristics (synoptic states) for the reference period are determined. New data can then be 
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introduced and the SOM will map the new data set onto the existing matrix. The changes in 

the frequency with which the new data maps to each node compared to the initial "training" 

data set can then easily be visualised and interpreted (Hewitson & Crane, 2002; Hewitson, 

2008). 

4. Data and Methods 

4.1 Radiosonde data and link to air pollution episodes 

In section 2.4.3, the criteria for selecting air pollution episode days in 2002 are discussed in 

detail. These are: 

1. The daily average should be at least 1.5 times the monthly average. 

2. The above criterion should be met across more than two stations. 

These criteria lead to the selection of 49 days between April-September 2002 (see Annex II). 

In order to link air pollution episodes to temperature inversions, radiosonde data are used. 

These were provided by the South African Weather Service following a specific formal 

request (Linnow, 2008). The data are from Cape Town International Airport (World 

Meteorological Organisation Index number 68816) which is located at 33°58'S 18°36'E and 

46 m above sea level. The vertical profile of the atmosphere at this location is registered 

twice daily, at approximately midday and midnight. As has already been discussed, the 

wintertime temperature inversions that occur during the night persist into the morning hours 

and therefore the midnight soundings are considered to be more representative of the 

conditions that occur in morning hours (when brown haze is most observed) compared to the 

midday soundings and these will be used in the analysis that follows. 

The vertical temperature profile in the boundary layer, which is taken to be between 0 and 

~ 1500 m, for each of the 49 episode days is given in Figures 4-1 to 4-3 separately for each 

winter month. Temperature inversions in the lower boundary layer (approx. below 200 m) 

become progressively stronger as one moves towards the coldest winter months (radiative 

inversions). Temperature inversions are observed to occur on almost all 49 days, with the 

exception of 10/9. Also, very weak inversions are observed on 26/4 and 10/7. 
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4.2 SOMs applied for the analysis of current climate 

In this study two variables are selected to apply the SaM technique, (i) Sea Level Pressure 

(SLP) which is expected to capture the anticyclonic circulation influence on temperature 

inversions and (ii) humidity at 850 hPa which is expected to reflect the drier conditions 

associated with the influence of berg winds (see analysis of Figure 1-2). 

The software package SOM_PAK version 3.2 (Kohonen et aI, 1996) was used to create the 

SOMs used in this study. The procedure involves firstly a random distribution of nodes, 

where each node is defined by a reference vector of weighting coefficients and each 

coefficient is associated with each variable. As the input data are presented to the SaM, the 

similarity of each data record and each of the node reference vectors is calculated (Hewitson 

& Crane, 2002). The second round of iterations uses a smaller update radius (number of 

neighbouring nodes adjusted) and its purpose is to fine tune the values of the reference 

vectors. The user defines the update radius (radius parameter), the number of iterations 

(running length parameter) and the degree of similarity between the reference vector and the 

input vector (learning rate). The latter two should increase and decrease respectively in the 

second round of iterations. The topology of the map and the neighbourhood function type are 

also user defined (for details see Kohonen et aI, 1996). 

The user also defines the size of the SaM at the start of the process, by defining the number 

of nodes in the x and y direction (e.g. a 4 x 3 SaM matrix has 12 nodes). The definition of 

the SaM size is mostly arbitrary, but a balance should be sought since the use of too few 

nodes will not allow for sufficient generalisation and too many will make the analysis overly 

complex (Crane & Hewitson, 2003). As the number of nodes increases with the use of a 

larger size SOM array (matrix), the number of input data mapping to each node will decrease 

and if this results in very few data mapping to each node, this can lead to difficulties in the 

interpretation. In this study two different size SOMs were tested, 4 x 5 and 4 x 3 and the 4 x 3 

SaM was found to be optimal. 

4.2.1 NCEP reanalysis data 

For the characterisation of present-day/recent climatology in the region of study, 

climatological data are required for a specific baseline period. In this study the NCEP-DOE 

Reanalysis 2 data set (NOAA, 2008) for a 29 year winter period (April-September 1979-
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2(07) IS used. The study domain extends from lat 40" to 24"S and Ion 10" to 26"£ and 

includes the weSler~ pan of South Afrj~a and the so uth part of ~amibia. as shown in Figure 

H 

Figure 4-4: The NeEP re-griddcd study domain used to analyse the :;ynoptic conditions 

alTeeling meteorology in the GC"TA. 

The ~CEP-DOE Reanalysis 2 daw set has a spatial resolution 01'2.5' x 2.5" As the results 

will need to be compared again,t GeM data, both ~CEP and GeM were re-griMed to a 

common compromise grid of 2.0' x 2.if using the Bessel interpolation method. It ,hould be 

recalled that the original spatial resolution of all three GeM, was approximately 1.9" x 1.9', 

The NCEP-DOE Reanaly.;, 2 data arC a,'ailablc tor four hours a day al 0000, 0600, 1200 and 

1800. However, the GeM results are only available as daily av~rages therefore the daily 

average of tm, NCEP-DOE Reanaly,;s 2 data wa< used to tmin the SUM. The re-griddcd 

dmnain <iz~ i, 9 ~ 9 grid, and can be ,e~n in Figure 4-4. The data for the two variables 

~ho""n (SLP and relative humidity at ~50 hPa) were normalised (standardised by subtracting 

th~ mean and dividing by tlJ<, standard deviation) and concatenated into the file lonnat 

required by the software package. Using standardIsed data a""t, in th~ analy,i, of the result< 

as the systetnatic bias is remov~d, thu, enabling the comparison against other data sets (here 

against tm, model re<ult,) , inee the data is expressed as a dilTcrenee Irom ita mean value. 
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For the creation of the SOM maps, a number of runs with different parameter settings were 

performed. In the final runs presented in this study random initialisation training was used 

with a rectangular lattice topology type and a bubble neighbourhood function type. The 

running length was set initially at 30 000, with a learning rate (alpha) of 0.1 and a radius of3 

and then increased to 50 000, with an alpha of 0.0 I and a radius of 1. The size of the SOM 

was 4 x 3 and therefore consisted of 12 nodes. The results can be found in section 5.1. 

4.2.1.1 Comparison between NCEP reanalysis and radiosonde data 

In order to test how well the NCEP-DOE Reanalysis 2 data reflect the vertical profile of the 

atmosphere in the study domain, a comparison between the vertical temperature profiles from 

the radiosonde data for the 49 air pollution episode days and the NCEP data was performed. 

There are certain restrictions in performing this comparison. Firstly, the NCEP data set has a 

spatial resolution of 2.5° x 2.5° and the grid cells where the GCT A is located can be seen in 

Figure 4-5. A problem that is immediately apparent is that the GCTA is not located in the 

centre of a grid cell, but rather it is located very close to a grid point. Also the cell in which 

the GCTA is located contains mostly sea and very little land surface and therefore the NCEP 

data for this cell are likely to represent the conditions above the ocean better than those over 

the land surface. 

The four cells closest to the GCTA are located at (approximate centre of the grid cells): 

lat 33°S Ion 17.5°E (cell_I), lat 33°S Ion 200 E (cell_2), lat 35°S Ion 17.5°E (cell_3), lat 35°S 

Ion 200 E (cell_ 4). The radiosonde data obtained from Cape Town International Airport 

(located at 33°58'S 18°36'E) were compared against the NCEP data for cell_l and cell_3. 

The NCEP data has 10 levels in the lower boundary layer and the vertical temperature 

profiles are available for the following distances from the surface (m): 200, 250, 300, 400, 

500, 600, 700, 850, 925, 1000. Only the first two levels were used for the comparison. The 

NCEP-DOE Reanalysis 2 data are available 4 times a day (0000, 0600, 1200 and 1800) and 

the midnight (0000) hour was used and compared against the midnight radiosonde data that 

were used in other parts of this study (see section 4.1). 

As the vertical resolution of the NCEP data is coarse compared to that of the radiosonde data, 

NCEP data were searched for either temperature inversions or very stable atmospheric 
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conditions (temperature difference, near 10 cumtanl). The ""ulls ,howed lhal for grid ccll_l 

37 day" and for grid cell_3 35 days, out of the IOtal4'! episode day., showed temperalure 

inversions or very .table atmo.<pheric condition •. Oul of Ihe epi"ode day, nol j()und to have a 

lempemlure inver>!on ()r ,'ery ,lable atmospheric conditions, the three days are tho.<e al>o 

noted in section 4.1 (10/9, 26/4 and 10/7) for which either a temperature inversi(lll wa, nol 

obsef\o'ed in the radiosonde data. or a very weak inversion wa. ob.erveu. Overall, the vertical 

profi ie. extracted fmm the KCEP data afe f(lUnd to compare well against the radiosonde data. 

Figure 4-5: The NCEP-DOE ReanalySl' 2 grid cell location (prior to the re-gridding) [or the 

area close Ul the GCTA (spatial resolution 2.5" x 2.5°). Each of the four cell. of intere.t hill' 

been numbered for ea.e-of-use in the analysis. 

4.2.2 (;CM data 

Prior to lL<ing GeM results to study the changes likely to occur in the climatology of a region 

in the future. it is necessary to compare the GeM re.ults for a COIl1rol period again,t tho", 

obtained using an ob,ervational data .<et. The GeM results used in thi, study were obtained 
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from the World Climate Research Programme (WCRP) Coupled Model Intercomparison 

Project Phase 3 (CMIP3) multi-model database (CMIP, 2009). 

For the assessment of the performance of the three GeMs used in this study, a 40 year control 

(reference) period was chosen (April-September 1961-2000), which was compared against 

the current climatology projected through the NCEP-DOE Reanalysis 2 data set described in 

section 4.2.1. The GCM data was available as daily averages at a spatial resolution of 

approximately 1.90 x 1.90 and was re-gridded to 2.00 x 2.00 using the Bessel interpolation 

method. The data for the two variables chosen (SLP and relative humidity at 850 hPa) were 

normalised (standardised by subtracting the mean and dividing by the standard deviation) and 

concatenated into the file format required by the SaM software package and were then 

introduced to the SaM trained using the NCEP-DOE Reanalysis 2 data set. The results can 

be found in section 5.2. Using standardised data assist in the analysis of the results as has 

already been mention in section 4.2.1. 

4.2.3 Means and standard deviations for NCEP and GCM data 

The means and standard deviations for each of the three GCMs and the NCEP-DOE 

Reanalysis 2 data set, which were used to standardise the data and prepare the input data sets 

to run the SaM, are shown in Table 4-1. 

Table 4-1: Mean and standard deviation for the two variables (SLP and relative humidity at 

850 hPa) for each of the three GCMs (ECHAM5, CNRM-CM3 and CSIROOMIO.5) and the 

NCEP-DOE Reanalysis 2 data set. 

Difference % change 
between model between Control 

Data set Variable Control Future and NCEP and Future 

NCEP SLP (Pa) 
mean 101,690 -
stdev 552 -

ECHAM5 SLP (Pa) 
mean 101,814 101,825 0.1% 0.0% 
stdev 668 655 21.0% 

CNRM-CM3 SLP (Pa) 
mean 102,052 102,097 0.4% 0.0% 
stdev 539 536 -2.2% 

CSIRO-MK3.5 SLP (Pa) mean 101,653 101,635 0.0% 0.0% 
stdev 651 657 18.0% 

NCEP Relative Humidity (%) 
mean 48.2 -
stdev 23.7 -

ECHAM5 Relative Humidity (%) 
mean 59.2 56.4 22.7% -4.7% 
stdev 24.8 25.7 0.2% 

CNRM-CM3 Relative Humidity (%) 
mean 56.0 55.3 16.1% -1.2% 
stdev 24.7 24.5 0.2% 

CSIRO-MK3.5 Relative Humidity (%) 
mean 52.1 50.2 8.1% -3.7% 
stdev 22.9 23.3 -0.1% 
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From the statistics presented in Table 4-1 it is important to note the differences between 

model and the NCEP-DOE Reanalysis 2 data set for the control simulation, as well as the 

differences between GCM control and future simulations. For SLP, CNRM-CM3 slightly 

overestimates (by 0.4 %) the NCEP baseline value but has a standard deviation close to that 

of NCEP, whereas both ECHAM5 and CSIRO-MK3.5 simulate mean values close to that of 

NCEP, but with a relatively higher standard deviation. All models simulate very similar SLP 

in the future compare to the GCM control period. 

For relative humidity the results are rather different. In the control simulation ECHAM5 and 

CNRM-CM3 models overestimate the average value for the study domain (by 22.7 % and 

16.1 % respectively) compared to NCEP but have a similar standard deviation. The CSIRO­

MK3.5 model also overestimates the relative humidity compared to NCEP but less than the 

other two models (8.1 %) and also has a similar standard deviation to NCEP. All models 

project a reduction in the relative humidity in the future compared to the model control 

period, with models ECHAM5 and CSIRO-MK3 projecting an average reduction of 4.7 % 

and 3.7 % respectively and CNRM-CM3 only projecting a reduction of 1.2 %. 

5. Results 

5.1 SOM training using NCEP data 

A 4 x 3 sized SOM was selected which lead to 12 nodes, i.e. the categorisation of the input 

data into 12 synoptic classes. Each synoptic class was determined using two variables, SLP 

and relative humidity at 850 hPa and the results are shown in Figure 5-1. The use of SLP 

allows for the surface flow to be visualised, whereas the relative humidity at 850 hPa allows 

for a characterisation of the properties of the upper air mass. 

The Sammon map corresponding to the SOM results presented in Figure 5-1 is shown in 

Figure 5-2. In reality the nodes are not equally spaced out in the SOM space as shown in 

Figure 5-1 and the Sammon map is a two dimensional approximation of the Euclidean 

distance between the nodes (e.g. Hewitson & Crane, 2002). The nodes are found to be very 

well spaced out i.e. correspond to relatively distinct synoptic classes, and although the 

Sammon map is tilted to the left it is still apparent that the nodes in the top and bottom left 
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comer are more similar than the ones in the top and bottom right side of the SaM. This point 

also becomes clear from the analysis that follows. 

The synoptic states in the top right side of the SaM are associated with strong anticyclonic 

influence over the south western part of South Africa, as a stronger than average SLP 

associated with the South Atlantic High Pressure (SAHP) system is clearly seen in the 

west/south-western part of the domain. The relative humidity at 850 hPa for these synoptic 

states appears to be close to, perhaps even slightly lower than, the average observed for the 

winter period. 

Moving down towards the bottom right side of the SaM, the synoptic conditions are related 

to a west coast trough. This is also associated with berg winds which bring dry continental air 

towards the south-western part of the country and the relative humidity at 850 hPa for these 

synoptic states is clearly lower than the winter period average. 

In the top left and bottom left side of the SaM, a cold front is present in the south, south-east 

or south-west of the continent, causing a lower than average SLP and a higher than average 

relative humidity in the area of interest (south-western part of the country). 
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Figure 5-1: A SOM of standardised SLP (top) and relative humidity {bonomj based on NCEp·DOE 

R~arudy~is 2 oJat3 rOI U 29 year winler peri oo (April-September 1979-2001), blue corn:~pooo.l. tn 

lower thiln ~v~i1Il!( valu(~ and r • ..J to higher than avemge_ 
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Figure 5-2: Sammon map corresponding to lh~ 4" 3 SOM of Figure 5-1. where a vcry good 

spacing "fthe nodes in SOM space is noted. 

The fr~'luency of days in the NCEP-DOE Reallaly,is 2 data that map to each node is shown 

in Figure 5-3. The distribution of days is fairly ullifonn, with the Ikqucncy for most nodes 

varying bem:een 7" - 10,0 ~o, though a lower frequency is noted for the central T100e8 (6.1 

and 5 %). The a,'crage error associal~d with each node is shown in Figure 5-4. 

figur~ 5-3: The NCEP-DOE Reanalysis 2 frequency or days Wo of days) (hal map to each 

node in the SOM for the complete set "finput data (April-September 1979-2(07). 
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10.0 9.0 8.4 9.0 12.6 7.7 6.0 11.5 0.0 4.1 6.1 16.3 

9.3 6.1 5.0 8.5 8.7 6.0 2.2 10.4 2.0 6.1 0.0 16.3 

9.3 9.1 7.5 8.8 8.2 8.7 9.3 8.7 0.0 8.2 20.4 20.4 

Figure 5-4: Comparison between the NCEP-DOE Reanalysis 2 frequency of days (% of days) 

that map to each node in the SOM for the whole reference period (1979-2007) on the left, for 

2002 in the middle and for the air pollution episode days in 2002 on the right. 

6.1 7.2 8.0 8.1 6.7 8.3 9.3 8.5 9.0 10.3 9.0 

5.6 7.3 8.6 8.5 6.0 7.7 10.0 8.6 6.5 9.3 8.6 

6.0 7.4 8.6 8.8 6.9 9.0 8.7 8.9 7.9 8.2 9.0 

Figure 5-5: The average error with which the complete set of NCEP input data (April­

September 1979-2007) maps to each node on the left, the error for 2002 in the middle and for 

the air pollution episode days in 2002 on the right. 

In Figure 5-4, the frequency of days mapping to each node for the entire baseline period 

(April-September 1979-2002) from Figure 5-3 is compared against the frequency for April­

September 2002 and also against the frequency with which the 49 air pollution episode days 

map to each node. The results are found to be largely comparable. The NCEP frequency 

distribution in 2002 is found to have a slightly larger range (8 - 13 %) compared to that of the 

whole data set, but still comparable thus verifying that the year 2002 climatology does not 

differ significantly from the average climatology. A low frequency for nodes (2,1) and (1,1) 

is also noted in 2002, in line with baseline period results where the frequency for these nodes 

was also found to be low, though for node (2,1) this is found to be lower than in the NCEP 

results using the whole data set (2 % compared to 5 %). 

The average error values for each node shown in Figure 5-5 give an indication of how well 

the synoptic states reflected by the SOM match the actual data. Each input data (each day of 

data) is associated with an error value, from which an average error value per node is 

71 

Univ
ers

ity
 of

 C
ap

e T
ow

n



detennined. The error values are a measure of the average Euclidean distance each data entry 

has from the node reference vectors. The range of error for the NCEP data for the complete 

baseline period is 5.6 - 8.8. This range is relatively high, indicating that a detailed analysis 

using other size SOMs could take place and another size may be found to have a smaller error 

range. For the 2002 data the range of error is found slightly larger (6.0 - 10.0), which is to be 

expected since not all the synoptic states over the period 1979-2007 are expected to be 

observed in one year. However, this error is still comparable to that for the whole baseline 

period, verifying that overall the synoptic states in the year 2002 are reflected in the SaM. 

The range of error for the 49 episode days is found to be similar to that for the whole of 2002 

(6.5 - 10.3). 

The frequency with which the air pollution episode (and hence temperature inversion) days 

map to each node reveals a clear preference towards the synoptic conditions associated with 

(a) the South Atlantic High Pressure (SAHP) system off the coast of the south western part of 

the country (represented by the states in the top right side of the SaM) due to the subsiding 

air mass linked to this higher pressure system and (b) the west coast trough associated with 

berg winds bringing dry continental air towards the south western part of the country (bottom 

right side of the SaM). From the data used in this study it appears that in 2002 more air 

pollution episode days are associated with west coast troughs than with the influence of the 

SAHP system, though for a generalisation of this finding a larger data set would be needed. A 

very low frequency is associated with the synoptic states representing the cold fronts, as the 

winds and precipitation associated with them break down any chance of temperature 

inversion and hence the probability of having an air pollution episode is greatly reduced. 
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In Figures 5-6, 5-7 and 5-8 the temperature inversion profiles of the days mapping to each 

node in the SOM are presented. As can also been seen from Figure 5-4, most episode days 

map to the nodes in the bottom right comer (nodes 2,0 and 3,0) associated with a west coast 

trough and consequent dry berg winds. Interestingly, the average temperature inversion 

strength at heights below ~200 m associated with these synoptic states (Figure 5-6) is also the 

highest observed (6.9°C for node 2,0 and 5.3°C for node 3,0). The nodes with the next highest 

frequency of episode days are nodes (3,1) and (3,2) associated with the anticyclonic 

circulation off the south western South African coast. The average temperature inversion 

strength associated with these synoptic states is also high, but lower than for the previous two 

nodes and is found to be 4.3°C for (3,1) and 3.9°C for (3,2) as shown in Figure 5-7 and Figure 

5-8 respectively. Table 5-1 summarises the average temperature inversion strength for the 

days mapping to each SOM node. 

Table 5-1: Average temperature inversion strength eC) for heights below ~200 m 

corresponding to each synoptic state of the SOM. 

0 2.7 1.9 3.9 

3.6 4.1 0 4.3 

0 4.0 6.9 5.3 

Overall, the strength of the temperature inversions associated with west coast troughs 

combined with the results of Figure 5-4 where more air pollution episode days are found to 

be associated with the west coast troughs, may imply that the west coast trough is a stronger 

driver for air pollution episodes compared to SAHP system. However, this finding still needs 

to be confirmed using a larger radiosonde and air pollution data set. 

5.2 Current climatology using GCMs 

The three GCMs were used to simulate the present climate (referred to as control or reference 

run) using data (daily averages) for the period April-September 1961-2000. The new input 

data were presented to the SOM, which mapped each sample in the new data set to a node in 

the two-dimensional node space. The results are presented in terms of the frequency of days 

mapping to each synoptic state (Figure 5-9 for ECHAM5, Figure 5-11 for CNRM-CM3 and 
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Figure 5.1 3 for CSIRO-MK3.5). In Figures 5· 10, 5· ]2 and 5· 14 the skill or each model in 

simulating tlw current ~linlatology is ~ompared agai~t the reSults using tM N(t:P·DOI:. 

iU<!n"ly.is 2 data !oCt. The em" .... itb .... hid l each modd data l'\: t maps 10 the SOM e~u be 

found in Arukl{ III . 

'.9 

9.4 .5 ... ... 
Figun ~9: Th~ ECHAM5 frequency of days ('l'o or days) that map 10 each node ill the SOM 

for the cont rol period ruJ1 (April_5<'ptcrnlJ,.,. I % I-WOO). 

11 .3 n 6.' ., 10.0 g, g" g , 

'" B'> ••• B.' g., S. , 5.' " 
g .• " B.' ... B.' " " B.' 

Figu r~ ~ I O: Cnrnparison bec .... ecn lb.e ECHA.'v!5 ti-~q"""",y of dayS W. IIr day~) thai mall to 

each outIe 'n fhe SOM for the eontrol period run (A]Iri I·Scpl~"t1lbc:r 1961-2000) on th~ k fl and 

the 1\CEp·DOE Reanalysis 2 fr"'juclley lo[ the M!;eli"" P<'rlnd (1979·2007) nil the right. 
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The results of the ECHAM5 model compare well agamsl the r~sulls using the NeEP data set. 

Th~ distribution of days is found to be fairly uniform in tile control period, with the fr~~u~ncy 

for most nodes varying between 7.7 - 11.3 % (compar~J to 7.5 - 1O.0'\''' for NeEP). A lower 

fr~'lU~Ilcy is nOl~o.I for the two central nodes, 6.2 % and 4.4 %, simi larly to the }.IeEP results 

where these nodes were found to have a frequency of6.1 am15.0 % respt<cli,dy. 

Figure 5-11 : The CNRM-CM3 frequency of days (0/0 of days) that map to each node in the 

SOM for the comrol period run (Apri l-Sept~mbt:r 1961-2000). 

" " " " 10.0 '0 "' " 
n 1 , .6 "" " " " , ' .0 0; 

•• " '" , .• " " " 0.0 

Figure 5-12; Comparison between lh~ CNRM-CM3 frequcrICy of days (% of days) thaI map 

to each node in lh~ SOM for the control period run (April-St:pl~mbt:r I %1-2(00) on the left 

arid the NCEP-DOE Reanalysis 2 frequency for !he basdine period (1979-2007) on the right. 
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The frequency with which the CNR1>1-CM3 model results map to the SOM nodes is slightly 

different to that of the NCEP ba""line in the lower left side of the SOM and for the central 

nodes. The Ii-e.)""ncy for the node (1,1) j, found to be 11.6 %, whereas for the NCEP data it 

is considerable lower at 6.1 0/0. indicating that the model may overestimate this particular 

state which is associated with cold fhmts of a rather lower inten,ity located at a l.'Iir distance 

from the South African coast (see Figure 5-1', Similarly. in the lower left side of the SOM 

the fre<.lllency of nO<!e (0,0) is found 10 be 4.4 0;', which IS low compared lO the 9.3 % found 

using the NCEP dam set, indicating Ihat the mode] may wlderestimale this particular synoptic 

,tate associated with a strong cold fronts from the south-east. 

Figure 5-13: The CSIRO-MK3.5 frequency of days ('Yo of days) that map to each node in th~ 

SOM for th~ control period run (April-September 1961-2(00). 
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0.5 8.9 7.3 10.8 10.0 9.0 8.4 9.0 

1.7 15.6 9.5· 23.5 9.3 6.1 5.0 8.5 

4.1 6.0 3.9 8.2 9.3 9.1 7.5 8.8 

Figure 5-14: Comparison between the CSIRO-MIO.5 frequency of days (% of days) that 

map to each node in the SOM for the control period run (April-September 1961-2000) on the 

left and the NCEP-DOE Reanalysis 2 frequency for the baseline period (1979-2007) on the 

right. 

The frequency with which the CSIRO-MK3.5 model results map to the SOM nodes is found 

to be similar to that of CNRM-CM3 for certain nodes, but generally quite different to the 

NCEP baseline results. Overall, the difference between areas of highest and lowest frequency 

is quite large (see Figure 5-13). A low frequency is found for the left column of the SOM 

(synoptic states associated with cold fronts) indicating that these may be under represented in 

the model results and, similarly to CNRM-CM3, a high frequency is found for node (1,1) 

which is also associated with cold fronts but perhaps of a slightly lower intensity and located 

at a greater distance from the South African coast (see Figure 5-1). The model results also 

show a preference for node (3,1) which is associated with the west coast trough and the dry 

berg winds leading to temperature inversions (frequency of 23.5 % compared to 8.5 % for 

NCEP). 

Overall, the ECHAM5 model frequency for the control climate period is found to be the 

closest to that obtained using the NCEP data set for this particular study, i.e. for the specific 

study domain and the synoptic states reflected by the 4 x 3 SOM using the variables SLP and 

relative humidity at 850 hPa. The CNRM-CM3 model also shows results close to those using 

the NCEP data, though the frequency for two nodes is found to be slightly different. 

However, the synoptic states reflected by these two nodes are associated with cold fronts and 

especially for node (0,0), for which the frequency is found to be lower than in NCEP, there 

are no episode days that map to this synoptic state. Also for node (1,1) for which an 

overestimation is observed, very few episode days map to this state (see Figure 5-4). 

Therefore, although differences between the model's control period and that of NCEP are 

observed, these differences are mainly concentrated in synoptic states that are not primarily 
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linked with the study's main focus (synoptic states in the top right and bottom right part of 

the SOM) and the results of CNRM-CM3 can be considered to provide a reasonable 

approximation of the current climate. 

Out of the three model used, the CSIRO-MK3.5 GCM is the one that reveals results most 

different to those using the NCEP data set. Amongst other, the differences also lie in the 

synoptic states associated with the occurrence of air pollution episodes (e.g. nodes 3,1 and 

2,0), thus making it harder to distinguish between model bias and the changes that will be 

associated with these states in the future (analysed in chapter 5.3). 

5.3 Future predictions 

All three models were used to study the future climatology for the period 2046-2065 in the 

region of interest. In Table 5-2 the results are compared against those obtained for the control 

period. 

Overall, the ECHAM5 model does not show large differences in the frequency with which 

the SOM derived synoptic states occur in the future, compared to the control period. The 

largest reduction in the frequency (1.4 %) is found in the top left side of the SOM, in the 

synoptic state associated with strong cold front influence located in the south-eastern part of 

the domain. The largest increase in the frequency (1.7 %), a change that is also related to the 

nodes associated with air pollution episodes, is observed in the top right side of the SOM 

(node 3,2) where there is an increase in the synoptic states associated with strong anticyclonic 

influence over the south western part of South Africa. As the control simulation revealed 

results very close to those observed using the NCEP data set, this change indicates that 

according to the ECHAM5 model these states will occur slightly more often in the future 

during the period April-September. A similar increase in frequency, though not as large 

(0.7 %), is observed for node (2,2) which is also associated with anticyclonic influence over 

the south western part of South Africa. 
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Table 5-2: The frequency with which each data set (NCEP, ECHAM5, CNRM-CM3 and 

CSIRO-MK3.5) maps to each SaM node for the control (April-September 1961-2000) and 

future (April-September 2046-2065) periods. 

Control Future 

10.0 9.0 8.4 9.0 

NCEP 9.3 6.1 5.0 8.5 

9.3 9.1 7.5 8.8 

11.3 7.7 6.7 8.9 9.9 7.5 7.4 10.6 

ECHAM5 11.0 6.2 4.4 8.2 10.9 6.5 4.5 8.2 

9.4 9.5 8.3 8.4 9.7 8.7 8.2 7.9 

9.3 9.8 7.4 9.9 7.0 9.0 7.0 10.7 

CNRM-CM3 7.3 11.6 6.6 9.3 5.7 10.5 6.0 12.2 

4.4 9.3 7.6 7.4 4.6 9.2 8.3 9.8 

0.5 8.9 7.3 10.8 10.6 10.2 7.6 9.7 

CSIRO-MKJ.5 1.7 15.6 9.5 23.5 7.6 12.0 5.8 8.6 

4.1 6.0 3.9 8.2 4.6 8.9 7.4 7.0 

Similarly to ECHAM5, the CNRM-CM3 model also does not show large differences in the 

frequency with which the SaM derived synoptic states occur in the future, compared to the 

control period. The largest increase in the future frequency is observed for nodes (3,1) and 

(3,0) (2.9 % and 2.4 % respectively) located in the right and bottom right side of the SaM. 
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Both these synoptic states reflect the influence of a west coast trough and consequent berg 

winds bringing dry continental air towards the south western part of the country and have 

been strongly associated with the occurrence of air pollution episodes. An increase, though 

smaller (0.7 %), is observed for node (2,0) which is also associated with this type of synoptic 

states. A small increase of 0.8 % in the future frequency is also observed for node (3,2), a 

synoptic state associated with strong anticyclonic influence over the south-western part of the 

continent, also linked to the occurrence of air pollution episodes. A reduction in the 

frequency of most of the synoptic states associated with cold fronts is observed (left side of 

the SaM). 

The CSIRO-MK.3.5 model frequency shows much larger changes between the control and 

future periods, compared to the other two models. The differences between the control 

CSIRO-MK.3.5 results and the NCEP baseline results have already been noted in section 5.2. 

When comparing the control and the future CSIRO-MK3.5 frequency it is noticed that for 

most states the future frequency resembles closely the NCEP baseline frequency, indicating 

that the future conditions occupy the SaM space better than the control. An exception is node 

(1,1) for which a higher frequency is observed in both the control and the future periods 

compared to the NCEP results. As already discussed in section 5.2, this node is associated 

with cold fronts of a slightly lower intensity and located at a greater distance from the South 

African coast see Figure 5-1). The reasons behind the differences observed between the 

control CSIRO-MK3.5 results and the NCEP baseline results and why the future period 

closely resembles the NCEP baseline are not clear. Given the large model bias in the 

simulating current climate in the domain of study, it is difficult to distinguish between model 

bias and future climate trends and this point needs to be studied further. 

6. Conclusions 

This study examined the link between air pollution episodes in the GCT A, the occurrence of 

temperature inversions, the larger scale processes influencing the generation of temperature 

inversions and the implication of future climate change on air pollution episodes. 

The relationship between air pollution episodes and the occurrence of temperature inversions 

was confirmed and the strongest temperature inversions in the lower boundary layer (less 

than 200 m) for 2002 were found to occur in July, with average strength of 7°C. The air 
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pollutant concentrations were found to be closely linked to traffic emissions, with the highest 

concentrations occurring in the morning hours, when temperature inversions are also most 

likely to be observed. These findings confirmed that the deteriorating air quality in the GCT A 

is a combination of high emission rates and meteorological conditions inhibiting adequate 

pollutant dispersion during particular peak hour emissions. 

The observed circulation projected through NCEP data was successfully related to 

temperature inversions and air pollution episodes using the Self-Organising Maps (SOMs) 

technique and the synoptic states most associated with temperature inversions are found to be 

the anticyclonic conditions caused by the South Atlantic High Pressure (SAHP) system and 

the west coast trough associated with berg winds bringing dry continental air towards the 

GCT A. These results confirmed the fmdings of previous studies which used other methods of 

classifying the synoptic states and relating them to temperature inversions. The data used in 

this study also showed that in 2002 more air pollution episode days were associated with west 

coast troughs than with the SAHP system. Moreover, the average strength of the temperature 

inversions associated with west coast troughs was found to be approximately 50 % higher 

than that associated with the SAHP system. These findings are important and may imply that 

the west coast trough is a relatively stronger driver of air pollution episodes compared to the 

SAHP system, though the use of a larger radiosonde and air pollution data set would confirm 

these findings. 

Following the successful application of SOMs for the baseline climatology, the impact of 

climate change, as projected through three different GCMs, was studied using the synoptic 

states defined by the SOM technique. The IPCC SRES A2 climate change scenario and its 

impacts in 2046-2065 were chosen for this application. 

The results showed that for the period April-September, the ECHAM5 model predicts a small 

increase (of the order of 2 %) in the synoptic state reflecting a strong anticyclonic influence 

over the south western part of South Africa, which is associated with temperature inversions 

over the GCTA and a small decrease (around 1.5 %) in the synoptic state associated with 

strong cold front influence over GCT A, which are not related to temperature inversions and 

air pollution episodes. For the same period, the CNRM-CM3 model also shows an increase in 

synoptic states associated with temperature inversions (around 5 % in total), but this is 

observed in the states corresponding to a west coast trough and the consequent dry berg 
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winds affecting temperature inversions over the GCTA. A smaller increase (around 0.8 %) is 

also observed for the synoptic state associated with strong anticyclonic influence, similarly to 

the results ofECHAM5. CNRM-CM3 also shows a decrease in almost all the synoptic states 

associated with cold fronts. The results of the third model, CSIRO-MK3.5, were not found to 

adequately reflect the current climatology in the domain, making it difficult to distinguish 

between model bias and future climate trends. 

Although the increase in the synoptic conditions associated with temperature inversions is 

projected to be small, it is observed in the results of both ECHAM5 and CNRM-CM3 

models. Given the industrial activity in the area, the increase in the number of vehicles 

circulating in the GCTA and the effects of urban sprawl, such an increase and its link with an 

increased pollution potential can be significant. Nevertheless, the restrictions in model results 

should be carefully considered and the application of more GCMs would increase the 

reliability of these findings. 

6.1 Suggestions for future research 

The findings of this study can be considered the starting point of a more detailed study for the 

GCTA, which would mainly focus on climate change and its impacts on the region of 

interest. Some important points to consider are the following: 

• The air pollution and radiosonde data sets should be extended to include a larger 

number of years and as many stations as possible, as this would considerably 

strengthen the statistical reliability of the results, confirming the synoptic states that 

were linked to air pollution episodes in this study. 

• Different size SOMs should be considered as it is likely that some synoptic states may 

not be adequately reflected is the SaM used in this study. 

• For the SaM analysis, a smaller domain size should also be studied and combined 

with the use of different variables. The use of lower atmospheric winds at the surface 

and a higher level (700 hPa or 850 hPa) and possibly 850 hPa geopotential heights 

may be found more capable of reflecting the synoptic conditions associated with 

temperature inversions. 

• In the analysis of the SOM results, the error with which the input data match each 

node should be considered in more detail and compared against the NCEP input data 

error. 
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Finally, the use of a larger number of models to study a greater range of possible future 

changes in climate under a given scenario is particularly important, as no single model can be 

considered accurate in its predictive capabilities. It should however be noted that the 

performance of GCMs can depend critically on the size of the region (i.e. small regions are 

less likely to be well described than large regions) and a balance should be sought in this 

respect. The choice of variables also needs to be carefully considered as some variables are 

more difficult to model than others. As is also mentioned in IPCC-TGICA (2007), the 

reliability in model results should be studied in terms of the features of the climate that are of 

critical importance for the impact application, bearing in mind that the models representing 

most accurately the current climate may not necessarily be the models providing the most 

reliable predictions. 
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Glossary and Acronyms 

CO 
DEAT 
CC 
GCM 
GCTA 
GHG 
H2S 

IPCC 

NO 

N02 

NOx 

03 

PM 10 

PM2.5 

SAHP 
SANS 
SAWS 

S0 2 

SOMs 
Traffic 

TRS 
Urban 
background 

VOC 

Carbon monoxide 
Department of Environmental Affairs and Tourism 
Climate Change 
General or Global Circulation Model 
Greater Cape Town Area 
Greenhouse Gas 
Hydrogen Sulfide, 

Intergovernmental Panel on Climate Change 

Nitric oxide 
Nitrogen dioxide 

Nitrogen oxides 

Ozone 

Particulate matter which passes through a size-selective inlet with a 50 % 
efficiency cut-off at 10 J..lm aerodynamic diameter 

Particulate matter which passes through a size-selective inlet with a 50 % 
efficiency cut-off at 2.5 J..lffi aerodynamic diameter (therefore included in 
PM IO measurements). 

South Atlantic High Pressure 
South African National Standard 
South African Weather Service 
Sulphur dioxide 

Self-Organizing Maps 
Pollution levels for roadside locations - within around 5m of the roadside. 

Total Reduced Sulphur Compounds 
Background pollution levels for urban areas, representative for a large area, 
far from point sources 

V olatile Organic Coumpound 
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Annex I: Data availability 
The data availability percentage refers to the hourly data available for the indicated time p_eriod. 

Air Quality data Meteorological data 
Station name ICode PM10 N02 NOx S02 CO 03 Wind speed Wind direction 
Athlone rcc3 

from 1-8·1998 to 31·12·1998 45% - - -
1999 92% - - -
2000 36% 81% 80% 70% 
2001 - 88% 88% 91% 
2002 53% 90% 90% 97% 

from 1·1·2003 to 31·7·2003 88% 97% 97% 98% 
2004 
2005 
2006 
2007 

Bothasia Ibm3 
from 1-8·1998 to 31·12·1998 98% 74% 74% 100% 

1999 54% 68% 68% 70% 
2000 - 46% 46% 84% 
2001 93% 99% 99% 95% 
2002 83% 88% 88% 81% 
2003 85%* 99% 100% 
2004 79% 89% 
2005 66% 85% 
2006 12% 74% 
2007 99% 92% 

CitY Ha II Icc1 
from 1-8·1998 to 31·12·1998 100% 100% 76% 

1999 98% 97% 98% 35% 
2000 98% 98% 99% 83% 
2001 96% 97% 96% 96% 
2002 97% 97% 98% 97% 
2003 99% - 99% 99%* 
2004 
2005 
2006 
2007 

* Data only available from 1-1-2003 to 31-7-2003 
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Air Quality data Meteorological data 
Station name ICode PM10 N02 NOx S02 CO 03 Wind speed Wind direction 
Drill Hall Icc6 

from 1-8-1998 to 31-12-1998 100% 
1999 99% 
2000 100% 
2001 100% 
2002 99% 
2003 100% 
2004 99% 
2005 77% 
2006 98% 
2007 16% 

Goodwood Idd7 
from 1-8-1998 to 31-12-1998 93% 38% - 35% - - - -

1999 99% 90% 90% 80% 39% 85% 21% 21% 
2000 99% 98% 98% 98% 99% 99% 99% 99% 
2001 100% 100% 100% 100% 100% 99% 100% 100% 
2002 97% 98% 98% 98% 95% 99% 99% 99% 

from 1-1-2003 to 31-7-2003 98% 99% 99% 99% 99% 96% 99% 99% 
2004 99% 99% 98% 99% 96% 95% 100% 100% 
2005 
2006 
2007 

Khayelltsha Icc4 
1998 -
1999 51% 
2000 85% 
2001 21% 
2002 58% 
2003 97% 
2004 96% 
2005 94% 
2006 86% 
2007 93% 
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Air Quali~ data Meteorological data 
Station name ICode PM10 N02 NOx S02 CO 03 Wind speed Wind direction 
Killarney Izd7 

1998 
1999 
2000 
2001 
2002 88% 88% 88% 88% 
2003 
2004 
2005 
2006 
2007 

Molteno Icc2 
from 1-8-1998 to 31-12-1998 57% 

1999 91% 
2000 97% 
2001 94% 
2002 98% 

from 1-1-2003 to 31-7-2003 99% 
2004 
2005 
2006 
2007 

Plattekloof Idd8 
1998 
1999 
2000 47% 48% 48% 49% 
2001 38% 39% 39% 39% 
2002 

from 1-1-2003 to 31-7-2003 - 39% 39% 39% 
2004 
2005 
2006 
2007 
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Air Quality data Meteorological data 
Station name Code PM10 N02 NOx S02 CO 03 Wind speed Wind direction 
Tableview \tm1 

from 1-8-1998 to 31-12-1998 100% 100% - 100% 100% 100% 
1999 91% 68% 67% 90% 61% 72% 
2000 91% 75% 77% 94% 53% 66% 
2001 97% 88% 89% 93% 80% 93% 
2002 97% 96% 98% 98% 75% 83% 

from 1-1-2003 to 31-7-2003 99% 98% 98% 97% 99% 99% 
2004 
2005 
2006 
2007 

South African Weather Service stations 
Meteorological data 

Station name Code Wind speed Wind direction 
Capt Town· PORT 

Portnet 2002 70% 70% 
Cape Town· WO WOo 

AIR 2002 100% 100% 
Molteno RES 
reservoir 2002 99% 99% 
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Annex II: Episode days 
Episode days between April-September 2002, according to the criteria defined in chapter 2, 

section 2.4.3. Daily average NOx concentrations are given in Jlglm3
• 

Station Code 

Number of stations that 
Date BOTH CH ATHL GOOD TBLV KILL exceeded criterion 

10.04.2002 63 274 114 122 40 164 4 
11.04.2002 71 421 102 117 52 116 6 
15.04.2002 100 390 99 164 43 139 5 
19.04.2002 107 458 158 222 44 110 6 
23.04.2002 81 290 132 143 56 109 5 
26.04.2002 67 338 45 69 62 110 4 
30.04.2002 80 254 62 100 80 151 4 
08.05.2002 152 383 211 62 167 5 
09.05.2002 163 278 175 71 139 4 
18.05.2002 102 303 187 52 106 2 
19.05.2002 93 355 107 88 112 2 
20.05.2002 94 314 215 63 157 4 
21.05.2002 177 484 199 72 195 5 
27.05.2002 90 361 144 73 153 4 
30.05.2002 112 249 220 206 18 97 3 
03.06.2002 92 394 318 149 59 164 5 
04.06.2002 228 484 340 258 88 376 6 
19.06.2002 97 293 239 229 38 152 3 
21.06.2002 212 585 383 434 59 355 6 
24.06.2002 95 334 245 296 41 133 4 
30.06.2002 92 166 136 167 61 124 2 
03.07.2002 102 509 162 153 71 131 5 
10.07.2002 90 222 198 151 32 112 3 
12.07.2002 135 423 217 201 61 158 6 
16.07.2002 92 132 148 50 147 2 
17.07.2002 106 137 68 133 77 162 3 
18.07.2002 93 347 100 180 83 151 5 
19.07.2002 106 461 302 222 88 213 6 
20.07.2002 82 422 166 184 58 147 4 
21.07.2002 157 410 359 226 24 149 5 
31.07.2002 104 339 248 245 63 224 5 
05.08.2002 420 302 42 145 3 
06.08.2002 176 158 113 50 105 3 
07.08.2002 344 79 86 62 134 3 
08.08.2002 572 209 191 89 165 5 
09.08.2002 329 68 156 41 100 2 
10.08.2002 360 107 142 64 129 4 
16.08.2002 92 32 82 55 136 2 
20.08.2002 337 194 207 42 222 4 
22.08.2002 329 210 78 189 4 
06.09.2002 40 282 37 46 39 93 2 
07.09.2002 53 220 65 77 27 118 3 
09.09.2002 55 187 68 63 29 83 2 
10.09.2002 37 149 44 62 38 75 2 
13.09.2002 74 246 116 133 37 186 5 
18.09.2002 38 243 70 44 103 2 
20.09.2002 28 307 37 31 39 89 2 
26.09.2002 51 219 98 74 41 76 4 
30.09.2002 38 232 120 86 14 43 2 
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Annex III: GeM model results 
GCM model results for the control period (1961-2007) and future period (2046-2065) 

compared against the NCEP baseline period results (1979-2007). 

Table AlII.t: Number of days attributed to each SOM node. 

BASELINE CONTROL FUTURE 

Node NCEP ECHAMS CNRM-CM3 CSIRO-MK3.S ECHAMS CNRM-CM3 CSIRO-MK3.S 
X=O, Y=O 491 691 325 302 354 168 170 
X=1,Y=0 482 692 682 439 319 336 325 
X=2,Y=0 398 606 557 286 299 302 270 
X=3,Y=0 465 616 543 597 288 360 256 

X=O,Y=1 496 803 531 123 399 208 278 
X=1,Y=1 325 455 848 1140 239 386 439 
X=2,Y=1 267 320 483 695 163 221 214 
X=3,Y=1 449 597 678 1722 301 445 314 

X=O,Y=2 533 829 681 40 364 257 388 
X=1,Y=2 478 565 721 655 273 328 372 
X=2,Y=2 444 492 545 531 272 257 279 
X=3,Y=2 479 654 726 790 389 392 355 
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Table AIII.2: The error (Euclidean distance) with which each data set (NCEP, ECHAMS 

CNRM-CM3 and CSIRO-MK3.S) maps to each SOM node. 

Control Future 

6.1 7.2 8.0 8.1 

NCEP 5.6 7.3 8.6 8.5 

6.0 7.4 8.6 8.8 

6.6 7.8 8.2 8.6 6.2 7.4 7.9 8.4 

ECHAMS 6.2 7.7 9.0 8.8 6.1 7.8 8.6 8.7 

6.5 7.8 9.3 9.3 6.2 7.6 9.2 9.2 

7.1 8.3 8.7 8.7 6.9 8.1 8.4 8.4 

CNRM-CM3 6.3 8.2 9.4 9.3 6.3 8.2 9.3 9.2 

6.4 8.1 9.6 9.6 6.3 8.3 9.9 9.5 

14.5 14.2 14.0 13.2 7.1 8.3 8.8 8.6 

CSIRO-MK3.S 14.2 14.0 13.9 12.3 6.4 8.1 9.1 9.1 

13.8 13.5 13.3 12.0 6.4 8.1 9.5 9.5 
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