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exceeded on the worst brown haze days. In general it can be said that, due to Cape Town’s
unique meteorology, Cape Town experiences strong pollution episodes for only a few hours
per day on some days of the year. Pollution levels, and visibility, during these occasions are
comparable with some of the worst polluted cities in the world, but they are not sustained. For
this reason daily and annual air pollution standards are seildom exceeded.

Ambient sampling was carried out on 29 brown haze episodes at each of the monitoring sites.
In order to satisfy a number of data quality criteria for modelling, only four to six brown haze
episodes were modelled for each monitoring site. Average PM2.5 source apportionment of the
brown haze episodes modelled is shown below.
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The results show that the major source of the brown haze in Cape Town is diesel vehicles,
with petrol vehicles, wood burning, and industrial boilers also being significant. A significant
unknown source also exists, which comprises mostly organic carbon. It is likely that a
significant portion of this organic carbon is derived from industrial process emissions. The
Caltex refinery and the Athlone power station are included under boilers, together with other
oil-fired ’and coal-fired boilers. Due to the emissions of the Caltex Refinery and the Athlone
power station being above the inversion layer during the worst period of the brown haze, in the
early morning, they are not expected to form a significant portion of the boiler contribution.
The model indicated tyre burning and Kynoch Fertiliser Factory emissions to be insignificant. it
must be emphasised that these results do not reflect on possible localised air pollution
problems that may exist. '

Since this study was driven by visibility concerns, a qualitative investigation into the effect of
visibility was carried out. This involved applying an empirical visibility model, developed for
Denver, to the PM2.5 apportionment. The graph below shows how the PM2.5 apportionment
is transformed when a visibility model is applied.
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Diesel vehicles are high in sulphates and carbon species which are significant variables in the
visibility model, therefore the visibility apportionemnt shows a larger contribution of diesel
vehicles than the PM2.5 apportionment does. Similarily the crustal component contributes less
to the visibility apportionment than the PM2.5 apportioment because it does not contain any

important visibility degrading components. : '

On assessing the modelling results certain improvements were proposed to improve the
accuracy of the results these were:

» generating source profiles from various diesel vehicles :
e generating source profiles from coal fired boilers in the area. This would include
| sampling from boilers operating under efficient and inefficient conditions.
e assessing the variability of source profiles for oil fired boilers operating in various
states of efficiency. ' ‘
e asssesing the reproducibility of identical source measurements

Furthermore modelling showed that there was the possibility that there were certain sources
missing from the modelling set. Most modelling runs showed that a zinc rich source was
missing. It is proposed that a refuse burning or galvanising industry source would solve this
problem. :

Finally the qualitative visibility assesment of the brown haze showed that the visibility and
PM2.5 apportionments could be different. For this reason it is proposed that a visibility model
be generated for the Cape Town region. This model can be used with the present PM2.5 data
set to provide a more quantitative visibility apportionment for the region.
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1. INTRODUCTION
1.1 Description of the brown haze in Cape Town

"Brown Haze" is a term used to describe a brown-coloured smog found predominantly in the
wintertime in the Cape Town region. It occurs. mostly from April to September due to strong
temperature inversions and windless conditions that can occur during these months, which
lead to the build-up of pollutants emitted into the atmosphere. The haze extends over most of
the Cape Metropolitan Area, but does not appear, by visual observation, to be of uniform
intensity. It shifts, depending on the direction of any light wind. The haze is normally most
intense in the morning and then lifts and disperses as the day continues.

The haze has a strong degrading effect on visibility which is immediately apparent to the
general public and to tourists. Capetonians are especially proud of the natural beauty of their
city, and the haze is increasingly eroding this pride. Also of concemn is the effect on the tourist
industry which is projected to be Cape Town’s most important economic growth area.

The haze is also cause for concern to residents because of health rnisks that may accompany
the visible air pollution. Small particles, largely responsible for the haze, can also have serious
respiratory effects if their concentration is sufficiently high. The same conditions that are
conducive to the formation of a haze are also conducive to the accumulation of gases which
are invisible, but if sufficiently concentrated can have unpleasant health and odour effects.

1.2 Background to this study

The problems of inadequate air quality are not new to Cape Town. By the late sixties
Cape Town was experiencing a thick smog caused by the three power stations in the area,
coal-burning locomotives and tugs, industnal incinerators, and heavy fuel burning appliances.
In 1968 the City Council initiated a programme of air pollution control and within a decade
Cape Town had significantly reduced pollutant levels. This was achieved through measures
such as termination of the use of coal-burning locomotives and tugs, the closure of two power
stations, and enforcement of standards for fuel burning appliances. However, since then
another form of air poliution, termed the brown haze, began to emerge. The haze and to a
larger extent, concern over photochemical smog formation, prompted local authorities to begin
installing a sophisticated pollution monitoring network in Cape Town from the mid-eighties.
The monitoring equipment targeted pollutants mostly associated with motor vehicles as this
was thought to be the major cause of the problem. Although significant pollutant levels were
measured little was known of the contribution of each potential source to the brown haze.

It has been difficult to determine quantitatively whether the number of incidents of haze are
increasing since no measurements have been made of the severity of the haze. However the
City Council measure the haze daily by visual observation and they are convinced that the
haze problem is intensifying. The problem has also been highlighted by the local press, and
was further highlighted by the comments of a number of overseas researchers who claimed
that the haze urgently required investigation.

>



In view of the concern over the brown haze, it was decided that it had become necessary to
analyse its constituents and determine its sources. Authorities in Cape Town made a plea to
the National Government for assistance, but insufficient funds were available. The Cape Town
Branch of the National Association of Clean Air then undertook to raise funds for a pilot study
of the haze. A total of R30 000 was raised.

The pilot study was carried out in 1992 by the Energy Research Institute, and its objective was
to investigate research requirements to understand the nature and causes of the brown haze.
The pilot study concluded that based on comparisons with other cities Cape Town does have a
serious air pollution problem, and that air quality is likely to get worse. It was estimated that a
major study, costing about R400 000, would be required to identify the causes of the haze.
The pilot project concluded that a source apportionment study, focusing on particulates and to
a lesser extent gases, was necessary and that such a study was possible with local resources.

The Energy Research Institute then approached all potential funders of the brown haze project
including local industry, associations, the Department of National Health, and local
municipalities. By the end of 1994 sufficient funds had been raised to begin the study.

1.3 Objectives of thes Brown Haze study

The main objective of the second phase of the brown haze study was to determine the
contribution of all major sources to the brown haze, and to obtain a better understanding of
the mechanism of haze formation. The focus of the study was therefore on visibility, rather
than heaith, although the two are closely related. Identifying contributions to the haze will
indicate the most important areas where authorities should focus their activities, and will
enable the effects of possible measures to be assessed. The study also examined where
Cape Town is heading in terms of air quality and the options available to improve air quality.
The study did not examine any localised air pollution problems that may exist.

1.4 Management structure for the project

At the outset of the project a project management structure, shown in Figure 1.1, was agreed
upon by the sponsors and main stakeholders:

STEERING COMMITTEE

FINANCE COMMITTEE PUBLIC RELATIONS COMMITTEE

TECHNICAL COMMITTEE =

PROJECT TEAM

Figure 1.1 Management structure for the brown haze project



The Project Team was responsible for the carmying out of the research. It was provided with
technical guidance from the Technical Committee. The Steering Committee, comprising
sponsors and persons with specialist knowledge, was responsible for overseeing the entire
project. The Finance Committee audited the project balance sheet. The Public Relations
Group ensured that the general public was informed about the research both during and after
the project.

1.5 Basic methodology

Visibility impairment of the brown haze is caused by the scattering and absorption of light by
particles and gases. Generally, in urban areas, particles less than 2.5 microns in size (PM2.5)
/~« are the single largest cause of visibility impairment. They are also the most harmful size range
of particles to human health. Because of the importance of PM2.5 in the haze the main focus
\ of the study was a source apportidnment of PM2.5. The apportionment used a receptor
modelling approach that required chemical data about the main sources and the brown haze
itself. :

The brown haze was sampled over a one year period using an ambient sampling network that
consisted of PM2.5 samplers situated at four sites in the Greater Cape Town area. This
network was geared for optimum sampling during brown haze episodes. In addition to the
PM2.5 sampling there was continuous measurement of PM10, NO,, NO, SO, ozone, non-
methane hydrocarbons, and méteorological parameters at the four sites.



2. LITERATURE REVIEW

2.1 Health effects of air pollution

The effects of air poliution on heaith has attracted the attention of many regulatory
bodies"""*'®'®. " This is because pollutants such as oxides of nitrogen , sulphur dioxide,
volatile organic compounds, ozone and particulates have been correlated with changes in
mortality, instances of respiratory complaints and cardiovascular illnesses, as well as
carcinogenicity. Health effects of pollutants are determined in a number of ways. Laboratory
experiments determine the threshold effects of pollutants, while epidemiological studies
attempt to link changes in ambient pollutant levels with health effects in communities.

2.1.1 Nitrogen dioxide

Of the oxides of nitrogen (NO,), nitrogen dioxide (NO,) is linked with health effects. NO is
emitted from high temperature combustion, and later partially converted to NO. by
photochemical reactions. Sources of NO include motor vehicles and fossil fuel buming power
plants. Nitrogen oxides are less soluble in water than sulphur dioxide and are therefore
associated with deep lung penetration as scrubbing of the gas in the nasal passages is not
efficient’. Animal experiments have shown that NO, causes alteration in lung metabolism,
structure and function, and an increase in the susceptibility to pulmonary infections. Studies
on humans have shown that, with asthmatics in particular, NO, has a bronco-constricting
effect.

In a paper by 5zkaynak® reviewing epidemiological studies into the health effects of ambient
NO2, no conclusive association was made between ambient NO, and respiratory. illness
although it was suggested that high levels of this pollutant could cause the prolonging of
respiratory complaints.

2.1.2 Sulphur dioxide

Sulphur dioxide (SO.) is a colourless gas that is soluble in water and can be readily oxidised
by coming into contact with water droplets in the atmosphere. Therefore the health effects of
the gas are often associated with the secondary aerosol pollutants such as ammonium
sulphate [(NH,).SO4] which is linked to atmospheric visibility degradation!’®. Atmospheric SO,
results mainly from the combustion of fossil fuels such as in power stations, motor vehicles and
industrial boilers.

Due to its high solubility in water SO, is readily absorbed in the mucous membranes of the
nose and the upper respiratory tract’®. High occupational exposures (more than 10000
ng/m’) to the gas give rise to severe brochoconstriction, chemical bronchitis and tracheitis.
Lower concentrations (500-2700 ng/m’) cause bronchospasm in asthmatics. Typical ambient
levels are much lower than this (less than 100uglm3). SO, also oxidises in the atmosphere to
form sulphate particles. These have been correlated with changes in mortality" and these
effects will be discussed in more detail later in the chapter when particulates are discussed.
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2.1.3 Volatile organic compounds

Volatile organic compounds (VOC’s) are described by the United Nations Economic
Commission for Europe!’® as “all organic compounds of anthropogenic nature other than
methane that are capable of producing photochemical oxidants by reactions with oxides of
nitrogen in the presence of sunlight”. Most VOC’s do not occur in appreciable enough
concentrations in the atmosphere to constitute a health risk, but the ones that do are:
benzene, aldehydes, 1,3-butadiene, n-hexane, and some chlorinated hydrocarbons. The
sources of these VOC’s are vehicle exhausts, petroleum fuel evaporation from refineries and
vehicles, and industries that use solvents such as the paint or plasticizer industry.

‘/ IA-“/' ua?x»«",‘r -
Health effects of VOC’s differ from compound to compound, but in general they have one of
the following effects: carcinogenicity, neurobehavioural or nephrotoxic. Benzene is a well
known carcinogen'™™ and has been linked to incidences of leukemia™*'¥ as has 1,3-°
butadiene®. Aldehydes such as formaldehyde have been linked with irritation of the eyes,
nose, throat and upper respiratory tract’®. n-Hexane effects respiratory and cardiovascula/"

function.

2.1.4 Ozone

Ozone in the urban atmosphere is a photochemical oxidant whose formation is the result of
interactions between oxides of nitrogen and hydrocarbons in the presence of sunlight. Motor
vehicles are primarily associated with these precursor pollutants, although stationary sources
burning fossil fuels also contribute to nitrogen oxide emissions. The atmospheric
concentrations of ozone are a strong function of the amount of solar insolation and the

precursor loading in the atmosphere®.

Ozone exposure causes irritation to the airways resulting in inflammation, increased
permeability in lung tissue, and destruction of pulmonary macrophages‘g’. Large or intermittent
chronic exposures can cause thickening of airways and alveoli membranes with eventual loss
of function. High ambient ozone concentrations have been associated with restricted activity,
asthma symptoms, and respiratory admissions to hospitals''®.

2.1.5 Particulates

Particulate air pollution and its health effects are associated with complaints of the respiratory
system'”. More specifically researchers have shown that particulates are linked to increased
mortality and an increase in the hospital admissions for respiratory and cardio-vascular
illnesses'"?*®.  Furthermore particulates are associated with mutagenic activity*® which in
turn indicates their cancer causing potential. In South Africa the investigations into the health
impacts of particulates have centred around domestic fuel burning™”>"*™  These
investigations conclude that children from the ages of 8 - 12 years exposed to wood or coal
smoke during winter there is an increased risk of 290% for developing upper respiratory
ilinesses and a increase of 420% in the risk of contracting lower respiratory ilinessses™.



In many countries the primary health standard for particulates is PM10, which refers to
particles of aerodynamic diameter less than 10um. This standard was chosen as representing
the particulate size that has the potential to penetrate the upper airways of the respiratory
system”. PM10 can be subdivided into three categories, based on the methods of formation
of particles:”

(a) Nucleation Mode Particles (10 - 200 nanometres) which are formed by the condensation
of hot gases. The ratio of the number of particles to the total mass of particles in this
mode is high. They have a short lifetime in the atmosphere.

(b) Accumulation Mode Particles (0.2 - 2 microns) which are formed by the coagulation and
growth of Nucleation Mode Patrticles. These have a long atmospheric lifetime and make
up the bulk of the atmospheric airborne particles. These are also primarily associated with
emissions from combustion sources.

(c) Coarse Mode Particles (2-10 microns) which are mechanically generated and have a short
atmospheric lifetime due to their high deposition rate. Relative to the Nucleation Mode,
the ratio of the number of particles to the total mass of the coarse mode is low.

These three categories are, however, generally simplified to a coarse fraction (2.5 to
10 microns) and a fine fraction (iess than 2.5 microns). Coarse particles are associated with
particulate deposition in the bronchial region while fine mode particles.are deposited further
into the respiratory system resuiting in their slower clearance from the lung®.

This had lead to separate research into the health effects of the fine mode and coarse mode
of particulates. Researchers have shown that PM2.5 has a much stronger correlation to
health effects than PM10*®_ It is postulated that this is due to the greater penetration into
the lung; the fact that fine particles readily infiltrate buildings causing indoor and outdoor levels
to be similar and thus exposure times longer; and the larger number of particles in the fine
mode may effect the ability of the respiratory system to clear out the particles efficiently.

2.2 Air poliution standards/guidelines

Due to the adverse health effects of the pollutants mentioned in the previous section, certain
ambient air quality standards/guidelines have been set to protect the general public against
adverse health effects'™. The difference between standards and guidelines lies in their
enforcement. Wheras standards are pollutant levels that by law can only be exceded a set
number of times over a given period, guidelines are concentrations of poliutants that an
organisation recommends should not be exceded in the intrests of public health. The United
States Environmental Protection Agency (EPA) and the World Health Organisation (WHO) are
the primary bodies for the publishing of air quality standards/guidelines. Table 2.1 shows the
standards/guidelines proposed by these bodies along with the South African recommendations
proposed by the Department of Environmental Affairs and Tourism (DEAT).



Table 2.1 Air Pollution Standards (1:g/m°)

DEAT'®

POLLUTANT AVERAGING epA™” wHo™®
_ TIME STANDARD GUIDELINE GUIDELINE
Nitrogen 1 year 100 40-50 94
Dioxide 1 hour 200 376
Ozone 1 hour 235 235
8 hour 120
Sulphur Dioxide 1 year 80 50 86
24 hours 365 125 286
10 minutes 500 1716
PM10 1 year 50 60
24 hours 150 180
PM2.5 24 hours 65
1 year 15

Table 2.1 shows that there are both short term and long term standards/guidelines for some
pollutants. This is aimed at protecting the public from the risks associated with both acute and
chronic exposure to pollutants‘'*'®,

Air poliution standards/guidelines are constantly being reassessed and modified due to
research into their health effects, and because of improvement in the technologies available
for measuring the pollutants. The US EPA is presently involved in the revision of particulate
and ozone standards''®*®. The proposed new ozone standard is 157ug/m® averaged over 8
hours as opposed to the previous 1 hour averaging time. It is anticipated that this standard will
be implemented by the year 2000, The proposed particulate matter standard involves a
new measurement range. The original standard was based on particles less than 10um
(PM10), and while this is to be kept, a further standard based on particles less than 2.5pm
(PM2.5) was recently introduced. The reason for the emphasis on PM2.5 is that it has a strong
relationship with health effects'’. This size fraction is associated with emissions from
combustion sources and therefore the PM2.5 standard will place more emphasis on the impact
of these emissions‘'?).

2.3 Air pollution studies in Cape Tow@
2.3.1 Pollution problems in the Cape Town Metropolitan Area

‘Monitoring of pollutants has taken place at some sites in Cape Town since the sixties. The
pollutants measured were SO, and particulates by the soiling index method. In 1975 a study
was commissioned by the Cape Town City Council to carry out an air pollution study of Greater
Cape Town®". The study found that the levels of the pollutants SO,, NO,, particles and ozone
were within international air quality standards although concern was expressed over high
episodic concentrations of ozone, NO, and particulates.

As a result of this the report recommended the implementation of an air quality management
programme in the area. This would include the measurement of ambient air poliutant
concentrations as well as the setting and enforcement of air pollution standards for emitters
and for ambient pollutant concentrations.



2.3.2 Brown Haze Pilot Study

Due to the occurrence of a brown haze on caim days in the winter months a pilot study was
carried out in Cape Town from June to August 1992 whose objectives were®":

- to develop a methodology to sample and analyse the haze

- assess local analysis potential

- determine the constituents of the haze

- attempt to determine the major sources of the haze -
- compare the results of the study with other cities and poilution standards

- determine requirements for the next phase of the brown haze study.

From the study it was concluded that during brown haze episodes particulate levels were
comparable to those in other heavily polluted international cities, and that there was the
possibility of particulate concentrations exceeding international guidelines. - Further, the
infrastructure existed in South Africa for a more comprehensive source apportionment study to
be carriedout.

2.3.3 Milnerton Air Quality Study®

An air pollution study focusing on exposure assessment followed by health risk assessment
was undertaken by the CSIR between October 1994 and October 1995. This was as result of
widespread complaints from the communities of Milnerton and surrounding areas. The study
included continuous gaseous and particulate sampling as well as passive volatile organic
compound monitoring using resin badges, and pollen and fungal monitoring. ‘

The study identified benzene, oxid\es of nitrogen, fungal spores and pollen as health risks.
There were also exceedences of the WHO SO, 10 minutes-exposure guideline on
17 February 1995 at Table View. It was recommended that monitoring in the area continue
with a more detailed benzene study being suggested. The study also recommended that the
public be informed of air pollution levels.

2.3.4 Dispersion modoelling in the Greater Cape Town Region

A dispersion modelling study for SO, was undertaken in 1993/94 by Dracoulides®”. It was
aimed at modelling the dispersion of SO, throughout the area and to assess the accuracy of
the model by comparing the predicted ambient levels with those measured at Cape Town City
council sampling sites. This was important as dispersion models are useful for the evaluation
of future air pollution control strategies and their potential controls.

Emissions for the years 1991 and 1992 were modelled, and the model predicted accurately for
the Bellville area, but under-predicted concentration by a factor of 2 to 4 at Goodwood and the
Cape Town CBD. The study concluded that the model was able to predict adequate air
pollution concentrations at locations away from Table Mountain.



2.4 Air pollution models

Air pollution models are mathematical representations of the atmosphere and so can be used
by researchers and scientists to attempt to manage air quality. The first step to air quality
management is to have knowledge of the contributions of emission sources to the ambient air
pollution levels. Dispersion and receptor models are commonly used.

The route by which the two models assess source impacts are different and thus give each
model advantages in certain situations. Dispersion models take emission inventories and
meteorological data and hence assess the impacts of sources on a chosen receptor. Receptor
models require information about ambient and source pollution chemistry to assess source
impacts at a receptor. '

Air pollution receptor models are based on the following mass conservation expression:

C o = ) @ S e (1)
j=1
Where:
S; = estimated contribution of source j to the receptor.
Ci = concentration of chemical species | measured at the receptor
a; = the fractional contribution to the receptor of chemical species | from source j
p = the total number of independent contributing sources

Dispersion models require absolute emission rates while receptor models require relative
chemical compositions of sources as inputs. Source data for receptor models is more robust
and easier to obtain. In a receptor modelling workshop manual series Watson®® states that
dispersion models are limited in that they are unable to quantify source impacts over short
episodes and in complex terrain. This is because emission inventories are unable to reflect
hourly and daily emission variations. Receptor models do not need meteorological data inputs
and so are more accurate in complex terrain. According to Watson® they are far more
applicable to the assessment of 24 hour pollution episodes. W
uited to an episodic sampling study such as the brown haze. Further, particularly in the Cape
%anmm dispersion modelling becomes inaccurate®?.

There are a number of receptor modelling techniques. These range from statistical techniques
such as factor analysis to chemical mass balance models, to microscopic techniques.
Microscopic techniques were not considered for this study as analysis using a Scanning
Electron Microscope (SEM) is time consuming and expensive, also the facilities did not exist in
South Africa to perform automated particle by particle analysis on filter samples. Analysis by
SEM takes place under vacuum and can result in the loss of organic carbon species from the
filters, this adds to the fact that SEM analysis is an unreliable method for measuring organic
species particularily sorbed and liquid organics®®. Factor analysis uses a large dataset of
samples from receptor sites and attempts to estimate the fraction of a species in the
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emmissions from a source, and the fractional contribution of the sources. This method was
not suitable for the study as the dataset of ambient samples would be small due to the
episodic nature of the brown haze. A chemical mass balance model approved by the US EPA
has been chosen for this study® . This type of model has been extensively used in studies in
the USA®!#233343) gnd there are well documented procedures for performing such a study
including extensive quality control procedures®%>°),

2.4.1 The Chemical Mass Balance Model

The specific model to be used is the Chemical Mass Balance Model. The model consists of
the following sets of equations:*

C= FiSq + Fizsz + ...+ Fiij + ... +FuS, i=1.1, j e O P (2)

where: C; = Concentration of species i measured at a receptor site
F; = Fraction of species i in emissions from source j
S; = Estimate of the contribution of source j
I = Number of chemical species
J = Number of source types

inputs to the model are C; and F;; and the outputs are S;. The accuracy of the outputs depends
on the accuracy of the inputs and for this reason values of the inputs are inserted along with
estimates of the errors associated with these values.

Before using this model it is recommended in the EPA 'Protocol For Applying and Validating
the CMB Model* that checks be made to see whether the model is appropriate or not for the
data to be obtained.

A general summary of the recommended steps for the validation of the model is:

- Determine the general applicability of the CMB model to the application at hand.

- Set up the model by identifying and assembling the source types, source profiles, and
receptor concentrations needed for model input. Make a preliminary application of the
model to these data.

- Make any model input changes which can be justified to resolve the identified problems.
Rerun the model.

- Assess the stability of the model results and their consistency with the preliminary
analyses.

- Evaluate the model results by comparing them with other receptor or dispersion model
results and reconcile any differences.

- Examine the model's statistics and diagnostics to identify potential deviations from the
model assumptions. These are:

(i) Compositions of source emissions are constant over the period of ambient and
source sampling.
(i) Chemical species do not react with one another, i.e., they add linearly.



11

(iiiy Al sources with a potential for significantly contributing to the receptor have been
identified and have had their emissions characterised.

(iv) The number of sources or source categories is less than the number of species.

(v) The source compositions are linearly independent of each other.

(vi) Measurement uncertainties are random, uncorrelated, and normally distributed.

2.4.1.1 Applicability of the CMB Model

In the recommendations for validation of the model mention was made of the determination of
whether the model is applicable to the apportionment task at hand. The applicability of this
particular model is determined along the following lines:

- A sufficient number of samples have been taken in accordance with the guidelines of the
study (eg. every sixth day for 24 hours).

- Minimal concentration analyses on samples are: Al, Si, S, Cl, K, Ca, Ti, V, Mn, Fe, Ni, Cu,
Zn, Br and Pb. The inclusion of Cr, As, and Se; elements; cations; anions; and elements
and organic carbon are desirable. The analyses must be such that the concentrations of
the majority of the species should be greater than the detection limit and the variability of
the filter blank. The uncertainties of the measured concentrations should be known or
estimated.

- The potential sources can be identified and grouped into categories that are unique with
respect to their chemical makeups. These groups should be sufficiently different so as to
be discernable by the model.

- The compositions of the source profiles are representative of how the source is
perceived at the receptor. This implies that changes in the source composition between
source and receptor are accommodated to make the model physically meaningful.

- The number of types of sources must be less than the number of chemical species
measured.

2.4.1.2 Model setup

When setting up the model it will be necessary to choose the fitting species and source
profiles. The choice of these may vary from sample to sample depending on specific
emissions and on meterological conditions. For example a factory could be running a different
fuel in their boilers. Meterological conditions could effect the choice of sources for a fit. An
example of this would be when the prevailing wind makes it impossible for a certain source to
be 'seen’' at the receptor site. There are EPA documents that give guidelines on data
quality®*“®.

An important aspect of the accuracy of the model is the accuracy of the inputs to the data.
Here it is recommended that strict quality assurance methods be applied. The accuracy of
data uncertainties in particular will have a large influence on the model as the model is
weighted towards those values that have a small uncertainty.

For ambient samples the uncertainty is mainly represented by the uncertainty in the analytical
measurements and the uncertainties represented by the sampling flowrate. There are
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guidelines on how to input data and their uncertainties in the 'EPA Protocol for Applying and
Validating the CMB Mode/**®. It is important that uncertainties be assigned otherwise the
model could give undue weight to a particular measurement.

When running the model the choice of fitting sources must be done carefully. Based on the
ambient conditions a source may or may not affect the receptor. An example of this could be if
the source is downwind of the receptor. It is also suggested in the validation protocol that
sources can be eliminated if it is found that; based on emission rates, stack height,
microscopy, distance from receptor etc.; the source contributes <5% say, then it should be left
out of the fit. Also to be eliminated are those sources that are not emitting at the time of
sampling. Once again it is important that the uncertainties of the source profile measurements
be estimated as accurately as possible. A useful guide for these uncertainties is that the lower
limit of the uncertainty is the analytical uncertainty while an upper limit can be obtained when it
is seen that the sum of all fractions of elements in a source profile can not exceed 1.

2.5 Source apportionment studies around the world

Source apportionment studies have been performed since the late 1970’s. These have been
carried out as a result of perceived high particulate loadings in the atmosphere. Table 2.2
summarises some studies and gives results of apportionment, where available, as well as the
type of model used and the date when the study was performed.



13

Table 2.2 Source apportionment studies

Receptor Model Date Particle Sources and Contribution
' Performed | Measur
e
San Francisco Bay®" | Chemical Mass | 1991-1992 | PM10 Geological Dust 18%
Balance Vehicles 13-18%
Wood/Veg Buming 40%
: Sulphate 3-4%
Duarte Califomia®® Principal 1983 and | PM3.5 Soil 23%
Component 1987-1988 Sulphate 16%
Analysis Vehicles 10%
_ Organic Carbon 12%
San Joaquin Chemical Mass June 1988 - | PM10 Soil 54%
California®” Balance June 1989 Nitrate 15%
' Vehicles 10%
Construction 8%
Denver Colorado®™ Chemical Mass | 1978 PM2.5 | Vehicles 26%
Balance Coal Combustion >20%
Wood Buming 12%
Shanghai® Chemical Mass | 1990 PM10 | Area Sources 53%
Balance Construction 6.2%
Road Soil 8.5%
Sulphate 8.3%
Open Sources 6.4%
Soil 4.9%
Milan®® Factor Analysis | 1988 PM15 | Metal Smelting
Crustal Material
Potassium Rich Source
Vehicles
Regional Crustal Matenal
Sulphate
Philadelphia®® Chemical Mass | 1982 PM10 | Sulphate 49-55%
Balance / Multiple . - | Crustal Material 17-24%
Linear Regres. Vehicles 4-6%
CQpenhagen(“’ Chemical Mass 1983 TSP Crustal Dust 20-34%
Balance Traffic 37%
Fuel Oil Combustion 20%
: Combined Source 28-50%
Japan! Chemical Mass | 1977-1985 | PM10 | Soil 17.7-28.9%
Balance Marine 1.6-8.0%
Refuse Buming 4-7.9%
Oil Buming 1.5-4.0%
Iron Smelting 0.5-6.8%
Hong Kong'*? Factor Analysis | 1986-1987 | PM10 Construction 6.48 mg.m>
}/ehicles & incineration 1.93 mg.m’
Wind blown Dust 7.14 mg.m™
g:oal-ﬂred Power Plant 4.92 mg.m’
, Oil Combustion 8.15 mg.m>
Tuscon™ Chemical Mass | 1989-1990 | PM2.5 | Motor Vehicles 50-62%
Balance Geological Material 25-31%
Ammonium Sulphate 5-11%
Volatile Nitrates 8%
Ammonium Nitrate 0-1%
Vaal Triangle” Chemical Mass | 1994 PM10 | Arc Fumaces 11-26%

Balance

Soil Dust 0-35%
Domestic Coal Fires <10-35%
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2.6 Visibility apportionment

The Brown Haze Study focused on the visibility degradation effects of the haze. Visibility(V) or
visual range of an observer is linked to the transmission of light through the atmosphere by an
extinction coefficient (bes). This relationship is given by the Koschmieder equation as®”"

V= = I (Crrin)/ Dt +vverrrresereesseeeessssessessesesssssessessessesesesssesssssssesessssseseeees 3)

where C,,, is the minimum perceptible contrast between two objects, such as a mountain and
the horizon. This is usually taken as 2%'*® making (2):

V =3.912/bex (3a)

Light extinction (represented by b.) is made up of the following independent components:*®

- Scattering by gases (Rayleigh Scattering) which is a constant value for a given
temperature and pressure. Molecules of gas in the atmosphere divert light from a sight
path.

- Gases absorb light and transform it into molecular energy. Nitrogen dioxide
concentration is associated with light absorption by gases because absorption by other
gas molecules is negligible.

- Absorption of light by particles occurs when black or coloured particles transform light
into heat. Absorption is linked to the concentration of elemental carbon in the
atmosphers.

- Patticles scatter light in a similar way to gases. Scattering is a function of the
wavelength of light, particle size and the index of refraction for the particles. Particles of
0.5um in diameter are the most efficient at scattering light.

Therefore a basic model for the extinction coefficient is as foIIoWs:
ngt = bgg + bag + bgp + bap ............. v . ................................................. (4)

where s and a refer to scattering and absorption respectively, and g and p indicate
contributions of gases or particles. - A number of studies®®**?” have shown that different
chemical species have differing effects on visibility degradation. These visibility effects are
split amongst six main groups which are:

- fine ammonium sulphate (S)

- fine ammonium nitrate (N)

- fine organic carbon (C,,)

- elemental carbon (C,.)

- remainder of fine patrticles (R)
- gaseous NO;
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Groblicki et al (1981)®” incorporated the effects of these visibility affecting groups into the
basic model for the extinction coefficient (3) using multiple linear regression. This yielded the
following equation:

bea(Mm™) = [6.6S + 2.8N + 4.4 x 1.2 X Cao + 3.2Cau + 1.7TR - 17]
+(1.73S)/(1-n) + (1.47N)[(1-p) + 12.5C .ot + 3.8Caec ,
+0.33 NO; (5)

where: n= relative humidity(RH) /100
the term in [...] represents by in (3)
the subscripts ¢ and f represent the coarse and fine fractions.
'S, N, Caor Cae and R are in units of ng/m’
NO, has units of ppbv.
Mm" =10°m

Equation (4) is used to determine the contributions of the six main visibility affecting species to
light extinction. The equations are: ‘ ' '

fs =[ S(0.066 + 0.0173 (1-n)" - 0.011 Dap ™) 1/ Dext ccverserrsssnsmrsesssnssssnsassrsssses (6)
fy = [ N(0.028 + 0.0147 (12)" = 5 X 10° Dap ™) 1/ Dt wovnnvivvammnmmsssrrnnsssssses (7
foro = [ 1.2Ca0(0.044 = 7 X 10° Dyg™) 1/ Dt wevvrvvsssscssssssssssssmsmssmmemssssssssssssses (8)
foue = [ Caet (0.157 = 5 X 107045 ") + 0.037 Cae 1/ Dt ccocsvnvnneversssssssssssmmnnnees (9)
fo = [R(0.017 - 2.9 X 10°Dg™) 1/ Dot covvsssmnsssnesssessssssmmnsssssssssssssssmsnssses (10)

R 1 N0 2 - T (11)
where f is the fractional extinction due to a certain species.

Studies by Watson et al“®) and Richards et al* also proposed models for bes as a function of
the six visibility reducing species and relative humidity. They are:

Dext= t1.0+[1.0/(1-u)]]$ +[1.8+[1.3/(1-p)]IN+ R + [3.4+[0.6/(1-1)]ICao + 13.1C4e + 0.21NO; + 13.... (12)

beg= [0.384+0.792RH]S + [0.32+0.66RHIN + R + 9.1Cpe * [0.32+0.66RH]Cao + 0.17NO; +9.9..... (13)
Note: NO- is in units of ng/m®

The models mentioned above are Multiple Linear Regression Extinction Models and for the
calculation of b,, have the general form: :

b,, = jz_lchj ...................................................................... (14)

where E; is the scattering efficiency of species j, n is the number of components and C; is the
measured concentration of the jth chemical component. The Ej's are “gstimated using multiple
linear regression when a time series of corresponding bs, and C; have been measured, with
bs, as the dependent variable and the C, as independent variables®.” Equation (4) for
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example represents a model derived from measurements of b, made in Denver. So the
applicability of the model is assessed relative to the Denver airshed.

Lowenthal et al®® stated that this type of model has physical significance under restrictive
conditions which are:

- all components contributing to scattering are included as independent variables
- the components are externally mixed

- sufficient samples have been taken to provide stable solutions

- scattering efficiency for each component is constant

- chemical concentrations are uncorrelated in time

He went on to say that few studies have examined the effects of deviations from model
assumptions on the calculated E;'s. The paper showed that the results from this model were
similar to those obtained from a more complex model called the Elastic Light Scattering
Interactive Efficiencies Model which gave results that deviated by 11-26% from measured
values. However, the report did show that the Ej’s calculated at different sites varied by up to
a factor of 4.

2.7 \Visibility apportionment studies

Previous visibility apportionment studies®*** have given results in one of two formats
depending on the detail required fro the study. The basic approach would be to apportion light
extinction to the six visibility affecting species mentioned above. Studies in Denver (1981%®
and 1987-88"“%) did this and their findings are summarised in Table 2.3.

Table 2.3 Visibility apportionment in Denver

Species Denver 1981 Denver 1987-88 Denver 1987-88
% contribution to (electri_cal utilities (electri-cal utiliti:as
extinction burning gas) burning coal)
% contribution to % contribution to
extinction extinction
Ammonium Sulphate 20.2 . 6 6
Ammonium Nitrate 17.2 , 16 8
Organic Carbon 12.5 21 21
Eiemental Carbon (absorption) 31.2 25 30
Elemental Carbon (scattering) 6.5 3 4
Remaining Particutate Mass 6.6 15 15
Rayleigh Scattering - 6 6
NO; 5.7 8 10

®  During the 1987-88 Denver study the electrical utility in the town was alternating between
gas and coal as fuel. An apportionment was carried out under these two conditions.

The values in Table 2.3 show which chemical species contribute most to visibility degradation.
The two sets of values for the Denver 1987-88 period showing contributions with gas burning
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utilities and coal burning utilities show the effect fuel type has on emissions. Coal burning is .
associated with “black smoke” or the emissions of elemental carbon resulting in a higher
visibility contribution for elemental carbon when coal burning utilties are operating. A
comparison between the apportionments of 1981 and 1987-88 in the same shows changes in
the contributions of ammonium sulphate, organic carbon and remaining particulate mass.
This could reflect a changing set of emitters and/or changes in fuel types.

Another approach to visibility apportionment is to apportion visibility to pollution sources. This
requires the combination of a model to apportion extinction to the six visibility affecting
species, and a receptor model such as the Chemical Mass Balance Model. This approach was
used in the Tuscon Urban Haze Study™). Table 2.4 shows the range of values obtained for
apportionment of the morning and afternoon hazes. The table also shows apportionment of
hazes with bee ranging from 100-200 Mm™ (haze with 40 to 20 km visual range) and for 200-
250 Mm™ (strong haze with 20 to 16 km visual range). This sort of apportionment is useful in
that it shows the actual visibility degrading effect of sources rather than for chemical species.
Ranges shown in the table show the variability in the contributions of emitters from episode to
episode. The report also mentions that California and Colarado have visibility standards.
California’s is that visibility should be greater than or equal to 16km (100Mm™) and Colarado’s
is 50km (76Mm™).

Table 2.4 Visibility source apportionment in the Tuscon Urban Haze Study (%)

Source morning haze afternoon haze strong morning
haze
Primary Geological Material -l 10-25 10-50 <10-50
Primary Motor Vehicles ' 25-50 25- >50 >50
Primary Wood Combustion <10 <10 <10
Primary Smelter <10 <10 <10
Primary Limestone <10 <10 <10
Secondary Sulphate <10 _ <10 <10
Secondary Nitrate <10-50 <10 <10-25
Secondary Organic Carbon <10 <10 <10
NO, <10 <10 <10
Rayleigh Scattering <10-25 10-25 <10
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3. METEOROLOGY OF CAPE TOWN
3.1 Introduction

Ambient poliutant concentrations are strongly dependent on the atmosphere into which they
are emitted. Ambient measurements are taken at low levels (3-18m) in this study so it is the
characteristics of the first 500m of the atmosphere (called the planetary boundary layer) that
are important. The meteorological factors that effect air pollutant concentrations in the lower
atmosphere are'®:

- wind velocity
- vertical temperature profile
- mechanical turbulence

These, with rate and height of emissions, govern the ambient pollutant concentrations.
3.2 Overview of the meteorology of Cape Town

In general Cape Town meteorology can be summarised by four typlcal synoptic maps™“® for the
Southern African subcontinent (Figure 3.1).

The summer months are characterised by a high south-easterly air flow (Figure 3.1a) this is
caused by a ridging anticyclone over the south Atlantic. This means high wind velocity and
consequently high atmospheric turbulence which dilutes and disperses pollutants efficiently.

During the winter months the wind is generally from the north-west (Figure 3.1b). This is
caused by a pre-frontal system that also causes low temperatures and overcast conditions.
The high wind velocity again performs a diluting function on pollutants in the area. Figure 3.1c
shows conditions that occur mainly in early spring and late winter. These are associated with
brown haze episodes in the Cape Town region®™. Berg winds result when a high pressure
system over Kwazulu-Natal is associated with one over the Western Cape under pre-frontal
conditions.

Figure 3.1d depicts stagnant conditions over the region caused by an anti-cyclone. This
causes light variable winds and an elevated temperature inversion. This situation also has the
potential to result in pollution episodes as there is insufficient air flow to dilute pollutants.
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Figure 3.1 Typical synoptic maps for the Southern African subcontinent*?

3.3 Meteorological zones of Cape Town

Due to the effect of Table Mountain and False and Table Bays the meteorology of Cape Town
is complex and has been divided into six zones®" (Figure 3.2) that show potentially different
pollutant loadings.

Zone 1 includes the Central Business District (CBD) of Cape Town. The meteorology here is
complex due to the effect of Table Mountain. This causes southerly airflow to have a re-
circulating effect rather than a ventilation effect, as in other areas. Temperature inversions are
also persistent in the winter months. North-westerly airflow provides the best ventilation for
pollution in the area. '

Zone 2 runs parallel to the Peninsula mountain chain and includes the Wynberg monitoring
site. This zone is the highest rainfall region in the Cape Town Metropolitan Area due to effects
of the mountains. Inversions are persistent here too, but tend to break up more quickly than in
zone 1 due to the mountain slopes facing the rising sun. This causes increased convective
activity. Topography also causes downdrafts so pollution is often dispersed downwards.
Ventilation is typically by south-easterly and north-westerly air flow.



s

- Figure 3.2 Meteorological zones of Cape Town.

Zone 3 represents the Southern Cape Flats area. There is no sampling site in this area.
Although inversions do occur here in winter they are generally short lived since from about
10am the zone starts to experience strong air flows either from the south or the north
depending on the weather system.

Zone 4 consists of the central Cape Flats area. Most of the industrial areas in the region are
found here and the Goodwood sampling site is situated in this zone. In winter, under stable
conditions this area experiences low level temperature inversions. These persist well into the
morning as this area does not experience the ventilation effects of zone 3. Under unstable
conditions, drainage flows are from the north-west or south-east.

Zone 5 is situated north of zone 4 and is considered a beyond the area of study. There is no
sampling site in this area. In general the area shows strong daytime winds with a westerly
component and weaker night-time winds predominantly from the east. '
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Zone 6 is the coastal belt from Paardeneiland to Koeberg. There is a sampling site at Table
View in this area. As with the other zones southerly and northerly drainage flows dominate in
this area. Under stable conditions, however, low level inversions are formed with light sea
breezes re-circulating pollutants in the area. The occurrence of the thermal internal boundary
layer (a feature of coastal climatology) causes pollutants emitted in this area to be mixed to the
ground. This effect can impact on pollutant concentrations some distance intand.

As shown Cape Town can be divided up in to six microclimatic zones. Of the six zones,
ambient pollutant measurements were taken in zones 1, 2 ,4 and 6 during this study.

3.4 Meteorology and brown haze episodes

Most brown haze episodes are associated with weather conditions depicted in Figure 3.1c.
According to Jury et al®® the atmospheric characteristics that are associated with pollution
episodes are:

- local berg winds from NNE
- a temperature increase of about 11°C from ground level to 500m above the earth’s
surface.

The latter represents temperature inversion conditions in the atmosphere. The warm berg
winds cause dry night-time conditions in the lower atmosphere. Night-time radiative heat loss
and sinking motion from the upper atmosphere combine under these conditions to form a-
strong ground based inversion. The conditions in the inversion are generally calm and so
there is little dilution of emitted pollutants. Emitted pollutants will rise until their “initial
buoyancy and vertical momentum are dissipated™*>>*. Further the layer prevents mixing from
the atmosphere above. This effectively means that pollutants are being emitted into a smaller
airmass where the air velocity is insufficient for dilution. This results in higher than normal
pollutant concentrations.
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4. METHODOLOGY

As mentioned previously, this is a source apportionment study using a receptor modelling
approach. Source apportionment is the quantification of the relative contribution of each
emission source to the pollutants collected at an ambient site (or receptor). To perform a
source apportionment it is necessary to collect data about the sources of emissions and about
the ambient pollutant levels. The data includes a breakdown of the chemical species making
up the particles from the sources and the ambient locations.

The source apportionment is based on PM2.5 due to its importance in terms of visibility
degradation and heaith (see Chapter 2). The basic methodology of the brown haze study was
to collect PM2.5 samples on filters from various emission sources (identified by performing an
emissions inventory) and ambient sites, have the filters analysed chemically, insert the
chemical data into a receptor model to obtain a source apportionment of PM2.5, convert the
PM2.5 source apportionment to visibility apportionment, and investigate the mechanisms by
which the brown haze is caused.

41 Emissions inventory”"

An emission inventory provides an inventory of primary emissions from the most important
sources for a particular area. Emission inventories can be divided into three classes:

(i) Gross estimation inventory - Emission estimates are based on summary statistics for
fuel consumption, industrial processing, etc. It is not very accurate and mainly used for
nation-wide estimates. v

(i) Rapid survey inventory - The inventory is compiled for large point sources and through
the use of reference documents for area sources. The inventory areas are often divided
into zones. The method is reasonably accurate.

(i) Detailed source inventory - The method was developed for use in mathematical
atmospheric dispersion modelling. All point sources down to a certain emission level are
included. Sources below this emission level are treated as area sources, and mobile
sources are treated as a special category of area sources. All emissions are reported on
a grid square basis.

The emission inventory used for this study lies somewhere between the first and second class
of inventory. The inventory covers the Cape Town Metropolitan Area and is not divided into
zones. The emission inventory was compiled for 1995. Emissions investigated were SO,
NO,, volatile organic compounds (VOCs), PM10 and PM2.5. SO, NO,, and VOCs are
precursors for secondary particulates and were thus included in the inventory. The emission
inventory was used to identify the most important emitters. It was these emitters that were
used in source apportionment. The inventory is discussed in detail in the “Cape Town Brown
Haze Study” ™.
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4.2 Source sampling

The methodology for source sampling was based on the work done by Mintek"® and by the
Desert Research Institute’”. Details of the methodology are shown in Appendix A.
Essentially sources were sampled using the techniques of either isokinetic sampling,
resuspension sampling, or controlled combustion in a chamber. Sources that were
characterised were:

various soils

road dust

sea salt

coal fired boiler

oil fired boiler

Caltex oil fired boiler

Caltex gas fired boiler

Caltex fumace

Caltex fluidised catalytic cracker unit
Kynoch Ammonium Nitrate emissions
diesel combustion '
petrol combustion -

wood fires

grass fires

tyre burning

4.3 Ambient particulate sampling .
Procedures used for ambient sampling are outlined in Appendix B and Appendix C.
4.3.1 Description of ambient sampling sites

Ambient particulate sampling took place at four sites. They are Wynberg, Goodwood, Table
View and the Central Business District, and their location is shown in Figure 4.1. Detailed
maps of the sampling sites are shown in Appendix D. The sites were chosen on the basis of
there being existing air monitoring equipment at those sites, as well as all the necessary
infrastructure, such as security and electricity. As indicated in Chapter 3, the sites also fall in
four of the six meteorological zones identified in the Cape Town Metropolitan Area. A single
sample was also taken in Guguletu, which is located near informal settlements.
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Figure 4.1 Location of the ambient sampling sites

A description of each site is given as follows:

Wynberg

Is located in a residential area a few hundred metres from a main road. Monitoring equipment
at the site includes:

- PM10 continuous monitor

- PM2.5 Automated Cartridge Collection Unit (ACCU)
- NO, monitor

- Ozone monitor

CBD
There are two monitoring sites which are located 100 metres from each other. The sites are at
the City Hall and at the Drill Hall. Equipment at these sites include:

- PM10 continuous monitor

- PM2.5 ACCU

- NOy, monitor

- Non-methane hydrocarbon analyser
- Meteorological station
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Table View

Is located in a residential area next to an infrequently used road. It is about a kilometre from
the sea and is about two kilometres on the prevailing wind side (north-west) of a large refinery
(Caltex) and fertiliser factory (Kynoch). Monitoring equipment at this site inciudes: -

- PM10 continuous monitor
- PM2.5 ACCU

- NO, analyser

- SO, analyser

- Meteorological station

Goodwood
it is located in a residential area. The equipment at this site includes:

- PM10 continuous monitor
- PM2.5ACCU
- NOy analyser

4.3.2 Sampling frequency and duration

Sampling was carried out for a period of one year from July 1995 to June 1996. Samplin'g was
predominately during brown haze episodes which are characterised by temperature inversions
and windless conditions occurring predominantly between April and September. A few
samples were collected on clear days for comparison.

Sampling was 12-hourly during haze episodes, but in some instances was extended to
24 hours if there was insufficient filter loading on the filters to be able to perform chemical
analysis. Sampling was from midnight to midday and/or midday to midnight. During clear days
sampling was allowed to continue until the filters had been loaded enough for analysis. Filter
loading was estimated from the continuous PM10 readings.

4.4 Brown haze episode prediction
There are a-number of factors that are considered in predictihg an episode:

e The Weather Bureau at Cape Town International Airport predicts a temperature versus
height profile in the atmosphere a day in advance. This gives a prediction for the
temperature inversions which characterise the haze. r

e The Weather Bureau also gives six hourly predictions of wind speed and direction from
00h0O0 for three days at a time. This is important because calm conditions are important

“for haze formation. Wind tends to blow away pollutants and break up the temperature
invers