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ABSTRACT 

Aerosols and cloud play a major role in understanding and interpreting the varying earth’s 
energy budget. It is necessary to characterize these atmospheric particles by their sizes, 
chemical composition, water content etc. Aerosols can both cause heating and cooling 
depending on what they are made of; dust will generally tend to scatter leading to cooling 
effect while some species of  black carbon will absorb sunlight thereby causing a heating 
effect. In order to assess their impact on global climate, a multiple measurement approach is 
necessary and specifically, we need long and short term ground-based measurements in clean 
and polluted environment and long term satellite measurements. In this thesis, we have used 
aerosol measurements from CIMEL Sunphotometer (part of the world-wide network; Aerosol 
Robotic Network: AERONET) over, Pretoria (25.75º S, 28.28º E) and Skukuza (24.9o S, 31.5o 
E) in South Africa, and satellite data from Moderate Resolution Imaging Spectroradiometer 
(MODIS) and Multiangle Imaging Spectroradiometer (MISR).  

Pretoria is situated in industrial region with adequate influence of urban/industrial aerosols 
while Skukuza is an agricultural based region with frequent burning of agricultural waste to 
clear the harvest during the late winter, spring and summer seasons.  Thus, the study over 
industrial and agricultural regions explores more understanding about the regional radiative 
forcing in relation to aerosol loading and meteorology. MODIS satellite data was utilized for 
addressing long term trend in aerosol loading and cloud interaction studies over different 
locations of South Africa where no ground based sunphotometer data are available.  Using six 
months sunphotometer data (July–December 2012), aerosol characteristics over Gorongosa 
were studied with particular attention to how aerosol loading evolves during the biomass 
burning season (spring) including pre- and post-months. The results revealed that the monthly 
mean aerosol optical depth (AOD500) was at maximum in September and minimum in 
November. The study also investigated biomass burning and forest fire occurrences in 
Mozambique using MODIS active fire data.   

Using a year sunphotometer data (January – December 2012) obtained from Pretoria’s 
(CSIR_DPPS) AERONET site, aerosol was characterized by its optical, microphysical and 
radiative properties.  The study explored meteorological effects on aerosol loading and 
aerosol direct radiative forcing over Pretoria.  Maximum value of aerosol optical depth 
(AOD500) was found during February (summer) and August (winter) while the atmospheric 
forcing was found to be independent of seasonal variation in AOD.  Besides, AOD, Angstrom 
exponent (AE; α440-870), columnar water vapor (CWV), volume size distribution (VSD), 
single scattering albedo (SSA) and aerosol radiative forcing (ARF) were computed and their 
variations with their climatic implications were studied. Using the ground-based instrument of 
AERONET at Skukuza, we performed validation of MISR and MODIS (Terra and Aqua) 
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level 3 AOD products using the data retrieved for the year 2010. We also carried out 
regression analysis on these satellite products using 10 years of dataset (2004-2013) to 
evaluate their performance at a hinterland and coastland stations with two distinct 
environments in SA. The validation showed that MISR was better correlated with 
sunphotometer having a coefficient of determination (R2=0.94), Aqua MODIS (R2=0.77) and 
Terra MODIS (R2=0.68). The long term regression analysis at the two selected locations 
showed MODIS products underestimating MISR. At the hinterland, MISR showed an 
increasing trend while MODIS products showed a decreasing trend over the study period but 
at the coastland MISR and Terra MODIS showed a negative trend while Aqua MODIS 
showed a positive trend. When the two MODIS products were compared, they were better 
correlated at the coastland (R2=0.66) than hinterland (R2=0.59) and when compared based on 
seasonal variation, they were better correlated in the winter season in both locations than any 
other season. The Ozone Monitoring Instrument (OMI) Ultra-Violet Aerosol Index (UVAI) 
which was used to monitor the absorption aerosol index showed an increasing trend over the 
two locations with 0.0089/yr hinterland and 0.0022/yr at coastland.  

In the present thesis, we also used data obtained from the Terra satellite onboard of the 
MODIS to investigate the spatial and temporal relationship between AOD and cloud 
parameters namely, water vapor (WV), cloud optical depth (COD), cloud fraction (CF), cloud 
top pressure (CTP) and cloud top temperature (CTT) based on 5 years (January 2008 -
December 2012) of dataset over six locations in South Africa. AOD has high values during 
spring (September to November) but low values in winter (June to August) in all locations. In 
terms of temporal variation AOD was lowest at Bloemfontein 0.06±0.04 followed by Cape 
Town 0.08±0.02, then Potchefstroom 0.09±0.05, Pretoria and Skukuza had 0.11±0.05 each 
and Durban 0.13±0.05. The mean AE values for each location show a general prevalence of 
fine particles for most parts of the year. Our analysis of AOD and WV showed both quantities 
only co-vary at the beginning of the year but later in the year they tend to have opposite trend 
over all the locations. AOD and CF showed negative correlation for most of the locations 
while AOD and COD were positive over three of the locations. AOD and CTT, CTP showed 
similar variations in almost all the locations. The co-variation of CTT and CTP may be due to 
large scale meteorological variation. 
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CHAPTER ONE 

1.0 INTRODUCTION 

Aerosols consist of solid and/or liquid particles that are suspended in the air. They are present 

everywhere in the air being seen as dust, smoke or haze. The concentration in the air arises 

from both natural and human origin. Globally, natural sources such as dust and sea salt 

predominates. In local or regional levels, industrialized and highly populated regions can be 

dominated by aerosols of anthropogenic origin such as different combustion sources and 

intense biomass burning. 

 

1.1 Atmospheric aerosol 

When the term “Atmospheric aerosol” is being used; it encompasses an extensive range of 

particle types with different compositions, shapes, sizes and optical properties. The amount of 

aerosol in the atmosphere sometimes called aerosol loading can be quantified either by mass 

concentration or an optical measure known as aerosol optical depth (AOD). AOD is a 

dimensionless quantity, the integral of the product of particle number concentration and 

particle extinction cross-section (which accounts for individual particle scattering plus 

absorption), along a path length through the atmosphere, usually measured vertically. 

Anthropogenic aerosols contribution to the global aerosol mass concentration is in the 

neighborhood of 10 – 20% range while the natural aerosols take almost 81% but contributing 

just about 25% to aerosol optical depth (Andreae, 1995; Satheesh & Krishna Moorthy, 2005).  
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Aerosol research interest areas include health, climate and visibility due to diversify effects in 

the aforementioned areas (Jacobson, 2001). In relation to Earth’s climate their effect occur in 

three fundamental ways: (i) they cause the scattering and absorption of short-wave radiation 

and absorb long-wave radiation, this is termed aerosol direct effect’(Haywood & Boucher, 

2000); (ii) they act as cloud condensation nuclei, increasing the number and reducing the size 

of cloud droplets, thus affecting the albedo termed the ‘first aerosol indirect effect’(Charlson 

et al., 1992; Kaskaoutis & Kambezidis, 2006); (iii) through the first indirect effect, they 

reduce the precipitation efficiency of clouds, thus increasing their lifetime termed the ‘second 

aerosol indirect effect’,(Lohmann & Feichter, 2005); (iv) aerosol containing absorbing 

material contributes to the heating of the atmosphere thereby reducing relative humidity and 

consequently decreased low clouds cover which is termed  ‘aerosol semi direct 

effect’(Johnson et al., 2004). Aerosol size distribution as related to coagulation, condensation 

and gas-to-particle conversion processes is found to change with the ageing of aerosols (Reid 

& Hobbs, 1998). 

Aerosols are generally classified into three size categories: (i) Ultra-fine/Nucleation/ Aitken 

mode (0.001 – 0.1 µm radius), (ii) Accumulation mode (0.1 – 1.0 µm radius) and (iii) Coarse 

mode (> 1.0 µm radius). Nucleation and accumulation are terms connected with the 

production processes of aerosols in those particular modes. The Aitken or Nucleation mode 

aerosols formed by gas-to-particle conversion are the most predominant in terms of number 

though they constitute the smallest percentage of the total aerosol loading due to their smaller 

size. The process involved in the accumulation mode is usually either by coagulation of 

smaller particles or by heterogeneous condensation of gas vapor onto existing smaller 
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nucleation mode particles. Coarse mode aerosols are as a result of mechanical processes such 

as wind-blown dust; sea-salt aerosols produced by breaking of sea waves. Once aerosols are 

ejected into the atmosphere they are borne along with air currents until they are finally 

removed from the atmosphere. Their mass, size and acceleration determines how long they 

will stay in the atmosphere which is normally being referred to as their residence time. The 

residence time depends on their average life time and prevailing meteorological conditions, 

this normally will be for a few days to a week (Raes et al., 2000). The removal of aerosols 

from the atmosphere   can be through wash-out by rain called ‘wet deposition’ or direct 

uptake known as ‘dry deposition’.  

 

Fig 1: Showing the Aitken mode – 0.01-0.1 µm, Accumulation mode – 0.1-1 µm, Coarse mode - >1 
µm and sometimes, the elusive nucleation mode <0.01 µm [Source: SASAS Conference 2013]. 
 
When aerosols are ejected into the stratosphere, they do not get removed easily like the 

tropospheric ones, they sometimes remain for years. 
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1.2 Classification of aerosols 

Aerosols also sometimes called particulate matter (PM) or by synonymous terms such as 

Suspended Particulate Matter (SPM), Total Suspended Particulate (TSP) or Total Suspended 

Particulate Matter (TSPM). They are broadly classified into two according to  

a. Natural aerosols and 

b. Anthropogenic aerosols 

 

 

Fig 2: Showing the various tropospheric aerosols sources in the atmosphere [Source: SASAS 
Conference, 2013]. 
 
1.2.1 Natural aerosols 

Natural aerosols originate from natural occurrences such as dust storms, sea spray, volcanoes, 

and forest and grassland fires.  

1. Marine aerosols 

These are either formed mechanically by the sea waves or by gas-to-particle conversion 

process of precursor gases over the marine atmosphere. These oceanic origin aerosols are 
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estimated to form 30% of total aerosol loading (Prospero et al., 1983). Those that are formed 

by mechanical process are termed sea-salt aerosols while those by gas-to-particle are non-sea-

salt aerosols e.g dimethyl sulphide (Charlson et al., 1987; Hoppel, 1979). 

2. Mineral dust aerosols 
These are very common in desert areas where there exist either a low or sparse vegetative 

cover. Surface winds over these areas often inject the dry soils into the atmosphere (Tegen & 

Fung, 1994) and at other times they can result from human activities such as construction, 

agriculture, transportation and deforestation. Their lifetime is affected by their size. In dealing 

with these types of aerosols, their radiative effect can only be quantified when their 

microphysical properties are known. 

3. Volcanic aerosols 
During a volcanic eruption dust and gaseous sulphur are emitted.  The sulphur thus produced 

is more efficient in producing sulphate aerosols (about 4.5 times) than those of anthropogenic 

origin because they have lower deposition rate (Benkovitz et al., 1994; Graf et al., 1997). 

 

1.2.2 Anthropogenic Aerosols 

Anthropogenic aerosols come from man-made activities such as industrial emissions, 

vehicular emissions and burnings from biomass and fossil fuels. 

1. Sulphates 
Sulphates are produced from activities such as oil refining and smelting, coal and oil 

combustion and though they are mainly submicron particles, they are capable of being 

conveyed from their sources to long distances (Winchester and Bi, 1984). SO2 can be 

quantified as 72% from fossil fuel burning, about 2% from biomass burning, about 19% from 
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dimethyl sulphide emission by phytoplankton and about 7% from volcanoes (Haywood & 

Boucher, 2000). They can indirectly influence the optical properties of clouds by forming 

cloud condensation nuclei because they are hydrophilic (Takemura et al., 2000). Sulphate 

aerosol has a direct radiative forcing of about -0.4 ±0.2 Wm-2. 

2. Nitrates 
They are formed by the oxides of Nitrogen like NO2, N2O, N2O4 and volatile acids of nitrogen 

which originates from biomass burning, fertilizers, bacterial actions on soil and vehicular 

exhaust (Hidy, 1984). The most predominant type is the ammonium nitrate (Pruppacher & 

Klett, 1978). Nitrate aerosol has direct RF of about -0.10 ±0.10 Wm-2 although this is subject 

to further investigations. 

3. Carbonaceous aerosols (soot) 
This is a formation arising from a complex mixture of organic carbon (OC) and elemental 

carbon (EC). Organic carbon (OC) and black carbon (BC) comes from incomplete 

combustion of carbonaceous materials. They are the most important sunlight absorbing 

aerosol in the atmosphere and they also serve as catalyst in some chemical reaction in the 

atmosphere (Gundel et al., 1989; Reddy & Venkataraman, 1999). They are most significant 

for their absorption properties and their inhibition of cloud formation (Ackerman et al., 2000; 

Kaufman & Nakajima, 1993). Black carbon has a direct radiative forcing of about -0.20±0.15 

Wm-2 the semi-direct effect non inclusive while Organic carbon aerosol has a direct radiative 

forcing of about -0.05 ±0.05 Wm-2. 
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1.3 Types of Aerosols  

Since aerosols are formed by different processes and are subject to both vertical and 

horizontal circulation in the atmosphere. These aerosols are mixed together at micro scale and 

large scale diffusion and coagulation. Aerosol types largely depend on sources and nature of 

production.  

 

1.3.1 Soil derived aerosols 

These aerosols are formed by weathering of soil and they are ejected into the atmosphere as 

ultra-fine particle by the wind especially in the arid regions of the world. They form a 

significant constituent of aerosols even in locations far away from their sources due to their 

transportation by convection currents and general circulation systems. They exist in the coarse 

mode with radius range of 0.1 < r < 100 µm especially at the source region. As they are 

transported to distant regions their radius becomes smaller in the range 0.1 < r < 5 µm. They 

exist mainly in the troposphere having high variability in the imaginary part of the refractive 

index which determines their climate forcing. The reported range of direct RF goes from -0.56 

to + 0.1Wm-2. 

 

1.3.2 Sea-salt aerosols 

Their production is normally associated with bursting of whitecap bubbles. After production 

they rise by evaporation until they attain equilibrium with the ambient relative humidity 

(Blanchard & Woodcock, 1980). They remain either as a crystalline matter or as a solution 
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droplet. Their radius is generally less than 0.1 µm and contributes the highest percentage to 

the global aerosol population. 

 

1.3.3 Rural Continental aerosols 

In rural areas, aerosols are less of anthropogenic sources but more of natural origin. They are 

characterized by two modes number distribution with diameters of about 0.02 and 0.08 µm 

while the mass distribution of the coarse mode is centered at about 7 µm (Hobbs et al., 1985; 

Jaenicke, 1993). 

 

1.3.4 Urban aerosols 

Aerosols in the urban areas are multi-modal in nature consisting of nucleation, accumulation 

and coarse modes. The mechanically generated coarse mode is more of dust and sea-salt 

whereas the accumulation mode is majorly from combustion sources and the nucleation mode 

is a gas-to-particle conversion resulting from chemical reactions of nitrates, sulphates and 

ammonium. The accumulation mode tends to have a higher concentration than the other 

modes. 

 

1.3.5 Polar aerosols 

The number concentration of this type of aerosol is influenced significantly by Arctic haze. 

Apart from the fact that they are aged, they contain carbonaceous material from sea salt, 

mineral dust and mid-latitude pollen sources. 
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1.3.6 Remote Continental aerosols 

This type of aerosol can be characterized three modes number distribution and of diameters 

0.02, 0.1 and 2µm are made up of pollens, dust and waxes (Jaenicke, 1993; Koutsenogii & 

Jaenicke, 1994). 

 

1.3.7 Extra-terrestrial aerosols 

Aerosols of this type are commonly found in the stratosphere with a size ranging from tenth 

of a micron to several millimeters in diameter. They are formed from meteor showers and 

comet debris and responsible for zodiacal light. 

 

1.4 Aerosols sinks 

Aerosols once formed do not remain suspended in the air indefinitely, they can be destroyed 

alter or removed. Their residence time is affected by their size, location and atmospheric 

condition. Aerosol sinks occur in different ways: 

 

1.4.1 Wet deposition 

When aerosol deposition involves water it is termed ‘wet deposition’ and it takes several 

forms; sweepout, rainout, washout and occult deposition.  

1. Sweepout - When there is rain, some aerosol just below the cloud of rain are 
sometimes incorporated into the rain drop and subsequently deposited along with the 
rain drop. 



 

10 

 

2. Rainout – This occurs when cloud condensation nuclei is removed from the 
atmosphere due the gravitational settling of cloud producing rain. 

3. Washout – When aerosol is incorporated into cloud and the cloud grows big enough to 
fall as a rain droplet, then it is a washout. These three mentioned processes are 
technically different and there effects are calculated differently. 

4. Occult deposition - Here aerosol of larger size impact more on a surface feature than 
those of smaller size with likelihood called impact efficiency. 

 

1.4.2 Dry deposition 

When aerosols fall under gravity, they are said to undergo dry deposition. The fall is 

determined by the diffusion coefficient and the fall velocity. The fall rate is proportional to 

the size and inversely proportional to the density of the atmosphere.  

The table-1 summarizes the properties of the major aerosol species, their sources and sinks 

and their lifetime. 
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Table 1:  Key aerosol properties of the main aerosol species in the troposphere. Terrestrial primary biological 
aerosol particles (PBAPs), brown carbon and marine primary organic aerosols (POA) are particular types of 
organic aerosols (OA) but are treated here as separate components because of their specific properties. The 
estimated lifetimes in the troposphere are based on the AeroCom models, except for terrestrial PBAPs which are 
treated by analogy to other coarse mode aerosol types. (Source: WG1AR5 IPCC, 2013) 
 

Aerosol 
Species 

Size Distribution Main Sources Main Sinks Tropospheric 
Lifetime 

Key Climate 
Relevant Properties 

Sulphate Primary: Aitken, 
accumulation and 

coarse modes 
Secondary: 

Nucleation, Aitken, 
and accumulation 

modes 

Primary: marine and 
volcanic emissions. 

Secondary: oxidation of 
SO2 and other S gases 

from natural and 
anthropogenic sources 

Wet deposition 
Dry deposition 

~ 1 week Light scattering. Very 
hygroscopic. Enhances 

absorption when deposited 
as a coating on black 

carbon. Cloud 
condensation nuclei (CCN) 

active. 
Nitrate Accumulation and 

coarse modes 
Oxidation of NOx Wet deposition 

Dry deposition 
~ 1 week Light scattering. 

Hygroscopic. CCN active. 
Black 
carbon 

Freshly emitted: <100 
nm 

Aged: accumulation 
mode 

Combustion of fossil 
fuels, biofuels and 

biomass 

Wet deposition 
Dry deposition 

1 week to 10 
days 

Large mass absorption 
efficiency in the shortwave. 
CCN active when coated. 

May be ice nuclei (IN) 
active. 

Organic 
aerosol 

POA: Aitken and 
accumulation modes. 

SOA: nucleation, 
Aitken and mostly 

accumulation modes. 
Aged OA: 

accumulation mode 

Combustion of fossil fuel, 
biofuel and biomass. 

Continental and marine 
ecosystems. Some 
anthropogenic and 

biogenic non-combustion 
sources 

Wet deposition 
Dry deposition 

~ 1 week Light scattering. Enhances 
absorption when deposited 

as a coating on black 
carbon. CCN active 

(depending on aging time 
and size). 

... of which 
brown 
carbon 

Freshly emitted: 100–
400 nm 

Aged: accumulation 
mode 

Combustion of biofuels 
and biomass. Natural 
humic-like substances 

from the biosphere 

Wet deposition 
Dry deposition 

~ 1 week Medium mass absorption 
efficiency in the UV and 
visible. Light scattering. 

... of which 
terrestrial 

PBAP 

Mostly coarse mode Terrestrial ecosystems Sedimentation 
Wet deposition 
Dry deposition 

1 day to 1 week 
depending on 

size 

May be IN active. May 
form giant CCN 

Mineral 
dust 

Coarse and super-
coarse modes, with a 
small accumulation 

mode 

Wind erosion, soil 
resuspension. Some 

agricultural practices and 
industrial activities 

(cement) 

Sedimentation 
Dry deposition 
Wet deposition 

1 day to 1 week 
depending on 

size 

IN active. Light scattering 
and absorption. 

Greenhouse effect. 

Sea spray Coarse and 
accumulation modes 

Breaking of air bubbles 
induced e.g., by wave 

breaking. Wind erosion. 

Sedimentation 
Wet deposition 
Dry deposition 

1 day to 1 week 
depending on 

size 

Light scattering. Very 
hygroscopic. CCN active. 

Can include primary 
organic compounds in 

smaller size range 
... of which 

marine 
POA 

Preferentially Aitken 
and accumulation 

modes 

Emitted with sea spray in 
biologically active 

oceanic regions 

Sedimentation 
Wet deposition 
Dry deposition 

~ 1 week CCN active. 
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Fig 3: Major aerosol processes relevant to their impact on climate Particles are ultimately removed 
from the atmosphere, scavenged by falling raindrops or settling by dry deposition. [Report from U.S. 
Climate Change Science Program (2009)] 
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1.5 Effects of Aerosols 

Aerosols have multidimensional effects including visibility reduction, respiratory disease, and 

interference with photosynthesis and climate effects. The effects are both health and non-

health related and can be briefly summarized as follows: 

 

Fig 4:  Some sources of indoor pollution and their health effect [Source: SASAS conference, 2013] 
 

1.5.1 Health effects 

The effect of aerosol on health are determined by three factors; toxicity concentration, 

susceptibility of individuals and duration of exposure. Aerosols can cause: 
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1. Cardio-vascular diseases 

2. Carcinogenic effects 

3. Respiratory Hazards 

4. Morphological changes 

5. Increase mortality and morbidity 

The effects are more pronounced in people with asthma, cardiovascular problems and general 

respiratory problems. 

 

1.5.2 Non-health effects 

Aerosols impact on regional and global climate, this effect has been attracting attention 

among all nations. It causes visibility impairment and damage to vegetation.  The long-term 

effects of industrial pollutants such as lead; arsenic and fluorine leads to low fertility reduced 

production of milk and also block the stomata in plants. 

 

1.6 Aerosol-Cloud Interaction 

The formation and life cycle of clouds are altered by anthropogenic aerosol as shown by a 

wide range of measurements (Kaufman et al., 2005; Kim et al., 2003; Penner et al., 2004; 

Schwartz & Benkovitz, 2002). To be able to correctly interpret and understand climate change 

there is a need to understand and quantify the microphysical impact of aerosols on clouds. 

This can only be effectively done through focusing on their microphysical relationship and 

their response to large-scale weather systems ( Anderson et al., 2003; Knutti et al., 2002; 

Myhre et al., 2007). The impact of aerosol on cloud can be summarized into: 
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1. Effect on water cloud droplets 

When there is an increase in cloud condensation nuclei as a result of aerosol loading, the 

number of water cloud droplets is enhanced though with reduced sizes, this will result into an 

increase in cloud optical thickness and solar insolation reflectivity (Twomey, 1977). When the 

cloud droplet size is reduced, precipitation can be inhibited. This in turn can increase cloud 

lifetime so that cloud evolve into greater height thereby resulting in the increase in cloud 

optical thickness (Khain et al., 2005; Williams et al., 2002). 

2. Effect on cloud cover 

Aerosol causes evaporation of existing clouds and blocking of surface heating. This have a 

very strong impact on radiative balance (Johnson et al., 2004; Penner et al., 2003). Studies on 

ice clouds show that the number of ice nuclei is potentially influenced by anthropogenic 

aerosols (Lohmann and  Feichter, 2005). When precipitation is suppressed, aerosol is capable 

of changing cloud structure such that open Bernard cells can be closed thus increasing the 

cloud cover (Rosenfeld et al., 2006). 

As efforts are being geared towards reduction in the uncertainty of the contribution of 

anthropogenic aerosol to climate change, scientists see the need to obtain and analyze data 

from a coordinated multiple platforms involving in-situ measurements, numerical modeling, 

remote sensing from ground-based, satellite, aircraft and ship etc. ( Anderson et al., 2005; 



 

16 

 

Diner et al., 2004; Kaufman et al., 2002). This research work is therefore aimed at the 

following objectives: 

• To characterize major aerosol types by their optical, microphysical and radiative 

properties. 

• To validate aerosol measurements from satellite remote sensing instruments using 

surface based instrument. 

• To address a coordinated platform of measurements for characterising aerosol 

properties and related aerosol cloud interactions. 

• To fully exploit the existing information in satellite observations to study long term 

trend of aerosol optical depth. 

• To execute the aerosol-climate model for assessing the aerosol radiative forcing on the 

earth. 

• To identify the impact of long range transport of distant aerosols in the regional scale 

(especially over Southern Africa region).  

 

1.7 Thesis Outline 

This work reports aerosol climatology over Southern Africa with particular interest in South 

Africa (SA). One of the major types of aerosol that contributes to climate effect of aerosol in 

South Africa is biomass burning and a larger percentage of this comes from neighboring 

countries like Zambia and Mozambique. The work begins by considering the major 

instruments employed in this research work. The work largely was based on ground-based 
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and satellite-based remote sensing instruments. The ground-based instrument used in the work 

is the sun-sky sunphotometer of NASA’s Aerosol Robotic Network (AERONET). The 

network has a world-wide coverage and the data is readily available for research purposes, so 

that it is possible to study aerosol and its properties from short and long term basis as some of 

the instruments have archive data for number of years. The satellite-based instruments used 

include Moderate Resolution Imaging Spectroradiometer (MODIS). The monthly and the 

daily products of both the MODIS (Terra and the Aqua) were employed in this study. The 

Multi-angle Imaging Spectroradiometer (MISR) was used for intercomparison of satellites as 

some satellite instrument performs better than others under different geographical and climate 

conditions. Ozone Monitoring Instrument (OMI) ultra-violet aerosol index was used to 

determine the absorption property of aerosol at a specific location. The Multi-sensor Aerosol 

Products Sampling System (MAPSS) helped in the comparative analysis of the different 

satellite and their validation using the surface-based instrument. Other web-based software 

models like HYSPLIT and SBDART are also employed. In chapter 3, the optical, 

microphysical and radiative properties of aerosol over Pretoria was studied based on one year 

AERONET based sunphotometer measurements installed at Council for Scientific and 

Industrial Research (CSIR) in Pretoria. In this manuscript, we analyzed an annual cycle of 

aerosol loading over Pretoria. AOD showed two maxima occurring in February and August. 

The seasonal average showed highest value coming up in summer and not spring as found by 

some earlier researchers which could be due to anthropogenic aerosols from the highly 

industrialized Highveld region of the country. The Angstrom exponent (AE) for Pretoria was 

generally high throughout the year with a seasonal peak of 1.67 in the summer which 
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indicates that aerosol sizes were more of fine particles. The volume size distribution shows a 

bimodal lognormal distribution with fine mode dominating.  Aerosol radiative forcing was 

positive throughout the year implying a heating effect over Pretoria. 

 

This chapter is to be cited as: 

 

Adesina, A. J., Kumar, K. R., Sivakumar, V.,  Griffith, D. (2014), Direct radiative forcing of urban 

aerosols over Pretoria (25.75° S, 28.28° E) using AERONET Sunphotometer data: First scientific 

results and environmental impact. Journal of Environmental Sciences, 2459-2474. 

 

In chapter 4, using six months data obtained from AERONET sunphotometer stationed at 

Gorongosa in Mozambique, investigation was carried out from the data recorded during the 

period July–December, 2012, and particular attention was paid to how aerosol loading 

evolves during the biomass burning season (spring) including pre- and post-months. From this 

study, we could confidently affirm that Mozambique was one of the major sources of biomass 

burning aerosol advected over South Africa. The aerosol optical depth (AOD500) was found to 

increase from July to September where it reaches a maximum and subsequently started 

decreasing to November before it increases. The September maximum coincides with the 

corresponding biomass burning season. The Angstrom exponent was highest at the same 

month confirming the abundance of fine particle aerosols. Composite fire images of fresh 

smoke emitted from burning of forest fires were captured by Terra and Aqua MODIS at local 
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overpass time over Mozambique for twelve consistent years were also presented in the 

chapter. 

 

 

 

This chapter needs to be cited as: 

Adesina, A. J., Kumar, K. R., & Sivakumar,V. (2014): Variability in aerosol optical properties 

and radiative forcing over Gorongosa (18.97oS, 34.35oE) in Mozambique Meteorology and 

Atmospheric Physics, 1-12. DOI 10.1007/s00703-014-0352-2  

 

Chapter 5 reports the validation and intercomparison of multiple satellite sensors from aerosol 

long term measurements. This chapter which was focused on two contrasting regions 

(Skukuza and Richards Bay) in South Africa also reported the long term trend of aerosol 

optical depth and its absorption properties using coordinated platforms. The study shows that 

MISR performs better than MODIS product in the study regions. The trend analysis suggests 

that aerosol loading is increasing over the ten years period. Richards Bay, a coastland area has 

higher aerosol loading than Skukuza, a hinterland area. The ultra violet absorption index 

(UVAI) for both locations shows increasing trend for the study period. 

The Chapter is to be cited as: 
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Adesina, A. J., Kumar, K. R., Sivakumar, V. (2015) Assessment of satellite derived aerosol 

optical depth over two contrasting regions in South Africa: Trend estimation and 

characteristics of absorption aerosols (To be submitted). 

 

In Chapter 6, selected major locations from six provinces in South Africa were studied using 

the Terra MODIS satellite monthly product for a period of 5 years. The study focused on the 

temporal and spatial relationship between AOD and various cloud parameters. The aerosol 

optical depth at 550 nm over the selected cities was generally not high and has maximum 

value during the spring season except in one of the locations where the maximum occurred in 

summer. Apart from one of the locations, the AE was generally high through the greater part 

of the year. The spatial correlation pattern between AOD and Water Vapor suggests that 

aerosol hardly undergo hygroscopic growth. Cloud Fraction and Cloud Optical Depth 

correlates with AOD in a reverse trend. Cloud Top Pressure and Cloud top Temperature 

exhibit similar correlation pattern with AOD. 

The chapter is to be cited as: 

 

Adesina, A. J., Kumar, K. R., Sivakumar, V. (2015) Spatio-temporal heterogeneity in AOD 

and its impact on cloud properties over major cities in South Africa as retrieved from MODIS 

(To be submitted). 

 

Chapter 7 summarizes   the results presented with some insights into further work. 
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CHAPTER TWO 

 

2. INSTRUMENTATION 

Aerosol and its forcing on climate became an important field of studies a few years before the 

close of the last century (Charlson et al., 1992; Twomey et al., 1984). The major challenge 

faced since that time has been the difficulty in estimating and predicting the changes that 

occur in climate due to the uncertainty in the contribution of aerosols. The transient and the 

heterogeneous nature of aerosols make its contribution difficult to quantify (Christopher et al., 

1996; Tegen et al., 1996). This gave rise to remote sensing instruments that are capable of 

measuring with precision a radiative forcing of the order of 1 Wm-2 when the optical depth 

changes in excess of 0.1. In particular, ground based and satellite based remote sensing 

became an increasingly useful tool in carrying out such measurements. While the ground 

based system has the advantage of being simple, reliable and being supportive in the 
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validation of satellite retrievals, it does not have the long term data acquisition capable of 

reliable measurement and efficient processing of data thereby leading to disjointed data sets 

that cannot be used for scientific assessments. 

 

2.1 Remote Sensing Techniques 

Remote sensing is the art of taking measurements without any physical contact with the object 

under observation and it is basically divided into two – active and passive. When an 

instrument depends on energy reflected or emitted from the object then it is a passive 

instrument but when it has its own energy source, it is active. In most cases the external 

source of reflection is from sun radiation. Descriptive nomenclatures of some of the common 

remote sensors are given below: 

 

2.1.1 Radiometer 

By design the instrument makes a quantitative measurement of the intensity of radiation in the 

microwave, infrared or visible region of the electromagnetic spectrum. 

 

2.1.2 Imaging Radiometer 

This is a radiometer that is capable of performing scanning mechanically or electronically to 

produce image from a two-dimensional array of pixels with the aid of array of detectors. 
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2.1.3 Spectrometer 

This is a device that can analyze and measure detected signal from electromagnetic radiation 

incident on it. To carry out the spectral discrimination, the device makes use of prisms or 

gratings. 

 

2.1.4 Spectroradiometer 

This is a radiometer that takes a multispectral measurement of radiant intensity. The 

wavelength bands which is normally of high resolution takes measurement of specific 

parameters like vegetation, cloud characteristics, sea surface temperature, ocean color, etc. 

When an instrument provides its own electromagnetic energy for the illumination of the 

object it is said to be an active instrument. The instrument then depends on the reflected or 

backscattered signal from the pulse of energy sent to the object. 

 

2.1.5 Radar (Radio Detection and Ranging) 

Through the use of transmitter electromagnetic radiation in the microwave or radio frequency 

is sent through an antennae and the time of arrival of the backscattered signal is used to 

calculate the distance of the object.  

 

2.1.6 Scatterometer 

The instrument measures the backscattered signal of high frequency radiation and can be 

employed in deriving surface maps, wind speed and direction. 
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2.1.7 LIDAR (Light Detection and Ranging) 

Through the use of laser, the instrument sends out a pulse and the backscattered signal is 

collected through the sensitive receiver detector. The distance of the object can be known by 

calculation. It is useful in determining the atmospheric profile of clouds, aerosols, etc. 

 

2.1.8 Laser Altimeter 

Through the use of LIDAR the instrument measures the height above the surface or the 

instrument platform.                                           

Satellite remote sensing came into existence during the space age when several types of 

sensors were used for imaging surfaces. During those early days, astronauts orbiting the earth 

take photos out of the windows of their spacecraft. The first set of satellite sensors were not 

particularly designed for aerosol studies but were somehow applied to it. The Advanced Very 

High Resolution Radiometer (AVHRR) for example was designed to measure the temperature 

of sea surface and vegetation index, and the Total Ozone Mapping Spectrometer (TOMS) was 

designed for measurement of ozone content. In subsequent years, satellites with appropriate 

technology for aerosol measurements were launched into the space (King et al., 1999). We 

shall take a closer look at these satellites particularly those that were used in this research 

work. First we shall look at the ground-based instrument; sunphotometer and then the satellite 

sensors. 

 

 



 

28 

 

2.2 Aerosol Robotic NETwork (AERONET) 

The Aerosol Robotic NETwork  (AERONET) is the most coordinated and widely distributed 

ground based system providing long term data that have been subjected to standardization and 

regular calibration. The network uses Cimel Sunphotometer for measurement of aerosol 

properties. 

As an automatic instrument, the CIMEL 318 performs basically two types of measurements; 

the direct sun and the sky radiance following a programmed sequence. The direct sun 

measurement occurs at light spectral bands 340, 380, 440, 500, 675, 870, 936, 1020 nm. The 

triplet observations are made at 30 sec per wavelength at every 15 mins corresponding to 

Langley calibration for morning and afternoon. The triplet observation is enhanced by the fact 

that aerosol optical depth temporal variation is much lesser than that of cloud optical depth 

(Holben et al., 1998; Smirnov et al., 2000). 

The cloud screening process is twofold, first, the variation in high frequency is eliminated by 

retaining the stable triplets at all wavelengths and secondly the threshold derivative of the root 

mean square is used to eliminate the diurnal variation in the temporal optical depth. 
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Fig 1: CIMEL Sunphotometer installed at the roof of Physics building at University of KwaZulu-Natal 
(Westville Campus), Durban, South Africa. 
 

2.2.1 Cloud screening 

This is based on combination of processes: 

1. Data Quality Checks  

A minimum optical depth of 𝜏𝑎 < −0.01 at all wavelengths is set such that if it is less, 

measurements that is observed in the particular channel is totally eliminated while others that 

are greater are preserved where the negative value that arises is purely from calibration. 

Atmospheric pressure, uncertainties in the column ozone and certain temperature correction 

are associated with 1020 nm wavelength. Another condition is the elimination of optical depth 

corresponding to air mass M > 5 because when the elevation angle of the Sun is low, 

probability of cloud contamination is higher. 
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2. Triplet Stability Criterion 

When the CIMEL Sun/Sky radiometer takes a triplet measurement, variation of optical depth 

within that interval of 30 seconds over a total of 1 minute period is expected to be less than 

(𝜏𝑚𝑎𝑥 − 𝜏𝑚𝑖𝑛) < 0.02, this is classified as a good result of τi and the average of the three 

measurements are taken as cloud screened, otherwise, measurement is eliminated at all 

wavelengths (Smirnov et al., 2000). 

3. Diurnal Stability Check 

The next step is the consideration of the standard deviation of the average aerosol optical 

depth for an entire day measurement. Based on the estimated accuracy of the instrument of 

about ±0.01 in τa (Holben et al., 1998), if the standard deviation for an entire day is less than 

0.015 (after the triplet stability criterion has been satisfied), all data for that day is accepted. 

4. Smoothness Criteria 

This criterion helps to determine the local oscillations arising from cloud interactions. This is 

obtained by finding the second derivative of aerosol optical depth with time and taking the 

limit of the root mean square value. An increment will be obtained if there is a substantial 

presence of such oscillations. The method is largely based on constrained inversion method 

used in remote sensing (S. Twomey, 1977). By introducing a constraint of the norm of the 

second derivative not exceeding certain critical value 

(𝐷2)2 = ∫ (
𝜕2𝜏(𝑡)

𝜕𝑡2
)

2

𝑑𝑡 ≤ 𝐷𝑐𝑟𝑖𝑡𝑖𝑐
2𝑡2

𝑡1
       (1)  

𝐷𝑐𝑟𝑖𝑡𝑖𝑐
2  is the predetermined value expressing the expected maximum variability in aerosol 

optical depth.  
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In order to ensure a coherent threshold, D in extreme cases is of a clear to a very hazy 

condition. A logarithmic instead of total derivative 𝑑2𝜏 𝑑𝑡2⁄ (d2T/dt2) is employed. 

𝑑𝑙𝑛𝜏(𝑡)

𝑑𝑡
=

1

𝜏(𝑡)

𝑑𝜏(𝑡)

𝑑𝑡
                               (2)  

since optical depth measurement takes place at in discrete moment of time, differences and 

not analytical derivatives are used. An index D which is the first derivative difference similar 

but not the same as D2 is found 

𝐷 = √
1

(𝑛−2)
∑ [

𝐿𝑛𝜏𝑖−𝐿𝑛𝜏𝑖+1

𝑡𝑖−𝑡𝑖+1
−

𝐿𝑛𝜏𝑖+1−𝐿𝑛𝜏𝑖+2

𝑡𝑖+1−𝑡𝑖+2
]

2

≤ 16     (3) 

Where D>16, the term responsible is sorted and optical depth associated is eliminated. 

Diurnal stability check is again applied, after such repeated checks, if only one or two 

measurements remain, then, the reading for that day is discarded. 

5. Three Standard Deviation Criteria 

This criterion is against the backdrop that in a normal distribution, values outside the 3σ range 

is improbable. The check is performed over the measurements of τa (500 nm) and α440-870 for 

entire day period and values that differ from the mean or greater by 3σ is eliminated. 

 

2.2.2 Instrumental Precision 

When an instrument is able to reproduce result using uniform technique under same 

conditions from numerous results, then it is assumed to have precision. There exists in 

Goddard space flight center a 2-m-diameter integrating sphere which is used to compare how 

the digital numbers (DN) from sun photometers and sky radiance channel vary from its 

spectral response thereby determining its gain and offsets. The values of the dark current 
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obtained from every sky radiance measurement are then examined. The sun channels are then 

evaluated based on the Langley observations of Mauna Loa Observatory DNs triplet’s 

variability. 

 

2.2.3 Instrument Calibration 

The calibration of all instruments takes place at least twice a year while the reference 

instrument is done almost monthly. The variability from the mean calculated from long term 

measurement was found to be less than 1% (Holben et al., 1998). In order to convert the 

instrument measurement (DN) output to a desirable output, a calibration coefficient is needed. 

The determination of such coefficient is referred to as calibration. Calibration encompasses 

instrument precision, calibration procedure and the algorithm used. The procedure for finding 

the calibration coefficients involved computing the average of five or more Langley plots 

obtained from Mauna Loa observatory (Holben et al., 1998). 

 

2.3 Moderate Resolution Imaging Spectroradiometer (MODIS) 

The first MODIS instrument was launched December 1999 aboard Terra satellite and it began 

data transmission in February 2000. This instrument was designed to provide an improved 

monitoring for land, ocean and atmospheric research. Its design for the land component 

combines the characteristics of the Advanced Very High Resolution Radiometer (AVHRR) as 

well as the Landsat Thematic Mapper. Though the AVHRR are not calibrated on board, 

MODIS makes use of vicarious calibration techniques using radiances of known targets. This 

calibration is done in two steps with the use of high altitude cloud and ocean observations. 
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High altitude bright cloud of ~20 km is selected with the use of AVHRR to identify cloudy 

pixels between 220 K and 225 K apparent temperature. Clouds below 220 K are not used as 

they are very cold and mostly compose of ice. An inter-band coefficient and the aerosol 

optical thickness are computed with the use of Rayleigh scattering. The data obtained are used 

to filter noisy and cloudy areas as well as areas where the aerosol optical thickness is too high. 

This method agrees with other vicarious calibration methods as it has shown good stability 

with RMSE of 2-3%.  MODIS instrument ensures a calibration accuracy of 2% relative to the 

sun’s radiance.  

MODIS provides 36 spectral bands in three different spatial resolutions ranging from 0.41 to 

15 µm. 2 channels to 250 m resolution, 5 channels for 500 m resolution and 29 channels for   

1 km resolution. For each of the 1 km spatial resolution, MODIS produces 8 different 

information: solar azimuth, satellite azimuth, solar zenith angle, satellite zenith angle, and 

range to the satellite, height above the earth ellipsoid, geodetic latitude and longitude.  
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Fig 2: (a & b): Picture describing the components of MODIS 
(https://www.google.com/search?q=modis+satellite) 

 

MODIS makes use of the ground control points for the calibration of instrument alignment 

which improves insight knowledge of the relationship between MODIS instrument and the 

b 

 

https://www.google.com/search?q=modis+satellite
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reference base of the platform navigation. The ground control points also measures the 

residual errors automatically. The MODIS instrument algorithm has different levels for 

various products. Level-1 resamples all MODIS data as well as determines the location of all 

the bands. Level-2 products are referred to as gridded products and they are from calibrated 

radiances of previous MODIS products. Level-3 products varies from a single day to an entire 

year and these products are spatially resampled and averaged to produce a single estimate for 

each location grid. When MODIS data are incorporated into models to estimate geophysical 

variables, Level-4 products are generated. These MODIS land products are divided into three 

groups of Earth Observing System (EOS): Distributed Active Archive Centers (DAAC) which 

contains Level-2 products, Level 3 snow and ice products are produced at National Snow and 

Ice Centre (NSIDC) while the remaining Level-3 products and Level-4 products are produced 

at EOS Data Centre (EDS).  

For the determination of aerosol over land and sea, MODIS has two independent algorithms. 

These algorithms rely on calibrated and geo-located reflectances which are MOD02 and 

MOD03 for Terra MODIS products and MYD02 and MYD03 for Aqua MODIS products. 

Since its inception, these algorithms haven’t changed although some have evolved. To derive 

aerosol products over land, there is the need to organize the measured reflectances into three 

channels corresponding to 20 by 20 or 400 pixels for each box at ρ0.47, ρ0.66, ρ2.13. In order to 

match the resolutions of the two channels, the 250 m resolution 0.66 µm must be degraded to 

500 m. To identify whether the pixel is cloudy, snow/ice or water, the 400 pixels are 

evaluated pixel by pixel. For ocean retrieval, all 400 pixels must be identified as water while 

for land retrieval, either one or more pixels identified as ocean is needed, however with 
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decreased quality. Although the MOD/MYD35 cloud mask supplies information that 

identifies whether a pixel is land or ocean, additional masking sensitive to small sub-pixel 

patches has been put in place to identify low clouds as well as a reflectance in the 1.38 

channel to identify high clouds. This makes the pixels to be further screened for sub-pixel 

water by determining the value of the Normalized Difference Vegetation Index (NDVI) for 

each pixel. If the value identified containing sub-pixel water is less than 0.10, they are 

excluded with the cloudy and snowy pixels from the remaining algorithm. 

To retrieve aerosol optical thickness at 0.47 and 0.66 µm, the estimated surface reflectances 

(at ρ0.47, ρ0.66) and the measured mean top of atmosphere reflectances are used as input into 

the continental model. Satellites give better estimation of aerosol optical thickness compared 

to aerosol size. However, to retrieve the aerosol size, there is a need for sufficient aerosol 

loading. When the sizes are fine mode, this corresponds to dust and non-dust sources from 

local transport but when ρ2.13 falls between 0.15 and 0.25, pure dust retrievals are made. 

When the sensitivity of the retrieval was tested by introducing a random calibration error of 

1% the effects on retrieval size was enhance. When the calibration error is ~1%, there is an 

uncertainty of ±0.25 for η0.55 = 1and ±0.50 for η0.55 = 0 (where η is fine mode fraction). Other 

consistency checks are put into place before the final results are obtained.  
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Fig 3: Picture of Terra and Aqua MODIS in space 
(https://www.google.com/search?q=modis+satellite) 

 

The condition for output being that the retrieved optical thickness at 0.55µm must be greater 

than -0.01 and less than 5. The MODIS instrument also indicates if the retrievals are 

validated, not yet validated, derived, experimental or diagnostic. When errors can be defined 

and applied to retrieval products by comparing with ground-based data, the products are said 

to be validated. But when the data have been collected and analysis is underway but the 

https://www.google.com/search?q=modis+satellite


 

38 

 

retrieved parameter is not yet characterized, then the products are not yet characterized. 

Derived parameters are not directly retrieved while experimental parameters are scientific 

products. Diagnostic parameters are meant to understand the final products. The MODIS 

atmospheric correction algorithms over land are over seven bands: 470 nm, 555 nm, 648 nm, 

858 nm, 1240 nm, 1640 nm and 2130 nm. The aerosol optical thickness is validated over land 

with AERONET measurements at the MODIS wavelengths of 0.47 and 0.55 µm. The MODIS 

over ocean is expected to be more accurate than land algorithm. Likewise, the percentage 

relative error is smaller over ocean compared to land (Remer et al., 2005). 

 

2.4 Multi-angle Imaging SpectroRadiometer (MISR) 

Multi-angle Imaging SpectroRadiometer (MISR) is an instrument that is designed to assist in 

understanding how our climate is affected by changes in the types, distribution and amounts 

of airborne particulate, clouds and surface cover (Diner et al., 1998). It was launched, late 

June, 1998. MISR contains nine different cameras pointing at different discrete angles and 

four visible/infrared spectral bands. With the aid of the nine discrete angles, it provides an 

imagery that is global, radiometrically calibrated, geo-rectified and co-registered.  

The source of illumination for the imagery of MISR is sunlight. Sunlight shines at different 

angles, therefore, to handle the angular variation of the reflected sunlight and the 

characteristics of the scenes that were observed, MISR images the Earth in nine different 

angles. It traverses in a sun-synchronous near-polar orbit with a 16-day global coverage repeat 

cycle and crossing the equator at 10:30am. 



 

39 

 

 

Fig 4: Picture of MISR in space showing all the angles of view 
https://www.google.com/search?q=misr+satellite+image 

 

Details of the operation of the instrument can be found at MISR website. 

 

2.5 The Ozone Monitoring Instrument (OMI) 

The Ozone Monitoring Instrument (OMI) was launched July 15, 2004 on board the Earth 

Observing System (EOS) Aura satellite from Vandenberg Air Force base in California. The 

Aura spacecraft revolves with 98.2o angle of inclination, in a sun synchronous polar orbit at 

an altitude of 705 km, with equator crossing time of 13.45 in the ascending node and provides 

14 orbits daily (Levelt et al., 2006). Along with the Ozone Monitoring Instrument, the Aura 

https://www.google.com/search?q=misr+satellite+image
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spacecraft also carries the Microwave Limb Sounder (MLS), High Resolution Dynamics 

Limb Sounder (HRDLS) as well as the Tropospheric Emission Spectrometer (TES). 

The Ozone Monitoring Instrument together with the HRDLS, MLS and TES all work together 

to obtain data and support the Aura objectives which are to detect and explain ozone trends, 

global impact of pollution and to explain the connections between atmospheric chemistry and 

climate. OMI is the first among the new generation space borne instruments that combines 

high resolution with daily measurements (Veefkind et al., 2006). The primary purpose of OMI 

instrument is to obtain global measurement of trace gases in both the troposphere and 

stratosphere and high spatial and spectral resolutions. Trace gases such as O3, NO2, SO2, 

HCHO, BrO and OClO are measured. OMI also provides measurements for aerosol 

characteristics, UV irradiance at the surface as well as cloud top heights (Dobber et al., 2005). 

The Ozone Monitoring Instrument has the capacity to distinguish between different aerosol 

types such as dust, smokes and sulphates. OMI measures reflected solar radiation in two 

channels in the ultraviolet and visible regions between 270 nm and 500 nm with a spectral 

resolution of ~ 0.5 nm. The ultraviolet full performance range is between 270 nm and 365 nm 

while in the visible region, the full performance range is between 365 nm and 500 nm. In the 

ultraviolet full performance range, there are two sub channels, UV-1 from 270 nm to 310 nm 

and UV-2 from 310 nm to 365 nm. This makes the spectral and spatial sampling of UV-1 to 

be reduced by a factor of 2 compared to UV-2. 
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2.5.1 The Ultraviolet Aerosol Index (UVAI) 

OMI has an advantage for aerosol characterization from space, as there are measurements in 

the near ultraviolet region that can be used to retrieve aerosol properties. This technique is 

useful for both land and water retrievals due to low UV surface albedo. Two major inversion 

schemes are used to derive aerosol from OMI, the OMI near UV (OMAERUV) and the multi-

wavelength algorithm (OMAERO). The OMAERUV uses two distinct UV wavelengths (354 

nm and 388 nm) to derive the UV aerosol index, absorption optical depth as well as aerosol 

extinction while the OMAERO uses 19 different channels to derive aerosol extinction optical 

depths at several wavelengths ranging from 330 nm to 500 nm. In the OMAERUV, the 

reflectance of all terrestrial surfaces not covered with snow is small which makes the retrieval 

of aerosol products possible over larger land surfaces compared to that in the visible region. 

The first step in the OMAERUV algorithm is the calculation of the Lambert Equivalent 

Reflectivity (LER) at 388 m. This is done by assuming that the atmosphere is bounded by an 

opaque Lambertian reflector and that the atmospheric scattering is only Rayleigh scattering. 

When there is scattering from clouds and aerosols, the LER is always more than the true 

surface reflectivity, however, when the aerosols are highly absorbing, the true surface 

reflectivity is higher.  

The ultraviolet Aerosol Index is obtained through the expression below: 

𝑈𝑉𝐴𝐼 =  −100𝑙𝑜𝑔10 [
𝐼354

𝑜𝑏𝑠

𝐼354
𝑐𝑎𝑙𝑐(𝑅354

∗ )
]     (4) 

Where the 𝑈𝑉𝐴𝐼  is the estimated error in the satellite radiance at 354 nm obtained from 

radiance from 388 nm assuming that only the molecular atmosphere is bounded by varying 
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Lambertian surface. This concept of the Ultraviolet aerosol index was first developed from 

the Total Ozone Mapping Spectrometer (TOMS) observations. When the atmosphere is free 

from aerosol or when there is the presence of large non absorbing aerosol particles and clouds 

with nearly zero Angstrom coefficient, near-zero value of 𝑈𝑉𝐴𝐼 is obtained. However, when 

there is the presence of carbonaceous aerosols, desert dusts, volcanic ash, the values of 𝑈𝑉𝐴𝐼 

are positive. 

 

2.6 Multi-sensor Aerosol Products Sampling System (MAPSS) 

MAPSS was designed to provide uniform and consistent sampling of aerosol products from 

various sources. It was also designed to aid the validation of aerosol retrieval algorithm from 

MODIS aboard Aqua and Terra satellites. It has however been redesigned to facilitate detailed 

comparative analysis and integrated use of aerosol measurements from multiple satellite 

sensors. These sensors include: MODIS both on Terra and Aqua, Multi-angle Imaging 

Spectro-Radiometer (MISR) on Terra, the Ozone Monitoring Instrument (OMI) on Aura, 

POLarization and Directionality of the Earth’s Reflectances (POLDER) on ADEOS and 

ADEOS-2 satellites, Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on Calipso 

and the Deep Blue algorithm from Sea-viewing Wide Field-of-view Sensor (SeaWiFS). All 

these satellites that support MAPSS products are obtained directly from Level-2 retrieval. 

This level represents the highest spatial resolution for the sensor and algorithm. 

AERONET sunphotometers provide three different quality assured categories of aerosol 

products using ground-based observations in direct solar, principal plane and almucantar. 

These products are the aerosol optical depth or thickness, spectral deconvolution aerosol 
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product while the third is the inversion aerosol product. For the validation of these products as 

well as inter-comparison, AERONET aerosol optical depth are interpolated to obtain MAPSS 

auxiliary datasets. However, these interpolated values are not quality assured and may possess 

some inaccuracies from the interpolation process. Aerosol products on MODIS with MAPSS 

are retrieved at 10 km nominal resolution, nadir viewing. Both MODIS instruments on Terra 

and Aqua provide precipitable water vapor product based on infrared retrieval at 1 km 

nominal resolution and near infrared retrieval at 5 km nominal resolution. The MISR retrieves 

aerosol in 9 independent viewing angles which enables it to measure some aerosol properties 

which other instruments cannot measure.  

Moreover, when climatic conditions are unfavorable, MISR multiple cameras ensure reliable 

retrievals in the visible wavelength. OMI instrument retrieves aerosol products in the near 

ultraviolet such as single scattering albedo, aerosol absorption as well as extinction optical 

depth even under cloudy conditions which pose threat to other instruments. The POLDER 

makes use of polarization properties of measured radiation to retrieve anthropogenic aerosol 

optical depth. The CALIOP shows the vertical distribution of aerosol and cloud in the 

atmosphere as well as the densities and specific properties of each aerosol layers. The 

SeaWiFS uses the Deep Blue algorithm to retrieve aerosol optical depth and Angstrom 

exponent over bright desert and vegetated surfaces. 

These data are validated with AERONET measurement using an approach developed by 

Ichoku et al. (2002). This approach entails acquiring the spatial aerosol measurement aboard 

both Terra and Aqua and sampling them with 50 x 50 km window size taking into 

consideration that the average aerosol travel speed is 50 km/hr. The 50 x 50 km (5 x 5 pixels) 
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will then coincide with 1 hour AERONET data. Temporal measurements are then sampled at 

each satellite overpass time of an hour. It is however important to note that a pixel is only 

sampled if the distance between the center of the pixel and the ground station is not more than 

27.5 km. The number of pixels between the 55 km diameter depends on the pixel shape and 

size. For MODIS, MISR, OMI, POLDER, CALIOP and SeaWiFS, the maximum number of 

pixels within the 55 km diameter sample space at nadir are 25, 9, 8, 9, 11 and 16 respectively. 

It should also be noted that the difference in shape of the sampling space has negligible effect 

on the derived sample statistics of the data. However, over a ten year period, it was discovered 

that circle based sampling produced 22% few points compared to square sampling. This 

difference can be attributed to the fact that when ground stations are located off nadir of the 

sensor, the number of space in the sample space can be much reduced to one in order to 

maintain a uniform sampling area. Geometry condition does not however affect square based 

samplings which results in higher number of sampling points. It was also observed that with 

the use of Haversine formula for circle based sampling, there was greater accuracy for stations 

in high latitudes, islands and coastal areas as data points increased compared to the Euclidean 

distance previously used. Haversine formula has been said to be accurate to ~200 m.  

When multiple satellites pass over the same location within an hour time frame, there is the 

possibility that a single AERONET measurement can be sampled and archived multiple times, 

it is therefore recommended to account for this duplication when AERONET data in MAPSS 

archive is performed in order to avoid oversampling. When the sampled data point is 

sufficient to obtain statistical computation, the slope, azimuth and multiple correlation 

coefficients are obtained. The minimum number of data points required for aerosol product 
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for MODIS, MISR, OMI, POLDER, SeaWiFS are 10, 5, 4, 5 and 7 respectively while the 

minimum number of data points required for AERONET and CALIOP is 2. These statistics 

can be used to determine the local spatio-temporal distribution as well as the variation of the 

samples. Azimuth shows the direction of the gradient of an aerosol product as it points 

towards the lower values of the aerosol product. This direction also indicates the direction of 

wind flow and plume dispersion from the aerosol source.  

There is quality assurance performed on all aerosol products supported in MAPSS. For 

MODIS, and SeaWiFS, the quality assurance ranges from 0 to 3 (only integer numbers) with 

3 indicating the highest quality and 0 representing the lowest quality. Data sampled by 

MAPSS can be used for comparing space borne observations with corresponding ground-

based measurements which makes validation of MODIS aerosol products possible. It can also 

help to investigate the strengths and weaknesses of different remotes sensing instruments 

across the globe. 
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CHAPTER THREE 
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ABSTRACT 

To build a long term database and improve on the accuracy of the satellite products used for aerosol studies, 
there is a need to periodically carry out intercomparison and validation of these instruments with ground-based 
instruments. Using the ground-based instrument of Aerosol Robotic Network (AERONET) at Skukuza, we have 
carried out the validation of Multiangle Imaging Spectroradiometer (MISR) and Moderate Resolution Imaging 
Spectroradiometer (Terra and Aqua) level 3 Aerosol optical depth (AOD) products using the data for the year 
2010. We also calculated and carried out regression analysis on these satellite products using a 10 years dataset 
(2004–2013) to evaluate their performance at a hinterland and coastland. The validation showed that MISR was 
better correlated with AERONET having a coefficient of determination (R2) of 0.94, and MODIS-Terra and 
Aqua with R2=0.68 and 0.77, respectively. The long term regression analysis at the two selected locations 
showed MODIS products underestimating MISR. At the hinterland, MISR showed an increasing trend while 
MODIS Terra and Aqua products showed a decreasing trend over the study period. While at the coastland, MISR 
showed negative and positive trends with Terra and Aqua MODIS, respectively. When the two MODIS products 
were compared, they were better correlated at the coastland (R2=0.66) than hinterland (R2=0.59). When they 
compared based on seasonal variations, they were better correlated in the winter season in both locations than 
any other seasons. Further, the Ozone Monitoring Instrument (OMI) Ultra-Violet Aerosol Index (UVAI) which 
was used to monitor the absorption property of aerosols over the two locations showed an increasing trend with 
0.0089/yr at hinterland and 0.0022/yr at coastland. 
Key Words: MISR; MODIS; OMI; Aerosol optical depth; Aerosol index. 
 

1. INTRODUCTION 
As efforts are being made to unravel the actual role 
aerosol plays in influencing our climate, there is the 
need to study aerosol properties using a coordinated 
platform of instruments. When this is done 
contributions from various instruments like 
satellite, surface (ground) measurements and 
models employed will enhance the study of 
aerosols (Kahn et al., 2010; Kaufman et al., 2005). 
Though the surface-based instruments can measure 
aerosol properties to a very good accuracy, there is 
the disadvantage of limitation in spatial coverage 
and long term measurements which are readily 
provided for by satellite-based instruments (Hansen 

et al., 1997; Kaufman et al., 2002; Prasad & Singh, 
2007; Rotstayn et al., 2000). The ground-based 
instruments are then being employed in the 
validation of the satellite measurements (Diner et 
al., 2001; Ichoku et al., 2002; Kahn et al., 2005). 
Also due to their ability to take long term 
measurements, satellite products are useful in 
building a long term base for climatological studies. 
However places with high surface reflectance can 
pose some challenges to satellite measurements as 
errors may be introduced to the derived aerosol 
products. 
Aerosol optical depth (AOD) is the most far 
reaching quantity from which we can infer the 
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aerosol loading and yet this quantity somewhat 
differs from one satellite instrument to the other 
even when their measurement is over same 
location. The difference is due to the various 
algorithms upon which these instruments are based 
(Kahn et al., 2007; Kokhanovsky et al., 2007; 
Mishchenko et al., 2009). Therefore employing the 
use of specific satellite product which satisfies 
some specific accuracy is important for the 
identification and characterization of a defined 
aerosol property over specific surface types.  
A number of intensive field campaigns had been 
carried out in Southern Africa in the past. These 
includes the Southern Tropical Atlantic Region 
Experiment (STARE) in 1992, Transport and 
Atmospheric Chemistry near the Equator-Atlantic 
(TRACE-A) and Southern African Fire-
Atmosphere Research Initiative (SAFARI). While 
TRACE focused on the impact of emissions from 
Brazil, SAFARI concentrated on fire emission from 
Southern Africa (Andreae et al., 1996; Ichoku et al., 
2003). In SAFARI 2000 MODIS and MISR 
satellite were used for observation, although TOMS 
(Total Ozone Mapping Spectrometer) satellite was 
used in SAFARI-92 for the purpose of monitoring 
the ozone concentration (Diner et al., 2001; Ichoku 
et al., 2003). Recently, there was a study over 
nineteen locations in South Africa (SA) to 
determine the air quality using multiple platforms 
(Hersey et al., 2014). 
The present study was undertaken using Moderate 
Resolution Imaging Spectroradiometer (Terra and 
Aqua), Multiangle Imaging Spectroradiometer 
(MISR) and Ozone Monitoring Instrument (OMI) 
Ultra-Violet Aerosol Index (UVAI) to compare 
aerosol loading over a hinterland and a coastland 
areas in SA for a period of 10 years during 2004–
2013. First, validation was carried out on MISR and 
MODIS (Terra and Aqua) satellite observations 
with ground Aerosol Robotic Network 
(AERONET) measurements and then we estimated 
and compared the long term trend for the data 
obtained from these two sensors. Later, we then 
proceeded to see the performance of MODIS Terra 
and Aqua in these two terrains. Finally using UVAI 
data obtained from OMI, we explore the aerosol 
absorption index in the two locations based on 
interannual and seasonal variabilities for a period of 
9 years between 2005 and 2013 since OMI product 
is available from late 2004. 
 
2. STUDY AREA, DATASETS 

2.1 Study area 

Richards BAY (RBAY; 24o 48ʹS, 32o 06ʹ) is a 
coastal town with a total land area of 142.78 Km2 
and is located in the KwaZulu-Natal province of 
SA with a population of 57, 387 (2011 census) at 
about 180 km from Durban. It has the largest Coal 
Terminal and the export facility in the world with a 
planned capacity of 91 million tons per year by the 
first half of 2009. It is characterized by a 
subtropical climate with warm wet summers and 
mild moist to dry winter. The town has an annual 
rainfall of 1228 mm with an annual mean 
temperature of 21.5°C. SKZ (SKZ; 25o 00ʹS 310 
35ʹ) is in the Mpumalanga province of SA with an 
area of 4.98 km and a population of 1,599 as per 
2011 census. It receives about an annual of 353 mm 
with most rainfall occurring during the summer. 
The temperature ranges from 24.5oC in July to 
31.7oC in January. For more details about the 
meteorology over several locations of SA, the 
readers are requested to look up Kumar et al. 
(2014) and Hersey et al. (2014). The above 
meteorology measurements (temperature and 
rainfall) were recorded as per the data provided by 
South African Weather Service (SAWS).  
 

 
 
 
 
Fig 1: Google Earth Map showing the 
locations of Skukuza (A) and Richards Bay (B) 
 
 
2.2 MODIS satellite 
The Moderate resolution Imaging Spectrometer 
(MODIS) which has been flying aboard Terra since 
December 1999 and Aqua since May 2002 provides 
a lot of aerosol products from land and ocean as 
well as cloud. It has 36 spectral channels ranging 
from 0.4 µm to 14.4 µm. The aerosol products 
available over land include AOD at three 
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wavelengths, a measure of the fraction of AOD 
attributed to fine-mode particles and several 
parameters including reflected spectral solar flux at 
the top of the atmosphere (Remer et al., 2005). 
Both the land and ocean aerosol algorithm rely on 
calibrated, geolocated reflectance from the first 
seven MODIS bands (0.47–2.1 µm) provided by 
MODIS characterization support team. These 
reflectance data are first corrected for trace gas and 
water vapor columns and final aerosol parameters 
are retrieved for 10 km x 10 km boxes using results 
by geolocation and cloud screened data. Individual 
pixels inside the 10 km x10 km boxes are classified 
as ocean and land. If the entire pixels in a box are 
determined as ocean, then ocean algorithm is 
performed. If the pixels are land, then land retrieval 
is applied. After the land or ocean is concluded, the 
algorithm merges some parameters into combined 
land and ocean products for convenience (Ichoku et 
al., 2005; Levy et al., 2010). 
The data are categorized into three levels. Level 1 
consists of reflectance values but no derived 
parameters, Level 2 (retrieved geophysical 
products) calculated on 10 km x 10 km resolution. 
Level 3 datasets consist of global gridded data of 
aerosol parameters at a resolution of 1ox1o (~110 
km). Level 3 after gridding at 1ox1o is used for the 
present study. The daily/monthly MODIS 
(Terra/Aqua) level 3 products MOD08_D3.051/ 
MYD08_D3.051and D08_M3.05/MYD08_M3.051 
were obtained from the website (http://disc.sci.gsfc. 
nasa.gov/giovanni) and data were downloaded in 
the ASC format. The estimated uncertainty in 
MODIS AOD product was reported to be 0.03±0.05 
(AOD) over the ocean and 0.5±0.15 AOD over land 
(Alam et al., 2011). 
 
2.3 MISR satellite 
Multi Imaging SpectroRadiometer (MISR) was 
launched in December 1999 into a sun-synchronous 
polar orbit to take measurement of the properties of 
tropospheric aerosols over a scene by making 
repeated coverage of that scene between two and 
nine days depending on the latitude of the scene. As 
it moves aboard the terra satellite of NASA Earth 
Observing System, it crosses the equator at about 
10:30 local time (Cheng et al., 2012;Diner et al., 
1998; Kaufman et al., 1998). It observes the 
scattering and reflection of solar radiation at 446, 
558, 672 and 866 nm wavelengths from nine 
viewing angles on the flight path at nadir, 26.1o, 
45.6o, 60.0o and 70.5o. It is enabled to retrieve 
aerosol optical depth over areas like desert which 
have surfaces with high reflectance. Through 

spatial contrast it retrieves aerosols over land by 
separating atmospheric and surface leaving path 
radiances. The surface-leaving radiation field is 
then used to determine the best fitting aerosol 
compositional models each consisting of a mixture 
of prescribed basic aerosol components. Using chi 
squared statistics to set that the residuals between 
the observed and the synthesized radiation field 
does not go below the threshold values, 
identification is made of the associated aerosol 
optical depth with usable aerosol mixtures 
(Martonchik et al., 1998). In this study Level 3 
MISR (MIL3MAE.004) monthly aerosol data was 
used.        
 
OMI DATASET 
The Ultra-Violet Aerosol Index (UVAI) is provided 
by the Ozone Monitoring Instrument (OMI) 
downloaded from the website at 
http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi? 
instance_id=omi. The previous versions that existed 
before OMI were versions (version #8 Nimbus 7 
TOMS available from 1978 to 1993; Meteor-3 
(1991-1994) and Earth Probe (1996-2005). The 
successor OMI provides data since August 2004 
and continuing to the present. Its algorithm is 
applied to measurements performed at 354 and 388 
nm. The UVAI is mathematically defined as: 
 

𝑈𝑉𝐴𝐼 = −100 [
𝐼354

𝑜𝑏𝑠

𝐼354
𝑐𝑎𝑙𝑐(𝑅354

∗ )
]  (1)  

 
First the Lambert Equivalent Reflectivity (LER) 
𝑅388

∗  at 388 nm is calculated with the assumption 
that the atmosphere undergoes Rayleigh scattering 
and bounded by a reflectance of 𝑅388

∗  called opaque 
Lambertian reflector. Except aerosols are highly 
absorbing, the true surface reflectivity would 
normally be smaller than𝑅388

∗ . Estimation then is 
made for LER at 354 nm by correcting 𝑅388

∗   
through appropriate pre-computed climatology to 
obtain𝑅354

∗ . When there are no aerosols or there are 
purely non-absorbing aerosol UVAI will be near-
zero value but in the presence of absorbing aerosols 
like desert dust, volcanic ash or carbonaceous 
aerosols the UVAI will be positive(Torres et al., 
1998 and   2007). OMAERUV data product for the 
period from 2005 to 2013 was obtained in the 
readable ascii format and then processed. 
 
2.4 MAPSS 
Multi-sensor Aerosol Products Sampling System 
(MAPSS) as a framework was designed to assist in 
uniformly and consistently sampling of aerosol 

http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?%20instance_id=omi
http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?%20instance_id=omi


 

81 

 

0 0.2 0.4 0.6 0.8

0.2

0.4

0.6

AERONET

M
O

D
IS

 A
Q

U
A

 

 
YA=0.76*x-0.045

R2 = 0.77

0 0.2 0.4 0.6 0.8

0.2

0.4

0.6

AERONET

M
O

D
IS

 T
E

R
R

A

 

 
YT=0.59x-0.0018

R2 = 0.68

0 0.2 0.4 0.6 0.8

0.5

1.0

AERONET

M
IS

R

 

 
YM=1.1*x-0.018

R2 = 0.94

a 

b 

c 

products from different sensors. In its original 
design, it was for validation of MODIS retrieval 
algorithm but was later redesigned to facilitate an 
integrated and extensive comparative analysis of 
aerosol products from different satellite sensors. 
Chu et al. (2002) and (Ichoku et al., 2002) pointed 
out the challenges associated with validation of 
satellite product with ground-based instrument. 
First was the pixel size of 10 km x 10 km of 
MODIS when AERONET is just occupying a small 
location, MODIS make global coverage once or 
twice a day while AERONET sunphotometer takes 
reading at 15 minutes interval on the average. There 
is also the possibility of cloud cover of 
sunphotometer while only few pixels of MODIS 
may be affected also the time of MODIS overpass 
may not coincide with the time of sunphotometer 
measurement. MAPSS has now taken care of these 
challenges. Detailed description of how MAPSS 
work can be found in the works of Petrenko and 
Ichoku, 2013 and Petrenko et al., 2012. The 
validation carried out in this work was based on the 
data downloaded for year 2010 from AERONET at 
SKZ. Data can be downloaded at 
http://giovanni.gsfc.nasa.gov/mapss/ . 
 
3. RESULTS AND DISCUSSION 

3.1 Validation of MISR and MODIS satellites 
In order to validate satellite or model aerosol 
product, comparison must be made with the ground 
or in situ realities (Cheng et al., 2012). The spatio-
temporal data analysis carried out between satellite 
and ground-based instruments help both in 
identifying the uncertainties of these retrievals and 
their local spatial behavior (Ichoku et al., 2002). In 
earlier validation works, MODIS and MISR were 
found to perform well over SA although the work 
was limited to a short period of July to September 
(Chu et al., 2002; D. Diner et al., 2001). Ichoku et 
al. (2005) showed that MODIS in SA slightly tend 
towards underestimation. The validation of MISR 
and MODIS satellites derived AOD were 
performed using AERONET Sunphotometer 
obtained for SKZ site is shown in Fig. 2. The 
station has continuous long-term data and had 
existed since June 1, 1993. The slope of the least-
square fitted line implies that MISR AODs are on 
the average 10% higher than AERONET while 
Aqua and Terra MODIS AODs are 24% and 41% 
lower than AERONET respectively (Kiran Kumar 
et al., 2013). Moreover the non-unitary of the slope 
shows the irregularity between microphysical-
optical properties and the surface reflectance used 
in the satellite retrieval algorithm as well as the 

ground truth revealed by the AERONET. While the 
intercepts from which can deduce the biasing of the 
algorithm indicated a good match since it tends to 
zero (Alam et al., 2014; More et al., 2013; Tripathi 
et al., 2005; Zhao et al., 2002). The correlation 
coefficient was noticed to be highest for MISR 
(0.94) followed by Aqua MODIS (0.77) and was 
lowest for Terra MODIS (0.68). The high 
correlation coefficients suggest that seasonal 
variability is well captured by the satellites in spite 
of differences in their absolute values. In this 
location, results suggest that the MISR provides a 
better agreement with AERONET than with 
MODIS sensors.  
 
 
 
 
 

 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 
 
Fig 2: Comparison of AOD at 550 nm from MODIS (a) 
Terra (b) Aqua and AOD at 555 nm from (c) MISR with 
AERONET sunphotometer measurements at Skukuza for 
the year 2010 (showing the current performance of the 
sensors). The solid line represents linear fit to the 
data and also shown is the regression equation and 
squared correlation coefficient. 

http://giovanni.gsfc.nasa.gov/mapss/
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Fig 3: Time series of averaged 550 nm AOD derived from Terra and Aqua MODIS and 555 nm AOD from MISR 
satellites for 2004 – 2013 over (a) Skukuza (b) Richards Bay with linear fit showing the trend of each satellite sensor. (c) 
Time series of AOD differences at 550 nm derived from Terra and Aqua MODIS for 2004 – 2013 over Skukuza and 
Richards Bay with Terra underestimating Aqua at both locations. 
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Finally, there are factors that must be borne in mind 
when employing multiple sensor sources which 
includes instrument calibration, sampling 
differences, revisit times, consistency and data 
availability (Liu et al., 2007; Kahn et al., 2007; 
Xiao et al., 2009). 
MISR for instance characterizes surface properties 
in the red and near-infrared bands using the clear 
sky whereas, MODIS uses extended target 
approach (Remer et al., 2005; Vermote et al., 
2007).  
 
3.2 Aerosol climatology over two regions 
To establish a long-term database for climatological 
studies, there is a need to inter-compare AOD 
values derived from different satellite sensors. This 
also have the advantage of improving the accuracy 
and the coverage not achievable by single sensor 
(Alam et al., 2014; Prasad & Singh, 2007). Fig. 
2(a–c) shows the temporal variation of monthly 
AOD values retrieved over two stations (SKZ and 
RBAY) during the study period (2004–2013) for 
MODIS (Terra/Aqua) and MISR. The figure 
reveals a significant month to month variability in 
AOD values. It is evident from Fig.2 that in both 
locations MODIS products underestimate the 
MISR. The AOD550 Terra varies from 0.02 to 0.27 
and Aqua varies from 0.09 to 0.33 while AOD555 
MISR varies from 0.00 to 0.43 for SKZ. In RBAY, 
Terra MODIS varies from 0.05 to 0.30 and Aqua 
MODIS varies from 0.07 to 0.29 while MISR 
varies from 0.00 to 0.61 (see Fig.2b). In SKZ, 
MISR shows an increasing trend in AOD over the 
study period while the MODIS products showed a 
decreasing trend but in RBAY, MISR and Terra 
MODIS showed a decreasing trend while Aqua 
MODIS showed an increasing trend. Since RBAY 
is a coastal town and it is expected that Aqua 
MODIS perform better here. Generally MISR is 
found to perform better in most sites as it is capable 
of retrieving optical properties of aerosol over a 
variety of terrains and takes into consideration dust-
like aerosols that are non-spherical while MODIS 
does not (Cheng et al., 2012; Mishchenko et al., 
2003).  The performance of MODIS tends to be 
regional since aerosol types is one of the factors it 
depends on. In both locations, Terra underestimates 
Aqua by various degrees. When the differences 
between Terra and Aqua (Terra-Aqua) AOD was 
plotted, it varies between -0.03 to -0.09 at SKZ 
having a negative trend over the entire period while 
at RBAY it varies from -0.03 to -0.07 also having a 
negative trend over the entire period. Cheng et al. 
(2012) found similar result of Terra 

underestimating Aqua over China after the year 
2005.  
Figure 4 and 5 shows the contour maps of monthly 
mean aerosol loading over the study locations for 
the ten year period (2004-2013). In SKZ, the three 
sensors indicated high AOD from August to 
October as a yearly phenomenon. MISR and Terra 
MODIS showed that December to March also 
experiences high loading.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4: Averaged inter-annual AOD variation over 
Skukuza from (a) MODIS-Terra (b) MODIS-Aqua 
and (c) MISR for the ten year period from 2004 to 
2013. 
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Also in SKZ, all sensors indicated that 2005, 2008 
and 2010 have very high aerosol loading during 
September and October months. MODIS showed 
that the peak in AOD is during October whereas; 
MISR indicated high aerosol concentration in the 
September. 
At RBAY, all sensors agreed to show high aerosol 
loading from August to October except Aqua 
MODIS showed the peak of the loading in 
September only.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig.5: Same as Fig.3 but for Richards Bay. 
 
 

 
 

 
 
 
Many authors found the months of August-
September-October as a high aerosol loading in SA 
(Kumar et al., 2014; Queface et al., 2011; Tesfaye 
et al., 2011) as this is a yearly phenomenon with the 
period generally known as the biomass burning 
season. August to October AOD550 is generally 
above 0.2 while for the other months is lower than 
0.16. 
 
 
3.3 Comparison between Terra/Aqua MODIS 
AOD550 
The comparison between Terra/Aqua MODIS 
AOD550 values is given for the whole period in Fig. 
6. The number of available daily data used for SKZ 
and RBAY are 2544 and 2897, respectively. In the 
earlier section, we show that the two products of 
MODIS did not have equal performance in each 
location. In this section, we want to look at the 
performance of the two sensors more closely. The 
annual scatter plot between the two sensors showed 
a linear regression with slope of about 0.6 and 
intercept of about 0.07 for both the locations, SKZ 
and RBAY. The coefficient of determination for the 
two locations are SKZ (R2= 0.59) and RBAY (R2= 
0.66). For AOD550 < 0.2, points lie close to the 1:1 
line in both locations but for AOD550> 0.2, majority 
of the points make significant scatter thereby 
reducing the correlation.  
 
 
The mean AOD550 (2004 – 2013) Terra/Aqua for 
SKZ are 0.175±0.131/(0.172±0.134) for RBAY are 
0.172±0.134/(0.177±0.125) respectively. When the 
monthly data was used the coefficient of 
determination for SKZ was noticed to be R2= 0.68 
and for RBAY it is R2= 0.87. For SKZ, the slope of 
the linear regression for all the seasons ~ 0.8 and 
coefficient of determination for summer (R2=0.44), 
autumn (R2 = 0.59), winter (R2 =0.72) and spring 
(R2 =0.58). At RBAY the slope of the linear 
regression for all seasons ~0.7 and the coefficient 
of determination for summer (R2= 0.45), autumn 
(R2= 0.63), winter (R2= 0.82) and spring (R2= 0.62) 
(see Fig. 7). In both locations the correlation is 
found to be highest in winter as the aerosol loading 
is lowest during this season. But in spring and in 
summer when there is high aerosol loading and 
variation in AOD, the correlation is lowered.  
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Fig 6: Correlation between Aqua and Terra MODIS 
for the whole dataset (2004 – 2013) over (a) 
Skukuza and (b) Richards Bay where the red solid 
line is the regression line and the black dashed line 
is the 1:1 line. 
 

 
 

In the frequency table (Table 1), the seasonal 
AOD550 frequency distribution shows that the 
AOD550bin 0.1 has the highest occurrence in all the 
seasons for both sensors apart from the spring 
season. The values range between 40 and 52% at 
RBAY and between 39-50% at SKZ. During the 
spring season the AOD bin 0.2 has maxima at both 
locations (~ 25-30% at RBAY and ~ 28-30% at 
SKZ) for both sensors. AOD550 is generally higher 
during the spring in SA as this is the period with 
frequent biomass burning activities.  

 
The performance of each sensor seems to depend 
on season. At RBAY during the summer the AOD 
bin ≤0.1 have Terra overestimating Aqua while in 
autumn and winter, Terra underestimated Aqua. 
But for bins 0.2≤ AOD≤ 0.3, Terra underestimated 
Aqua in summer but overestimated Aqua in autumn 
and winter. The trend is reversed at SKZ for similar 
bins. At both locations, the spring seems not to 
follow any particular pattern but have the highest 
percentage for AOD bin > 0.3. The performance of 
the sensors seems affected therefore, by 
climatological and geographical features of a 
location. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 7: Same as Fig. 6 but for different seasons. 
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  Summer Autumn Winter Spring 
  Terra Aqua Terra Aqua Terra Aqua Terra Aqua 
 AOD 

Bin 
 
N 

 
% 

 
N 

 
% 

 
N 

 
% 

 
N 

 
% 

 
N 

 
% 

 
N 

 
% 

 
N 

 
% 

 
N 

 
% 

 
 
 

RBay 

< 0.1 56 8.90 48 7.63 62 9.86 87 13.83 62 9.86 75 11.92 24 3.81 32 5.09 

0.1 272 43.24 264 41.97 316 50.24 324 51.51 257 40.86 283 44.99 145 23.05 143 22.73 
0.2 176 27.98 194 30.84 167 26.55 141 22.42 198 31.48 170 27.03 160 25.44 187 29.73 
0.3 74 11.76 85 13.51 54 8.58 52 8.27 70 11.13 64 10.17 138 21.94 118 18.76 
0.4 26 4.13 23 3.66 16 2.54 20 3.18 28 4.45 24 3.81 79 12.56 79 12.56 

> 0.4 25 3.97 15 2.38 14 2.22 5 0.79 14 2.22 13 2.07 83 13.19 70 11.13 
 
 
 

SKZ 

< 0.1 31 7.62 48 11.79 57 14 58 14.25 62 15.23 65 15.97 30 7.37 30 7.37 
0.1 159 39.07 165 40.54 204 50.12 198 48.65 180 44.23 180 44.23 112 27.52 115 28.25 
0.2 122 29.97 99 24.32 86 21.13 85 20.88 96 23.59 99 24.32 115 28.25 123 30.22 
0.3 61 14.99 52 12.78 43 10.56 36 8.84 34 8.35 36 8.84 63 15.48 67 16.46 
0.4 21 5.16 19 4.67 14 3.44 20 4.91 16 3.93 14 3.44 48 11.79 32 7.86 

> 0.4 13 3.19 24 5.9 3 0.74 10 2.46 19 4.67 13 3.19 39 9.58 40 9.28 
 
 

Table 1 Seasonal frequency of occurrence of Terra and Aqua MODIS AOD550 over SKZ and RBAY for the period 2004-2013 with the 
number (N) and percentage of occurrence (%). 
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3.4 Aerosol absorption characteristics 

The annual variability in OMI retrieved UV aerosol 
index (UVAI) for the two study regions are shown in 
Fig. 8. It is clear from the figure that during the period 
2005-2013 the interannual variability of UVAI in both 
the locations shows an increasing trend, with SKZ 
having increment of +0.0089/yr and RBAY with 
+0.0022/yr. SKZ experienced generally a higher UVAI 
than RBAY with the highest value occurring during the 
year 2008 (1.03) followed by 2013 (0.98). The highest 
UVAI recorded at RBAY was in 2010 (0.87) and 
followed by 2005 (0.86). SKZ’s proximity to the highly 
industrialized Highveld area of the country on the one 
hand (Kumar et al., 2013) and Mozambique with high 
biomass burning on the other hand (Adesina et al., 
2014) might have contributed to the high UVAI. The 
seasonal variation in UVAI at the two locations as 
shown in Fig. 9 indicated a low UVAI in summer and 
autumn but high values in winter and spring. In winter, 
the AOD is generally lowest in most part of SA.   
 
During this period, the air transport pathway is more of 
African transport which may carry pollutants from 
central-southern Africa with advection of dust from 
Kalahari Desert (Freiman & Piketh, 2003) as UVAI is 
known to be sensitive to desert dust (Habib et al., 2006; 
Satheesh & Srinivasan, 2002). High UVAI values in 
spring may be associated with high intensity of biomass 
burning as UVAI is also sensitive to emissions of black 
carbon. The factors affecting UVAI seems to be 
regional and local, regional in the sense that there 
appears to be a seasonal effect and local in the sense 
that both locations experienced annual peak of UVAI at 
different years. 
 

 
 

 
Fig 8: Annual trends in aerosol index over Skukuza and 

Richards Bay 
 

 
 

Fig 9: Averaged seasonal aerosol index (2005 – 2013) 
over Skukuza and Richards Bay. 

 
 
4.0 CONCLUSIONS 
The present study which was based on long term 
satellite aerosol measurements using MISR, MODIS 
and OMI instruments has demonstrated the variability 
of aerosol loading over the two selected locations. The 
performance of MISR and MODIS instruments based 
on the validation showed the MISR is better correlated 
with AERONET than the MODIS products at SKZ. The 
study reveals that as aerosols variation depends on 
geographical location and seasonal effects so also do 
the satellite measurements. The MODIS products (Terra 
and Aqua) were better correlated at coastland than at 
hinterland. The analysis of Terra and Aqua MODIS 
AOD550 over the two locations further demonstrates that 
the two sensors though having different overpass time 
generally have a good agreement based on the monthly 
mean data for entire study period.  
 
The monthly mean instead of the daily mean of MODIS 
when used produces better correlation results. This is 
because the geometrical view of MODIS with its 
scattering angles exhibit an overlapping broad 
distribution capable of alleviating the errors introduced 
by the equator crossing times and the assumed phase 
function (Kharol et al., 2011; Remer & Kaufman, 
2006). Though diurnal variation exists, but when long 
term statistics differences is used, the temporal variation 
becomes negligible as temporal average smoothens out 
between the two sensors. The UVAI over the two 
locations shows that aerosol absorption characteristics 
have been increasing over the decade and it is 
particularly higher over Skukuza.  
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CHAPTER SIX  

Spatio-temporal heterogeneity in AOD and its impact on cloud properties 

over major cities in South Africa as retrieved from MODIS 
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ABSTRACT 

Aerosols constitute a significant component of air pollution and may lead to an increase in cloud optical thickness 
due to a combination of reduction in cloud droplet radius and increased water content. It can sometimes inhibit cloud 
formation and evaporation so that aerosol – cloud interaction presents a major research area in atmospheric science. 
We have used the Terra Satellite onboard of the Moderate Resolution Imaging Spectroradiometer (MODIS) to 
investigate the spatial and temporal relationship between aerosol optical depth (AOD) and cloud parameters namely, 
water vapor (WV), cloud optical depth (COD), cloud fraction (CF), cloud top pressure (CTP) and cloud top 
temperature (CTT) based on 5 years (January 2008 to December 2012) of dataset over six locations in South Africa. 
AOD has high values during spring (September to November) but low values in winter (June to August) in all 
locations. In terms of temporal variation AOD was lowest at Bloemfontein 0.06±0.04 followed by Cape Town 
0.08±0.02, then Potchefstroom 0.09±0.05, Pretoria and Skukuza had 0.11±0.05 each and Durban 0.13±0.05. The 
mean Angstrom exponent values for each location shows a general prevalence of fine particles for most parts of the 
year. Our analysis of AOD and WV showed both quantities only co-vary at the beginning of the year but later in the 
year they tend to have opposite trend over all the locations. AOD and CF showed negative correlation for most of 
the locations while AOD and COD were positive over three of the locations. AOD and CTT, CTP showed similar 
variations in almost all the locations. The co-variation of CTT and CTP may be due to large scale meteorological 
variation. 
Key words: South Africa, MODIS, COD, WV, CTP 
 
1. INTRODUCTION 

Aerosols are emitted into the atmosphere through 
either natural or anthropogenic origin. Consequently 
they then interact with solar radiation by causing 
absorption or scattering, this is being referred to as 
direct effect (Ichoku et al., 2004; Satheesh and 
Krishna Moorthy, 2005; Wright et al., 2010) in 
addition to it, they also interact with clouds by 
serving as cloud condensation nuclei (CCN) and ice 
nuclei (IN) making it possible for the formation of 
cloud droplets and ice crystals. Aerosol and clouds 
are both variable in space and time thereby, 
sometimes leading to ambiguity in making a 
distinction between them as they interact (Charlson et 
al., 2007; Koren et al., 2007; Stocker et al., 2013). 
The uncertainties in quantifying radiative forcing due 
to anthropogenic aerosols and non-greenhouse gas 
arise from the complex interactions between aerosols 
and cloud (Ackerman et al. (2000); (Alam et al., 
2010; Alam et al., 2014; Andreae et al., 2005; 
Haywood & Boucher, 2000). 

 
 
The indirect effects of aerosol on cloud includes 
increment in reduced sized water cloud droplets 
resulting from CCN (Feingold et al., 2003; Kaufman 
& Fraser, 1997; Myhre et al., 2007) and this in turn 
can impede precipitation (Albrecht, 1989;  Quaas et 
al., 2008 and 2010;  Rosenfeld, 2000). When this 
happens, the life time of cloud is thus prolonged and 
cloud may then grow into top height (Khain et al., 
2005;  Rosenfeld, 2007; Williams et al., 2002) with 
increase in liquid water path. Aerosols are also 
known to change the optical properties of cloud 
(Balakrishnaiah et al., 2012; Kim et al., 2003; Koren 
et al., 2004). Myhre et al., (2007) pointed out that 
aerosol-cloud process goes beyond physical 
interactions especially in the presence of large scale 
meteorological conditions.  
Although many researchers have carried out 
investigations on the aerosol optical depth (AOD) 
over some parts or over all South Africa (SA) using 
both ground-based instruments (Adesina et al., 2014; 
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Eck et al., 2003;  Kumar et al., 2013; Queface et al., 
2011) and satellite-based instruments (Ichoku et al., 
2003; Sivakumar et al., 2010; Tesfaye et al., 2011), 
but aerosol-cloud investigations has not been 
reported to the best of our knowledge. Aerosol-cloud 
interaction studies has been reported in India 
(Balakrishnaiah et al., 2012; Kumar, 2013), in 
Pakistan (Alam et al., 2014), in China  (Guo et al., 
2014; Tang et al., 2014) and other countries using 
long-term Moderate Resolution Imaging 
Spectroradiometer (MODIS) remote sensing satellite 
data for distinct stations to show the impact of AOD 
on cloud properties and its relationship in climate 
change. The cloud parameters used in this study are 
Water vapor (WV), Cloud fraction (CF), Cloud 
optical depth (COD), Cloud top pressure (CTP) and 
Cloud top temperature (CTT). This study is hoped to 
complement research effort in understanding aerosol 
effects on clouds, in particular climate change in SA. 
The study is discussed in the following way: a 
general outline of study locations, database used for 
the present study, results and discussion then 
concluding with brief summary of results. 

2. STUDY LOCATIONS  

The study was carried out over six important 
locations with different contribution for aerosol 
sources from six different provinces out of nine 
covering all portions in South Africa. The provinces 
and locations are summarized as Gauteng–Pretoria 
(PTR; 25.57oS, 28.18oE), Mpumalanga–Skukuza 
(SKZ; 24.98oS, 31.60oE), North West–Potchefstroom 
(PCS; 26.71oS, 27.10oE), Free State–Bloemfontein 
(BFN; 29.12oS, 26.21oE), KwaZulu-Natal–Durban 
(DBN; 29.88oS, 31.05oE) and Western Cape–Cape 
Town (CPT; 33.92oE, 18.42oE). These locations are 
diverse in population, climate and geographical 
features (refer to Table 1 for complete information). 

3. MODIS DATA 

MODIS is a satellite-based instrument that was 
launched since December 1999 (Terra) and May 
2002 (Aqua). The description, algorithm, products 
and retrieval method has been discussed by earlier 
researchers (Levy et al., 2010; Remer et al., 2005; 
Tanré et al., 1997). Monthly dataset of Level-3 
MODIS at 1ox1o grid resolution were downloaded 
from GIOVANNI (http://disc.sci.gsfc.nasa.gov/ 
giovanni) for 5-year period (January 2008–December 
2013). These values were obtained using Lat-Lon 
map, time series and correlation maps to generate the 

data for the study locations. The data was processed 
and analyzed according to combined months and 
seasons. The AOD used in this study is obtained at 
550 nm and the Angstrom exponent (AE) used is α470-

660 for land only (Terra). The cloud parameters though 
available for daytime, nighttime and combined, the 
daytime data was used in this study and the water 
vapor was retrieved for clear sky.    

4. RESULTS AND DISCUSSION 

4.1. Spatial and temporal variations of AOD and AE 

AOD is the measure of transparency of aerosol to 
solar radiation and has to do with the degree to which 
it prevents the radiation through scattering and 
absorption. It is been defined as the integration of the 
extinction coefficient over a vertical column of unit 
cross section. It is a major property of aerosol by 
which its environmental effect is being measured. Fig 
1 and Table 2 shows both the temporal and spatial 
variation of AOD550 over six selected cities of SA. 
The lowest value (AOD550 < 0.1) of the spatial 
variation of AOD550 (2008-2012) was observed over 
Bloemfontein. The location which is in the Free State 
province lies is in the heart of SA. It lies between the 
Vaal River towards the North and Orange Rivers 
towards the south. It is a region of grassland, crop 
fields and Sandstone Mountains hosting the country 
largest gold mining complex. AOD550 ranging 
between 0.10 and 0.13 is found over four locations; 
Potchefstroom in the North-West province with 
mostly flat areas of scattered trees and grassland, 
Skukuza in the Mpumalanga province with high 
altitude grassland and accounting for about 83% of 
SA’s coal production, Cape Town in the Western 
Cape Province having an exceptional topographical 
and vegetation diversity and Pretoria in the Gauteng 
Province containing the country’s largest city making 
it the province with the highest population density 
and urbanization while Durban in the Kwazulu-Natal 
Province having three geographical regions of 
lowland, midland and plateau with the coastal region 
having subtropical forest has the highest AOD close 
to 0.2. In terms of temporal variation, the mean 
AOD550 for the study period (2008-2012) was lowest 
at Bloemfontein 0.06±0.04 followed by Cape Town 
0.08±0.02, then Potchefstroom 0.09±0.05, Pretoria 
and Skukuza had 0.11±0.05 each and Durban 
0.13±0.05. We noticed a good agreement between the 
temporal and spatial aerosol distribution over SA. 
The combined (2008–2012) month to month 
variation shows that four of the locations experience  

http://disc.sci.gsfc.nasa.gov/giovanni
http://disc.sci.gsfc.nasa.gov/giovanni
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Table1: Geographical information about the six locations of study in South Africa [Wikipedia and Köppen-Geiger climate classification system]. 

 

Province Location Latitude 
(S) 

Longitude 
(E) 

Altitude 
(m) 

Population 
(million) 

Area 
(km2) 

Climate (subtropical) 

Gauteng Pretoria 25o 44ʹ 28o 11ʹ 1339 2.9 6,298 Urban; Semi-Arid 
Mpumalanga Skukuza 24o 59ʹ 31o 35ʹ 260 0.0016 4.9 Rural; Hot semi-arid 
KwaZulu-Natal Durban 30o 57ʹ 29o 58ʹ 8 3.5 2,292 Urban; Coastal 
Free State Bloemfontein 29o 07ʹ 26o 13ʹ 1400 0.0063 6,283 Suburban; Semi-Arid 
North West Potchefstroom 26o 42ʹ 27o 06ʹ 1350 0.149 185 Urban; Semi-Arid 
Western Cape Cape Town 33o 55ʹ 18o 25ʹ 50 3.74 2,444 Urban; Coastal; Mediterranean 
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maximum AOD during September (Bloemfontein 
and Durban) with Pretoria and Potchefstroom having 
double maxima one in February and the other in 
September also, Skukuza with double maxima 
corresponding to September and October. These two 
maxima when considered along with the AE show 

that the aerosol may not be of the same types during 
these two different periods. All locations have their 
minimum AOD in June which appears to be more of 
a seasonal effect. Seasonal variation of AOD550 is 
seen in all the six locations (Table 2). All locations 
apart from Pretoria have maximum seasonal AOD    

 

Fig 1 Monthly mean (2008 -2012) value of AOD550 Terra MODIS over six locations in SA 
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Fig 2 Monthly mean (2008 – 2012) value of AE470-660 (2008-2012) over six locations in SA 

 

during the spring season. This season corresponds to 
agricultural activities and known for biomass burning 
as agreed upon by a number of researchers (Adesina 
et al., 2014;  Kumar et al., 2014; Queface et al., 2011; 
Tesfaye et al., 2011). Durban has AOD > 0.1 in all 
seasons while Skukuza and Pretoria have AOD > 0.1 
only during the spring and summer. Bloemfontein 
and Cape Town have AOD < 0.1 for all seasons and 
so also in the case of Potchefstroom except for the 
spring season. The high aerosol loading in Pretoria, 
Skukuza and Potchefstroom occurring in summer and 
spring was explained by Freiman and Piketh (2003) 
as an effect of air transport over that region. In 
summer air transport comes from over Atlantic and 
Indian Oceans consisting more of sea salt and other 
anthropogenic aerosols while in spring transport is 
from hinterland originated from Zambia (Queface et 
al., 2011) and Mozambique (Adesina et al., 2014b) 
and causing the advection of biomass burning 
aerosol. Aerosol loading over SA is generally lower 
during autumn and winter compared to the other 
seasons. The Angstrom Exponent (AE) which is a 
parameter that determines aerosol particle-size with 
lower values indicating a larger size and higher 
values indicating a smaller size varies significantly 
over the locations. MODIS annual mean spatial 

distribution for the period (2008-2012) is shown in 
Fig 2. Durban and Skukuza have the highest with AE 
about 1.2; this is followed by Pretoria and Cape 
Town with AE of about 1.0 and then Bloemfontein 
and Potchefstroom where the AE is less than 1.0 
being areas of less vegetation and might have more of 
dust particles.  The temporal variation from Table 2 
shows that Durban and Skukuza have AE > 1.0 
throughout all the months of the year while Cape 
Town has AE >1.0 in all the months except in 
January when it is a little bit less. Bloemfontein, 
Potchefstroom and Pretoria have AE < 1.0 for most 
part of the year except for some few months. For 
seasonal averages Cape Town, Durban and Skukuza 
have average AE > 1.0 in all seasons, while 
Potchefstroom and Pretoria have AE > 1.0 in summer 
and spring but Bloemfontein has mean AE < 1.0 for 
all seasons. 

4.2. Relationship between AOD and AE 

The spatial correlation of Terra MODIS of AOD550 
and AE (Fig 3a) shows that there is a positive 
correlation over Durban and Skukuza > 0.2 but we 
observed a negative correlation over Cape Town, 
Pretoria, Skukuza and Bloemfontein. When AOD has 
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positive correlation with AE, it implies that the 
particles do not undergo corresponding hydroscopic 
growth in the region of the clouds (Balakrishnaiah et 
al., 2012) but this trend normally changes when the 
ratio of coarse and fine particles changes in the 
aerosol loading (Myhre et al., 2007). The temporal 
correlation (Fig 3b) for Bloemfontein, Durban, 
Potchefstroom and Pretoria shows that AOD and AE 
follow same trend except for the last months of the 
year but for Skukuza the opposite trend was found at 
the beginning of the year. Cape Town has opposite 
trend through most part of the year. The correlation 
coefficients between AOD and AE for the locations 
are -0.022, -0.658, 0.208, 0.007, 0.155 and 0.633 for 
Bloemfontein, Cape Town, Durban, Potchefstroom, 
Pretoria and Skukuza respectively. 

4.3. Relationship between AOD and Water Vapor 

There are five near-infrared bands in MODIS just 
around 940 nm water vapor band for remote sensing 
clear sky column water vapour amount. It is so 
designed to observe water vapor absorption by solar 
radiation reflected by bottom surface at near-infrared. 
Through the use of the ratios of water absorbing 
bands with atmospheric window bands, the variation 
of surface reflectance with wavelength for most land 
surfaces is being removed (King et al., 2003). 
Different types of aerosols exhibit various degrees of 
absorbing water (Alam et al., 2010; Li & Shao, 2009; 
Shi et al., 2008).  

 

 

 

 

 

 

 

 

 

 

 

Coarse mode aerosol can be hygroscopic when mixed 
with sulphate or other soluble inorganic aerosol 
during advection. When mineral dusts are coated 
with nitrate, they become hydrophilic but when 
uncoated, they are hydrophobic (Li and  Shao, 2009).  

A factor that affects the hygroscopic nature of 
aerosols therefore includes both meteorological 
parameters and particular mixing of different types of 
particles (Aloysius et al., 2009).  The spatial 
correlation of AOD550 with water vapor (WV) during 
clear sky (Fig 4a) is found to be positive over 
Skukuza and Durban but negative over rest of the 
other locations. The temporal correlation (Fig 4b) 
between AOD550 and WV show that both quantities 
only co-vary at the beginning of the year but later in 
the year they tend to have opposite trend over all the 
locations. The correlation coefficients between 
AOD550 and WV for the locations are, -0.463, 0.254, 
-0.464, 0.123, 0.461 and 0.024 for Bloemfontein, 
Cape Town, Durban, Potchefstroom, Pretoria and 
Skukuza respectively.  Since Pretoria has the highest 
correlation and the series plot indicates that summer 
months has higher correspondence between AOD550 
and WV, it may be due to the fact  that aerosol 
influence the cloud formation over Pretoria as the 
location experiences higher rainfall during that 
season (Adesina et al., 2014).
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Table 2: Inter-annual monthly/seasonal variations in AOD550 and α470-660 with standard deviations over six locations in South Africa for the period of 2008-2013 

Month/ 
Seasons 

 
BFN 

 
CPT 

 
DBN 

 
PCS 

 
PTR 

 
SKZ 

AOD±SD α ±SD AOD±SD α ±SD AOD±SD α ±SD AOD±SD α ±SD AOD±SD α ±SD AOD±SD α ±SD 

Jan 0.03±0.02 0.94±0.11 0.09±0.01 0.99±0.12 0.10±0.02 1.24±0.07 0.09±0.03 1.19±0.12 0.15±0.06 1.10±0.07 0.10±0.05 1.21±0.18 

Feb 0.06±0.02 0.99±0.25 0.08±0.02 1.12±0.05 0.11±0.01 1.27±0.14 0.12±0.01 1.08±0.15 0.17±0.03 0.95±0.08 0.13±0.04 1.03±0.12 

Mar 0.06±0.02 0.89±0.15 0.09±0.02 1.17±0.10 0.12±0.03 1.22±0.11 0.10±0.03 0.91±0.09 0.12±0.03 0.81±0.05 0.11±0.04 1.05±0.19 

Apr 0.04±0.03 0.77±0.17 0.08±0.01 1.28±0.08 0.09±0.02 1.17±0.09 0.05±0.02 0.82±0.12 0.08±0.01 0.86±0.08 0.08±0.04 1.15±0.14 

May 0.04±0.01 0.77±0.19 0.07±0.02 1.20±0.10 0.11±0.03 1.22±0.08 0.04±0.02 0.79±0.13 0.07±0.02 0.87±0.13 0.10±0.01 1.26±0.17 

Jun 0.04±0.01 0.76±0.14 0.06±0.01 1.24±0.16 0.09±0.01 1.18±0.12 0.04±0.00 0.76±0.02 0.06±0.01 0.84±0.06 0.07±0.01 1.18±0.16 

Jul 0.06±0.03 0.86±0.30 0.07±0.01 1.33±0.04 0.13±0.01 1.15±0.13 0.07±0.02 0.75±0.04 0.09±0.03 0.82±0.07 0.09±0.03 1.20±0.20 

Aug 0.10±0.02 0.88±0.38 0.08±0.02 1.23±0.07 0.20±0.04 1.21±0.14 0.10±0.03 0.75±0.06 0.11±0.03 0.84±0.09 0.11±0.03 1.23±0.19 

Sep 0.11±0.05 0.85±0.33 0.10±0.02 1.20±0.05 0.21±0.03 1.36±0.14 0.15±0.03 0.78±0.11 0.15±0.01 0.89±0.13 0.17±0.04 1.45±0.08 

Oct 0.09±0.04 0.92±0.36 0.10±0.00 1.08±0.08 0.15±0.03 1.61±0.15 0.14±0.07 0.97±0.28 0.16±0.07 1.04±0.24 0.17±0.08 1.67±0.05 

Nov 0.04±0.01 1.03±0.37 0.09±0.08 1.05±0.12 0.12±0.02 1.62±0.12 0.06±0.01 1.27±0.28 0.09±0.02 1.35±0.19 0.15±0.05 1.68±0.12 

Dec 0.04±0.02 1.02±0.30 0.09±0.02 1.01±0.06 0.10±0.01 1.40±0.16 0.07±0.03 1.29±0.09 0.11±0.04 1.29±0.08 0.09±0.02 1.44±0.17 

Autumn 0.05±0.02 0.81±0.18 0.08±0.02 1.22±0.11 0.11±0.03 1.21±0.10 0.06±0.04 0.84±0.12 0.09±0.03 0.85±0.10 0.10±0.04 1.15±0.19 

Winter 0.07±0.03 0.84±0.30 0.08±0.02 1.27±0.11 0.14±0.05 1.18±0.13 0.07±0.03 0.75±0.05 0.08±0.03 0.83±0.08 0.09±0.03 1.21±0.19 

Spring 0.08±0.05 0.93±0.36 0.10±0.01 1.11±0.11 0.16±0.05 1.53±0.18 0.12±0.06 1.01±0.31 0.14±0.05 1.09±0.27 0.16±0.06 1.60±0.14 

Summer 0.04±0.02 0.98±0.23 0.09±0.01 1.04±0.10 0.10±0.01 1.30±0.15 0.09±0.03 1.19±0.15 0.14±0.05 1.11±0.16 0.11±0.04 1.23±0.23 
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Fig 3 (a) Spatial correlation between AE and AOD (2008 -2012) over six locations in SA and (b) Combined monthly 
mean (2008 – 2012) plots with standard deviation between AOD and AE over six locations in SA. 
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Fig 4 (a) Same as Fig. 3a but for AOD versus WV and (b) Same as Fig. 3b but for AOD and WV 
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It is possible that aerosol loading over Cape Town is 
coated with sulphate from sea salts thereby making it 
hygroscopic and hence enhancing the positive 
correlation.  Aerosol may not be playing a significant 
role in cloud formation over Bloemfontein, Durban 
and Skukuza.  

4.4 Relationship between AOD and CF 

Fig 5a shows the spatial correlation between AOD550 
and CF for the various selected locations. The data 
used for this analysis was that of MODIS combined 
data for both day and night for the years from 2008 to 
2012. The spatial correlation is positive at Skukuza, 
Durban, Cape Town and Pretoria but negative for the 
other locations. Although Balakrishnaiah et al. (2012) 
found that AOD and CF have higher correlation at 
continental than coastal locations it seems that they 
may not always be the case as other factors like the 
AOD values might also contribute (Alam et al., 2014; 
Kang et al.; Ten Hoeve et al., 2011).  Regions close 
to the coastal areas have equally been found to 
exhibit positive correlation between AOD and CF 
(Nakajima et al., 2001). Other factors that affect 
AOD and CF correlation includes high biomass 
activities, industrial or vehicular emission like the 
case of Pretoria and Skukuza (Alam et al., 2010; 
Balakrishnaiah et al., 2012;  Kumar et al., 2014) 
Though Potchefstroom is in the high latitude, the 
aerosol loading is influenced more by the Kalahari 
desert dust.  

The time series plots (Fig 5b) showed a similar 
pattern of CF having its minimum value in either July 
or August beginning with high values in January and 
decreasing to a minimum and subsequently rising to a 
peak in December apart from Cape Town where 
double maxima is seeing occurring in May and 
September and starts with low values in January 
ending with low values in December and also a low 
value in July in between the two maxima. The 
respective correlation coefficients for Bloemfontein, 
Cape Town, Durban, Potchefstroom, Durban and 
Skukuza are -0.606, -0.384, -0.148, -0.036, 0.357 and 
-0.504.  

 

4.5. Relationship between AOD and COD 

Cloud optical depth (COD) is a measure of the light 
passing through the cloud after absorption and 
scattering from the cloud droplets. It is an important 

factor affecting earth radiation budget both at 
atmosphere and surface. Ordinarily cloud optical 
depth ought to show increase with AOD while the 
cloud effective radius show a decrease according to 
Twomey effect (Twomey, 1977). Marshak et al. 
(2006) suggested that caution must be taken in using 
these two MODIS products. The spatial correlation of 
AOD with COD in Fig 6a showed a positive 
correlation over Durban, Pretoria and Skukuza, while 
negative at Cape Town, Potchefstroom and 
Bloemfontein. It is noticed that COD increases with 
increase of moisture in the atmosphere and correlates 
negatively with increasing AOD (Alam et al., 2010; 
Hoeve et al., 2011). 

In the time series plots (Fig 6b) for the spatial 
averages, Bloemfontein and Pretoria experience 
minimum COD values in July, Potchefstroom and 
Durban in May and Skukuza in June while Cape 
Town was generally low throughout the year but 
experiences a maximum in June. Durban and 
Skukuza had COD increasing through July. The 
correlation coefficients between COD and AOD for 
the locations are 0.606, -0.802, 0.274, -0.169, -0.005 
and 0.684 for Bloemfontein, Cape Town, Durban, 
Potchefstroom, Pretoria, and Skukuza respectively.  

4.6. Relationship between AOD and CTP 

The spatial correlation between AOD and CTP in Fig 
7a shows that Durban, Potchefstroom and 
Bloemfontein have positive correlations > 0.1 while 
the other locations have observed negative 
correlation.  CTP tends to have higher negative 
correlation at higher latitude as reported by earlier 
studies (Kaufman et al., 2005; Myhre et al., 2007; 
Sekiguchi et al., 2003) as in the case of Pretoria and 
Skukuza. In the time series plot for the spatial 
averages (Fig 7b), we can see same pattern of CTP 
increase to a maximum value from January to July in 
all stations except Cape Town where it first 
decreased to a minimum value in May then increased 
to July before it started to decreasing to the end of the 
year. The correlation coefficients between AOD and 
CTP for the locations are 0.260, 0.182, 0.203, -0.225, 
-0.452 and -0.327 for Bloemfontein, Cape Town, 
Durban, Potchefstroom, Pretoria and Skukuza 
respectively. 

4.7. Relationship between AOD and CTT 

Figure 8 shows the AOD variation with CTT. The 
spatial correlation of AOD with CTT in Fig 8a  
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Fig 5 (a) Same as Fig. 3a but for AOD versus CF (b) Same as Fig. 3b but for AOD and CF 
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Fig 6 (a) Same as Fig. 3a but for AOD versus COD and (b) Same as Fig. 3b but for AOD and COD 
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Fig 7 (a) Same as Fig. 3a but for AOD versus CTP (b) Same as Fig. 3b but for AOD and CTP 
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Fig 8 (a) Same as Fig. 3a but for AOD versus CTT (b) Same as Fig. 3b but for AOD and CTT 
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showed positive correlation with CTT at Pretoria, 
Durban and particularly high value at Skukuza > 0.25 
but it is correlated negatively over Bloemfontein, 
Cape Town and Potchefstroom.  Sekiguchi et al. 
(2003) showed that CTT really does not change but 
stated that aerosol affects only COD and CF. Also, 
CTT and humidity profile can be modified if there is 
such an increase in anthropogenic aerosol such that it 
sets up a secondary circulation (Santer et al., 1996). 
Time series plots (Fig 8b) for monthly averages of 
AOD and CTT showed a similar pattern as that of 
CTP in all the locations this may be due to large scale 
meteorological conditions(Alam et al., 2010). The 
correlation coefficients between AOD and CTT are 
found to be 0.244, 0.370, -0.128, -0.095, -0.310 and   
-0.252 for Bloemfontein, Cape Town, Durban, 
Potchefstroom, Pretoria, and Skukuza respectively. 

 

5.0. CONCLUSIONS 

The study has been conducted using the MODIS 
satellite data for addressing the impact of aerosol 
optical depth on cloud parameters over six locations 
in South Africa.  To the best of our knowledge, it is 
the first attempt over Southern Africa region. Our 
report therefore stands to fill a scientific gap in our 
knowledge of aerosol-cloud interaction studies. 
Though the work did not include details of the 
aerosol types and their source regions, we 
nevertheless were able to make the following 
findings: 

1. The spatial AOD550 over the selected cities 
were generally not too high. Apart from 
Durban where average value approaches 0.2, 
other locations were either less than 0.1 or 
very close to it. The temporal variation 
shows that the mean AOD550 ranges between 
0.06±0.04 at Bloemfontein to 0.13±0.05 at 
Durban. While all locations have the 
minimum AOD550 during the winter (June), 
most have their maximum during the spring 
except Pretoria which has its maximum in 
summer (February).  

2. The Angstrom exponent indicated that all 
the locations except Bloemfontein has 
predominance of fine particles for most part 
of the year. Only two of the locations have 
their AOD correlating positively with 
Angstrom exponent in terms of spatial 
correlation. 

3. The spatial correlation of water vapor with 
AOD was similar to that of the Angstrom 
exponent showing that aerosol do not 
undergo hygroscopic growth in these 
locations. 

4. The cloud fraction correlates negatively for 
most locations under study while the cloud 
optical depth correlates positively with 
aerosol optical depth for three locations but 
the correlation does not particularly depend 
on aerosol optical depth of the location.  

5. Cloud top temperature and cloud top 
pressure have similar trend suggesting the 
influence of large scale meteorological 
conditions.  
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CHAPTER SEVEN 

 

7. SUMMARY AND FUTURE WORK 

7.1 Summary 

Most of the studies relating to aerosols in Southern Africa were conducted in three major 

countries; South Africa, Mozambique and Zambia. Reports from Southern African Regional 

Initiative (SAFARI) 2000 showed that Zambia is dominated by biomass burning aerosol while 

South Africa and Mozambique is dominated by aerosol mixture of aeolian coarse mode, fossil 

fuel burning and other industrial aerosol types while other related work showed that the biomass 

burning impacting South Africa mostly originates from Mozambique. South Africa was divided 

into three parts according to aerosol loading and that sulphate is the most important contributor 

to this loading over South Africa for all other months outside the biomass season. These results 

are complemented by this research work by focusing on aerosol properties and climate impacts 

on specific of places of interest.  

The places of interest covered six out of the nine provinces in South Africa. Pretoria, the 

administrative capital of South Africa was one of major focus of the study. Through the study it 

was discovered that the aerosol loading is characterized by a double maxima with the highest 

occurring in summer (February). The single scattering albedo being greater than 0.9 at lower 

wavelength shows the season was filled with urban-industrial aerosols. The radiative forcing 

over Pretoria was positive throughout the year indicating aerosol having a warming effect with 

the highest average heating rate of 0.81 K/day in September (spring season) falling into the peak 
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of biomass burning period. The radiative forcing was not proportional to AOD unlike some other 

places. 

The study of Skukuza and Richards Bay from a long term satellite data from MODIS and MISR 

showed that high aerosol loading occurs from August to November and low loading from April 

to July. The high loading corresponds to the biomass season when biomass aerosol is being 

advected from neighboring countries. The MODIS sensor underestimates the MISR in both of 

these locations but there seems to be a general decreasing trend in aerosol loading over these 

locations with the UVAI for both locations showing a general increase; this shows the presence 

of significant soot aerosols. Out of the six locations selected for aerosol-cloud interaction study 

Bloemfontein has the lowest AOD value followed by Cape Town while Durban has the highest. 

In overall, the major aims of this work were realized. Through this study, we were able to 

characterize aerosols by their optical, microphysical and radiative properties. We run some web-

based models to determine the radiative forcing of aerosols and determine the long transport 

regions of aerosols. Through multiplication of coordinated platforms, we were able both to 

validate satellite instruments and find trend in aerosol optical depth.  Satellite instrument was 

used to study aerosol-cloud interaction with clear understanding of how they interact. 

 

7.2 Future Work 

In summary, aerosol research is still at the infant stage  over South Africa as there are only very 

few reports on use of measuring instruments like sunphotometer (AERONET), Microtops II 
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sunphotometer, Aetholometer, Multiwavelength solar radiometer, and very few reports based on 

the use of LIDAR. In future, we shall embark upon a multi-platform approach to the study of 

aerosol which will help in effective monitoring of our environment and complement the 

model/simulation based studies.       

 


