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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 (25.75° S, 28.28° E) and Skukuza (24.9° S, 31.5°
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 (AODsyp) 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
(AODsgp) 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; 0440-870), columnar water vapor (CWYV), 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)



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 (R?=0.94), Aqua MODIS (R2=O.77) and
Terra MODIS (R?=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 (R?=0.66) than hinterland (R*=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).



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); (i1) 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 pm radius), (i1) Accumulation mode (0.1 — 1.0 um radius) and (ii1) Coarse
mode (> 1.0 pum 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



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’.
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Fig 1: Showing the Aitken mode — 0.01-0.1 pm, Accumulation mode — 0.1-1 um, Coarse mode - >1
um and sometimes, the elusive nucleation mode <0.01 um [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.



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

Windblown
Clouds and Dust SO, from

Volcanoes

PG rrs
Ocean & Fossil Fuels and
=~ Blomass Burning

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



estimated to form 30% of total aerosol loading (Prospero et al., 1983). Those that are formed
by mechanical process are termed sea-salt acrosols 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). SO, can be

quantified as 72% from fossil fuel burning, about 2% from biomass burning, about 19% from



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. Nitrates
They are formed by the oxides of Nitrogen like NO,, N,O, N,O4 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 acrosol has direct RF of about -0.10 £0.10 Wm™ 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™ the semi-direct effect non inclusive while Organic carbon aerosol has a direct radiative

forcing of about -0.05 £0.05 Wm™.



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 um especially at the source region. As they are
transported to distant regions their radius becomes smaller in the range 0.1 <r <5 pum. 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™>.

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



droplet. Their radius is generally less than 0.1 pm 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 um
while the mass distribution of the coarse mode is centered at about 7 um (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
i1s 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.



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 2um 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.



2. Rainout — This occurs when cloud condensation nuclei i1s 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: WG1ARS IPCC, 2013)

Aerosol Size Distribution Main Sources Main Sinks Tropospheric Key Climate
Species Lifetime Relevant Properties
Sulphate Primary: Aitken, Primary: marine and ~ Wet deposition ~ 1 week Light scattering. Very
accumulation and volcanic emissions. Dry deposition hygroscopic. Enhances
coarse modes Secondary: oxidation of absorption when deposited
Secondary: SO2 and other S gases as a coating on black
Nucleation, Aitken, from natural and carbon. Cloud
and accumulation anthropogenic sources condensation nuclei (CCN)
modes active.
Nitrate Accumulation and Oxidation of NOx Wet deposition ~ 1 week Light scattering.
coarse modes Dry deposition Hygroscopic. CCN active.
Black  Freshly emitted: <100  Combustion of fossil ~ Wet deposition 1 week to 10 Large mass absorption
carbon nm fuels, biofuels and Dry deposition days efficiency in the shortwave.
Aged: accumulation biomass CCN active when coated.
mode May be ice nuclei (IN)
active.
Organic POA: Aitken and  Combustion of fossil fuel, Wet deposition ~ 1 week Light scattering. Enhances
aerosol  accumulation modes.  biofuel and biomass. Dry deposition absorption when deposited
SOA: nucleation, Continental and marine as a coating on black
Aitken and mostly ecosystems. Some carbon. CCN active
accumulation modes. anthropogenic and (depending on aging time
Aged OA: biogenic non-combustion and size).
accumulation mode sources
.. of which Freshly emitted: 100— Combustion of biofuels Wet deposition ~ 1 week Medium mass absorption
brown 400 nm and biomass. Natural ~ Dry deposition efficiency in the UV and
carbon  Aged: accumulation  humic-like substances visible. Light scattering.
mode from the biosphere
..of which Mostly coarse mode  Terrestrial ecosystems  Sedimentation 1 dayto 1 week May be IN active. May
terrestrial Wet deposition  depending on form giant CCN
PBAP Dry deposition size
Mineral Coarse and super- Wind erosion, soil Sedimentation 1 day to 1 week IN active. Light scattering
dust coarse modes, with a resuspension. Some Dry deposition  depending on and absorption.
small accumulation agricultural practices and Wet deposition size Greenhouse effect.
mode industrial activities
(cement)
Sea spray Coarse and Breaking of air bubbles ~ Sedimentation 1 dayto 1 week  Light scattering. Very
accumulation modes  induced e.g., by wave =~ Wet deposition  depending on  hygroscopic. CCN active.
breaking. Wind erosion. Dry deposition size Can include primary

organic compounds in
smaller size range

... of which Preferentially Aitken Emitted with sea spray in Sedimentation ~ 1 week CCN active.
marine and accumulation biologically active Wet deposition
POA modes oceanic regions Dry deposition
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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:

‘ 'clu

.
Airvgla';ion

Respiratory
Disease

Cardiovascular
Disease

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;
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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 (AODs() 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 (18.97°S, 34.35°E) 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™ 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.
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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 t, < —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
(Trmax — Tmin) < 0.02, this is classified as a good result of 1; 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 1, (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

ty (027(t)\°
(D,)? = ftlz( - ) dt < Dczritic (D

ot?
DZ;sic 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 d2t/dt2(d*T/dt®) is employed.

dint(t) _idr(t)
at () 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 D> is found

2

1 Lnt;—LnTt; Lntiy,—-Lnt;

D= \/ [ i i+1 i+1 l+2] <16 3
(n—Z)Z ti—tit1 ti+1—ti+2 )

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 36 range
is improbable. The check is performed over the measurements of 1, (500 nm) and 0449370 for

entire day period and values that differ from the mean or greater by 3c 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 um. 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

34


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

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 MODO02 and
MODO03 for Terra MODIS products and MYDO02 and MYDO03 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 po47, po.ss, p2.13- In order to
match the resolutions of the two channels, the 250 m resolution 0.66 pm 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 um, the estimated surface reflectances
(at po47, po.ss) 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 p, ;3 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 ng.ss = land £0.50 for ng.s5s = 0 (where 1 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 0.55um 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
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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 um. 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.
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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 98.2° 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
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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 Oz, NO,, SO,
HCHO, BrO and OCIO 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 (OMAERUYV) and the multi-
wavelength algorithm (OMAERO). The OMAERUYV 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 OMAERUYV, 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:

obs
UVAI = —100log, [L )

158 (R3s4)
Where the UV AI 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 UV AI 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 O 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

Direct radiative forcing of urban aerosols over Pretoria (25.75° S, 28.28° E)
using AERONET Sunphotometer data: First scientific results and

environmental impact

This chapter 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.
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therefiore, their spatial disribution is highly inhomogene ous and
strongly mmelated with their sounces. Also, they vary in sine by
arders of magnitude and their properties change as they nteract
within the atmosphere [Raeev et al, 2000) They ame being
memaved by clouds and dry deposition processes. Despite rela-
tively short average residence times, they travel long distanoes.

Atmosphernic aemzals, derfved from natural @ well @ antho-
POEiC eTmssion sounnes, ax mpotant and sgmficantly ontrib-
utetoEarth's mdiation budge through avabetyofpathwayssuchas
dinect effects on scatiering and absorption of solar radiation, indinect
efiects an cloud microphysics, and semmi-dinect effscts (Kaufman et
al, 300%; Yoon et al , 3005, lamanathanet al , 307, Ba manathanand
Carmichael, 2008; ¥im et al, 2010). These aemosols ane Imown to
afiect the air quakty, himan health and mdiation budget, and
understa nding thedr climatic and envinonm ental efects has bemn a
central theme for the global sdentific commmdty. Most of the
aerosal ickes such as sulfate and sm salt, maindy scatter solar
radiation, while biack carbon asroscls strongly absorb radiation
(famamthan and Carmichas], 200F). Regardess of whether the
mersal absorbs or so thers radiation, less sol ar radiation penetrates
to the Earth's surface (Lohmann et al, 2010). Furthermom, such
effiects are determined by their optical, physical, radiative and
chemiral charsceristics in conoert with source, srength andfor
advectinn by ko] syno ptic metearological processes:

The direct mdiative effsct {DRE) due to serosals is defined as the
efiect of total aeTosnls {both natuml and anthropogenid) on the
radistive fluwes primariy due to the dinsct scattering and ahearp-
ﬁnicf!nlnmﬁlﬁnthylﬂmﬂl:mﬂi:mﬂdinmufwﬂ:

Toeter terrmed il dinect rd ia tive foncing {ADRFor
mnp]fhﬂﬂﬂﬂru:mctil 2005; St vastava etal , 201%). The vales of
radistive forcing (RF) at the botiom [RFpq) and top [(Fm.) of the
atmosphene ane key parameters i the quantification of the mpact
of serosal s on climate. The ARF due to ssroslsisone of the langest
sources of uncertainties in esimating cimate perturbations due to
large spatial varmiahility of serosals and the lade of an sdequate
databese an thedr radiafive properties {[PCC 2007). Some estimates
suggest that anthropogenic asosoks and biomas buming hawve
climate foncing enough to offfet warming mused by GHGs such as
carbondinxide {iGehl and Brisgle 1993)

Accarding to the htergrvemmental Panel on Cimate Change
{RCE, 2001) Fourth Assessment Repart, the giobal aversge madia tive
farcing by serosols i <12 W/m®, wheneas, it is about 26 W/m® far
GHGs. Much attention has been paid to quamtifying the rdistive
fm'cn'lghylﬂumkﬂ’nbﬁﬂnum etal, 2008 Thenefore, messuring

and umderstanding changes in senosal loading over fime are highly
esmential to pedict cimate change (Tesfaye ot al., 2011). For this
pupmse, different ground- and satelfite-basesd remote sensing
techniques are poviding a systernatic retreval of aemosal optioal
properties on the gobal and regional scale (Kaufman et al, 2002
Kahn etal, 2010 More et al, 2013; Alam et al, 2014). Satellite data
doss not povide a complet chamceraton of the optiml
properiies ofaerosals, or inform ation on their other charscierishes
{Eck et al, 2005 A major advanae i this respect has been the
introduction of the Aerosn] Robotic Netwrark: (AERONET) (Halben et
al, 1998), which mesms: that el lite nemote snsing of serosnls no
longer needs to be largely independent but can be ted n to this
coordinated and harmonised gound data network. Ground-based
memote sensing has beome a powerfil method for chamcherizng
atmosphenic serosnks [Dubovik and King, 2000) == it i ahle to
presenta clear pictune of the o ptical properties of each of the seroen]
species {Dubavik et al, 2002, Cattrall etal, 2005).

South Afim i a devdoping country and Hes in the extreme
bottam of southern part of African continent 1t has four distnet
sexnns; summer {Decemn ber-February; BfF), autemmn (ach-hiay;
AN, winier (lune-August; | 1A) and spring {Sepiemn ber-Novem ber;
S0N). Aenosal radiative frd ng (A RF)and optical properties have not
been studisd in the Pretoria {FTH; 257575, 28 20°E, 1449 m above sea
frequenthy chserved {Ramanathan and Carmichael, 2008) withlarge

amountaf ahsorbing serosols e tied. due to biomess buming and’
ar forest fires which inchudes black carbon (Queface etal, 2011). n
this study, the previoushy neparted work by Kumar etal (2013a) has
been expanded to give detailed desription of aerosal optical,
i cophysical and radiative properties for the first tme over FTR,
am urham site in the northeest partof South Afrim.

The data from the AEROMET Sunphotometer over FTR far one
year period of 2012 has been used in the present work to study
the signiimnt changes in the asmsol properties. Here we
examined the aerosol optical, micophysical and mdiative
properties in terms of aeman] optical depth (AOD), Angstram
wavelength exponent fa.e0-a), particle valume size distribution,
single scattering albedo [S5A), and asymmetry parameter (ASF),
together with the neal (Re) and imaginary {Im) parts of the
compley refactive mdex (). Afrmas tajectaries  (F-day
spatial extent of minemal dust and smaoke events using Natianal
Jomnicand Atmospheric Administration (H0AA) Hybrd Single-
Farticle lagrangian Integrated Tmjectory (HYSPLIT) model
Further, the manthly average ARF and forcing efficiencies wene
caloulated using the Santa Barbara MSORT Atmaospheric Radia-
tive Transir SBOART) model (Ricchiars et al, 193%), and
compare d with the magnimdes derved from AERONET to knoer
the impact on environment and chmate change.

1. Exper mentsl site, instrumentation and methods
1.1. Site deseription

An automatic sunfshy mdiometer (Cime] Elact mmiquee, Pars,
France) was =&t up at PTR opemtional since July 2001 under
the joint collabaration be tween HASA and the Pretoria’s office
of Council for Scentific and Industrial Bessarch ({CSIR). PTR iz
one of the three capital dties of the mation, serving as the
administative capital B iz situated in a transitional belt
betwesn the plateau of the Highweld to the south and the
Jower lying Bushveld to the north approcimately 55 km
northeast of Johanneshurg Sty in South Afrca The dty has
a humid subtmopical climate with long hot and rainy
summers, and short cool and dry winters The major
indwstries in FTR inchude the manufacture of motarcycles,
chemicals, pharmaceuticals, sngineering pmdects, con-
struction materiak stesl ndustries oi refinedess, cement
factories, and power plants. In addition to the industrial
izziors, other anthmpogenic sources that include vehic-
ular emissions from main highways, coal combustion,
sources of asragol in this capital dty of South Africa. The
asmasls derdve mainly fom soil or road dust, sea-zalt
particles from the Indian Ocean and secondary asrosals
produced from bismass barming.

12 Measuremerits

Sun/sky mdiometer Model CE318, Cimel Electronique, Pabs,
Francoe), which & placed on the mof of a b lding to malke free
from tall buildings and tree<, takes memsurements of the
(A0Ds) from: 340 to 1020 mm and 440-1000 nm, respecthneh
[Halben et al, 1998). Seven of the sight bands are used to

49



Googl

Fig 1-Satellite map showing the region of study (Pretoris) in South Africa denoted with a ydlow color needle pointer and other surrounding areas.
Source: Google Earth Maps.
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acquire AD data, while the eight mnd %60 nm & weed to
estimate total cohimnar water vapor [OWV) in the atmdo-
spher A careful assecsment of the oveml uncertainty in
compurted AOD due to calibmtion uncertainty typically for a
Feld instrument & +00 to + 002 which is spectml dependent
with higher ermom in the UV spectml range (Eck ot al, 1999,
Smirmov et al, 2002) Purthermore, from the almucantar
mensurements and the spectm] decomvalution algarithm
[8DA) retrievals, asmssl wlume size distdbution (VED),
single scattering abedo [S5A4), asymmetny pammeter [ASP),
refmctive index (R, fne- and coarse-mode AODs are ales
available for large solar senith angles [ 507 and high aserosal
loading conditions (A0D 440 » 0.4) [Dubovik et al , 2000). More
detaile about the instrument, uncertainties, amor estimation
eic, are discurseed by sevem] earlier researchers (Halben etal.,
1998; Eck et al, 1999; Dubowvik et al, 2002). The data of FTR
station ars obtained from the AERONET website (hitpfasmnet.
gefe roen gowr)) and versiom 2 07 level 2.0 of the quality sccumesd
daily paints' format data of direct sun and inve rsion products ars
umed for the study pariod of Janusary-December, 20012

1.3. Methads to abtain AOD and i nversion products

Thee effect of radia thre tnefer is proportional to the amount of
parficl=s present in the cohimn but it also depends on their
intringic optical propertes. The spectml varbation of AQD
provides wsefil nformation on cohimna rsise dist ribtion and
given by Angetrim (1964):

TalA) = BA i)

whers, 75 [n] is the AOD at wavelsngth h (in micrometers) 2 &
equals b raat k= 1 pm, and & iswidely known as the Angstrim
expanent (AE], which i a good indicat or of aemeol particles sire
Ecketal, 1999). AE nrgehy depends on asmsal size distribution
and =a megsure of the mtio of coa e - to fine-mode aemeals, with
aemanks and lower values representing incresced abiundance of
ooarbe-mode st sl [Kumar =t al, 2005 Srvastava et al X137

Besides the information contained directly in the AQD and
Drusbenrik and King (2000) and subsequent] y modi fed by Dubovik
et al (20037 can be used to etrieve the cohmmnar asmsa’s
chamcterstics from the direct sun and diffuse sky mdiance
mensurments In the most mecent vesion [Vemsion 20) of
the imersion algorithm [Dubovik et al | 2008, the vwertically
mvemped aeratol valume size distribution (ddinrina mnge of
radii beturesn 0005 and 15 pm, the real and magnary parts of
the asm=ea complex refractive index, the scattering phase
function, which in tum allows compurtation of the asymmetry
ret fieved in the inwersion data products of AERONET data. The
transfer codes used for the quantification of the asmosa’s
impacton mdiative transfer A nother impartant addition in the
Wersion 20 inversion products is that a new et of mdiathe
properties & given at any ATRONET station. More details amd
compu ttions of these paramete < weredesoribed « Joewrhe e by

many ressanchers to mame afew, El-Metwally etal @011) and

1.4. HYSPLIT trajedery madel

The HYSPLIT 4 (hitpfwwearl noaagov; Air Resources Lab-
ombary, Hatioral Oceanic and Atmoepherde Administration,
USA) model & a system with simple graphical user interface
for computing tmjectories and air concentmtions [Dmiler
and Hesx, 1998). Gridd ed meteorological data at regular time
imtervals are pead in the caloulation of airmass trajectories.
Far back-trajectories, data are obtained from existing
archives. A complete description of input data, methodolo-
£y, equations invalved, and sources of errar for calculation
of airmass tmjectory can be found in Draxler and Hess
(1998). The model is run directly on the web (http: /o arl.
noaa goviready/hysp_info himl) by gving necessary inputs
or on local PC after installing the software and input data
st The executables and meteomlogical data are provided
by the HOAA ARL [Air Besources Labamtory] for free for
back-trajectory amalysis and registration is reguired for
forecast amalysic. The model gives output in the form of
post-seript image and as well s ASCI farm that can be
imported in other progmms for plotting.

2, Results and discussion

21 Synoptc meteorologiom] cond ifions

The monthly mean variatiorns of prevailing backgmound
meteomlogical conditions over the site [PTR) during the
study period are shown in Fig 2a-c. The data was provided
by Soarth African Weather Service (SAWS) from the surfaceat
an alitisde of 1449 m above sea level during the shsdy period.
The toita] anmial rainfall recorded b the study pericd <tandsat
5734 mm [Fig 24). The station experienced high wind speed
during the spring and summerand low during the mrhmmn and
winter. The maimum valwe was recorded in the September of
16 = 06 my'sec and minimum in the month of May, which &
05 + 02 mysec [Fig 2b). The dirsction of wind & gensral by from:
the sowth, apart from July-August where it & from the
southeast Ambisnt air tempemture iz the lowest in hme
during the winter and keeps on increasing Gl November. It
e diowern & little i December and famiary and roge to another
peak in Febrnuary and thersafter, it decreases il e The
mmtimum air tempemture at the two madma was noticed to
be 30.5°C in Pebruary and N ber, while the mint af
55%C was recorded in June {mot shown in Ggure). The avemge
monthly tempemhire was olsered high in Felbruary with a
vahee of 249 + 1.2°C and low vahse of 128 + 2 0°C in June fgee
Fig 2] Balative humidity mnge from 36% in Augeet to 3% in
Descember dise to an incresse indiumal tempe mbures (Fig. 2c).
It fairhy decrease< from January to Awguest and begine to fos Gl
Decenmber,

22 Variahilites in aerasal optical properties

The s=m=ol optical depth iz representative of the aithome
asmzol bading in the atmospheric cohimn, and is important
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for the identiication of asmeol soume regions and aemsol
evalution. Fig Ja-¢ illustmtes the monthly avemged ADDxon,
OWY and awogro for twelvwe months [January-December
201 in PTR with the standard devistion A totalof 333 daily
averages contributed tothe statistics to representthe Ggures.
It can be easily found that AOD showed a distinct seacomal
vanation in this urban area with high values that mainly
orcurmed in summer. Two maxima of AODe, were meoorded
during the year in February [summner) and August (eardy of
spring or late winter] with values of 036+ 019 and 025 =
14, respectively, while the minimum was ohesrved in Aprlf
June {late mstumn orwinter) which is of .12 + 007 (Fig 3a).
The appearance of high vahes of ADDeqy in summer was
andsmoke particles emitted from surmunding regions by the

long-mnge tamspart, which is deady evident fom HYSPLIT
muide] described in the following pamgraphs (Fig. d4a-d).
The cocurmence of high vahse in urban region was also
mlated to the anthropogenic polhition and local prevailing
JammngFebnumny play an important role in heating ground
and liffing the loose sofl particl= with association of wind
speed [Devam etal, 2006; Yu o al, 2009; Eumaret al , 2009).
Sometimes, the very high vahes of AOD, ,, (=0.5) noticed n
the present study may possibly due to the pe=sence of
optically thin high altitsde closds over the sxperdimental
=ite. Purther, higher AOD vahses particulardy during the late
winter months are considered to be due to combination of
lage-seale droulation procesees and elevated tennpemtums
imrersion-cated haze layer formations [Devam et al, 2005).

Jan Feb Mar AprMay Jm Jul Ang Sep Oct Nov Deo

0 2p

Wind spead
{m/sec])
G0

— JAN

—— MAY

d

&

Relaorve bsmady (%)
]

]

Tan Feb M= Apr Sy T Td Aug Sp O Fow De

Fig. 2 - Monthly mean wariations in ) total annual minfall, ) pdar chart represen ting wind speed and direction, and () mverage

Sourae: SAWS.
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The decrease in AOD vahes has bren chserved during hme
compared to May becmse of dispersal of asmsa due to
stmonger wind speeds (gee Fig 2b), doud-scorenging and
min-washout procestes [Kumaretal, 2009).

In arder to understand the orgin of airmasees ardiving in
the studied region, we perfomed 7-dmy back-tmjectory
analyses based on the HOAA HYSPLIT mode] (Droder and
Balph,2003) with the GDAS as the meteomdogical inputfor the
trajectory model These tmjectories are computed at three
different levels 500 m, 1500 m and 3000 m abowe sea level,
Fig 4 represents 168 hr back-trjactories ending at abserva-
tion site for typical days on 19th February, 10th April, Fth June
and Fth October during four different seacons for the period of
shady. These tmjectories are considersd to be peprese ntative
of the entire time period amalyzed. Fig. 4a and d obtained on
high AOD days during which the airmass parcelk coming from
the mainland of South Africa and surrounding and/semi-arid
mgions tmveling a chort distance before reaching the mea-
suring site Fig 4b ¢ indicates low AOD days wher the
trjectory at different levels hat a long history o gine ting
from the pristine marne emimnment These trajectories
tansport sea-salt fpoarss] particles that get settled down
before eaching the site due to theirsmaller regidenoe times.
Fig 4d & obtained to showevidence of long-range tramsport of
smoke particles emit ted from biomass burning andfar forest
fires tmvering through Mozambique and Madagascar which
oo every year during the spring seaton.

The ONV followed a pattern with high values in Jamsary
208 + 032 cm) and February (210 + 038 cm) followed by a
decrense until June (68 + 0,34 cm), huly {0066 + 022 cm) and
then an incrense until December (200 + 024 cm) fsee Fig 3h).
The high (low) value of WV which was noticed in February
(uly) comresponds to the high (low) asmosol badings (AOD.,)
which shows that ADD and CWV follow similar seasonal
trend thmoughout the year The camlation cosficent be-
twesn OWV and AOD wens found to be 041, which clearhy
suggests that aeracol particles over PTR are mor: hygroscopic
and & congistent with the general symoptic patterm over the
region. Angstrim exponent fa) was a measure of the
wavelength dependence of AOD and a good indicator of
aemas] particle-size It & cearly depicted from Fig 3¢ that
the manthly mean vahses of e, g oo Were ahvays greater than
15 throu ghoat the year with mone or less similsrvalues inall
monthe/seasons, except in the winter These results signify
the prence of greater contrbution of asraok in the
fine-muode to the esdinction for the present study perod. The
value= mnge from 130 + 026 in June to 1.70 + 0220 in famry.
The high vahses of both awn g and Ao which comurmed in
summer indicated that there was an increase in the contri-
bution of fne-mode particles during the high temperatire
period [Lyamard et al, 2006

In term= of seasonal variations, AODeg, b ite peak wwhie
of 024 + 016 in summer, followed by 020 + 012 in spring,
018 +0.10 in winter and a low value of 0.16 +10.09 in mstunm.
Thi & unlike Slulra Bouth Afrca) or Mongu [Zambia)
where the highest A0Degy, ooourmed during the spring (Homass
burming) seaton (Cueface et al, 201 1; Eumar =t al , X013H. We
pointed out in our earlier study that this cooumence in
summer in FTE can be attributed to the contribution of
pollutant partickes emitted from local anthropogenic sounc e

and prevailing meteomlogical conditions, swch as high
tempemhire and the growth of hygroscopic particle with the
increase in O during this pedod ([Kumar et al, 213a). The
high wahse of 206 + 032 em for ONV was observed in
summeer, followed by 140 =+ 0.50 cm in spring, 125 + 0.4 cm
in autumnand 069 + 031 cm in winter. The aggn ga likkewiss,
has itx peak value of 167 =02 in summer, bllowed by
160 + 023 in mutumn, 152 +0.22 in spring and 141 + 035 in
winter,

The scatter pot of daily ey versus AODwgy was shown in
Fig Sa; thiz allours ome to define physion 1y interpreta ble chasher
regions fbr different types of asmsolk or gualitative indica tion
on aerawo] load due to particle s of di fierent Sives (Smimovetal ,
X003, B oet al, 2001; Sumit Kumar &t al, 2011; Kumar &t al.,
A013h). For AODg o o 04, the oy go vahies moges betwesn 0.8
and 12, a case of a mistire ofboth fne mode and coarse mode
asmanls with dominance of fne mode asmsols. OWY and
ADD,, shows a poor comelation (B =041) [Fig 5h). For

ar
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Fig. 3 — Monthly sverage fa) aemsol optical d epth (AOD) at
500 nm, fb) colummnar water vapor (CWV), and ) Angstrom
over Pretorda The solid rectangular dot represen ts the mean
and the vertical bam indicate the standard d evintion s of the
T,
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altitudes on typical representative days during high AOD fa, d) and low AOD b, ¢) in four different seasons over Pretoria,

ADD <04, CWV ranges from 0.25 to 25. This may be the fact
that asrosol and water vapar wers bein gtransported at different
heights. Scatter plot of CWV and asn-an which & showed in
Fig. 5c has a significant correlation with coefficient of 055 as
hygrascopic effect tends to make aerosol increase in their size.

Fig. 6 is the AODay, CWV and asp-ao showing the per
centage of cocurrences categorized by individual seasons. The
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sutumn has the narowest probability distribution with a
modal value of 0.1 followed by the winter with same modal
value. Hi er, has the widk distrib with a
modal value of 0.1 and spring has the modal alueof 0.2 The
highest seasonal value recarded is due to the fact that AODex
of 0.2 and 03 values is quite appreciable forming over 40%
For aqa-amn, apart fom summer when the modal was 1.8, the
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single scattering albedo and sky mdiances acquired around
midday [scattering angle iz small) to extract asmsol sze
dist rbutions Emimoy et al., 2002).

Theasraeal WD & an important pammeter, which hazan
intenze effect on climate. The workdwide asmsol size distri-
burtion exhibits two distinet modes: fine particles with particle
size o (L6 pm and coarse with particle sire = 06 pm (Dubovik
et al, 2007 In the present study, the AFRONET VSDs (dWVfr)
dinr] are retrieved fom spectal and sun mdiance data using
the Dubovik and King (2000) approach, with the following
initial guesc dVi)idinr = 00000, nfk) =150, k)= 0005
where dVidlnr denotes sammeal vwohime size distribution, and
nfks) and ks denote real and imaginany parts of the complex
refrac thve index at a wavelngth 1, The AFRONET & mosal size
dist fhutions are retrisved from the Sunphotomet er using 22
rmadis size bins in the sire range of 0515 pme. The wlume
size distributions exhibit a bimodal structure, which can be
chamcterired by the sim of two log-normal distribations as

dvir) 2. Cwy !h'wr::!
dinr & W :@‘[ 2oy 2
whene, o, is the standand deviation, I'.‘.:isﬂ‘li sohime median
mdius and Gy i the valume concentmtion for fine and coarse

des. More information about the caloulation of different

quantitie imralved in the above BEg. (2] was described by Alam
et al [2011).
Tahle 1 shows the parameters of the bimodal lognormal

a
it * -
L ]
; *ﬂ -
H
LI -
y
oz
30
follows:
o 85 18 15 1s 25 30
CWY o)
Fig.5 - Scatterplotst different 1 optical

pammeters during the study period over Pretoria.

medal vahie emained at 1 6inall the seasons. The columnar
whater vapor ranges from 1.0-3.0 cm for summer with a modal
wmlue of 2.1 em. The mstumn and spring showsd a wide
distribation from 04-24 cm with a modal vahie of 1.2 cm,
while in the winter, the range of distribution & from 02 to
15 cm with a modal of 0.5 eme

23, Aerosol volume =ize distrilution

The iterative nvemicn algodthm for metbdew] of semsal
real (Be) and imaginary (Im) parts of refmctive indices and
& contained in the work of Dubovik and King (2000). The
inwemion algorithm produces retrieval, which comespomnd
1o the effective optical properties for the total atmospheric
cohimn. In the retrieval algorthm, the asrasol particles am
et al, 2002 Dubovik et al [2000) showed that the sie
distribution, in the case of nonspherical dust asmsols, can
b retrieved reasonably well when the angular mnge of sky
radianees i 1imit ed to an gles smaller than 30°-60°. Houever,
in onderto retrieve the S84 the sky mdiances acquired in the
whole almucantar are nesded along with the diresct sun
measurements. Thus br nonspherical dust ssmsds, we
shoald use the sary moming or late aftermoon oo ttering
angle range i largs) sky mdiance measu rements to retdevea

valume size distritution which meflects the monthly mean of
each pammeter. The vohims geometric mean mdhes for fine
aemmsol was stable at 015 pm throughout the autumn. This
size ranges between (14 and 015 pm in the winter and spring
but goes higher in the summer mnging fom Q16 pm in
December and ammny to (.18 pm in February. The geometric
mean mdius br conree mode asragol was the bwest in
December (102 pm) and the highest in June (3.27 pm) oorme-
sponding to the lowest vahse of 2o gn. The valume conoen-
tmtion for fAne aem=c doubled betwesn January and
February, wheras in the coarss, the whime cncentration
in August and September & nearly double than in Jamary.
The variation in WVED over FTR were mainly attribated dus to
the changesin the concentration of as el fne mode fraction
with coefficient of varation [00V), defined 2= standard
deviation to the mean, equal to 74%. The annual mrerage
fine and coarse mode partickes gromettc mean radii were
015 +0.02 and 3.17 + 026, respacthvely. The COV yielded 14%
for the fine mode By and 10% br o, while 8% and 6% br the
coarse made and oy, Epectinely

The seasonal avemge VED (dWrydlnr) a= shown in Fig 7
represents a himodal lsgnormal distribution with fine mode
domimating at a madis of about 0015 pm, wheras the
ooarse-mode & dominant with a radive of about 4 pm. The
WiDs in the fne-mode are higherin the pring sea son than in
the summer ssason and lower in the avtumn season. The
higher values in sping are due to the fFeguent bomass
buming activities and forest fire events, wherms in the
summer seacon it iz due to the transport of mimeral dust
over this region and also due to metesomlogical conditions,
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Table 1-Mean monthly of dedved pammeters from
aeso] vohme size dstibution owver Fretoria fior 2002,

Maonth Fine-maode Ciomree- made

VWi HRamgyy B o Vo HRamyy R o
Jan-I Q032 015 016 043 OUD4 341 305 Q58
FebheB' Q063 016 018 045 OUBS 358 318 054
Mar13d Q09 013 015 043 0GBl 354 333 Q85
Apr-1?  OQOZE 004 0I5 04F 0T 25F 31 OS5
May1? Q031 004 015 041 OUBEE IS0 317 Q55
Jun1? @015 013 004 044 OUBES 357 337 Q55
ol QO 013 014 041 O0ME  IST 333 OS5
Augl? 0035 014 015 041 OME 247 317 057
Sep-1? Q031 004 015 043 OEIT 343 313 0S8
Oct1? 0040 013 004 041 OUB1 343 315 059
HowdZ? G039 013 014 041 OGBS F44 314 Q58
DecdZ OOF5 015 016 046 001 338 302 Q&7
Mean Q037 004 015 043 OUBS 349 317 Q&7
e OoE4  00F 002 004 OIS 094 O3 O
e 0740 0I1F 04 Q10 O4E3 010 008 a0s

V. Vi fpmfem®) are the wohume ooncentmat ons; B §fl, B )
ane the affective mdii; R, B, jpm) ane the wolome mesn redfl and; or

and =, ame the geometric standard deviations all pammeters for
fine- and cosrse.mode particles, nespectiwely.

such as temperature and relative hmidity. The VSDe in the
coarse-mode are higher in winter and lower in the summer
senzon, which & attrimsted to hygroscopic growth of ambient
parfick= Bingh etal, 2004 Tirpathi et al, 2005; Pandthumi o
al, 2008 Alam et al, 212 Ther observed a noticeahble
at the end of the winter sesson to the beginning of the spring.
Thiz may be due to the onset of the biomass burning in
anthropogenic in orgin [Eck etal | 2005, Tecfnye stal, 2019). The
fine-mode asmeol sire distd bution indicated that the fne peak
mdiirs incresged fom that of the spring 015 pm) to the
summier {2 pm) which denoted an increase in anthropogen ic
e roan] concentration. Tirpathi etal (2005) reported an increase
in vohme concentration in the coame-mode by S0 during
summer escon. Pandithura et al [2008) found an incresge in
whime sire dictribution in summer ower Delhi, India Wang =t
al. (2011) observed an incresse trend in the fne-mode peak
rmadirs from summer towin ber sessomn fior Kan pur AFRONET site
in India Alam et al. 2011) aks found an incresss in valume
ooncentmtion in the coame-mode by #0%-70% during the
in Paligtan,

i_'a.hshgh seattering albedo, asymmea ry mrameter, refrac e

The single scattering akbedn (554) provides impartant informa-
and i weed a5 a ey parameter for estimating ARF. The sign at
the asmosal SEA (Takemura et al, 2002). | has thie a vital mle in
urndersta mding the clima ticefods of the ssrotals 554 j=defined
= the mtio betwesn the particle scatterng cosfficient and otal

extinction coefficient The values of 554 srongly depend on
the asratol composition and size distrbution (Dubowvik «t al.,
2003 It i& zemo for pure absorption (eg., Soot) and one for pure
seattering (g, sulfats) S88 for urban-imdustdsl semeal as
retrisved from worldwide AFRONET stations mnging from 090
1or (198 and for biomaees burming betueesn (88 and 094 at lower
wavrelength [Dubowik et al, 2002; Eck et al, 2003a). 554 was
found tobe wavelength dependent due to the influence of dust
and anthropogenis acthvitie= during both the summer and
winter seasmns, Spectral variations in the S5A differ between
drsta md urban anth ropodgeni © poThition, with the 554 tending to
but 1o decreage during periods of incrested urban polhition
[Dubaovik et al , 2002,

The seasonal mean spectml vadation of S5A over the
period of Jamsary-December X112 is shown in Fig. 8a and the
vertical bars represent the standard deviation to the mean. It
i clear from the Ggaore that the S54 vahiex are lower in winter
and higher in summer. The maxmum 55A< are found in
summer and are 0976, 0962, 0953, and 0950 at 440, 675, 70
and 1020 nm, respectively. When dust is not the major
contributor to the atmoepheric optical state, 55A haz a
selective spectal dependence ie, 58A decresses with in-
crease in wavelength, which is dearly seen from Fig. 8a and
& attribwted to the presence of a misture of asrosols from
maultiple sources. The S5A being greater than 09 for all the
wavelengths during the summer suggets the abundance of
anthmpogenic asracok of utban-industrial palhition which are
abeorbing in nature rather than scatering, while the spring
time value of 55A between 0.8 and 09 sugge=ts dominamos of
aemsals from biomass hurning or forest fires. The 554 during
the ommet of the spring (November) was a little bit higher than
09 at lower wavelength which suggests that the ufmn aemosal
tends to hove more input in the asroeol bading when
compared to the bWomass asmeal . The winter S5A warelength
dependence i gimilar to that of the spring, while that of
autumn i cloger to the summer. I can be inferred that the fine
mode semsals prevalent over PTR orginates from both
urhan -indistrial a nd biomaess biurming sountes.

The asymmetry parameter (ASE, g) is a simple, single-
valued representation of the angular scattering and iz a ey
property contmolling the asmsa contrbution to fording. It
& defined 2 the first moment of the particle scattering
phaze function for clear atmosphers. It & also defined as the
in e ity -unei ghted mnerage cosine of the soathering angle and
& expreseed mathermatically as follows:

£ -;fmw[l}sinu )
o

where, & iz the angle between the tmnzmitted and the
zeattered mdintion and P(8) iz the phese function fangalar
digt fbution of scattered ight]. The wmhe of § moges between
=1 for entirely backecattersd hght to +1 for entiesly forwand
scattered lght Like the S55A the ASP k ako a spectml
dependent pammeter. Fig 8b shows the spectm] vadation of
ASP for different seasons, There iz a consistent decréesse in
ASPvalues with increasing wnrelengths showin g the spectml
diepemden ce follvwing a similar trend as AOD. Vahses of ASP
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the near infmred region. The avemge ASP value mnoges fom
071=067 to 061-0.59 at 440 and 1020 nm, respectively. The
greater decrease in ASP was this cbserved for the spring
Bepte mber=November]. The resuls suggest that during this
period of the year, the anthmpogenic fabeorbing) palhstants
were relatively inabundan ce. Similar results were reported by
Pandithuraiet al (2008 and Alarm et al (2011, 2012, 2014) over
urban areas in India and Paldstan, respect heehy.

The retrieed real [Be) and imaginary [m) parts of complex
refacfive index [BI) for asmsa comey the ability of the
smttering and absorption to incoming mdiation. The higher
renl part values cormspond to the scattering types and the
higher immginary vahwe= cormespond to the absabing type
aemeal [Binyuk et al, 2003). It was eported that the real and
imagirary part of urban asmsol hes 2 moge of vahies of 1.40-
147 and 0009=-014, mepectively and for biomas< burning, the
real and imaginary parts hae 147-152 and 0.009-0.02,
mespectively from four kmown regions of the world [Dubovik et
al, X002 except, for Moldova whers, the imaginary refractive
ircbent 35100005 for all the wavelengths (Bck =t al, 2009). Fig. %a
and b shows the sessonal mean of the retfewd meal and
imaginary parts of the refactve indices at 440, 675, 370 and
10X nm: For the peal part, it moges from 138 to 145 and

1.00,

imaginary part ranges betwesn (004 and 0024 at 440 nm with
weak wavelength dependence. In the cme of summer sensm,
dhsetothe incresse d anthoopogeni c poll tionover the region. In
mnges betwesn 144 and 146 {L017-0.016) in the spring, from
140 to 139 D004-00047) in the summer, from 145 to 150
L0F-0U015) in the winter and in theawhimm it varies between
138 and 1.40 DUOO7-00005). The real values over FTH wens
highestin the winter y and 1 =t inthe r. The
high walues in winter wer due to a mboure of ameols
from different sourcss in the study megion Our results ane
consistent with those dcbtained by Alam et al (2012) over
Eamchi, Pakistan.

25. Aerosal radiative forcing and effidency:
Model ve. aleervations

The asm=os]l mdiative forcding (ARF or BF) at the top-of-
atmosphere (TOA) and at the bottom-of -atmosphe refsur face
[BOA) iz defined as the net change in mdiative Aue (down
mimes wp) in Wit with [Fy) and without [Fo) asmesl brought
about by imstantansos change of asm<ol content in the
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atmaephers, The radiative forcing at BOA & given by

RFaos, = Frpoa=F o moa.- (4}
The mdiative forcing for the atmosphers (BF, ) can be
derfred from the mdiative fordngs at TOA and BOA:

RFama = RFroa-RFam. (5}

Basically, RFpns represents the combined effects of scat-
tering and absorption of solar radiation by air suspended
particles on the net fluneat the surfues, Bfoq, accounts for the
e flaction of solar mdiation to space by asmsol, and BFany for
the absorption of sdar mdiation within the atmospher due
tor absorhing particles feg., Mallet ot al , 2006). With the sign
criteria adopted hers, negative values of BF comespond to an
aemss] coaling effect and posithie values to warming. In our
present study, we made use of TOA and BOA fording vahies
obtained dirsctly from AFRONET imversion prodhsct and ales
computed wsing Santa Bartam DISORT Atmospheric Radiat e

Transfer SEDART) mode] Ricchiazzi etal, 1998 to estimate
atmempherc mdiative fordng.

AFRONET Imversion proeduct comes with TOA and BOA
representing the upward and downward fhotes measumed
by the Sunphotometer. Thess fuxes are integrated over the
0340 pm mnge including their whiex in the abzence of
asmsols. All the boadband fluces are simulated using an
interpolation and extrapolation of the real and maginary
parts of the complex mfmcive ndex etheved at AFROMET
i ey harhes el e st sl avtes o ooy suirface aThedio va hses assymed
in the retrieval of the wnnelengths of sun/sky radiometer. The
aeman] mdiatiee forcing efficdency [FE) which protides the
actizal or total mdiative effects of atmospheric asm=ol is
defined a5 the mte atwhich the atmosphe re is foroed per unit
of asrosol optical depth taken at a reference wavelength
(500 num, in this work) which can be cakculated at both BOA
(and TOA) with:

FEacu, = RFacs /ADDum . 3]

Table 2 - Comparison of monthly memnm AERONET derhred and SEDAR T cal culated aemosol mdiative forcdng (A RF) and forcing

effidencies ot the surfice (BOA) and top of the atmos phere (TOA) along with the henting mte [HE).

Maonth AEROMNET derived ARF SEDAR T calculated ARF

Baacliat v forcing Forcing efficiency Radintive forcing Farcing e ficiency Heating mte

[y Wi’y Wi’ Wity (/day)

TOA BOA TOA BOA TOA BOA TOA BOA
Jam-12 B Lo -I2T4 9117 17158 -TAE =171 —-4435 -10141 ozr
Feb-T2 —I504 —407s —-ER &R -158.51 1231 -35.44 -53ES — 10437 o4s
Mar-13 = 1105 -IZET =510 -1E559 =735 =15 14 =459 =174 030
Agr-12 —10es e cling -B412 —19& 40 -E243 -19.3%5 -5572 -13073 oz
L -1238 3134 -TEE: —Zlo3s -10Es -24.30 -5790 -1313F osr
hun-1% —-&E0 -X277 —E5.53 -352 34 =349 -303F -31TE -19055 o4r
Jul-1z = 1007 -3578 -BE31 M7 -1 -IT I8 -4953 =157 sz
Angid -1133 —4504 -5341 —-34.97 -850 =377 -3917 -149o3 orr
Sep-12 -1191 —415=2 -E251 -7 953 =3280 4273 -152%1 o=l
Oct-1F 1201 -3514 ~To10 -IE2 80 T4l -30.75 -3638 -15055 oss
Nowdl =127 =305 -E208 -H716 =714 -24.35 =3B =13178 04s
Dasz12 =114 -Hi19 -2049 -17355 -7z -15.85 —4547 =101 o
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The two factors mdintive forcng and mdiative forcding
effficiency are not inde pendent of Solar Zen ith Angle (52 4) and
the frcing efficency for different types of asmosal is caloulat-
od uing similar mogesof S24 valwes [Fl- Metwally stal, 2011).

Recently, many earlier messapchers have discused the
working principle of this mode] [Fmsad ot al, 2007; Alam et
al., 2041, 01, Srivastava et al, 211, X2 and references
therein). A brief explamation therfore is provided in this
paper. In modeling of asratol effects on atmospheric radia-
tion, the folowing asrasol optical properties like ADD, 55A,
ASP wrere obtained from PTR AFRONET site. Besides thess,
other input parameters include mode]l atmospheric profile
and surface abedo values wen obtained from Modemts
meodu ion Imaging Spectraradiometer (MODIS) satellite data
over FTR Another such parameter is the 524, which is
calculated by using a small code in the SEDART model
specifying a particular date, time, latitnde, and longitude
[(Alam etal, 2013

A very good carmelation was dbserved between AEROMET
derived fording vahies and SEDART compurted forcing magni-
tide ffigure not shown). The comelation cosficent for the
abaovre two i 084 in the case of TOA, and the surface forcing iz
abenit 094 while the ARF stands at (L83 The monthhy
vardations are listed in Table 2 which shows that baoth
AERONET and SEDART have negative TOA values for all
the manths which are an indication of net codling. The TOA
valise ranges from - 66 Wim® in June te - 23 Wim” in Felruany,
with an anmsal mean value of -‘.I.HW.&n’ for AEROMET
wherac, the SADART model computed value mogess betunesn
A5 Wit in June b =183 W/n' in February and an annual
meean of =88 Wim®. The surface forcing for AFRONET mnges
from =213 Win in December to —43 Wnd' in August with an
annual mean of =316 Wm” While for SEDART, it is in the
range from =156 Win® in December to -37.2 Wm” in Augus
and annual mean of =257 Wm?. The resultant atmospheric
farcing (ARF) vahses dedwed from AFROMET mnge from
98 Wim? in Jamsary to 376 Wim? in August having all vahses
poxitive thmoughont the year indicating a warming effect with
an anmsal mean of+ 194 W' and for SRDART, it ranges from
A5 Wi'm? in December to 20 W/m® in September and annual
mean of +169 Win'. Although the AOD was highet in
February, the results show that there is significant heating of

the atmoephere between fargust and SeptemberfOctober foee
Table 2 which cormesponds b inceates in temperahimes and
production of carbon from biomass burning during the spring
months

The forcing efficiency at the TOA [BOA) from AFRONET
mnges from =534 Wm® {=159.5 Wm?) in Augest [February)
to =91 Wim? (=262 Wm?) in Jamsary [une) with an anmoal
mean of =765 Wim® [=210.7 Wim?). In the case of SEDART,
the TOA (BOA) values rangs from =328 (= 1014) Wim? in Jumns
Qamsary] to =579 Wm® |- 1905 Wm?) in May (June) with an
anmual mesn of -456 Wim? (- 1366 Win') fses Table 2). An
important feature of these m=ults & that the sirface el
el ative forcdng was not governed primardly by the AOD vahwe
= reflected from the mesults obtained from AFTROMET and
that calculated using SBDART unlike the work reported by
Srivastava et al. 2011), where the surboes fordng at Kanpur
and Gandhi College (two AFRONET sites in India) was
primarily governed by the magnitude of AOD walues A
similar comparizon of BF valies at BOA, TOA and ATM for
different stations of utban envimnment over the globe iz
presented in Table 3.

The et atmospheric ford ng given by Eg. (5) meprecents the
amount of radiative fue sbsorbed by the atmosphers due to
the presence of asmsolk. This enegy is converted into heat
results inan increase of their tempemture and alters regional
climate (eg, Bamanathan &t al, 2007; Pillewskie, X007). Using
the basic laws of thermodymamics, the dedwation of the
tempomal mte of thi€ nceate @tmospheric beating mts) iz
straightfarwand [Liow, 2002

ar AF
mEr ™

In this squation, the left hand term represents the
atmospheric heating rate (HE) in E'sec whem T & the
temperature in KEebvin (K], tis the ime in ssconds (sec), g is
the gravitatioral acceleration @8 my'sec?), G, & the spedific
heat capacity of dry sirat constant pressure (1006 JAgE) and
AP i the height of the column containing the asmsol partickes
expreied as the difference of atmospheric prestire between

Tahle3 - Comparison of asrosa mdiative forcing (ARF) at the surface (BOA) and top of the atmosphere (T'OA) along with the

heating mte {HE) dedwved in the present study with that of the prevous shadies repocted over some urhan sttions.

Site Shudy period BOA TOA ARF HR B fiaspes ryces
[/ (W) [Wjmy P day)

Pretoria Jan-Deec, 7012 15 to -39 —Tto-18 UL OF o0 Present study
Delhd ) —E3ta -T8 - 4TE to 458 - Srivastva ef &l (2013)
Kanpur TO-2010 47 ta -57 17 to-18 SIS to s 44 OEtol? K s of &l {2013)
Hyderatiad -2 —E5 o 20 17T -1 450 ta 470 16ta20 Sinha etal (213
Bangalone How I0M-May 05 30t —40 4+Zt0 45 430 to 245 - Satheesh et al {@010)
Almedated G-I 31 o 41 —4to-1% T3 10435 04 to0E Ramechandren and Kedis 013
Pune Ot FO0d=Ray 005 -33 to -47 -05 D 406 433 o +48 = Panidrer et &l {B010)
Gagan T -O00E 75 -158 410 ta 416 15ta30 i et al {200)
Cadnn Dot FO0d-Riar J005 —45 to —E1 -15i0 -5 439 to 245 1IR3 El-Metwally et al {5011)
Lahare Mar IOE-How T 53 o 58 -19@ -F 47010 474 - Alamn et &l {F014)
Spain TOE-2011 -6 to -39 -15m -39 = = Esteve et al {2014
Manfing O 1-001F - -E9Mm 45 - - Thuang et al {2014)
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gmerally higher from Augest to October than the other
months with vahses 077, 081 and 065 Efday (Table ). The
anmial mean heating mte being 047 K'day observed for the
entire shsdy perod over PTR In terms of ssasonal effect,
aemsol contriburtes 033 Efday both in summer and mstunm,
058 Kfday in winter and 065 Efday in spring which iz almost
twice that of summer and autmn

3. Summary and conclusions

Amalysic of cpectml asmol optical properties and imreion
retrismmk of column integmted asrosn] microph ysical proper-
ties over the entire anmual cpcle was peformed ovweran uban
ity (PTH) in South Africa. One year data (Jamsa ry-Decembser,
2012) has bean used in the presant study which is obtained
from the AFRONET website measured wsing Cimel Sun-
with local meteomlogy and etimated the atmospheric
radiathre forcing fFrom SBEDART mode] Contimeous momnitaring
of sameal properties & necestary in onder to stoess moTe
accurately and in chamcterizing the annual cycle, since onhy
one year of data has been used in the present shady. The
asmoso] optical depth (A0D) showed two mantima soonring in
Felbruary and August with magnitude of 036 and 025,
respectively, while the minimum was noticed in April/uns
0.12). The seasonal avemge showed the highest in the
summer of 024 and the lburest of 0016 during the autumn. In
most of the Southerm Affcan countries, the spring season is
known to have the highest AOD due to seacomal change in
topography of the shady region.

The monthly mean Angstrom exponent sy ao bas a peak
value of 1. 70 in the month of famuary and the lowest i June of
138, whereas in terms of sesconal variation, the summer has
it highest at 167 and the lowest in winter with a magnit ude
of 1.41. For AQDey « 04, a wide mnoge of & edct beturesn 008
and 20 and the comelation cosficient betwesn AOD,, and
Eggrn 15 052 OWY mnges between 03 and 25 with a
cormelation coeffcent of 041 with AQD,, while & showed a
positive cormlation of 055 with CWY.

Optical inversions of =y mdiance indicate that the
varation in asrasol vaume size distribution (VSD) showed a
bimodal bgnormal distribution with dominance in asmsal
fine-mode. The S5A was generally greater than 0.9 for all
wanvelengths during the summer, while in the spring time,
S84 values fall betvween 08 and 0.9. The asymmetry pamm-
eter [ASF) mnges between 059 and 070 during most of the
year sugge=ting that the atmosphers was not generally clean.
The mvemge atmospheric farcdng computed fom SEDART
mudel during the study period was 1691 + 68 Wm?, indicat-
ing significant heating of the atmosphere with an anmual
mean heating rate of 047 Kiday over Pretoria.

Acknowledgments

The authors sincerely thank UEZH, South Africa and HIUIST,
China for providing emabling environment to carry out the

present work. The present work is also supported thmugh
Africa Lager Cantre [Pretaoria) collabomtive project and funded
HEBF bi-lateral project (Grand UTD: 786832). Ome of the authors
[AJA) acknowledges the coordimator mastering the Master's
program, Fartune Shonhiwa for organiring a writing retreat as
the mamecript was prepared. The author KBE thanks Prof.
¥in Yan, Dr. Yiwe Diao, Dr. Ha Eang and Dr. Xingra Yu for
their Mnd and meticulous help to get settle down at NUIST,
China. Authars are grateful to the Pl of AERONET site at
Pretoria CSIR, DPFSS and his asistants for the upkesp of the
instrument and svailability of the online data We akes
acknowledpe the South Africa Weather Service (SAWSE for
utilizing the meteomlogical data vsed in this publication
Thanks areales due toProf. Hongeias Tang, Editor-in-Chisef of
the journal and the two anomymows reviewers for their critical
comments and insighthil sigestions which helped to im-
prove the clanbty and scintific content of the orginal paper.

REFERENCES

Alarn, ¥, Trautmann, T, Haschie, T, 2011, Aeroso] optical
properties and mdiative forcing owver mega-city Karachi.
Atmos. Res. 101 &), Fra-Tae

Alarn, ¥, Tmuwtmann, T, Haschie, T, Majid, H., 2013 Asrosol
optical and madiathve propertes during summer and winter
sexson over Lahare and Karschi Atmos Environ, 50, 234-245

Alarn, K., Sahar, M., lghal, ¥ ., 2014. Aevosal chamscteristics and
radia tive fordng during pre- amd post- n
SEFTONS I an urban environment. Aerosal AirCual Res 14 (1),
28-107.

Angstriim, A, 1964 The parameters of atmospheric turbidity.
Tellus 16 (1), 84=75

B, LR, Huang P, Fu, 3, Wang, X 5hi, |5 Zhang, W, et al 2011
Toward chamacerization of the asmoso] optim] properties aver
Loess Plateau of Narthwrestern China. | Quant. Spedrosc.
Hadiat. Transf 112 (3), 346-380

Cattrall €., Reagan, LA, Thame, K, Dubovik, 0., 2005, Variahikty
of asrosal and spectral lidar and backscatter and extinction
matios of key aerosal types derive d from selected Asrosal
Robotic Network bnafions. | Geophys Res. 110 {D10). httpoifdx
doiorg# 10102920 0405124

Chung, CE., Ramanathan, ¥, Kim, D, Fodgomy, 1A, 2005 Global
anthropogenic aerosal direct forcing derived from satellibe and
groumnd-hased cheervations | Geophys. Res. 110, D427,
hittpde dai org/10. 1029 200 SIDO0EISE

Devara, FCS, Saha, 5K, Raj, PE, Sonbawne, S0, Dand, KK,
Tiwar, ¥, etal, 2005 A four-year dimatalogy of total
ool umn tropical urban asmosals, ozone and water vapar
distriutions ower Pune, India. Aerosn] Afr GQual . Res. 5 (1),
173114

Dmander, R, Hess, G0, 1998, An overview of the HYSPLIT 4
modelling system for trajecinres, dispersion and deposition.
Aust Meteoral Mag. 47 ), 295-308

Drander, AR, Rolph, GO, 3008, HYSPLIT Model Aoess via NOAS
ARL READY Website (httpefwrewwr.arl nosa gov'nea dy hysplitd.
hirml). ROAA Afr Resources Laboratary, Silver Spring, MDD

Dubavik, O, King, MDD, 2000. A fexdble inversion al gori thm far
retrieval of asmosal optical properties from Sun and sky
madiane measurements. | Geophys. Res. 105 {D0),
206ETA-306%

Dubavik, &, Smirnaov, A, Holbeny, AW, Kingg, MDD, Kaufman, ¥ |,
Eck, TF., et al, 2000. Acuracy assesments of ssrosal optical
properties retrieved from Asrosal Robotic Metwrark (AERONET)

61



JOURMAL OFEHFIROMMEMTALSCIEMCES 26 (2014) 2450-J4T4

24973

Sunand Sky mdiane mesurements. |. Geophys. Res. 105 {DF),
ArI1-9806

Dubovik, &, Haolben, B M., Eck, TF., Smimov, A, Kaufman, ¥ 1,
Kongg, MO, et al, 2002 Variahility of absorption and optiml
poperties of key aeromn] types observed in wordwide loomton.
L Atmos. Sci 59 3, 50-608

Dubovik, O, Sinyuk, A, Lapyonak, T., Halben, BN, Mishchenka,
M, Yang, P, etal, 2008 Applcation of Eght scattering by
sensing of desert dust |. Geophys. Res. 111, D11208 httpodidx
doiarg10. 100 20051 DO0S519.

Eck, T¥, Holben, BN, Reid, |5, Dubovik, O, Srimeav, A, OfNedll,
MT, et al, 1999, Wavelength dependence of the optiel depth
of liomass buming, whan and desert dust asrosnls. ).
Geophys. Res. 104 (D24), 31333-31349

Eck, T¥, Halben, BN, Reid, 15 O'Nedl, NLT., Schafer, |5, Dubowik,
O, et al, 20032 High serosal optical depth biomass buming
events: a comparison of optical properties for different source
regions. Geophys Res. Lett 30 {20), 2085, httpofdx doiargf10.
LT AOa3GLO1TEE] .

Eck, T¥., Holben, BN, Ward, DE, Mukelahai, M M., Dubavik, O,
Smimnaw, A, et al, 2003b. Variability of biomass buming
meroea] optio ] chars cheristics n southern Africa during the
SAFATR] 3000 dry season campaign and a comparison of singles
scattering albedo e stimates from m dometric messur
L Geophys. Res. 108 {[¥13), 84 77. httpod’dax doi argf10.10 25
200D00xI21

Eck, T¥, Holben, BN, Dubavik, 0., Smimov, A, Galouh, P, Chen,
HE_ et al, 2005 Colummar asmsal optical properties at
MAERONET sitesin central Eashern Asia and aerosol tranmspart to
the tropical mid-pacific. | Geophys. Res. 110 {D&), DOSXT2
httpefidx doiarg 10 1028/ 2004) DOOS2TL.

E-Metwally, M., Alfaro, 5.C, Wahah, M MA_, Faver, 0., Mohamed,
£, Chatenet, B, 2011, Aerosal properties and associated
rad iative effscts ower Caimo (Egypt). Atmas. Res. 99 (2], 263-278

Esteve, AR Extelles, V., Utrilla, MP., Lovamo, LA M, 2014 Analysis
af the senosal mdiative fordng over a Meditermanean uthan
mastal site. AMmos. Res. 137, 195-204.

Holen BM., Eck, TF., Slutscer, |, Tanre D, Buix, | P, Setzer, & ot
al, 1998 AERONET — a federated instrument network and
data archive far asmosol charaderization. Remote Sens.
Enwviron. 85 (1), 1-16

Intergnvernmental Panel on Chmate Change {IPCC), 2001, Chmate
Chamge 2001: The Scentific Basis Inc Houghton, LT., Ding, Y.,
Griggs, D), Noguer, M, van der Linden, P|, Dad, X, et al {Eds),
Contribution of Warking Group 1 to the Thind Assessmoent
Repaort of the Intergovemmental Fanel an Climate Chamge .
Carnhridge Lindwe sty Pres, Mew ¥Yark

Intergovernmental Fanel on Cimate Change {IPCC), 2007, Cimate
change 2007: the physical sdence basis Contribution of
Warking Group 1to the Fourth Assessment Repart of the
Intergowvernmental Panel on Clhimate Change: Chapter 2, p 129,

Kahn, BA Gaitley, B |, Garay, M1, Diner, ), Eck, TF., Smimov,
A et al, 2010, Multangle Imaging Spectraadiometer global
merea] product sssesment by comparison with the Asmosn]
Robotic Netwark. | Geophys Res. 115 {D331), DZXX09,. htpo/idx
doiarg/10. 1008 20101 D01 4501

Kaslmoutis, .G, Sinha, PR, ¥Winoj, ¥, Kosmopoulos, PG,
Tripathd, S M., MisTa, A, &t al , 2013, Aerosn] properties and
rad iative forcing ove r Kanpur during sevens aenosal loading
momnedi ions. Atmos. Envinon, 79, 7-19.

Kaufmam, ¥ )., Tanre, D, Bowcher, O, 2002 A satellite view of
menEals i olimate system. Matme 419 @903, 215-2r3_

¥Gehl, LT, Briegle, BP., 1953, The relative roles of sulfate aerosals
and greenhouse gases in cimate forcing. Science 260 {5 108),
311-314

¥im, SW, Chai, 1], Yoan, 5.0, 2010, A multi-year anahyss of
dear-sky aerosn] aptical properties and direct ma diathe

62

forcing at Gosan, Korea (2001-2008). Atmos. Res. 95 2-3),
29287

Kumar, KR, Namsmhuh, K, Reddy, RR, Gopal, KR, Reddy, LS.
4., Balakmishnadah, G, et al, 2009. Temporal and spectral
chamcteristics of aerosal optical depths in a semi-arid region
af Southern India. 55 Total Environ. 407 {8), 267 3-2688

Kumar, KR, Sivakvmar, V., Reddy, R R, Gopal, K R, Adesina, A,
1% Inferring wavelength dependence of AOD and
Angstrim exponent over a sub- tropical station in §outh Africa
using AERONET data: nfluence of me teonol ogy, long-range
transport and curvatune effect. S4. Total Envinon. 461-462,
FET-408.

Kumar, KR, Adesina, AL, Svalkumar, V., 2003 Aerosn] radiathe
frcing from spectral solar attenuation measumements due to
meroeo] loading using AERONET over Pretoria in South Africa.
Procsedings of 2013 EEE Annual International Conference an
Emerging Research Areas International Conferenae an
Microele dmondcs, Communi @ tions and Renewable Energy.,
IEEE, Kanjimppally, Kerala, India, 1=4, |une d=8.

Levy, RC, Remer, LA, Dubavik, O, 2007. Global aenosal aptical
properties and application to moderate resolution imaging
spectrora diom eter: aemosn] retrieval over land . | Geophys. Res.
112, 012210, httpe/¥che doi argf 10 1005/ 2006) DOOTE1S.

Liou, KN, 2002 An Introduction to Atmosphenic Badiation.
Esevier, New York, p. 583,

Lohmamn, U_, Rotstayn, L, Storehmma, T, Jones, &, Menon, 5.,
Ouaas, |, et al, 2010, Totm] asmsal effsdt: mdistive forcing ar
radiative flue periuthation? Atmos Chern . Phys. 10, 33353048

Lyamami, H, 8lma, Fl, Alcantama, A, Alsdos-Arboledas, L, 2006
Atmospheric asmosals during te 2003 heat wawe in south-
exstern Spain 1@ spectral optical depth. Atmnos. Envinon. 40 (&3],
SA53-G4E

Mallet, M, Pont, V., Liousse, ., Roger, |.C, Dubuisson, P, 2006
Simulation of aerosal rmdiathe properties with the
RIS AM-RADmode]l duringa polhution event [ESOOMPTE
2001). Mmos. Environ, 40 fd), FaSse-Tris

More, 5, Kumar, PP, Gupta, P, Devama, F.C 5 Aher, GR, 2013
Comparison of aemosn] products netrieved from AERGNET,
MICROTOPS , and MO S over a tropical urhan dty, Pune, ndia
Aerosn] Adr Qual. Res. 13 (1), 107-121

Pandithurad, G, Dipu, 5., Dand, KK, Theari, 5, Bisht, D5, Devara,
PCS, etal, 2008 Aerosal mdiative fordng during dust events
aver Mew Delhi, India | Geophy=s Res 113, D1INA. http/fde.
doiargf0. 1008 2008 DOOSE0L.

Panicker, A S, Pandithurad, G., Safad, PO, Dipu, S, Lee, D, 2010,
On the mntrution of blad carban to the composite aenosal
radiative forcing ower an whan envinonment. Atmos. Envinon.
44 (25, 20863000

Filewslde , P, 2007. Climate change: asmosols heat up. Natume 448
{F153), 1-54a.

Prasad, A K, Singh, 5., Chauham, 5, Srhastava, MK, Singh, RP,
Singh, R, 3007, Aerosn] radiative forcing over the
Indo-Gangetic plains during major dust stonms. Atmos.
Environ. 41 [, 6283-6301_

Cueface A, Pieth 5], Bk, TF, Tsay, 5.C, Maume, AF, 2011
Clmatalogy of serosal optical properties in Southern Africa.
Atmos. Envinon. 45 (17), 2910-2521

Rajeev, K, Ramanathan, V., Meywer, |, 2000, Regional aerosal
digtribution amd its long-Tange tansport over the hdiam
Ocean. | Geophys. Res. 105 {D2), 2025-2043 httpo/idx doiarg’
10,102 19598 DS 00414,

Ramachandran, 5, Kedia, 5., 2012 Radiative effecs of acrosals
aver Indo-Gangetic plain: emvinonmental furtban ve. rumal) and
seasnnal variations Enviran. S4. Pollut. Res. 19 §), 2159-2171

Ramanathan, V., Carmichael | G., 2008 Global and regional cimate
changes due toblack mrbon. Nat. Geosd. 1 @), 221=-227

Ramnamatham, V., Ramana, MV, Boberts, G, K5m, O, Carrigan, CE,
Chang, CE, Winker, [, etal, 2007, Warming trends in Asia



2474

FJOURMALOF EMYVIROMMEMTAL SCIEMCES JG(J014) I4SR-J4T4

amplified by browm doud solarabsorption. Matune 448 (7253),
SF5=5T8

Ricchizesi P, Yang S, Gaufier, C, Sowle, [, 1998 SHDAHT: o
research and teaching soffteare toal fSr plamne -parallel
radiative tansfer in the Earth’s atmosphene. Bull Am.
Metearol Soc. 79 (10), 2101-2114

Satheesh, S, Vinoj, V., Moorthy, KK, 2010 Radistive effectsof
aerosals at an urban location in southemn ndix oheervations
versus model Atmos Enviran. 44 [35), 5295-5304

Singh, AP, Dey, 5, Tripathi, 5 N, Tare, ¥, Haolben, BN, 2004
Variahility of aereol parameters over Kanpur city, northem
India. | Geaphys. Res. 109 {D33). httpe'/de doi org/ 1001002
2004) D00 453655

Sinha, PR, Dumla, U.C, Manchanda, LK, Kaskaoutis, G,
Sresnivasam, S, Moorthy, K0, et al , 2013 Contrasting senosal
characteristios and madiative frcng overHyderabad , ndia due
to seasnnal mesoscale and synoptic-scale processes. LR
Metearol Soc. 139 E7 1), 434450

Sinyuk, A, Tames, O, Dubovik, O, 2003, Combined use of satellite
amd surface ohee rvations to infer imaginary part of the
refractive index of Saharan dust. Geophys. Res. Lett 30 2],
L1081 . httpe'fche doi orgf 10, 10259 200 2GLO161 83

Smimaw, A, Halben, BN, Dubavik, 0., O'Medll, MT., Eck, TF.,
Westphal, DL, et al, 2002 Atmospheric semosol
optical properties in the Persian Gulf | Atmos 5o 59 ),
G634

Srivastava, A K, Thwar, &, Devars, P.CS, Bisht, DS, Srvastava,
MK, Tripathi, 88, et al., X011, Pre-monsoon serosal charac-
teristics aver the Indo- Gangetic Basin implications to dimatic
impact. Ann. Geophys. 23 {), TE89-804

Srivastava A K, Singh, 5, Theard, 5, Bisht DS, 2012 Contribution
af anthropogenic serosols n dinect radiative forcing and
atmospheric heating rate over Delhiin the Indo-Gangetic
Basin Environ. 5o Pollut. Res. 19 (4), 1144=-1158

Sumit Kumar, 5., Devara, PCS, Dand, KK, Sonberane, S0, Saha,
S, 311 Sunesky madiome e r-derived columme-mbegrated

63

aerosal optical and miorophysical properties over a tropical
urban station during 2004-2009. | Geophys. Res. 116, D001
httpde doi org10.1029 201 00014944

Takermura, T., Makajfima, T., Dubavik, 0., Halben, BN, Kinne, 5,
2002 Single-scattering albe do and mdiative rcing of various
arrosal species with a global thoee-dim ension model. | Chm.
15 (4), 333352

Tesfaye, M, Svalmmar, W, Botad, |, Tsidu, &M, 5011, Asrosn]
climatalogy over South Africa based on 10 years of kMul tangle
Imaging Spectroradi ometer (MI5H) data. | Geophys. Res. 116,
D218, httpofidx doiarg/10. 002011 DO180Y

Tesfaye, M, Botad, |, Shakumar, ¥, Tsidu, G0, 2013, Evalwmtion
of regional clima ticmodel simulated aemoso] optical properties
over South Afrim using ground-based and satellite observa-
tions ERN Atmos 5o 1-17 httpe/fde daiong/ 1001155/ 2013
ZAP4R3 (Article - FAT4 83

Tirpathi, SM., Dey, 5, Chandel, A, Srtivastava, 5, Singh, RP_,
Halben, B.M., 2005 Comparisan of MODS and AERONET
derived serosal optim] depth over the Ganga Basin, ndia. Anm.
Geophys. 23 (4], 1093-1101

Wang, 5P, Fang, L., Gu, XF_ ¥u, T, Geo, |, 2011 Comparison of
aerosal optical properties from Beffing and Kanpur. Atmos.
Enwviran. 45 [29), 7406-7414.

‘Yoon, 5.5, Wan, LG, Omar, AH, Kim, 5%, Sohn, B, 2005
Estimation of the radiative forcing by ley asmosol types in
wordwide bomtions using a column model and fhe AEROWET
data Atmoz Enviran. 39 [35), 85820-6530

Y¥u, X.,Zhu, B, Fan, 5, ¥in, ¥, Bu, X, 2009 Ground-based
chservation of aerosol optical properties in Lanzhow, China. |
Enwiron. 50 21 (11), 1519-1524

Thuamg, B1 , Wang, T), 1i, 5, Liu, |, Talbot, B, Maa, HT  etal,
2014, Opfical properties and radistive forcng of urban serosols
in Hanjing, China. Atmos. Envinon. £3, 43-53



CHAPTER FOUR

Variability in aerosol optical properties and radiative forcing over

Gorongosa (18.97°S, 34.35°E) in Mozambique

This chapter to be cited as:

Adesina, A. J., Kumar, K. R., Sivakumar, V. (2014), Variability in aerosol optical properties
and radiative forcing over Gorongosa (18.97°S, 34.35°E) in Mozambique. Meteorology and

Atmospheric Physics, 1-12.

64



Mesaral Atmeos Plnes
D07 1010070070 3-014-0352-2

ORIGIMAL PAPER

Variability in aerosol optical properties and radiative forcing
over Gorongosa (18.97°S, 34.35°E) in Mozambique

A, Josph Adesina - K. Raghavendra Kumar -
V. Sivalumar

Received: 6 Agril 2014 /A ceptad: 15 Ociober 2014
& Sprin ger. Verlag Wien 2014

Abstract This paper mopons the observational resulis of
acroan] optical, microphysical and radiative characteristics
for the time measured over Gorongosa (1897758, 34.35°E,
30 m asl) in Mozambique using a ground-based AERONET
sm-sky radiomeier. In te present sdy, the data recorded
during the pericd July—December, 2002 have been wsed and
particular agention was paid to show how aeosol loading
evipl ves during the biomass buming season (spring) inc nding
pre- and post-monthe. The resulis reveal that the montly
mean acroan] optical depith (AOD) at 500 nm was high (low)
with D64 £ 034 (020 £ (UDG) in Sepember (November),
while the Angetrism Expment {AE) (fp ¢ docreased,
except September | 156 £ 0.26) due to increase in e fine-
minde a2 road concentration produced from biomass buming.
The volume size digribution (VSD) has himaodal lognomnal
strucire and has fine-maode (ooarse ) maximom at a radios of
015 pm (3.0 pm) in Sepember (December). The single
scattering albado (S84) decreases with wavelengiy from July
i October and almost stable in November and Decembser.
The imaginary (Im) refractive index (RI) showed a strong
evidence of black carbon seroeol origin during the hiomass
buming monds. Asmsol radistive forcing { ARF) compuied
from SBDART model shows large negative values at the
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srface (—89.22 W m?) and at the top (—22.36 W m™3),
with ahigher value of stmospheric forcing (6687 W m™S)
mesulting in average wopospheric  heating  rate  of
188 K day ™" for the study period. Further, the comparison
shows gond agreement between the ARFs at the top and
bottom of the amosphere derived from AEROMET to
SEDART.

1 Introduction

Avmospheric acrosds play an important role in the Eanh's
radistion budget by exerting direct and indirect radiative
forcing of climae (Chardson et al. 1992, Satheesh and
Moorty 2005; Tayaraman ot al 2006; Alam ot al. 2012,
Sinha et al. 2013), contributing to significant heating in the
troposphere (Babo et al. 2011; Alam of al. 2011) as well a
affecting the hydmlogical cycle and precipimton rabes
(Rosenfeld et al. 2001; Ramanathan et al. 2001). Aemsols,
which are fine panticles suspended in dw air, comprise of
mixture of mainly sulphaies, nitrates, sea salt, mineral dust
and catsonaceous (organic and hlack carbon) panticles.
Black carbon (BC) is a bi-product from incomplete com-
bustion of coal, diese] engines, hiofoek and cuidoor biomass
buming. Biomass buming is produced from increase use of
firewond for domestic fuel and clearing of forest lands for
agriculiure by slash and burning to meet the demands of
expanding population. It prodoces large amounts of trace
gases and serosol particles (BC), which play a pivotal mole in
tropospheric chemistry and climate (Arola et al. 2007).

BC particles produced from hiomass buming are of spe-
cial inenest as they shsorb sunlight, heat the air and con-
tribute i global warming, unlike most serosols which reflect
smlight to space and have cooling effoct (Arda etal 2011;
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Bond et al 2013 and references therein). The main souro:
areas of emissions of BC panticles ame the tropical and sub-
ropical regions (25°5-25"M) wheme forest fires are associ
ated with local and regional farming activites, More than
B0 % of this buming i in the tropical regions and these sub-
micron smoke paticles may have a significant impact on
climaie by altering the global radiation balance {Badari nath
et al. 2009, Komar et al 20010; Gadhavi and Jayaraman
2010). The direct mdiative effect of amoke from hiomass
buming and the indirect effect through clowds may be of
equal significance to climate (Pemer et al 1993, A high
optical depth of asrosol due to biomass buming has epide-
minlogical (& in respiraiory disesses), physical (as in visi
hility) and climatic effects (Eck et al 30034, Robens ot al
2011).

In Southem Africa, fwe farming activities go on mainly in
e dry season with few fires in the wet season | Archibald
at al 2012). Stdies show that Soothern Africa savannah
smoke is the most abeorbing of all other major biomass
buming regions (Dubowvik et al. 2002). To date, thee have
boen several studies on aerdsols in sputhem part of Africa
[Eck etal. 2003a, b, 2013 Ogunjobi et al. 2008; Sivalomar
et al. 2010 Queface etal 3011; Tesfaye etal 2011; Kumar
etal 2013, Adesina et al 2014 (In Press)]. To the best of our
knowledge, no smdy yet has boen conducied to characierise
acroen] optical properties and esfimation of asrosol radiatie
forcing (ARF) over Gorongosa. The presnt study will
enahle a better understanding of both the regional and local
behaviour of asrosol over Mozambigue negion.

In this smdy, we wed Aerosol Robotic Metwork (AER-
OMET) data {Holen et al 1998) of version 2.0 kevel 1.5 and
e resulis are reported for the first ime over Gorongosa in
Morambique by analysing the scrosnl optical propertics
with the Hmmhvmﬁﬁt_ltmmﬂﬂywﬂﬂiminwmu]
opfical depth (AOD), Angstrom exponent (AE) and
columnar water vapour {CWV). We ako amalyse te sea-
smal varishility of volume sipe distibution (WVSD) of
acroanls, and investigate the variahility of single scattering
albado (85 4), asymmetry parameter (2) as well as real (Re)
and imaginary (Im) pans of the efractive index (RT). The
acroen]l radiative forcing (ARF) compotations have baen
carried o using the Santa Barbara DISORT Atmospheric
Radiative Transfer (SEDART) model (Riochiazs et al
1998). Finally, e ARFs of AERONET and SEDART have
been compared at the top and bottom of amosphene.

2 AERONET site and ingtromentation
21 Site description

Mozambique, lying between latimdes 10F8 and 27°8 and
kngitudes 30°E and 41°E, iz a country located on dee
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Fig. 1 Location map of the AERONET site in Morambiqne almng
with the sumomnd ing waters and hordering comniries. The sar denoies
the peogmphical peition of the sody region (Gorongosa)

Southeast coast of Africa (see Fig. 1). It is located in fe
Inter-Tropical Convergence Zome (TTCE), having a tropical
climate, which makes the exact onset of seasons depend on
the particular location in the country. It has wo major
seaspns, wit season from Movember to March with high
relative humidity and frequent rains and the dry season
from April i October. The sidy region has been affecied
with strong and severe seasonal hiomass buming and/or
forest fires every year during dry period (September and
Octiobser).

Gorongosa ( 18.97°8, 34.35°E, 30 m asl) is located at e
sonfwem end of the Great African Rift Valley in the hean
of central Mozambique (see Fig. 1) with a Mational Park
nestled in a 4,000 km® secion of it and a river originates
from Mount Gorongosa Tt is humid with an average level
of rainfall ranging between 900 mm and 1,000 mm. The
average temperature in the month of Jone & ahout 28 %C
and decreases to ahout 26 °C in July and Avgust with a
little chamce of rain (figure not shown). Rain & being
expected at the end of September a5 temperature goes to
ghout 30 *C and by October showers are almeady
approaching. NMovember and December are summer maonths
which have both rain and sn and the Emperature may go
up b about 32 *C on the average.

23 AEROMET sun-sky radiometer

The observations are camied oot with an AERONET sin-
sky radiometer of CIMEL (CE-318) make installed on e
roof iop of workshop area, approximately & m high which
iz locawed at Chitengo camp, Gorongosa Mational Park
surrpunded with few trees in immediate vicinity. Frequent
gras fires in the park from Aogust to Movember and
buming of waste periodically approximately 300 m away
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surounds the measwement site. AERONET is a global
network of sm-sky mdiometers (Holben ot al. 1998). The
calibrated and quality-checked data are available online at
hitp: /i ae ronet. gsfe.nasa govd. The AEROMNET sun-sky
radiometer is being used to take measurements of both
direct sun and diffuse sky madiances. The sun measure-
ments are taken at nine wavelengthe, in which eight spe-
cific wavelengths (340, 380, 440, 500, 675, 870, 940 and
1020 nm) ane used to estimate aeqosol optical propenties,
with 940 nm bandwidth designed to retrieve CWY (Kumar
at al. 2013). The sky radiance messurements are obiained
at four wavelengths (440, 675, 870, and 1,020 nm) throwgh
a large range of scattering angles from the Sun (Dubowik
et al. 2000, 2002, A number of studies have almeady
deseribed e sun-sky mdiometer, dats acquisition, and
retrieval algorithms, calibration procedures, which confirm
o the standards of the AERONET, as well as the uncer-
tminty in final products and applied cloud-sereening pro-
cedures (Holben et al. 1998, 2006, Eck et al. 1909,
Duobovik and King 2000; Dubovik et al. 2002 Sumit
Kumar ef al. 2011; Alam et al. 2012, Komar et al. 2013 and
references within), however, a brief description & pre-
sented here.

The uncertainty in retreval under cloud-free conditions
for ADD & less than £0.01 for the wavelengths greater
than 044 pm and generally less dan 4002 for shoner
wavelengths, while that of sky radiance measurements ane
less than 2005 (Eck et al. 1999, Dubaovik et al. 2000). The
version 2.0 used in the AERONET data retrieval utilises a
hidirectional reflectance distribution function (BRDF) that
allows for dynamic reflectance as a function of zenith angle
of the s over land and water. AQD is obtained from e
direct sun measwrements while SSA, refractive indices
(real and imaginary) and VSD are obtained from e
inversion products. Level 15 AERONET data {cloud
screened but not quality checked, Smimov et al. 2002 from
July to December, 2012 have been used in this siudy, as
lewvel 20 data ame not available or wleased in the AER-
OMET websie over this site from both direct sun and
inversion products. We uwsed AQD at five wavelengths
(440, 500, 675, B70 and 1020 nm) along with AE
(4408700, SSA, g and complex RI at four wavelengths
(440, 675, £70 and 1020 nm). We have ako usad te
colour composite fire images derived from the MODIS
Aqua saiellite ob@ined for the month of September during
e last one decade (2002-2013) to show evidence of
increased biomass buming and forest fires over Mozam-
bique and in Southem Africa during dry months.

23 NCEPMCAR reanalysis winds

The suwrface wind flow patterns ob@ined from NCEPY
NCAR (Mational Center for Environmenta]l Prediction!
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Tahle 1 Mondily men of AOD, CWY md reoam along wit the
siandard devistions from the mean

Month ADDiy, OWV (em)  Zeigam
Hly 024 4+ 02 188 + 028 154 £ 024
Angnst 040 £ 0.2 2018 £ 044 152 L 026
Sepiember e 4+ 054 268 4 034 156 £+ 026
Oicioher 038 L 016 271 £ 052 148 + 044
Movember 030+ 006 306 £+ 057 122 016
Diecember 024 4+ 024 402 + 077 076 4+ 054

Mational Center for Ammospheric Research) reanalysis with
a gpatial resolution of 2.5° x 25 at a pressure level of
850 hPa are also wed to ascentain e synoptic meteoro-
logical conditions and source varishiliy during the study
period (Kalnay et al. 1996). The dats have been down-
loaded from dee website www cdenoas gov.

24 HYSPLIT trajectories

The Hyhrid Single Panticle Lagrangian Integrated Trajec-
tory ( HYSPLIT ) masde] is the latest version of an iniegraied
sysgem for computing air parcel trajectories, dispersion and
deposition simulations (Draxler and Rolph 2003). The
T-day time pericd {168 h) is applied to derive the air mass
back trsjectories  (hitpyVhttpdready. sl noas gov/HYS
PLIT php), since the typical residence time for aerosols in
the lower troposphere is 5-7 days.

3 Results and discusion

3.1 Variahility in asfosol optical propertics
and columnar water vapour

Aemosol optical properties are characterisad by AQD and
Angstrom exponent (AE, «), derived from a multispeciral
log-log linear fit to 1,-A7" basad on four wavelength
range (440-870 nm) {Angstrom 1961; Shaw 1983 Gupia
at al. 2003; Bi et al. 2011). Table 1| shows the monthly
varigtion of AQD at 500 nm, AE (2,4 sw) and CWV for
the study period and the vale next to £ sign ephesents
the standard deviation of the mean. AOQD which is
strongly dependent on wavelength can be used to identify
baoth the evolution and sowrce region of asrosol as it
represent the airborne particles leading in the amospheric
column (Kumar et al. 2013 and references therein). This
implies that for shomer wavelengths AOD values ame
higher than at longer wavelengths (Kumar et al. 2013;
Alam et al. 2011). Furthermaore, the spectral dependence
of AQD is a function of aercsol particle-size disribution
(Suman et al. 2013).
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It is clearly evident from Table 1 that the monthly mean
valwes of AODsy vary considershly with the highest of
064 = 034 observed in September and the lowest of
020 £ 0.06 in November. The result is comparable to that
of the regions Mongu and Skuluoza (Queface et al. 2011;
Kumar et al. 2013; Eck et al. 2013) in South Africa with
identical segional climate. The AOD recorded a sharp
increase from July to a maximum in September, and fen
decreases in October attaining a minimom value in
Movember with a small increase in AOD again during
December. The local and regional pollutanis along with
atmospheric convection might play a majr mle in e
increase in AOD during December. The faciors responsible
for seasonal variation e fwe frequent hkiomass buming and
forest fire activities during the dry period.

Fire detection and monitoring by satellite remote sens-
ing use information of thermal snsor madiance data. To
show evidence for the high semosol loading during spring
(September and October months), the fire images showing
ihe red hot spots ae obiained from NASA's EOS MODIS
rapid response which delivers global hobpots o fine
locations trough Tema/Aqua satellites at Jocal overpass
time  (hitps:fearthdatn nasa govidata’near- real-time-datal
rapid-response ). Figure 2 shows the troe colowr composiie
maps (band 1-4-3) of active fie locations as detecied by
Aqua-MODIS over Mozambique at 2 km resolution at
local overpass time. The firs panel in the op ow dencies
e fire hot spot locations over Mozambique and sur-
rounding regions in the southern pan of Africa as identified
by MODIS Aqua satellite for the entie month of Sep-
tember in 2012, Similarly, the fire locations monitoned by
MODIS Aqua satellite for a typical day in the month of
Sepember during 2002-2013 are also shown in Fig. 2 {a—
k), except for the year 2005, & no image hes been derived
from MODIS Agqua sensor. It is clearly depicied from all
the figures that there are large number of fire hot spois
during September every year resulting from forest fires
andfor biomass buming activities over Mozambique and
other parts of Africa resulted an increase in the aerosol
keading. In addition to this, fresh smoke particles emited
from the fires observed over Madagascar (see Fig 2) ame
also tansponted wwards the messuement site during e
biomass buming period under favourshle winds. Thus, e
observations showing high AOD in the Sepember month
which is fairly significant with the MODIS fire maps
derived from the Aqua saellite.

To understand the role of surface winds staed in e
ahbove section, synaoptic wind patterns have boen obtained
from NCEPNCAR reanalysis data to represent the mag-
niude and direction of winds for each month during e
stdy pericd. The contour and length of the amow nepre-
sents e magnitude of wind spead in m s~ and e
direction of the amow indicates the wind direction over the
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region. It is depicted from the figure that high winds in fe
month of September (Fig. 3¢) and Ociober (Fig. 3d)
directed from easterlies wansport fresh smoke particles
generated at Madagasscar towards the measurement site.
Thus, meteorology also favours for the observed high AOQD
during the dry period over the fudy region. Funthermare,
the HY SPLIT air mass back wrajectories downloaded from
RNOAA ARL. website alo support for the measured high
and low AQDs during the study period. The back trajec-
tories compuied at three different heights 500 m, 1,500 m
and 3,000 m as] for a typical day in each month from July
to December, 2012 also show the possible transport of air
parcels from e source region to dhe study location
(Fig. 4a~f). During the dry months {Sepember and Octo-
b, e air mass trajectories at all levels are originaied
from Madagascar and the mainland of Africa mking fresh
smoke particles generated from foreat fires andfor biomass
buming activities towands the experimental region, which
reaults in high AQD; wheneas in Move mber and December,
the air mass are coming from the oceanic envi-
monment (Indian Ocean) having long trajectory  history
bringing coarse-mode ses-salt paticles. These particles
having smaller resdenoe times settle down be fore reaching
the measurement site resulting in low AQD.

Angstrtm exponent (AE, 440 570) is a function of aa-
ool particle sire (Gadhavi and Jayaraman 20100 High
values of AE indicaie the dominance of fine particles,
whereas low vales indicaie the dominance of coarse par-
ticles and relatively lower concentration of fine particles
AE was found i be high (=1.4) from July to October
(Table 1) which shows the presence of fine particles and
from Movember (1.22) it staried to decrease with a low
value in December ((LT8) which indicates a shift to e
ooarse mdode a5 the fine pertcles might have been removed
by deposition (Suman et al 2013). The CWY associaed
with the seasonality in precipitation constantly increased
from July o December with the lowest value of
188 £ 028 cm in July and the highest of 4.02 £ 077 cm
in December (see Table 1) This difference in CWY was
also reported by Jaysaman et al {1998) over polar and
subtropicalftropical fegions One would expect aemosol
particke to become larger due to hygroscopic growth in de
presence of higher amount of watker vapour (Ranjan et al
2007), but persisence of fine particles untl December
implies that water vapour and aerosol may be located at
different heights and ae not well mized. Also, non-
hygroscopic particle will not grow in the presence of water
vapour which i e case with moat of BC particles.

32 Vaolume stze digribution {VSD)

The size distribution of semsols is an important parameter
in understanding their effect on the climate. Figure 5 shows
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Fig. 2 Troe colowr mges of fire b derived from
Agua-MODIS over M bique mnd its ding reg for the
entire month of Sepember, 2012 (First panel on the 7op row). Fresh
smoke and fire hat spots deteced fom MODIS omboard Agua

the monthly awerage volume size distribution (dV/dInR) of
aerosols with vertical bars representing the standard devi-
ation of the mean. The variations in these distributions are
largely associated with changes in the amplitude and
spectral  dependence of the AOD. The fine mode
(r < 0.6 pm) changes significantly, while the coarse mode
(r > 0.6 pm) shows relative stability. The fine mode witha
radius of about 0.15 pm (0.1 pm) has its highest (lowest)
values in September (December), while the coarse mode
with a radius of shout 35 pm (4 pm) has its highest
(lowest) values in December (July). The bimodal structure
of the VSD shows that the acrosol has a mixture of coarse
particles which are of sea salt or mineral dust in all e
months. Similar observations have been meported by
Dubovik et al. (2002) over worldwide kocations.

33 Single scattering albedo and asymmetry parameter
The acrosol single scatering albedo (SSA), defined as the

ratio between the particlke scattering coefficient and total
extinction coefficient, s usually used to characterise the

i;
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mellite 2t bl ovapass tme with 2 km resoltion over Mozam-
hique and suroundings for a typical day in the month of September
daring 20022013 (a-k)

acrosol shsorption properties and is a key varisble in
assessing the ARF. When dust is not a major contributor to
the atmospheric aerosol, the SSA decreases with wave-
length (D'Almeida et al. 1991; Hess et al. 1998). In Fig. 6a,
two major features of SSA spectral dependence can be
observed. The SSA decreases with wavelength from July to
September with intermittent values in the Ocoober month,
while for November and December the spectral depen-
dence is almost neutral except for a slight increase for the
wavelengths beyond 875 nm. The shove results are com-
parable to the work carried out by Eck et al. (2003b) at
Inhaca Island, Mozambique.

The asymmetry parameter (g) is defined as the intensity-
weighted average cosine of the scattering angle:

3=%/cos8P(0]sin0d9 (1)
o

where 6 is the angle between the incident light and scat-
tering direction and P(f) is the angular distribution of
scattered light (the phase function). The value of g ranges
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Fig. 3 NCERFNCAR synoptic — T fim N W
wind patierns for different - ayauty ) O i N BE
monss during July-December, ! R A R A S
012, The black solid cirdes in - '-L WoerL e L T ]
all the pands represent the . i * " ] ¥
peographica] location of the -y - - S :i-..!' -
=mdy region = i w1t 1 /" L
- ~ i iy ] E
. ST . _ e R e e
o i H K ] |
1 : H |
EX '! R s = " .:5_ 1.
-.' II -. II
p0 E B o
N ; ) . | L
\ | 1 | |
an r # = T . i 5
et i - . I".‘_I _: PR -{ . -
- P e - b e
AH, Wi, b
v ] . \
FETTTE R S W w R R R TR TR W R W IR R
I O~ S T S T R T A
HEl sq:mlr.::'-— 2 i) oo | 5
H e i . i HE 3
bl O | ] | T Rl TN ._I.-_',. : |
= Pdnch, i i u B k
e Y L i gl AL A OE N i 4
1 - d .
L ¥ e S T R . L
EEE T e S A I U B B SO A
. i i o= 1 A !
L B ¢ Pom " L !
=| . FRLL . n e B ek ._1: - -k reivdond
: L, g ] " p :
e i o r Y P =L
»x & 5 } =n
F i S .\'\. J
. ey
ba e .: - e
= . .
s e P
m
4 "o, 5 PN i
B Py - - - |
;m:-hnml;:?: _“‘-: H
Lion A - i "
| . a e
" e T
| i -
- CE
i e il
- E
. P . i
: Ao
] .ll
i PR I . 5
i .'I
i ! ! a|”
N \ g ="
'R
"
an
1 . . .
T o R & o a

distribution and composition of acmsols (Andrews et al

between —1 for entinely backscattered lght to +1 for
2004, Ramachandran and Rajesh 2008).

entirely forward scatered light. At 500-nm wavelength, it
ranges between (U64 and 083 at low nelative humidity and The asymmetry parameter {(g) is spectral dependent
(decrease with increasing wavelengths) as shown in

between (64 and (.82 at high relative homidity. It isa key
parameter in radiative forcing and depends on both the size Fig. 6b. The negative gradient is more pronounced in
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Fig. 4 HYSPLIT bk
fajeckries representing the air
mass pathways at shree different
heights over Garongosa om 2
typical day in each month
during the study period July-
December, 2012 (a-fin
sequence)
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Sepember where the value decreased from (.68 = 002 a
440 nm to 056 £ 0.06 at 1,020 nm, whike in December it
increased from 0.72 £ 0.08 at 440 nm to 0.73 = 003 at
1,020 nm. This decrease can be seen in July and Augus,
whik it is not so pronounced in October. The decrement
suggests that during July and August months anthropogenic
ahsorbing aerosol are relative in shundance, while the
increase in the near-IR region in November and December
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suggests the relative abundance of coarse-size partick
(Alam et al. 2012; Srivastava et al 2011).

34 Refractive indices
The real (Re) and imaginary (Im) parts of complex

refractive indices reflect the ability of scattering and
shsorption  to  incoming radiation, respectively. The
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monthly average wvalues of the meal pant vary within
1.43-1.48 at shoner wavelengihs (440 nm) and 1.43-1.49
at longer wavelengths (1,020 nm) which is clearly shown
in Fig. Ta The average values of the imaginary pant ame
relatively large from July to Sepember ranging from L0135
o 0019 at 440 nm (Fig. Th). Thiz suggests that the aero-
sokk prosent are absorbing type and the values range
between (LO03 and (UB0E for Ociber to December indi-
cating coarse dust particle of eflecting type (Bict al. 2011;
Suman et al. 2013). The resls support that asrosnl type is
of BC originated from biomass buming duoring September
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and October. The obtained values are comparable o e
carlier published results repontad by Dubovik et al. (2002)
and Eck et al (2003a) over Sowthern Africa.

35 Aemsol radiative forcing

The aczmsol radiatve forcing (ARF) at the top of e
atmosphere (TOA) or at the surface/bottom (BOA) is
defined as e difference in the net splar fluxes with and
without aeroanls. The difference between the BOA and
TOA (BOA-TOA, in W m™2) gives the radiative forcing in
the complete atmosphene { ATM). In the present case, e
it flux was computed in the wavelength ranging from 0.3
o pumn with and without aerosols at te TOA and at e
BOA separately using the SBDART model (Ricchiazzi
et al. 1998). The model SBDART is developed by Ric-
chizzzi etal (1998) and is widely used by the stmospheric
acience community for the radiative transfer caleulations
(Alam et al. 2011, 2012; Sinha et al 2013 and references
therein). This model iz dependent on DISORT maodule
which is developed by Stamnes et al. { 1988). In the present
smdy, we run the model at 1-h interval for 2 24-h period,
and the: inte grated average forcing i estimated during clear
sky days for every month during the period from July 2012
to December 2012 for Gorongosa The parameiess crucial
for ARF egimations are AOQD, 554, ASY and suwrface
albedo  (Gadhavi and Jayaraman 2004). Other inpuot
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Radiative Forcing (W m™)

Fig. § Mmtly aversgead variations of simolued seroso] radiatve
fordmg (W m™ ) &t the TOA, BOA and within the atmosphes (ATM)
& Gonmgosa dusing e sindy pesiod. Heafing raies (K day ') ane
gz shown i the figore within the poenthesic on e op of
his ingrams for each maonth

parameters in the model include solar zenit angle, which
is calculaied vsing one small code in the SEDART (Ric-
chiazzi et al 1998) by specifying a particular date, time,
ltimde and longitude, and atmospheric profiles (humidity,
emperature, ozone and other gases) Based on dwe pre-
vailing weather conditions and measured parameters, we
uwsed e mid-latimde summer atmospheric model. The
AOD, 554 and ASY have been ken from the Gomngosa.
AERONET site and are used for the ARF calculatons, The
surface albedo values ane obtained from the Auwa OMI
version 3 reflectivity data through the Giovanni online dat
sysem, developed and maintained by the MASA GES
DISC (httpy/disc gofe nasa gov/giovanni).

The monthly average ARF varations computed from
SEDART at TOA, BOA and ATM during the period of
sindy are shown in Fig. 8. The monthly mean ARF at TOA,
BOA and ATM iz found to be in e range of —6 to
—2Wmh, -6 b —9Wm and £10 i
468 W m?, respectively. The averaged forcing for e
entire period of observations at TOA & —11.01 Wm™2
while at the awface it is —4546 W m~2 leading to an
smospheric forcing of +34.45 W m™" In September
2012, the average forcing at the TOA and BOA, respec-
fively, B —22 W m> and —89 Wm™*, giving rse to
aimospheric forcing with an average value of +67 W m™"
Likewize, the average ARF in August 2012 at BOA, TOA,
and ATM is —54 W m™, —8 Wm ™" and +46 W m™>,
mespectively. In contrast to this, the average ARF is fhe
minimum in the month of December 2012, The forcing at
the BOA & —17T W m™2 whereas, —7 W m™ at the TOA
and it is +9 W m™" in the atmosphere.

The large differences in ARF between TOA and BOA
demaonstrate that solar radiaion is absorbed within e
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atmosphene, consoquently heating the atmospherne, reduc-
ing eddy heat convergence, and inducing a reduction in
surface temperaure (Ge o al 2010). Forthe mone, heating
due to absorption of solar radiation by asrosols reaches its
maximum clse i its uppermost level where the heating is
smbilised, which in tum may suppress convective activity
and prevent clowd formation (Ackerman et al. 2000; Konen
ot al. 2004). The ARF values ane the highest for the month
of Sepember 2012 due to the frequent biomass buming
activities and local antwopogenic activities. It can be
concloded that the presence of BC aerosols over Mozam-
higue can considerably decrease at the BOA and TOA
forcing and enhance the atmospheric forcing. Alam et al
(2011) repontad over Karachi that the ARF at the TOA,
BOA and ATM iz in the range of —7 to —35 Wm™E, —56
o —96 W m~ and +38 to +61 W m™, espectively. Ge
et al. (2010) found the surface forcing ranging from —7.9
to —358 Wm? over Mornthwestern China. Kim et al
(2005) also estimated the ARFwhich lies botween — 13 and
—43 W m™ " for three ground siies in Easiem Asa, which
is lower than the resulits obtained in the present study.

The stmospheric heating rate can be egimated by fol-
lowing Liou (2002) as
0T g AFuma
W Cr AP
where @TOt & e heating rate (K day ™), g & e
acoeleration due to gravity, AF,py is the stmospheric
Ieeating, C_, & the specific heat capacity of air af constant
presure and AP i the amospheric pressune. The average
heating mmte (*K day ") over Gomongoss during the winter
and spring, respectively, is 103 and 1.17 {see Fig. §). The
maximum heating rate noticed in the month of September
(188 K day™") was atriboted to high atmospheric
ghaorption due o increase in the concentration of BC
aemoenls generaied from biomass buming activity.

Tablke 2 shows comparizons of ARF: obtained at e
BOA and TOA from AERONET to SEDART calculations.
The forcing at the TOA is higher in magnitude for AER-
OMET as compared to SBDART during e smdy period
and comparable for e mont of December. Likewise, e
forcing at the BOA is higher (mone ne gative) in September
for SEDART than e AERONET, wheneas for other
months the forcing at BOA for AERONET and SBDART
iz almost nearly comparable. The comelation coefficient
{R*) for the whole period of observation for AEROMET va
SBDART at the BOA and TOA iz (95 and 0.97, respec-
tively. Owverall, $e comparison shows a convincing
agreement for fwe radiative forcing at the BOA and TOA
obtained from AERONET to SBDART. A significant dif-
ference has boen revealed betworn the two valwes as this is
due i sssumption of inputs in the SEDART maodel

(2)
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Tahle 2 Comparison of ARFs of ABRONET and SADART = the
BOA and TOA over Gonongoss doring the smdy period

Month SEDART calmnlved ARF AERONET derived ARF
TOA BOA TOA BOA
Wm™  (Wm™) (Wm) Wm
Hly =.99 =345 =11.02 e ]
Angost =787 ~-53173 — 1483 ~5E98
September =X % =§9.T2 = &% =811
[ =15 46 =51.37 =X 16 L]
Movamber 501 =2766 = 1316 =33.59
December =753 =14.71 =8 5 =2 143
4 Conclusions

The maonthly variahility in the aerosol optical and micro-
physical propenties over Gomongosa is very significant to
understand dwe impact of fine aerosols produced from
hiomass buming on regonal amosphere and climatic
forcing, aldwuogh e data size (6 months) & not sfficient
i extablish definite serosol climatolegy of the region. The
major findings in te present study can be simmarised as
follows:

The monthly mean AQD g ranges batween 0,20 £ 0L06
and (64 £ 034, attaining peak in Sepiember and the
CWY ranges botween 188 £ 028 and 402 £ 077
increasing consmntly during the study period. The Ang-
sirdm exponent increased from July with its maximum of
156 £ 026 in the month of September implying the
dominance of fine-mode serosol and started to decresse
from Ociober (1.48 £ 0.44) onwards through December
{0.76 £ 0.34) showing an increasing dominance of coarse-
mode acrosol (relatively smaller amount of fine acosol).
The AOD= obtained from AERONET are compared with
MODIS-retrieved AODs computed for the same wave-
kength and the cormelation coefficient R was found to be
A0 and 0.89 for Tema and Aqua-MODIS, respectively,
during the smdy period.

The volume size digribution (VSD) of aemsok showed a
himaodal lognomal strocture with fine asroeol having the
radins between (L1 and 02 pm and the coarse mode from
2000 6.0 pm. The fine mode remains higher from A st to
October, while the coame mode is higher in December. The
55 A ranges between (AT and 0,94 in the wavelength region
(440670 nm) and decreased in wavelength from July to
October becanse of the relative abundamce of fine asrosol
{ahsorbing in natuwre) gencraed from biomass buming
events. The symmetry parameier doecresses with wave-
kngh in the visible region from July to October and
increases in near-IR during Movember and December indi-
cating a shift in dominance from fine-mode 00 coarse -mode
aeroanls. The real and ima ginary refractive indices indicated
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the presence of mixed type of acrosols over the smdy region
The optical state of the amosphere over fwe measurement
region dominaied with ahsorhing semosn] for the sudy per-
ind especially in the months from July o September, as the
imaginary refractive index lies above 0.0L

The present investigation also carried out to study e
effect of semsols on shomwave radistive forcing owver
Gorongosa using SEDART model. The average forcing for
the entire study period was found to be —1101 W m at
TOA, —45.46 W m? at BOA and ARF of +34.45 Wm™
with an average heating raie of 097 K day™ for perod
July-December, 2012, Finally, the comparison shows good
agroement between the ARFs at the BOA and TOA
obtained from A ERONET to SBDART.
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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 (R%) of 0.94, and MODIS-Terra and
Aqua with R>=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 (R?=0.66) than hinterland (R’=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 et al., 1997; Kaufman et al., 2002; Prasad & Singh,
As efforts are being made to unravel the actual role 2007; Rotstayn et al., 2000). The ground-based
aerosol plays in influencing our climate, there is the Instruments  are then. being employed mn the
need to study aerosol properties using a coordinated validation of the satellite measurements (Diner et
platform of instruments. When this is done al., 2001; Ichoku e?t al., ‘2’002; Kahn et al., 2005).
contributions from various instruments like Also due to their 'ablhty to take long term
satellite, surface (ground) measurements and measurements, satellite products are useful in
models employed will enhance the study of building a long term base for climatological studies.
aerosols (Kahn et al., 2010; Kaufman et al., 2005). However places with high surface reflectance can
Though the surface-based instruments can measure pose some challgnges to satellite measurements as
aerosol properties to a very good accuracy, there is errors may be introduced to the derived aerosol
the disadvantage of limitation in spatial coverage products. ) .

and long term measurements which are readily Aerosol optical depth (AOD) is the most far
provided for by satellite-based instruments (Hansen 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
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Richards BAY (RBAY; 24° 48'S, 32° 06') is a
coastal town with a total land area of 142.78 Km®
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; 25° 00'S 31°
35') 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 24.5°C in July to
31.7°C 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).
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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 pum to 14.4 pum. The aerosol products
available over land include AOD at three



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 pum) 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 1°x1° (~110
km). Level 3 after gridding at 1°x1° is used for the
present study. The daily/monthly MODIS
(Terra/Aqua) level 3 products MODO08 D3.051/
MYDO08 D3.051and D08 M3.05/MYDO08 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, 26.1°,
45.6°, 60.0° and 70.5°. It is enabled to retrieve
aerosol optical depth over areas like desert which
have surfaces with high reflectance. Through
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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 wvalues,
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://gdatal.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:

— 1385

yral=-100 [1§?iC(R§s4) M

First the Lambert Equivalent Reflectivity (LER)
R3gg at 388 nm is calculated with the assumption
that the atmosphere undergoes Rayleigh scattering
and bounded by a reflectance of R3gg called opaque
Lambertian reflector. Except aerosols are highly
absorbing, the true surface reflectivity would
normally be smaller thanR3zgg. Estimation then is
made for LER at 354 nm by correcting R3gg
through appropriate pre-computed climatology to
obtainR3c,. 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). OMAERUYV 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

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
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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.
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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.
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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. (¢)
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 wuses 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—) 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 AODss, Terra varies from 0.02 to 0.27
and Aqua varies from 0.09 to 0.33 while AODsss
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
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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.
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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.




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.
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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 AODssy is generally
above 0.2 while for the other months is lower than
0.16.

3.3 Comparison between Terra/Aqua MODIS
AODss

The comparison between Terra/Aqua MODIS
AOD:s;s, 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 (R*= 0.59) and RBAY (R*=
0.66). For AODs5,< 0.2, points lie close to the 1:1
line in both locations but for AODss,> 0.2, majority
of the points make significant scatter thereby
reducing the correlation.

The mean AODssy (2004 — 2013) Terra/Aqua for
SKZ are 0.175+0.131/(0.1724+0.134) for RBAY are
0.172+0.134/(0.177+0.125) respectively. When the
monthly data was wused the coefficient of
determination for SKZ was noticed to be R*= 0.68
and for RBAY it is R>= 0.87. For SKZ, the slope of
the linear regression for all the seasons ~ 0.8 and
coefficient of determination for summer (R=0.44),
autumn (R* = 0.59), winter (R* =0.72) and spring
(R =0.58). At RBAY the slope of the linear
regression for all seasons ~0.7 and the coefficient
of determination for summer (R’= 0.45), autumn
(R’= 0.63), winter (R°= 0.82) and spring (R*= 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
AODss, frequency distribution shows that the
AODss0bin 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. AODss, 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.
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Fig 7: Same as Fig. 6 but for different seasons.



Table 1 Seasonal frequency of occurrence of Terra and Aqua MODIS AODss, over SKZ and RBAY for the period 2004-2013 with the
number (N) and percentage of occurrence (%).

Summer Autumn Winter Spring
Terra Aqua Terra Aqua Terra Aqua Terra Aqua
AOD
Bin N Y% N % N % N % N % N % N % N %

<01 56 89 48 763 62 986 87 1383 62 986 75 1192 24 381 32 5.09

0.1 272 4324 264 4197 316 50.24 324 51.51 257 40.86 283 4499 145 23.05 143 22.73

RBay 02 176 27.98 194 30.84 167 2655 141 2242 198 3148 170 27.03 160 2544 187 29.73
0.3 74 1176 85 1351 54 858 52 827 70 11.13 64 10.17 138 21.94 118 18.76

0.4 26 413 23 366 16 254 20 3.18 28 445 24 381 79 1256 79 1256

>04 25 397 15 238 14 222 5 0.79 14 222 13 207 83 1319 70 11.13

<0.1 31 7.62 48 11.79 57 14 58 1425 62 1523 65 1597 30 737 30 7.37

0.1 159 39.07 165 40.54 204 50.12 198 4865 180 4423 180 4423 112 2752 115 28.25

skz, 02 122 2997 99 2432 8 21.13 85 2088 96 2359 99 2432 115 2825 123 30.22
0.3 61 1499 52 1278 43 1056 36 884 34 835 36 8.84 63 1548 67 16.46

0.4 21 516 19 467 14 344 20 4091 16  3.93 14 344 48 11.79 32 7.86

>04 13 319 24 5.9 3 0.74 10 246 19 4.67 13 319 39 9.58 40 9.28

86



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 UVALI 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 UVALI 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.
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Fig 8: Annual trends in aerosol index over Skukuza and
Richards Bay
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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
AODs;5, 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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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 The indirect effects of aerosol on cloud includes
either natural or anthropogenic origin. Consequently increrpent in reduced 'sized water cloud droplets
they then interact with solar radiation by causing resulting from CCN (Feingold et al., 2003; Kayfman
absorption or scattering, this is being referred to as & Fraser, 1997; M‘yhr’e et al., 2007) and this in turn
direct effect (Ichoku et al., 2004; Satheesh and can impede precipitation (Albrecht, 1989; Quaas et
Krishna Moorthy, 2005; Wright et al., 2010) in al., 2008 and. 201.0; Rosenfel.d, 2000). When this
addition to it, they also interact with clouds by happens, the life time Qf cloud is thus prolor}ged and
serving as cloud condensation nuclei (CCN) and ice cloud may then grow into top height (Khain et al,,
nuclei (IN) making it possible for the formation of 20055 Rqsenfeldg 2007; Williams et al., 2002) with
cloud droplets and ice crystals. Aerosol and clouds increase in liquid water path. Aerospls are also
are both variable in space and time thereby, known to change the optical properties of cloud
sometimes leading to ambiguity in making a (Balakrishnaiah et al., 2012; Kim et al., 2003; Koren
distinction between them as they interact (Charlson et et al., 2004). Myhre et al., (2007) pointed out Fhat
al., 2007; Koren et al., 2007; Stocker et al., 2013). gerosol-.cloud process  goes beyond  physical
The uncertainties in quantifying radiative forcing due Interactions espeCIal'l}f in the presence of large scale
to anthropogenic aerosols and non-greenhouse gas meteorological conditions. '

arise from the complex interactions between aerosols .Althoggh. many  researchers h?"e carried out
and cloud (Ackerman et al. (2000); (Alam et al., investigations on the aerosol optical depth (AOD)
2010: Alam et al. 2014: Andreae et al. 2005: over some parts or over all South Africa (SA) using
Hayv:/ood & Bouche’r, 20003‘ ' ’ 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; 25.57°S, 28.18°E), Mpumalanga—Skukuza
(SKZ; 24.98°S, 31.60°E), North West—Potchefstroom
(PCS; 26.71°S, 27.10°E), Free State-Bloemfontein
(BFN; 29.12°S, 26.21°E), KwaZulu-Natal-Durban
(DBN; 29.88°S, 31.05°E) and Western Cape—Cape
Town (CPT; 33.92°E, 18.42°E). 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 1°x1° 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
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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 o47.
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 AODss, over six selected cities of SA.
The lowest value (AODssy < 0.1) of the spatial
variation of AODss, (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. AODss, 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
AODss 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

Tablel: Geographical information about the six locations of study in South Africa [Wikipedia and Képpen-Geiger climate classification system].

Province Location Latitude Longitude Altitude Population Area Climate (subtropical)
(S) (E) (m) (million) (km?)
Gauteng Pretoria 25°44' 28°11’ 1339 2.9 6,298  Urban; Semi-Arid
Mpumalanga Skukuza 24° 59’ 31°35 260 0.0016 4.9 Rural; Hot semi-arid
KwaZulu-Natal Durban 30°57 20° 58’ 8 3.5 2,292  Urban; Coastal
Free State Bloemfontein 29° 07’ 26° 13’ 1400 0.0063 6,283 Suburban; Semi-Arid
North West Potchefstroom 26°42' 27° 06’ 1350 0.149 185 Urban; Semi-Arid
Western Cape Cape Town 33°55' 18°25’ 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 AODss, is
seen in all the six locations (Table 2). All locations
apart from Pretoria have maximum seasonal AOD

Latitude (S)

Skukuza

T
24

26

Longitude (E)

28

Fig 1 Monthly mean (2008 -2012) value of AODsso Terra MODIS over six locations in SA
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Fig 2 Monthly mean (2008 — 2012) value of AE479.¢60 (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
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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 AODss,
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



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
acrosol 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).
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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 AODsso 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 AODss, 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
AODssy 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 AODss,
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).



Table 2: Inter-annual monthly/seasonal variations in AODss, and 047.660 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 o +SD AOD+SD o =SD AOD+SD  a+SD AOD+SD o +SD AOD+SD o £SD AOD+SD o +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  1.1940.12 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 0.1240.03  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 1.234+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 0.1740.04  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  1.61x+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  1.274+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  0.8440.12 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 1.1940.15 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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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 AODss,
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
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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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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 AODss, 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 AODjss, ranges between
0.06+0.04 at Bloemfontein to 0.13+0.05 at
Durban. While all locations have the
minimum AODssy 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.
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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 UVALI 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.
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