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ABSTRACT
This paper reports the observational results of aerosol optical characteristics, modification processes and discrimination
of key aerosol types over Skukuza (24.9°S, 31.5°E, and 150 m), a subtropical rural site in South Africa (SA), using
CIMEL Sunphotometer data, part of the AErosol RObotic NETwork (AERONET), from December 2005 to November
2006. The results show that a pronounced spectral and temporal variability in the optical properties of aerosols is mainly
due to anthropogenic emissions. The discrimination of different aerosol types over Skukuza is also made using the daily
mean values of aerosol optical depth at 500 nm (AOD500) and Ångström exponent (α440-870) by applying the threshold
values. The results of the analysis indentified three individual components (biomass burning/urban (BU), desert dust (DD)
and clean maritime (CM) aerosol types) of differing origin, composition and optical characteristics, and revealed that the
percentage contribution of each of type of aerosol changed significantly from season to season. We also derived the
curvature of a2 in an attempt to obtain information on aerosol-particle size and type, although the results revealed that the
curvature alone is not enough to achieve this. In addition,, we analyzed the seasonal changes in aerosol characteristics
using the classification scheme introduced in Gobbi et al. (2007) based on the measured scattering properties (α, dα)
derived from the Sunphotometer data. The results show that during spring an extremely large fraction of fine-mode
aerosols (η > 70%, Rf ~0.1 µm) in the turbid atmosphere was mainly caused by local anthropogenic pollution or biomass
aerosol transported from forest fires. Whereas in summer, the low AOD (< 0.2) and smaller α (< 1.0) and η < 50% suggest
the influence of transported mineral dust (coarse) over the region.
Keywords: AERONET; Skukuza; Optical properties; Aerosol types; Curvature.

INTRODUCTION
Atmospheric aerosols are solid or liquid particles
suspended in the air. They have significance at local, regional
and global scales and have received prominent attention in
the past few years (Penner et al., 1994; Seinfeld and Pandis,
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2006). The climatic and environmental effects of atmospheric
aerosols are the critical issues in global science community
because aerosols, derived from natural and anthropogenic
emission sources, are well known to affect the air quality,
human health, and radiation budget (IPCC, 2007, Srivastava
et al., 2012). Uncertainty in quantifying the climatic impacts
of aerosols continues to be greater than that of greenhouse
gases (IPCC, 2007) due to variety of their sources, varying
trends in aerosol loading and extreme heterogeneity in the
spatial and temporal variability of their optical and
microphysical properties (Morgan et al., 2006; Kaskaoutis
et al., 2010). Therefore, the accurate assessment of the
aerosol impact on radiative transfer is a complex task, since
various aerosol types cause different effects on the solar
radiation spectral distribution (Kaskaoutis and Kambezidis,
2008). Thus, detailed knowledge of the optical properties
of the key aerosol types is highly essential. Numerous studies
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have been undertaken to characterize the aerosol properties
at several worldwide locations (Piketh et al., 1999; Dubovik
et al., 2002; Pace et al., 2006; Kaskaoutis et al., 2007a, b;
El-Metwally et al., 2008; Ogunjobi et al., 2008; Kanike et
al., 2012).
South Africa (SA) extended between the latitudes 22°S–
36°S and longitudes 16°E–34°E, is part of southern
hemispheres subtropical zone comprising of provinces
Limpopo, Mpumalanga, North West, KwaZulu-Natal, Free
State and Gauteng (see Fig. 1) is among the areas with high
aerosol concentrations compared to rest of the provinces in
SA, as a result of recent rapid urbanization and population
growth. The increase in aerosols potentially has significant
impacts on regional climate and air quality (Formenti et al.,
2002; Freiman and Piketh. 2003; Sivakumar et al., 2010;
Kumar et al., 2013a). The SA region has been recognized
as a major source of aerosols in the southern hemisphere
and it is known to be significant in the production and
transportation of aerosols with urban and industrial areas as
major sources (Siversten et al., 1995; Piketh et al., 1999).
Besides these, emissions from biomass burning also
contribute relatively significant fraction to the total aerosol
loading and is also impacted by airmasses associated with
anthropogenic and natural sources, making the region an
aerosol hotspot (Piketh et al., 1999; Eck et al., 2001b,
2003a; Queface et al., 2011; Tesfaye et al., 2011; Kumar et
al., 2013a, b).
The wavelength dependence of aerosol optical depth
(AOD), commonly expressed by Ångström exponent, α
(Ångström, 1964), varies between different aerosol types
because of their different physical and chemical
characteristics. The derivation of α in different wavelength
bands is a useful tool for distinguishing and characterizing
the aerosol type (Eck et al., 1999; Schuster et al., 2006).
Recently, Gobbi et al. (2007) introduced a straight-forward
graphical frame-work that allows discriminating different
aerosol types based on aerosol spectral measurements by
Sunphotometer which can be characterized by three
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Fig. 1. Geographical map of South Africa with the positioning
of the measurement site, Skukuza represented with black
solid circle denoted with all its provinces, boundaries, and
surroundings oceans.
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independent pieces of information: AOD, α and the spectral
curvature of α (dα). Plotting data in this space allow for
inference of the aerosol fine mode size and fractional
contribution to total AOD. The curvature a2 (second-order
polynomial fit to ln(AOD) versus ln(λ)) can be utilized in
conjunction with the AOD for the discrimination of the
different aerosol types, and can also be used as an indicator
of the relative influence of fine- versus coarse-mode
particles in the aerosol size (Eck et al., 1999; Schuster et
al., 2006). Hence the information of AOD, α and spectral
curvature can be used in identifying the type of aerosols.
Several earlier researchers, to name a few, Dubovik et
al. (2002), Eck et al. (2003a), and Queface et al. (2011)
reported that biomass burning aerosols dominate other
aerosol types and peaks during the dry season over Skukuza
(latitude: 24°59'S; longitude: 31°35'E; elevation: 150 m), a
subtropical rural station in Mpumalanga province of South
Africa (see Fig. 1) using the data obtained from AErosol
RObotic NETwork (AERONET) Sunphotometer. More
recently, Kumar et al. (2013b) also observed that the AOD
over Skukuza varies with season and is mainly influenced
by biomass burning with a minor contribution of sea-salt,
desert dust and urban-industrial aerosols. This study was
limited to monthly/ seasonal patterns of aerosols optical
properties, the AOD-α relationship, influence of
meteorology and long range transport of airmass pathways.
The above same authors (Kumar et al., 2013b) interested to
expand their previously reported work here by
investigating in detail about the different aerosol types
prevailing over Skukuza, making use of the same AOD and
α data derived from the AERONET Sunphotometer. In the
present study, we examine the changes in the aerosol optical
characteristics making use of the classification (graphical)
scheme proposed by Gobbi et al. (2007), discrimination of
aerosol types, effect of curvature on each aerosol type, and
its relationship with the AOD and the Ångström exponent
and their seasonal distinctiveness. In section 2, we describe
the selected geographical site and the method applied for
the analysis of data used from Skukuza AERONET site,
while in section 3 the analysis of the results obtained are
presented. Finally, the main conclusions drawn from the
present work are mentioned in section 4.
EXPERIMENTAL SITE AND METEOROLOGY
Site Description
The observation site, Skukuza (24°59'S; 31°35'E, 150 m),
which is a subtropical region located in the Kruger
National Park in the northeastern part of a fast growing
urban province, Mpumalanga in South Africa (Kumar et
al., 2013). With its ~3.8 million inhabitants, Mpumalanga
is the second smallest province after Gauteng, taking up
6.5% of South Africa’s land area. This is a direct result of
the growth in population, industrial emissions and also
associated activities that have been observed during the last
decades. In addition to this, particles produced by seasonal
sources can be transported towards the study region at
certain times of the year. This is the case of mineral dust
produced mainly in summer, though not extensively, and
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the biomass burning of the sugar cane crop residues as well
as forest fires because of its dense grassland areas in the
dry (spring) period (Piketh et al., 1999). The measurement
site also experiences smoke generated from the coal-fired
power stations, which are the biggest in the southern
hemisphere. Because of its potential effects on people’s
health, the persistence of high levels of particulate matter
concentrations and biomass/smoke particles over Skukuza
is a matter of great concern for its inhabitants.
Meteorology
More details about the study region, prevailing atmospheric
circulations derived from NCEP/NCAR reanalysis, local
meteorological data provided by South African Weather
Services (SAWS) and effect of aerosol properties through
long range transport from different types of airmasses over
the measurement location using HYSPLIT model are
described recently by the same authors reported by Kumar
et al. (2013b) for the same measurement period over Skukuza
and are not given herein to avoid repetition.
MEASUREMENTS AND METHODOLOGY
AERONET Instrumentation
The measurements used in this work have been obtained
from the CIMEL Sunphotometer (CE-318) of AERONET
working group, which is an automatic sun-sky scanning
spectral radiometer. A brief description is given here since a
number of studies have already described the instrumentation,
data acquisition, retrieval algorithms and calibration
procedures, which confirm to the standard of the AERONET
global networks, as well as the uncertainty of the final
products and the applied cloud-screening procedures (Holben
et al., 1998; Eck et al., 1999; Smirnov et al., 2000; Holben
et al., 2001; Smirnov et al., 2002a, b). The AERONET data
were provided in three categories: cloud-contaminated (level
1.0), cloud-screened (level 1.5), following the methodology
described by Smirnov et al. (2000), and cloud-screened
and quality-assured (level 2.0), which have been used in
the present study. The Sunphotometer takes measurements
of the direct-beam radiances within the spectral range 3401020 nm. Typically, the total uncertainty in spectral AOD
is about ± 0.01 to ± 0.02, and is spectrally dependent with
the higher errors in the UV band (Srivastava et al., 2012).
The calibration accuracy becomes an obstacle because it
causes an error in measuring AOD (± 0.01) that is at least
of the order of 5–10% of the calculated optical depth for
AOD440 < 0.2, and comparable with the absorption partition
in the total optical depth (Dubovik et al., 2002).
From the AERONET data, a single Ångström wavelength
exponent, α, is derived in the 440–870 nm band from the
linear regression of ln(AOD) versus ln(λ) with data obtained
at four wavelengths using the least-squares method, while
λ stands for the wavelength in µm. Furthermore, the linear
fit that is used for the calculation of α in a log-log plot
exhibits some uncertainties due to the curvature of AOD
with respect to wavelength (Eck et al., 1999).
Method of Data Analysis

The spectral dependence of AOD is used in this work to
compute the Ångström’s exponent α. A spectrally-averaged
value of this exponent, which contains information about
size of the particles or the volume fraction of the fine- versus
coarse-mode particles (Schuster et al., 2006), can be obtained
by fitting the Ångström’s formula (Ångström, 1964)
AODλ = βλ-α

(1)

where AODλ is the estimated AOD at the wavelength λ, β
is the Ångström’s turbidity coefficient, which equals AOD at
λ = 1 µm, and α is the Ångström exponent. Although in this
definition, α is assumed independent from the wavelength, it
is established that the opposite exist. (e.g., Kaskaoutis and
Kambezidis, 2008). The Ångström formula is a special
case of a more complicated equation valid for a limited range
of particle diameters and a limited interval of wavelengths.
The validity of this theory presupposes that the Junge power
law is valid for the particle radius range, where significant
extinction takes place and that the spectral variation of the
refractive index does not impose significant variations on
the Mie extinction factor (Kaskaoutis et al., 2007b). Taking
the logarithms on both sides of Eq. (1) one obtains
lnAODλ = –αlnλ + lnβ

(2)

A more precise empirical relationship between aerosol
extinction and wavelengths is obtained with a second-order
polynomial approximation (King and Byrne, 1976; Eck et
al., 1999; Pedros et al., 2003; Kaskaoutis and Kambezidis,
2006),
lnAODλ = a2 (lnλ)2 + a1 lnλ + a0

(3)

where the coefficient a2 account for the spectral curvature
of the fitted function. This curvature can be an indicator of
the aerosol particle size; negative curvature indicates aerosolsize dominated by fine-mode and positive curvature with
significant contributions from coarse-mode aerosols (Eck
et al., 1999; Reid et al., 1999; Schuster et al., 2006). In the
present study, the values of Ångström exponent α were
computed in the wavelength interval 440–870 nm, applying
the least squares method to Eq. (2). Choice of the 440–870
nm wavelength range relies on the fact that these are highly
accurate channels of the Sunphotometer (Holben et al.,
1998; Eck et al., 1999) and these channels are available in
all AERONET group instruments. The liner fit to the
logarithmic function of Eq. (2) is the most precise method,
although the results may also depend on the spectral interval
considered (Pedros et al., 2003). The second order polynomial
fit (Eq. (3)) was also applied to the AOD values at six
wavelengths (340, 380, 440, 500, 675, and 870 nm). Although
the polynomial fit to Eq. (3) is more precise than the linear
fit to Eq. (2), large errors can appear especially under low
turbidity conditions (Kaskaoutis et al., 2006). For limiting
these errors, only the case where the second-order polynomial
fit was associated with R2 > 0.95 were considered. It should
be noted that the AOD1020 values were omitted from the
fits, since it contain larger uncertainties due to the water
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vapor effect.
Discrimination of Aerosol Types
When attempting a realistic characterization of the
aerosol properties, data of both AOD and α have to be used
(Holben et al., 2001) since they both strongly depend on
wavelength. Thus scatterplots of AOD versus α can be
obtained in order to determine the different aerosol types
for a specific location through the discrimination of physically
interpretable cluster regions represented in a diagram
(Cachorro et al., 2001; Pace et al., 2006; Kaskaoutis et al.,
2007a). These AOD-α patterns have been observed at several
locations and for different aerosol types (e.g., biomass smoke,
anthropogenic aerosols, desert dust) (Eck et al., 1999, 2001,
2003a, b; Masmoudi et al., 2003; Kim et al., 2004; Ogunjobi
et al., 2004). This method has been used in a number of
studies (for example, Kalapureddy et al., 2009; Kaskaoutis
et al., 2009, and references therein) and is based on the
sensitivity of the two parameters to different, somewhat
independent, microphysical aerosol properties; the Ångström
exponent, α depends on aerosol particle size, while the
AOD500 depends mainly on the aerosol column density.
Therefore, the AOD500 versus α440-870 plot qualitatively
indicates the amount and dimension of the observed aerosols.
In the present study, the contour maps were constructed
using 0.1 and 0.2 steps for both AOD500 and α440-870 values,
respectively. In these maps, the rectangle areas denote
different aerosol types, namely, clean maritime (CM),
biomass burning/urban-industrial (BU), desert dust (DD),
and mixed type (MT) aerosols, and boundaries of these
areas correspond to the selected threshold value of AOD500
and α440-870. In such studies, the selection of the threshold
values can be very important. In the present study, the AOD500
ranges from 0.01 to 0.7 and the α440-870 spans between 0.1
and 3.0. Therefore, the threshold values must be slightly
changes from those utilized by Pace et al. (2006) for
Lampedusa. Therefore, (i) values of AOD500 < 0.07 with
α440-870 values < 1.5 represent clean maritime (CM) aerosols,
(ii) AOD500 > 0.1 and α440-870 > 1.3 can be used to characterize
long-range transported biomass burning/urban-industrial
(BU) aerosols, and (iii) AOD500 values > 0.15 associated
with α440-870 < 0.7 are indicative of desert dust (DD) particles
transported over oceanic areas. Finally, the remaining gaps
reveal where the aerosols are difficult to be discriminated and
they are considered as mixed type (MT) aerosols, bearing
in mind the different effects of various aerosol-mixing
processes in the atmosphere (e.g., coagulation, condensation,
humidification, gas-to-particle conversion).
Aerosol Modification Processes
Aerosol spectral measurements can be characterized by
three independent variables: (i) the AOD, (ii) the Ångström
exponent (α), and (iii) the spectral curvature of α (dα). In
this study, we discriminate the fraction of AOD due to large
mineral particles from other aerosol types, based on the
graphical framework introduced in Gobbi et al. (2007) (see
Fig. 1 of Gobbi et al. (2007)) which allows to: 1) infer aerosol
fine mode size and fractional contribution to the total AOD;
and 2) separate AOD increases due to fine-mode aerosol
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humidification from AOD increases due to the increase in
coarse particles. The method relies on the combined analysis
of α derived for the wavelength pairs of 440–870 nm and
its spectral curvature, represented by dα = α(440, 675) –
α(675, 870). For the definition of these coordinates (dα vs. α
space), reference points corresponding to biomodal size
distributions characterized by a fine-mode modal radii (Rf)
as well as the ratio of fine-mode to total AOD (η) have
been determined on the basis of typical refractive index of
urban/industrial aerosol (m = 1.4 – 0.001i). Varying coarsemode modal radii (Rc) have been considered and shown to
have a minor modal radii on such reference points. Gobbi
et al. (2007) showed the sensitivity of the classification
scheme to refractive index. Computations indicated some
clockwise rotation about the origin of the constant radius
curves for increasing refractive index, while the effect is
much weaker in the case of η. Maximum Rf indetermination is
of the order of ± 25% for refractive index varying between m
= 1.33 – 0.0i and m = 1.53 – 0.003i, while the η spans a range
of the order of ±10 %. Within this level of indetermination,
the scheme is robust enough to provide an operational
classification of the aerosol properties.
In this α vs. dα space, we represent AOD (at 675 nm) by
a color scale. The correlation of α vs. dα plot with the finemode fraction to the AOD at 675 nm (η) and effective
radius of fine aerosols (Rf) is appropriate for identifying
aerosol-modification processes, i.e., cloud contamination,
hydration, and coagulation-aging. The same scheme was
performed over Skukuza (South Africa), a subtropical rural
site, with the initiation of earlier researchers (Gobbi et al.,
2007; Basart et al., 2009) who reported in their work to
explore information about aerosol types over this site.
Recently, it has been applied over oceanic environment
during ICARB in summer (Arabian Sea) (Kaskaoutis et al.,
2010), W-ICARB in winter (Bay of Bengal) (Kaskaoutis et
al., 2011), while over different urban environments of
Athens by means of MFR data (Gerasopoulos et al., 2011)
and over Hyderabad from MICROTOPS II Sunphotometer
observations (Sinha et al., 2012). Gobbi et al. (2007) used
only cases of AOD > 0.15 from eight different AERONET
stations in three continents to avoid errors larger than ~30%.
In the present study also, the whole set of observations (only
AOD > 0.1) was used in order to avoid errors and reveal any
systematic uncertainties.
RESULTS AND DISCUSSION
In the present work, we have classified the data in terms of
four major seasons, namely, summer (December–February),
autumn (March–May), winter (June–August) and spring
(September–November) seasons, primarily on the basis of
synoptic winds and different meteorological conditions
prevailing over this site (Queface et al., 2011; Kumar et
al., 2013b).
Spectral Variation of AOD and Identification of Aerosol
Types
Spectral AOD is a key parameter in estimating the extent
to which aerosols directly influence the radiative balance
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of the earth-atmosphere system and is dependent on the
columnar abundance, size distribution and refractive index
of aerosols. The spectral variation of AOD (τpλ) is important
as it is an indicative of the changes in aerosol-size
characteristics. Except for the rainy days, the weather is dry
with abundant sunshine; however, cloud cover is frequently
seen throughout the year. Because of this, measurements are
scarce and we have only 261 days of observations during
the entire study period (Kumar et al., 2013b), which were
grouped according to the seasons. The mean spectral
distribution of AOD with respective standard deviation
(vertical bars) observed in different seasons is shown in
Fig. 2. A decrease of AOD with increase in wavelength is
observed, which is consistent with the Mie theory (Kumar
et al., 2009). High AOD values observed at 340 nm
suggest dominance of fine-mode particles over the study
area. It is evident from the figure that there is relatively
strong wavelength dependence of optical depth at shorter
wavelengths that gradually decreases towards longer
wavelengths irrespective of the seasonal change, attributing
to the presence of fine to coarse particles. The presence of
a higher concentration of the fine-mode particles which are
selective scatters enhances the irradiance scattering, and
therefore, the AOD values are high at the shorter wavelengths
(Rana et al., 2009). Likewise, the coarse-mode particles
provide similar contributions to the AOD at both wavelengths
(Schuster et al., 2006). Fig. 2 also clearly depicts that the
trend in the AOD pattern is almost similar in all the
seasons with higher (lower) magnitudes in spring (autumn)
season, with a mean value of 0.30 ± 0.14 (0.13 ± 0.11) at
500 nm (see Table 1). The observed increase in AOD500
during the spring season might be due to the local
pronounced biomass burning activities in the northeastern
and eastern part of SA as reported by Tesfaye et al. (2011)
and Kumar et al. (2013) for the same study region. On the
other hand, high AODs during the spring season could be
attributed to the high convective activity and strong seasonal
surface winds (see Table 1 and Fig. SI-1of Kumar et al.,
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Fig. 2. Spectral characteristics of AOD for different seasons
over Skukuza during the study period. Mean values of α and
α' are also given for each season.

Table 1. Monthly average AOD500, α440-870 and curvature
(a2) along with standard deviations observed over Skukuza
for the study period.
Month
December-05
January-06
February-06
March-06
April-06
May-06
June-06
July-06
August-06
September-06
October-06
November-06

AOD500
0.14 ± 0.07
0.16 ± 0.15
0.10 ± 0.10
0.12 ± 0.09
0.15 ± 0.12
0.13 ± 0.11
0.14 ± 0.09
0.15 ± 0.10
0.14 ± 0.09
0.21 ± 0.12
0.28 ± 0.14
0.39 ± 0.16

α440-870
a2
1.40 ± 0.46 0.20 ± 0.06
1.26 ± 0.60 –0.02 ± 0.01
1.37 ± 0.62 0.04 ± 0.02
1.61 ± 0.59 0.18 ± 0.08
1.82 ± 0.41 0.03 ± 0.09
1.75 ± 0.43 0.07 ± 0.07
1.44 ± 0.44 0.15 ± 0.06
1.38 ± 0.40 0.32 ± 0.07
1.18 ± 0.40 0.44 ± 0.05
1.42 ± 0.25 0.28 ± 0.05
1.42 ± 0.37 0.19 ± 0.05
1.65 ± 0.21 0.09 ± 0.07

2013b), with a minor contribution by long range transported
biomass burning and desert dust aerosols (Formenti et al.,
2002). A decrease in AOD values has been observed during
autumn period due to cloud scavenging and rain-washout
process (Moorthy et al., 2005; Kaskaoutis et al., 2009).
Fig. 3 depicts the density plots of AOD500 versus Ångström
exponent (α440-870) over the Skukuza region for the four
representative seasons. Viewing the contour density plot,
some areas of larger density are observed representative of
different aerosol types depend upon season. In the summer
season which is characterized by relatively higher AOD500
and moderate α440-870 values (Fig. 3(a)). The different aerosol
sources have a direct effect on the wide range of α440-870
values, from ~0.7 to ~1.7, especially for low AOD500 (< 0.3),
suggesting variety of aerosol types. However, for smaller
AOD500 the α440-870 increases to values higher than 1.0,
assigning an increasing trend of the AOD500 versus α440-870
relationship. In the autumn, the α440-870 values are significantly
higher (>2.0) than in the previous case with lower AOD500
(< 0.2) (see Fig. 3(b)). The maximum density area is observed
for the pair (AOD500, α440-870) = (0.05–0.2, 2.0–2.15)
indicative of low turbid conditions with a rather mixed
aerosol field in the vertical. The α440-870 values of this
magnitude are indicative of bimodal aerosol size distributions,
with significant contribution from both fine-mode (submicron,
radius < 1 µm) and coarse-mode (supermicron, radius > 1
µm) aerosols (Eck et al., 2005). In the winter season (Fig.
3(c)), the summer maximum seems to shift into three; one
with AOD500 = 0.15–0.25 and α440-870 = 1.57–1.65 with
larger fraction of fine-mode particles, a second with
AOD500 = 0.1 and α440-870 = 1.4 corresponding to aerosols
with anthropogenic or biomass burning origin probably,
and a third with AOD500 = 0.07–0.15 and α440-870 = 1.0–
1.15 dominance with coarse-mode particles under turbid
conditions. The spring season (see Fig. 3(d)) is characterized
by higher AOD500 (0.30 ± 0.14) and moderate α440-870 values
(1.50 ± 0.28). The maximum density area of AOD500 = 0.2–
0.4 and α440-870 = 1.5–1.7 is representative of the biomass
burning aerosols from long-range transport which is frequent
over the South Africa (Queface et al., 2011; Tesfaye et al.,
2011; Kumar et al., 2013b) during this season and relative
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seasons for the study period derived from CIMEL Sunphotometer.
influence of urban-industrial polluted aerosols under
moderate-to-high turbid conditions. The other AOD500 and
α440-870 pairs are nearly equally distributed around this area
with preferable of larger AOD500. The values of α depend
strongly on the spectral range used for their determination.
Hence the information contained in the AOD500 versus α440-870
scatterplot becomes more difficult to interpret, but the
detailed spectral information given by the determination of
α in different spectral band helps in determining and
discriminating the aerosol types (Vijayakumar et al., 2012).
Analysis of Different Aerosol Types
Fig. 4 shows the percentage contribution of each of the
four different aerosol types noticed over Skukuza, based on
the present AOD500 and α440-870 threshold values. The
respective influences of the two aerosol types (CM and
BU) are more balanced in winter and summer than during
autumn and spring periods, when the % contribution of the
specific aerosol types is larger. The contribution of aerosols
of different origin and characteristics to the atmospheric
column can be strongly modified in each season. The
biomass burning/urban-industrial aerosol (BU) is predominant
in all seasons, exhibits its higher frequency in spring
(67.31%). The mixed type (MT) aerosol occupies next to BU
in all seasons; with almost equal percentage of contribution
of MT aerosol during the summer (26.67%) and winter

(28.92%) seasons, with its maximum frequency in autumn
(33.33%). Next to MT, the clean maritime (CM) aerosols
are contributing more to the total loading in all the seasons,
with its minimum in spring (3.85%) and almost equal % of
share in summer (28.33%) and winter (26.51%). Thus,
28.33% of the CM aerosols are observed in summer, 28.92%
of the MT aerosols in winter, 1.92% of DD aerosols in
spring and 46.97% of BU aerosols in autumn periods.
Quite interesting characteristics are the low percentage of
CM aerosols observed in spring (3.85%, refer Fig. 4(d)),
taking into account that the anthropogenic emissions are
more significant compared to natural aerosols at Skukuza
throughout the year. This can partly be explained by a quick
modification of the produced water-soluble local aerosols
that can enlarge in size due to humidification especially under
the influence of the large relative humidity (RH) values in
the summer/autumn seasons. Also, the transport of dust
emissions from local sources and nearby deserts play a
significant role in these seasons and the possible adhering
of fine-mode pollution particles onto the surface of coarsemode dust in the mixed aerosol (Kaskaoutis et al., 2009).
Since the majority of the aerosols belong to a BU aerosol
type more attention must be paid to this type, as a result of
independent processes. Thus, the mixing could be caused
by primary small and large particles. The larger RH values
closely associated with the lower α440-870 in autumn may be
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Fig. 4. Percentage of each aerosol type over Skukuza contributing to the total in each season during the study period.
Labels stand as CM, clean maritime; BU, biomass burning/urban-industrial; DD, desert dust, and MT, mixed type.
an evidence of coagulation and hygroscopic growth of the
water-soluble urban aerosols, since the higher growth
factor includes the hygroscopic and water-soluble particles
(Day and Malm, 2001). However, there is no detailed analysis
in the present study to warrant it and further investigation
is needed. Also, the possible cloud contamination in some
cases in the autumn period results in lower α440-870, which
associated with the high AODs, concludes to the CM type
aerosols. On the other hand, the coarse-mode particles
transported over Skukuza can easily be mixed with local
pollution or with smoke from forest fires, increasing the
wavelength dependence of AOD (Queface et al., 2011).
Frequency of Occurrence in AOD500 and α440-870 Based
on Aerosol Types
Fig. 5 shows the frequency distribution of AOD500 for
the four aerosol types in different seasons. Such a figure
reveals how AOD500 alone can give information about the
discrimination of the aerosol types. Because of initial
definition, the moderate CM aerosols are observed at lower
AOD500 values (< 0.15), whereas, at higher AOD500 a biomass
burning/urban-industrial (BU) aerosols predominance is clear
from the discussion presented in the previous section; at
moderate values of AOD500 (> 0.15) the DD aerosols have
a minor negligible fraction and MT aerosols have significant
contribution in all seasons. The CM, DD, and BU types are
hardly distinguishable based on the AOD500 distribution;
thus it is difficult to resolve them separately, especially in
the moderate AOD500 values. The summer and autumn
distributions present some similarities, despite the higher
frequency of the BU aerosols in autumn, while in spring
there is a clear discrimination between BU and DD aerosols,
with the former distributed for a wide range to dominate
for higher AOD500 > 0.3. In all the seasons, the BU type of

aerosols has it maximum frequency it is found that all these
cases correspond to biomass burning activities, characterized
by large aerosol loading transported from sub-tropical zones
of SA towards the measurement site. These BU aerosols
can be mixed up with aerosols of other (mainly natural)
origin, a process that often modifies their initial optical
properties. AOD500 maxima can then be associated either
with urban-industrial pollution and mixed aerosols or to a
lesser extent, with dust particles. Large distribution of MT
aerosols is observed for AOD500 > 0.05, where BU, CM
and DD aerosols can be found only in winter and spring.
Similarly, Fig. 6 shows the frequency distribution of the
aerosol types with respect to α440-870. In the scale of α440-870,
the CM and DD aerosols are expected to fall in the lower
end of α440-870 values, since both types are characterized by
coarse-mode particles. It is surprising to note that all the
aerosol types are absent for α440-870 values lower than 0.5 in
spring. Note that the larger possibility of observing CM
and DD aerosol types at lower α440-870 in spring with
smaller occurrence than in the rest of the year shows that
the importance of the biomass burning or mineral component
is generally greater in this season. The CM type aerosol
plays a significant role in the distribution of the α440-870
values in all the seasons except in spring with its minimum
occurrence, since this is the dominant type for a wide range
of α440-870 values (0.1–1.5), hindering the discrimination of
the other aerosol types. This shows that the CM aerosol
which mainly comprise of coarse-mode particles attributed
to strong sea-salt production and has significant importance.
For intermediate α440-870 values MT clearly dominates, while
for α440-870 values above 1.0, BU and MT present strong and
almost similar distribution pattern implying a difficulty in
distinguishing them. In contrast, for low α440-870 values (< 1.0)
the DD type cannot be distinguished from CM aerosol type,
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which is further extended for a wide range of α440-870 values
(see Fig. 6). These figures are somewhat different from those
presented by Kaskaoutis et al. (2007a) for four AERONET
sites, where, in general, the DD type was dominant for larger
AOD500. Dominance of the BU types for high AODs which
is similar with the present study was observed over regions
affected by biomass burning or urban/industrial pollution
(i.e., Alta Floresta and Ispra). Moreover, the discrimination
between coarse-mode (sea-salt and desert dust) and finemode (biomass burning, urban-industrial pollution) aerosols
over the four AERONET sites was obvious using the α440870 frequency distributions, in contrast to the present study.
Therefore, it is concluded that the AOD500 or α440-870 values
alone cannot identify any aerosol type, except few cases,
due to their similar and broad distributions.
Optical Properties of Different Aerosol Types
With the conclusion from the previous section, that the
optical properties of aerosols alone cannot provide
information about the aerosol types. Indeed, further
investigation is required/carried to obtain the information
for determining the size and type of aerosol which has been
achieved with the computation of spectral curvature a2
using optical parameters (AOD and α). The mean seasonal
values of AOD500, α440-870, and a2 are given in Table 2 for
each aerosol type for the study period over Skukuza. Fig. 7
shows the correlation plot of the spectral coefficient a2
(curvature in the polynomial fit) against AOD500 for the
four dominant aerosol types depending on seasons. The
correlation between a2 and AOD500 provides information
on the atmospheric conditions under which α is independent
from wavelength, so the spectral variation of AOD can be
accurately described by the simple Ångström formula
(Ångström, 1964). The data lying on or near the a2 = 0 line
(without curvature) belong to the unimodal size distribution or
to bimodal distribution. Near to zero a2 values can also be
caused by a unimodal coarse-mode size distribution, i.e.,
sea-salt and desert dust dominated (Eck et al., 1999). Negative

a2 values (fine-mode aerosols) are depicted, unexpectedly,
for the CM type and correspond to observations associated
with larger errors in the a2 retrievals caused by uncertainties
in the polynomial fit under low turbid conditions (Kaskaoutis
et al., 2006, 2007a). Furthermore, some positive a2 values
are presented for the BU aerosol type, thus showing that
the initial fine-mode aerosols have been modified by
coagulation, condensation and gas-to-particle conversion
resulting in greater size and less negative or even positive
a2 values (Schuster et al., 2006).
For low turbidity conditions (AOD500 < 0.1), the coefficient
a2 presents positive values during summer, autumn and
winter seasons and negligible in spring. This further reduces
as AOD500 increases in all the seasons. These high positive
values at low AOD are likely due to large uncertainty in
computed a2 for these cases, due to AOD uncertainty of
~0.01. It is interested to note the smaller fraction of positive a2
values of MT in summer and autumn, highlighting the
great fraction of fine-mode particles in its component;
whereas, in winter and spring the majority of MT cases
correspond to positive a2. It is concluded that the different
aerosol types are rather difficult to be distinguished based
on the a2 values, in contrast to the results in the study by
Kaskaoutis et al. (2007a) and Kalapureddy et al. (2009).
However, these researchers investigated the aerosol
properties in different environments, where the aerosol
types were clearly distinguishable. This is not the case in
the present study focused over Skukuza where aerosols
from different origins are mixed. So, except CM, DD and
some portion of BU (at higher AODs), the other types are
still unable to be discriminated unambiguously. It is also
note that for low AOD500 (< 0.1), there is a wide variability
in a2 values (both positive and negative), thus implying
large curvature which increases the uncertainties in the
polynomial fit dramatically as well as the errors in the a2
values. In contrast, a2 tends to zero for high AOD500 indicating
small curvature for coarse-mode aerosols and insignificant
wavelength dependence of α, which is consistent with

Table 2. Seasonal mean values of AOD500, α440-870 and a2 for each aerosol type over Skukuza during December 2005–
November 2006.
Aerosol Type
CM

DD

BU

MT

Season
Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring

AOD500
0.04 ± 0.01
0.04 ± 0.02
0.05 ± 0.01
0.04 ± 0.01
0.16 ± 0.08
0.22 ± 0.12
0.19 ± 0.08
0.20 ± 0.11
0.22 ± 0.11
0.22 ± 0.11
0.22 ± 0.07
0.32 ± 0.12
0.08 ± 0.06
0.07 ± 0.02
0.13 ± 0.07
0.15 ± 0.07

α440-870
0.76 ± 0.38
1.10 ± 0.26
0.88 ± 0.42
1.04 ± 0.23
0.68 ± 0.28
0.69 ± 0.26
0.45 ± 0.19
0.67 ± 0.32
1.66 ± 0.27
1.93 ± 0.34
1.66 ± 0.14
1.62 ± 0.13
1.50 ± 0.64
1.87 ± 0.36
1.28 ± 0.26
1.09 ± 0.21

a2
0.51 ± 0.23
0.72 ± 0.49
0.54 ± 0.36
0.75 ± 0.15
0.49 ± 0.24
0.38 ± 0.19
0.56 ± 0.31
0.57 ± 0.28
–0.13 ± 0.25
–0.17 ± 0.26
0.10 ± 0.22
0.07 ± 0.18
–0.08 ± 0.53
0.09 ± 0.41
0.40 ± 0.23
0.40 ± 0.21
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Fig. 7. Seasonal correlations between coefficient a2 and AOD500 for each aerosol type over Skukuza.
those studies reported by several researchers over different
urban and oceanic environments (Kaskaoutis and Kambezidis,
2006; Kaskaoutis et al., 2009; Kalapureddy et al., 2009).
Fig. 8 is drawn for further aid in a clear discrimination
of the aerosol types, especially DD, which is confined to
lower α440-870 values. In general, for a specific value of α440870, a great spread of a2 values occur even belonging to
different aerosol types (Fig. 8). This is in agreement with
the findings of Schuster et al. (2006), who showed that
different size distributions with the same α can produce
large differences in curvature. It is verified that the curvature
alone is not enough for describing the aerosol particle size
and identifying the types of aerosol, as stated elsewhere (e.g.,
Eck et al., 1999; Kumar et al., 2013b). Yet it is possible to
better discriminate between the different aerosol types by
plotting α440-870 versus a2. However, over Skukuza the
optical characteristics of the different aerosol types are not
as distinguishable as those presented by Eck et al. (1999)
and Kaskaoutis et al. (2007a). The main difference in the
present study is the CM aerosol type, which presents quite
different optical characteristics (high α440-870, large negative
a1 and a significant fraction of negative a2 values) over
Skukuza as compared to those over the Solar Village
reported in the works of Kaskaoutis et al. (2007a). Thus
the α440-870 and a2 values of the CM conditions over the
measurement site are similar to those for BU aerosols.
Further it is noticed that there is an increasing trend in a2
values with α440-870 for aerosols dominated by large
particles (DD), while opposite exists for aerosols with a

large fine fraction (BU).
Classification of Aerosol Types
The aerosol modification processes shown by a graphical
scheme based on Gobbi et al. (2007) described in one of
the sub-sections of previous section over Skukuza are
discussed for the study period (Fig. 9), and on seasonal
basis (Fig. 10) by representing their AOD500 by different
colors with increasing value of turbidity. Several key
features are obvious from Fig. 9. It is seen that some of the
data points at low AOD values (0.2 > AOD > 0.1) do fall
outside the classification scheme and these may be associated
with the larger errors in α, dα estimation and uncertainties
while measuring AOD. The scatter plot shows that high
AOD values are mainly clustering at the high α > 1.4 are
associated with fine-mode aerosols (negative dα), and large
η > 70% (Rf < 0.12 µm) values. However, we notice few
cases associated with low AOD (< 0.2), α < 0.6 and high
Rf > 0.2 µm and several cases where moderate-to-high
AODs are associated with low α < 1.0 and η < 50% values
suggesting the presence of coarse-mode particles. The data
shown in Fig. 9 also suggest that changes in AOD are
mostly associated with the increased concentration of finemode particles.
For better understanding the aerosol optical properties,
types and modification conditions observed during the year,
we have plotted the data on seasonal basis and are shown
in Figs. 10(a)–10(d). These figures show unmistakable
differences regarding the aerosol types and their modification

Kumar et al., Aerosol and Air Quality Research,14: 108–123, 2014

118
2.0

(a) Summer

CM
BU
DD
MT

(c) Winter

CM
BU
DD
MT

1.5

(b) Autumn

CM
BU
DD
MT

1.0
0.5
0.0

Coefficient a2

-0.5
-1.0
-1.5
2.0
1.5

CM
BU
DD
MT

(d) Spring

1.0
0.5
0.0
-0.5
-1.0
-1.5
0.0

0.5

1.0

1.5

2.0

2.5

3.00.0

0.5

1.0

1.5

2.0

2.5

3.0

440-870
Fig. 8. Same as in Fig. 7, but against 440-870.
1.0

α(440-675) - α(675-870)

0.8

0.2>AOD>0.1
0.4>AOD>0.3
0.6>AOD>0.5

0.3>AOD>0..2
0.5>AOD>0.4
AOD>0.6

30% 0.05μm 50%

0.6

70%
10%

0.4
0.2
0.0

1%

0.5μm

90%

-0.2

99%

-0.4
-0.6 0.4μm
-0.8

0.10μm
0.3μm

0.2μm

0.15μm

-1.0
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
 (440-870)

Fig. 9. Ångström exponent difference, dα = α (440–675 nm) –
α (675–870 nm), as a function of α (440–870 nm) and
AOD500 (color-sized scale) over Skukuza, for bimodal and
log-normal size distribution. The black lines indicate the
fixed effective radius (Rf) of the fine-mode and the dark cyan
lines for a fixed fraction (η) of fine-mode to the AOD at 675
nm. Increase of the circle symbols denotes increase in AOD.
processes during the four different climatic periods over
Skukuza. As shown in Fig. 10(a), the proportion of large
particles during summer shows that few data points having

the smaller α (< 1.0) associated with the low AOD (< 0.2)
cases show dα values close to zero or positive and η < 50%,
suggest the influence of transported mineral dust over the
region. Dust transported downwind from source regions
varies seasonally. This transport is driven by the latitudinal
shift of the Intertropical Front which corresponds to the
convergence zone between the northern winds, called the
Harmattan and the monsoon winds coming from the South
(Basart et al., 2009). In addition to large mineral particles,
Skukuza presents cases with mixed AODs (upto 1.5) exhibit
larger α (~1.5) values and large negative dα values (> –0.2)
that corresponds to a wide range of η (> 70%) and Rf ~0.13
µm. This is due to the well-known presence of biomass
burning aerosols composed of fine aerosols originating
from anthropogenic activities (Ogunjobi et al., 2008) and
associated to urban-industrial pollution aerosols from local
and regional activities. The more negative dα with increasing
AOD is an indication of fine-mode dominance under high
AODs, as also observed over biomass burning regions by
Eck et al. (2001) and Basart et al. (2009). As can be seen
from Fig. 10(b), the autumn data (AOD500, α, and dα) exhibits
the largest variability in values suggesting diversity in the
dominant aerosol types and a mixture of both fine- and
coarse-mode particles. For the higher AOD, the majority of
data points lie in between (Rf) 0.07 and 0.15 µm lines
having larger values of η (> 70%), revealing abundance of
fine particle and it is likely the result of secondary aerosol
formation through gas-to-particle conversion due to increasing
solar radiation (Sinha et al., 2012).
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Fig. 10. Same as Fig. 9, but for the four representative seasons.
The α vs. dα plot during winter (Fig. 10(c)) strongly differs
from those obtained during other seasons with most of the
points lie outside the classification scheme and the main
difference being a shift towards the lower α (< 1.0) values
with η < 50%; thereby suggesting a dominance of aerosols
of coarse-mode. The cases having AOD < 0.1 are associated
with large negative dα (> –0.4) values with η > 70% (Rf >
0.2) and may correspond to cases with dilution of the
larger particles after rain washout. This Rf value is larger
than those found in spring and autumn, suggesting water
uptake and increase in size of the water-soluble aerosols
due to humidification processes (see Gobbi et al., 2007) as
the RH is more over Skukuza during this season. In the
spring season (Fig. 10(d)), nearly all the points are within
the classification scheme. Increasing AOD shows a shift to
larger α values (1.4–1.8) and large negative dα ~–0.3 with
η values > 60% suggest the dominance of fine-mode. The
data clearly demonstrates that majority of the aerosols in
the turbid atmosphere are fine-mode, mainly caused by
local anthropogenic pollution or biomass burning, since
forest fires are also more frequent in this season due to hot
and dry atmospheric conditions apart from agricultural
burning. It is also noticed from the Fig. 10(d) that all the
points in this season lie close to Rf values ~0.10 µm. The
positive dα values indicates that these aerosols are of

bimodal distribution having a large coarse-mode fraction
between 30% and 50%, whereas, the dα values near to zero
represents the lesser dominance of coarse-mode particles
relative to fine-mode with η values 50%–70%. As seen in
Fig. 10, even though several conclusions regarding the
aerosol characteristics over Skukuza are apparent, a large
scatter in the data does lead to visual uncertainties.
SUMMARY AND CONCLUSIONS
The characterization of the optical properties of the
atmospheric aerosols over Skukuza, as well as their seasonal
heterogeneities attributed to the different sources and longrange transport, is of great importance in identifying the
dominant aerosol types and assessing their radiative
impacts. The present study is carried out mainly focused on
the classification and identification of different aerosol
types over Skukuza, South Africa to obtain information in
determining the aerosol particle size and type using
Sunphotometer observations. The results showed a large
temporal variation of the examined aerosol properties
(AOD500, α440-870, and a2) over Skukuza strongly affected
by the continents, the outflow of pollutants, relative humidity
and the mixing processes (e.g., coagulation, humidification)
in the rural atmosphere as it has been already reported by
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the same authors in their recent works.
The spectral AODs were found to exhibit steep decrease
with increase in wavelength and vice-versa, with high
values (0.30 ± 0.14) in spring and very low values (0.13 ±
0.11) in autumn season, indicative of dominant presence of
fine-mode particles relative to coarse-mode. The analysis
of the seasonal data suggest the presence of fine-mode
aerosols under turbid atmospheres in spring and winter, the
concurrent presence of fine (biomass burning) and coarse
(dust) in summer and the significant influence of sea-salt
mixed with dust aerosols in autumn. Using the relationship
between AOD500 and α440-870, four aerosol types were
identified over Skukuza region in order to represent different
atmospheric conditions (i.e., biomass burning/urban-industrial
(BU), clean maritime (CM) and desert dust (DD) aerosols).
The cases, which do not belong to any of the above types,
are characterized as mixed (undetermined) type (MT)
aerosols. The AOD500/α440-870 correlation (contour density)
plots over Skukuza revealed the existence of different
aerosol types on certain days, months and seasons in
contrast to the dominant scenario of a mixed aerosol type
in the atmospheric column over this area. The correlation
showed that the main aerosol type (BU) over the region
corresponded to the (AOD500, α440-870) pair of (0.3, 1.6).
The annual frequencies of occurrence of different aerosol
types are found to vary strongly with season and month.
Thus the higher occurrence of BU (67.31%) aerosols in
spring; the predominance of CM and MT conditions was
identified in all the seasons with the more occurrence of
CM aerosols (28.33%) in summer, while the DD (1.67%)
aerosols were mainly found, although rare, in summer
period. The CM conditions were nearly absent, while quite
interesting was the higher fraction of mixed aerosols (MT),
which was dominant during autumn and spring seasons.
The investigation was extended by performing the
simple use of the AOD and Ångström exponent data used
in deriving the curvature (a2) showed to obtain information
for determining the aerosol-particle size and type of the
aerosol. The analysis showed that the inclusion of the
curvature (polynomial fit of lnAOD with respect to lnλ) did
not significantly improve the aerosol type discrimination
over Skukuza. This is attributed to the mixed aerosol field
over the region, since particles of different origins and
sectors can be present in the atmospheric column. The
results of our study confirm the large variability of aerosol
optical properties with space and time.
In the present work, we have also provided a graphical
framework introduced in Gobbi et al. (2007), to classify
different aerosol types based on AERONET Sunphotometer
data. It is clear from that during summer, dα values close to
zero or positive with the low AOD (< 0.2) associated with
the smaller α (< 1.0) and η < 50%, suggest the influence of
transported mineral dust (coarse) over the region. Whereas
in spring, the data clearly demonstrates that an extremely
large fraction of fine-mode aerosols in turbid atmosphere,
mainly caused by local anthropogenic pollution or biomass
aerosol transported from forest fires. This was the most
exciting findings in the present work, which differentiates
the aerosol characteristics over Skukuza during the study

period. Overall, the above classification scheme provides
an additional, versatile tool to characterize aerosol properties
as well as to explore the information on aerosol-particle size
for different aerosol types and aerosol-cloud border region
by means of easily accessible, direct Sunphotometric
observations.
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