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ABSTRACT

The present study uses the data collected from Cimel Sunphotometer of Aerosol Robotic
Network (AERONET) for the period from January to December, 2012 over an urban site,
Pretoria (PTR; 25.75°S, 28.28°E, 1449 m above sea level), South Africa. We found that
monthly mean aerosol optical depth (AOD, 7,) exhibits two maxima that occurred in
summer (February) and winter (August) having values of 0.36 + 0.19 and 0.25 + 0.14,
respectively, high-to-moderate values in spring and thereafter, decreases from autumn
with a minima in early winter (June) 0.12 + 0.07. The Angstrom exponents («sa0-g70) likewise,
have its peak in summer (January) 1.70 + 0.21 and lowest in early winter (June) 1.38 + 0.26,
while the columnar water vapor (CWV) followed AOD pattern with high values (summer) at
the beginning of the year (February, 2.10 + 0.37 cm) and low values (winter) in the middle of
the year (July, 0.66 + 0.21 cm). The volume size distribution (VSD) in the fine-mode is higher
in the summer and spring seasons, whereas in the coarse mode the VSD is higher in the
winter and lower in the summer due to the hygroscopic growth of aerosol particles.
The single scattering albedo (SSA) ranged from 0.85 to 0.96 at 440 nm over PTR for the
entire study period. The averaged aerosol radiative forcing (ARF) computed using SBDART
model at the top of the atmosphere (TOA) was —8.78 = 3.1 W/m?, while at the surface it
was -25.69 + 8.1 W/m? leading to an atmospheric forcing of +16.91 + 6.8 W/m?, indicating
significant heating of the atmosphere with a mean of 0.47 K/day.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction Anthropogenic sources include emissions from fossil fuel and bio

fuel combustions, industrial processes, agricultural practices,
Tropospheric aerosols, also known as particulate matter (PM), are human induced biomass burning and photochemically induced
produced by both natural and anthropogenic processes. Natural smog primarily, due to vehicle emissions (Levy et al., 2007;
sources include windblown mineral dust, precursor gases from Tesfaye et al,, 2011). Unlike greenhouse gases (GHGs), tropospher-
volcanic eruptions, natural wild fires, vegetation and oceans. ic aerosols have short life time (about few weeks or less), and

* Corresponding author. E-mail: krkumar@nuist.edu.cn (Kanike Raghavendra Kumar).
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therefore, their spatial distribution is highly inhomogeneous and
strongly correlated with their sources. Also, they vary in size by
orders of magnitude and their properties change as they interact
within the atmosphere (Rajeev et al., 2000). They are being
removed by clouds and dry deposition processes. Despite rela-
tively short average residence times, they travel long distances.

Atmospheric aerosols, derived from natural as well as anthro-
pogenic emission sources, are important and significantly contrib-
ute to Earth’s radiation budget through a variety of pathways such as
direct effects on scattering and absorption of solar radiation, indirect
effects on cloud microphysics, and semi-direct effects (Kaufman et
al., 2002; Yoon et al., 2005; Ramanathan et al., 2007; Ramanathan and
Carmichael, 2008; Kim et al., 2010). These aerosols are known to
affect the air quality, human health and radiation budget, and
understanding their climatic and environmental effects has been a
central theme for the global scientific community. Most of the
aerosol particles such as sulfate and sea salt, mainly scatter solar
radiation, while black carbon aerosols strongly absorb radiation
(Ramanathan and Carmichael, 2008). Regardless of whether the
aerosol absorbs or scatters radiation, less solar radiation penetrates
to the Earth’s surface (Lohmann et al., 2010). Furthermore, such
effects are determined by their optical, physical, radiative and
chemical characteristics in concert with source, strength and/or
advection by local synoptic meteorological processes.

The direct radiative effect (DRE) due to aerosols is defined as the
effect of total aerosols (both natural and anthropogenic) on the
radiative fluxes primarily due to the direct scattering and absorp-
tion of solar radiation by aerosols and is measured in terms of watts
per square meter termed as aerosol direct radiative forcing (ADRF or
simply ARF) (Chunget al., 2005; Srivastava et al., 2012). The values of
radiative forcing (RF) at the bottom (RFpoa) and top (RFroa) of the
atmosphere are key parameters in the quantification of the impact
of aerosols on climate. The ARF due to aerosols is one of the largest
sources of uncertainties in estimating climate perturbations due to
large spatial variability of aerosols and the lack of an adequate
database on their radiative properties (IPCC, 2007). Some estimates
suggest that anthropogenic aerosols and biomass burning have
climate forcing enough to offset warming caused by GHGs such as
carbon dioxide (Kiehl and Briegle, 1993).

According to the Intergovernmental Panel on Climate Change
(IPCC, 2001) Fourth Assessment Report, the global average radiative
forcing by aerosols is —1.2 W/m?, whereas, it is about 2.6 W/m? for
GHGs. Much attention has been paid to quantifying the radiative
forcing by aerosols (Pandithurai et al., 2008). Therefore, measuring
and understanding changes in aerosol loading over time are highly
essential to predict climate change (Tesfaye et al.,, 2011). For this
purpose, different ground- and satellite-based remote sensing
techniques are providing a systematic retrieval of aerosol optical
properties on the global and regional scale (Kaufman et al., 2002;
Kahn et al., 2010; More et al., 2013; Alam et al., 2014). Satellite data
does not provide a complete characterization of the optical
properties of aerosols, or information on their other characteristics
(Eck et al., 2005). A major advance in this respect has been the
introduction of the Aerosol Robotic Network (AERONET) (Holben et
al., 1998), which means that satellite remote sensing of aerosols no
longer needs to be largely independent but can be tied in to this
coordinated and harmonised ground data network. Ground-based
remote sensing has become a powerful method for characterizing
atmospheric aerosols (Dubovik and King, 2000) as it is able to
present a clear picture of the optical properties of each of the aerosol
species (Dubovik et al., 2002; Cattrall et al., 2005).

South Africa is a developing country and lies in the extreme
bottom of southern part of African continent. It has four distinct
seasons; summer (December-February; DJF), autumn (March-May;
MAM), winter (June-August; JJA) and spring (September-November;
SON). Aerosol radiative forcing (ARF) and optical properties have not
been studied in the Pretoria (PTR; 25.75°S, 28.28°E, 1449 m above sea
level) (Fig. 1) region where atmospheric brown clouds (ABCs) are
frequently observed (Ramanathan and Carmichael, 2008) with large

amount of absorbing aerosols emitted due to biomass burning and/
or forest fires which includes black carbon (Queface et al., 2011). In
this study, the previously reported work by Kumar et al. (2013a) has
been expanded to give detailed description of aerosol optical,
microphysical and radiative properties for the first time over PTR,
an urban site in the northwest part of South Africa.

The data from the AERONET Sunphotometer over PTR for one
year period of 2012 has been used in the present work to study
the significant changes in the aerosol properties. Here we
examined the aerosol optical, microphysical and radiative
properties in terms of aerosol optical depth (AOD), Angstrém
wavelength exponent (aq40-870), particle volume size distribution,
single scattering albedo (SSA), and asymmetry parameter (ASP),
together with the real (Re) and imaginary (Im) parts of the
complex refractive index (RI). Airmass trajectories (7-day
back-trajectory) have been used to trace the source, path and
spatial extent of mineral dust and smoke events using National
Oceanic and Atmospheric Administration (NOAA) Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model.
Further, the monthly average ARF and forcing efficiencies were
calculated using the Santa Barbara DISORT Atmospheric Radia-
tive Transfer (SBDART) model (Ricchiazzi et al., 1998), and
compared with the magnitudes derived from AERONET to know
the impact on environment and climate change.

1. Experimental site, instrumentation and methods
1.1. Site description

An automatic sun/sky radiometer (Cimel Electronique, Paris,
France) was set up at PTR operational since July 2011 under
the joint collaboration between NASA and the Pretoria’s office
of Council for Scientific and Industrial Research (CSIR). PTR is
one of the three capital cities of the nation, serving as the
administrative capital. It is situated in a transitional belt
between the plateau of the Highveld to the south and the
lower lying Bushveld to the north approximately 55 km
northeast of Johannesburg city in South Africa. The city has
a humid subtropical climate with long hot and rainy
summers, and short cool and dry winters. The major
industries in PTR include the manufacture of motorcycles,
chemicals, pharmaceuticals, engineering products, con-
struction materials, steel industries, oil refineries, cement
factories, and power plants. In addition to the industrial
emissions, other anthropogenic sources that include vehic-
ular emissions from main highways, coal combustion,
agricultural and biomasses burning are the major local
sources of aerosol in this capital city of South Africa. The
aerosols derive mainly from soil or road dust, sea-salt
particles from the Indian Ocean and secondary aerosols
produced from biomass burning.

1.2. Measurements

Sun/sky radiometer (Model: CE318, Cimel Electronigue, Paris

France), which is placed on the roof of a buildihg to make free
from tall buildings and trees, takes measufements of the
direct beam and sun/sky almucantar radiance|measurements
provide column-integrated spectral aerosol [optical depths
(AODs) from 340 to 1020 nm and 440-1020 njm, respectively
(Holben et al., 1998). Seven of the eight barlds are usedqto
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acquire AOD data, while the eight band 940 nm is used to
estimate total columnar water vapor (CWV) in the atmo-
sphere. A careful assessment of the overall uncertainty in
computed AOD due to calibration uncertainty typically for a
field instrument is +0.01 to +0.02 which is spectral dependent
with higher errors in the UV spectral range (Eck et al., 1999;
Smirnov et al, 2002). Furthermore, from the almucantar
measurements and the spectral deconvolution algorithm
(SDA) retrievals, aerosol volume size distribution (VSD),
single scattering albedo (SSA), asymmetry parameter (ASP),
refractive index (RI), fine- and coarse-mode AODs are also
available for large solar zenith angles (>50°) and high aerosol
loading conditions (AOD440 > 0.4) (Dubovik et al., 2000). More
details about the instrument, uncertainties, error estimation
etc., are discussed by several earlier researchers (Holben et al.,
1998; Eck et al.,, 1999; Dubovik et al,, 2002). The data of PTR
station are obtained from the AERONET website (http://aeronet.
gsfc.nasa.gov/) and version 2.0/level 2.0 of the quality assured
daily points’ format data of direct sun and inversion products are
used for the study period of January-December, 2012.

1.3. Methods to obtain AOD and inversion products

The effect of radiative transfer is proportional to the amount of
particles present in the column but it also depends on their
intrinsic optical properties. The spectral variation of AOD
provides useful information on columnar size distribution and
can be best represented by Angstrém power law relationship,
given by Angstrém (1964):

Ta(\) =pPN¢ 1)

where, 7, (\) is the AOD at wavelength \ (in micrometers), g is
the turbidity coefficient, indicating total aerosol loading, which
equalstot,at\ = 1 pm, and « is widely known as the Angstrém
exponent (AE), which is a good indicator of aerosol particle size
(Eck et al., 1999). AE largely depends on aerosol size distribution
and is a measure of the ratio of coarse- to fine-mode aerosols, with
higher values representing increased abundance of fine-mode
aerosols and lower values representing increased abundance of
coarse-mode aerosols (Kumar et al., 2009; Srivastava et al., 2012).
Besides the information contained directly in the AOD and
its spectral dependence, an inversion algorithm developed by
Dubovik and King (2000) and subsequently modified by Dubovik
et al. (2002) can be used to retrieve the columnar aerosol’s
characteristics from the direct sun and diffuse sky radiance
measurements. In the most recent version (Version 2.0) of
the inversion algorithm (Dubovik et al., 2006), the vertically
averaged aerosol volume size distribution (dV/dInrin a range of
radii between 0.05 and 15 um, the real and imaginary parts of
the aerosol complex refractive index, the scattering phase
function, which in turn allows computation of the asymmetry
parameter (g), and the single scattering albedo (SSA) are
retrieved in the inversion data products of AERONET data. The
above last two quantities are crucial inputs for the radiative
transfer codes used for the quantification of the aerosol’s
impact on radiative transfer. Another important addition in the
Version 2.0 inversion products is that a new set of radiative
properties is given at any AERONET station. More details and
computations of these parameters were described elsewhere by

many researchers to name a few, El-Metwally et al. (2011) and
Esteve et al. (2014) in their respective works.

1.4. HYSPLIT trajectory model

The HYSPLIT_4 (http://www.arl.noaa.gov; Air Resources Lab-
oratory, National Oceanic and Atmospheric Administration,
USA) model is a system with simple graphical user interface
for computing trajectories and air concentrations (Draxler
and Hess, 1998). Gridded meteorological data at regular time
intervals are used in the calculation of airmass trajectories.
For back-trajectories, data are obtained from existing
archives. A complete description of input data, methodolo-
gy, equations involved, and sources of error for calculation
of airmass trajectory can be found in Draxler and Hess
(1998). The model is run directly on the web (http://www.arl.
noaa.gov/ready/hysp_info.html) by giving necessary inputs
or on local PC after installing the software and input data
set. The executables and meteorological data are provided
by the NOAA ARL (Air Resources Laboratory) for free for
back-trajectory analysis and registration is required for
forecast analysis. The model gives output in the form of
post-script image and as well as ASCII form that can be
imported in other programs for plotting.

2. Results and discussion
2.1. Synoptic meteorological conditions

The monthly mean variations of prevailing background
meteorological conditions over the site (PTR) during the
study period are shown in Fig. 2a—c. The data was provided
by South African Weather Service (SAWS) from the surface at
an altitude of 1449 m above sea level during the study period.
The total annual rainfall recorded for the study period stands at
573.4 mm (Fig. 2a). The station experienced high wind speed
during the spring and summer and low during the autumn and
winter. The maximum value was recorded in the September of
1.6 + 0.6 m/sec and minimum in the month of May, which is
0.5 + 0.2 m/sec (Fig. 2b). The direction of wind is generally from
the south, apart from July-August where it is from the
southeast. Ambient air temperature is the lowest in June
during the winter and keeps on increasing till November. It
goes down a little in December and January and rose to another
peak in February and thereafter, it decreases till June. The
maximum air temperature at the two maxima was noticed to
be 30.3°C in February and November, while the minimum of
5.5°C was recorded in June (not shown in figure). The average
monthly temperature was observed high in February with a
value of 24.9 + 1.2°C and low value of 12.8 + 2.0°C in June (see
Fig. 2¢). Relative humidity ranges from 36% in August to 63% in
December due to an increase in diurnal temperatures (Fig. 2c).
It fairly decreases from January to August and hegins to rise till

December.
2.2. Variabilities in aerosol optical properties

The aerosol optical depth is representative pf the airborne
aerosol loading in the atmospheric column, apd is important
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for the identification of aerosol source regions and aerosol
evolution. Fig. 3a—c illustrates the monthly averaged AODsqo,
CWV and o440-g70 for twelve months (January-December
2012) in PTR with the standard deviation. A total of 333 daily
averages contributed to the statistics to represent the figures.
It can be easily found that AOD showed a distinct seasonal
variation in this urban area with high values that mainly
occurred in summer. Two maxima of AODsq, were recorded
during the year in February (summer) and August (early of
spring or late winter) with values of 0.36 + 0.19 and 0.25 +
0.14, respectively, while the minimum was observed in April/
June (late autumn or winter) which is of 0.12 + 0.07 (Fig. 3a).
The appearance of high values of AODsq, in summer was
related to high convective activity and contribution of dust
and smoke particles emitted from surrounding regions by the

160

long-range transport, which is clearly evident from HYSPLIT
model described in the following paragraphs (Fig. 4a—d).

The occurrence of high value in urban region was also
related to the anthropogenic pollution and local prevailing
meteorological conditions. The high temperatures during
January/February play an important role in heating ground
and lifting the loose soil particles with association of wind
speed (Devara et al., 2005; Yu et al., 2009; Kumar et al., 2009).
Sometimes, the very high values of AODsqy (>0.5) noticed in
the present study may possibly due to the presence of
optically thin high altitude clouds over the experimental
site. Further, higher AOD values particularly during the late
winter months are considered to be due to combination of
large-scale circulation processes and elevated temperature
inversion-caused haze layer formations (Devara et al., 2005).

140
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Fig. 2 - Monthly mean variations in (a) total annual rainfall, (b) polar chart representing wind speed and direction, and (c) average
values of relative humidity and air temperature during the study period January-December, 2012 prevailing over Pretoria.

Source: SAWS.
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The decrease in AOD values has been observed during June
compared to May because of dispersal of aerosol due to
stronger wind speeds (see Fig. 2b), cloud-scavenging and
rain-washout processes (Kumar et al., 2009).

In order to understand the origin of airmasses arriving in
the studied region, we performed 7-day back-trajectory
analyses based on the NOAA HYSPLIT model (Draxler and
Rolph, 2003) with the GDAS as the meteorological input for the
trajectory model. These trajectories are computed at three
different levels 500 m, 1500 m and 3000 m above sea level.
Fig. 4 represents 168 hr back-trajectories ending at observa-
tion site for typical days on 19th February, 10th April, 7th June
and 7th October during four different seasons for the period of
study. These trajectories are considered to be representative
of the entire time period analyzed. Fig. 4a and d obtained on
high AOD days during which the airmass parcels coming from
the mainland of South Africa and surrounding arid/semi-arid
regions traveling a short distance before reaching the mea-
suring site. Fig. 4b, c indicates low AOD days where the
trajectory at different levels has a long history originating
from the pristine marine environment. These trajectories
transport sea-salt (coarse) particles that get settled down
before reaching the site due to their smaller residence times.
Fig. 4d is obtained to show evidence of long-range transport of
smoke particles emitted from biomass burning and/or forest
fires traversing through Mozambique and Madagascar which
occur every year during the spring season.

The CWV followed a pattern with high values in January
(2.08 + 0.32 cm) and February (2.10 + 0.38 cm) followed by a
decrease until June (0.68 + 0.34 cm), July (0.66 + 0.22 cm) and
then an increase until December (2.00 + 0.24 cm) (see Fig. 3b).
The high (low) value of CWV which was noticed in February
(July) corresponds to the high (low) aerosol loadings (AODsq)
which shows that AOD and CWV follow similar seasonal
trend throughout the year. The correlation coefficient be-
tween CWV and AOD were found to be 0.41, which clearly
suggests that aerosol particles over PTR are more hygroscopic
and is consistent with the general synoptic pattern over the
region. Angstrom exponent (o) was a measure of the
wavelength dependence of AOD and a good indicator of
aerosol particle-size. It is clearly depicted from Fig. 3c that
the monthly mean values of au4-g70 Were always greater than
1.5 throughout the year with more or less similar values in all
months/seasons, except in the winter. These results signify
the presence of greater contribution of aerosols in the
fine-mode to the extinction for the present study period. The
values range from 1.30 = 0.26 in June to 1.70 + 0.20 in January.
The high values of both a440-g70 and AODsgo which occurred in
summer indicated that there was an increase in the contri-
bution of fine-mode particles during the high temperature
period (Lyamani et al., 2006).

In terms of seasonal variations, AODs has its peak value
of 0.24 + 0.16 in summer, followed by 0.20 + 0.12 in spring,
0.18 + 0.10 in winter and a low value of 0.16 + 0.09 in autumn.
This is unlike Skukuza (South Africa) or Mongu (Zambia)
where the highest AODsq occurred during the spring (biomass
burning) season (Queface et al., 2011; Kumar et al., 2013b). We
pointed out in our earlier study that this occurrence in
summer in PTR can be attributed to the contribution of
pollutant particles emitted from local anthropogenic sources

and prevailing meteorological conditions, such as high
temperature and the growth of hygroscopic particle with the
increase in CWV during this period (Kumar et al., 2013a). The
high value of 2.06 + 0.32 cm for CWV was observed in
summer, followed by 1.40 + 0.50 cm in spring, 1.25 + 0.42 cm
in autumn and 0.69 + 0.31 cm in winter. The ay40-g70 likewise,
has its peak value of 1.67 £ 0.23 in summer, followed by
1.60 + 0.23 in autumn, 1.52 + 0.22 in spring and 1.41 + 0.25 in
winter.

The scatter plot of daily au40-g70 Versus AODsqo was shown in
Fig. 5a; this allows one to define physically interpretable cluster
regions for different types of aerosols or qualitative indication
on aerosol load due to particles of different sizes (Smirnov et al.,
2002; Bi et al., 2011; Sumit Kumar et al., 2011; Kumar et al.,
2013b). For AODsqg < 0.4, the au4p-g70 Values ranges between 0.8
and 1.2, a case of a mixture of both fine mode and coarse mode
aerosols with dominance of fine mode aerosols. CWV and
AODso, shows a poor correlation (R =0.41) (Fig. 5b). For
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Fig. 3 - Monthly average (a) aerosol optical d¢pth (AOD) at
500 nm, (b) columnar water vapor (CWV), and (c) Angstrom
exponent (oua40-g70) measured from Cimel Sufiphotometer
over Pretoria. The solid rectangular dot repregsents the mean
and the vertical bars indicate the standard dqviations of the
mean.
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Fig. 4 - NOAA-HYSPLIT model run five-day backward trajectory analysis of airmass pathways at 500, 1500 and 3000 m
altitudes on typical representative days during high AOD (a, d) and low AOD (b, c) in four different seasons over Pretoria.

AOD < 0.4, CWV ranges from 0.25 to 2.5. This may be the fact
that aerosol and water vapor were being transported at different
heights. Scatter plot of CWV and au40-g70 Which is showed in
Fig. 5c has a significant correlation with coefficient of 0.55 as
hygroscopic effect tends to make aerosol increase in their size.

Fig. 6 is the AODsqp, CWV and aus40-g70 Showing the per-
centage of occurrences categorized by individual seasons. The

autumn has the narrowest probability disfribution with a

modal value of 0.1 followed by the winter With same modal
value. However, summer has the widest digtribution with a
modal value of 0.1 and spring has the modaljvalue of 0.2. The
highest seasonal value recorded is due to the|fact that AODsgs
of 0.2 and 0.3 values is quite appreciable foyming over 40%;)
For aus0 870, apart from summer when the mpdal was 1.8, the
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Fig. 5 - Scatter plots between different aerosol optical
parameters during the study period over Pretoria.

modal value remained at 1.6 in all the seasons. The columnar
water vapor ranges from 1.0-3.0 cm for summer with a modal
value of 2.1 cm. The autumn and spring showed a wide
distribution from 0.4-2.4 cm with a modal value of 1.2 cm,
while in the winter, the range of distribution is from 0.2 to
1.5 cm with a modal of 0.5 cm.

2.3. Aerosol volume size distribution

The iterative inversion algorithm for retrieval of aerosol
optical and microphysical properties including VSD, SSA,
real (Re) and imaginary (Im) parts of refractive indices and
asymmetry parameter (ASP) from sun and sky radiance data
is contained in the work of Dubovik and King (2000). The
inversion algorithm produces retrievals, which correspond
to the effective optical properties for the total atmospheric
column. In the retrieval algorithm, the aerosol particles are
assumed to be poly-dispersed homogenous spheres (Smirnov
et al., 2002). Dubovik et al. (2000) showed that the size
distribution, in the case of nonspherical dust aerosols, can
be retrieved reasonably well when the angular range of sky
radiances is limited to angles smaller than 30°-40°. However,
in order to retrieve the SSA the sky radiances acquired in the
whole almucantar are needed along with the direct sun
measurements. Thus for nonspherical dust aerosols, we
should use the early morning or late afternoon (scattering
angle range is large) sky radiance measurements to retrieve a

single scattering albedo and sky radiances acquired around
midday (scattering angle is small) to extract aerosol size
distributions (Smirnov et al., 2002).

The aerosol VSD is an important parameter, which has an
intense effect on climate. The worldwide aerosol size distri-
bution exhibits two distinct modes: fine particles with particle
size < 0.6 pm and coarse with particle size > 0.6 pm (Dubovik
et al,, 2002). In the present study, the AERONET VSDs (dV(r)/
dlnr) are retrieved from spectral and sun radiance data using
the Dubovik and King (2000) approach, with the following
initial guess: dV(r)/dlnr = 0.0001, n(\;) = 1.50, Rk(\;) = 0.005,
where dV/dInr denotes aerosol volume size distribution, and
n(\;) and k(\;) denote real and imaginary parts of the complex
refractive index at a wavelength ;. The AERONET aerosol size
distributions are retrieved from the Sunphotometer using 22
radius size bins in the size range of 0.05-15 pm. The volume
size distributions exhibit a bimodal structure, which can be
characterized by the sum of two log-normal distributions as
follows:

avr) & Cy; (Inr-Inry ;)*
dinr ;\/2110,» N T @)

where, ¢; is the standard deviation, ry; is the volume median
radius and Cy; is the volume concentration for fine and coarse
modes. More information about the calculation of different
quantities involved in the above Eq. (2) was described by Alam
et al. (2011).

Table 1 shows the parameters of the bimodal lognormal
volume size distribution which reflects the monthly mean of
each parameter. The volume geometric mean radius for fine
aerosol was stable at 0.15 pm throughout the autumn. This
size ranges between 0.14 and 0.15 pm in the winter and spring
but goes higher in the summer ranging from 0.16 pm in
December and January to 0.18 pm in February. The geometric
mean radius for coarse mode aerosol was the lowest in
December (3.02 um) and the highest in June (3.27 um) corre-
sponding to the lowest value of a440-g70. The volume concen-
tration for fine aerosol doubled between January and
February; whereas in the coarse, the volume concentration
in August and September is nearly double than in January.
The variations in VSD over PTR were mainly attributed due to
the changes in the concentration of aerosol fine mode fraction
with coefficient of variation (COV), defined as standard
deviation to the mean, equal to 74%. The annual average
fine and coarse mode particles geometric mean radii were
0.15 + 0.02 and 3.17 + 0.26, respectively. The COV yielded 14%
for the fine mode Rf and 10% for oy, while 8% and 6% for the
coarse mode and oy, respectively.

The seasonal average VSD (dV(r)/dlnr) as shown in Fig. 7
represents a bimodal lognormal distribution with fine mode
dominating at a radius of about 0.15pm, whereas the
coarse-mode is dominant with a radius of about 4 ym. The

VSDs in the fine-mode are higher in the spring season than in
the summer season and lower in the autunpn season. The
higher values in spring are due to the frequent biomass
burning activities and forest fire events, whereas in the
summer season it is due to the transport df mineral dust
over this region and also due to meteorologcal conditions,
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Table 1-Mean monthly of derived parameters from
aerosol volume size distribution over Pretoria for 2012.

Month Fine-mode Coarse-mode

Ve Rernp Rfe of Ve Rerg R oc

Jan-12  0.032 0.15 0.16 043 0.024 241 3.06 0.68
Feb-12 0.063 0.16 0.18 045 0.039 258 318 0.64
Mar-12 0.029 0.13 0.15 042 0.031 254 323 0.66
Apr-12 0.028 0.14 0.15 042 0.027 252 318 0.66
May-12 0.031 0.14 0.15 041 0.038 250 317 0.66
Jun-12  0.015 0.13 0.14 044 0.033 257 3.27 0.65
Jul-12 0.026 013 0.14 041 0.046 252 322 0.66
Aug-12 0.036 0.14 0.15 041 0.046 247 317 0.67
Sep-12 0.031 0.14 0.15 043 0.042 243 313 0.68
Oct-12 0.040 0.13 0.14 041 0.031 243 316 0.69
Nov-12 0.039 0.13 0.14 041 0.039 244 314 0.68
Dec-12 0.025 0.15 0.16 046 0.021 238 3.02 0.67
Mean 0.032 014 015 043 0.036 249 317 0.67
SD 0.024 0.02 0.02 0.04 0.015 024 026 0.04
VvC 0.740 012 0.14 0.0 0433 010 0.08 0.06

Vg, Ve (um?/um?) are the volume concentrations; Refr (), Regr (€) (um)
are the effective radii; R, R. (1m) are the volume mean radii and; o¢
and o. are the geometric standard deviations; all parameters for
fine- and coarse-mode particles, respectively.

such as temperature and relative humidity. The VSDs in the
coarse-mode are higher in winter and lower in the summer
season, which is attributed to hygroscopic growth of ambient
particles (Singh et al., 2004; Tirpathi et al., 2005; Pandithurai et
al., 2008; Alam et al, 2012). There observed a noticeable
transition from the coarse-mode dominance to the fine-mode
at the end of the winter season to the beginning of the spring.
This may be due to the onset of the biomass burning in
preparation for farming as most of the fine mode particles are
anthropogenic in origin (Eck et al., 2005; Tesfaye et al., 2013). The
fine-mode aerosol size distribution indicated that the fine peak
radius increased from that of the spring (0.15 um) to the
summer (0.2 pm) which denoted an increase in anthropogenic
aerosol concentration. Tirpathi et al. (2005) reported an increase
in volume concentration in the coarse-mode by 50% during
summer season. Pandithurai et al. (2008) found an increase in
volume size distribution in summer over Delhi, India. Wang et
al. (2011) observed an increase trend in the fine-mode peak
radius from summer to winter season for Kanpur AERONET site
in India. Alam et al. (2011) also found an increase in volume
concentration in the coarse-mode by 40%-70% during the
summer season compared to the other seasons over Karachi
in Pakistan.

2.4. Single scattering albedo, asymmetry parameter, refractive
index

The single scattering albedo (SSA) provides important informa-
tion regarding scattering and absorption properties of aerosols
and is used as a key parameter for estimating ARF. The sign at
the top-of-atmosphere (TOA) forcing can change depending on
the aerosol SSA (Takemura et al., 2002). It has thus a vital role in
understanding the climatic effects of the aerosols. SSA is defined
as the ratio between the particle scattering coefficient and total

extinction coefficient. The values of SSA strongly depend on
the aerosol composition and size distribution (Dubovik et al.,
2002). It is zero for pure absorption (e.g., soot) and one for pure
scattering (e.g., sulfate). SSA for urban-industrial aerosol as
retrieved from worldwide AERONET stations ranging from 0.90
to 0.98 and for biomass burning between 0.88 and 0.94 at lower
wavelength (Dubovik et al., 2002; Eck et al., 2003a). SSA was
found to be wavelength dependent due to the influence of dust
and anthropogenic activities during both the summer and
winter seasons. Spectral variations in the SSA differ between
dust and urban anthropogenic pollution, with the SSA tending to
increase rapidly with increasing wavelength during dust events
but to decrease during periods of increased urban pollution
(Dubovik et al., 2002).

The seasonal mean spectral variation of SSA over the
period of January-December 2012 is shown in Fig. 8a and the
vertical bars represent the standard deviation to the mean. It
is clear from the figure that the SSA values are lower in winter
and higher in summer. The maximum SSAs are found in
summer and are 0.976, 0.962, 0.953, and 0.950 at 440, 675, 870
and 1020 nm, respectively. When dust is not the major
contributor to the atmospheric optical state, SSA has a
selective spectral dependence i.e., SSA decreases with in-
crease in wavelength, which is clearly seen from Fig. 8a and
is attributed to the presence of a mixture of aerosols from
multiple sources. The SSA being greater than 0.9 for all the
wavelengths during the summer suggests the abundance of
anthropogenic aerosols of urban-industrial pollution which are
absorbing in nature rather than scattering, while the spring
time value of SSA between 0.8 and 0.9 suggests dominance of
aerosols from biomass burning or forest fires. The SSA during
the onset of the spring (November) was a little bit higher than
0.9 at lower wavelength which suggests that the urban aerosol
tends to have more input in the aerosol loading when
compared to the biomass aerosol. The winter SSA wavelength
dependence is similar to that of the spring, while that of
autumn is closer to the summer. It can be inferred that the fine
mode aerosols prevalent over PTR originates from both
urban-industrial and biomass burning sources.

The asymmetry parameter (ASP, g) is a simple, single-
valued representation of the angular scattering and is a key
property controlling the aerosol contribution to forcing. It
is defined as the first moment of the particle scattering
phase function for clear atmosphere. It is also defined as the
intensity-weighted average cosine of the scattering angle and
is expressed mathematically as follows:

m
g = % / cos 6P(6)sin 6d6 3)
0

where, 6 is the angle between the transmitted and the
scattered radiation and P(6) is the phase function (angular
distribution of scattered light). The value of g ranges between
-1 for entirely backscattered light to +1 for entirely forward

scattered light. Like the SSA, the ASP is flso a spectral
dependent parameter. Fig. 8b shows the specfral variation of
ASP for different seasons. There is a consistent decrease in
ASP values with increasing wavelengths showjing the spectral
dependence following a similar trend as AOQJ Values of ASP
decrease in the visible spectral region and slightly increase in
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Fig. 7 - Seasonal variations with standard deviations of aerosol volume size distributions derived from sky radiance as a

function of particle radiance.

the near infrared region. The average ASP value ranges from
0.71-0.67 to 0.61-0.59 at 440 and 1020 nm, respectively. The
greater decrease in ASP was thus observed for the spring
(September-November). The results suggest that during this
period of the year, the anthropogenic (absorbing) pollutants
were relatively in abundance. Similar results were reported by
Pandithurai et al. (2008) and Alam et al. (2011, 2012, 2014) over
urban areas in India and Pakistan, respectively.

The retrieved real (Re) and imaginary (Im) parts of complex
refractive index (RI) for aerosol convey the ability of the
scattering and absorption to incoming radiation. The higher
real part values correspond to the scattering types and the
higher imaginary values correspond to the absorbing type
aerosol (Sinyuk et al., 2003). It was reported that the real and
imaginary part of urban aerosol has a range of values of 1.40-
1.47 and 0.009-0.14, respectively and for biomass burning, the
real and imaginary parts have 1.47-1.52 and 0.009-0.02,
respectively from four known regions of the world (Dubovik et
al., 2002) except, for Moldova where, the imaginary refractive
index is 0.0005 for all the wavelengths (Eck et al., 2003b). Fig. 9a
and b shows the seasonal mean of the retrieved real and
imaginary parts of the refractive indices at 440, 675, 870 and
1020 nm. For the real part, it ranges from 1.38 to 1.45 and
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imaginary part ranges between 0.004 and 0.024 at 440 nm with
weak wavelength dependence. In the case of summer season,
no significant wavelength dependence (almost flat) is observed
due to the increased anthropogenic pollution over the region. In
our investigation, the real (imaginary) part of refractive indices
ranges between 1.44 and 1.46 (0.017-0.016) in the spring, from
1.40 to 1.39 (0.004-0.0043) in the summer, from 1.45 to 1.50
(0.023-0.015) in the winter and in the autumn it varies between
1.38 and 1.40 (0.007-0.005). The real values over PTR were
highest in the winter season and lowest in the summer. The
high values in winter were due to a mixture of aerosols
from different sources in the study region. Our results are
consistent with those obtained by Alam et al. (2012) over
Karachi, Pakistan.

2.5. Aerosol radiative forcing and efficiency:
Model vs. observations

The aerosol radiative forcing (ARF or RF) at the top-of-
atmosphere (TOA) and at the bottom-of-atmosphere/surface
(BOA) is defined as the net change in radiative flux (down
minus up) in W/m? with (Fy) and without (F°y) aerosol brought
about by instantaneous change of aerosol content in the
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Fig. 8 - Spectral variation of single scattering albedo (SSA) (a) and asymmetry parameter (b) for four 4easons.
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atmosphere. The radiative forcing at BOA is given by:

(4)

The radiative forcing for the atmosphere (RFary) can be
derived from the radiative forcings at TOA and BOA:

0
Rl:BOA = FN‘BOA_F N,BOA-

RFatm = RFroa—RFpoa- (5)

Basically, RFgoa represents the combined effects of scat-
tering and absorption of solar radiation by air suspended
particles on the net flux at the surface, RFroa accounts for the
reflection of solar radiation to space by aerosols, and RFamy for
the absorption of solar radiation within the atmosphere due
to absorbing particles (e.g., Mallet et al., 2006). With the sign
criteria adopted here, negative values of RF correspond to an
aerosol cooling effect and positive values to warming. In our
present study, we made use of TOA and BOA forcing values
obtained directly from AERONET inversion product and also
computed using Santa Barbara DISORT Atmospheric Radiative

Transfer (SBDART) model (Ricchiazzi et al., 1998) to estimate
atmospheric radiative forcing.

AERONET Inversion product comes with TOA and BOA
representing the upward and downward fluxes measured
by the Sunphotometer. These fluxes are integrated over the
0.3-4.0 pm range including their values in the absence of
aerosols. All the broadband fluxes are simulated using an
interpolation and extrapolation of the real and imaginary
parts of the complex refractive index retrieved at AERONET
wavelengths. The spectral dependence of surface reflectance is
interpolated/extrapolated from surface albedo values assumed
in the retrieval of the wavelengths of sun/sky radiometer. The
aerosol radiative forcing efficiency (FE) which provides the
actual or total radiative effects of atmospheric aerosol is
defined as the rate at which the atmosphere is forced per unit
of aerosol optical depth taken at a reference wavelength
(500 nm, in this work) which can be calculated at both BOA
(and TOA) with:

FEgoa = RFgoa/AODsqp. (6)

Table 2 - Comparison of monthly mean AERONET derived and SBDART calculated aerosol radiative forcing (ARF) and forcing

efficiencies at the surface (BOA) and top of the atmosphere (TOA) along with the heating rate (HR).

Month AERONET derived ARF SBDART calculated ARF

Radiative forcing Forcing efficiency Radiative forcing Forcing efficiency Heating rate

(W/m?) (W/m?) (W/m?) (W/m?) (K/day)

TOA BOA TOA BOA TOA BOA TOA BOA
Jan-12 -12.92 -22.74 -91.17 -172.58 —-7.48 -17.1 —-44.35 -101.41 0.27
Feb-12 -23.04 -40.76 -82.68 -159.51 -18.31 -35.44 -53.85 -104.27 0.48
Mar-12 -11.05 -22.87 -91.05 -189.59 -7.35 -18.14 -48.91 -120.74 0.30
Apr-12 -10.65 -23.07 -84.12 -196.40 -8.43 -19.35 -56.72 -130.23 0.31
May-12 -12.28 -31.24 —-78.62 -210.39 -10.68 -24.20 -57.90 -131.22 0.37
Jun-12 -6.60 -22.77 -65.63 -262.34 -3.49 -20.32 -32.78 —-190.56 0.47
Jul-12 -10.07 -35.78 -66.31 —-247.99 -8.65 -27.28 —-49.99 -157.62 0.52
Aug-12 -11.39 —-49.04 -53.41 -244.97 -9.70 -37.17 -39.12 —-149.93 0.77
Sep-12 -11.91 -41.99 -62.51 -231.73 -9.63 —-38.60 -42.23 -169.31 0.81
Oct-12 -12.01 -36.14 -70.10 -232.60 -7.41 -30.75 -36.28 —-150.59 0.65
Nov-12 -12.70 -31.05 —-82.09 —-207.16 -7.14 -24.35 -38.64 -131.78 0.48
Dec-12 -11.24 -21.19 -90.49 -173.56 -7.13 -15.65 -46.42 —-101.89 0.23
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The two factors, radiative forcing and radiative forcing
efficiency are not independent of Solar Zenith Angle (SZA) and
the forcing efficiency for different types of aerosol is calculat-
ed using similar ranges of SZA values (El-Metwally et al., 2011).

Recently, many earlier researchers have discussed the
working principles of this model (Prasad et al., 2007; Alam et
al., 2011, 2012; Srivastava et al., 2011, 2012 and references
therein). A brief explanation therefore is provided in this
paper. In modeling of aerosol effects on atmospheric radia-
tion, the following aerosol optical properties like AOD, SSA,
ASP were obtained from PTR AERONET site. Besides these,
other input parameters include model atmospheric profile
and surface albedo values were obtained from Moderate
resolution Imaging Spectroradiometer (MODIS) satellite data
over PTR. Another such parameter is the SZA, which is
calculated by using a small code in the SBDART model
specifying a particular date, time, latitude, and longitude
(Alam et al., 2012).

A very good correlation was observed between AERONET
derived forcing values and SBDART computed forcing magni-
tude (figure not shown). The correlation coefficient for the
above two is 0.84 in the case of TOA, and the surface forcing is
about 0.94 while the ARF stands at 0.88. The monthly
variations are listed in Table 2 which shows that both
AERONET and SBDART have negative TOA values for all
the months which are an indication of net cooling. The TOA
value ranges from -6.6 W/m? in June to —-23 W/m? in February,
with an annual mean value of -12.2 W/m? for AERONET
whereas, the SBDART model computed value ranges between
-3.5 W/m? in June to -18.3 W/m? in February and an annual
mean of —8.8 W/m?. The surface forcing for AERONET ranges
from -21.2 W/m? in December to —-49 W/m? in August with an
annual mean of —31.6 W/m?. While for SBDART, it is in the
range from —15.6 W/m?in December to —37.2 W/m? in August
and annual mean of —25.7 W/m? The resultant atmospheric
forcing (ARF) values derived from AERONET range from
9.8 W/m? in January to 37.6 W/m? in August having all values
positive throughout the year indicating a warming effect with
an annual mean of +19.4 W/m? and for SBDART, it ranges from
8.5 W/m? in December to 29 W/m? in September and annual
mean of +16.9 W/m? Although the AOD was highest in
February, the results show that there is significant heating of

the atmosphere between August and September/October (see
Table 2) which corresponds to increase in temperatures and
production of carbon from biomass burning during the spring
months.

The forcing efficiency at the TOA (BOA) from AERONET
ranges from —-53.4 W/m? (-159.5 W/m?) in August (February)
to =91 W/m? (-262 W/m? in January (June) with an annual
mean of -76.5 W/m? (-210.7 W/m?). In the case of SBDART,
the TOA (BOA) values range from —32.8 (-101.4) W/m? in June
(January) to —57.9 W/m? (-190.5 W/m?) in May (June) with an
annual mean of —45.6 W/m? (-136.6 W/m?) (see Table 2). An
important feature of these results is that the surface level
relative forcing was not governed primarily by the AOD values
as reflected from the results obtained from AERONET and
that calculated using SBDART unlike the work reported by
Srivastava et al. (2011), where the surface forcing at Kanpur
and Gandhi College (two AERONET sites in India) was
primarily governed by the magnitude of AOD values. A
similar comparison of RF values at BOA, TOA and ATM for
different stations of urban environment over the globe is
presented in Table 3.

The net atmospheric forcing given by Eqg. (5) represents the
amount of radiative flux absorbed by the atmosphere due to
the presence of aerosols. This energy is converted into heat
inside the layers containing the absorbing particles, which
results in an increase of their temperature and alters regional
climate (e.g., Ramanathan et al., 2007; Pilewskie, 2007). Using
the basic laws of thermodynamics, the derivation of the
temporal rate of this increase (atmospheric heating rate) is
straightforward (Liou, 2002):

oT g AF
oGy AP @)
In this equation, the left hand term represents the

atmospheric heating rate (HR) in K/sec where T is the
temperature in Kelvin (K), t is the time in seconds (sec), g is
the gravitational acceleration (9.8 m/sec?), Cp, is the specific
heat capacity of dry air at constant pressure (1006 J/kg/K) and
AP is the height of the column containing the aerosol particles
expressed as the difference of atmospheric pressure between
its bottom and its top. The radiative heating was therefore

Table 3 - Comparison of aerosol radiative forcing (ARF) at the surface (BOA) and top of the atmosphere (TOA) along with the

heating rate (HR) derived in the present study with that of the previous studies reported over some urban stations.

Site Study period BOA TOA ARF HR Reference
(W/m?) (W/m?) (W/m?) (K/day)

Pretoria Jan-Dec, 2012 -15to -39 -7 to -18 +8 to +29 0.2t0 0.8 Present study
Delhi 2007 -69 to -78 - +78 to +98 - Srivastava et al. (2012)
Kanpur 2001-2010 -42 to -57 -12 to -18 +25 to +44 0.8 to 1.2 Kaskaoutis et al. (2013)
Hyderabad 2008-2009 -65 to -80 -17 to -23 +50 to +70 1.6 t0 2.0 Sinha et al. (2013)
Bangalore Nov 2004-May 2005 -20 to -40 +2 to +5 +20 to +45 - Satheesh et al. (2010)
Ahmedabad 2006-2008 -31to-41 -4to-12 +23 to +36 0.4 to 0.6 Ramachandranfand Kedia (2012)
Pune Oct 2004-May 2005 -33 to -47 -0.5to +0.6 +33 to +48 - Panicker et al. (2010)
Gosan 2001-2008 -27.5 -15.8 +10 to +16 1.5t03.0 Kim et al. (2010
Cairo Oct 2004-Mar 2006 —-46 to -81 -15to -25 +29 to +45 13t023 El-Metwally et pl. (2011)
Lahore Mar 2009-Nov 2010 -93 to -98 -19to -28 +70 to +74 = Alam et al. (2074)
Spain 2003-2011 -6 to -29 -1.5to -39 - - Esteve et al. (2q14)
Nanjing 2011-2012 - -6.9to +4.5 - - Zhuang et al. (4014)
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generally higher from August to October than the other
months with values 0.77, 0.81 and 0.65 K/day (Table 2). The
annual mean heating rate being 0.47 K/day observed for the
entire study period over PTR. In terms of seasonal effect,
aerosol contributes 0.33 K/day both in summer and autumn,
0.58 K/day in winter and 0.65 K/day in spring which is almost
twice that of summer and autumn.

3. Summary and conclusions

Analysis of spectral aerosol optical properties and inversion
retrievals of column integrated aerosol microphysical proper-
ties over the entire annual cycle was performed over an urban
city (PTR) in South Africa. One year data (January-December,
2012) has been used in the present study which is obtained
from the AERONET website measured using Cimel Sun-
photometer to analyze the aerosol loading in association
with local meteorology and estimated the atmospheric
radiative forcing from SBDART model. Continuous monitoring
of aerosol properties is necessary in order to assess more
accurately and in characterizing the annual cycle, since only
one year of data has been used in the present study. The
aerosol optical depth (AOD) showed two maxima occurring in
February and August with magnitude of 0.36 and 0.25,
respectively, while the minimum was noticed in April/June
(0.12). The seasonal average showed the highest in the
summer of 0.24 and the lowest of 0.16 during the autumn. In
most of the Southern African countries, the spring season is
known to have the highest AOD due to seasonal changes in
anthropogenic emission, meteorological conditions or specific
topography of the study region.

The monthly mean Angstrom exponent aa40-g70 has a peak
value of 1.70 in the month of January and the lowest in June of
1.38, whereas in terms of seasonal variation, the summer has
its highest at 1.67 and the lowest in winter with a magnitude
of 1.41. For AODsq < 0.4, a wide range of o exist between 0.8
and 2.0 and the correlation coefficient between AODsqo and
0440-g70 1S 0.52. CWV ranges between 0.3 and 2.5 with a
correlation coefficient of 0.41 with AODsgp, while a showed a
positive correlation of 0.55 with CWV.

Optical inversions of sky radiance indicate that the
variation in aerosol volume size distribution (VSD) showed a
bimodal lognormal distribution with dominance in aerosol
fine-mode. The SSA was generally greater than 0.9 for all
wavelengths during the summer, while in the spring time,
SSA values fall between 0.8 and 0.9. The asymmetry param-
eter (ASP) ranges between 0.59 and 0.70 during most of the
year suggesting that the atmosphere was not generally clean.
The average atmospheric forcing computed from SBDART
model during the study period was 16.91 + 6.8 W/m?, indicat-
ing significant heating of the atmosphere with an annual
mean heating rate of 0.47 K/day over Pretoria.
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