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Abstract

The present study focused on investigating the acrosol optical properties and direct aerosol radiative forcing (DARF) using
the AERONET Sunphotometer measurements conducted during 2011-2017 over an urban-industrial city, Pretoria (25.75°
S, 28.28° E) located in the Northwest of South Africa (SA). Results revealed high aerosol optical depth (AODg440) and
Angstrom exponent (AE 40 g70) during SON (0.28 £0.09, 1.46 +0.16) and DJF (0.24+0.07, 1.48 £0.18) indicating the
dominance of anthropogenic fine-mode aerosols from biomass burning. The single scattering albedo (SSA44¢) reached a
maximum of 0.90+0.05 in DJF and minimum (0.85 +£0.04) during JJA. The source analysis from the concentration-
weighted trajectory (CWT) model exhibited large heterogeneity in all seasons. However, the region is influenced by
distinct aerosol types with the abundance of anthropogenic fine absorbing aerosols (86%) and the invisible ratio of dust
particles. In addition, the acrosol volume size distribution (VSD) increased with an increasing AOD, exhibiting a bimodal
lognormal structure, with a more pronounced peak in fine- relative to coarse-mode particles. Further, the inversion
products showed a strong spectral dependence in SSA with substantial heterogeneity in all seasons. At last, the Santa
Barbara DISORT Atmospheric Radiative Transfer (SBDART) model showed that the DARF within the atmosphere was
more pronounced during SON (46.71 W m 2) and JJA (46.39 W m 2) due to significant differences in AOD and SSA, with
an annual mean value of 33.16 W m 2, and the corresponding atmospheric heating rate of 0.96 K day '. The study
provides information on the existing aerosol distribution and their potential impact on climatic change over an urban city
in the Northwest of SA and could form a basis for policymaking over the region.

Kanike Raghavendra Kumar and Richard Boiyo contributed equally to
this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00704-020-03183-7) contains supplementary
material, which is available to authorized users.

P4 Kanike Raghavendra Kumar Department of Physical Sciences, Meru University of Science and

kanike kumar@ gmail.com; rkkanike@kluniversity.in Technology, Meru, Kenya

. 4 Department of Environment, Energy and Resources, County
Department of Physics, Koneru Lakshmaiah Education Foundation Government of Vihiga, Maragoli, Kenya
(KLEF), Vaddeswaram, Guntur, Andhra Pradesh 522502, India

2 Collaborative Innovation Centre on Forecast and Evaluation of °  Department of Physics, Higher Educ?tion, Government of Khyber
Meteorological Disasters, Key Laboratory of Meteorological Pakhtunkhwa, Peshawar 25000, Pakistan

Disasters, Ministry of Education (KLME), Joint International

Laboratory on Climate and Environment Change (ILCEC), Key Discipline of Physics, School of Chemistry and Physics, University
Laboratory for Aerosol-Cloud-Precipitation of China Meteorological of KwaZulu Natal, Durban, KwaZulu Natal 4000, South Africa
Administration, School of Atmospheric Physics, Nanjing University

of Information Science and Technology, Nanjing 210044, Jiangsu, Optronic Sensor Systems, Council for Scientific and Industrial
China Research (CSIR)-DPSS, Pretoria, Gauteng 0001, South Africa

Published online: 21 April 2020 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00704-020-03183-7&domain=pdf
https://doi.org/10.1007/s00704-020-03183-7
mailto:kanike.kumar@gmail.com
mailto:rkkanike@kluniversity.in

K. Kumar et al.

1 Introduction

Atmospheric aerosols, both from natural and anthropogenic
sources influence the Earth’s radiation budget directly by scat-
tering and absorbing the incoming solar and outgoing terres-
trial radiations (Charlson et al. 1992). They also indirectly
affect the clouds altering their droplet size distribution and
lifetime (Twomey 1977). In addition, they perturb the hydro-
logical cycle (Ramanathan et al. 2001), climate system
(Rosenfeld 2000), and human health. The aerosol optical
properties (AOPs) including aerosol optical depth (AOD),
Angstrédm exponent (AE), single scattering albedo (SSA), vol-
ume size distribution (VSD), and refractive index (RI) are
important parameters in controlling the direct aerosol radiative
forcing (DARF) at the surface (SFC) and top of the atmo-
sphere (TOA) (Singh et al. 2004; Boiyo et al. 2019). Due to
high spatial and temporal variability, the physical and chemi-
cal properties of aerosols remain one of the major uncer-
tainties in estimating the climate forcing (IPCC 2013).

In order to get deeper insights into AOPs and their climatic
effects, long-term systematic measurements and characterization
of aerosols are required. For this, the ground-based remote sens-
ing is ideal for continuous monitoring of column-integrated
aerosol properties in different parts of the world. Many global
and regional ground-based remote sensing network stations
(e.g., Holben et al. 1998; Che et al. 2009) equipped with the
Sunphotometer provide various parameters at multiple wave-
lengths to monitor aerosol properties at relatively high temporal
resolution. Unlike satellite products, data from these networks
(e.g., Aerosol Robotic Network; AERONET) are not
constrained by the aerosol type and surface reflectance because
they are based on the measurement of spectral attenuation of
direct solar radiation (Bibi et al. 2017; Adesina et al. 2017). A
number of studies have been conducted to reduce uncertainties
involved in the AERONET data utilizing the measurements
from different stations around the globe (e.g., Alam et al.
2012; Kumar et al. 2013; Yu et al. 2017; Che et al. 2015,
2019; Zhu et al. 2019). Apart from this, a number of previous
studies established the interesting findings along with the DARF
related to dust and biomass burning over different regions in
Africa (Piketh et al. 1999; Sivakumar et al. 2010; El-Metwally
et al. 2011; Queface et al. 2011; Adesina et al. 2015, 2017,
Kumar et al. 2013, 2017; Hersey et al. 2015; Boiyo et al.
2018, 2019).

Over the past few years, the southern part of the African
continent, especially South Africa (SA) has experienced an
unprecedented increase in aerosol concentrations attributed
to the growing population, rapid urbanization, industrializa-
tion, and increasing demands for energy (Hersey et al. 2015).
The different aerosol sources like dust transported from
Namibia, biomass burning from Mozambique and Zambia,
sea salt from the Indian and Atlantic Oceans, and industrial-
vehicular emissions from distinct sources make the region
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prone to almost all types of aerosols. It is, therefore, important
that continuous and intensive studies of aerosols are carried
out to assess the sources, implications, and mitigation mea-
sures. Aerosol-related studies over SA (Sivakumar et al. 2010;
Adesina et al. 2014; Kumar et al. 2013, 2017; Hersey et al.
2015) have mainly focused on examining the evolution of
aerosols on limited temporal scales, except studies by
Queface et al. (2011) and Adesina et al. (2017). Keeping the
aforementioned need in mind and the lack of long-term anal-
ysis, a few studies have devoted in assessing the spatiotempo-
ral distribution of AOPs over SA using satellite observations
(Kumar et al. 2014a, Kumar et al. 2015; Adesina et al. 2016).
Studies by Queface et al. (2011) reported preliminary results
on the AOPs using the long-term AERONET data for
Skukuza (in SA) and Mongu (in Zambia) during 1998—
2008. Followed this, Kumar et al. (2013, 2014b) conducted
an extensive investigation on the AOPs and examined the
mechanisms involved in aerosol classification and modifica-
tion processes with the sun/sky radiometer data over a rural
environment of Skukuza (SA) during December 2005—
November 2006. Later, Adesina et al. (2014) analyzed the
spectral aerosol optical and radiative properties for the year
2012 over Pretoria (SA). They reported significant heating of
the atmosphere due to the presence of a large amount of ab-
sorbing aerosols over this urban atmosphere. Further, Adesina
et al. (2017) demonstrated the impact of fine- and coarse-
mode particles on the aerosol VSD and DARF over Skukuza
using the AERONET data measured between 1999 and 2010.
Recently, Kumar et al. (2017) analyzed the sunphotometry
data and examined the impact on DARF in Pretoria during
2011-2015. These authors noticed high AOD during SON
and DJF seasons attributed to the dominance of fine-mode
particles. In summary, most of these studies have mainly fo-
cused on the characteristics of aerosols, source regions, and
the role of meteorology, with scarce reports on the implica-
tions of climate change. Although these studies laid a strong
foundation for aerosol science over the region, they are still
limited in terms of analysis techniques, usage, and link with
different variables, and/or data span period, and therefore,
could not establish a comprehensive characterization of aero-
sol optical, microphysical, and radiative properties over the
region. Hence, there is a need for more complementary and
continuous research over the region to understand the ongoing
situation of aerosols.

In view of the immense local and regional importance of
aerosols and their climatic effects, the present study aims in-
depth investigation of the aerosol optical and microphysical
properties and radiative forcing over Pretoria in SA, which is
an extension to the previous work of Kumar et al. (2017). To
accomplish this, we used 7 years (from August 2011 to
December 2017) of AERONET data retrieved from the
Sunphotometer installed at the campus premises of
CSIR Pretoria over SA. The study overcomes several
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objectives that were not fulfilled in our previous works.
Specifically, the study focused on the temporal evolution of
AOD, source heterogeneity evaluation, the association of col-
umn aerosol concentrations with microphysical properties,
and classification and modification processes of aerosols that
influence the atmospheric dynamics, with implications to ra-
diative forcing from models. In doing so, this study aims at
achieving the following objectives: (i) inter-annual changes
and spectral dependencies in AOPs, (ii) classification and
modification processes of aerosols, (iii) source apportionment
studies through the advanced statistical techniques such as
concentration weighted trajectory (CWT) methods, and con-
ditional bivariate probability function (CBPF) using the AOD
data to identify areas of potential pollution sources, and (iv)
DARF computed from well-established global atmospheric
radiative transfer models. The rest of this paper is structured
as follows: Sect. 2 describes “AERONET site, instrumenta-
tion, and methods.” “Results and discussions” are elucidated
in Sect. 3, while Sect. 4 summarizes the “conclusions” drawn
from this research.

2 Site details, instrument, and methods
2.1 Study region and meteorology

The AERONET’s observation site named, Pretoria CSIR_DPSS
(25.75° S, 28.28° E, 1449 m above sea level) located in Pretoria
over SA (Fig. S1 of Supplementary Material (SM)) has started
monitoring the aerosol properties from the beginning of August
2011 to date. Figure S1 of SM presents the topographical map
(elevation in m) of SA with its bordering countries and spatial
distribution of AODssq derived from the MODIS combined (DT
and DB) aerosol product for Aqua observed during the study
period over SA. Climatologically, the area experiences a humid
subtropical climate characterized by four seasons: DJF (from
December to February; DJF), MAM (or fall) (from March to
May; MAM), JJA (from June to August; JJA), and SON (from
September to November; SON). Most of the observed pollution
over SA and its environments originate from large-scale biomass
burning (BB) activities that occur during JJA and SON (e.g.,
Adesina et al. 2017). However, in other seasons like DJF and
MAM, the region is predominated with dust and urban/industrial
(anthropogenic) pollution (Piketh et al. 1999). In addition to lo-
cally produced aerosols, those that are transported remotely from
neighboring countries such as Zambia, Zimbabwe, and
Mozambique (Queface et al. 2011; Kumar et al. 2013; Adesina
etal. 2015) significantly influence the aerosol load. Added to this,
the NCEP/NCAR reanalysis data (http://www.esrl.noaa.gov/psd/
data) (Fig. S1 of SM) and key meteorological variables (www.
wunderground.com) (Fig. S2 of SM) observed from the measure-
ments over SA are presented during January 2011-December
2017. For the detailed discussion on the synoptic meteorology

observed over Pretoria, the readers are referred to section S1 of
SM and the recently published work of Kumar et al. (2017).

2.2 Instrument and data

The AERONET Sunphotometer of CIMEL Electronique
make (Model CE-318) provides three versions and three qual-
ity levels of data globally, which is made open to all at http://
aeronet.gsfc.nasa.gov/. In this study, we used the Version 2.0
and Level 1.5 (the AERONET did not release the latest
Version 3.0 data while began doing analysis) direct sun
measurements of AOD retrieved at all multiple wavelengths
between 340 and 1640 nm, except at 940 nm, which is used
for deriving atmospheric column water vapor content (CWV),
and AE computed at different range of wavelengths. Besides
these, the level 1.5 inversion products include VSD estimated
at 22 radius bins ranging from 0.05 to 15 pm, real (R) and
imaginary (I) parts of RI, asymmetry parameter (ASY), SSA,
absorption AE (AAE), and extinction AE (EAE) retrieved
from the diffuse radiation, which is measured on the
almucantar plane at four wavelengths are also used. The sum-
mary of data availability and statistics recorded from August
2011 to December 2017 are given in Table S1 of SM. More
details on the information related to data acquisition and pro-
cessing, errors, and uncertainties in the computed AOPs via.,
AERONET Sunphotometers can be seen in a series of previ-
ous works (e.g., Alam et al. 2012; Kumar et al. 2013; Patel
et al. 2017; Yu et al. 2017; Boiyo et al. 2019).

2.3 Methods and models
2.3.1 The CWT model

The trajectories arriving at the measurement station were cal-
culated at 500 m above ground level (a.g.l.) for =72 h
(backward) using the HYSPLIT (Version 4.0) model of
NOAA during the study period at 6-h time intervals (00:00,
06:00, 12:00, 18:00 UTC). The CWT method was performed
through the Meteolnfo software with TrajStat Plugin (Wang
et al. 2009), which has been proven useful to identify potential
source areas of long-range pollution (Zhu et al. 2019). The
source area of concern is divided into many small grid cells
of equal size. In this method, each grid cell gets a weighted
value obtained by averaging the concentration measured at the
receptor site as the associated trajectory crosses the grid cell.
CWT is calculated as follows:

_ 1 n
Cij = - z Ck.Tk (1)
Tijk k=1

where C; is the concentration associated with trajectory end-
points in the jjth cell, and 7 is the resident time of trajectory
endpoints in the ijth cell. The geographical study area
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Fig. 1 Monthly time series plots
of direct sun products and SDA
retrievals at Pretoria. The MODIS
merged (DT and DB) AODS550 is
also shown in panel (a) to
correlate with AERONET
AOD440; whereas, the CWV is
shown as a function of RH. The
parameters a2 and «’ (=—2a2) are
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identified from 38° to 16° S and 13° to 45° E, covering almost
all areas by the air mass transport pathways.

2.3.2 The SBDART model

This study utilized the instantaneous fluxes obtained at TOA
and SFC to estimate the DARF in the shortwave (0.3—4.0 um)
region with and without aerosols using the SBDART model
and investigated the radiative effects of aerosols. More details
concerning the model, its components and sensitivity have
been reported by Ricchiazzi et al. (1998), and has been widely
used and described well by the previous authors (e.g., Kang
et al. 2016; Yu et al. 2016; Patel et al. 2017; Vachaspati et al.
2018; Boiyo et al. 2019). The atmospheric vertical profiles
were fixed default by choosing a standard atmosphere in the
model as “subtropical.” The model output provides the values
of upward and downward fluxes at the TOA and SFC which
are used to compute DARF and other derived parameters with
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the necessary equations involved in the computation are given
in S3 of SM.

3 Results and discussion
3.1 Direct sun products
3.1.1 Inter-annual changes in AOPs

The multi-year measurements performed by the
sunphotometer over urban Pretoria provided an opportunity
to examine the changes in intra-annual mean values of
AOPs during the study period shown in Fig. 1, whereas
Table 1 presents the annual statistics of different acrosol opti-
cal and microphysical parameters observed during 2011—
2017. Overall, the annual AODg4o ranges from 0.14 =0.08
to 0.47+0.23, with a mean of 0.24 £0.07 during the study
period. In general, low AOD (<0.1) is regarded as clean
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Table 1

Inter-annual mean variations of aerosol optical, microphysical,
and radiative properties observed in Pretoria. The value next to the mean
corresponds to the standard deviation. The respective units for CWV, Vol

Con, Eff Rad, DARF, DARFE, and AHR are centimeters, cubic

micrometer per square micrometer, micrometer, watts per square meter,
watts per square meter per radian, and kelvin per day, respectively, and the
rest are dimensionless

Parameter Inter-annual changes in AERONET direct and inversion products Annual
2011 2012 2013 2014 2015 2016 2017
AODy49 0.214+0.082 0.232+0.072 0.221+0.083 0.205+0.044 0.219+0.062 0.229+0.053 0.231+0.068 0.240+0.069
AE440-870 1.521+0.168  1.543+£0.121 1.456+0.111 1.459+0.094 1.457+0.166 1.326+0.114 1.472+0.084 1.452+0.151
CWV 1.056+0.502 1.312+0.526  1.201+0.515 1.298+0.509 1.301+0.539 1.330+0.561 1.189+0.425 1.312+0.523
SSA440 0.910+0.027 0.908+0.042 0.896+0.034 0.866+0.041 0.872+0.066 0.752+0.086 0.846+0.031 0.878+0.047
ASY 449 0.669+0.007 0.683+0.013 0.684+0.023 0.681+£0.021 0.685+0.014 0.694+0.011 0.690+0.013 0.684+0.015
RRI449 1.478+0.037 1.461+0.035 1476+0.041 1.472+0.039 1.466+0.028 1.483+0.034 1.460+0.024 1.471+0.034
IRI440 0.010+0.003  0.011+£0.007 0.013£0.005 0.019+£0.008 0.020+£0.017 0.066+0.039 0.024+0.007 0.023+£0.011
Vol Con-f 0.030+0.011  0.033+0.012  0.029+£0.010  0.028+0.006  0.030+£0.008 0.028+£0.006 0.030+0.007 0.030+0.008
Eff Rad-f 0.130+£0.006  0.138+0.009 0.139+0.016 0.135+0.014 0.137+0.009 0.140+0.007 0.137+0.007 0.136+0.010
Vol Con-c 0.035+0.007 0.035+0.008 0.036+0.011 0.038+0.012 0.037+0.010 0.042+0.017 0.047+0.025 0.039+0.014
Eff Rad-c 2.520+0.094 2.484+0.065 2.526+0.103 2.535+0.101 2.480+0.089 2.481+0.087 2472+0.137 2.499+0.123
DARFggc -30.30+11.2 —31.56+9.28 —32.66+13.7 —3453+11.4 —-3554+11.7 -51.33+13.5 -37.10£103 -36.14+11.58
DARFron  —1131+£3.78 —12.16+£3.81 —1121+£3.06 —837+246 —9.78+4.19 —3.96+4.16 —935+231 —945+3.39
DARFEgrc —213.9+20.1 —210.7+334 —2189+28.5 —251.84+41.1 —2392+532 -3339+66.7 -258.6+21.9 —246.7+37.8
DARFEpo, —77.89+£723 —76.52+12.6 —73.29+955 —5737+19.6 —62.77+259 —1598+31.1 —52.14+103 —59.37+16.54
AHR 0.534 0.545 0.603 0.735 0.724 1.332 0.781 0.751
15°S4
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Fig. 2 The CWT spatial maps for AODg4o during the study period. The black solid circle in the figure denotes the location of the site
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background conditions, while higher (> 0.4) values lead to
long-range transport of dust and anthropogenic pollutants
(Adesina et al. 2014) over the site. The fluctuations towards
higher values of AODyy4o (>0.4) appeared in February 2012
and November 2016 attributed to more anthropogenic activi-
ties (e.g., biomass burning, transportation and industrial emis-
sions) and dust particles from nearby desert zones.
Furthermore, favorable meteorological conditions also result
in higher values leading to secondary aerosol formation. In
addition, the CWT analysis is performed to identify possible
source locations causing AOD variability at the receptor site
(Fig. 2). The seasonal mean CWT also revealed a large influ-
ence (CWT > 0.3) of potential sources during DJF, and low
source influence (CWT < 0.01) during SON. This emphasizes
the significant contribution of coarse dust particles originated
from the central parts of SA (Kumar et al. 2017). However, the
study region experiences aerosols transported predominately
from the locally derived relative to long-distance origin. The
minimum values of AOD (< 0.2) were found in July of 2012
and 2013 closely related to the shallow atmospheric boundary
layer and existing of lower temperatures during the cold
winters.

The annual mean AOD measured at Pretoria is generally
noticed higher than those found in the rural areas of Africa,
like Skukuza (0.22 +0.16) in SA during 1999-2010 (Adesina
et al. 2017) and Mbita (0.23 £ 0.08) over Kenya from 2007 to
2015 (Boiyo etal. 2018), and also lower than urban Cairo over
Egypt (0.64 +0.21) as reported by El-Metwally et al. (2011).
AE440_g70 varies between 1.09+0.20 and 1.74+£0.19 over
Pretoria, with an annual mean of 1.45+0.15 suggesting the
particle-size distribution dominated by fine-mode aerosols
(Eck et al. 1999). High AOD (>0.3) and AE (> 1.0) with
corresponding large negative values of a, (<—1.0) and posi-
tive AE' (> 1) (Fig. 1d) (also see Fig. S3 of SM) were observed
during DJF and SON, implying the dominance of fine-mode
particles originated from increased BB activities. Over
Pretoria, JJA months are more experienced with cold and
dry winters, and AE reaching up to 1.2 which does not favor
the secondary production of aerosols. The large variability in
both AOD and AE indicates significant heterogeneity with the
presence of distinct aerosol types (refer Sect. 4.3 for more
details) over the observational site attributed to heterogeneous
sources of aerosols.

On the other hand, the annual mean FMF 5, was found to
be 0.9 suggesting a large abundance of fine-mode particles,
consistent with the investigations of Adesina et al. (2014)
reported at Pretoria measured during 2012. It is revealed that
the hygroscopic aerosol growth increases with an increase in
relative humidity (RH) and CWYV in the atmosphere (Kumar
et al. 2013; Adesina et al. 2017) (Fig. 1b). Figure 1c also
presents the monthly contributions of fine- and coarse-mode
particles on the total AOD at 500 nm for the study period.
Obviously, the fine-mode AOD dominated in all months
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particularly during DJF and SON seasons which are influ-
enced by the meteorological conditions and significant anthro-
pogenic emissions from industries, vehicular transport, bio-
mass burning, and urbanization (Queface et al. 2011). It is also
worth noting that the results of fine-mode AOD and FMF
obtained from the spectral deconvolution algorithm (SDA)
showed a pronounced increase during SON with a maximum
in October 2015, revealed the dominance of fine particles
produced from BB. However, FMF5q, varies significantly
from 0.5 to 0.95, implying a large variation in aerosol type
over the region. The maximum coarse-mode AOD in DJF
(December 2016) is mainly due to the presence of regional
transported dust and locally generated soil dust or sand
particles.

3.1.2 Spectral changes in AOD

To account for the spectral assessment, AOD measured at
eight different channels from 340 to 1640 nm was observed
during the study period is shown in Fig. 3. Across all the

T T T 1
675 870 1020 1640

T T T
340 380 440 500

0.5
(b) —=—2011—0—2012
—A—2013—v—2014
0.4- —o—2015—<—2016
’ —*—2017
0.3
a
o]
<
0.2
0.1
0.0

T T T T T T T T
340 380 440 500 675 870 1020 1640

Fig. 3 Temporal and spectral variations of AOD at different wavelengths
during the study period. The white color in panel (a) indicates data gaps
during the study period
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panels, it is revealed that AOD decreases with the correspond-
ing increase in the wavelength, indicating systematic spectral
dependence (Kumar et al. 2009, Kumar et al. 2013). Higher
AOD (>0.30) at smaller wavelengths are associated with the
dominance of fine-mode aerosols as wavelength relates the
particle-size, and hence, enhance the scattering and vice versa
(Patel et al. 2017). However, the spectral AOD at smaller
wavelengths is relatively higher in 2011 followed by 2012
and 2016 (Fig. 2b) presenting high aerosol loading, with an
abundance of small-sized particles. It is evident that an abrupt
rise in AOD at higher spectral range (from 675 nm onwards)
during 2016 indicating the presence of large-size coarse-mode
particles. Besides, the seasonal mean AOD showed high
values in SON followed by DJF and low during JJA which
exhibited a similar pattern in all years round and is closely
related to the recent investigations by Kumar et al. (2017).

3.2 Frequency distributions of AOPs

The relative frequency histograms for all the daily averaged
AODy49, AE440_870, CWV (cm), and SSA 440 during the four
seasons along with their seasonal means and standard devia-
tion are shown in Fig. 4. AOD,y, exhibited a single mode
distribution significantly skewed towards lower values, which
is similar to the previous investigations by Queface et al.
(2011), Kumar et al. 2013), and Adesina et al. (2014) over

SA. It is worth mentioning that all the seasons showed the
highest mode in the second-lowest bin interval 0.1-0.2, which
is about 35%, 47%, 37%, and 33% to the total during DJF,
MAM, JJA, and SON seasons, respectively, suggesting a gen-
erally less polluted environment.

Similarly, AE440_g70 also showed a single peak distribution
with skewness on the left side of its distribution, similar to the
investigations conducted by Adesina et al. (2014) and Kumar
etal. 2013, 2017 over SA. The occurrence of strong mode at a
relatively higher size bin (1.6—1.8) supported by seasonal
means > 1.0 (Fig. 1a) being more pronounced during DJF
and SON seasons implies the dominance of fine-mode parti-
cles (Adesina et al. 2014; Kumar et al. 2017). Further, it is
shown that the annual mean CWV of 1.33+0.23 cm se-
quenced in the increasing order of seasons as DJF > SON >
MAM > JJA (Fig. 4c). The CWV exhibited the widest
unimodal seasonal heterogeneity attributed to complex sea-
sonal patterns of climatic variables. Most of the values were
accumulated with CWV > 1.0 cm in all seasons, except during
JJA with CWV < 1.0 accounted for 92% (Kumar et al. 2013).

A similar situation has been observed in the case of SSA 44
with broad distribution values in all the seasons. Besides, the
season’s JJA and SON peaked at a bin interval of 0.84-0.86,
whereas the DJF and MAM seasons peaked at slightly higher
bin intervals of 0.96-0.98 and 0.92-0.94, respectively (Fig.
4d). During DJF and MAM, the distribution was dominant at
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higher values of SSA440 (> 0.9) accounted for 79% and 82%,
respectively, suggesting more amount of scattering particles in
the atmosphere. Whereas, the maximum SSA 44 values in JJA
and SON were accumulated from 0.82 to 0.88 with the con-
tribution of 75% and 72% of the total, respectively (Fig. 4d).
This signifies that generally the polluted environment is dom-
inated by absorbing aerosol type rather than scattering type.

3.3 Aerosol types and classification mechanisms
3.3.1 Aerosol modification process

Following Gobbi et al. (2007) (more details are given in S5 of
SM), we have demonstrated the modification of aerosol prop-
erties using AE449_g70 and difference in AE (dAE = AE440 675

— AEg75.870) (Fig. 5) as a function of AOD at 675 nm
(AODg75> 0.15 were only allowed) represented by different
colors of increasing turbidity. The seasonal scatter plots of
AE440_g70 versus dAE exhibited similar patterns during four
different climatic seasons, signifying the dominance of either
fine- or coarse-mode particles over the study site (Fig. 5). Low

Q 05>A0D>04 Q AOD>0.5

@ AOD<0.1 @ 02>A0D>0.1 O 03>A0D>02 @ 0.4>A0D>0.3|

values of AODg¢75 found outside the classification scheme
leading to some errors in the estimation of AE440_g70 and
dAE, as well as uncertainties while measuring AODg5
(Kaskaoutis et al. 2011). It is evident from Fig. 5 that the
majority of data points with high AODg75 (>0.4) in all sea-
sons at Pretoria were associated with high AE440 g70 (> 1.2),
dAE <0 and 1> 70%, being more pronounced during SON
and DJF and least during MAM and JJA. This indicates that
the high turbidity conditions over the region are associated
with the dominance of fine-mode aerosols likely due to bio-
mass burning and urban-industrial emissions. The increase in
AOD takes place perpendicular to the R curves (from ~0.15
to ~0.18 um) interpreting the coagulation of fine particles
under turbid atmospheres (Patel et al. 2017). Similar modifi-
cations in 7 and Ry for increasing AOD are reported in a num-
ber of previous studies including Kaskaoutis et al. (2011),
Kang et al. (2016), Patel et al. (2017), and Yu et al. (2017)
over different environments. However, investigations by
Boiyo et al. (2018) reported that the increase in AOD took
place along the Ry curves attributed to cloud contamination. It
can, therefore, be inferred that high AOD at Pretoria may be
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and log-normal size distributions observed over Pretoria in different
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Fig. 6 Seasonal scatter plots between different aerosol optical properties to discriminate dominant aerosol types with their percentage contributions at
Pretoria. The representations of aerosol types are mentioned in the text, with their threshold values are given in Table 2

associated with increased concentration of fine-mode particles
which coagulate under high turbid conditions.

3.3.2 Discrimination of aerosol types

The classification of major acrosol types such as biomass
burning (BB), urban/industrial (UI), and desert dust (DD) is
needed due to their distinct sources, and can be discriminated
by adopting several clustering techniques (refer S6 of SM)
(Bergstrom et al. 2007; Kaskaoutis et al. 2007; Russell et al.
2010; Lee et al. 2010; Bibi et al. 2016; Boiyo et al. 2019).
The identification of these aerosol types from their mixture

and their contributions (in %) are given in Fig. 6. The thresh-
old values used in the AOD-AE method to identify dominant
aerosol types are given in our recently published work
(Kumar et al. 2017), and hence not repeated as the study site
is the same. The scatter plots of AAE440_g79 versus EAE 40
70, drawn on a seasonal basis, with their thresholds given in
Table 2, are shown in Fig. 6. It is revealed that the BB aerosol
type made the highest contribution followed by UI type. The
BB type is characterized by higher AAE values due to in-
creased OC fraction, while UI refers mostly to BC from
fossil-fuel (AAE around 1) and mixtures of inorganic species
(i.e., ammonium, sulfate, nitrate, chloride) (Katsanos et al.
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Table 2 Threshold values used to

define different acrosol types for Acrosol type  EAE Vs. AAE EAE vs. SSA EAE vs. RIR

the aerosol optical properties

observed over Pretoria Ul EAE>14 AAE<1.1 EAE>14 SSA>0.9 EAE>14 RIR < 1.42
BB EAE>14  AAE>11 EAE>14  082<SSA<09 EAE>14 RIR>142
DD EAE<0.5 AAE>10 EAE<0.5 SSA>0.9 EAE<0.5 RIR>145

2019). Following the same, we observed the similar domi-
nance of BB aerosol type over Ul from the scatter plots be-
tween SSA,44o versus EAE440_570, and RIR44¢ versus
EAE,40_g79 over the study region. However, the two optical
parameters do not have the potential impact on aerosol dis-
crimination such as absorbing and non-absorbing aerosols
(Lee et al. 2010; Giles et al. 2012; Russell et al. 2010).
Similarly, it is evident from the relationship of dSSA
(SSAlOZQ-SSA440) Versus AAE44(L870 that the BB type (1 <
AAE 40 370< 1.5, dSSA <0) constituted the dominant aero-
sol type at Pretoria, followed by UI (0.9 < AAE40_g70< 1.6,
dSSA >0) (Fig. 6f). In contrast, all the techniques showed a
complete absence of DT aerosol at the site mainly attributed

to enhanced mixing processes into the urban environment as
well as suppressed emission of dust particles. This is not the
case because the CWT analysis showed the possibility of
transported dust plumes from the desert environment in the
west and north parts of SA.

To discriminate absorbing and non-absorbing aerosols, the
daily mean data of FMF5q, and SSA44 is presented as a scat-
ter diagram shown in Fig. 6e and thresholds used are
discussed in S6 of SM. It is evident from Fig. 6e that
FMF 5 varied from 0.45 to 0.98 characterizing the predomi-
nance of fine- relative to coarse-mode, while SSA 449 Was re-
corded between 0.76 and 0.99 at the study site. Overall, the
fine-mode aerosol types were disintegrated as polluted
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Fig. 8 Seasonal bivariate plots for AOD440 (a—d), AE440-870 (e~h), and SSA440 (i-1) with respect to wind speed and direction observed at Pretoria

continental (PC; background aerosols), polluted dust (PD;
dust mixed with anthropogenic aerosols), non-absorbing
(NA; organic and inorganic aerosols), and absorbing aerosols,
which constitute black carbon are further classified as slightly
absorbing (SA), moderately absorbing (MA), and highly ab-
sorbing (HA) and their respective annual contributions were
found to be 2.4%, 0%, 11.7%, 26.2%, 40.3%, and 19.4%.
However, the negligible contribution of PD type is due to
enhanced precipitation in DJF (Fig. S2 of SM) that suppresses
the emission of coarse dust particles. In contrast, the highest
contributions of absorbing type aerosols with a maximum of
MA (40.3%) were noticed as a result of aerosols produced
from local anthropogenic activities (industries, national high-
ways, agriculture, and biomass burning) and secondary aero-
sol formation at Pretoria.

3.4 Changes in almucantar inversion products

The spectral variations of optical parameters obtained from the
almucantar retrievals at Pretoria during the measurement pe-
riod are shown in Fig. 7 a and b. It is evident that both the SSA
and ASY are spectral dependent, where the SSA decreases
with wavelength for the BB and Ul type of aerosols. Further,
an increased presence of BB (a large fraction of OC aerosols)

enhances the decreasing rate of SSA (Patel et al. 2017;
Katsanos et al. 2019). There is a strong absorption at higher
wavelengths resulting in low SSA, due to the interaction of
soil dust particles with the incoming solar radiation (Singh
et al. 2004; Boiyo et al. 2019). However, an increase in SSA
(>0.9) and ASY at the regular spectral range during DJF (low
Real-RI, Fig. 7c and S7 of SM) suggesting an abundance of
anthropogenic aerosols likely related to the effect of water-
soluble aerosols under high CWV (Singh et al. 2004). While
the decrease in SSA (0.8-0.9) and ASY was observed in SON
significantly indicating that the region is highly accumulated
with anthropogenic absorbing aerosols from biomass burning
and/or forest fires. In contrast, the respective lower and higher
values of SSA and RII (imaginary-RI) (Fig. 7d and S7 of SM)
during JJA were generally associated with strong absorption
by anthropogenic black/organic carbon from biomass burn-
ing. Further, it is revealed that there is an increased absorption
at 440 nm with negative ASSA (SSA440-SSA1020) for AE440,
370 < 1 (S8 and Fig. S5b of SM) implies significant absorption
due to a mixture of dust aerosols. However, the extremely low
values of Agga (<— 1) suggest the dominance of iron oxides
likely from dust aerosols (Derimian et al. 2008).

The VSD was studied as a function of AODy44¢ to show the
relationship between the fine- and coarse-mode aerosols (Fig.
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aerosol radiative forcing (a, b) and its efficiency (e, f) at TOA, SFC, and
ATM at Pretoria for the study period. The atmospheric heating rates for
the corresponding ATM forcing are shown with a solid black line in panel

7e). It is obvious that the VSD patterns noted at Pretoria ex-
hibited a bimodal distribution with fine-mode peaked at a
radius of 0.15 um and coarse-mode around 3.86 um (Fig.
7e). The noticeable fact is that there is a significant increase
in fine-mode volume concentration with increasing AOD, im-
plying mainly the dominance of fine-mode particles. Notably,
for low AODyy4 (< 0.2) the difference in acrosol volume con-
centration for fine- and coarse-modes is small. However, for
large AODy40 (> 0.3), the acrosol volume concentration in
fine-mode is predominantly large, obviously visible during
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SON attributed to increased anthropogenic BB activities at
Pretoria.

3.5 Influence of wind speed and direction on AOPs

The bivariate polar plot, a technique used to identify the
source and characterizing the relationship between the vari-
ables used was implemented in this study making use of wind
speed and direction. The season-wise bivariate plots show the
mean concentrations of AOD 49, AE440 370, and SSA44¢ for
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the study period observed at Pretoria (Fig. 8). Low to moder-
ate wind speeds (>3 ms ') blowing from the northern direc-
tions during DJF and MAM resulted in higher aerosol loading
(Fig. 8a). A recent study by Hersey et al. (2015) also found a
higher value of AOD during the DJF due to the weak wind
speeds (<2 ms ') coming from the north direction over SA. In
contrast, all the seasons revealed the dominance of fine-mode
particles produced from local anthropogenic and biomass
burning emissions at low wind speed (<2 ms ") from all di-
rections, which does not favor the dispersion processes.
However, distinct features were observed in SSA for each
season with a similar pattern as observed in AOD. It is re-
vealed that the SSA varies with the direction depending on
the seasons. The maximum was found when the winds were
blowing from the north at >3 ms' indicate more scattering
type rather than absorbing aerosols.

3.6 Radiative forcing: model versus AERONET

Figure 9 features the aerosol radiative effects both at the TOA
and SFC, and the corresponding efficiencies observed at Pretoria
during the study period. The monthly and seasonal mean values
of DAREF averaged for all the years, together with the validation
results are shown in Fig. 9 a and b. A strong correlation was
observed at TOA (0.98) and SFC (0.99) between the DARF
estimated using the SBDART and that of the ones derived from
AERONET (Fig. 9 ¢ and d). The monthly mean DARF estimat-
ed at the TOA, SFC, and ATM during 2011-2017 varied from —
34.20to — 12.88 Wm 2, —77.72 to — 30.47 W m 2, and 9.07 to
60.74 W m 2, respectively. In contrast, the AHR ranged from
0.25t0 1.70 K dayfl, with a mean value of 0.96 +0.52 K dayf1
(Fig. 9a). The seasonal mean values of DARF 1 were found to
be 1512 Wm %, 2441 Wm 24639 Wm >, and 46.71 Wm >
during DJF, MAM, JJA, and SON, respectively (Fig. 9b).
Further, high values of forcing in the atmosphere were observed
during SON (46.71 W m ) followed by JJA suggesting a large
abundance of absorbing aerosols (mostly biomass burning) char-
acterized by higher values of AOD and lower values of SSA.
The corresponding monthly mean DARFE ranged from —
149.32 to —71.75 Wm 2 © ' (SFC) and —54.15 to —30.15
Wm 2 7! (TOA), with respective mean values of —107.73 +
26.81 and —41.77+872 Wm > T ' (Fig. 9e, f) during 2011—
2017 over Pretoria.

4 Conclusions

Using the 7 years (January 2011-December 2017) of ground-
based AERONET measurements combined with model sim-
ulations, the study presented an in-depth assessment of
column-integrated aerosol optical, microphysical, and radia-
tive properties over an urban environment (Pretoria) in the
Northwest of South Africa. The findings extracted from this

study have provided vital information regarding aerosols
properties and its radiative effects are summarized as follows:

1. The annual mean AOD 4 (0.24 +0.07), with a single-
mode distribution peak, was noticed higher during
SON (0.28 £0.09) followed by DJF (0.24 +£0.07),
and lower during JJA (0.20 £0.04) and MAM (0.21
+0.03) seasons. In contrast, the annual mean AE 4,
g70 (1.45£0.15) was found more pronounced in DJF
(1.47+0.18) and SON (1.46+0.16) and relatively

low during MAM and JJA seasons.
2. The closer investigation on absorbing aerosols (BB

type) revealed the highest loading during DJF and
SON attributed to enhanced biomass burning activi-
ties. The aerosol modification process indicated an
increase in AOD took place perpendicular to the R¢
curves (from ~0.15 to 0.18 um), clarifying the coag-
ulation of fine-mode particles under turbid

atmospheres.
3. The annual mean SSA44y (0.88 £0.05) showed the

highest values during DJF followed by MAM, and
lowest values during JJA and SON seasons.
However, the low SSA440 in SON (0.84) is attributed
to the dominance of fine-mode absorbing aerosols

resulting from increased biomass burning.
4. The VSD exhibited bimodal lognormal structure with

a geometric mean radius of 0.15 pm and 3.86 pm for
fine and coarse modes, respectively, with a higher vol-
ume concentration of 0.105 pum® um 2 in the fine-
mode for maximum AOD due to the buildup of an-

thropogenic aerosols.
5. In spite of the differences in methodology and algo-

rithms for radiative transfer and uncertainties in the
input variables, the values of DARF simulated from
the SBDART model were in good agreement with the
AERONET derived values at the TOA and SFC, ev-
idenced by high correlations of 0.98 and 0.99, respec-
tively. The annual mean values of SFC, TOA, and
ATM forcing were found —20.45+5.62 W m 2, —
53.61+13.37 Wm 2, and 33.16 £ 16.27 W m > over
Pretoria during 2011-2017, with an atmospheric
heating rate of 0.96 +0.52 K day .

The findings in this study can not only serve as an up-to-
date reference database for future field measurements and
modeling work but are also expected to be beneficial for
policymakers to retrofit air pollution control strategy in this
region, if necessary in time.
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