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The present study evaluates the aerosol optical property computing performance of the Regional Climate Model (RegCM4) which
is interactively coupled with anthropogenic-desert dust schemes, in South Africa. The validation was carried out by comparing
RegCM4 estimated: aerosol extinction coefficient profile, Aerosol Optical Depth (AOD), and Single Scattering Albedo (SSA) with
AERONET, LIDAR, and MISR observations. The results showed that the magnitudes of simulated AOD at the Skukuza station
(24∘S, 31∘E) are within the standard deviation of AERONET and ±25% ofMISR observations. Within the latitudinal range of 26.5∘S
to 24.5∘S, simulated AOD and SSA values are within the standard deviation of MISR retrievals. However, within the latitude range
of 33.5∘S to 27∘S, the model exhibited enhanced AOD and SSA values when compared with MISR observations. This is primarily
associated with the dry bias in simulated precipitation that leads to the overestimation of dust emission and underestimation of
aerosolwet deposition.With respect to LIDAR, themodel performedwell in capturing themajor aerosol extinction profiles.Overall,
the results showed that RegCM4 has a good ability in reproducing the major observational features of aerosol optical fields over
the area of interest.

1. Introduction

Atmospheric aerosols which originate from different natural
events (e.g., wind-blown dust and sea salt particles) and
human activities such as combustion of biomass and fossil
fuels, as well as various industrial processes (e.g., sulfates,
nitrates, ammonium, and carbonaceous aerosols) are ubiq-
uitous in the Earth’s atmosphere [1]. Relative to the well
mixed and long-lived greenhouse gases, one of the main
typical properties of atmospheric aerosols is their immense
diversity, not only with respect to their physicochemical
and optical properties, but also with regards to their spatial
and temporal distributions (e.g., [2]). This is attributed to
their diverse local source mechanisms, rapid aging, and
chemical transformation processes, as well as short lifetime
[3]. Though, owing to these heterogeneous properties of

aerosols, the quantification of their climatic roles remains
with large uncertainties; they are increasingly reported as
one of the crucial components of the atmosphere for multi-
climatic issues ([4] and references therein).

Primarily, atmospheric aerosols play an important role
in modulating the regional radiation budget either through
scattering or absorption of radiation (direct effects) (e.g.,
[5]). The perturbation of the radiation balance of the Earth
through scattering of the incoming solar radiation back to
space cools the Earth’s surface as well as certain portions
of the troposphere, but it induces stratospheric warming
(e.g., [6]). The absorption of short and long wave radiation
predominantly prompts atmospheric heating effects; nev-
ertheless, depending on the underlying surface as well as
the atmospheric situations, it might also result to surface
cooling (e.g., [7, 8] and references therein). Particulates that
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are highly absorbing solar radiation such as black carbon
and mineral dust particles have a substantial influence in
converting the solar energy into heat; this radiative heating
in turn creates the semidirect effect of aerosols. The semi-
direct effect is the response of thermal, hydrological, and
dynamical variables of the climate to atmospheric heating
induced by light-absorbing aerosols (e.g., [7, 9]). For instance,
the warming influence of aerosols in lower troposphere often
enhances the low-level cloud evaporation and atmospheric
stability, which consecutively results in the reduction of
cloudiness as well as the slowing of the hydrological cycle
and the suppression of convection processes (e.g., [1, 9–
14]). Additionally, the strong heating effects of absorbing
aerosols in the lower troposphere will produce alterations
in atmospheric circulation (e.g., [14, 15]). Furthermore, as
discussed by different studies, depending on the relative
position of the absorbing aerosol layer with respect to clouds
(e.g., [13, 16–18]) as well as the underlying surface properties
[19, 20], the semidirect effect may also result in instability of
the atmosphere and an increase in cloud water.

In general, attributed to the involvement of various
atmospheric, surface, and other variables, the computation
of semi-direct effects of aerosols is quite complicated and
highly variable [19, 20].Moreover, aerosols enhance the cloud
number droplets and decrease its mean droplet size by acting
as cloud condensation nuclei. This results in the change in
cloud albedo and radiative properties, reducing precipitation
efficiency which might influence the cloud lifetime as well
as its formation processes and coverage (indirect effects)
([21–23] and references therein). Likewise, different reports
point to the involvement of atmospheric aerosols in several
climatic system topics: in a range of tropospheric chemistry
variations [24], stratospheric ozone depletion [25], and in
several ecological concerns (e.g., [26–28]).

Once aerosols are released into (formed in) the atmo-
sphere, they will be transported to fields far away from the
areas of their origin. However, during their transportation
theywill be subjected to numerous physicochemical transfor-
mations and removal processes such as dry and wet deposi-
tion and gravitational settling [29–31].Thus, as aerosols travel
further away from their source regions, their concentration
and impact will decline drastically [3, 32]. As a result of
this declination, the impact of aerosols on climate must be
understood and quantified on a regional scale (i.e., in and
around their source regions) rather than on a global-average
basis (e.g., [1, 33, 34]). Due to the extreme heterogeneity of
aerosol space-time distribution, as well as physicochemical
properties, the quantitative assessments of certain puzzling
climatic roles and different aspects of aerosols through
observations (field experiments) are prohibitively expensive
and highly constrained by various factors (e.g., [4, 35–39]).

Therefore, studying the climatic effects of aerosols using
chemistry/aerosol models which are radiatively active and
coupledwith themeteorologicalmodels with online feedback
on the radiation and climatic schemes (e.g., [40–45]) is
crucial. In addition, models are also indispensable tools for
estimating the past and projecting the future climatic role of
aerosol forcing (e.g., [46, 47]). Since the late 1980s, interac-
tively coupled climate-aerosol models for global scale (e.g.,

[48, 49] and references therein) and regional scale ([50] and
references therein) simulations have been developed. Global
and regionalmodels are now becomingmore complex as they
incorporate new parameterizations of aerosol properties and
processes. Global-scalemodels, due to their frequently imple-
mented coarse grid resolution, do not accurately simulate the
regional-scale spatiotemporal distributions of atmospheric
aerosols, as well as meteorological processes that govern the
aerosol-atmosphere-radiation-chemistry interactions (e.g.,
[30, 51–54]). As a result of this and other aspects, predictions
of aerosol optical properties and climatic forcings employing
global-scale models are exposed to remarkable uncertainties
(e.g., [8, 30, 53, 55–58] and references therein).

On the other hand, the high-resolution climatic system
(i.e., the surface, ocean as well as atmospheric processes)
representations of Regional Climate Models (RCMs) offer
enhanced advantages in assessing the downscaled meteo-
rological processes as well as different climatic informa-
tion and patterns (e.g., [59–61] and references therein).
Furthermore, interactively coupled high-resolution regional
climate-chemistry/aerosol models progressively turn out to
be a suitable tool in assessing the regional scale distribution
and complex climatic roles of aerosols with a much better
computational cost, relative to global climatic models (e.g.,
[29, 62–69]). In addition, the results from high-resolution
RCMs are well suited for comparison with measurements
of individual events at selected sites/areas. Therefore, to
evaluate the regional scale aerosol distributions, along with
their radiative and climatic impact with improved accuracy,
simulations utilizing high resolution RCMs are vital (e.g.,
[29, 69]).

The literature on aerosol studies employing the art of
RCM over Africa is not exhaustive. Most studies which have
been reported over this continent such as Solmon et al. [67],
Konare et al. [70], and Malavelle et al. [71] have focused on
the effect of mineral dust and biomass burning particles over
the West African regions. On the other hand, South Africa,
which has plenty of industries and mining sectors, is the
most industrialized country in the continent. These human
activities, along with the wide usage of coal for electricity
generation, make South Africa one of the remarkable spots
in the globe, which contributes several types of aerosols via
anthropogenic activities (e.g., [72–75]). Further, many space-
and ground-based observational studies (e.g., [2, 76–80] and
references therein) and modeling studies ([69, 80, 81] and
references therein) identify South Africa as a major source of
anthropogenic aerosols in the subcontinent. Different inten-
sive field-campaign observations such as Southern African
Regional Science Initiative (SAFARI) (e.g., [82–84]) and
aerosol climatology studies (e.g., [2, 85]) indicate that during
the dry seasons, South Africa experiences a drastic burden
of aerosols from biomass burning activities. In addition, the
dust blowing from the arid/semiarid regions of South Africa
and its neighboring countries [2, 76, 86], along with marine
aerosols—which are induced from the surrounding oceans
[2, 85]—is another main component of natural aerosols over
South Africa.

In overall, due to various natural/anthropogenic events,
the South African atmosphere is burdened by almost all
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major types of aerosols. As aforementioned, the impact
of aerosols is considerably substantial near to their source
regions; therefore, the regional scale distributions as well
as climatic impact of aerosols—which are induced in and
around South African regions—need to be assessed and
reported separately. To date, only a single study has been
reported employing interactively coupled regional climate-
chemistry/aerosol model (ICTP RegCM4-aerosol model)
over southern Africa [69]. This study focused on the direct
and semidirect radiative effects of biomass burning and dust
aerosols on southern Africa’s regional climate during the
dry winter season only. A study devoted to compressively
examine the seasonal distributions and long-term climatic
signals of individual/combined aerosol components using the
above model over South Africa is still lacking. Therefore,
using the ICTP RegCM4-aerosol model [50], studies that fol-
low this paper and are reported elsewhere will compressively
examine the seasonal distributions, as well as the direct and
semi-direct effects of different components of aerosols over
South Africa. However, before employing the model for the
investigation of atmospheric aerosol radiative and climatic
effects, its performance in computing the magnitudes as well
as the spatiotemporal evolution of the optical properties of
aerosols needs to be evaluated via comparing with a range of
remote sensing/in-situ observations.

Modeling the direct influence of aerosols on the earth’s
radiation balance by solving the radiative transfer equation
needs the following spectral aerosol optical parameters:
(a) aerosol extinction optical depth (AOD), (b) asymmetry
parameter, and (c) single scattering albedo (SSA) (e.g., [5,
29]). These optical parameters are significantly dependent
on the aerosol’s composition (complex refractive index),
particle size (particle size distribution), shape, wavelength,
and relative humidity [87–90]. AOD is the vertical integral
of fraction of solar/terrestrial radiation either scattered or
absorbed by airborne particles (i.e., the sum of aerosol
scattering and absorption optical depths) (e.g., [87]). The
asymmetry parameter is the intensity-weighted mean value
of the cosine of the scattering angle (e.g., [91]); it determines
the net angular distribution of aerosol scattered light. The
SSA (i.e., the ratio of the extinction due to scattering to
the total extinction due to scattering plus absorption) is
an important parameter that governs the relative efficiency
of particles to scatter solar/thermal radiation compared to
absorption (e.g., [92]). Depending on the underlying surface
albedo, these optical properties of aerosols are the key
parameters driving the magnitude, as well as a sign of aerosol
direct radiative forcing (i.e., in driving the aerosol radiative
cooling/heating roles) (e.g., [7, 93]).Therefore, to understand
and evaluate various aspects of atmospheric aerosols, a rea-
sonable quantification of these optical parameters is crucial.
Additionally, these aerosol optical properties are the most
comprehensive standard quantities that link the observations
with the outcomes of the model.

Concerning aerosol microphysical and optical property
inquiries, field measurements provide more detailed infor-
mation with better accuracies (e.g., [87, 94]); however, they
are confined within temporal or spatial coverage (e.g., [95]).
Satellite observations provide the requisite aerosol optical

property distributions with extensive temporal and spatial
coverage (e.g., [95]). Nonetheless, due to high variability of
the earth’s system reflectance, both in space and time, as
well as aerosol physicochemical properties, satellite retrievals
are exposed to some accuracy limitations and constraints
to deliver some essential aerosol quantities such as aerosol
compositions [37, 38, 96–100]. As a result, neither field
measurements nor satellite observations, alone, would be
sufficient to fully describe the total regional scale aerosol dis-
tributions as well as its physical, chemical, and optical prop-
erties. Alternatively, interactively coupled regional climate-
chemistry/aerosol models (RC-aerosol models), which com-
prises a suite of major atmospheric aerosols, with their
detailed parameterizations, are essential in delivering various
parameters which are related to aerosols and their climatic
roles, with high-temporal and spatial resolutions. To this
end, the RC-aerosol models have a capability of provid-
ing important information about the complex aerosols-
radiation-climatic interactions and the physicochemical pro-
duction/transformation rate of particles as well as their con-
centration and optical parameters. Some of this information
gained from modeling studies cannot be easily addressed
from either satellite retrievals or field measurements.

Notwithstanding the contribution of RC-aerosol models,
modeling the entire complex aerosol processes (i.e., emis-
sion, transportation, physicochemical transformation, and
removal, as well as wavelength and climatic condition depen-
dent aerosol optical properties) is fundamentally a challeng-
ing task [29]. Further, errors in simulated meteorological
fields, insufficiently understood physico-chemical processes
of aerosols, inaccurately estimated precursor-gas/particulate
emissions by the inventories used (e.g., [101]), andmany other
factors will impose significant uncertainties in simulating
optical characteristics of aerosols [30, 34, 57]. The inaccura-
cies in model estimated optical parameters of aerosols will
also propagate a substantial uncertainty on the computation
of aerosol’s direct radiative forcing and its consequential
semidirect influences (e.g., [4, 34]). Thus, to compensate the
deficiencies of one technique via another and to reduce inac-
curacies in model predicted optical properties of aerosols, an
hybrid research effort that integrates observational records
and numerical modeling techniques is essential (e.g., [40, 81,
95, 102–105]).

The present study will evaluate the ICTP RegCM4-
aerosol model capability of simulating the magnitude as
well as the spatiotemporal evolution of optical properties
of aerosols via comparing with different field observations,
in South Africa. Such studies would also contribute impor-
tant role to pointing-out the shortcomings of the model’s
parameterizations (e.g., [29]). In this study, including dif-
ferent types of aerosols which is induced from natural
processes and distinct emission sectors in and around South
Africa (see our simulation domain in Figure 1), a long-
term regional climate/aerosol simulation has been carried
out using RegCM4-aerosol model (see Sections 2.2 and 2.4).
To estimate particulates/precursor-gases which are emit-
ted from different anthropogenic/biomass burning sectors,
recently updated emission inventories have been used (see
Section 2.3). Subsequent to these, the evaluation of simulated
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Figure 1:Model domain and topography (unit: m).The red triangle and square, respectively, indicate the geographical location of AERONET
(Skukuza; 24∘S, 31∘E) and LIDAR (University of Pretoria; 25.7∘S; 28.2∘E) surface observation sites.

aerosol optical fields over South Africa (22∘S to 34∘S and 16∘E
to 32∘E (see Figure 1)) has been carried out by comparingwith
values obtained from ground (sun-photometer and LIDAR)
and spaceborne (MISR) observations.The paper is organized
as follows. Section 2 will provide a brief description about
the ICTP RegCM4-aerosol model along with the employed
model physics parameterization, emission inventories used
in the model, and the experimental design. In addition,
the different surface/satellite products used for evaluating
model outputs will be addressed in this section. In Section 3,
comparing with different remote sensing products, we
present the evaluation of themodel’s performance in simulat-
ing the magnitude and spatio-temporal evolution of column
integrated aerosol optical properties, as well as their vertical
distribution. Along with the validation, different rationale
aspects which might be accountable for the biases of the
simulated aerosol optical fields are discussed. A summary,
concluding remarks, and future perspectives are given in
Section 4.

2. Methodology

2.1. Model Description. In this study, for the regional
climate/aerosol simulation, interactively coupled regional
climate-aerosol model is used. The climate component of
the coupled model is the Regional Climate Model (RegCM)
version 4.0 (RegCM4.0), developed at the International Cen-
tre for Theoretical Physics (ICTP). RegCM4 is a hydrostatic,
compressible, sigma vertical coordinate model, which is an
upgraded version of RegCM3 with the similar basic model
dynamics but with certain improvements in various physics
representations and software code [50]. For a more detailed
description of RegCM and its substantial evolution starting

from the first generation (RegCM1; [106]) to the current ver-
sion, the reader is referred to ([50, 61] and references therein).

Among different model physics parameterization
schemes of RegCM4, this study employs the following
scheme: for the radiative transfer computation—the Com-
munity Climate Model-CCM3 radiative transfer package
[107] is used. This radiative transfer package takes into
account the radiative effect of different greenhouse gases,
atmospheric aerosols and cloud water-ice, in different
spectral bands. The radiative flux calculations include 18
spectral intervals which are within a wavelength range
of 0.2 to 4.5 𝜇m. Among these 18 spectral bands, seven
of them are situated in the ultraviolet spectral interval
(0.2–0.35 𝜇m), one is in the visible band (0.35–0.64 𝜇m)
and the remaining spectral bands cover the infrared/special
absorption windows [107]. The ocean surface fluxes are
computed according to the scheme of Zeng et al. [108],
and the land surface physics, which describe the transfer
of energy, mass, and momentum between the atmosphere
and the biosphere, is described by the biosphere-atmosphere
transfer scheme (BATS; [109, 110]). The planetary boundary
layer processes are characterized according to the nonlocal
parameterization of Holtslag et al. [111]. The convective
precipitation is represented by the mass flux scheme of Grell
[112] with the Fritsch and Chappell [113] closure assumption,
while the large-scale cloud and non-convective precipitation
computations follow the Sub-grid explicit moisture scheme
(SUBEX) of Pal et al. [114].

2.2. RegCM4-Aerosol Model. The RegCM4-aerosol model
is interactively coupled model between RegCM4 and
radiatively active simplified anthropogenic and dust aerosol
models, which can be used to examine the two-way
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aerosol-climate feedback [50]. The RegCM4-aerosol model
allows the simulation of major tropospheric aerosols,
which originate from anthropogenic and biomass burning
activities [29], as well as wind eroded desert dust particles
[63, 67]. The anthropogenic and biomass burning aerosol
schemes account for sulfur dioxide (SO2), sulfate (SO

4

−2),
hydrophobic and hydrophilic components of black carbon
(BC), and organic carbon (OC) particles [29]. Following
Qian et al. [42] the model takes into account the chemical
conversion of SO2 to SO4

−2 through both gaseous-phase and
aqueous-phase pathways.

The atmospheric processes of these aerosols: surface
emission, transportation (via advection by atmospheric
winds, turbulent diffusion and deep convection), physico-
chemical transformations, and removal processes (via wet
and dry depositions) are described by the tracer transport
equation of Solmon et al. [29].The essential steps andmecha-
nismswhich are considered for developing and implementing
the online dynamical dust production scheme, together with
the parameterizations of several factors which influence the
dust emission processes, are described in detail by Zakey
et al. [63]. The dust scheme of RegCM4 represents the dry
dust particle size distribution through size bin approach.
The whole-size spectrum of dust particles covers a diameter
range of 0.01 to 20.0𝜇m, divided into 4 size-bins, that is, the
fine (0.01–1.0 𝜇m), accumulation (1.0–2.5𝜇m), coarse (2.5–
5.0 𝜇m), and giant (5.0–20.0 𝜇m) particle size modes [63]. As
described in Zakey et al. [63], during the inclusion of dust
module in RegCM framework, some new parameterizations
of the dustatmospheric process (such as, size-dependent
gravitational settling processes of dust particles) are incorpo-
rated into the tracer transport equation of Solmon et al. [29].

For each wavelength of the RegCM4 radiation scheme
and for each aerosol species, the aerosol size distribution
and refractive index dependent optical properties (i.e., asym-
metry factor, single scattering albedo, and mass extinction
coefficient) are computed using theMie theory and employed
in the model [29]. Using prognostic dust bin concentra-
tions, long-wave refractive indices, and absorption cross
sections, the dust particles long-wave emissivity/absorptivity
influences are implemented based on Solmon et al. [67].
The relative humidity influences on optical properties of
hydrophilic aerosols are specified according to Solmon et
al. [29]. Accordingly, the model computes the shortwave
radiative influences of all the above aerosol types using
these optical properties, along with the long-wave effects of
dust particles [50]. More information on different aspects
of RegCM4-aerosol model is described in Giorgi et al.
[50]. Over the years, this model has been widely used to
examine the regional-scale direct radiative forcing of aerosols
and their climatic effects in different parts of the globe
(e.g., [43, 67, 69–71, 115–117]). In this study, also employing
two recently updated emission inventories in the model
(which are described in Section 2.3), a long term regional
climate/aerosol simulation has been carried out.

Before we carry on to the next section, we would like
to highlight some of the limitations which are associated
with our simulation, as well as the aerosol schemes of
RegCM4. This, further than assisting this study, it will also

avoid the repetition of information in studies that follow
this contribution [118–121]. Most of the earlier studies, for
example, several studies reported in IPCC [4] clearly stated
the importance of the indirect effects of aerosols alongwith its
current uncertainties. Nonetheless, one of themain caveats of
RegCM4-aerosolmodel is that it does not include this aerosol
effect. The next limitation is associated with the assumption
used regarding the complex mixing state of the particles.
Throughout our studies, the external mixing assumption is
used for the computation of the total optical parameters of
aerosols. This is based on previous studies which reported
that nearby the aerosol source region, the extinction cross
section is slightly sensitive to the mixing hypothesis (e.g., [93,
122]). However, there are several processes in the atmosphere
that will alter an external mixture of particles into an internal
mixture (e.g., [123]). In fact, different studies show a high
sensitivity of the bulk aerosol optical and microphysical
properties as well as its radiative and climatic influences to
the aerosol mixing state assumptions (e.g., [41, 124–128]).
Accordingly, the effort of understanding the internal/external
mixture assumptions, along with their consequential aspects
(via modifying the RegCM4-aerosol model parameteriza-
tions), is currently in progress [129], while the sea salt
particles contribution is primarily noted only within limited
coastal areas of South Africa, following the rise of south-
easterly wind speed for a short period of time (e.g., [2]).
Thus, for meanwhile our simulations do not encompass
marine aerosols. Additionally, the simulation does not take
into account the long-wave effects of carbonaceous and
sulfate particles. In fact, the particle interaction with thermal
infrared radiation is significant if the aerosols are large in size
such as for dust and sea salt particles. For smaller aerosols,
the extinction coefficient decreases rapidly with increasing
wavelength (e.g., [90, 130]). Therefore, omitting the long-
wave radiation effects of carbonaceous and sulfate particles
will not impose a significant error in long-wave radiation
computation, as well as in assessing the direct and semi-direct
effects of these particles.

2.3. Emission Datasets. In this study, the emission estimates
of black carbon (BC) and organic carbon (OC) particles, and
sulfur dioxide (SO2) which are induced from anthropogenic
and biomass burning activities are derived from two recently
updated emission inventories:MACCity [131] andGlobal Fire
Emissions Database, version 3 (GFED3) [132], respectively.
Both inventories are provided at spatial resolution of 0.5 × 0.5
degree over the globe with a monthly temporal resolution.
The MACCity inventory is the upgraded extension of
ACCMIP (Atmospheric Chemistry and Climate-Model
Intercomparison Project) emissions dataset [131]. Covering
a period from 1990 to 2010, this emission database provides
various gases and aerosol species, which are contributed
from different anthropogenic sectors such as power plant,
industrial activities, and transportations. The GFED3
inventory applies global scale satellite-derived products such
as vegetation characteristics, productivity, and burned area
estimates, along with a fire module of a biogeochemical
model, as well as several conditions to estimate emissions
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from biomass burning activities (i.e., from grass, peat,
woodland, forest, open savanna, deforestation fires, and
agricultural waste burnings; see Giglio et al. [133] and
van der Werf et al. [132, 134]. Further details of GFED3
approaches and spatio-temporal emission variability are
compressively described in van der Werf et al. [132] and
references therein. This dataset contains several trace gases
and particulate matter which emitted from these open
biomass burning activities, for the period from 1997 to 2009.

2.4. Experimental Design. For the purpose of evaluating the
coupled model’s (i.e., RegCM4-aerosol model) capability of
simulating the total atmospheric aerosol optical parameters,
as well as extracting the aerosol-induced climate-impact
signal from the underlying noise, a long term simulation is
essential. Implementing the above recently updated emission
inventories we have conducted a series of simulations, which
extends from January 1997 to December 2008 and analyses
the recent 11 years’ results. To eliminate boundary effects (e.g.,
[135, 136]), the simulation domain is designed to be larger
than the area of interest; that is, our simulation domain (from
5.5∘E to 47.1∘E and from 37.5∘S to 18.6∘S) encompasses the
entire South Africa and its surrounding land/ocean regions
(Figure 1) at a horizontal grid resolution of 60 km with 18
vertical layers. Though, the finest horizontal resolution of
RegCM4 can be set to 10 km; considering our domain size,
the horizontal spacing used in this study is fairly adequate to
make amultiyear simulationwith a reasonable computational
time. Taking into account the aerosol influence on radiation,
as well as the two-way aerosol-climate feedbacks, all the ten
tracers available in RegCM4 are included in our simulation
under external mixture assumption. The European Centre
for Medium-Range Weather Forecasts (ECMWF) reanalysis
ERA interim (ERAIN: [137, 138]) and the weekly mean
product of National Ocean and Atmosphere Administration’s
(NOAA) Optimum Interpolated sea surface temperature
(OISST) [139] are implemented for limited-area model that
required time-dependent initial and lateral boundary con-
ditions. The simulations presented here use a time setup of
10 minutes for surface parameter files (topography, land use,
vegetation, soil type, etc.), along with the dynamical model
time step of 150 seconds and 6 hours updating lateral bound-
ary conditions. Most of the model’s climatic schemes, as well
as meteorological lateral boundary condition selections, are
based on Tummon [80] sensitivity and performance studies
of RegCM schemes over Southern Africa. Since this work is
the first step towards applying the RegCM4-aerosolmodel for
the investigation of radiative and climatic effects of different
types of aerosol over South Africa, we have tested and
discussed the model’s performance in terms of computing
different optical fields of aerosols over this region only.

2.5. Observational Data

2.5.1. AERONET Surface Observation. The Aerosol Robotic
Network (AERONET) is a global ground-based network of
automated sun-photometer measurements [140]. AERONET
provides aerosol optical depth and surface solar flux, aswell as

employing improved retrieval algorithms; it delivers different
sets of atmospheric column aerosol optical andmicrophysical
parameters (e.g., [141]). Even if there are different AERONET
stations in South Africa, only one site has continuous AOD
observations (from 1998 to 2008), that is, at Skukuza (24∘S,
31∘E; see Figure 1). In the present work, quality-assured
dataset (Level 2.0) of AERONET aerosol optical depth (AOD
at 500 nm) from this site is used for comparison with the
AOD derived from the model simulations.

2.5.2. MISR Satellite Observation. Multiangle Imaging Spec-
troRadiometer (MISR) was launched by the National Aero-
nautics and Space Administration (NASA) on December 18,
1999 and has been in operation since February 2000. The
device consists of nine push broom cameras arranged to view
at nominal zenith angles relative to the surface reference
ellipsoid of 0.0∘, ±26.1∘, ±45.6∘, 18 ± 60.0∘, and ±70.5∘ and
measures upwelling short wave radiance in each camera at
four spectral bands, centered at 446, 558, 672, and 866 nm
[142]. With high spatial resolution and a better radiometrical
and geometrical accuracy, the multiple angle-band observa-
tions of MISR allow the retrieval of a number of aerosol
optical and microphysical properties over land (including
a bright desert surfaces) and ocean [36–38, 100, 143–145].
Furthermore, MISR-AOD retrievals (level-3 data) have a
higher grid resolution (0.5∘ × 0.5∘) in comparison to the
Moderate Resolution Imaging Spectroradiometer (MODIS)
of Level-3 which has the resolution of 1∘ × 1∘. In the present
study fromMISR-level-3-monthly-averaged datasets (version
31, which are available from 2000 onward), the AOD and SSA
at 558 nm are utilized to evaluate the simulated results.

2.5.3. LIDAR Observation. A mobile LIDAR system was
developed at the Council for Scientific and Industrial
Research (CSIR), National Laser Centre (NLC), Pretoria
(25∘5∘S; 28∘2∘E), South Africa [146, 147]. At present, the
CSIR-NLC mobile LIDAR can provide aerosol backscat-
ter measurements at 532 nm for the altitude region from
ground to 40 km with a height resolution of 10m [148–150].
For a better understanding of the atmospheric boundary
layer evolution and aerosol concentrations, during October
2008 the LIDAR experiment has been performed at the
University of Pretoria (25.7∘S; 28.2∘E). The experiment has
been made continuous for 23 hour measurement, that is,
from 16 October, 16 h00 to 17 October, 15 h00. To assess the
model’s performance in simulating the vertical distribution of
aerosols, LIDAR retrieved extinction coefficient profiles from
this experiment are comparedwith the correspondingmodel-
simulated results.

3. Results and Discussion

In the following subsections, we present the RegCM4-aerosol
model’s estimated aerosol optical field evaluation results,
over South Africa. The magnitude and temporal variability
of simulated columnar AOD comparison with AERONET
and MISR observations at Skukuza (24S, 31E) is given in
Section 3.1. The latitudinal variations of simulated AODs
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and SSAs values within South Africa, in comparison with
their corresponding column-integrated MISR retrievals, are
provided in Section 3.2. Further, the simulated aerosol extinc-
tion coefficient profiles with respect to ground-based CSIR-
mobile LIDAR retrievals are presented in Section 3.3. The
geographical location of the surface observation sites, that is,
for AERONET and LIDAR, is shown in Figure 1. One of the
important factors that propagate a bias in simulated aerosol
concentration in model predicted aerosol optical fields is the
model’s insufficiency in simulating meteorological fields. In
this context, even though the evaluation of model estimated
meteorological parameters is beyond the scope and the aim
of this study, to clarify some of the disparities between
simulated andmeasured optical parameters, the bias inmodel
estimated meteorological parameter, in comparison with
specific meteorological sites, is presented in Appendix.

3.1. Comparisons with AERONET and MISR. The compari-
son of model-simulated monthly-averaged AOD (at 550 nm)
with the available data from AERONET (at 500 nm) and
MISR (at 558 nm) observations at Skukuza (24∘S, 31∘E),
South Africa, is shown in Figure 2. Skukuza is situated
in a region of the northeastern area of the Mpumalanga
province (see Figure 1), which is relatively close to the major
industrial areas of South Africa (i.e., Gauteng and western
areas of Mpumalanga). This site is influenced by several
aerosols, which are induced from various local activities,
for instance, primary/secondary aerosols from frequently
occurring local biomass burning activities (e.g., [69, 80]), a
variety of agricultural practices, and natural-resource based
industrial activities, such as coal production (e.g., [72, 77]).
Besides, the conveyance of aerosols from the main industrial
Highveld regions of South Africa and the slight contribution
of long-range transported particles are the additional sources
of aerosols for this site (e.g., [85, 151, 152]). In reproducing the
magnitude of AERONET and MISR AOD values, the model
relatively performs well. At least the magnitudes of simulated
AODs are within the standard deviation of AERONET and
±25% of MISR observations. The other important aspect
in studying the climatic role of aerosols is the model’s
performance in capturing the temporal evolution of aerosol
loading. In this regard, the model shows a good performance
of capturing the seasonal and interannual variability of AOD
(i.e., the temporal pattern of simulated AOD exhibits a
temporal correlation coefficient of ∼0.6 when compared with
both observations).

Under cloud-free conditions, the AERONET AOD
uncertainties for wavelengths > 400 nm are quite small
(< ±0.01, [94]); therefore, taking AERONET measurements
as a reference in our evaluation during some years one/two
month advance/late predictions of maximal/minimal
values of AOD by the model has been noted. Nevertheless,
similar levels of temporal pattern inconsistencies, between
AERONET and MISR measurements, are also seen. Such
arbitrarily occurring temporal biases on simulated AODs
are most likely related (at least partially associated) to
three factors: (1) since the air quality around this site is
strongly influenced by biomass burning events and different
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Figure 2: The comparison of RegCM4-aerosol model simulated
monthly-averaged column-integrated aerosol extinction optical
depth (at 550 nm—blue solid line) with its corresponding obser-
vations derived from MISR (at 558 nm—gray dotted line) and
AERONET (at 500 nm—black solid line denoting the values and
standard deviation), at Skukuza, South Africa.

industrial activities, uncertainties associated with biomass
burning/anthropogenic/sporadic urban emissions estimates
by the emission inventories used in our simulations will
impose such temporal biases (e.g., [80, 101]); (2) it is also
likely that the bias in simulated meteorological fields could
be a contributing factor in inducing temporal evolution
biases on simulated aerosol concentrations, in turn in model
predicted AOD patterns (e.g., [30, 34, 57, 153]), and (3) biases
that propagate from the interpolation scheme used to get
model AOD at the AERONET site.

3.2. Comparison of Simulated and MISR Satellite-Observed
AOD and SSA Latitudinal Variations. In order to evaluate
the model performance in capturing the spatial variability
of column-integrated AODs and SSAs values, the simulated
results are compared with MISR observations. The 9-year
(i.e., from 2000 to 2008) simulated AOD and SSA values
(at 550 nm) are averaged over the longitudinal range, which
encompasses only South Africa; subsequently their latitu-
dinal variations (i.e., from the lower tip of Western Cape
to the upper end of Limpopo, see Figure 1) in comparison
with the corresponding MISR retrieved data (at 558 nm) are
presented in Figures 3(a) and 3(b), respectively. Over most
of the latitudinal locations which correspond to Gauteng,
Mpumalanga, North West, and Western Cape regions, the
simulated columnar AOD values are within the standard
deviation ofMISRobservations.However, over the latitudinal
locationswhich comprise theNorthernCape,KwaZuluNatal,
Free State, and most areas of the Eastern Cape regions, the
model slightly overestimates the AOD values with respect to
theMISR observations. In contrast, relative toMISR retrieval,
the model underestimates the AOD signal in Limpopo
province (i.e., within latitudinal range of 25.5∘S to 22∘S).
Within latitudinal ranges that extend from the southern tip
of the Western Cape to central areas of Gauteng (except
at 34.5∘S), the model’s estimated SSA values are within the
standard deviation of MISR observations. However, this
comparison shows a slight positive bias that varies from +0.6
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Figure 3: The latitudinal variation of the 9 years averaged column-integrated (a) AOD and (b) SSA values over South Africa, which are
derived fromMISR (at 558 nm—black dot line denoting the values and its standard deviation) and the model (at 550 nm—gray solid line).

to +4% relative toMISRmean values. For latitudinal locations
which are above 25∘S the model’s predicted SSA values are
lower than their corresponding MISR retrieved mean values.

The aerosol characteristics extracted from model sim-
ulations such as the distributions of atmospheric aerosol
concentrations (in turn, their optical properties), the rate of
production, and removal of particles are mostly controlled
bymeteorological parameters, which are highly variable both
temporally and spatially (e.g., [2, 30, 31, 34, 153]).Themodel’s
performance in computing the actual precipitation values and
patterns has a central role in determining the removal of
aerosols from the atmosphere via wet deposition processes, as
well as in regulating the soilmoisturewhich in turn influences
the dust production (e.g., [30, 31, 63]). As a result, the biases
in the model’s estimated precipitation values, in turn the
aerosol concentrations, will significantly affect the robustness
of simulated aerosol optical properties (e.g., [30, 57, 80, 154]).
Even though it is not the intention of the current work to
evaluate the simulated meteorological parameters, in order
to decipher their contribution to the accuracy of model’s
estimated values of AOD and SSA, within a latitudinal range
of 33.5∘S to 27∘S, it is valuable to assess the bias in the model’s
estimated precipitation values. For this purpose, a single
South African weather service (SAWS) metrological station’s
datasets (only one representative station per Province) are
used as representative of these provinces and are compared
with simulated results (see Appendix, Figures 4 and 5). The
comparison period covers 108 months (from 2000 to 2008;
please see Appendix). From the total compared months in
Bloemfontein (29.1∘S, 26.3∘E) which is in Free State and
Upington (28.4∘S, 21.3∘E) which is in Northern Cape, ∼80%

of simulated precipitation values are in a negative bias (see
Appendix, Figure 5).

The processes that control the dust emission through
wind erosion are quite different to those involved in the
anthropogenic/biomass burning emissions [29, 63]. The
computation of naturally emitted dust production involves
numerous criteria of land surface characterization. It also
depends upon the model’s capability of simulating different
meteorological fields and land surface conditions. One of the
surface parameters that determine the dust production is soil
moisture (e.g., [63, 155]) The model’s predicted precipitation
values exhibit a dry bias, which in turn will cause the surface
to become dry and favorable for excessive dust particles
emission depending on the wind intensity, [63, 156, 157].
Concurrently, the dry bias in simulated precipitation values
will elongate the atmospheric residence time of the particles
by reducing the wet removal rate (e.g., [30, 31, 158]). Soil dust
particles do not readily dissolve in water ([159] and references
therein); thus the negative bias in simulated precipitation will
especially extend the atmospheric life-time of hydrophilic
aerosols such as sulfate aerosols [30, 80].

Within the simulation domain of the present work, the
arid/semiarid regions of the Northern Cape, as well as
Namibia and Botswana, are major sources of wind-induced
desert dust particles over SouthAfrica ([2, 160] and references
therein). Moreover, as presented in Tesfaye et al. [121] the
largest contribution of sulfate aerosols to the total AOD is
found in the Free State province of South Africa. In the
visible part of the spectrum, excluding the slight absorption
influence of larger dust particles [161], both dust and sulfate
aerosols have a prevailing role of scattering (i.e., these aerosols
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Figure 4: Model domain and topography (unit: m). The selected SAWS station locations are numbered as (1) Cape Town (33.9∘S, 18.6∘E),
(2) East London (33.0∘S, 27.8∘E), (3) Durban South (29.9∘S, 30.9∘E), (4) Bloemfontein (29.1∘S, 26.3∘E), (5) Upington (28.4∘S, 21.3∘E), (6)
Johannesburg (26.2∘S, 28.2∘E), (7) Ermelo (26.5∘S, 29.9∘E), (8) Mafikeng (25.8∘S, 25.5∘E), and (9) Polokwane (23.9∘S, 29.5∘E).

have higher values of SSA) (e.g., [88, 90, 92]). Connecting all
the aforementioned interrelated actualities, it is evident that
within latitudinal range of 33.5∘S to 27∘S (i.e., which includes
theNorthernCape andFree State provinces of SouthAfrica as
well as the nearby regions; see Figure 1), themodel’s estimated
higher values of AOD and SSA (relative to MISR retrieval,
Figure 3) may have been caused by the overestimated dust
and sulfate aerosol atmospheric concentrations. This is also
ensued due to the prevailing dry bias incidences around
the primary source region of these aerosols (see Appendix,
Figure 5).

Even though the arid/semiarid surfaces are the main
source areas of dust particles, anthropogenic activities
induced land surface degradations that are related to agri-
cultural use, mining activities, and many other events result
in an increment in wind-generated dust production (e.g.,
[162]). The areas of South Africa which are bounded within a
latitudinal range of 25∘S to 22∘S (i.e., the Limpopo province)
are highly populated with different mining and agricultural
practices. Consequently, these activities will raise the dust
emission in local and regional scales. However, the RegCM4
dust emission parameterizations are effective for cells which
are dominated by desert and semidesert land cover only
[63]. Therefore, primarily owing to the lack of cooperating
anthropogenic activity-related dust production in Limpopo
province (i.e., 25∘S to 22∘S), the model underestimates the
AOD, aswell as SSA valueswith respect toMISR observations
(Figure 3). Such bias, in turn, will affect the accuracy of the
model’s estimated direct and semi-direct radiative effects of
total aerosols.

Due to the high dynamical nature of human activities,
it is challenging to estimate anthropogenic events triggered

by dust load. The above results notify the necessity of
cooperating these particles for a better representation of
bulk aerosol and its climatic roles in South Africa. Besides
the above primary reason, the shortage of accounting the
long-range transported particles in the model—especially
from mining industries of Zambian to Limpopo areas (25∘S
to 22∘S)—will have a slight contribution to the observed
essential differences in Figure 3 (e.g., [163]). As a final point,
as indicated in Section 2, our simulation did not take into
account marine aerosols. In the meanwhile, at Cape Town’s
(33.9∘S, 18.6∘E) metrological site, largely positive biases in
simulated precipitation values were noted (see Appendix,
Figure 5), this will result in an overestimation of aerosol wet
deposition (e.g., [30, 31]). Therefore, most likely related to
these two factors, the model’s estimated SSA values around
the Cape Point (i.e., 34.5∘S) are slightly underestimated with
respect to MISR observations.

3.3. Comparisons with LIDAR. The aerosol extinction coeffi-
cient profiles that are retrieved from the LIDAR experiment
(532 nm; see Section 2.5.3) on 16 October observation at
18:00 and 17 October at 00:00 and 06:00 were compared to
their corresponding model results (550 nm) and provided in
Figures 6(a)–6(c), respectively. In all comparisons, except at
18:00, both experimental and simulated profiles exhibit larger
extinction coefficients below the altitude of 6 km. Above
6 km (i.e., above ∼490 hPa), the simulated extinction profiles
display a more rapid decline than the experimental obser-
vation. Especially on 16 October (at 18:00) and 17 October
(at 06:00), considerable discrepancies between the model’s
and LIDAR’s extinction profiles, above the height region of
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Figure 5: The bias in RegCM4 estimated total daily precipitation
(mm/day) in comparison with the specific metrological station’s
data. From the total compared months (108 months, i.e., 2000 to
2008) the percentage of the number of points that exhibit a negative
bias (NB) is given in each plot.

6 km, have been noted. Using the same LIDAR datasets and
air mass trajectory analysis, Tesfaye et al. [150] showed that
particles above the height region of 6 km were particularly
donated from long-range transportation processes. However,
related with our future concern of investigating different
types of aerosol impacts on SouthAfrican climate—especially
those which are originated in and around South Africa, we
have configured the domain (see Figure 1), as well as the

inflow/outflowboundary conditions, in order to account only
for the natural and anthropogenic aerosol sources in and
around South Africa. These configurations neglect the con-
tribution of aerosols from external sources (which are outside
of the domain) to the regional aerosol budget. This may
partially attribute for the differences between experimental
and simulated extinction profiles which are noted above the
altitude profile of 6 km.

In overall, to regulate the complex semidirect effect of
aerosols—especially their role in cloud cover, studies have
shown the importance of the relative position of the aerosol
layer with respect to the cloud position (e.g., [16, 17]).
Nonetheless, there are several factors that will impose sub-
stantial inaccuracies on simulated profiles of aerosol optical
properties such as, the model’s deficiency in representing
convective processes (e.g., [57, 65, 68]), the number of aerosol
components which are cooperated in the model along with
their mixing state hypothesis (e.g., [5, 124]), and the various
aspects which are mentioned in Section 1. Considering the
presence of these all confining circumstances which will
inflict discrepancies between simulated and LIDAR profiles,
the model exhibits quite satisfactory performance in captur-
ing the major aerosol extinction profiles. Although in our
discussion several factors that will impose a bias on simulated
aerosol optical signals are highlighted; at this scope of the
study it is difficult to accurately assess the contribution of
each factors in-depth and to point out which one is more
responsible for enforcing these biases.

4. Summary and Concluding Remarks

Before we employ the Regional Climate Model-RegCM4 for
the investigation of direct and semi-direct effects of aerosols
over South Africa, in this study its performance to capture
the observed aerosol optical properties has been evaluated
and discussed. The evaluations were performed by compar-
ing the simulated columnar Aerosol Optical Depth (AOD)
and Single Scattering Albedo (SSA) against ground-based
(AERONET) and satellite (Multiangle Imaging SpectroRa-
diometer: MISR) observations. Additionally, the simulated
aerosol extinction profiles were comparedwith ground-based
LIDAR retrieval. In our current contribution, the following
conclusions can be drawn.

(i) At Skukuza (24∘S, 31∘E), the values of simulated AOD
were within the standard deviation of AERONET
and ±25% of MISR observations. Occasionally, the
model-estimated maximum/minimum AOD values
displayed a slight temporal shift with respect to
AERONET observations. Nonetheless, such irregu-
larly occurring temporal biases, as well as magnitude
differences, are also noted among the MISR and
AERONET platform estimates. In this frame, the
model’s simulated AOD climatology at Skukuza site
is legitimately acceptable.

(ii) Considering the longitudinal range which includes
only SouthAfrica—the 9-year averaged values of sim-
ulated AOD and SSA latitudinal variations were also
compared with the corresponding values retrieved
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Figure 6: Aerosol extinction coefficient profiles, retrieved from LIDARmeasurements at Pretoria (black dash-dot line) and its corresponding
profiles provided by RegCM4 (gray line) (a) on 16 October at 18:00, (b) and (c) on 17 October at 00:00 and at 06:00, respectively.

fromMISRobservations.Within a latitudinal range of
26.5∘S to 24.5∘S, the simulated columnar AOD values
were within the standard deviation of MISR. How-
ever, within the regions of 33.5∘S to 27∘S, the model
tends to predict slightly higher values of AOD relative
to MISR observation.This was predominantly caused
by the negative (dry) bias in simulated precipitation
that leads to the overestimation of dust and sulfate
aerosol loads over these regions.

(iii) With respect to MISR, over the latitudinal range
that corresponds to the Limpopo province (i.e., 25∘S
to 22∘S), the model underestimates both AOD and
SSA signals. This was primarily due to the model’s
shortage in cooperating the anthropogenic activities
prompted dust loads, such as dust from agricultural
and mining practices. Therefore, in our region of
interest (i.e., South Africa), this is considered as the
main deficiency of RegCM4. Besides, in most of the
latitudinal ranges, the simulated SSA values were
within standard deviations of MISR observations.

(iv) Excluding the model’s underestimated extinction
coefficient profiles above 6 km, RegCM4 performs
very well in capturing the main aerosol extinction
profiles, relative to LIDARmeasurements.The aerosol
extinction signals at higher altitude (>6 km) were
donated by long-range transportation of particles
from regions which were outside our simulation
domain.

(v) Relative to observational data, the model fairly repro-
duced optical properties of aerosols. This affirmed
that sulfate and carbonaceous aerosols from both
anthropogenic and biomass burning activities and

wind eroded desert dust particles were the main
aerosol components in the SouthAfrican atmosphere.

(vi) Overall, RegCM4 appeared to be a suitable tool for
the examination of the direct and semi-direct effects
of aerosols over the South African regional climate.

(vii) In the series of studies to follow, we will provide the
distribution, direct and semi-direct effects of wind
eroded desert dust particles, and the different species
of aerosols which were induced from anthropogenic
and biomass burning sectors, in South Africa [118–
121]. Thus, we would like to remark here that, in the
present study, a bit of an extended general introduc-
tion, as well as a brief description about RegCM4, was
addressed. Parts of these sections will be used as the
basic framework for those of our future studies.

Appendix

Themeteorological parameters such as precipitation, relative
humidity, temperature, and wind speed play a major role
in determining aerosol dynamics, as well as the changes
in aerosol optical and physico-chemical properties (e.g., [2,
34, 153]). The model’s deficiency in representing the actual
precipitation values andpatternswill impose a significant bias
simulated aerosol production (via influencing surface wet-
ness), as well as their atmospheric lifetime and concentration
(via influencing wet aerosol deposition) [2, 30, 31].The biases
in simulated aerosol concentrations will consequently affect
the model’s accuracy in computing the optical properties of
aerosols. Therefore, comparing the simulated precipitation
values, with respect to the South Africa Weather Service
(SAWS) metrological station observations, the biases in
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model’s predicted precipitation values are estimated. For this
purpose, from each province of SouthAfrica, a single weather
service station is designated as a representative of these areas
(Figure 4).

The bias in simulated total precipitation, while being
compared to the datasets of the specific metrological sites,
is shown in Figure 5. Generally, excluding the stations which
are nearby the coastal areas of South Africa (i.e., Cape Town
and Durban South stations, Figure 5(a)), the model predom-
inantly exhibits a negative bias (Figures 5(b) and 5(c)); that
is, out of total compared months in 75% ± 5% of the points
RegCM4 tends to underestimate the total daily precipitation
values. The dry bias over the west (i.e., at Upington station,
Figures 4 and 5(b)) and central (i.e., at Bloemfontein station,
Figures 4 and 5(b)) parts of South Africa will promote the
over emission of wind eroded dust particles and reduced wet
deposition of hydrophilic aerosols. The precipitation bias in
these comparisons has to be considered under caution; this
is not a complete indicator of the overall performance of the
model.

The model might actually be a demonstration of the
region, but may not match exactly with the precise site obser-
vations. Further, the bias in metrological parameters can
be induced by numerous complex factors such as radiation
balance and energy flux inaccuracies induced through aerosol
processes and surface properties (such as surface albedo),
temperature advection, and cloud process representations
[30, 57, 68, 164, 165]. However, determining the actual cause
of these metrological parameter biases requires a further
deep examination of the model’s physics in representing the
atmospheric dynamics, cloud, and surface processes as well
as several other factors, which is beyond the scope of this
study. Nevertheless, the expressive correlation between the
biases in simulatedAODand precipitation values strengthens
the remarkable importance of interactive coupling of aerosol-
climate interactions.
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A. Konaré, “Dust aerosol impact on regional precipitation
over western Africa, mechanisms and sensitivity to absorption
properties,” Geophysical Research Letters, vol. 35, no. 24, Article
ID L24705, 2008.

[68] F. Solmon, N. Elguindi, and M. Mallet, “Radiative and climatic
effects of dust over West Africa, as simulated by a regional
climate model,” Climate Research, vol. 52, pp. 97–113, 2012.

[69] F. Tummon, F. Solmon, C. Liousse, andM. Tadross, “Simulation
of the direct and semidirect aerosol effects on the southern
Africa regional climate during the biomass burning season,”
Journal of Geophysical Research D, vol. 115, no. 19, Article ID
D19206, 2010.

[70] A. Konare, A. S. Zakey, F. Solmon et al., “A regional climate
modeling study of the effect of desert dust on the West African
monsoon,” Journal of Geophysical Research D, vol. 113, no. 12,
Article ID D12206, 2008.

[71] F. Malavelle, V. Pont, M. Mallet et al., “Simulation of aerosol
radiative effects over West Africa during DABEX and AMMA
SOP-0,” Journal of Geophysical Research D, vol. 116, no. 8, Article
ID D08205, 2011.

[72] Eskom, “Effects of atmospheric pollution on the Mpumalanga
Highveld,” Power Technology No. 70, Eskom Technology
Group, Cleveland, South Africa, 1996.

[73] R. Spalding-Fecher and D. K. Matibe, “Electricity and external-
ities in South Africa,” Energy Policy, vol. 31, no. 8, pp. 721–734,
2003.

[74] K. E. Ross, S. J. Piketh, R. T. Bruintjes, R. P. Burger, R. J. Swap,
and H. J. Annegarn, “Spatial and aerosol variations in CCN
distribution and the aerosol-CCN relationship over southern
Africa,” Journal of Geophysical Research D, vol. 108, no. 13, pp.
1–18, 2003.

[75] A. J. Mills, A. V. Milewski, C. Sirami et al., “Aerosol capture by
small trees in savannas marginal to treeless grassland in South
Africa,” Geoderma, vol. 189-190, pp. 124–132, 2012.

[76] H. Winkler, P. Formenti, D. J. Esterhuyse et al., “Evidence
for large-scale transport of biomass burning aerosols from
sunphotometry at a remote South African site,” Atmospheric
Environment, vol. 42, no. 22, pp. 5569–5578, 2008.

[77] A. J. Queface, S. J. Piketh, T. F. Eck, S.-C. Tsay, andA. F.Mavume,
“Climatology of aerosol optical properties in Southern Africa,”
Atmospheric Environment, vol. 45, no. 17, pp. 2910–2921, 2011.

[78] B. I. Magi, “Chemical apportionment of southern African
aerosol mass and optical depth,” Atmospheric Chemistry and
Physics, vol. 9, no. 19, pp. 7643–7655, 2009.

[79] M. Tesfaye, V. Sivakumar, J. Botai, andG.Mengistu, “Latitudinal
variations of aerosol optical parameters over SouthAfrica based
on MISR satellite data,” in Proceedings of the 26th Annual
Conference of South African Society for Atmosphere Science, pp.
105–106, September 2010.

[80] F. Tummon,Direct and semi-direct aerosol effects on the southern
African regional climate during the austral winter season [Ph.D.
thesis], University ofCapeTown,CapeTown, SouthAfrica, 2011.

[81] B. I. Magi, P. Ginoux, Y. Ming, and V. Ramaswamy, “Evaluation
of tropical and extratropical Southern Hemisphere African
aerosol properties simulated by a climate model,” Journal of
Geophysical ResearchD, vol. 114, no. 14, Article IDD14204, 2009.

[82] T. F. Eck, B. N. Holben, D. E. Ward et al., “Variability of
biomass burning aerosol optical characteristics in southern



ISRN Atmospheric Sciences 15

Africa during the SAFARI 2000 dry season campaign and a
comparison of single scattering albedo estimates from radio-
metric measurements,” Journal of Geophysical Research D, vol.
108, no. 13, pp. 1–21, 2003.

[83] R. J. Swap, H. J. Annegarn, J. T. Suttles et al., “The Southern
African Regional Science Initiative (SAFARI 2000): overview of
the dry season field campaign,” South African Journal of Science,
vol. 98, no. 3-4, pp. 125–130, 2002.

[84] R. J. Swap, H. J. Annegarn, J. T. Suttles et al., “Africa burning:
a thematic analysis of the Southern African Regional Science
Initiative (SAFARI 2000),” Journal of Geophysical Research D,
vol. 108, no. 13, pp. 1–15, 2003.

[85] S. J. Piketh, H. J. Annegarn, and P. D. Tyson, “Lower tro-
pospheric aerosol loadings over South Africa: the relative
contribution of aeolian dust, industrial emissions, and biomass
burning,” Journal of Geophysical Research D, vol. 104, no. 1, pp.
1597–1607, 1999.

[86] J. M. Prospero, P. Ginoux, O. Torres, S. E. Nicholson, and T.
E. Gill, “Environmental characterization of global sources of
atmospheric soil dust identified with the Nimbus 7 Total Ozone
Mapping Spectrometer (TOMS) absorbing aerosol product,”
Reviews of Geophysics, vol. 40, no. 1, pp. -1–31, 2002.

[87] O. Dubovik and M. D. King, “A flexible inversion algorithm for
retrieval of aerosol optical properties fromSun and sky radiance
measurements,” Journal of Geophysical Research D, vol. 105, no.
16, pp. 20673–20696, 2000.

[88] C. Levoni,M.Cervino, R. Guzzi, and F. Torricella, “Atmospheric
aerosol optical properties: a database of radiative characteristics
for different components and classes,” Applied Optics, vol. 36,
no. 30, pp. 8031–8041, 1997.

[89] M. I. Mishchenko and L. D. Travis, Light Scattering by Non-
Spherical Particles, Academic Press, San-Diego, Calif, USA,
2000.

[90] M. Hess, P. Koepke, and I. Schult, “Optical properties of
aerosols and clouds: the software package OPAC,” Bulletin of
the American Meteorological Society, vol. 79, no. 5, pp. 831–844,
1998.

[91] E. Andrews, P. J. Sheridan, M. Fiebig et al., “Comparison of
methods for deriving aerosol asymmetry parameter,” Journal of
Geophysical Research, vol. 111, no. D5, Article ID D05S04, 2006.

[92] T. Takemura, T. Nakajima, O. Dubovik, B. N. Holben, and
S. Kinne, “Single-scattering albedo and radiative forcing of
various aerosol species with a global three-dimensional model,”
Journal of Climate, vol. 15, no. 4, pp. 333–352, 2002.

[93] J. H. Seinfeld and S. N. Pandis, Atmospheric Chemistry and
Physics: From Air Pollution to Climate, Wiley, New York, NY,
USA, 2006.

[94] O. Dubovik, A. Smirnov, B. N. Holben et al., “Accuracy
assessments of aerosol optical properties retrieved fromAerosol
Robotic Network (AERONET) Sun and sky radiance measure-
ments,” Journal of Geophysical Research D, vol. 105, no. 8, pp.
9791–9806, 2000.

[95] H. Yu, Y. J. Kaufman, M. Chin et al., “A review of measurement-
based assessments of the aerosol direct radiative effect and
forcing,” Atmospheric Chemistry and Physics, vol. 6, no. 3, pp.
613–666, 2006.
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