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Abstract: Fires occur seasonally in Southern Africa, from June to November, increasing tropospheric
aerosol loading and triggering harmful consequences for the environment and human health. This
study aims to examine 13 years of aerosol optical characteristics and types over Southern Africa and
Reunion Island. Using AERONET sun photometers and MODIS observations, we found that a high
aerosol optical depth and Angstrom exponent are associated with two predominant types of aerosols
(biomass burning/urban industrial and mixed type) throughout the spring season. According to
CALIOP observations, the major aerosol types with occurrence frequencies above 10% are polluted
continental/smoke, polluted dust, and elevated smoke, whereas dust, clean continental, and dusty
marine have occurrence frequencies below 1%. In comparison to other seasons, the vertical profiles
of elevated smoke have different shapes in spring, with a seasonal shift in the peak altitude (from
3—4 km), when fire activity is at its maximum. At these altitudes, the northern regions presented
occurrence frequencies of 32% on average, while lower values were found for the southern or farthest
regions (<10-20% on average). The Lagrangian HYSPLIT model back-trajectories demonstrated
eastward transport, with air masses from South America and the Atlantic Ocean that recirculate
around the study sites. The aerosols are mainly derived from active biomass burning areas near the
study sites and, to a lesser extent, from remote sources such as South America.

Keywords: AOD; aerosol type; AERONET; MODIS; CALIOP; biomass burning season

1. Introduction

Fires occur in many parts of the world and are associated with atmospheric emissions
from the boundary layer to the lower stratosphere. Such aerosol and gas emissions trigger
impacts on both climate and air quality, and are therefore harmful to human health [1].
Southern Africa is one of the regions in the southern hemisphere where there is prevalent
biomass burning activity. Most of the fire activity in this region is not due to natural
causes but the result of agricultural burning associated with subsistence agriculture and
livestock grazing [2]. The analysis of thermal anomalies and burned areas reveals that
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fires occur seasonally in Southern Africa between June and November [3,4]. Savanna fires
are dominant in terms of soil type and represent 90% of the total burned area [5]. Using
multisource remotely sensed data, Kganyago et al. [6] emphasized that grassland is largely
burned during the austral winter (from June to August) and spring (from September to
November) seasons, with a total burned area of around 306 thousand and 208 thousand
km?, respectively. Southern African air flows are governed by five common trajectories:
direct easterly or westerly transport; easterly or westerly advection out of an initially
anticyclonic circulation; and anticyclonic recirculation [7]. Anticyclonic circulation creates
stable inversion layers over biomass burning regions. These stable layers can trap aerosols
and trace gases, leading to recirculation of emissions in the anticyclonic gyre, resulting in
increased pollution.

Several measurement campaigns have been undertaken in order to analyze and
characterize the transport of biomass burning aerosols in Africa (Southern Africa Fire-
Atmosphere Research Initiative (SAFARI-1992 and SAFARI-2000) [8-10], AErosol, Radia-
tiOn and CLOuds in Southern Africa (AEROCLO-sA) [11], Namib Fog Life Cycle Analysis
(NaFoLiCA) [12], and Observations of Aerosols above Clouds and Their Interactions (OR-
ACLES) [13-15]. These previous campaigns are scientifically complementary in providing
a large-scale picture of aerosols and their interactions with clouds and fog, and specif-
ically of biomass burning plumes at or near emissions (AEROCLO-sA and NaFoLiCa)
and short-to-mid-range transport (AEROCLO-sA and ORACLES). The ground-based and
airborne measurements carried out in the SAFARI field campaign are aimed at obtaining
new insights into the transport of biomass burning plumes at a regional scale [9]. In the
framework of SAFARI-2000, Schmid et al. [16] reported the presence of “massive, thick
aerosol layers” covering Southern Africa during the biomass burning season. These thick
aerosol layers containing smoke and haze formed a river of smoke that crossed the subcon-
tinent and exited from southeastern Southern Africa. Based on data collected during the
AEROCLO-sA field campaign in Southern Africa and a meso-scale model, [17] investigated
the formation and transport of this river of smoke over Southern Africa. Their results sug-
gest that the interaction between the tropical temperate troughs and the cut-off lows, which
form during winter on the west coast of Africa, may have a role in promoting the transport
of biomass burning aerosols from fire-prone regions in the tropical band to the temperate
mid-latitudes. The ORACLES field campaign was conducted with the aim of providing
the most extensive efforts in measurement for the broader southern Atlantic region since
SAFARI-2000. In particular, the ORACLES campaign was designed to investigate how
biomass burning aerosols interact with oceanic stratocumulus clouds and how such an
interaction affects the radiation budget [13-15].

In these previous studies, it was pointed out that the biomass burning plume crosses
Southern Africa during the dry season (from July to November). Therefore, the transport of
biomass burning plume induces significant variability of aerosol and chemical species over
Southern Africa. Analysis of sun photometer measurements over Southern Africa revealed
a significant increase in aerosol optical depth (AOD) during the biomass burning season
(which extends from August to November, with the most intense fire activity occurring in
the spring season) [18-27]. The few studies that the vertical distribution of aerosol from
ground-based and spaceborne lidar revealed that the top aerosol layer ranges from 3.5
to 5.7 km during the biomass burning season [7,28,29]. Most recently, the evolution of
the vertical distribution and optical properties of aerosols in the free troposphere was
characterized for the first time over the Namibian coast during the AEROCLO-sA field
campaign by Chazette et al. [30]; based on ground-based, airborne, and spaceborne
lidar measurements around the Henties Bay supersite, they showed that aerosols were
transported up to 6 km above mean sea level and associated with an increase in AOD (from
0.2t00.7).

The common point among the aforementioned studies is their interest in the western
coast of Southern Africa and the transport of biomass burning plumes into the southeast
Atlantic Ocean. A few studies have been carried out on the transport of the African biomass
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burning plume in terms of the vertical distribution of aerosols and trace gases over the
South-West Indian Ocean (SWIO) basin [2,31-34]. Based on ozone observations from
radiosondes and lidar observations, Clain et al. [31] found an increase in the tropospheric
ozone over Reunion Island during the dry season, in phase with biomass burning activity
in Southern Africa. Most recently, Duflot et al. [35] conducted an evaluation that revealed
the main contributor to AOD variability over Reunion Island to be biomass burning activity
in Southern Africa. Most previous works on the variability of aerosols during the biomass
burning season undertaken in Southern Africa were conducted on a local scale (such as
Durban, Skukuza, Cape Town, and Henties Bay). The work of Horowitz et al. [36] is the
most recent of those dedicated to the entire African continent in which sun photometer
observations from the AErosol RObotic NETwork (AERONET) network were combined
with a numerical model. Nonetheless, this work only included three sites in southern
Africa. The usefulness of sun photometry measurements from the AERONET network
for a preliminary estimation of the main type of aerosol has been reported in numerous
works [19,22,23,37,38].

Southern Africa has a complex aerosol composition due to the variety of possible
sources [39,40]. Natural aerosols are mainly composed of marine spray, due to the strong
productivity in coastal areas, and mineral dust aerosols. The latter are formed throughout
the western desert and semi desert areas as well as in wetter e astern parts of South Africa
wherever bare or sparsely covered dry ground is found [39,41]. Regional anthropogenic
pollution is related to large urban areas elsewhere in South Africa as well as over the central
plateau of Highveld [39,42]. Previous works have shown that aerosols from burning areas
in Central Africa (biomass burning occurring to the north of 20°S) contribute significantly
to the African haze layer [39,40,43]. Southern Africa is the region hosting major transport of
biomass burning sources in Central Africa [44]. The analysis of this very complex mixture
of aerosols is crucial for the investigation of their radiative effect over Southern Africa.

The aforementioned reasons serve as inspiration for our work, which aims to investi-
gate the variability of the aerosol optical properties and types across several selected sites
in Southern Africa and Reunion during the biomass burning season.

In summary, the objectives of this work are as follows:

1. Provide an overview and update on the spatiotemporal variability of aerosol optical
properties and types across several selected sites in Southern Africa and Reunion.

2. Discuss the vertical distribution of aerosol.

3. Investigate the origin of air masses over the selected sites.

The paper is organized as follows: The datasets used in this study are presented
in Section 2 along with a description of the selected sites and the methodology. The
spatiotemporal optical properties and types of aerosols in Southern Africa and Reunion
are presented in Section 3.1, wherein we use the 3D distribution of aerosol type based
on CALIOP to obtain the vertical distribution of each type as a function of altitude. The
findings are provided in Section 3.2 and used to initiate HYSPLIT (Hybrid Single-Particle
Lagrangian Integrated Trajectory) back-trajectory simulations in the study area. These
back-trajectories are used to highlight the origin, main pathways, and height of transported
air masses during the biomass burning season (Section 3.3). The conclusions and summary
are given in Section 4.

2. Location, Materials, and Method

This section is dedicated to presenting the instruments utilized in this study. We
combined observations from AERONET sun photometers over several sites with satel-
lite observations (e.g., Terra platform’s MODIS (Moderate Resolution Imaging Spectrora-
diometer) instrument and CALIOP (Cloud Aerosol Lidar with Orthogonal Polarization)
onboard CALIPSO (Cloud Aerosol Lidar Infrared Pathfinder Satellite Observations)) and
the numerical tool HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) in
backward mode.
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20°S

2.1. Location

Eight sun photometer sites were chosen on the basis of the number of years (more
than 4 years) of measurements available to cover the Southern African region and the
SWIO. In Figure 1, the study sites in Southern Africa are represented by blue dots, while
the Reunion site in the SWIO is represented by a red dot. The colored squares represent the
location closest to each sun photometer station for MODIS observations (see Section 2.3).
All geographical information is presented in Table 1.

@ 25°S
T
3
=
)
]
-
30°S
SA sun-photometer
35°S SA MODIS
Reunion sun-photometer
eunion MODIS
10°E 20°E 30°E 40°E 50°E 60°E
Longitude
Figure 1. Geographical location of the eight sun photometer sites and of MODIS observations.
The sites in South Africa (Pretoria, Skukuza, Simonstown, and Durban), Namibia (Gobabeb and
Windpoort), and Botswana (Maun Tower) are identified by blue dots and white squares, and the
Reunion site is shown with a red dot and a black square. Dots are for sun photometer and squares for
MODIS observations.
Table 1. Geographical information of the eight sun photometer sites. Note that the site’s name
is shortened for readability: Reunion is known as “REUNION_ST_DENIS”, Pretoria is known
as “Pretoria_CSIR-DPSS”, Simonstown is known as “Simontwon_IMT”, and Durban is known as
“Durban_UKZN". Data availability (%) is based on the ratio of the number of years available and
13 years (i.e., 2008-2021 period).
. . . . Time Span, Data .
Station Location, Country Coordinates Altitude (m) Availability (%) Site Typology
Reunion Campus of Moufia, -, 5109 55 4850F 93 2008-2021, 100 Marine
Reunion Island
Windpoort Etosha Pan, 19.366°S, 15.483°E 1206 2016-2021, 46.1 Rural
Namibia
Gobabeb Namib Desert, 3 50705 15.041°E 405 2014-2020, 53.8 Coastal, desert
Namibia
Maun Tower Botswana 19.900°S, 23.550°E 951 2017-2021, 30.7 Rural
Pretoria Gauteng, South 5 75705 56 2800F; 1449 2011-2018,61.5  Utrban, industrial

Africa
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Table 1. Cont.

Time Span, Data

Station Location, Country Coordinates Altitude (m) Availability (%) Site Typology
Mpumalanga, o o 2008-2011
Skukuza South Africa 24.992°S, 31.587°E 265 2016-2020, 69.2 Rural
Simonstown Western Cape, 5 19305 18 446°F 27 2015-2021, 53.8 Utban, coastal
South Africa
Durban KwaZulu-Natal, g ¢1705 30 94408 205 2015-2021, 53.8 Urban, coastal
South Africa

The Reunion site serves as a control region for the study of aerosol outflow from the
Southern African region. The available data for the Reunion site range from the year 2008
to 2021, which corresponds to the study period for all other sites. Note that the Skukuza
site data span the years from 1998 to 2020, but from 2012 to March 2016 the instrument was
out of service due to calibration issues [45]. Therefore, the study period of Skukuza covers
the years 2008 to 2011 and 2016 to 2020.

2.2. Ground-Based Observation from AERONET: Sun Photometer

The AERONET (AErosol RObotic NETwork) sun photometer (model CE318) is a
passive remote-sensing instrument that analyzes the attenuation of solar radiation to
measure the optical and microphysical properties of vertically integrated aerosols in the
atmosphere (e.g., optical depth). Measurements are taken at 15 min intervals under cloud-
free and daytime conditions at wavelengths of 340, 380, 440, 500, 670, 870, 940, and
1020 nm. Column water abundance is measured using the 940 nm channel. Under cloud-
free conditions, the uncertainty in AOD measurements was estimated in Eck et al. [46]
to be ~0.01 in the visible and near-IR and increasing to ~0.02 in the ultraviolet (340 and
380 nm) [46,47]. The Angstrom exponent (AE) is a parameter of atmospheric turbidity [48]
and expresses the spectral dependence of aerosol optical depth with the wavelength; it can
be estimated using AOD measurements taken at different wavelengths to provide a proxy
of aerosol particle size, as given by Equation (1):

AOD,
In ( ! )
AOD,,
A ’
=(32)
where AOD,, and AOD),, represent measurements at distinct wavelengths A and A,. AE
values greater than two indicate the predominance of fine-mode aerosols, which generally
correspond to biomass burning aerosols or urban pollution aerosols, whereas AE values
less than unity indicate the predominance of coarse-mode aerosols, such as sea salt and
dust [49]. In this study, AOD at 500 nm and the AE obtained from observations at 440 and
870 nm were used. These two parameters are referred to as AOD,, and AE in the following.
The sun photometer data for the selected sites were downloaded from the AERONET
website: https:/ /aeronet.gsfc.nasa.gov/ (last accessed on 12 February 2022). The multiyear,
monthly, seasonal, and annual average and median values were calculated using Level 2.0

daily data (cloud-screened and quality assured). The daily data were calculated when three
or more data points were recorded.

AE = — (1)

2.3. Satellite Observations
2.3.1. MODIS Aerosol Data Set

The Moderate Resolution Imaging Spectroradiometer (MODIS) is carried onboard
NASA’s Aqua (EOS PM-1) and Terra (EOS AM-1) satellites, which have heliosynchronous
orbits and have been operational since 2002 and 2000, respectively. MODIS collects data
in 36 discrete spectral bands ranging from 0.4 to 14.4 pm, with spatial resolution varying


https://aeronet.gsfc.nasa.gov/

Remote Sens. 2023, 15, 1581

6 of 28

from 250 m to 1 km depending on the channel. MODIS products provide several quantities
derived from the measure of radiance. These quantities are the distribution of cloud cover,
the amount of water vapor in an atmosphere column, the distribution of temperature, and
aerosol properties. The data used are the “Combined Dark Target and Deep Blue AOD
at 0.55 micron for land and ocean (MODO08_D3_v6.1)", collected from the Terra platform
on a 1° x 1° grid with daily temporal resolution. The Giovanni website was used to
download aerosol observations (https://giovanni.gsfc.nasa.gov/giovanni/, last accessed
on 7 May 2022). AOD from MODIS observations data (called AODyjopss, hereafter) were
taken to the closest point to each sun photometer station (see Figure 1). For each site,
the time period starts when the sun photometer becomes active and ends on 31 December
2021. Because the study period from AOD), at Skukuza was set to begin in January 2008,
we considered the same for MODIS.

2.3.2. CALIPSO Aerosol Profiles

The Cloud Aerosol Lidar with Orthogonal Polarization (CALIOP) is the primary
instrument onboard the Cloud Aerosol Lidar Infrared Pathfinder Satellite Observations
(CALIPSO) mission, jointly launched in April 2006 by NASA and CNES (Centre National
d’Etudes Spatiales). It is a polar-orbiting satellite belonging to the A-Train Constellation,
flying at an altitude of 705 km with a cycle of 16 days. Its aim is to study the impact of
aerosols and clouds on Earth’s radiation budget and climate. The CALIOP instrument is
an elastic backscatter lidar operated at two wavelengths: 532 and 1064 nm. It measures
the vertical distribution of aerosols and clouds, as well as their microphysical and optical
properties, using two 532 nm receiver channels and a channel measuring the total 1064 nm
return signal [50]. The dataset used is the Level-3 tropospheric aerosol profile product
(Tropospheric_APro_V4.20 and V4.21, downloaded from the EarthData website: https:
/ /search.earthdata.nasa.gov/, last access 18 March 2022) for “cloud-free” conditions during
both daytime and nighttime from 2008 to 2021; at the time of conducting this work, data
were available until October 2021.

The advantage of this dataset is that it corresponds to a combination of quality-
screened Level-2 aerosol data and includes aerosol extinction profiles at 532 nm as well as
layer classification information (i.e., aerosol, cloud, and “clear air”—meaning air without
aerosols). The CALIOP Level-3 aerosol profile product is based on monthly statistics,
with all Level-2 aerosol profiles reported separately each month at a near-global scale
(180°W to 180°E, 85°N to 85°S) on a uniform 2.0° x 5.0° (latitude x longitude) grid box
with a vertical resolution of 60.0 m from 0.5 to 12.0 km (total of 208 layers) above mean
sea level. Data were selected on a latitude x longitude grid box of 2.0° x 5.0° to obtain
the vertical distribution of each aerosol type for each site. Each collection grid is shown in
Figure A1, Appendix A. Due to CALIOP L3 data resolution, Skukuza and Pretoria were
merged into a larger grid box. According to Gui et al. [51], the South Atlantic Anomaly
degrades the quality of the Level 3 data in 2017 and 2019. As a consequence, there are no
data for these three years at Windpoort and Gobabeb.

2.4. HYSPLIT Back-Trajectories

The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model was
developed by NOAA and ARL [52]. This model calculates simple air parcel trajectories as
well as complex gaseous or particulate pollutants’ transport, dispersion, chemical transfor-
mation, and deposition. The calculation method is a hybrid that combines the Lagrangian
and Eulerian approaches, using meteorological fields such as wind components, tempera-
ture, and humidity from archived reanalyses. In this study, the Global Data Assimilation
System (GDAS) meteorological fields were used. GDAS data have a horizontal resolution
of 1° x 1°. We used the backward mode of the HYSPLIT model to determine the origin of
the aerosol particles observed during the spring season, which coincides with the biomass
burning season in Southern Africa. Based on the results of the vertical distribution of
aerosol type obtained with CALIOP, we chose 9 height levels ranging from 2 to 6 km with a
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resolution of 500 m. To cover the biomass burning season, we ran simulations of 120 h per
height every 10 days from 2008 to 2021 between August and November. As mentioned by
Hernéndez-Ceballos et al. [53], 120 h is considered sufficient to represent synoptic air flows.
There are 9 simulations per height level and 13 per year for a total of 1638 simulations per
site. The simulation results were then clustered and analyzed for each site to determine
the origin of the aerosol particles observed during biomass burning seasons. We clustered
the trajectories using TrajStat, an algorithm developed by Wang et al. [54] as a GIS-based
program to view, query, and group the trajectories. This program had already been used
in the study of Millet et al. [55] in the identification and analysis of the observed seasonal
aerosol variations over Southern Morocco. The number of clusters can be visually deter-
mined by inspecting the total spatial variation (TSV) curve before a net increase in TSV (see
Figure A2, in Appendix A).

2.5. Methodology

Normally, a scatter plot between the AOD, and the AE is used to classify different
aerosol types over a study site. This method has been widely used in a number of stud-
ies [37,38,56] and over South Africa [19,22,23]. Due to the greater availability of AOD
and AE values rather than daily averages of single-scattering albedo, fine-mode fraction,
absorption Angstrom exponent, and extinction Angstrom exponent (SSA, FMFE, AAE, and
EAE, respectively), this relationship is preferred over others, such as SSA vs. FMF [23,26]
or AAE vs. EAE [57-59]. The selection of threshold values to distinguish the type of aerosol
is very important and varies based on geographical location [60].

In this present study, we used the classification threshold values presented by Ku-
mar et al. [19] over Skukuza, in South Africa. These values are summarized in Table 2.
The plot based on this method is shown in Figure 2. For the purpose of naming the aerosol
clusters, aerosols were categorized as clean marine (CM), biomass burning and urban
industrial (BB/UR), and desert dust (DD). The aerosols that do not fit into any of the above
categories/clusters are classified as mixed (MX) aerosols. The use of the term “mix” for
these mixed aerosols arises from the result of mixing between particles of different sizes
that belong to variable sources.

2 T T O
s3]
1.8F o o 0% 8
_ @8‘%&% ° 08% ° Q)% o
1.6} o&%g @o
O o000 o% oo ®
E L4r Q’%}@ Oozo . E
E 1.2 o ° O\ - J(, i
% 5 o
o 1f i
3
0.8 1
@™,
w L
< 0-6 Annual Basis
0.4} ® CM:6.67% -
© BB/UR:51.33%
02l © DD:0.33% ||
© MX: 41.67%
0 1 1 1 1 1
(1] 0.1 0.2 0.3 0.4 0.5 0.6

AOD @500 nm

Figure 2. Diagram of aerosol classification at Skukuza (2008-2011 and 2016-2020) defined by us-
ing threshold values from Kumar et al. [19]. Each color is associated with an aerosol type: clean
marine (CM, in blue), biomass burning/urban industrial (BB/UR, in purple), desert dust (DD, in or-
ange), and mixed type (MX, in green). The frequencies of occurrence for each type account for the
annual basis.
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Table 2. Threshold values of aerosol optical parameters to classify aerosol types over study sites.

Aerosol Type AOD AE
clean marine (CM) AOD < 0.06 AE<15
desert dust (DD) AQOD > 0.15 AE <05
mixed (MX) - -
biomass burning and urban
industrial (BB/UR) AOD>0.1 AE>13

We used this aerosol classification method for the eight study sites in order to deter-
mine the occurrence frequency of each aerosol type on a seasonal and annual basis. All
values of the occurrence frequency are presented in Section 3.1.4 in figure. For a given site
and aerosol type, the relative frequency of occurrence for each season, as a percentage, is
defined by Equation (2):

FQs(type) = 100 x %, @)

S

where N; (type) is the number of occurrences for a given aerosol type and season, and N is
the total number of occurrences for the given season (for all types).

The multiyear annual relative frequency of occurrence, as a percentage, for a given
site is defined as in Equation (3):

FQ(type) = 100 x =1e(YPe) st(\;yp ), ©)

where Y~ N (type) is the sum of the number of occurrences of each season for a given aerosol
type and N is the total number of occurrences.

The aerosol subtyping algorithm considers seven aerosol types for each height level
based on lidar and depolarization ratios [61]. They are defined as clean marine (sea
salt), dust (desert), clean continental (clean background), polluted continental /smoke
(urban/industrial pollution), elevated smoke (biomass burning aerosol), polluted dust (dust
mixed with anthropogenic aerosols such as biomass burning smoke or urban pollution),
and dusty marine (mixtures of dust and marine aerosols near the ocean surface).

The frequency of occurrence, in percent, of each aerosol type from CALIOP obser-
vations at different heights is defined using Equation (4), the same as in Gui et al. [51]:

N,
FOcatiop = I\E’]Lml % 100.0, 4)
total

where N,0501 TEpresents the number of samples detected by CALIOP for a specific aerosol
type at the specified height level and N, is the total number of samples (including all
aerosol types and “clean air”) at the specified height level.

Hereafter, the seasons are defined as summer (from December to February, DJF);
autumn (from March to May, MAM); winter (from June to August, JJA); and spring (from
September to November, SON).

In order to compare the evolution of AOD), with that of AOD10p;s, the wavelength of
the AOD,, was changed from 500 to 550 nm using the AE obtained from the sun photometer
between 440 and 870 nm in Equation (1) [21,62,63]. The statistical parameters used for the
comparison are the correlation coefficient (r), root mean square error (RMSE), and mean
bias error (MBE), whose formulas are as follows:

_ LY 1(AODy, — AODy,)(AODyopis; — AODwoprs;)
\/ZfL (AODy, — AOD,,)2 YN | (AODwmopis, — AODpoprs;)?

r

©)
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1 N
RMSE = N 2 1(AOD,,,, — AODyiopis;)?, (6)
1=
1 &, AOD,, — AODwyopis.
BE = — . : 7
M N o 40D, , @)

where N represents the total number of samples (AOD values) and the overbar indicates
the average of all N values.

The statistical parameters shown above have also been used in several similar studies
where ground-based and satellite observations were compared [55,63,64]. The RMSE is
normally used to calculate the difference between expected and observed values—in this
case, between MODIS observations and sun photometer measurements. The systemic bias
between two time series is calculated using the MBE, where a negative MBE value shows
the satellite overestimation of one time series by the other. In addition, a linear regression
analysis was conducted between the two datasets and is reported in Section 3.1.3 in figure.

3. Results
3.1. Spatiotemporal Evolution of Aerosol Optical Properties and Aerosol Types
3.1.1. Monthly Evolution

Figure 3 shows the time series of the monthly average and +1 standard deviation value
of AOD at 550 nm from sun photometer and MODIS observations at eight sites from 2008
to 2021. For ease of reading and comparison, the figures in this part are organized by the
latitude and longitude of sun photometer sites.

Based on the 13-year period (2008-2021), Skukuza, Pretoria, and Reunion have the
longest time series (corresponding to 69.2, 61.5, and 100% of data availability, see Table 1).
Simonstown, Gobabeb, and Durban present time series with 53.8% of data availability
for seven years of measurements. Windpoort and Maun Tower show shortened time
series with 46.1 and 30.7% of data availability and more than four years of measurements.
Despite the difference in the length of the sun photometer dataset, time series analysis
reveals an annual variation that coincides with the maxima during the spring season. This
season corresponds to the biomass burning season, which lasts from August to November
in Southern Africa. In September, AOD peaks exceed 0.4 in Windpoort, Maun Tower,
Skukuza, Pretoria, and Durban.

As mentioned in the methodology section, MODIS data were taken closest to each
AERONET station and only time-coincident measurements were considered.

For both instruments (sun photometer and MODIS), the lowest and highest annual
average AOD values are found in Simonstown (0.07 + 0.02 and 0.12 + 0.02) and Skukuza
(0.19 £ 0.09 and 0.15 < 0.05), respectively. Both Reunion and Simonstown have similar AOD
evolution, with a low multiyear annual average value of 0.07.

Similarly to with AOD, the time series of AE are in Figure 4 to give an idea of the
predominant aerosol mode from sun photometers. The AE time series in Pretoria show the
highest values, around 1.5 throughout the year with an average of 1.52. For Maun Tower,
Windpoort, Durban, and Skukuza AE time series, the average varies between 1 and 1.5.
The AE time series show values from 0.5 to 1 for Simonstown and Reunion and from 0.5 up
to 1.5 for Gobabeb. One can note that even though Durban is a coastal site, AE values reach
1 to 1.5, such as in Pretoria. This illustrates the urban nature of the Durban site.
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Figure 3. Time series of AOD at 550 nm over the eight sun photometer sites. Solid lines (shaded area)
show monthly average (+1 standard deviation) from the sun photometer in blue and from MODIS
observations in green. Multiyear annual AOD values for both instruments are provided during the
study period. The bottom right panel represents the location of sun photometer sites.

With regard to the annual multiyear average values, they are greater than unity
for all sites, indicating that fine-mode particles predominate. Simonstown and Reunion
exhibit values lower than unity, indicating that coarse-mode particles are predominant over
these sites.

The average annual multiyear AOD and AE values supported by this finding are of
similar magnitude to those observed in previous works (see Table A1 in Appendix A, which
summarizes our results and places them in a broader context of aerosol optical properties
published in the literature for Southern Africa). Based on previous work, the most studied
sites in the last decades are Skukuza and Pretoria, followed by Cape Town, Durban,
and Reunion Island. Other study locations, such as Windpoort, are only used for brief
periods of time during measurement campaigns (such as during the AEROCLO-sA field
campaign [17]). The slight difference in the multiyear average values of AOD and AE
compared with these previous works can be due to different periods, the shift in wavelength,
and the different datasets, particularly for MODIS observations.
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Figure 4. Time series of AE at 440-870 nm over the eight sun photometer sites. Solid lines (shaded
area) show monthly average (+1 standard deviation). Annual AE values are provided during the
study period. The bottom right panel represents the location of sun photometer sites.

3.1.2. Seasonal Evolution

In Figure 5, the seasonal variations in AOD,,, AODyiopis, and AE are represented by
box plots in blue, green, and purple, respectively.

During the spring season, AOD),, values are highest, with mean values ranging from
0.09 at Reunion to 0.22-0.24 at Windpoort, Durban, Maun Tower, and Skukuza. AOD,
values at Simonstown are higher during the winter season, with a mean of 0.07. The winter
season accounts for the lowest average AOD), values, which range from 0.05 at Reunion to
0.13-0.15 in Pretoria and Skukuza. During the autumn season, the average AOD), values
range from 0.06-0.07 (Simonstown, Gobabeb, and Windpoort) to 0.1. (Maun Tower). In
contrast to AOD), AE levels are higher in the spring, although only at a few sites. The mean
value ranges from 0.09 at Reunion to 1.4-1.5 at Gobabeb, Windpoort, Maun Tower, and
Skukuza. AE values are higher during the winter season at Simonstown and Durban,
with mean values of 0.07 and 1.19, respectively. Finally, AE values in Windpoort and
Pretoria are greater in the fall season, with mean values of 1.47 and 1.51, respectively.
The winter season has mean values ranging from 0.6 (Reunion) to 1.3-1.4 (Maun Tower and
Pretoria), while the summer season has mean values ranging from 0.6-0.9 (Windpoort and



Remote Sens. 2023, 15, 1581

12 of 28

0.35

0.3

0.25

0.2

0.15

0.05

AOD @ 550 nm
o

°
[=]
a

0.35

0.3

0.2

0.15

0.05

Gobabeb) to 1.44-1.47 (Maun Tower, Pretoria, Skukuza, and Durban). Finally, the autumn
season has an average value of 0.4 in Simonstown.
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Figure 5. Multiyear seasonal average (+1 standard deviation) of AOD at 550 nm (blue for sun
photometer and green for MODIS observations) on the left vertical axis and AE at 440-870 nm
(purple) on the right vertical axis over the eight sun photometer sites. The colored box diagrams
for each season are December to February (DJF), March to May (MAM), June to August (JJA),
and September to November (SON). The median is the central value (the line inside the boxes).
The edges of the boxes are set at the 25th and 75th percentiles. The whiskers show the extreme values,
excluding outliers, which are represented by shaded colored circles. Filled colored dots indicate
average values.

Unlike the AOD with sun photometers, the AODyjoprs is only high in the spring
season at Reunion, Maun Tower, Gobabeb, Simonstown, and Durban, with AOD average
values ranging between 0.12 and 0.16. The autumn season at Windpoort and Pretoria has
the highest values, with average values of 0.13 and 0.14. Finally, Skukuza has higher values
in the summer, averaging 0.19. During the winter season, the AODjopis values range
from 0.08-0.09 (Pretoria, Maun Tower, and Reunion) to 0.10 (Skukuza), and in autumn, they
are about 0.10-0.11 (Gobabeb, Simonstown, and Durban). Finally, throughout the summer,
the AE values in Windpoort are low, with an average of 0.10.

The highest values being during spring could be due to the passage of smoke plumes
over the sites. On the one hand, certain locations have AE values larger than unity through-
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out the year—notably, urban/industrial sites such as Durban and Pretoria, and rural sites
such as Skukuza, Maun Tower, and Windpoort.

This may be due to high levels of pollution caused by the combustion of fossil fuels
(traffic and industry). On the other hand, coastal sites have AE values below unity for all
seasons except spring, with the exception of Durban, which is both an urban and coastal
site, and its AE values are more than unity in all seasons. This emphasizes the impact of
biomass burning in the spring as well as the background aerosol environment of these sites
during the other seasons.

3.1.3. Intercomparison

For the purpose of this study, the relationship between sun photometer and MODIS
observations is investigated. Figure 6 shows the scatter plot that depicts the intercompar-
ison between daily data from sun photometer and MODIS observations over the same
time period for each dataset and each site. The statistical parameters summarized in each
panel of the figure were calculated using Equations (5)—(7) and are reported in Figure 6.
In general, the correlation coefficient (r) ranges between 0.50 to 0.78, with lower values
over coastal/maritime sites (e.g., Reunion, Gobabeb, and Simonstown) and the inland site
Windpoort. Higher correlation coefficient values are reported over rural or urban sites such
as Durban, Maun Tower, Pretoria, and Skukuza. Maun Tower and Durban have the highest
correlation coefficients of 0.78 and 0.76, respectively. It is important to note that in a coastal
site such as Durban, which reported a high correlation of 0.76, both sensors are expected to
detect marine and urban aerosols. In addition, this site is also expected to be affected by
seasonal sugarcane burning activity that takes place in nearby sugarcane farms [65].

There seems to be a possible difference between the sensing capability of the ground-
based instrument and satellite sensors in different coastal regions that could be associated
with the different meteorological and dynamical conditions between the east and west
coasts of Southern Africa. Furthermore, the results presented in this study are similar to
other studies that compared satellite data and sun photometer observations of AOD over
South African and reported correlation coefficient values ranging from 0.70 to 0.78 [21,25,63].
Coastal sites, with the exception of Gobabeb, experience lower RMSE values of 6.46%, 6.66%,
and 8.85% for Simonstown, Reunion, and Durban, respectively. The highest RMSE values
of 11.11% and 12.49% were reported at the Gobabeb and Windpoort sites, respectively. The
lowest correlation coefficient values were also reported for these two sites, which have a
stronger spread of data points in the scatter plot, indicating differences between the sun
photometer and satellite sensor AOD values in some cases. Gobabeb and Windpoort are
located closer to the Namib Desert and are thus expected to experience a high desert dust
load. The results presented in this study seem to indicate an overestimation of AOD by
MODIS with respect to sun photometers, which is consistent with the results presented
by Tripathi et al. [66]. In addition, negative values of MBE are found over Reunion
(MBE = —4.90%), Simonstown (MBE = —3.92%), and Gobabeb (MBE = —5.17%); this is also
indicative of an overestimation of AOD from MODIS observations.

In general, several potential causes (surface reflectance, cloud contamination, and re-
trieval bias) could contribute to the discrepancies between MODIS and sun photometer
observations. These biases over some of the study sites may be explained by the fact that
sun photometer measurements are made under cloud-free conditions at a given point,
whereas MODIS is able to detect aerosols under cloudy conditions with a resolution of
1° x 1°. Slight contamination cannot be excluded based on the spatial resolution of the
MODIS observation. A study by Hoelzemann et al. [67] showed that even minor cloud
contamination can incorrectly increase the value retrieved for AOD. The AOD values
from MODIS observations are slightly lower than for ground-based measurements in the
regions impacted by biomass burning (Maun Tower, Pretoria, Skukuza, and Durban). This
is consistent with the study by Hao et al. [68] during the SAFARI-2000 field campaign.
Hao et al. [68] suggested that this discrepancy may be due to an error in the assumed
aerosol scattering function or surface directional properties. Conversely, the AOD val-
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ues from MODIS are higher compared with sun photometer observations near and in
coastal sites (Simonstown, Reunion, and Gobabeb). This is consistent with previous work,
which found a great correlation between land sites and coastal sites due to low surface
reflectance [21,25,67,69,70]. According to Madry et al. [71], the bias with coastal sites can
be attributed to the generation of sea salt particles from near-surface high winds that occur
along the coast.
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Figure 6. Scatter plot of AOD at 550 nm over the eight sun photometer sites. The total number
of observations (N) for both instruments provided during the study period as well as the correla-
tion coefficient (r), root mean square error (RMSE), mean bias error (MBE), and fitting curve (red
lines). The black lines represent the 1:1 line. The bottom right panel represents the location of sun
photometer sites.

3.1.4. Aerosol Type

Figure 7 presents the multiyear seasonal and annual relative occurrence frequencies of
the four major aerosol types over each site.

The BB/UR type is prevalent throughout the winter and dominates in spring for sites
near biomass burning areas, with values ranging from 40 to either 65% or 70%, respectively.
Lower values (6—40%) are found at the remaining sites where the MX type predominates.
The increases in BB/UR frequencies observed during the spring are caused by biomass
burning, which mostly affects sites near biomass fire sources. However, some sites, such
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as Pretoria, Durban, and Skukuza, have consistently high BB/UR frequencies throughout
the year. This highlights the nature of each site: industrial for Pretoria, urban for both
Pretoria and Durban, and rural for Skukuza. Conversely, Simonstown and Reunion are far
away from the biomass burning areas, with very low BB/UR frequencies and high CM and
MX frequencies. CM values are highest in the autumn, when the trade winds are at their
maximum. Compared with these two coastal and maritime sites, Durban, which is also
a coastal site, has lower CM values. In general, these abovementioned findings seem to
highlight the influence of the geographical context of each station.
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Figure 7. Aerosol classification from sun photometer data over the eight sun photometer sites. The
multiyear seasonal and annual (referred to as “TOTAL”) relative occurrence frequency as a percentage.
Each type is associated with one color: clean marine (CM) in blue, biomass burning/urban industrial
(BB/UR) in purple, desert dust (DD) in orange, and mixed type (MX) in green.

Examining the aerosol optical properties and aerosol types reveals the highest AOD val-
ues and highest frequencies of the BB/UR aerosol type for some sites in spring and summer.
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The investigation of aerosol type based on the relationship between AOD and AE
allows obtaining a preliminary idea of the major aerosol types. However, this approach and
the associated threshold values do not allow for the distinction between biomass burning
and urban/industrial aerosol types. This is due, in part, to the threshold values established
for urban and semi-urban locations, where industrial activity and local air pollution domi-
nate the background (e.g., Durban, Pretoria, and Skukuza). As a result, the pair (AOD > 1
and AE > 1.3) suggests moderate to high turbidity conditions under the impact of a mixed
aerosol field with a higher proportion of local urban industrial aerosols and transported
biomass combustion aerosols. Furthermore, dust aerosol can be masked, as seen over
Gobabeb in the Namibian Desert, which has lower dust frequencies. Dust aerosols appear
more frequently in mixed mode and undergo changes during their transport from the
source to sun photometer, and are hence not classified as DD aerosols [30]. The relative
seasonal contribution of each aerosol type is highly dependent on the synoptically changing
source and sink strengths, the transport component and its pathways, local meteorology,
and the mixing processes in the atmospheric column.

As a result, the CALIOP observations and the back-trajectory model will support the
first part. In the following subsection, CALIOP profiles are used to analyze the vertical
aerosol type distributions over each study site.

3.2. Vertical Distribution with CALIOP

Figure 8a depicts the average occurrence frequency profiles of each aerosol type
for each of the eight sites, as derived from CALIOP measurements from 2008 to 2021.
In general, the major aerosol types with occurrence frequencies above 10% are polluted con-
tinental /smoke (orange line), polluted dust (brown line), and elevated smoke (black line),
while dust (yellow line), clean continental (green line), and dusty marine (sky-blue line) are
minor aerosol types with occurrence frequencies below 1%. Clean marine (dark-blue line)
and dusty marine types are present in the planetary boundary layer (PBL), with occurrence
frequencies close to 80 to 85% and 10 to 15%, respectively. Because occurrence frequencies
above 6 km tend to be low (lower than 1%), all of the profiles in this figure are limited
to 8 km. Occurrence frequencies above this range may match the study case but are not
relevant to the aim of this article. Note here that Skukuza and Pretoria are grouped together
due to CALIOP L3 data resolution (2.0° x 5.0°).

The advantage of CALIOP is that it distinguishes between urban/industrial pollution
and biomass burning aerosol types, which are referred to as polluted continental /smoke
and elevated smoke, respectively. Given our interest in biomass burning aerosols, we
examined the vertical distribution of the elevated smoke for each season, with results
shown in Figure 8b.

It is worth noting that the vertical profiles of elevated smoke exhibit different shapes in
spring in comparison with other seasons. There is a seasonal shift in the peak altitude where
elevated smoke is encountered. In fact, we generally observe a significantly enhanced
altitude during the spring season, when fire activity is at its maximum. This increase is
significantly more pronounced (with a shift greater than 1 km) for sites nearest to biomass
burning areas (such as Maun Tower, Windpoort, Skukuza, and Pretoria).

From Figure 8b and by regrouping sites into three regions (north, west coast, and east
coast), we note the following:

¢ The northern regions (Windpoort, Maun Tower, and Reunion) present the same
elevated smoke profiles around 3—4 km with occurrence frequencies at 32% on average
(at Windpoort and Maun Tower, 26.7% and 39.2%, respectively). The Reunion site
(found at the same latitude) presents lower values of occurrence frequencies, with a
maximum of 8.8% at 2.7 km.

¢ The west coast (Gobabeb and Simonstown) has the highest altitude peak in occurrence
frequency, at 4.5 km (13.6%), particularly at Gobabeb. We note that Simonstown
presents very low values of occurrence frequencies, where the maximum is 1.1%
at 3.9 km.
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Figure 8. Vertical distribution of occurrence frequencies of aerosol types from CALIOP over the
eight sun photometer sites. (a) Multiyear average annual values of all aerosol types: clean marine
(dark-blue line); dust (yellow line); polluted continental/smoke (orange line); clean continental
(green line); polluted dust (brown line); elevated smoke (black line); and dusty marine (sky-blue line).
(b) Multiyear seasonal average values of elevated smoke: summer (DJF, dark-blue line), autumn
(MAM, red line), winter (JJA, light-green line), and spring (SON, black line).

However, one should be cautious in interpreting these results since the CALIOP
aerosol type algorithm is limited in identifying smoke layers. The air masses lofted by
convective processes or other vertical transport mechanisms can be misclassified as elevated
smoke [61]. Another limitation with CALIOP is the resolution grid (2.0° x 5.0°), which is
very coarse and may thus bias the results for some sites. For example:

¢ At Maun Tower, vertical profiles do not begin at the surface such as with the other
sites (Figure 8); this is probably due to considering an average of the topography. It is
worth mentioning that the two peaks of elevated smoke could be attributed to being
in proximity to a biomass burning region.

e Skukuza and Pretoria sites are both close to biomass burning sources, such as Maun
Tower or Windpoort, but present lower occurrence frequency of elevated smoke. It
should be noted that Pretoria is more urbanized and industrialized than Skukuza.
Figure 8a shows that polluted continental occurrence frequencies are higher than those
of elevated smoke.

Despite these limitations in classifying aerosol types by the use of sun photometer and
CALIOP observations, the two methods of aerosol classification complement each other.
Higher frequencies of elevated smoke and BB/UR aerosols are found for sites that are close
to biomass burning areas, while lower frequency values are found for sites away from
sources. Those sites may be more influenced by biomass burning via transport mechanisms.
The following subsection investigates air mass transport in order to identify the potential
origin of air masses that may impact aerosol load over the study region.
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3.3. Identification of Potential Origin of Air Masses

Figure 9 shows the clustered back-trajectories from HYSPLIT made for the eight sites
in the 2-6 km altitude ranges from August to November over the 2008-2021 period. It is
clear that the majority of the clustered trajectories correspond to intercontinental transport
with air masses passing across South America and the Atlantic Ocean. There is regional
transport with air masses coming from Southern Africa and locally recirculating around the
sites. The height of transportation levels varies along each cluster from 1 to 8 km, with the
top altitude reaching 8 km above the Atlantic Ocean. The details of height level of each
back-trajectory cluster are proposed in the Appendix A, Figure A3.

As established in the previous subsection, sites are grouped into three regions (north,
west coast, and east coast). Regions are referred to as panels (a), (b), and (c), where panel
(c) is subdivided in three panels (c1), (c2), and (c3).

Windpoort, Maun Tower, and Reunion, which correspond to northern regions, are
in Figure 9a. Due to the similarity of air mass pathways and because latitude is nearly
the same for Reunion as for the first two sites, the Reunion site is included in panel (a).
The clustering analysis applied to HYSPLIT back-trajectories reveal five clusters for Maun
Tower and three clusters for both Windpoort and Reunion sites. The majority of air masses
transported at Windpoort and Maun Tower originated in the Atlantic Ocean, near the west
coast of Southern Africa (from 8 to 50%), and then in the east part of Southern Africa, which
corresponds rather well to local recirculation (from 20 to 33%). Then, the back-trajectories of
South America culminate at a height of 8 km before arriving in Southern Africa. Concerning
Reunion, the majority of back-trajectories originate in South Africa’s North West province
(50%); then in the east over the Indian Ocean; and, finally, with a smaller percentage (18%),
from the Atlantic Ocean.

Figure 9b includes Gobabeb and Simonstown, both on Southern Africa’s west coast.
Five back-trajectory clusters were obtained for Simonstown and three for Gobabeb. At Gob-
abeb, 46% of air mass transport occurs over Namibia, with the remaining clusters arriving
from the Atlantic Ocean and South America. All of the clusters for Simonstown occurred
over the Atlantic and from South America.

Figure 9c1-c3 depict maps of cluster analyses applied to back-trajectories obtained
over Skukuza, Pretoria, and Durban, respectively. These three sites are relatively close
and located on the east coast of Southern Africa. They are separated due to their
large number of clusters. Four back-trajectory clusters were obtained for both Pretoria
and Durban, and five for Skukuza. The sites present similar trajectories, with similar
percentages at Durban and Pretoria. The cluster back-trajectories travel across Namibia
from South America and the Atlantic Ocean (accounting for 13 to 46%). The crossing
over cluster back-trajectories from Durban takes place further south, near the Northern
and Western Cape provinces. Finally, all three sites have recirculation of air masses
(accounting for 13 to 23%).

In previous works, a single day from August to November was used to characterize
a season, with an arrival height of below or around 3000 m [18,20-22,24,27,30,72]. Then,
Kumar et al. [21,22] present clustered trajectories over several years for the spring season
in Pretoria and Durban. Even though the methods differ, the clustering back-trajectories
in Figure 9 are consistent with those in previous works on Southern Africa. However,
because we used several sites and a longer period to characterize the biomass burning
season, our results are more up to date.

During the spring season, local biomass burning and long-range transport influence
Southern Africa’s air flows and modulate AOD over the region. The results for back-
trajectories presented here depict common trajectories of tropospheric circulation over
Southern Africa, which was also established by Garstang et al. [7], even though they only
provide the origin and transport of air masses.
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Figure 9. Map of clustered back-trajectories as simulated by the HYSPLIT model between August
2008 and November 2021, with air masses ending between 2 and 6 km. The study sites are indicated
by star symbols, and the superimposed numbers indicate the percentage of back-trajectories per
cluster for each study site. In order to avoid overloading the figures, the clustered back-trajectories
are split by site or by groups of sites: (a) Windpoort, Maun Tower, and Reunion; (b) Gobabeb and
Simonstown; (c1-¢3) Skukuza, Pretoria, and Durban, respectively.

These transports modes were highlighted by Chazette et al. [30] at Henties Bay
(180 km from Gobabeb) during the AEROCLO-sA field campaign using the HYSPLIT
model. They highlighted three periods with very different transport modes towards
Henties Bay. The first mode of transport is associated with Angolan air masses traveling
with low AOD (below 0.2) along the Namibian and Angolan coasts. The second transport
mode is associated with polluted dust and dust from the Etosha Pan, which is recirculated
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above the ocean and has an intermediate AOD value (around 0.4). The third mode is
primarily due to direct transport from burning areas in Angola, with an aerosol plume
extending vertically between 1.5 and 6 km and a larger AOD (around 0.7). They also
observed a possible contribution of forest fire aerosols from South America (south of Brazil,
Argentina, and Uruguay) with plumes transported to Henties Bay at around 5-6 km with a
contribution to total AOD of 10-15%.

Simonstown and Reunion have similar AOD (0.07 on average), and aerosol type fre-
quencies (MX and CM, and low frequencies of BB/UR aerosols) tend to be affected by
long-range transport of biomass burning rather than local biomass burning. Simonstown
had a higher frequency of polluted continental/smoke and polluted dust than elevated
smoke. Simonstown is impacted by long-range transport from South America, as demon-
strated by our findings and consistent with the simulation of aerosol plume across the
Atlantic following the 2019 Amazon fires in Bencherif et al. [73]. By contrast, Reunion
is located in a pristine area [74] with higher frequencies of elevated smoke and weak an-
thropogenic influence. As highlighted by Duflot et al. [35], the largest contributions to
AOD variability at Reunion are made by biomass burning activity (67.4%) from Southern
Hemisphere Africa (21.7%) and Southern Hemisphere South America (19.5%).

According to our results of aerosol classification and back-trajectories, aerosols catego-
rized in the mixed type may arise from various sources, having undergone transformation
during their transport. Their optical properties do not allow us to identify them as a
precise type. As suggested by Kumar et al. [18], anthropogenic aerosols can be transported
from South America and mixed with sea salt, explaining the moderate AOD observed
at Skukuza. These aerosols may correspond to the adhesion of fine-mode aerosol to the
surface of coarse-mode aerosol, constituting a mixed-type aerosol [37,75]. Due to the pre-
dominance of BB/UR aerosols ahead of MX type for sites near biomass burning areas,
the MX type is more common for sites far from sources.

4. Conclusions

In this paper, we present an overview and update on the 13 years of observations of
aerosol optical properties and types over Southern Africa from ground-based and satellite
observations. The key findings are summarized as follows:

®  The relationship between AOD and AE allows for the identification of aerosol types,
with two types predominating on an annual basis and for the spring season. The
BB/UR type is predominantly nearest to biomass burning areas (such as Maun Tower,
Windpoort, Skukuza, and Pretoria), with frequencies from 40% to 60%. The MX type
is predominant over the remaining sites (accounting for 50-60%).

*  Using the vertical distribution of aerosol types from CALIOP, this study highlighted
that the vertical profiles of elevated smoke range from 2 to 6 km. Moreover, they
behave differently depending on the seasons, with the highest altitude peak during
spring (3—4 km) compared with other seasons (2-3 km). Similar to the results obtained
with the sun photometer aerosol classification, an increase is found to be associated
with sites closer to biomass burning areas.

*  Analysis of back-trajectories during the biomass burning season shows that there is
intercontinental transport, with air masses coming from South America and the At-
lantic Ocean. Moreover, regional transport with air masses coming from South Africa
and local recirculation of air masses around the sites was also observed. The height
transportation levels vary along each cluster within the altitude range from 1 to 8 km,
with the latter representing the highest altitude reached above the Atlantic Ocean.

Observations in this research indicate that the aerosol load observed during the spring
is associated with high AOD, AE, and frequency values in BB/UR and elevated smoke.
These aerosols seem to originate mainly from biomass burning areas near the study sites
and from distant sources, such as Amazonia. The diversity of aerosols in the MX type
may reflect a mixture of aerosols from a variety of sources around the sites. It is well
known that the mixing processes of an aerosol plume with other types of aerosols (e.g.,
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urban pollution and marine aerosols) can significantly impact the optical and chemical
composition of the plume [75]. Due to mixing processes, the optical characteristics of the
aerosol are modified [37,76]. For some sites, AOD may be enhanced by the mixing of the
biomass burning aerosol plume with pollution (Pretoria, Durban, or Skukuza) or mixing
with coarse aerosols, such as dust or marine aerosols (Simonstown, Reunion, or Gobabeb).

In general, the results presented in this study support the assumption that BB/UR
aerosol variability over the South African region is influenced by its own, as well as
Amazonian, biomass burning activities. Torres et al. [77] reported that the peak of biomass
burning activity over Southern America is reached generally in August but the season
extends through November. Given the temporal coincidence of the biomass burning activity
over Southern Africa and Amazonia, we cannot exclude the possibility that Amazonian
biomass burning activity could influence the variability of BB/UR aerosols over South
Africa [17,30,73]. Discriminating between the contribution of local and distant sources to
the variability of biomass burning aerosols requires further investigation and will form the
basis of a forthcoming study.
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Figure A1. CALIOP grid retrieval 2.0° x 5.0°, encompassing the eight sun photometer sites.

Appendix A.2. Aerosol Optical Properties: Comparison with Previous Work

Table A1 summarizes the aerosol optical properties at Southern Africa sites as pub-
lished in the literature and according to our results.

Horowitz et al. [36] and Kumar et al. [18,19] each reported a multiyear annual average
AOD value of 0.18 at Skukuza with sun photometer observations over the 1991-2011 and
2005-2006 periods. In the work of Queface et al. [78], the highest AOD value of 0.21 is
reported. These three works reported multiyear annual average AE values ranging from
1.34 to 1.47 at 440-870 nm. In our work, we report an AOD average value of 0.19, which is
in the middle of those found in previous work. The AE average value of 1.29 is the lowest
when compared with previous work. Adesina et al. [24,25] reported multiyear AOD (AE)
annual values ranging from 0.11 (1.31) to 0.13 with MODIS-Aqua and -Terra observations
at 550 (470-660) nm from 2004 and 2013. For a longer period, our study reports a higher
average AOD value (0.15).

Kumar et al. [22,23] reported an AOD (AE) multiyear annual average of 0.23 and 0.24
(150-145) at Pretoria with sun photometer observations at 440 nm (440-870 nm). In our
work, we report a lower value of AOD of 0.17 at 550 nm and a higher value of AE of 1.52.
As shown by Kumar et al. [23] and in Figure 3b, the AOD decreases when the wavelength
decreases. According to this figure, we may consider that our multiyear annual values
are consistent with previous work. Kumar et al. [20] and Adesina et al. [24] report AOD
multiyear annual values of 0.11 with MODIS observations from 20032013 and 2004-2013,
respectively. Our work, for another period, shows similar values (0.11).

Kumar et al. [21] reported multiyear AOD annual values of 0.168 to 0.172 at Dur-
ban, from MODIS-Terra and -Aqua observations, respectively. These values are higher
than those reported by Adesina et al. [24] (0.13) and the value in this work (0.12). This
may be due to the difference in datasets. Kumar et al.’s [21] work uses “daily MODIS
(Terra and Aqua) Collection 5.1 L2 aerosol products with 10 km x 10 km spatial resolu-
tion”, while Adesina et al.’s [24] and this work used Level-3 MODIS with a 1° x 1° grid
spatial resolution.
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Table A1. Comparison of aerosol optical depth (AOD) at Southern Africa sites [18-27,35,36,78,79].

Site Study Period Instrument ! AOD A (nm) 2 AE A (nm) 2 Citation
Skukuza 1995-2007 sun photometer 0.21 (500) 1.41 (440-870) Queface et al. [78]
19912011 sun photometer 0.18 (550) 1.34 (440-870) Horowitz et al. [36]
2005-2006 sun photometer 0.18 (500) 1.47 (440-870) Kumar et al. [18,19]
1999-2010 sun photometer 0.25 (440) 1.40 (440-870) Adesina et al. [26]
2008-2020 sun photometer 0.19 (550) 1.29 (440-870) present study
2004-2013 MODIS-T 0.11 (550) 1.31 (470-660) Adesina et al. [24]
2004-2013 MODIS-T&A 0.12-0.13 (550) - Adesina et al. [25]
2008-2020 MODIS-T 0.15 (550) - present study
Pretoria 2011-2015 sun photometer 0.23 (440) 1.50 (440-870) Kumar et al. [22]
2011-2017 sun photometer 0.24 (440) 1.45 (440-870) Kumar et al. [23]
2011-2018 sun photometer 0.17 (550) 1.52 (440-870) present study
2003-2013 MODIS-T&A 0.11 (550) 0.95 (470-660) Kumar et al. [20]
2004-2013 MODIS-T 0.11 (550) 0.94 (470-660) Adesina et al. [24]
2011-2018 MODIS-T 0.12 (550) - present study
Durban 2003-2013 MODIS-T&A 0.168-0.172(550) 1.38-1.43 (470-660) Kumar et al. [21]
2004-2013 MODIS-T 0.13 (550) 1.29 (470-660) Adesina et al. [24]
2015-2021 MODIS-T 0.12 (550) - present study
2015-2021 sun photometer 0.17 (550) 1.18 (440-870) present study
Cape Town 2003-2013 MODIS-T&A 0.08 (550) 1.18 (470-660) Kumar et al. [20]
2004-2013 MODIS-T 0.08 (550) 1.18 (470-660) Adesina et al. [24]
2015-2021 MODIS-T 0.12 (550) - present study
Simonstown 2015-2019 sun photometer 0.075 (500) 0.63 (440-870) Yakubu et al. [27]
2015-2021 sun photometer 0.07 (550) 0.70 (440-870) present study
Gobabeb 2014-2015 sun photometer 0.13 (500) 1.07 (440-870) Adesina et al. [79]
2014-2020 sun photometer 0.10 (550) 1.09 (440-870) present study
2014-2020 MODIS-T 0.14 (550) - present study
Reunion 2007-2012 sun photometer 0.064 (550) 0.70 (440-870) Horowitz et al. [36]
2007-2019 sun photometer 0.08 (440) 0.71 (500-870) Duflot et al. [35]
2008-2021 sun photometer 0.07 (550) 0.74 (440-870) present study
2008-2021 MODIS-T 0.12 (550) - present study

1 MODIS-T: MODIS-Terra platform, MODIS-T&A: MODIS-Terra and Aqua platform; 2 A (nm): wavelength.

Kumar et al. [20] and Adesina et al. [24] reported the same multiyear annual value of
AQD (0.08) at Cape Town from MODIS observations, while our values are higher (0.12).
From the sun photometer, the AOD (AE) multiyear average values are (and close to) the
same as those reported in Yakubu et al. [27]: 0.07 (0.63-0.70).

Adesisa et al. (2019) reported AOD and AE annual values of 0.13 and 1.07 using
sun photometer observations from 2014 to 2015 at Gobabeb. With more years, our work
reported a lower AOD value (0.10) and a higher AE value (1.09).

From sun photometer measurements, Duflot et al. [35] reported an AOD multiyear
average value of 0.08 at 440 nm and Horowitz et al. [36] reported a lower value of 0.06
at 500 nm. In our work, we report a value of 0.07 at 550 nm, which is in the middle of
those found in previous work. AE values reported by each work are in the same order of
magnitude, from 0.70 to 0.74.

The slight difference in the multiyear average values of AOD and AE can be due to
the different period, the shift in wavelength, and differences in the datasets, particularly
for MODIS observations.

Appendix A.3. HYSPLIT Back-Trajectories: Identification of Origin of Air Masses

Figure A2 shows the number of clusters according to the percent of change in total spatial
variation (TSV), and Figure A3 presents the height level of each cluster’s back-trajectories.
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Figure A2. Number of clusters as a function of percent change in total spatial variation (TSV) over
the eight sun photometer sites.
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Figure A3. Height level of each back-trajectory cluster over the eight sun photometer sites. Each
color is associated with a location: orange for Atlantic Ocean (AO), blue for South America (SAM),
green for South Africa (SA), purple for Pacific Ocean (PO), and red for recirculation and Indian
Ocean (R/10).
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