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Accurate identification and classification of atmospheric aerosols remain a significant challenge across Africa,
limiting the precise assessment of their climatic effects. This study presents a comprehensive analysis of aerosol
characteristics and aerosol types using ground-based observations from twelve selected AErosol RObotic
NETwork (AERONET) sites across Africa during 1998-2024. Key aerosol optical properties, including aerosol
optical depth (AOD), Angstrom exponent (AE), fine-mode fraction (FMF), and single scattering albedo (SSA),
were examined to characterize their temporal variability and identify dominant aerosol types. A multivariate
scattering-based classification approach was employed to improve aerosol discrimination. The results indicate
that dust, biomass-burning, and urban/industrial aerosols are the predominant aerosol categories across the
continent. Fine- and coarse-mode absorbing aerosols were particularly prevalent in rural tropical regions,
highlighting the coexistence of natural and anthropogenic emission sources. Moreover, extensive biomass-
burning activity in tropical Africa contributes substantially to regional aerosol loading and complexity. These
findings provide valuable insights for improving the representation of aerosol processes in climate models and
enhancing assessments of aerosol-climate interactions over Africa. The proposed multivariate framework ad-
vances aerosol classification and source attribution, supporting a better understanding of aerosol-related envi-
ronmental and climatic impacts across the continent.

Aerosol classification
AERONET
Africa

1. Introduction

Aerosols, defined as a suspension of fine solid particles or liquid
droplets in the atmosphere, play a crucial role in atmospheric processes,
climate dynamics, and public health (Seinfeld and Pandis, 1998; Tang
et al.,, 2021; Chung et al., 2022; Althaf et al., 2025; Khamala et al.,
2022, 2026). Their diverse origins, ranging from natural sources like
volcanic eruptions and sea spray to anthropogenic activities such as
industrial emissions and vehicular exhaust, create a complex mixture of
particles with varying chemical compositions, sizes, and optical prop-
erties (Makokha et al., 2012; Ngaina et al., 2014; Al-Thani et al., 2018;
Boiyo et al., 2018; Chaibou et al., 2020; Khamala and Makokha, 2025;
Berhane et al., 2024, Berhane et al., 2025; Khamala et al., 2025).
Therefore, distinguishing among these aerosol types is essential for
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understanding their specific impacts on climate forcing, air quality, and
human health (Chen et al., 2017; Boiyo et al., 2019; Ranjan et al., 2024).
The classification of aerosols is typically based on their physical and
chemical characteristics. Physically, aerosols are categorised by size into
coarse particles (diameters between 2.5 and 10 pm), fine particles (di-
ameters less than 2.5 pm), and ultrafine particles (diameters less than
0.1 pm) (Holben et al., 1998; de Graaf et al., 2010; Ngaina and Mutai,
2013; Khamala et al., 2025). These size distinctions are significant
because they influence the lifetime of pollutant particles in the atmo-
sphere, transport distances, and deposition sites within the human res-
piratory system, thereby affecting health outcomes (Gauderman et al.,
2002; Yu et al., 2016; WHO, 2021; Khamala et al., 2023).

Based on chemical composition, aerosols are composed of various
substances, including sulfates, nitrates, organic carbon, black carbon,
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sea salt, and mineral dust (). Each type has distinct sources and envi-
ronmental effects. For instance, sulfates primarily originate from the
oxidation of sulfur dioxide emitted by fossil fuel combustion and vol-
canic activity, contributing to atmospheric cooling by scattering sun-
light (Seinfeld and Pandis, 1998; Tang et al., 2021). In contrast, black
carbon, produced from incomplete combustion processes, absorbs sun-
light, leading to atmospheric warming (Makokha et al., 2012; 2018;
Chin et al., 2014; Khan et al., 2020; Khamala et al., 2023; Althaf et al.,
2024; Sangura et al., 2025). Aerosols can serve as cloud condensation
nuclei or ice-nucleating particles, influencing cloud formation, proper-
ties, and precipitation processes (Makokha and Angeyo, 2013). Accurate
classification of aerosol types enables researchers to better assess their
indirect effects on climate through cloud modifications. Aerosol parti-
cles, such as dust and biological particles, have been identified as
effective ice-nucleating particles, thereby affecting cloud glaciation
processes and potentially altering precipitation patterns (Kanji et al.,
2017; Makokha et al., 2024). The discrimination of aerosol types is
crucial for understanding their direct effects on climate and health. This
elucidates their roles in aerosol-cloud interactions (Mulago et al., 2024),
particularly in Africa, since it carries the heaviest burden of the negative
impacts of climate change.

Recent advancements in aerosol discrimination techniques have
concentrated on enhancing the accuracy of differentiating between
clouds and optically thick aerosols. For example, a study by Kim et al.
(2022) explored the use of a three-wavelength approach to improve
aerosol-cloud discrimination. By incorporating an additional wave-
length channel at 1550 nm, the researchers boosted their ability to
distinguish between aerosol and cloud particles, particularly in chal-
lenging scenarios where traditional methods may struggle. This
approach capitalises on the distinct spectral signatures of aerosols and
clouds across various wavelengths, providing a more robust classifica-
tion framework. Another innovative method involves the rapid
discrimination of aerosol particle shapes using light scattering tech-
niques. Zhu et al. (2023) proposed an experimental setup capable of
simultaneously measuring the intensity of angle-resolved light scat-
tering, polarisation characteristics, and aerodynamic diameter of indi-
vidual particles. By analysing the scattered light at two wavelengths and
applying partial least squares discriminant analysis, the researchers
established a predictive model to distinguish between spherical,
rod-shaped, and other non-spherical particles. This technique provides a
fast and effective way to characterize aerosol particle shapes, which is
essential for understanding their behaviour and impacts in the
atmosphere.

The impact of aerosols on both global and regional climates has been
widely documented through numerous studies worldwide. This high-
lights the importance of conducting similar research focused on Africa,
which would contribute to strengthening the existing knowledge on
aerosol effects across the African continent. This study would also help
reduce uncertainties in aerosol characterization by employing a multi-
variate approach whereby multiple aerosol optical parameters are used
in discrimination with the intention of improving the accuracy of aerosol
type discrimination, rather than relying on a single parameter. AOD-AE
presents aerosol loading versus particle-size, FMF-SSA gives insight into
fine mode fraction of aerosols plus absorption as well as scattering
properties and lastly AE-FMF reinforces the dominance of particle size,
thereby improving the aforementioned accuracy. The present paper has
been structured in different sections as follows. The study area, data and
methodology, as well as the objectives presented in Section 2, illustrate
the description of AERONET sites, local meteorology, and the method-
ology adopted in analysing the data. Following this, the results and
discussions are documented in Section 3, while the conclusions and
recommendations (given in Section 4) summarise the key findings
drawn from the present work and call for future scope of research.
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2. Study area, meteorology, and instrumentation
2.1. Study domain and prevailing climate

Africa, the world's second-largest continent, spans a vast range of
latitudes and longitudes, resulting in diverse climatic conditions.
Geographically, the continent extends from approximately 37°21' N
latitude to 34°51'15" S latitude, and from about 51°27'52" E longitude to
17°33'22" W longitude (Fig. 1). This expansive range places Africa be-
tween the Tropic of Cancer and the Tropic of Capricorn, encompassing
both the Equator and the Prime Meridian. Consequently, Africa expe-
riences a variety of climates, from equatorial rainforests to arid deserts (
Khamala and Makokha, 2025). Africa's meteorology is characterised by
a diverse array of climatic zones, weather patterns, and atmospheric
phenomena, influenced by its vast geographical expanse and varied
topography (Boiyo et al., 2017). The continent experiences a range of
climates, from the arid deserts of the Sahara in the north to the tropical
rainforests of the Congo Basin and the temperate regions in the south.

The northern half of Africa is dominated by the Sahara Desert, the
world's largest hot desert, characterised by extremely low precipitation
and high temperatures. South of the Sahara lies the Sahel, a semi-arid
transition zone that experiences seasonal rainfall. Central Africa,
particularly the Congo Basin, is home to dense tropical rainforests with
high annual rainfall, while regions like the Horn of Africa and parts of
Southern Africa exhibit arid and semi-arid climates (Aklesso et al., 2018;
Berhane et al., 2025). The movement of the Intertropical Convergence
Zone (ITCZ) plays a pivotal role in dictating rainfall patterns across the
continent, leading to distinct wet and dry seasons in many regions. For
instance, areas with a savannah climate, such as Ghana and Botswana,
have a pronounced rainy season influenced by the northward and
southward migration of the ITCZ (Khamala and Makokha, 2025).
Although the study is limited to twelve AERONET sites, the selected
stations were strategically distributed across northern, western, eastern,
central, and southern Africa to capture major continental aerosol re-
gimes, including dust, biomass burning, marine, and mixed aerosols.
Consequently, the analysis emphasizes representative regional aerosol
characteristics rather than exhaustive continental - scale spatial
coverage.

2.2. Instrumentation and data

The AErosol RObotic NETwork (AERONET) is a globally distributed
network of ground-based Sun-sky radiometers designed to monitor op-
tical, microphysical, and radiative properties of aerosols. The primary
instrument utilised in this network is the CIMEL Electronique (Model
CE-318) sun-sky radiometer, which performs direct Sun measurements
at multiple wavelengths, typically 340, 380, 440, 500, 675, 870, 940,
and 1020 nm at an interval of 15 min. These measurements are instru-
mental in deriving key aerosol optical properties, including aerosol
optical depth (AOD), Angstrém exponent (AE), single scattering albedo
(SSA), and fine mode fraction (FMF) (e.g., Holben et al., 1998; Kumar
et al., 2018; Boiyo et al., 2018; Khan et al., 2019). A detailed list of
AERONET sites located across Africa, along with their environmental
type and data period, is shown in Table 1.

AOD quantifies the degree to which aerosols prevent the trans-
mission of sunlight by absorption or scattering (Makokha et al., 2015;
Kumar et al., 2017). It is a dimensionless parameter indicating the in-
tegrated columnar extinction of solar radiation due to aerosols from the
Earth's surface to the top of the atmosphere. Higher AOD values corre-
spond to more turbid atmospheric conditions. The spectral measure-
ments of AOD are foundational for assessing aerosol loading in the
atmosphere (Holben et al., 1998 and references therein). On the other
hand, AE describes the wavelength dependency of AOD and serves as an
indicator of aerosol particle size (Dubovik et al., 2002). It is calculated
using the spectral AOD values and is inversely related to the aero-
dynamic diameter of particles. Higher AE values suggest the dominance
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Fig. 1. Map of the study domain indicating the locations of the twelve AERONET sites (solid dots) over the African continent.

of fine-mode particles, while lower values indicate coarse-mode parti-
cles (Boiyo et al., 2019; Khamala et al., 2022). This parameter is
essential for characterising aerosol types (Table 2) and their potential
climatic impacts (Schuster et al., 2006). Further, SSA is the ratio of
scattering to the total extinction (scattering plus absorption) coefficient
by aerosols. It provides insight into the radiative properties of aerosols,
distinguishing between predominantly scattering aerosols (SSA >0.90),
moderately absorbing aerosols (SSA ~ 0.85-0.90), and strongly
absorbing aerosols (SSA <0.85). AERONET retrieves SSA by inverting
sky radiance measurements, offering critical data for understanding
aerosol radiative forcing (Dubovik et al., 2002; Gobbi et al., 2007;
Toledano et al., 2007) (Table 3).

Lastly, FMF represents the proportion of AOD attributable to fine-
mode particles relative to the total AOD. It is derived from the aerosol

size distribution obtained through inversion algorithms applied to sky
radiance data. FMF is particularly useful for distinguishing between fine
and coarse aerosol contributions in various atmospheric conditions
(O'Neill et al., 2001) (Table 3). These parameters, AOD, AE, SSA, and
FMF, are pivotal in the characterisation of aerosols. They enable the
discrimination of aerosol types, assessment of their optical properties,
and evaluation of their climatic and environmental impacts. AERONET's
standardised measurements and retrieval algorithms ensure consistent
and reliable data across its global network, facilitating comprehensive
aerosol studies (Holben et al., 1998). More details about the other de-
liverables, data precision, accuracy, and errors are described by several
earlier authors (e.g., Boiyo et al., 2018).
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Table 1
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Geographical coordinates (latitude and longitude in degrees), altitude (in meters above sea level), environmental type, and duration of available AERONET obser-
vations for the selected sites across Africa. The negative values of latitude and longitude coordinates represent the coordinates along south and west, whereas the

positive indicates north and east direction.

Country AERONET site Latitude Longitude Altitude Type Duration

Kenya ICIPE-Mbita —-0.43 34.21 1152 Rural 11 (2006-2017)
South Africa Skukuza —24.99 31.59 265 Rural 23 (1998-2021)
Namibia Henties Bay —22.09 14.26 20 Marine 7 (2011-2018)
Zambia Maun-Tower —-19.91 23.55 951 Industrial 19 (2000-2019)
Egypt Cairo-EMA-2 30.08 31.29 70 Industrial 9 (2010-2019)
Morocco Saada 31.62 —8.15 420 Rural 15 (2004-2019)
Mali IER-Cinzana 13.28 —-5.93 287 Rural 15 (2004-2019)
Mozambique Gorongoza —18.98 34.35 30 Rural 5 (2012-2017)
Algeria Tizi-Ouzou 36.69 4.05 133 Industrial 5(2012-2017)
Nigeria Tlorin 8.48 4.64 400 Industrial 6 (2013-2019)
Burundi Bujumbura -3.38 29.38 863 Industrial 21 (1998-2019)
Gabon SEGC-lope-Gabon -2.21 11.60 280 Rural 4 (2014-2018)

Table 2 dominance, and scattering-absorption characteristics, thereby

Threshold values employed for aerosol-type discrimination using AODsqo and
AE 440870 Observations across African AERONET sites.

AODsgo AE 440870 Aerosol Type
<0.2 >1.0 Continental Clean Background (CCB)
<0.2 <0.9 Clean Marine (CMA)
>0.3 >1.0 Biomass Burning/Urban-Industrial (BUI)
>0.6 <0.7 Desert Dust (DDT)
Others Others Mixed (MXD)

Table 3

Threshold values of FMFsoo nm and SSA440 nm used for aerosol-type discrimi-
nation by previous studies worldwide and adopted in the present study.

Type FMF500nm SSA440nm Citation

BC 0.86 >0.85 Srivastava et al., 2014
PC <0.48 >0.88

Dust <0.30 >0.92

BC 0.5-1.00 0.84-0.97 Rupakheti et al., 2019
MXD 0.20-0.50 0.84-0.90

Dust 0.10-0.40 0.90-0.95

BC >0.6 any range Boiyo et al., 2019
PC 0.3-0.6 any range

Dust <0.3 any range

BC - 0.82-0.091 Bibi et al. (2016)
MXD - 0.89-0.96

Dust - 0.88-.0.96

BB - 0.80-0.96 Shaheen et al., 2020
MXD - 0.89-0.96

Dust - 0.89-0.95

BB 0.6-0.9 0.84-0.86

Ul 0.4-0.6 0.96-0.98

Dust 0.3-0.4 0.92-0.94

BB - <0.85 Khan et al., 2021
MXD - 0.85-0.90

Dust - 0.90-0.95

BC 0.6-1 Any range Present Study

MXD 0.3-0.6 Any range

PC <0.3 Any range

2.3. Methodology

Aerosol discrimination involves distinguishing various aerosol types
based on their optical and microphysical properties. In this study,
aerosol classification was not performed using isolated single-parameter
thresholds alone, but through an integrated multi-parameter discrimi-
nation framework that jointly evaluates aerosol optical depth (AOD),
/o\ngstré')m exponent (AE), fine mode fraction (FMF), and single scat-
tering albedo (SSA) within a multidimensional aerosol feature space.
The framework exploits the complementary physical sensitivities of
these parameters to aerosol loading, particle size distribution, fine-mode

improving aerosol regime separability beyond conventional bivariate
threshold approaches. In this methodology, aerosol discrimination was
performed using AOD, AE, SSA, and FMF within the specific threshold
values (Tables 2 and 3). The threshold ranges presented in Tables 2 and
3, therefore, serve as physically guided reference boundaries for aerosol
regime interpretation rather than strict deterministic classifiers.

These parameters are derived from satellite-based observations,
ground-based measurements, and reanalysis datasets. For high temporal
resolution, Moderate Resolution Imaging Spectroradiometer (MODIS)
and Ozone Monitoring Instrument (OMI) provide global datasets of
AQOD, AE, SSA, and FMF data (Kumar et al., 2018). For ground-based
measurements, AERONET data provide high-accuracy retrievals of
aerosol properties such as SSA and FMF. Data from AERONET Level 2.0
(cloud-screened and quality-assured) are used in this study, derived for
the period from 1998 to 2024. On the other hand, for reanalysis Prod-
ucts, MERRA-2 offers specific spatiotemporal coverage of AOD and FMF,
complementing gaps in satellite and ground data. In the present anal-
ysis, each point in the figure represents a daily averaged value, derived
from collocated AE and AOD observations corresponding to the same
date. Thus, the dataset is based on temporally matched daily means
rather than instantaneous measurements. Regarding data availability,
the number of measurements varies with temporal aggregation. For sites
with continuous observations, this corresponds to approximately one
data point per day, about 30 per month, and up to 365 per year, subject
to data quality screening and instrument availability.

These measurements are derived from the interaction between the
incident solar radiation and matter. The amount of light detected by the
photometers is compared with the solar radiation incoming, which
would be observed in an aerosol-free (clean) atmosphere. From this
comparison, the optical depth can be determined from the relation:

7 =k(x)dx M

where 7 is the optical depth, k is the linear extinction coefficient product,
and x is the distance. More precisely, if the extinction coefficient varies
with distance, then the optical depth will be obtained by integrating the
extinction coefficient with distance.

AE, on the other hand, provides size information about aerosols and
is given as in Equation (2). Values > 1.0 suggest fine aerosols, while
values < 0.5 indicate coarse aerosols such as dust or sea spray (Table 2).

_dlIlT
dln A

a= (2
And Equation (3) for FMF, a direct measure of how much of the aerosol
is fine particles (Table 3)

AODg

FMF =3 5p.

3
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Further, SSA reflects aerosol scattering efficiency (given in Equation Q Qus
(3)). Higher SSA (>0.9) indicates highly scattering aerosols, such as SSA=—"2  =14+2 4)
sulfates, whereas lower SSA (<0.85) suggests absorbing aerosols, such Quca + Qs Qex
as black carbon (Bergstrom et al., 2022). where Qg5 and Qs are the absorbed and scattered light, respectively.

Conventional univariate aerosol classification approaches, which
rely on a single optical parameter such as AOD or AE, often fail to
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Fig. 2. Scatter plots of ;\ngstrém Exponent (AE440-g70) versus Aerosol Optical Depth (AODsq0) for selected AERONET sites across Africa. The panels (a-1) represent
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adequately resolve the complexity of mixed and transitional aerosol
regimes because individual parameters cannot simultaneously capture
aerosol loading, particle size distribution, and radiative behavior (Li
et al., 2023; Nicolae et al., 2018; Kumar et al., 2018). The integrated
use of AE-AOD, FMF-AE, and SSA-FMF relationships in this study
provides a physically constrained multivariate discrimination frame-
work that jointly evaluates aerosol abundance, size dominance,
fine-mode contribution, and scattering-absorption characteristics
within a unified feature space. This combined approach reduces ambi-
guities commonly associated with traditional threshold-based methods
and improves the separation of dust, biomass-burning, polluted conti-
nental, and mixed aerosols across climatically diverse African environ-
ments (Chaibou et al., 2020; Shikwambana and Sivakumar, 2018;
Mishra et al., 2021; Shin et al., 2023). Recent studies have further
demonstrated that multidimensional aerosol discrimination techniques
outperform isolated parameter analyses in resolving aerosol heteroge-
neity, source mixing, and atmospheric aging processes (Wei et al.,
2022). Furthermore, the simultaneous integration of ground-based
AERONET observations with MODIS, CALIPSO, and MERRA-2 prod-
ucts enhanced the physical robustness and regional transferability of the
discrimination framework beyond descriptive climatological interpre-
tation. Consequently, the coupled parameter-space approach represents
a methodological advancement over conventional univariate aerosol
typing by enabling improved characterization of seasonal aerosol vari-
ability and aerosol-radiation interactions across Africa.

3. Results and discussion
3.1. AOD versus AE method

Fig. 2 presents scatter plots of AODsq versus AE440—g7 for selected
AERONET sites across Africa, where each data point represents a daily
co-located average. The observed AE-AOD relationships provide a
robust framework for aerosol classification. High AE values (>1.0)
indicate the dominance of fine-mode aerosols, typically associated with
biomass burning and urban-industrial emissions, whereas low AE values
(<0.7) are characteristic of coarse-mode particles such as mineral dust
(Eck et al., 2020; Chaibou et al., 2020).

At Mbita (Fig. 2a), mixed aerosols (MXD, 39.49%) constitute the
dominant aerosol type, followed by biomass-burning aerosols (BU,
16.43%), reflecting a complex aerosol environment influenced by both
local anthropogenic emissions and transported dust. Similar mixed
aerosol conditions have been reported across Europe, where secondary
aerosols and transported dust account for approximately 30-50% of
aerosol occurrences under moderate AOD conditions (0.2-0.6) (Putaud
et al., 2021; Sicard et al., 2020; Logothetis et al., 2020; Filonchyk et al.,
2020). However, the larger variability in AE observed at Mbita suggests
a stronger episodic influence of biomass-burning emissions compared
with typical European environments.

Henties Bay (Fig. 2c), characterized by a predominance of cloud-
condensed black carbon (CCB, 60.00%), reflects strong interactions
between marine and continental air masses. Comparable coastal aerosol
regimes have been documented in Southeast Asia, where marine aero-
sols mix with anthropogenic emissions, resulting in high fine-mode
fractions (FMF >0.6) and AOD values ranging from approximately 0.3
to 0.8 (Nguyen et al., 2025; Mukhopadhyay et al., 2025). Nevertheless,
aerosol conditions at Henties Bay appear to be more strongly influenced
by natural marine sources, with relatively lower anthropogenic contri-
butions than those observed in Southeast Asia.

IER-Cinzana (Fig. 2g) exhibits a pronounced dominance of dust
aerosols (DDT, 19.90%), consistent with its location in the Sahel region.
This observation agrees with studies conducted in India, Pakistan, and
northern China, where dust aerosols contribute approximately 20-40%
of total aerosol loading during dry seasons and are generally associated
with low AE values (<0.5) and elevated AOD (>0.5) (Zhang et al., 2016;
Yu et al., 2016). However, African dust systems originating from the
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Sahara are generally more persistent and spatially extensive, resulting in
stronger regional radiative forcing effects.

The site represented in Fig. 2i, where biomass-burning aerosols (BU)
account for 65.22% of observations, highlights the substantial influence
of combustion-related emissions. This contribution exceeds the typical
biomass-burning fractions reported across Europe (~10-30%) but is
comparable to major biomass-burning hotspots in Southeast Asia and
India, where contributions may reach 50-70% during peak burning
seasons (Sicard et al., 2020; Nguyen et al., 2025). Such conditions are
commonly associated with high AE values (>1.3) and enhanced con-
centrations of absorbing aerosols, which have important implications for
radiative forcing and regional air quality.

A comparison of AERONET-derived aerosol classifications with sat-
ellite and reanalysis products, including MODIS, CALIPSO, and MERRA-
2, demonstrates strong agreement in the spatial distribution and
compositional variability of aerosols across Africa. MODIS AOD re-
trievals indicate elevated aerosol loading over the Sahara and Sahel
regions (AOD >0.5), consistent with the dust-dominated conditions
observed at IER-Cinzana. In contrast, moderate AOD values (~0.3-0.7)
over central and southern Africa correspond closely with regions
dominated by biomass-burning aerosols (Levy et al., 2013; Remer et al.,
2020). Coastal locations such as Henties Bay exhibit lower AOD values
(~0.2-0.4), reflecting the influence of marine aerosols, although MODIS
retrievals may underestimate coarse-mode particles over bright desert
surfaces (Hsu et al., 2023).

CALIPSO observations provide valuable vertical information,
revealing elevated Saharan dust layers between 2 and 5 km altitude and
lofted biomass-burning plumes between 1 and 3 km. These observations
support the AE-based classification of coarse- and fine-mode aerosols,
respectively (Winker et al., 2013). Furthermore, CALIPSO observations
are consistent with MODIS-derived fine-mode AOD enhancements over
West and Southern Africa during peak burning seasons, reflecting
intense fire activity and reduced wet scavenging processes (Adesina
et al., 2016; Remer et al., 2020).

Similarly, MERRA-2 reanalysis data indicate that carbonaceous
aerosols, including black carbon and organic carbon, contribute
approximately 50-80% of total AOD across major biomass-burning re-
gions, further confirming the dominance of combustion-derived parti-
cles (Randles et al., 2017). The observed vertical mixing of dust and
smoke layers also explains the high proportion of mixed aerosols (MXD)
at Mbita, highlighting the importance of lidar observations for resolving
aerosol layering and transport pathways. In addition, MERRA-2 attri-
butes approximately 40-70% of total AOD over North and West Africa to
dust aerosols, while biomass-burning aerosols contribute approximately
50-80% of AOD over equatorial and southern Africa (Randles et al.,
2017; Buchard et al., 2017; Berhane et al., 2025). Coastal regions
exhibit substantial sea-salt contributions (~30-60%), further support-
ing the influence of marine aerosol sources at coastal sites (Smirnov
et al., 2019).

Although uncertainties remain due to limitations in MODIS surface
reflectance retrievals, CALIPSO's narrow observational swath, and the
model-dependent nature of MERRA-2 reanalysis products, the strong
agreement among these independent datasets reinforces the reliability
of the AE-AOD aerosol classification framework. Overall, the integra-
tion of ground-based observations, satellite measurements, and rean-
alysis products provides a comprehensive and robust characterization of
aerosol regimes and their spatial variability across Africa.

3.2. FMF versus SSA

The FMF-SSA relationship illustrated in Fig. 3 provides a robust
framework for aerosol classification across African AERONET sites by
simultaneously constraining aerosol particle size and radiative proper-
ties. Comparison with satellite and reanalysis products, including
MODIS, CALIPSO, and MERRA-2, reveals a consistent and complemen-
tary representation of aerosol regimes across the continent. High FMF
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Fig. 3. Scatter plots of FMFsq versus SSA44o for selected AERONET sites across Africa, classified into different aerosol types. Black carbon (BC), mixed aerosols
(MXD), and polluted continental (PC) regimes are shown, with corresponding percentage contributions indicating aerosol loading. Horizontal reference lines denote

the threshold values used to separate aerosol regimes.

values (>0.6) coupled with low SSA values (~0.80-0.90), indicative of
fine-mode and strongly absorbing aerosols such as black carbon (BC),
are typically associated with biomass-burning and fossil-fuel emissions.
These aerosol characteristics are consistent with MODIS observations
showing enhanced fine-mode AOD over West and Southern Africa dur-
ing peak biomass-burning seasons, reflecting intense fire activity and
reduced wet scavenging processes (Adesina et al., 2016; Remer et al.,
2020). Similarly, MERRA-2 reanalysis indicates that carbonaceous
aerosols, including black carbon and organic carbon, contribute
approximately 50-80% of total AOD in these regions, further confirming
the predominance of combustion-derived particles (Randles et al.,
2017). CALIPSO observations provide additional support by detecting
elevated smoke layers at altitudes of approximately 1-3 km, confirming
the presence of absorbing aerosols consistent with low SSA retrievals
(Winker et al., 2013). Sites such as Mbita and Skukuza, characterized by
substantial contributions from BC and mixed aerosols (MXD), exemplify

the combined influence of regional biomass burning and anthropogenic
emissions (Boiyo et al., 2018; Ranaivombola et al., 2023; Millet et al.,
2022).

In contrast, low FMF values (<0.4-0.5) and high SSA values (>0.90)
are characteristic of coarse-mode, weakly absorbing aerosols, primarily
mineral dust. This aerosol regime is dominated by Saharan and Sahelian
dust transport, which is often intensified during the Harmattan season
(Schuster et al., 2016). MODIS captures these conditions through
elevated AOD values over North and West Africa, while CALIPSO ob-
servations reveal dust layers between approximately 2 and 5 km alti-
tude, indicative of long-range transport processes (Winker et al., 2013).
Consistent with these observations, MERRA-2 attributes approximately
40-70% of total AOD in these regions to dust aerosols, supporting the
identification of polluted dust (PD) regimes.

Intermediate FMF (~0.4-0.7) and SSA (~0.85-0.92) values corre-
spond to mixed aerosol (MXD) conditions, reflecting complex
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interactions between natural and anthropogenic aerosol sources,
including secondary aerosol formation, atmospheric aging, and aerosol
mixing processes (Bergstrom et al., 2022). Such conditions are particu-
larly prominent during transitional seasons, when meteorological fac-
tors favor both aerosol emissions and chemical processing. CALIPSO
observations of vertically mixed aerosol layers, together with MERRA-2
simulations showing the coexistence of dust, sea salt, and carbonaceous
aerosols, provide strong support for the identification of these mixed
regimes. Likewise, coastal and urban-influenced sites such as Henties
Bay and Saada exhibit polluted continental (PC) characteristics, with
MODIS indicating moderate aerosol loading and MERRA-2 highlighting
significant contributions from secondary aerosol species (Levy et al.,
2013).

Overall, despite known limitations associated with MODIS retrievals
over bright surfaces, CALIPSO's narrow spatial sampling, and the model-
dependent nature of MERRA-2 products, the strong agreement among
these independent datasets provides substantial validation of the
FMF-SSA classification framework. The integration of ground-based
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observations, satellite retrievals, and reanalysis products offers a
comprehensive and reliable approach for aerosol characterization and
source attribution across Africa.

Unlike conventional univariate or threshold-based -classification
methods, the FMF-SSA framework simultaneously evaluates the
coupled variability of aerosol microphysical and radiative properties,
thereby enhancing discrimination among spectrally overlapping aerosol
types. The framework effectively distinguishes combustion-derived
aerosols, characterized by high FMF and low SSA values, from mineral
dust aerosols, which exhibit low FMF and high SSA values, while also
capturing intermediate mixed states. Consequently, this multivariate
approach reduces classification ambiguity, improves aerosol source
identification, and provides a more robust representation of seasonal
aerosol variability across the African continent.

3.3. FMF versus AE

Fig. 4 illustrates the relationship between FMFs5p and AE440-870
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Fig. 4. Comparative analysis of FMFsoo versus AE440—g70 across selected AERONET sites in Africa: (a) Mbita, (b) Skukuza, (c) Henties Bay, (d) MaunTower, (e) Cairo
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(BQO), polluted continental (PC), and mixed aerosols (MXD).
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across multiple AERONET sites in Africa, facilitating both inter-site
comparisons and broader climatological interpretations of aerosol
characteristics. The distribution of observations reveals three dominant
aerosol regimes-black carbon (BC), mixed aerosols (MXD), and polluted
continental aerosols (PC)-with distinct spatial variations linked to
regional emission sources and atmospheric processes (Table 4). The
Angstrom exponent (AE), which is inversely related to particle size, in-
dicates finer particles at higher values, whereas the fine-mode fraction
(FMF) quantifies the relative contribution of fine-mode aerosols to the
total aerosol population (Dubovik et al., 2002).

The aerosol patterns identified from the AE-FMF framework are
strongly supported by satellite and reanalysis products, including
MODIS, CALIPSO, and MERRA-2. In northern and arid regions, such as
Cairo and Tizi-Ouzou, relatively low AE values and broadly distributed
FMF values indicate the predominance of coarse-mode aerosols. These
findings are consistent with MODIS observations showing elevated AOD
over the Sahara and Sahel and with CALIPSO measurements revealing
dust layers at altitudes between 2 and 5 km, indicative of long-range
dust transport (Winker et al., 2013; Remer et al., 2020). MERRA-2
further corroborates these observations by attributing approximately
40-70% of total AOD in these regions to mineral dust aerosols (Randles
et al., 2017).

In contrast, equatorial and tropical sites, including SEGC-Lope-
Gabon and Gorongosa, exhibit high AE (>1.2) and FMF (>0.6) values,
indicating the dominance of fine-mode aerosols associated with biomass
burning and secondary aerosol formation. MODIS observations show
moderate-to-high aerosol loading (AOD ~0.3-0.7) over these regions,
while MERRA-2 attributes approximately 50-80% of total AOD to
organic carbon and black carbon aerosols, consistent with combustion-
related emission sources (Remer et al., 2020). CALIPSO observations
of lofted smoke plumes between approximately 1 and 3 km altitude
provide additional evidence for the vertical distribution of these
fine-mode absorbing aerosols (Winker et al., 2013).

East African sites, such as Mbita, display intermediate AE and FMF
values, indicative of mixed aerosol conditions. These observations are
consistent with MERRA-2 simulations showing the coexistence of dust,
carbonaceous aerosols, and secondary aerosol species, as well as CALI-
PSO observations of vertically mixed aerosol layers. Such transitional
regimes highlight the complex interactions among local emissions,
regional transport pathways, and atmospheric processing mechanisms.
The identification of these intermediate aerosol states underscores the
advantage of the AE-FMF framework in resolving transitional and mixed
aerosol conditions that are often inadequately represented by conven-
tional AOD-AE threshold-based classification approaches.

From a climatological perspective, the results reveal a pronounced
north-south gradient in aerosol characteristics across Africa. Coarse,
dust-dominated aerosols prevail over the arid regions of North Africa,
whereas fine-mode, combustion-related aerosols dominate tropical and
southern regions. Mixed aerosol regimes occupy intermediate

Table 4
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environments, reflecting varying contributions from both natural and
anthropogenic sources. The consistent representation of these patterns
across AERONET, MODIS, CALIPSO, and MERRA-2 highlights the crit-
ical influence of regional climate, land-use practices, and emission dy-
namics on aerosol optical properties and their associated radiative
effects. Collectively, the strong agreement among these independent
observational and modeling datasets supports the interpretation that the
AE-FMF framework functions as a physically constrained multivariate
aerosol discrimination method rather than a purely descriptive
threshold-based classification scheme.

Although several AERONET sites included in this study have rela-
tively short observational records (4-5 years), which may not fully
capture long-term interannual variability, this limitation does not sub-
stantially affect the primary conclusions. Aerosol classification was
based on the intrinsic relationships among AOD-AE, FMF-SSA, and
AE-FMF parameters rather than on frequency-based climatological
statistics, making the methodology less sensitive to record length.
Furthermore, the inclusion of multiple geographically distributed sites
enables cross-validation of aerosol regimes across diverse environmental
settings. Recurring seasonal aerosol patterns observed at these locations
ensure that dominant source signatures and aerosol characteristics are
adequately represented. Consequently, the results should be interpreted
as representative of prevailing aerosol regimes rather than a complete
long-term climatological assessment, thereby minimizing the influence
of temporal data gaps.

Overall, the combined AE-FMF analysis provides a robust multi-
variate aerosol discrimination space in which particle-size characteris-
tics and fine-mode aerosol contributions are evaluated simultaneously.
This integrated approach reduces ambiguities associated with single-
parameter analyses, improves aerosol source differentiation, and en-
hances the characterization of spatial and seasonal aerosol variability
across the African continent.

4. Conclusions

This study investigated the spatial variability and classification of
atmospheric aerosols across Africa using long-term AERONET observa-
tions from twelve representative sites spanning the period 1998-2024. A
multivariate aerosol classification framework based on the relationships
among aerosol optical depth (AOD), Angstrom exponent (AE), fine-
mode fraction (FMF), and single scattering albedo (SSA) was
employed to characterize dominant aerosol regimes and evaluate their
regional distributions. The key findings and contributions of this study
are as follows:

1. The analysis revealed a pronounced spatial heterogeneity in aerosol
regimes across Africa, with tropical sites dominated by mixed aero-
sols, reflecting the combined influence of biomass burning, urban
emissions, and natural sources. This underscored the complexity of

Percentage distribution (in %) of aerosol types obtained from different classification techniques across the selected AERONET sites.

Site AE-AOD technique FMF-SSA technique FMF-AE technique

BUI CCB CMA DDT MXD BC MXD PC BC MXD PC
ICIPE Mbita 16.43 24.15 19.81 0.16 39.49 76.70 21.30 2 11.20 88 0.80
Skukuza 20.17 40.64 13.28 0.05 25.86 96.90 3.10 0 28.80 71 0.20
Henties Bay 23.37 60.00 1.78 0.00 14.85 96 0 4 13.30 78.60 8.10
Maun tower 23.37 60 1.78 0 14.85 100 0 0 44.50 55.50 0
Cairo EMA-2 43.38 3.23 4.47 3.27 45.65 11.90 42.90 45.20 7.60 86 6.40
Saada 1.02 14.29 46.43 4.08 34.18 10 65 25 4.70 77.50 7.80
IER Cinzana 1.80 1.08 21.51 19 56.63 1.30 31.20 67.50 0 55.10 44.90
Gorongosa 40.90 28.57 9.24 0 21.29 96 4 0 48.30 51.40 0.30
Tizi Ouzou 2.88 34.41 18.99 1.61 42.12 57 51.10 43.20 3.70 87.90 8.40
Tlorin 65.52 11.41 0.40 0.00 22.68 100 0 0 43.20 56.80 0
Bujumbura 16.48 4.84 1.48 29.63 47.57 15.80 67 17.20 5.90 80.90 13.20
SEGC-lope-Gabon 58.69 9.03 2.48 1.58 28.23 77.80 19.10 31 45.10 53.20 1.70
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aerosol composition in these regions and the need for region-specific
representation in climate models.

2. A clear latitudinal gradient was evident, where northern sites (e.g.,
Cairo and Tizi-Ouzou) were characterized by coarse-mode, dust-
dominated aerosols, while equatorial and southern sites (e.g., SEGC-
Lope-Gabon and Gorongosa) exhibited strong fine-mode dominance
associated with biomass burning and secondary aerosol formation.

3. The integration of optical parameters demonstrated that absorbing
aerosols are more prevalent in biomass burning regions, whereas
scattering aerosols dominate in dust-influenced environments, indi-
cating distinct regional radiative forcing regimes across the
continent.

4. This study established a continent-wide comparative framework
connecting aerosol optical properties with major sources and cli-
matic zones, thereby enhancing understanding of aerosol-radiation
interactions and contributing to the refinement of aerosol classifi-
cation methods across Africa.

The aerosol classifications derived from AERONET observations
were strongly supported by independent satellite and reanalysis data-
sets. The strong agreement among these datasets demonstrates the
robustness and reliability of the proposed classification framework.
Overall, the integration of AOD-AE, FMF-SSA, and AE-FMF relation-
ships provides a physically constrained and comprehensive approach for
aerosol discrimination across Africa. The multivariate framework re-
duces classification uncertainty, improves aerosol source attribution,
and captures the complex interactions among dust transport, biomass
burning, anthropogenic emissions, and atmospheric processing. These
findings contribute to a better understanding of aerosol climatology over
Africa and provide valuable observational constraints for climate
models, air-quality assessments, and evaluations of aerosol radiative
forcing. Future studies incorporating additional aerosol microphysical,
chemical, and vertical profile measurements will further enhance
aerosol characterization and improve assessments of aerosol-climate
interactions across the continent. The relevance of this research to the
Sustainable Development Goals (SDGs) is significant. For SDG 13
(Climate Action), detailed aerosol types contribute to climate modeling
and understanding the impact of aerosol types on regional climate
patterns.
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