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Abstract

Global anthropogenic emissions have been on the increase causing environmental and climatic concerns. To this end, aerosol properties influenced
by these anthropogenic activities from satellites (MODIS, OMI, and AIRS) and ground remote sensing (AERONET) data were examined for
distribution, variation, and trends over Africa during 2000–2022. Furthermore, the response of temperature to the interaction of aerosols with
solar radiation was investigated in the region to reflect the aerosol impact on the regional climate and serving as an indicator for climate change.
The spatial distribution of the aerosol properties were characterized as high (Aerosol Optical Depth, AOD ≥ 0.5, Angstrom Exponent, AE ≥ 0.7,
Absorption Aerosol Optical Depth, AAOD ≥ 0.1, and Single Scattering Albedo, SSA ≥ 0.95), moderate (AOD ≡ 0.3, AE ≡ 0.5, AAOD ≡ 0.08,
and SSA ≡ 0.9), and low values (AOD ≤ 0.2, AE ≤ 0.2, AAOD ≤ 0.05, and SSA ≤0.85) which varied with time and local emissions dependence.
In addition, trends in AOD show a significant decrease in the arid areas of the northern and southern regions, while an increase in the arid Sahel
and central Africa. AE is on a decreasing trend as well as AAOD, except for the southern central Africa, which has a significant positive trend of
AAOD attributed to intense bush burning. A dust hotspot in the central Sahara and central South Africa smoke experienced positive and neutral
trends in SSA respectively indicating an increase in scattering aerosol (pure dust) and a uniform level of smoke emission in the areas, with other
areas negatively trending. A strong positive relationship exists between air temperature a popular climate change indicator with AOD, AAOD, and
SSA and negative ones with AE based on the level of aerosol composition and types. The study forms the basis for establishing aerosol climate
change indicator in Africa a region of high aerosol load.
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1. Introduction

The rise in average temperature of the Earth’s near-surface
air over the past century has received much attention related
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Shehu )

to global climate change, like precipitation, which varies more
than temperature on spatial and temporal scales over a region
[1]. Research has shown that precipitation microphysics is
largely affected by the particulate matter in the atmosphere
(aerosol) as well as other climatic variables [2, 3]. The envi-
ronment, transportation, and human health are other areas at
the receiving end of aerosol in what are classified as direct
and indirect aerosol effects. Chemically, major tropospheric
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aerosol species are: sulphate, black and organic (brown) car-
bon, dust, and sea salt [4–6]. Rapid industrialization and ur-
banisation, along with fossil fuel consumption and bush burn-
ing in the last two decades, have substantially increased glob-
ally the anthropogenic aerosol components over their natural
sources and have become a major environmental and climatic
concern. In addition, aerosols have a considerable contribu-
tion to climate change uncertainties [7]. Thus, determining the
long-term trend and variation of aerosol optical and absorption
properties and the underlying causes in a region of high aerosol
producers and emitters, such as Africa, is beneficial to under-
standing regional climate variability and air quality conditions.
Africa is the world’s largest source of dust and smoke [8, 9].
Dust steaming out of Africa towards the Atlantic Ocean and the
Mediterranean Sea is emitted from various localised sources in
the arid and semi-arid areas of the Sahara and Sahel, differing
in intensity, seasonality, and frequency. Likewise, the smoke
emanating from Sub-Sahel and southern African regions due to
bush and agricultural burning as well as firewood cooking due
to the high cost of LPG in recent times.

The parameters of aerosols considered in this work, namely
aerosol optical depth (AOD), absorption aerosol optical depth
(AAOD), angstrom exponent (AE), and single scattering albedo
(SSA) represent important characteristics of aerosols that can
be used to analyse climate change. AOD represents the vertical
column aerosol load in the atmosphere; AAOD is the amount
of the absorbing component of the aerosol load; AE is for the
particle size of the aerosols; and SSA represents the light ab-
sorption characteristic of the aerosol. These key properties of
aerosol population loading play a major role in determining the
magnitude of radiation forcing in terms of scattering and ab-
sorption of incoming solar radiation and cloud formation, thus
having a high climate impact. Using the Maxwell theory, the
Lambert-Beer law can be derived which describes how the light
beam is reduced due to extinction by particles as shown in equa-
tion (1).

dI(λ)
dz
= −bextI0(λ), (1)

where I0 and I are intensities of the incoming and exiting radia-
tion respectively while bext is the aerosol extinction coefficient
m−1. Integrating equation (1) gives the quantity of transmitted
light through aerosol layer of height z resulting to AOD [10].

I (λ) = I0(λ)e(−
∫ z

0 αaer(λ, z)dz), AOD =
∫ z

0
αaerdz, (2)

where z is the path of the light from the Sun through the atmo-
sphere. AE described the relationship of the AOD as function
of the wavelength of light in addition to the aerosol size dis-
tribution which can be derived from two optical depths at two
different wavelengths as shown in equation (3).

AE =
log (AODλ1/AODλ2)

log (λ1/λ2)
, (3)

where λ is the wavelength [11]. SSA is the fraction of light ex-
tinction to that of scattered which is represented mathematically

as;

S S A =
σs

(σs + σa)
, (4)

where σs is the light scattering coefficient and σa is the light
absorption coefficient. The implication of these aerosol proper-
ties to climate change study are numerous and directly involved
[12].

Some climate change indicators (CI) have been developed
to diagnose and track changes in observable climate system
properties through time [13, 14]. The CIs were used to track
changes in the physical, chemical, and anthropogenic compo-
nents of the climate system. Their spatial and temporal reso-
lutions are on either a regional or global scale. Some CI focus
on the drivers of global change, while others are more strongly
focused on response variables. Examples of CIs include re-
gional and global air temperature, precipitation, sea level, sea
and land ice, and atmospheric concentrations of carbon diox-
ide, methane, nitrogen oxides, and fluorinated gases. Mean-
while, very few CIs of climate-relevant to aerosol properties
were developed on a regional or global scale [15] based on lack
of extensive data record. Like other CIs, aerosol-CIs can be
used to quantify variability and temporal trends in aerosol pop-
ulations in the atmosphere and changes attributable to drivers of
aerosol variability such as primary aerosol emissions, gaseous
precursor, and meteorological conditions.

Seasonal aerosol variation from year to year over the
African continent is being linked to the movement of inter-
tropical discontinuity (ITD) coupled with trade winds from
north and south, different major and minor local aerosol sources
(dust in Sahara, Sahel, and smoke from south), atmospheric
dynamics, shifting air-masses, and minor contributions from
long transport routes as well as meteorological conditions [15–
18]. Several studies conducted at a regional and global scale
have utilised remote sensing satellite data or ground-based re-
mote sensing instruments and sometimes both, with models for
comprehensive monitoring of the long-term behaviour and dy-
namics of the atmospheric aerosol. Khamala et al. [19] study
the long-term climatology and spatial trends of aerosol optical
depth over east-Africa from 2001 to 2019 using the MODIS
and MERRA-2 datasets. An increase in AOD that was pos-
itive and significant was shown by the spatial trend analysis
conducted over the arid and semi-arid parts of the study area,
which changes with seasons.

Long-term aerosol optical properties variation and charac-
teristic study were conducted over Hong Kong combining both
AERONET and satellite observations from 2006 to 2021 by Yu
et al. [20]. This shows seasonality in the variation of the prop-
erties, with lower AOD but higher AE, and SSA in summer,
and elevated AOD but lower AE and SSA in spring and win-
ter. Zhang et al. [21] implemented non-linear trend analysis
on global AOD using ensemble empirical mode decomposition
(EEMD), which gives the perception of providing more per-
ceptible changes than linear trends. A study of the trend in the
aerosol characteristic over the Indo-Gangetic and North China
plains reveals a rising trend of fine-mode particulate AOD over
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the study area [22]. Other studies in different African sub-
regions over the long-term have observed a significant increas-
ing trend of aerosol in populated urban areas while remote and
serene areas experienced a decreasing trend, which is associ-
ated with high anthropogenic emissions in the cities as a re-
sult of being densely populated and decreasing natural sources
of aerosol, respectively [23–26]. Also, seasonal variability in
aerosol composition, Load, types, and sources has being re-
ported in sub-regional studies [6, 27–29].

Most previous studies of aerosol variation and trend con-
ducted due to its role in radiation budget, cloud formation, air
quality, and climate in the African region concentrated mainly
on variation and trend in AOD, whereas long-term changes in
AAOD, AE, and SSA are barely in focus as considered in this
study. In addition, only satellites remote sensing data, which are
prone to cloud cover, single time passage and retrieval biases
leading to over- or underestimation of parameters, were utilised
in the studies. Also, to the best of our knowledge, no previ-
ous studies from the region have considered the whole African
region in a study with all the parameters stated couple with the
fact that the region presents very low active AERONET stations
compared to other developed regions of the world. This study
utilises the ground-based remote sensing AERONET database
version 3 level 2.0, which is cloud cleared temporal data over
ten different locations in the region from north to south and ad-
journing islands with 10+ years of data, complemented with
satellite measurements of MODIS and OMI for effective re-
gional coverage and representation. The study period starts at
the beginning of the twenty-first century (2000), when African
states economies started to emerge and contribute significantly
to the global anthropogenic aerosol level. The combination of
the two observation methods in this study gives a detailed and
holistic view of the aerosol in the African region and serve as
foundation for establishing aerosol climate change indicator in
the region in addition to the role it play in radiation budget and
air quality.

2. Geographic and meteorology of the study area

Africa is made up of 54+ countries and five sub-regions
bounded by latitudes 35◦N to 35◦S of the equator and lon-
gitudes 20◦W to 50◦E of the Greenwich Meridian, including
neighbouring islands. It is bathed by two oceans, the Atlantic
to the west and the Indian Ocean to the east; two seas, the
Mediterranean to the north and the Red Sea to the north-east;
and tens of major rivers across the board (Figure 1). Africa has
the world’s largest desert, the Sahara, which lies in North and
West Africa, the largest dust aerosol source and the Kalahari
desert in the South [30]. It has different seasons in the year cat-
egorised into four (DJF, MAM, JJA, and SON), and the vegeta-
tion varies based on the geographical location of each country.
The wind system over Africa has different forms, power, and
direction depending on the sub-region, altitude, and physical
phenomena that form it. Based on Köppen’s climate classifi-
cation, The African climate is arid in the north and part of the
south-west, tropical around the equator, which cuts across the
west, the central and upper parts of the south, and temperate

in the south-east. Tropical and arid zones are relatively domi-
nated by the movement of the Inter-Tropical Convergence Zone
(ITCZ) and the associated Hadley circulation [31]. High levels
of precipitation are associated with the deep clouds at the ITCZ,
and the precipitation pattern changes between the summer and
winter, therefore, producing the African ‘wet’ and ‘dry’ sea-
sons [32]. The Hadley circulation brings about different trade
winds in the north during the dry season, such as north-easterly
(Harmattan) trade winds over the Sahara. During the wet sea-
son, North Africa is subject to more intense convection due to
the more northerly location of the ITCZ and more intense solar
radiation. Further north, over the Sahara, this is dominated by
dry convection, whereas further south, this convection will be-
come moister and associated with more precipitation. The ge-
ographic information of the ten (10) AERONET sites selected
for the study are as shown in Table 1. Tamanrasset site situated
at the highest altitude of 1377 m (m. s. l.) good for captur-
ing long range transported aerosol and Cape Verde site is at the
lowest altitude of 60 m.

3. Instrumentation and dataset

3.1. AERONET
It is a worldwide network of scanning Sun radiometers

for aerosol observation at nine spectral channels from 340 to
1640 nm, providing high-accuracy data output during daytime
after being cloud screened and manually inspected [33, 34].
AERONET Version 3 Level 2.0 is the cloud cleared, quality-
assured with pre- and post-field calibration data recently re-
leased by the NASA Godard Space Flight Centre (https://
aeronet.gsfc.nasa.gov), which is adopted in this study. A de-
tailed descriptions of the instrumentation, calibration, data pro-
cessing, data quality, almucantar retrieval, and inversion algo-
rithm are described elsewhere [35–38]. Ten AERONET sites
spread across Africa with more than ten years of data (2000–
2022) were selected for the study, catering for different aerosol
sources, transport routes, types of areas such as the city, re-
mote areas, islands, desert areas, forest areas, and semi-desert,
[6] as well as climates (arid, tropical, and temperate). The
AERONET sites are Saada and Cairo, representing the farthest
North Africa; Tamanrasset, for the central Sahara; Cape Verde,
for the island; Banizoubou, Cinzana and Zinder, for the Sahel;
Ilorin, for the sub-Sahel; Mongu and Skukuza, for Southern
Africa (Figure 1). The AOD and AE at 440 and 440-870 nm
are derived from direct almucantar measurements and their es-
timated error varies spectrally from ± 0.01 to ± 0.02 making
it a better temporal measurement against satellite AOD mea-
surement, while the AAOD and SSA at 440 nm are inversion
products with very minimal error retrieved using the inversion
algorithm of AERONET. Radiometric measurements are cali-
brated using a characterised integrating sphere at GSFC to or
greater than an absolute accuracy of 5%, which is found to be
fit for satellite radiometric measurement validation.

3.2. MODIS
Moderate resolution Imaging Spectro-radiometer (MODIS)

instrument provides near-daily global aerosol product cover-
3

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


Aladodo et al. / J. Nig. Soc. Phys. Sci. 7 (2025) 2270 4

!t]

Figure 1. Map of study area (A) Major rivers in blue lines and AERONET sites in black symbol, (B) Vegetation index, surface elevation, and
surrounding oceans.

Table 1. Geographical information of AERONET sites in the study.
S/N AERONET Sites Country Latitude Longitude

Altitude (m. a.s.l.)
Measurement
Duration

1. Saada Morocco 31◦N 8◦W 420 2004-2022
2. Cairo Egypt 30◦N 31◦E 70 2010-2022
3. Tamanrasset Algeria 22◦N 5◦E 1377 2006-2022
4. Cape Verde Cape Verde Island 16◦N 22◦W 60 2000-2022
5. Banizoumbou Niger 13◦N 2◦E 274 2000-2022
6. Zinder Niger 13◦N 8◦E 456 2009-2022
7. Cinzana Mali 13◦N 5◦W 285 2004-2022
8. Ilorin Nigeria 8◦N 4◦E 350 2000-2022
9. Mongu Zambia 15◦S 23◦E 1107 2000-2022
10. Skukuza South Africa 24◦S 31◦E 150 2000-2022

age in the absence of clouds. It has a wide spectral range
(0.41µm to 14.5 µm in 36 channels or bands), a broad swath
(2330 km), and relatively fine spatial resolution (1km or less
depending on band), providing information on atmospheric, ter-
restrial, and oceanic conditions. Over land, aerosol retrieval
is different [39, 40] from over the oceans [41] with higher
accuracy on the ocean (±0.03 ± 0.15 (AOD)) than on land
(±0.05 ± 0.20 (AOD)). The MODIS AOD retrieval algorithm
over land applies three spectral bands at 0.47 µm, 0.66 µm,
and 2.1 µm plus those used for cloud masking, and requires
that surface-reflected radiation make little contribution to total
radiation leaving the top of the atmosphere. The operational
MODIS aerosol retrieval algorithms are dark target and deep
blue [42] algorithms for vegetated and brighter surfaces, re-
spectively. MODIS aerosol retrieval, which is a downstream
L2 product, requires the existence of other L2 products such as

geophysical products as well as the L1B product of reflectance
for retrieval. The operational MODIS retrieval data are pro-
duced and archived by the MODIS Adaptive Processing System
(MODAPS; http://modaps.nascom.nasa.gov/services/) and are
available online (http://ladsweb.gsfc.nasa.gov). MODIS cali-
bration is supported by the MODIS Characterization Support
Team (MCST;https://mcst.gsfc.nasa.gov). The quality and ac-
curacy of downstream retrieved products (including aerosol) are
dependent on the accuracy of the calibration of the algorithm’s
input radiances, of which the MCST reports an accuracy of ±2–
3% for typical situations [43]. The present study adopted the
combined MODIS dark target and the deep blue land and ocean
algorithm for AOD and AE at a spatial resolution of 1◦ × 1◦ due
to the different nature of land cover of the study area for a period
of 23 years (1st January 2000–31st December 2022) to under-
study variation, spatial distribution, and trend of aerosol proper-
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ties most impacted by climate and can serve as climate change
indicator over Africa. The data were sourced using the NASA
Giovanni platform: https://giovanni.gsfc.nasa.gov/giovanni/.

3.3. OMI

Ozone Monitoring Instrument (OMI) is a hyper-spectral
passive satellite sensor launched on July 15, 2004, into a
sun-synchronous polar orbit sponsored by NASA and its col-
laborators on board the Aura spacecraft. It is a huge area
imaging spectrometer with a viewing angle range of 114◦

across the track, which offers a broad expanse of 2600 km
and a spatial resolution of 3km binned to 13 × 24 km2 with
global coverage within one to two days. It measures direct
and backscattered solar radiation in the UV to visible range,
which is from 264 to 504 nm in the early afternoon hours of
1300 to 1430. It can also monitor cloud pressure and cov-
erage, which can provide information on tropospheric ozone,
NO2 columns, and the distinction between different types of
aerosol. OMI adopted two algorithms for retrieving aerosol
properties from top-of-atmosphere radiance measurements: the
OMAERO aerosol product (multi-wavelength algorithm) and
the OMAERUV aerosol product (near-UV algorithm). The lat-
ter produces, in addition to aerosol optical properties, absorp-
tion aerosol properties such as AAOD and SSA that give in-
formation on atmospheric warming due to thermal energy re-
leased during absorption processes. The two algorithms were
recently unified in the latest version, OMAEROe v003 Details
of the description of OMI can be found elsewhere [44–46]and
on OMI website (https://aura.gsfc.nasa.gov). For this study,
OMI AAOD and SSA daily data at 442 nm and 0.25◦ spatial
resolution of version OMAEROe v003 were accessed through
NASA’s Giovanni platform and used over the study period of
19 years (2000 to 2022).

3.4. AIRS

Atmospheric Infrared Sounder (AIRS) is on board Aqua
satellite and operates on 2378 channels with a footprint of 15
km at the nadir during daytime measurements, crossing the
equator in the early afternoon from the southern to the north-
ern hemisphere. It measures some pollutants, such as carbon
monoxide, and atmospheric dynamic parameters like air tem-
perature, surface temperature, and pressure, to mention a few, at
different altitudes [47]. AIRS gridded air temperature daily data
at altitude 850 hpa close to the surface (1000 hpa), being atmo-
spheric aerosol location, at 1◦ resolution, version AIRS3STD
v7.0 in Kelvin (K) was assessed through NASA’s Earth Observ-
ing System data platform from 2005 to 2022. The AIRS data
is at the public domain (https://airs.jpl.nasa.gov) and been used
by weather prediction centres around the world to improve their
forecast likewise to assess the skill of climate models.

4. Method

It has been established that aerosol CIs, such as the aerosol
parameters considered in this study, can be used to estimate
variability and trend in aerosol population in the atmosphere.

As such, the spatial distributions of the aerosol parameters were
under study over the chosen location and period over the long
term (2000–2022). This was done using combined MODIS
and OMI data at different wavelength bands around 400 nm
for AE, AAOD, and SSA, while AOD at 550 nm, all in the
visible band. All satellite data were accessed through the Gio-
vanni platform, EarthData version 4.38, at different spatial reso-
lutions (https://giovanni.gsfc.nasa.gov). The details of the data
are shown in Table 2. The decadal analyses of the parameters
were done using the AERONET dataset over the ten sites se-
lected within the study region to be able to accommodate local
aerosol production and the decadal percentage difference is cal-
culated using equation (5).

% Di f f =
|A1 − A2|

Average
× 100, (5)

where A is the decadal average of the optical properties consid-
ered and 1,2 stand for the first and second decades.

The trend is a significant change over time exhibited by a
random variable such as aerosol properties, detectable by statis-
tical parametric and non-parametric procedures that can be used
interchangeably with identical results in most cases [48, 49].
The AERONET aerosol optical and absorption time series for
ten sites in Africa with more than ten years of data are aggre-
gated into monthly time series to observe long-term potential
changes and quantify whether trends is significant or insignif-
icant in one sub-region compared to the others. A parametric
trend test was adopted in this study using linear regression of
the random variable Y (aerosol properties) on time X (month of
the year). The regression coefficient β (or the Pearson correla-
tion coefficient) is the interpolated regression line slope coeffi-
cient computed from the data, representing the trend estimate of
the variable in the considered period. The statistic follows the
t-distribution with n-2 degree of freedom, as shown in equation
(6).

t =
β∑ (Yi−Ŷi)2

(n−2)
∑(

Xi−X
)2
, (6)

where n is the sample size. The null hypothesis H0: β = 0 (no
trend) is tested against the hypothesis H0: β , 0 (presence of
trend) at a chosen level of significance α.The hypothesis that
there is no trend is rejected when the t value computed by equa-
tion (6) is greater in absolute value than the critical value tα/2.

A linear trend model is derived from the regression analysis,
using equation (7),

Yi = βXi + c + ε, (7)

where Yi is the aerosol variable for which the trend is been esti-
mated, β is the trend estimate of the variable, Xi is the indepen-
dent variable time in months, c is the intercept on the vertical
axis and ε is the noise in the time series data.

The significance of the estimated trend is tested using the
coefficient of the determinant (R-value) of the curve and the di-
rection of the trend is revealed by the sign preceding the slope.
The aerosol variables understudy were compared with a known
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Table 2. Sources and attributes of data used in the study.
Parameter Spatial Reso-

lution
Frequency Time Period Source

AOD550 nm 1◦×1◦ Monthly 2000-2022 MODIS
TERRA

AE412−470 nm 1◦×1◦ Monthly 2000-2022 MODIS
TERRA

AAOD442 nm 0.25◦×0.25◦ Daily 2005-2022 OMI
SSA442 nm 0.25◦×0.25◦ Daily 2005-2022 OMI
AOD440 nm Point data Monthly AERONET
AE440−870 nm Point data Monthly AERONET
AAOD440 nm Point data Monthly AERONET
SSA440 nm Point data Monthly AERONET
Air Tempera-
ture

1◦×1◦ Monthly 2005 & 2022 AIRS

and popular climate change indicator, air temperature, in the
study area at 850 hpa altitude using Pearson correlation in the
environment of Godard Space Flight Centre EarthData Appli-
cation. This was done in other to infer the link and serve as
foundation for establishing aerosol climate change indication
in the African region

5. Results

5.1. Aerosol properties’ distribution and variation

Figure 2 shows some selected year distribution and long
term variation of the AOD and AE from MODIS at 1◦ res.,
AAOD and SSA from OMI at 0.25◦ resolution over the African
Region within the study period. A high AOD of greater than
0.5 is found and clusters around the west and central Africa
bordering the Atlantic Ocean, with patches of very high AOD
at the west-central Africa coaster cities and sub-Saharan areas,
with a maximum value (< 0.8) at Bodele depression and some
major industrial cities. This is associated with both anthro-
pogenic/economic activities of the population and the natural
desert dust of the Sahara which is the largest dust source in the
world. The low AOD values of ≤ 0.2 are found in the south,
Madagascar, and scattered around the far north at the coast of
the Mediterranean and East Africa. It is observed that most
aerosols are detected close to their source region. Cities like
Lagos, Accra, Kano, Abijdan, and other economic cities with
dense populations and industries are characterised by rich emis-
sion loads. Some remote areas with low activities are situated
in aerosol transport routes hence they receive high aerosol loads
such as sub-Sahel areas. Mountainous areas suffer aerosol ac-
cumulation due to the orographic effect and blockage of long-
range transport resulting in low AOD at high altitudes due to
high deposition. Aerosol load in large river areas including
the basins, lakes, and dams in the study area as shown in Fig-
ure 1A depends on the sources such as population, surrounding
enclaves and basin effect. AOD averaged over the year 2005,
2010, and 2022 reveal a decreasing trend in aerosol load in al-
most all the areas of the continent across the years. This is in
agreement with other studies in the region and elsewhere for

aerosols during the study period and may be attributable to the
modernization of technology in the industrial sector, control
measures put in place and changes in atmospheric conditions
that support the frequent suspension and deposition of the dust
particle such as wind system, rainfall, ground wetness, and tem-
perature (air and soil) [50]. The decadal percentage difference
of the AOD shows the variation is more of local than a regional
event with Ilorin having the highest percent (23.67%) followed
by Mongu (13.28%), and Tamanrasset (11.51%) and the least
percent at Saada (0.14%) a station in Morocco (Table 4).

AE gives information about the size distribution of the
aerosol particles, with the small AE values for coarse mode par-
ticles and large values for fine-mode aerosol particles. MODIS
observation in Figure 2B shows AE ranges from 0 to 1 over
the African region, with small values (≤ 0.35) dominating the
north, indicating coarse mode dominance, and larger values (≥
0.70) dominating the south, indicating fine mode dominance
(Table 3). This reveals an anti-relationship with the AOD, indi-
cating the high AOD values observed in the north mainly from
the contribution of dust-like particles due to poor vegetation
cover. Over the study area, a clear boundary exists between
larger AE values in the south and smaller values in the north at
the sub-Sahel location, extending from west to east, with some
isolated occurrences of larger AE values in the north mainland,
surrounding Island and its coaster areas. The coaster areas of
Angola and Namibia in the south experienced moderate AE val-
ues, which may be from the nearby desert (Kalihari) and what
has been transported from central Africa and across the ocean.
Reduction in the sizes of the coarse particles in the north is ob-
served in the year 2010 leading to moderate values of AE in the
sub-regions with the intrusion of finer mode aerosol from an-
thropogenic sources. In the year 2022, an improvement in the
size of the particles was observed with maxima values to what
is experienced in the year 2005 transported south ward. The
variation in AE experienced mostly in the north may be associ-
ated with mixed emission sources and high deposition rates of
largest-size particles through wet or dry deposition [51]. This
is justified by the close range of the decadal percentage dif-
ferences of the selected AERONET sites in the north (3-6%)
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except for Cape Verde (0.67%) and Ilorin (18.26%) which may
be due to deposition over the ocean and fine mode aerosol re-
ceived from the south respectively. however, less spatial varia-
tion is observed in the south over time due to homogeneity of
the nature of the emitted aerosol (smoke).

AAOD is the load of absorbing aerosol in the atmosphere
contributing to atmospheric warming through the release of
thermal energy during solar energy absorption and its value in
the study area ranges from 0 to 0.2 as shown in Figure 2C by
OMI. The maximum AAOD was experienced around the Gulf
of Guinea and the coast of central Africa extending eastward
over Congo D. R which may be ascribed to the percentage
of carbon content of the emitted aerosol from the combustion
processes, biomass/forest burning, and oil exploration exercise.
Other parts of the study area experienced little or no load of ab-
sorbing aerosol. This is in agreement with the previous study
in the region [6, 52]. The temporal variation between the year
2005 and 2010 shows a reduction in the aerosol maxima ar-
eas at the gulf of guinea and partly in the Gabon coast mainly
due to measures taken on gas flaring. The maxima shifted to
central Africa towards the east extending southward (Mozam-
bique) in the year 2022 with some pocket of maxima values
all over the region as a result of economic recovery processes
from the shutdown due to the emergence of the COVID-19 pan-
demic globally [53]. There is a high gap of percentage differ-
ence of AAODs within the study area over time as shown in
Table 4 which may be due to individual site economic activities
or proximity to the industrial hub contributing majorly to the
load.

SSA as an attribute of aerosol describing the interaction of
particles with shortwave solar radiation in the atmosphere, is as
shown in Figure 2D over the study area and it ranges between
0.87 and 0.98. The lesser values indicate high absorption and
low scattering while greater values indicate high scattering and
low absorption of solar radiation [52]. Absorbing particles (<
0.9) are found around the coast of central Africa extending into
the central mainland in the year 2010 with the majority of other
areas having scattering particles (> 0.92) with a maximum over
the east, Sub-Sahel belt and coast of Mediterranean sea. Over
time in 2022 the absorbing particles are found scattered over the
other part of the south and some isolated locations in the north
with a decrement in the spread of scattering particles compared
to the situation in 2010. These may be associated with an in-
crease in human population in the region and activities resulting
from it such as deforestation, agricultural/biomass burning and
carbonaceous emissions to mention a few. The decadal per-
centage differences of the SSA for sites within the study area
are less varied (0.01-0.91) except Saada (2.02), Cape Verde
(1.57), and Cinzana (1.51) (Table 4) revealing their fluctuating
behaviour from scattering to absorption and vice versa based on
their composition.

5.2. Trends in Aerosol Optical Properties (AOP)

5.2.1. Trend in AOD
The temporal linear regression trends in columnar AOD,

AAOD, AE, and SSA and their statistical significance over

the chosen ten AERONET sites in the study region within
the study period are as shown in the representative figure of
Figure 3 and detailed description in Table 5. It is estimated
in terms of increasing/decreasing trending values indicated by
positive/negative signs respectively. AOD trends in all ten sites
representing different climates vary from positive to negative
trends with spatial patterns in the northern area than the south-
ern area. Negative trends were observed in the farthest north
to the middle of Sahara sites with the temperate and arid cli-
mate system respectively and partly significant in the Cairo
area. This may be attributed to dry deposition as a result of
intense heating bringing about dry convection around the area
of inter-tropical discontinuity (ITD) when it is at the upmost
position and gravitational settling of the coarse mode aerosol
not far from the sources in addition to the deposition over the
sea [54–56]. The Sahel area of the study region with four sites
of arid, semi-arid, and tropical climates experienced less sig-
nificant positive trends of AOD indicating high aerosol produc-
tion with a major contribution from other sources (smoke) aside
from dust. It may also be attributed to the lack of rainout of the
particles in the atmosphere due to changes in the rainfall trend
of the area as reported by previous studies and reports of the
united nation organisation on climate change [57, 58].

The Sub-Sahel area in the tropics where Ilorin site lies ex-
perienced a negative trend in AOD over time. Wet deposition
is the main attributable factor to the decreasing trend of the
AOD in the tropical climate. Furthermore, the reduction in an-
thropogenic emissions from industries, construction sites, vehi-
cles, and domestic cooking due to modern technology and fuel
efficiency in recent times has played role in decreasing trend
of AOD in addition to the reduction of transported dust load
in the cool dry period (harmattan- Dec-Jan-Feb) through the
north-easterly trade wind that occupies the area [59]. In the
south, the two other sites fall into the temperate climate system,
with less rainfall compared to the tropical climate. Mongu is
in the central south, while Skukuza is situated in the north of
the South African Republic. The positive trend of AOD is ob-
served in the central part of the south, which is very insignifi-
cant. This may be due to seasonal anthropogenic emission from
biomass/agricultural burning of the locals and aged transported
smoke from the biggest smoke hotspot in Africa (Congo D. R.)
year-round and across the Indian Ocean [6]. A negative AOD
trend was experienced in the southernmost site in a controlled
human activity area. The control of anthropogenic activities in
the area over the long-term serves as a major factor influenc-
ing the decrease in the aerosol load which in turn leads to AOD
downward trend.

5.2.2. Trend in AE
Angstrom Exponent describes the particle size distribution

in a negative relationship, and aerosol composition is the major
factor determining the AE value. AE trends in the region during
the period under study are negative except for Zinder and Ilorin
in the semi-arid and tropical climates, respectively, which are
positive. The decreasing trend in the majority of the sites in-
dicates a reduction in the population of fine mode particles in
the air, which is significant in some parts of the region, such as
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Figure 2. Variability in distribution of (A) AOD, (B) AE, (C) AAOD, and (D) SSA for the year 2005 (left), 2010 (midle), and 2022 (right).

the north-eastern area (Cairo). This may be due to a decrease in
anthropogenic emissions such as sulphate, smoke, and VOCs,

to mention a few, which are made up of fine mode aerosols, as a
result of control measures put in place to check their emissions
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Table 3. Decadal average of AERONET aerosol optical properties.
S/N Location First Decade Second Decade

AOD
440
nm

AE 440-
870 nm

AAOD
440
nm

SSA
440
nm

AOD
440
nm

AE 440-
870 nm

AAOD
440 nm

SSA
440
nm

1. Cairo .44±.01 .97±.07 .07±.01 .87±.01
2. Saada .21±.05 .78±.14 .04±.01 .91±.01 .21±.02 .73±.11 .05±.01 .89±.02
3. Tamanrasset .25±.08 .37±.15 .06±.01 .89±.01 .22±.07 .38±.10 .06±.01 .89±.01
4. Cape Verde .35±.02 .26±.04 .06±.01 .91±.01 .34±.03 .26±.04 .04±.01 .92±.01
5. Banizoubou .51±.06 .35±.02 .07±.01 .89±.02 .49±.05 .34±.08 .06±.00 .90±.01
6. Cinzana .43±.04 .34±.04 .07±.01 .89±.01 .45±.04 .32±.03 .07±.03 .88±.04
7. Zinder .50±.04 .33±.06 .06±.01 .90±.01 .55±.07 .35±.01 .06±.00 .89±.01
8. Ilorin .78±.33 .67±.09 .13±.01 .87±.01 .61±.07 .81±.17 .12±.03 .87±.01
9. Mongu .27±.01 1.55±.13 .08±.01 .87±.01 .31±.09 1.43±.21 .08±.01 .87±.02
10. Skukuza .25±.03 1.29±.15 .07±.02 .89±.01 .23±.02 1.25±.09 .07±.00 .88±.00

Table 4. Decadal percentage difference of AERONET aerosol optical properties.
Location Decadal percentage difference (%)

AOD 440 nm AE 440-870nm AAOD 440 nm SSA 440 nm
Cairo
Saada 0.14 5.76 21.03 2.02
Tamanrasset 11.51 3.86 4.20 0.01
Cape Verde 4.99 0.67 25.27 1.57
Banizoubou 3.44 4.95 8.73 0.60
Cinzana 1.34 6.99 10.09 1.51
Zinder 8.88 5.56 2.43 0.91
Ilorin 23.67 18.26 9.04 0.87
Mongu 13.28 8.00 3.41 0.29
Skukuza 8.33 2.68 2.09 0.81

for the realisation of SDG goals, and this is in agreement with
the study of Eck et al. [46]. The areas that experienced positive
trends experienced the opposite that is fine mode aerosol pop-
ulation increases due to high anthropogenic emissions mostly
from biomass burning for agricultural purposes.

5.2.3. Trend in AAOD
The trend in AAOD over the African region is varied, show-

ing positive and negative values based on absorbing compo-
nents of the aerosol, such as the carbon content or type of min-
erals in the dust aerosol. The Mediterranean border (Cairo and
Saada sites) experienced a significant positive trend with av-
erage AAOD values. The positive trend observed may be at-
tributable to the soot from the economic activities of the area
and that of Europe being transported down, aided by the prevail-
ing meteorological conditions such as high humidity and land
and sea breeze circulation. The central Sahara (Tamanrasset)
is dominated by a negative trend of AAOD, signifying a reduc-
tion in the absorbing mineral content of dust, the sole aerosol
source of the area, such as quartz, hematite, and clay, which ex-
hibit strong absorption in the blue wavelength region (440 nm)
[6, 60]. The Sahel area exhibits varying trends, positive to the
east (Zinder) and negative to the west (Cape Verde). This may
be as a result of varying mixtures of the aerosol in the area,

specifically dust and smoke (brown carbon from biomass burn-
ing), depending on the highest percentage aerosol type, with
the net effect of stronger absorption, as reported by Russell et
al [61]. AAOD in the sub-Sahel (Ilorin) exhibits a negative
trend due to a reduction in the smoke emitted from bush burn-
ing over time and the seasonal rainfall cycle, while the central
south (Mongu) experienced a positive trend basically as a result
of improved biomass burning due to the agricultural activities
of the population. The Skukuza site in South Africa experi-
ences a negative trend in AAOD because the area is under con-
trol against bush and forest fires because it is a national park
and the impact of the measure is shown in the trend despite be-
ing in a smoke-dominated region and close to the administrative
capital Pretoria.

5.2.4. Trend in SSA
The single scattering albedo of aerosol particles is a func-

tion of both the composition and size of the aerosols; mixed
aerosol types with different sizes and compositions can produce
complex single scattering albedos, as reported by Giles et al.
[4]. In the trend of SSA over the study area, there is more of
a pattern in the north than the south, with varying signs. The
Mediterranean coast area exhibits negative trends over time,
signifying improvement in the load of fine mode aerosol, reduc-
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Figure 3. Sample of temporal trends of monthly mean of AOD, AE, AAOD and SSA within the study period (2000-2022).

ing the scattering efficiency of dominant aerosol. This could be
attributed to the urbanisation in the area and the incursion of
sulphate smoke from industrialised nations in Europe as well
as from conflict zones nearby in the Middle East. Down in the
middle of the Sahara, the trend switched to positive, indicating
high emission of coarse mode aerosol from the desert, which
may be a result of changes in the meteorological conditions of
the environment [19]. There is a variation of trends within the
Sahel belt, with positive trends in Cape Verde and Banizoubou
and negative trends in Cinzana and Zinder. This complex trend
behaviour is highly likely due to the nature of the aerosol mix-
ture in the area and the external mixing of different aerosol par-
ticle sizes attributable to different aerosol sources in the area
[6]. Furthermore, the sub-Sahel and farthest south experience
negative SSA trends, while the central south has no such phe-
nomenon. The negative trends indicate less coarse mode par-
ticles (dust) intruding into the sites from neighbouring Bodele
depression and Kalihari deserts respectively while no trend sit-
uation in the central south may be associated with persistent
burning and deforestation in the area over the years.

5.3. Air temperature-climate change indicator link with
aerosol properties

Of all the climate change indicators according to previ-
ous studies, temperature exerts the highest influence on AOD
through atmospheric photochemical effects like the gas-to-
particle conversion process, leading to more particles in the air
[17, 55]. Also, the majority of the climate crisis has been fu-
elled by rising temperatures such as deadly extreme rainfall or
storms, excessively prolonged drought, frequent forest fires and
glacier melting leading to sea level rise, and the temperature has

been predicted to continue to rise by the United Nations Climate
Agency (COP). All these lead to investigating the air tempera-
ture link with aerosol properties studied over the study area in
the long term as prescribed by literatures [62, 63], so as to es-
tablish aerosol-CI in the region. If the correlation value (r) is
1, it is perfectly positive. Correlation is strongly positive if 1
> r ≥ 0.6, moderately positive if 0.6 > r > 0.2, and r ≤ 0.2 is
a positive weak correlation with all signalling positive relation-
ship. If the correlation r is negative it simply signifies a negative
relationship in the like manner.

5.3.1. Air Temperature (T) with AOD
Figure 4 shows the spatial correlation between temperature-

CI versus AOD, AE, AAOD and SSA for the years 2005 and
2022. There exist isolated scattered perfect positive correlation
(> 0.95) of AOD and T with strong correlation serving as back-
ground from north-west to the north-east areas including the
Cape Verde Island and the central southern Africa, improving
over time (Figure 4A & 4B). At the Sahel, there are pockets
of negative correlation that are surrounded with weak positive
correlations and over time swung to positive ones. This may
be due to micro climatic effect of high aerosol emission aris-
ing from dust liberation from desert influenced by sub regional
long range transportation. Weak and moderate positive corre-
lations dominated the other part of the continent with negative
correlation spreading across the central and east Africa reduc-
ing in magnitude and spread in 2022. The negative correlation
observed is as result of very low aerosol load in the central and
eastern belt extending south to the coast of Indian Ocean. The
Island of Madagascar experienced decreasing positive correla-
tion with negative one taking over in recent time, it may be as-
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Table 5. Trends of Aerosol properties observed in the ten AEROET sites of study area.
S/N Sites Parameters Trend Type B

(ρ>0.05)
R Remark

1 Cairo AE Negative 0.0153 0.577 Significant
SSA Negative 0.0004 0.792 Significant
AOD Negative 0.0033 0.454 Significant
AAOD Positive 0.0019 0.527 Significant

2 Saada AE Negative 0.0048 0.186 Insignificant
SSA Negative 0.0018 0.439 Significant
AOD Negative 0.0002 0.001 Insignificant
AAOD Positive 0.0011 0.407 Significant

3 Tamanrasset AE Negative 0.0005 0.02 Insignificant
SSA Positive 0.001 0.240 Insignificant
AOD Negative 0.0031 0.177 Insignificant
AAOD Negative 0.0007 0.192 Insignificant

4 Cape Verde AE Negative 0.0008 0.044 Insignificant
SSA Positive 0.0006 0.234 Insignificant
AOD Positive 0.0006 0.102 Insignificant
AAOD Negative 0.0002 0.081 Insignificant

5 Banizoubou AE Negative 0.0015 0.155 Insignificant
SSA Positive 0.005 0.174 Insignificant
AOD Positive 0.0021 0.169 Insignificant
AAOD Negative 0.0005 0.24 Insignificant

6 Cinzana AE Negative 0.0027 0.312 Insignificant
SSA Negative 0.0012 0.194 Insignificant
AOD Positive 0.0002 0.024 Insignificant
AAOD Positive 0.001 0.198 Insignificant

7 Zinder AE Positive 0.0041 0.294 Insignificant
SSA Negative 0.0018 0.557 Significant
AOD Positive 0.006 0.384 Insignificant
AAOD Positive 0.0008 0.338 Insignificant

8 Ilorin AE Positive 0.0024 0.103 Insignificant
SSA Negative 0.0002 0.103 Insignificant
AOD Negative 0.0095 0.261 Insignificant
AAOD Negative 0.0013 0.323 Insignificant

9 Mongu AE Negative 0.0072 0.24 Insignificant
SSA Neutral 0.0000 0.002 No trend
AOD Positive 0.0008 0.07 Insignificant
AAOD Positive 0.0002 0.08 Insignificant

10 Skukuza AE Negative 0.0057 0.266 Insignificant
SSA Negative 0.0005 0.230 Insignificant
AOD Negative 0.0018 0.337 Insignificant
AAOD Negative 0.0003 0.095 Insignificant

sociated with constant low AOD and moderate temperature in
the area with majority of the Island surface covered with vege-
tation limiting the dust emission year round (Figure 1B).

5.3.2. T with AE
In the case of T and AE, scattered weak positive correla-

tions were observed at the southern and eastern areas includ-
ing Madagascar which may be associated with fresh and aging
smoke plume of high AE values emitted from forest fire and
agricultural activities in the areas. There exist improvement
in the relations of the variables over the economic and coaster

cities of West Africa over time revealing increase in industrial
emission. The other part of the study areas were dominated
with strong and weak negative correlation (Figure 4C & 4D)
signifying dominance of particles of small AE values of either
dust or mixed aerosol particles.

5.3.3. T with AAOD
A scattered strong positive correlation (0.8) was observed

around the island of Izana in the North Atlantic Ocean (Mo-
rocco area) in the year 2005 (Figure 4E), with a moderate pos-
itive correlation (0.4) at the background spreading eastward in
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Figure 4. Spatial correlation (A & B) AOD vs T, (C & D) AE vs T, (E & F) AAOD vs T, and (G & H) SSA vs T for the year 2005 (left) and 2022
(right).

the mainland and improving over time (2022-Figure 4F). The
Egypt area in the east on the Mediterranean coast experienced
a negative correlation, which reduced in spatial coverage by the
year 2022, with a weak positive correlation taking over. This

is a result of the disparity between their composition and radia-
tive forcing, i.e., high absorption particles to the west and less
absorbing ones to the east have gradually been replaced and
are contributing to the rise in temperature through the thermal
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energy released during the emission of long wave solar radia-
tion [59]. In the Sub-Sahara, from the South Atlantic Ocean
in the west to east Africa in 2005, a negative correlation be-
tween AAOD and air temperature dominated the sub region,
with scattered weak positive correlations. The negative rela-
tionship spread, eliminating the weak positive correlation in the
sub-region in 2022 and having an anti-relationship to the far
northern situation. This can be associated with the negative
trends of AAOD in the area as a result of reduced anthropogenic
emissions of smoke dominating the area. In the south, there are
strong and moderate positive correlations at the centre opposite
the Namibia desert, as shown in Figure 4E. It reduced to only
moderate once and shifted partly to the Atlantic, surrounded by
a weak correlation extended to Madagascar over time (Figure
4F). This is opposite to the correlation behaviour in the far north
with improving positive correlation strength and may be due to
the presence of more scattering aerosols likely from the nearby
desert (Kalihari) mixing the absorbing aerosol of the area caus-
ing less impact on atmospheric warming.

5.3.4. T with SSA
Strong negative relation was observed at the Sub-Sahel belt

which reduces to a moderate negative ones in the year 2022.
South Atlantic Ocean experienced perfect positive correlation
with a strong one in the background and surrounded by a weak
correlation stretching to the Gulf of Guinea (Figure 4G & 4H).
In the mainland weak negative correlation spread to the south
with the tip of Cape and Madagascar having a strong positive
correlation improving over time. Sizes of the particles deter-
mine the types of the scattering which can be forward scatter-
ing contributing to atmospheric radiation as much as warming
up the air which in turn increases the air temperature in the per-
fect and strong positive correlation areas. The other sizes that
were involved in backward scattering sent some radiation back
to space thereby reducing the amount of atmospheric radiation
that could warm up the air resulting in an anti-relationship with
the air temperature as shown in the south of the study area.

6. Conclusion

The study presents the analysis of spatial variability and
temporal trends in aerosol properties over Africa as detected
by MODIS, OMI, and AERONET during the year 2000 to
2022 and with established temperature-climate change indica-
tor from AIRS at altitude 850 hpa to improve the understanding
of aerosol-based climate change indicator in the region. The
spatial distribution of AOD, AE, AAOD, and SSA in the study
region were characterised as high, moderate and low which
varied with time and local emissions playing key roles. The
High aerosol load observed in west-central Africa and their
coaster areas were reduced over time for AOD and improving
for AAOD mostly in the north of southern Africa. The size and
scattering attributes of the aerosol varied based on the aerosol
type such as dust, smoke, sea salt and the source region which
in turns determine its impact on air temperature. Trends in AOD
are on a significant decrease in the arid area of the north and an

increase in the arid Sahel and central Africa while the south-
ern area is on a decreasing trends. The study area is domi-
nated by negative trends in AAOD except for southern central
Africa having a significant positive trend and the east of Sahel
attributed to intense bush burning and reduction in soil moisture
leading to more suspension of soil particles. AE trends during
the study period are on the decrease except for the sub-Sahel
area, indicating a significant load of fine particles from anthro-
pogenic activities. The SSA trended positively from the middle
of the Sahara through Banizoubou to the island of Cape Verde
in the Atlantic Ocean, indicating the presence of pure dust in
the area suspected to be from the dust hotspot of central Sahara.
Other parts of the study area experienced a negative trend ex-
cept for Mongu in the central south, which had a neutral trend.
These reveal the consistent increase in anthropogenic emissions
due to economic or agricultural activities. There is a strong re-
lationship between air temperature, a popular climate change
indicator and all the variables considered with the exception of
AE having dominance negative correlation, which either im-
proved or decreased over different areas based on the level of
aerosol load and composition. Variation and trend studies of
aerosol properties like thsse in this research could greatly con-
tribute to aerosol load detection and quantification of its effects
on climate through radiative forcing and human health through
air quality that the monitoring is limited on the African conti-
nent.

Data availability

The dataset used in this study was adopted from NASA Go-
dard Space Flight Centre AERONET, MODIS, and OMI and
their respective links is as follows; https://aeronet.gsfc.nasa.
gov, http://ladsweb.gsfc.nasa.gov, and https://aura.gsfc.nasa.
gov.
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