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Abstract
The unprecedented increase in anthropogenic activities, coupled with the prevailing climatic conditions, has increased the 
aerosol load over East Africa (EA). Given this, the present study examined the trends in total, absorption, scattering, and 
total aerosol extinction optical depth (TAOD, AAOD, SAOD, and TAEOD) over EA, alongside trends in single scattering 
albedo (SSA). For this purpose, the AOD of different optical properties retrieved from multiple sensors and the Modern-Era 
Retrospective Analysis for Research and Applications (MERRA-2) model between January 2001 to December 2019 were 
utilized to estimate trends and assess their statistical significance. The spatial patterns of seasonal mean AOD from the 
Moderate-resolution Imaging Spectroradiometer (MODIS) sensor and MERRA-2 model were generally characterized with 
high (>0.35) and low (<0.2) AOD centers over EA observed during the local dry and wet seasons, respectively. Also, the 
spatial trend analysis revealed a general increase in TAOD, being positive and significant over the arid and semi-arid zones 
of the northeastern part of EA, which is majorly dominated by locally derived dust. The local dry (wet) months generally 
experienced positive (negative) trends in TAOD, associated with seasonal cycles of rainfall. High and significant positive 
trends in AAOD were dominated over the study domain, attributed to an increased amount of biomass burning, variations in 
soil moisture, and changes in the rainfall pattern. The trends in TAEOD showed a distinct pattern, except over some months 
that depicted significant increasing trends attributed to changes in climatic conditions and anthropogenic activities. At last, 
the study domain exhibited decreasing trends in SSA, signifying strong absorption of direct solar radiation resulting in a 
warming effect. The study revealed patterns of trends in aerosol optical properties and forms the basis for further research 
in aerosols over EA.

Keywords  MODIS · OMI · MERRA-2 · AOD · Spatial trends · East Africa

Introduction

Atmospheric aerosols are tiny-sized particles suspended in 
the atmosphere with sizes ranging from 0.001 to 100 μm 
(Seinfeld and Pandis 1998; Tang et al. 2021). Although 
they comprise a small fraction of the atmosphere, they are 
among the major climate forcing factors known worldwide 
(Houghton et al. 2013; Deng et al. 2019; Athar et al. 2021; 
Guillén-Lambea et al. 2021). They affect climate directly 
by scattering and absorbing solar radiation, thereby modify-
ing the radiation budget at the top, bottom, and within the 
atmosphere, which in turn influences the atmospheric heat-
ing rate (Charlson et al. 1992; Satheesh et al. 2002). The 
atmospheric heating rate is strongly dependent on aerosol 
optical depth (AOD) and single scattering albedo (SSA), 
being the column-integrated quantities that measure aero-
sol light extinction and absorption, respectively (Hansen 
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et al. 1997; Lee et al. 2007). Scattering of incoming solar 
radiation (by aerosols such as sulfates) results in the cooling 
of the Earth’s atmosphere, whereas absorption by aerosols 
such as black carbon (BC), mineral dust, and brown carbon 
(BrC) yields a warming effect. Aerosols alter the optical and 
microphysical properties of clouds, including their lifetime, 
formation, and precipitation, and therefore indirectly trans-
form terrestrial radiation (Charlson et al. 1992; Ramanathan 
et al. 2001).

Because of the aforementioned effects, extensive efforts 
have been devoted to monitoring atmospheric aerosols using 
various techniques ranging from in situ and ground-based 
remote sensing measurements, numerical modeling to sat-
ellite-based remote sensing. Although field measurements 
provide an accurate and detailed description of aerosols, 
they are usually limited in space and require extensive man-
power for constant monitoring and maintenance (Bennouna 
et al. 2011; Kumar et al. 2014), which eventually results 
in data gaps. Many ground-based remote sensing networks 
such as Aerosol Robotic Network (AERONET; Holben et al. 
1998), European Aerosol Research Lidar Network (EAR-
LINET; Amiridis et al. 2005), Micro-Pulse Lidar Network 
(MPLNET; Welton and Campbell 2002), and China Aero-
sol Remote Sensing Network (CARSNET; Che et al. 2009) 
procure continuous measurements of aerosol properties in 
various parts of the globe with very high temporal reso-
lution. However, they require expensive and sophisticated 
instruments and cover relatively small spatial areas. Recent 
efforts have also focused on numerical modeling and pre-
diction, which is intended to resolve various atmospheric 
processes such as sources, transformation processes, trans-
port, and sinks of aerosols and their precursors. This process 
is usually associated with a large degree of uncertainties 
related to aerosols processes. Furthermore, they require sta-
tistically sophisticated approaches combining observations 
and models to reduce uncertainties related to the model’s 
initial conditions (Liu et al. 2011).

Given the above constraints, much attention has been 
devoted to monitoring atmospheric aerosols using several 
space-borne sensors, which provides an unprecedented 
opportunity to achieve long-term continuous global charac-
terization of aerosols in terms of spatiotemporal variability 
and trends. Over the past two decades, several researchers 
have been working to understand the changes in aerosol opti-
cal properties retrieved from multiple satellite sensors such 
as Advanced Very High Resolution Radiometer (AVHRR; 
Holben 1986; Ignatov et al. 2004; Akkermans and Cler-
baux 2020; Wang et al. 2021), Total Ozone Mapping Spec-
trometer (TOMS; Prospero et al. 2002; Weber et al. 2018), 
Multi-angle Imaging SpectroRadiometer (MISR, Kang et al. 
2016; Adesina et al. 2016; Boiyo et al. 2018), Ozone Moni-
toring Instrument (OMI; Torres et al. 2007; Adesina et al. 
2016), and MODerate-resolution Imaging Spectroradiometer 

(MODIS; Remer et al. 2005; Kang et al. 2016; Adesina et al. 
2016; Hu et al. 2018; Boiyo et al. 2018).

Using the aforementioned techniques, several studies 
have been documented to characterize atmospheric aero-
sols with a special focus on physical, optical, microphysi-
cal properties, as well as trends in aerosol properties (Alp-
ert et al. 1998; Mehta et al. 2016; Klingmüller et al. 2016; 
Hammer et al. 2018; Boiyo et al. 2018; Ramachandran et al. 
2020; Jethva et al. 2010; He et al. 2012, 2016; Kang et al. 
2014; Adesina et al. 2016; Boiyo et al. 2019, 2018; Kumar 
et al. 2014, 2015; Aklesso et al. 2018; Khan et al. 2021, 
2020). For example, Mehta et al. (2016) reported increas-
ing trends in various regions of the world attributed to 
increasing anthropogenic activities, whereas other regions 
recorded decreasing trends resulting from strict implemen-
tation of environmental regulations. In some parts of the 
globe, such as Europe and North America, Li et al. (2014) 
reported a decrease in total aerosol optical depth (TAOD) 
attributed to emission control measures as well as changes 
in the local aerosol source. Using combined Dark Target/
Deep Blue AOD, Klingmüller et al. (2016) reported a posi-
tive trend in most parts of the Middle East associated with 
increased long-distant transport of aerosols by the surface 
wind. The study further attributes positive AOD trends to 
negative trends in the soil moisture content that translates 
into enhanced dust emissions emanating from enhanced 
anthropogenic influence. Kumar et al. (2014) examined the 
seasonal and inter-annual variability of AOD over Cape 
Town, Bloemfontein, and Durban in South Africa. Except 
for spring, they reported a decreasing trend in the annual 
and seasonal mean AOD, attributed to the implementation 
of policies geared toward pollution control.

The linear trend analysis and spatiotemporal heterogene-
ity in MODIS AOD studied by Aklesso et al. (2018) over 
three countries in Southern West Africa revealed decreasing 
trends in most regions of the study domains, with increasing 
trends specifically noted over highly urbanized and densely 
populated areas in the southern coastal parts. The nega-
tive trends were associated with a reduction in dust and sea 
salt aerosols, whereas positive trends were attributed to an 
increase in anthropogenic activities. Over East Africa (EA), 
Makokha et al. (2017) determined long-term annual and sea-
sonal trends in total AOD at 550 nm and reported significant 
seasonality in AOD. On AOD trends, their study indicated 
a decreasing trend over most of the parts of Kenya except 
Nairobi, where they observed an increasing trend. The study 
further attributed positive trends over Nairobi to increasing 
population, industrial-vehicular emission, and biomass burn-
ing, whereas negative trends were attributed to washout and/
or dynamics played by the local meteorology. On the other 
hand, studies by Boiyo et al. (2018) over EA revealed the 
dominance of positive AOD trends associated with increased 
anthropogenic activities.



Environmental Science and Pollution Research	

1 3

East Africa, hereafter simply represented as EA, is one of 
the regions around the globe that requires extensive charac-
terization of aerosols in terms of microphysical, optical, and 
radiative properties, as well as spatiotemporal distribution, 
trends, and associated properties. The region is currently 
experiencing an unprecedented increase in aerosol concen-
tration attributed to changes in anthropogenic activities, 
emission sources, and prevailing meteorological conditions 
(Makokha et al. 2017; Boiyo et al. 2018). The proximity 
of the region to the Indian Ocean, the Sahara Desert, and 
central Africa’s Democratic Republic of Congo (DRC) basin 
makes it susceptible to distinct aerosol types (Makokha and 
Angeyo 2013; Boiyo et al. 2017). Despite this, the region 
lags behind the rest of the world on matters related to atmos-
pheric aerosols. Previous investigations over the region doc-
umented the existence of fine- and coarse-mode aerosols 
from various natural and anthropogenic sources, resulting in 
varying concentrations at different spatiotemporal scales (de 
Graaf et al. 2010; Makokha et al. 2018; Boiyo et al. 2019). 
However, delineation of trends based on aerosol character-
istics, which bears a decisive role in evaluating aerosol-cli-
matic impact (including the aerosol radiative forcing, ARF), 
is largely missing over the region. This has not only hindered 
detailed investigation of aerosol optical properties but also 
hampered the region's ability to precisely quantify the cli-
matic effects of atmospheric aerosols. Therefore, improved 
and continued characterization of aerosols in terms of trends 
in total, absorption, scattering, and total aerosol extinction 
optical depths is largely required over East Africa.

Keeping in mind of the aforementioned demand, the 
present study complements previous works (e.g., Ngaina 
and Muthama 2014; Makokha et  al. 2017; Boiyo et  al. 
2017, 2018) over the region by investigating trends in total 
(TAOD), absorption (AAOD), scattering (SAOD), and total 
aerosol extinction optical depths (TAEOD) as well as trends 
in SSA over East Africa. The study seeks to answer the 
question in the context: “what pattern do aerosol properties 
define over EA.” In doing so, the study assesses distinctively 
the trends in TAOD, AAOD, SAOD, TAEOD, and SSA in 
a view to examine the cause of the overall changes in AOD. 
The rest of this paper is structured as follows: the study area 
and meteorology section illustrate the study area, data, and 
methodology. Results and discussions are documented in 
the results and discussion section, while the summary and 
conclusions section summarizes the key findings drawn from 
the present work.

Study area and meteorology

The study was conducted over East Africa (EA), a region 
that is bounded by latitudes 12° S–5° N and longitudes 28° 
E–42° E; with Kenya, Uganda, and Tanzania being the three 

constituent countries (Fig. 1). The domain is bounded by 
Ethiopia and Sudan to the north, Somalia and the Indian 
Ocean to the east, Rwanda, Burundi, and DRC to the west, 
and Mozambique and Zambia to the south. The domain has 
a multilayered topography that ranges from the glaciated 
mountain, plateaus, and the coastal plain with an altitude 
ranging from sea level to the highest altitude of 5895 m 
(Mt Kilimanjaro) (Ngaina and Muthama 2014). Addition-
ally, EA experiences a tropical climate influenced by sev-
eral factors such as Intertropical Convergence Zone (ITCZ), 
El Nino-Southern Oscillation (ENSO), and Indian Ocean 
Dipole (IOD) (Ongoma and Chen 2017; Boiyo et al. 2018). 
Based on prevailing meteorological conditions, a year has 
been divided into four seasons. January–February (JF) and 
June–July–August–September (JJAS) represent the local 
dry seasons, characterized by reduced rainfall and increased 
aerosol load. On the other hand, March–April–May (MAM) 
and October–November–December (OND) represent the 
local wet seasons, characterized by enhanced rainfall and 
reduced aerosol concentrations (Ayugi et al. 2016, 2020; 
Nicholson 2017; Gebrechorkos et al. 2019; Caroline et al. 
2021). More details concerning the dynamics played by 
meteorology over the study domain have been investigated 
by Boiyo et al. (2018).

Instrumentation and data

The MODIS sensor

The MODIS sensor was launched into the Earth’s orbit, 
with daytime equator crossing at 10:30 h local time (LT = 
UTC + 3h), by the National Aeronautics and Space Admin-
istration (NASA) Goddard Space Flight Center (GSFC) on 
18th, December 1999 onboard the Terra satellite. The sec-
ond was launched on May 4, 2002, onboard the Aqua plat-
form (Remer et al. 2005) and has a daytime equator cross-
ing at 13:30 h LT. The sensor has a swath of ∼2330 km, 
with a temporal resolution of 1–2 days, and acquires data 
over 36 spectral bands ranging in wavelengths from 0.415 
to 14.235 μm at three spatial resolutions (2 bands at 250 m, 
5 bands at 500 m, and 29 bands at 1 km). Seven of these 
bands operating in near-ultraviolet (UV), visible and near-
infrared spectroscopy (IR) wavelength regions (0.415–2.155 
μm) can effectively retrieve AOD over land and ocean (Hsu 
et al. 2013; Sayer et al. 2013, 2014) using two different algo-
rithms: “Dark Target (DT)” and “Deep Blue (DB)” (Floutsi 
et al. 2016).

MODIS aerosol products are stored at different levels and 
under various versions called “collections.” The MODIS 
data processing levels include level 1.0 (geolocated radiance 
and brightness temperature), level 2.0 (retrieved geophysi-
cal data products), and level 3.0 (gridded points). MODIS 
retrieval accuracy over land and ocean (Tanre et al. 1997; 
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Remer et al. 2005) was estimated to be ±0.05 ± 0.20 (AOD) 
and ±0.03 ± 0.15 (AOD), respectively, for level 2 products. 
Detailed information concerning the sensor, data products, 
retrieval algorithms, calibration, and uncertainties can be 
found elsewhere (Hsu et al. 2004, 2013; Levy et al. 2010; 
Sayer et al. 2013, 2014). The present study utilized Collec-
tion 6.1 (C006.1), level 3 monthly TAOD550 retrieved from 
MODIS Terra (combined DTB) at a spatial resolution of 1° 
× 1° for a period of 18 years (January 2001 to December 
2019) to study trends and their significance levels over EA. 
These data products were sourced from http://giovanni.gsfc.
nasa.gov/giovanni/.

The OMI sensor

The OMI is a hyper-spectral passive satellite with a wave-
length range of 270–500 nm. It was launched in July 2004 by 
NASA’s Earth Observing System (EOS) onboard the Aura 
satellite by the Netherlands Agency for Aerospace Programs 

in collaboration with the Finnish Meteorological Institute 
(Levelt et al. 2006; Torres et al. 2007). Although initially 
designed to retrieve data of trace gases, OMI’s wavelength 
range of ~400 nm allows detection of elevated layers of 
absorbing aerosols hence providing valuable information 
on the aerosol type of a particular region at four processing 
levels: level 0, level 1B, level 2, and level 3. The OMI uses 
a nadir-viewing imaging spectrometer to measure the top 
of the atmosphere (TOA) upwelling radiances in the ultra-
violet and visible regions of the solar spectrum (270 to 500 
nm) at a spatial resolution of approximately 0.5 nm (Liv-
ingston et al. 2009). OMI uses two algorithms for retriev-
ing aerosol information from OMI measurements of TOA 
reflectance: the OMAERUV aerosol product (near-UV algo-
rithm) and the OMAERO aerosol product (multi-wavelength 
algorithm) (Torres et al. 2007). By employing the OMAE-
RUV algorithm, OMI provides aerosol parameters such as 
aerosol absorption optical depth (AAOD), single scattering 
albedo (SSA), and absorbing aerosol index (Torres et al. 

Fig. 1   Study region showing 
East Africa and its constituent 
countries
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2005, 2007). More details concerning OMI’s data products, 
retrieval algorithms, calibration, and uncertainties have been 
described by several authors, including Torres et al. (1998, 
2007), Adesina et al. (2016), Boiyo et al. (2017), and Kumar 
et al. (2017). To examine trends in absorbing aerosols (such 
as black carbon and dust) and single scattering albedo, 
the AAOD and SSA at 500 nm from OMI (AAOD500 and 
SSA500) are derived at a spatial resolution of 1° × 1° for a 
period of 15 years (January 2005 to December 2019). The 
data (sourced from http://giovanni.gsfc.nasa.gov/giovanni/) 
were used because the product is known for its high reliabil-
ity (Torres et al. 2007; Livingston et al. 2009).

The MERRA‑2 model

The MERRA-2 is a global atmospheric reanalysis data 
launched by the NASA Global Modeling and Assimilation 
Office (GMAO) in 2009 (Rienecker et al. 2011). The model 
is based on the version of the GEOS-5 atmospheric data 
from 1980 to 2016 at 0.5° × 0.625° resolution with 72 lay-
ers and spanning the satellite observing era from 1980 to 
the present (Wu et al. 2002; Rienecker et al. 2011; Khan 
et al. 2021). The initial MERRA model has been improved 
in terms of analysis, forecasting, data assimilation as well 
as bias correction of aircraft observation to the MERRA-2 
model in 2017 (Gelaro et al. 2017). This model performs 
meteorological data assimilation, aerosols analysis, pre-
cipitation, water vapor climatology, and temperature using 
NASA’s observations of stratospheric ozone. Building on 
the success of the atmospheric reanalysis conducted with 
GEOS, the current improvements in the MERRA-2 model 
intend at producing a major Earth System Reanalysis of 
the atmosphere, land, ocean, and ice at a latitude-longi-
tude grid. In the present study, MERRA-2 M2TMNXAER 
v5.12.4 level-3 monthly time-averaged data for SAOD550 
and total aerosol extinction optical depth (M2TMNX-
AER_5_12_4_TOTEXTTAU) were retrieved for the analy-
sis of trends in scattering aerosols and total aerosol extinc-
tion (total absorption and scattering per unit atmospheric 
depth) (TAEOD550) at a spatial resolution of 0.5° × 0.625° 
from January 2001 to December 2019. These data products 
were sourced from ttp://giovanni.gsfc.nasa.gov/giovanni/.

Trend analysis

Several statistical approaches exist to quantify trends in the 
time series of a geophysical variable. In the present work, 
linear regression analysis was used to estimate monthly 
trends in TAOD, SAOD, and AAOD alongside trends in 
key aerosol parameters (TAEOD and SSA). The method has 
been discussed extensively by Weatherhead et al. (1998) 
and used in many related studies (Kumar et al. 2014, 2015; 
Kang et al. 2016; Adesina et al. 2016; Dahutia et al. 2017). 

Following this method, a linear trend model (Eq. 2.1) was 
adopted as

where Yt is the geophysical variable for which the trend is 
being estimated, c is the offset (y-intercept) which represents 
the value of Yt at the beginning of the time series, Xt is the 
independent variable representing time, ω is the trend esti-
mate of the geophysical variable, whereas ε is the noise in 
the time series.

The statistical significance of the estimated trends was 
further tested using the method developed by Weatherhead 
et al. (1998). In this regard, trends are considered significant 
at a p-value of 0.05 or 95% confidence when ||

|
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 > 2, whereas 

trends are considered significant at a 90% confidence when 
1.5 < ||
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|
|
|
 < 2; where δ is the standard deviation of the slope 

obtained from the linear regression. This method has the 
practical advantage of simply assessing the direction and 
magnitude of variations in long-term data (e.g., Zhang and 
Reid 2010; Kumar et al. 2014, 2015; He et al. 2016; Mehta 
et al. 2016; Kang et al. 2016; Dahutia et al. 2017) and was 
therefore considered suitable for executing pixel-wise and 
domain averaged analysis.

Results and discussion

Seasonal distribution of AOD

AOD constitutes an important parameter of atmospheric 
aerosols and could be used to quantify columnar aero-
sol burden in the atmosphere (Luo et al. 2014; Kumar 
et  al. 2015). The climatological patterns of seasonal 
mean AOD derived from MERRA-2 and MODIS Terra 
(combined product) over EA during the study period are 
shown in Fig. 2. The spatial patterns of seasonal mean 
aerosol loading were generally characterized by low, 
moderate, and high AOD indicating distinct character-
istics of the aerosol load. Low (<0.2) AOD centers were 
specifically observed by both sensors in highly vegetated 
areas with relatively high altitudes and more rainfall 
over western and central parts of Kenya and central and 
southeastern parts of Tanzania. While moderate to high 
(>0.35) AOD values were observed over arid and semi-
arid areas of eastern and northern parts of Kenya and 
the coastal region. This could be attributed to the long-
range transport of dust by the north easterlies together 
with those locally generated from the ocean, respectively 
(Gatebe et al. 2001; Ngaina and Muthama 2014).

In terms of area coverage and strength, the regional aero-
sol load from both the MODIS sensor and MERRA-2 model 
was found high during JJAS, followed by JF and OND, and 

(2.1)Y
t
= c + �

∗
X

t
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Fig. 2   Spatial climatology of 
seasonal mean AOD derived 
from the MERRA-2 and 
MODIS-Combined (DTB) for 
different seasons over EA from 
2001 to 2019



Environmental Science and Pollution Research	

1 3

minimum during MAM. During the local dry seasons, high 
AOD values were noted over the dust dominant zones of 
northwest and northeast Kenya, as well as the southwest 
parts of Uganda and Tanzania. On the other hand, very low 
AOD values (<0.1) were characterized during the local wet 
seasons over high rainfall areas of western and central parts 
of Kenya, northeast Uganda, and southwest Tanzania. The 
seasonal patterns of AOD over EA are closely associated 
with the seasonal cycle of rainfall, with the two depicting a 
relatively inverse relationship (de Graaf et al. 2010; Ayugi 
et al. 2020; Caroline et al. 2021). The enhanced rainfall 
during MAM causes large wet deposition and suppresses 
the emission of aerosols from the ground. Conversely, the 
enhanced aerosol loading during the local dry seasons could 
be attributed to increased anthropogenic activities that 
release a significant amount of aerosols into the atmosphere 
(Ngaina and Muthama 2014; Makokha et al. 2017; Boiyo 
et al. 2018).

Trends in total aerosol optical depth

Figure 3 depicts spatial trends in columnar TAOD and their 
statistical significance over EA in all the months during the 
study period. The trends are estimated in terms of increase/
decrease and indicated by positive/negative values. In gen-
eral, positive trends in TAOD were found higher (0.002 
year−1) and significant at a 90% confidence level over the arid 
and semi-arid areas of the northeast part of the study domain 
dominated by dust. The increased positive trends over the 

northeast part of the study domain could be attributed to 
reduced rainfall that increases locally generated dust (Boiyo 
et al. 2018). Significantly positive trends dominate the local 
dry months (June, July, August, and September), signifying 
increased aerosol production due to reduced wet deposition 
and increased anthropogenic activities such as biomass burn-
ing. Additionally, the strongest increasing trends along with 
the coastal and western parts of EA were recorded in January 
with a magnitude of >0.0004 year−1. This could be attribut-
able to increased anthropogenic activities (land preparation 
and biomass burning) as well as reduced rainfall (Boiyo et al. 
2018; Ngaina and Muthama 2014; Makokha et al. 2017). 
On the other hand, negative trends dominate the local wet 
months (March, April, May, and October), which is pro-
nounced and significant during May over the northwest, west, 
and southwest areas of EA. The negative trends during these 
months could be attributed to the large wet deposition of 
aerosols resulting from the seasonal cycles of rainfall over the 
study domain (De Graaf et al. 2010; Makokha et al. 2017).

The observed positive trends in TAOD in most parts 
of EA interpret as an increase in aerosol load. However, 
the magnitudes and signs are influenced by both emission 
and meteorological factors. EA is experiencing an overall 
increase in temperature and reduced rainfall, conditions 
favorable for increased aerosol emissions (Boiyo et  al. 
2019). The positive trends over the arid and semi-arid 
regions in the northeast of the study domain, as well as those 
observed during the local dry months, could be associated 
with reduced rainfall, increasing locally generated dust 

Fig. 3   a–l Spatial patterns of 
annual mean trends (in the 
units of year−1) in TAOD from 
January to December from 2001 
to 2019. The shadings show the 
sign and magnitude of the trend, 
while the confidence levels are 
labeled in all the panels
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(Boiyo et al. 2018). On the other hand, the positive trends 
observed in the border regions with DRC during specific 
months of the year could be attributed to intense biomass 
burning activities (de Graaf et al. 2010). In addition, the 
local anthropogenic activities arising from increased bio-
mass burning and industrial-vehicular emissions (Kinney 
et al. 2011; Makokha and Angeyo 2013; Ngo et al. 2015) 
could contribute to the observed positive trends in TAOD. 
Conversely, the negative trends in TAOD over the local wet 
months interpret as a reduced aerosol load associated with 
increased wet deposition from the seasonal cycles of the 
rainfall over the study domain.

Trends in absorption aerosol optical depth

Figure 4 shows the trends in AAOD during 2005–2019 over 
EA, with an increase/decrease being depicted by positive/
negative values. Generally, EA is dominated by positive 
trends in AAOD, being high and significant (at 90% confi-
dence level) in most months except March, with enhanced 
rainfall. The trends of AAOD followed a similar pattern as 
that of total TAOD, indicating the dominance of absorbing 
aerosols in TAOD over EA. The observed positive trends 
in AAOD could be attributed to increased biomass burn-
ing that characterizes the tropical atmospheric conditions 
over EA, coupled with prevailing meteorological condi-
tions (Boiyo et al. 2018, 2019). Notably, the significantly 
increasing trends in AAOD in January (0.006 year−1) could 
be attributed to increased biomass burning, variations in soil 

moisture, increasing dust loading, and changes in the rain-
fall pattern over the study domain. The similarity in trends 
between TAOD and AAOD implies that an increase in 
TAOD over EA is largely contributed by absorbing aerosols, 
evidenced by the high values of AAOD. Notably, some areas 
of the study domain exhibited negative trends in AAOD; 
being dominant over the coastal parts of the study domain, 
the Indian Ocean, and northeast of the study domain. The 
decreasing trend in AAOD in these areas could be attributed 
to reduced biomass burning and changes in land-use pat-
terns. In March, the significant decline in AAOD observed 
over EA is attributed to increased rainfall, accompanied by 
reduced biomass burning and suppressed dust emission.

Trends in scattering aerosol optical depth

Scattering aerosol optical depths are computed by subtract-
ing absorption aerosol optical depth from total aerosol opti-
cal depth. Figure 5 shows trends in SAOD in all the months 
from 2001 to 2019 over EA, with an increase/decrease in 
SAOD portrayed by positive/negative trends (Prijith et al. 
2017). The negative trends dominate the study domain, 
being higher (0.004 year−1) and significant at a 90% con-
fidence level over the western region of the study domain. 
Significantly negative trends (>0.004 year−1) were noticed 
in May and December over the coastal, west, and north-
west regions of the study area. The negative trends in SAOD 
over the observed region and on the specific month could be 

Fig. 4   Same as in Figure 3, but 
for AAOD
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attributed to enhanced precipitation which suppresses the 
dust aerosols over the region.

On the other hand, positive trends are observed in specific 
months of the year, being dominant during January, April, 
August, September, and November. The trends in SAOD 
over these months follow a similar pattern as that of TAOD, 
indicating the dominance of scattering aerosols in TAOD 
during these specific months. This could be attributed to pre-
vailing climatic conditions, characterized by reduced rainfall 
leading to enhanced generation of dust aerosols.

Trends in total aerosol extinction optical depth

The implications of the depicted trends in AAOD, SAOD, 
and TAOD were determined by evaluating trends in TAEOD 
(sum of AAOD and SAOD; Fig. 6). The trends in TAEOD 
(representing the total effect of radiation passing through 
the medium) experienced significant heterogeneity, being 
significantly negative during some months (February, May, 
June, July, and December) and significantly positive during 
April, August, and September. The significantly negative 
trends in TAEOD (Table 1 and Fig. 5) interpret reduction 
in the scattering of light radiation, attributed to enhanced 
rainfall, which suppresses dust emission resulting in reduced 
SAOD. On the other hand, the observed significant posi-
tive trends in TAEOD, especially in September (~0.0018 
year−1), could be attributed to reduced rainfall resulting in 
to increase in dust loading that enhances the emission of 

sulfates, nitrates, and organic aerosols into the atmosphere 
(Pathak and Kumar 2014)

Trends in single scattering albedo

The SSA is a vital intensive parameter that controls the 
magnitude and sign of aerosol radiative forcing (ARF). For 
example, a small change in SSA from ~0.9 to ~0.8 (~11% 
decrease) can often change the sign of ARF from negative 
(cooling) to positive (warming), depending on the reflec-
tance of the underlying surface and altitude of the aerosols 
(Jethva et al. 2010). EA predominantly exhibits a signifi-
cantly decreasing trend in SSA (Fig. 7), implying strong 
absorption of direct solar radiation and reflected radiation 
caused by bright surfaces, causing an overall warming 
effect. This is attributed to an increase in absorbing aero-
sols, mainly from biomass burning and industrial-vehicular 
emissions. Notably, biomass burning emits not only OC and 
Sulfate aerosols but also BC, which could result in signifi-
cant negative trends in SSA.

However, positive trends in SSA dot some parts of the 
study domain, being predominant over the Northeast of the 
study domain. This interprets to increase in SSA (to higher 
values) attributed to the dominance of non-absorbing aero-
sols (mainly sulfate) emanating from the dust-stricken areas 
of the domain. Also, positive trends in SSA are observed 
over the Indian Ocean, likely associated with non-absorbing 
sea-salt aerosols.

Fig. 5   Same as in Figure 3, but 
for SAOD
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Mean trends analysis

The monthly mean trends in TAOD, AAOD, and SAOD 
over specific countries of the study domain (Kenya, 
Uganda, and Tanzania) and the entire EA were assessed 
and tabulated (Table 1). The mean trend in TAOD and 

SAOD over each of the individual countries and entire 
EA was found to be generally negative during local wet 
months, attributed to seasonal cycles of rainfall and 
anthropogenic activities. On the other hand, East Africa 
and each of the constituting countries were dominated by 
positive trends in TAOD, being enhanced (~0.0018 year−1) 

Fig. 6   Same as in Figure 3, but 
for TAEOD

Table 1   Mean trends of the total, absorbing, and scattering aerosol optical depths observed in different countries over East Africa

TAOD, total aerosol optical depth; AAOD, absorption aerosol optical depth; SAOD, scattering optical depth; KE, Kenya; TZ, Tanzania; UG, 
Uganda; EA, East Africa

Month TAOD (year−1)
(January 2001–December 2019)

AAOD (year−1)
(January 2005–December 2019)

SAOD (year−1)
(January 2001–December 2019)

KE TZ UG EA KE TZ UG EA KE TZ UG EA

January 0.0010 0.0022 0.0013 0.0018 0.0005 0.0007 0.0008 0.0006 0.0025 0.0050 0.0038 0.0041
February −0.0006 −0.0016 −0.0024 −0.0014 0.0004 0.0004 0.0003 0.0003 −0.0008 −0.0001 0.0010 −0.0005
March −0.0011 −0.0022 −0.0016 −0.0015 0.0003 0.0003 0.0003 0.0003 −0.0016 −0.0017 −0.0021 −0.0016
April 0.0002 0.0007 0.0007 0.0005 0.0002 0.0002 0.0002 0.0002 −0.0008 0.0002 −0.0011 −0.0004
May −0.0003 −0.0017 −0.0014 −0.0010 0.0002 0.0002 0.0002 0.0002 0.0000 −0.0008 −0.0006 −0.0003
June 0.0032 0.0003 0.0030 0.0018 0.0002 0.0003 0.0001 0.0002 0.0014 −0.0016 0.0023 0.0000
July 0.0023 −0.0004 0.0015 0.0011 0.0003 0.0001 0.0004 0.0002 −0.0003 −0.0033 −0.0015 −0.0015
August 0.0045 −0.0004 0.0028 0.0003 0.0002 0.0003 0.0003 0.0003 −0.0012 −0.0019 −0.0015 −0.0014
September 0.0012 −0.0001 0.0008 0.0005 0.0002 0.0002 0.0003 0.0002 −0.0020 −0.0028 −0.0014 −0.0021
October −0.0002 −0.0006 −0.0008 −0.0005 0.0003 0.0003 0.0004 0.0002 −0.0001 0.0026 0.0001 0.0014
November 0.0004 0.0006 0.0015 0.0006 0.0002 0.0004 0.0001 0.0003 −0.0003 0.0000 −0.0002 −0.0001
December 0.0008 0.0001 0.0019 0.0005 0.0001 0.0002 −0.0001 0.0001 −0.0007 −0.0007 −0.0009 −0.0008
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over Kenya and Uganda, resulting in an overall positive 
trend (Table 1). As previously mentioned, the enhanced 
positive trends in TAOD during the local dry seasons are 
consistent with the seasonal cycles of emission sources 
and modulations induced by the local meteorology (Boiyo 
et al. 2018).

The study domain was further characterized by positive 
trends in AAOD in all months, with the highest (lowest) 
values of (~0.006 year−1) (0.0001 year−1) observed in Janu-
ary (December), attributed to changes in climatic condi-
tions and anthropogenic activities (Section 3.3). However, 
negative trends in SAOD dominated the study domain, being 
pronounced in September (~0.0021 year−1) and August 
(~0.0014year-1), with positive trends observed in January 
and October; all associated with the seasonal cycles of 
rainfall. The mean trend in TAEOD (Table 2) was domi-
nated by negative trends except for some months (January, 
April, June, September, and November) that exhibited posi-
tive trends attributed to modulations induced by prevailing 
climatic conditions on the emission sources. On the other 
hand, negative trends in SSA characterized the study domain 
in all months, being pronounced during the dry months of 
January (~ − 0.0017 year−1), June (~ − 0.0014 year−1), and 
July (~−0.0013 year−1). This indicates increased absorbing 
aerosols from anthropogenic activities.

Summary and conclusions

Using multi-years of level-3 aerosol data sets retrieved from 
the MODIS and OMI sensors and the MERRA-2 model, 
the present study revealed an in-depth understanding of 
trends in TAOD, AAOD, SAOD, TAEOD, and SSA, as 
well as spatial distribution in TAOD over EA for the period 
2001–2019. The spatial patterns of seasonal mean AOD 
from the MODIS sensor and MERRA-2 model were gener-
ally characterized by low (<0.2), moderate (0.2–0.35), and 
high (>0.35) centers over EA. Low AOD was observed over 
highly vegetated areas with relatively high altitude and rain-
fall over western and central parts of Kenya, and central and 
southeastern parts of Tanzania, whereas moderate to high 
AOD characterized the arid and semi-arid areas of eastern 
and northern parts of Kenya and the coastal region. The 
seasonal aerosol load was low (high) during the local wet 
(dry) season, attributed to the prevailing climatic conditions.

Trends in TAOD depicted a general increase, being 
high and significant over the northeastern part of the 
study domain, whereas the local wet (dry) month 
exhibited a general decrease (increase) in aerosol load. 
The study domain was dominated by positive trends 
in AAOD, being high and significant (at 90% confi-
dence level) in most of the months, except March, with 

Fig. 7   Same as in Figure 3, but 
for SSA
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declining AAOD. The increase in trends in AAOD is 
attributed to increased biomass burning, variations in soil 
moisture resulting in an increase of dust loading, and 
changes in the rainfall pattern over the study domain.

The study domain was dominated by negative trends in 
SAOD, except for specific months that depicted positive 
trends. The dominance in negative trends was attributed 
to enhanced rainfall, which suppressed the emission of 
dust aerosols over the study domain, whereas the posi-
tive trends in SAOD (which contributed significantly to 
TAOD) were attributed to reduced rainfall resulting in 
dust emission. Seasonally, positive trends in TAOD were 
observed during the local dry seasons (JJAS and JF), 
whereas negative trends in TAOD dominated the local 
wet seasons (MAM and OND), attributed to changes 
in climatic conditions and anthropogenic activities. 
Positive trends in AAOD dominated the study domain, 
whereas negative trends in SAOD characterized the 
study domain. The trends in TAEOD showed a distinct 
pattern, being dominated by significantly decreasing 
trends during February, May, June, July, and December 
attributed to wet deposition. The significantly increasing 
trends in TAEOD were observed during April, August, 
and September, attributed to anthropogenic factors such 
as biomass burning and industrial-vehicular emissions. 
Reduced rainfall resulted in dust emissions. The study 
domain significantly exhibited a decreasing trend in SSA 
in all the months, attributed to the presence of absorb-
ing aerosols from biomass burning that characterize the 
tropical region and motor-vehicular emissions, which 
caused a warming effect.

A delineation of aerosol optical properties such as 
TAOD, AAOD, SAOD, and TAEOD, in addition to the 
spatial trends determined, would comprehensively quan-
tify aerosol effects on climate, air quality, and human 

health as well as aerosol direct radiative forcing that 
are majorly lacking over EA, hence need for further 
investigation.
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Table 2   Mean trends of total 
aerosol extinction optical depth 
(TAEOD) and single scattering 
albedo (SSA) over EA

Months TAEOD (year−1)
(January 2001–December 2019)

SSA (year−1)
(January 2005–December 2019)

KE TZ UG EA KE TZ UG EA

January 0.0004 0.0015 0.0006 0.0010 −0.0017 −0.0012 −0.0018 −0.0017
February −0.0008 −0.0005 −0.0010 −0.0005 −0.0011 −0.0010 −0.0010 −0.0011
March −0.0015 −0.0008 −0.0011 −0.0008 −0.0010 −0.0012 −0.0012 −0.0010
April 0.0001 0.0001 0.0008 0.0003 −0.0006 −0.0007 −0.0008 −0.0007
May −0.0021 −0.0024 −0.0014 −0.0022 −0.0006 −0.0010 −0.0006 −0.0009
June 0.0014 −0.0006 0.0027 0.0008 −0.0006 −0.0015 −0.0002 −0.0014
July 0.0006 −0.0014 0.0012 −0.0003 −0.0010 −0.0013 −0.0012 −0.0013
August −0.0021 −0.0007 −0.0039 −0.0013 −0.0010 −0.0012 −0.0011 −0.0012
September 0.0003 0.0022 0.0018 0.0018 −0.0010 −0.0010 −0.0010 −0.0010
October −0.0006 0.0003 −0.0006 −0.0003 −0.0006 −0.0008 −0.0008 −0.0008
November 0.0004 0.0007 0.0002 0.0005 −0.0010 −0.0012 −0.0007 −0.0010
December 0.0004 −0.0013 −0.0004 −0.0006 −0.0008 −0.0005 −0.0004 −0.0007
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