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Abstract 
Aerosol optical depth (AOD) and Ångström Exponent (AE) have become the 
most crucial metrics in assessing climate change. Despite this, studies related 
to AOD and AE are rare in Kenya. Using Moderate Resolution Imaging 
Spectroradiometer (MODIS) data, the present study analysed the spatial and 
temporal variations of aerosol optical depth at 550 nm (AOD550) and exam-
ined the impact of these variations on AE over eight selected towns in Kenya 
during 2001-2021. The findings indicated high (0.22 ± 0.04) AOD during 
June-July-August-September (JJAS) and low (0.12 ± 0.04) values during 
March-April-May (MAM), all associated with prevailing local meteorological 
conditions. The Ångström Exponent in the wavelength (412 µm - 470 µm) 
was found to be high (1.1 - 1.7) in most towns, attributed to the dominance of 
fine-mode particles from increased anthropogenic activities. However, 
AE412-470 exhibited relatively low values in the range of 0.7 to 1.0 in Garissa 
due to the dominance of coarse mode particles associated with increased dust 
particles. Also, the coastal regions of Kenya have moderate to high values of 
AE412-470 associated with industrial emissions from the urbanized coastal regions 
of Mombasa. The study has contributed to an in-depth understanding of spa-
tial-temporal variations of AOD and AE over the selected towns in Kenya and 
forms a scientific basis for further research on aerosol science over the region. 
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1. Introduction 

Other than greenhouse gases and atmospheric ozone, atmospheric aerosols play 
a significant role in regional and global climate change [1]. They are emitted into 
the atmosphere or manufactured into the atmosphere through natural or an-
thropogenic means. Atmospheric aerosols are known to cause large uncertain-
ties in climate change and the environment [2]. They affect climate through their 
interactions with solar and terrestrial radiations. Their climatic effects are di-
vided into direct, indirect and semi-direct effects [3]. Atmospheric aerosols af-
fect the climate through their interaction with solar and terrestrial thermal radi-
ations [4]-[7]. Aerosols impact the Earth’s climate directly by scattering and ab-
sorbing the incoming radiation from the Sun. Also, they affect climate indirectly 
by changing the microphysical properties of clouds. They change the size and 
density of cloud droplets thereby modifying the cloud albedo, cloud lifetime, 
cloud formation, and the probability of having precipitation [8] hence leading to 
cloud evolution [5] [9]. They also affect climate indirectly by serving as cloud 
condensation nuclei in liquid water clouds and ice nuclei in ice clouds [5]. In 
this case, each aerosol particle condenses one liquid cloud droplet, therefore, an 
increase in the number of aerosol particles increases the cloud condensation nu-
clei. Apart from their climatic effects, aerosols are known to affect human health 
and the environment [10]. They also affect visibility through the formation of 
haze in the atmosphere leading to poor vision by the transportation industry 
[11]. Notably, aerosols absorb solar radiation which in turn heats up the atmos-
phere. The heated atmosphere reduces the cloud fraction by evaporating water 
droplets and suppressing convection [9]. The absorption of solar radiation by 
aerosols modifies the vertical temperature profile thereby affecting cloud for-
mation and other parameters such as the relative humidity and atmospheric sta-
bility. Because of the above uncertainties associated with the climatic effects of 
atmospheric aerosols, considerate efforts have been put in place to measure aer-
osols and cloud properties for adequate characterization at various spa-
tial-temporal scales. Some of the commonly measured aerosol properties include 
the aerosol optical depth (AOD), Ångström exponent (AE) and absorption aer-
osol index (AAI). Meanwhile, Satellite-based remote sensors such as the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) in relation to the 
ground-based techniques data station, are rich in providing both spatial and 
long-term continuous observation of aerosol properties and therefore it is re-
garded to be the most appropriate for observing aerosol properties. Over a dec-
ade, a number of space-borne remote sensors such as Advanced Very 
High-Resolution Radiometer (AVHRR), Total Ozone Mapping Spectrometer 
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(TOMS), Moderate Resolution Imaging Spectroradiometer (MODIS), Multian-
gle Imaging Spectroradiometer (MISR), and Ozone Monitoring Instrument 
(OMI) [12]-[14] have generated a remarkable spatial and temporal characteristic 
of aerosols both regionally and globally. Furthermore, a number of studies have 
put concentrated efforts in assessing the spatiotemporal distributions and optical 
properties of aerosols and their research findings have been documented by sev-
eral previous researchers [15]-[17]. Globally, Mehta et al. [18] reported increas-
ing AOD trends in economically growing parts of Asia and decreasing trends 
over some parts of Europe, South America, and North America. Likewise, Using 
13 years of Aqua-MODIS and OMI data over Kazakhstan, Boiyo et al. [19] re-
ported an increasing trend in AOD over most areas of the country attributed to 
local meteorological conditions. Regionally, Using Terra satellite onboard the 
MODIS and MISR sensors, Adesina et al. [17] reported high AOD during sum-
mer due to the transportation of dust aerosols. Within East Africa, among a 
number of findings, Ngaina and Muthama [20] examined a high aerosol loading 
during the local dry period (December-February and June-August) using the 
MODIS data. Kumar et al. [21] Utilized AERONET Sun photometer aerosol 
products to investigate direct aerosol radiative forcing (DARF) and aerosol op-
tical properties from 2011 to 2017 over an urban industrial city, Pretoria. They 
reported a decadal increase in the annual mean AOD and AE over different lo-
cations in South Africa, with high AOD during spring due to the presence of 
absorbing aerosols from biomass burning. Locally, Makokha et al. [22] over East 
Africa determined long-term annual and seasonal trends in total AOD at 550 nm 
and reported significant seasonality in AOD, with decreasing AOD trends over 
most regions of the study domain. Recently, Khamala et al. [23] over East Africa, 
reported an extensive distribution of AAOD 440 nm with high values noticed 
during the local dry seasons and low values over the wet seasons. In view of the 
immense increased aerosol concentration in Kenya which affects the local cli-
mate, very few studies have been conducted on aerosols and clouds and the rela-
tionship between aerosols and cloud properties. This knowledge is important for 
achieving a better understanding of aerosols in terms of trends and spatiotem-
poral distribution. This work, therefore, presents spatial and temporal variation 
of aerosol optical depth and Ångström Exponent. To understand the aerosol ef-
fects on climate, the Spatial and temporal variations of aerosol optical depth and 
Angstrom exponent have been obtained. The results derived from the present 
work give an extensive understanding of the spatial-temporal variations of aero-
sol optical depth and Ångström Exponent, which forms a scientific basis for 
further research on aerosol science over the region. The rest of this paper is 
structured as follows: Section 2 describes the study area and prevailing meteoro-
logical conditions, remotely sensed satellite data and methodology used in the 
present work, Section 3 presents results and discussions on spatial and temporal 
variation of aerosol optical depth and Ångström Exponent and lastly, Section 4 
highlights the conclusion and recommendations obtained from the study. 
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2. Materials and Methods 
2.1. Study Area 

The Republic of Kenya, hereafter simply Kenya (Figure 1) has a geographical 
area of 582,646 km2 stretching between 5˚S to 5˚N and 34˚E to 42˚E. It is neigh-
bored by Uganda to the West, Somalia to the East, Ethiopia to the North, Tan-
zania to the South and Sudan to the North-west. Climatologically, the area is 
predominantly tropical with four seasons categorized according to rainfall pat-
terns [24]. For instance, March-April-May and October-November-December 
are local wet seasons characterized by low AOD due to enhanced wet scavenging 
and reduced anthropogenic activities. On the contrary, the local dry seasons 
(January-February and June-July-August-September) are characterized by high 
AOD attributed to changes in meteorological conditions and emission sources 
[25]. The sources of aerosols in Kenya include biomass burning within and from 
neighboring agricultural zones, industrial and vehicular emissions especially for 
regions closer to major highways and urbanized areas [25] [26]. Additionally, 
sea salt from the Indian Ocean and aerosols from dust source regions (ASALs) 
form one of the major sources of natural aerosols in Kenya. [27] Other than the 
long-range transport of smoke particles from the DRC and Madagascar Island, 
Kenya also experiences sea salts from southwest parts of the Indian Ocean [28] 
[20] and dust aerosols from the Arabian Desert. In the present study, the aerosol 
parameters were analyzed over eight distinct geographical locations in Kenya 
which represent the cities of the provincial administration. They are Embu, 
Garissa, Kakamega, Kisumu, Mombasa, Nairobi, Nakuru and Nyeri. 
 

 
Figure 1. Map of the study area over the African continent (shown in the inset) with lo-
cations of eight sites used in this study marked with red dots shown on a topographic 
map. The areas shaded blue represent water bodies, while blue labelling shows major 
lakes in the study domain. 
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The regions have diverse climatic conditions and represent different aerosol 
regimes. A summary of the information regarding each of these selected towns is 
presented in Table 1. 
 
Table 1. Geographical information about the eight study areas over Kenya. 

 Latitude Longitude Altitude (m) Prevailing climatic condition 

Embu 0.66˚S 37.72˚E 1350 
Urban region with vehicular emissions 
and solid waste deposits in river 
Githwariga. 

Garissa 0.45˚S 39.65˚E 1138 
Semi-arid regions dominated by  
desert dust aerosols. 

Kakamega 0.28˚N 34.75˚E 1535 
Rural/urban sites are dominated by  
agricultural and biomass burning. 

Kisumu 0.09˚S 34.77˚E 1131 
Urban/industrial region located on the 
borders of Lake Victoria. 

Nairobi 1.34˚S 36.87˚E 1650 
Urban/industrial area with significant 
anthropogenic activities. 

Nakuru 0.43˚S 36.00˚E 1850 
Evergreen region with agricultural  
activities. 

Nyeri 0.42˚S 37.04˚E 1750 
Rural region with agricultural  
activities and industrial emissions  
from the neighborhood. 

Mombasa 3.98˚S 39.71˚E 50 
A maritime region with a significant 
amount of sea salt deposits from the 
Indian Ocean. 

2.2. Local Meteorology 

The climate at the eight study sites is typical of Kenya, and by extension that of 
the entire East Africa [29] [30] except for the coastal regions, which are usually 
hot and humid, temperatures over the study domain are generally moderate, 
with maxima of around 25˚C and minima of 15˚C at an altitude of 1500 m [20]. 
The annual cycle of rainfall (Figure 2(a)) over the study domain exhibits a bi-
modal distribution. The first season, which is the primary agricultural rain (due 
to its high reliability), is locally known as “the long rainfall” and occurs during 
March-April-May (MAM). The second season, locally known as “the short rain-
falls” occurs in October-November-December (Figure 2(a)). The local “wet 
seasons” are generally characterized by reduced aerosol load due to large wet 
deposition of aerosols and high cloud effective radius as well as cloud fraction 
[2]. On the other hand, the local dry months, from June to September (JJAS) and 
January to February (JF), receive relatively shorter rainfall (Figure 2(a)) and are 
characterized by enhanced aerosol load and increased level of cloud fraction 
since the local dry seasons in Kenya were characterized by biomass burning and 
dust aerosols. The highest mean temperatures were recorded in February except 
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for Garissa which extended to march during the first local dry season and then 
decreased to a minimum value in June except for Garissa which attained its 
minimum value in July during the second local dry season (Figure 2(d)). The 
wind speed showed its maximum value (9 ms−1) in July for Mombasa and Garis-
sa and minimum (3 ms−1) in June for Kisumu and Kakamega (Figure 2(b)). On 
the other hand, the relative humidity which affects the hygroscopic growth of 
aerosols, was high (80%) in July and November and low (30% - 40%) in Febru-
ary (Figure 2(c)). 
 

 
Figure 2. The time series variations of (a) Precipitation (mm/month), (b) Wind Speed (ms−1), (c) Relative humidity (%), and (d) 
Surface Temperature (Kelvin) over selected towns in Kenya. 

2.3. Remotely Sensed Satellite Data 

Moderate Resolution Imaging Spectroradiometer (MODIS) is a satellite sensor 
that was brought into the earth’s atmosphere by the National Aeronautics and 
Space Administration (NASA) in partnership with Goddard Space Flight Centre 
(GSFC). As a polar-orbiting sensor, it is divided into: MODIS Aqua which orbits 
at 13:30 p.m. local time in the afternoon and MODIS Terra orbiting at 10:30 a.m. 
local time in the morning. Using a temporal resolution of 1 - 2 days and a swath 
of 2330 km, MODIS obtains its data in 36 bands. Out of the 36 bands, 5 bands 
are at 500 m, 2 bands at 250 m and 29 bands at 1 km [31]-[33] with two algo-
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rithms: Deep Blue (DB) and Dark Target (DT). The Deep Blue (DB) algorithm 
works best on brighter surfaces such as desert areas [30] [32], whereas the Dark 
Target (DT) on dark land [31]. The MODIS aerosol data are retrieved in differ-
ent levels called collections. Recently, MODIS AOD product over land is opera-
tional on Collection 6.1 [34]. However, the Global validation exercises reported 
the weaknesses associated with retrieving AOD as ± (0.15 × AOD + 0.05) and 
(0.05 × AOD + 0.03) over the land and ocean respectively [31] [35]-[37]. There-
fore, to reduce these errors, the MODIS aerosol data generation was bounded to 
pixels of surface reflectance more than 0.15 [38]. The present study used collec-
tion 6.1 (C6.1) Level 3 daily and monthly mean aerosol optical depth @550 nm, 
cloud effective radius, cloud top temperature, cloud top pressure, cloud water 
vapour and cloud fraction combined day and night, and Ångström exponent 
with spectral dependence between 412 and 470 micrometres over the land only. 
This spectral dependence for Ångström exponent was chosen since it is close to 
the top of the solar spectrum and therefore makes it more prone to the effects of 
solar radiation. The MODIS-Terra data products were retrieved from 
http://giovanni.gsfc.nasa.gov/ for a period of 20 years from January 2001 to De-
cember 2021. In addition to the MODIS-based remotely sensed data, the present 
study investigated the variation of the meteorological parameters including air 
temperature (˚C), relative humidity (%), wind speed (ms−1) and rainfall 
(mm/day) which was observed over the selected towns from January 2001 to 
December 2021. The monthly averaged air temperature (˚C), relative humidity 
(%), wind speed (ms−1) at 850 hPa and spatial resolution of 1˚ × 1˚ were ob-
tained from Atmospheric Infrared Sounder (AIRS). Furthermore, the precipita-
tion data at spatial resolutions of 0.25˚ × 0.25˚ was sourced from the Tropical 
Rainfall Measuring Mission (TRMM) preferably because of its better perfor-
mance over the region [22] [39]. 

2.4. Methodology 
2.4.1. Linear Regression Analysis 
Linear regression analysis is used to predict the value of an unknown variable 
using the value of the known one. Notably, it estimates the relationship between 
dependable and independent variables. It also examines the relationship between 
them and predicts their future impact on each other in relation to climate 
change. For this purpose, the method has been discussed extensively by [40] and 
previously used by a number of studies such as [17] [41]-[43]. The method has 
the advantage of examining the magnitude and direction of trends in long-term 
data therefore preferred for this study. Linear regression uses the following deri-
vation; by letting Yt be the dependent variable whose value is to be predicted, 
and letting Xt be the independent variable representing time, “c” be the 
y-intercept which represents the value of Yt at the beginning of the time series 
and ω be the slope or trend estimate of the dependent variable under considera-
tion, and ε be the time series noise. Then the following equation is used to pre-
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dict the dependent variable; 

t tY c Xω ε= + × +                       (1) 

The present work used this linear regression analysis to carry out the follow-
ing tasks: 1) to investigate the relationship between aerosol optical depth and 
angstrom exponent and its impact on precipitation, 2) to ascertain the relation-
ship between satellite-derived AOD at 550 nanometers and cloud parameters, 
and 3) to find the trend between aerosol optical depth and cloud parameters. 
The regression parameters such as the slope (ω) which represents the trend and 
y-intercept (c) serve as useful indicators of the temporal characteristics of aero-
sol optical depth (AOD) and angstrom exponent, and cloud parameters such as 
the cloud fraction, cloud optical depth, cloud effective radius and the cloud wa-
ter vapour at a particular location and time. Therefore, the linear regression 
Equation (1) provides useful information concerning factors that affect the cor-
relation. 

2.4.2. Correlation Analysis 
Correlation analysis is defined by a correlation coefficient ( )r  ranging from −1 
to +1. When the value of r is +1 or −1, it indicates a perfect positive or negative 
correlation between given pairs of variables, respectively, with higher r suggest-
ing better agreement. The correlation coefficients between two variables (e.g., X 
and Y) are calculated as follows;  

( ) ( )cov ,
corr ,

x y

X Y
X Y

σ σ
=

⋅
.                    (2) 

where ( )cov ,X Y  represents the covariance between X and Y, xσ  and yσ  
are standard deviations of X and Y, respectively. In this work, correlation analy-
sis was used to find the spatial characteristics of aerosol optical depth and ang-
strom exponent. Further, the spatial correlations of aerosol optical depth and 
Angstrom were computed using Level 3 annually averaged aerosol optical depth 
at 550 nm and Angstrom exponent with wavelength ranging from 412 to 470 
micrometres. Therefore, the Correlation analysis formulae Equation (2) provides 
the level of the correlation in the spatial distribution of aerosol optical depth and 
Angstrom exponent. 

3. Results and Discussion 
3.1. Spatial and Temporal Variation of Aerosol Optical Depth and  

Angstrom Exponent 
3.1.1. Annual Spatial Variation of Aerosol Optical Depth and  

Angstrom Exponent 
The averaged spatial distribution of AOD550 and AE412-470 over selected towns in 
Kenya observed during the study period (2001-2021) are illustrated in Figure 
3(a) and Figure 3(b) respectively. The geophysical trends of annual mean AOD 
@550 nm obtained from MODIS Terra (combined Dark Target and Deep Blue) 
over Kenya are shown in Figure 3(a). The spatial changes in the annual mean  
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Figure 3. Annual mean spatial distribution of (a) AOD at 550 nm and (b) AE412-470 over 
eight selected towns in Kenya for the period between 2001 and 2021. 
 
AOD550 represents a general pattern of high, moderate, and low AOD, indicating 
distinct features of aerosol loading over different sites. On the contrary, the val-
ues of AE412-470 were observed to vary between 0.7 and 1.7 with high values 
(AE412-470 > 1) dominating in all the study regions (Figure 3(b)). Furthermore, 
High AOD values in the range 0.22 - 0.26, characterized by high values of 
AE412-470 (>1) were found in Garissa. This is attributed to the transport of fine 
smoke particles by south easterly winds from the DRC, a region dominated by 
savannah and grassland fires. Furthermore, the anthropogenic activities preva-
lent in the region could release significant amounts of smoke particles and sul-
fate residues into the atmosphere leading to the enhanced AOD. Moderate AOD 
values (0.12 - 0.16) were found in Kakamega and Kisumu where high (>1) values 
of AE412-470 were observed resulting from the difference in geographical condi-
tions such as temperature, topography, humidity, etc., and differences in the 
source and transport of aerosols which are locally manufactured or imported 
from the neighboring towns into the regions. Also, the observed moderate AOD 
corresponding to high AE412-470 could be associated with small amounts of smoke 
particles resulting from biomass burning and low levels of sulfates from sparse 
industries located around the region. Moreover, the Coastal regions of Kenya 
have moderate to high AE412-470 values associated with industrial emissions from 
urbanized coastal regions of Mombasa [20] leading to enhanced AOD within the 
region. Also, the high AOD in Mombasa may result from Monsoon winds 
transporting aerosols to this region and the constant sea sprays from the Indian 
Ocean which serves as a sink to all atmospheric pollutants within the region. 
Low AOD550nm (0.08 - 0.14) values characterized with high AE412-470 were found 
in Nyeri, Nakuru and Nairobi attributed to anthropogenic activities which is 
characterized by low vegetation cover for Nyeri and Nakuru. Extremely very low 
AOD (0 - 0.08) characterized by high AE412-470 values were noted in Embu at-
tributed to small amounts of smoke particles resulting from biomass burning 
and low levels of sulfates from sparse industries located in the neighbuoring re-
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gions. In addition to anthropogenic aerosols, geographical terrain in Embu as 
well as aerosol-climate interactions in the region play an important role in in-
fluencing aerosol loadings in the study domain. 

3.1.2. Annual Temporal Variation of Aerosol Optical Depth and  
Angstrom Exponent 

In terms of temporal variation, the mean AOD550 for the study period 
(2001-2021) is noticed to be highest over Garissa (0.23 ± 0.06) followed by Ki-
sumu (0.15 ± 0.05), Kakamega (0.15 ± 0.04), Nairobi (0.13 ± 0.06), Embu (0.12 ± 
0.04) and lowest in Nyeri (0.11 ± 0.04) and Nakuru (0.11 ± 0.04). The Seasonal 
variations of AOD550 (Table 2) depict maximum AOD during the JJAS (0.22 ± 
0.04) followed by JF (0.13 ± 0.05), OND (0.13 ± 0.02) and low MAM (0.12 ± 
0.04). In JF season, high AOD550 values in Table 2 (> 0.22 ± 0.01) characterized 
with low AE (< 1) were noted in Garissa and Mombasa, moderate AOD550 (0.11 
± 0.00 to 0.13 ± 0.02) characterized high AE412-470 (> 1) was noticed over Embu, 
Kakamega and Kisumu. On the other hand, low AOD550 values (0.06 ± 0.00 to 
0.08 ± 0.00) corresponding to high AE412-470 (> 1) were noticed over Nakuru and 
low AE412-470 (< 1) over Nairobi and Nyeri respectively. This may be attributed to 
increased human activities such as land preparation and biomass burning in the 
regions (20) which could enhance the emission of smoke and dust particles into 
the atmosphere. Furthermore, the low AOD550 (Table 2) during MAM season 
was characterized by high AE412-470 (> 1) over Embu, Kakamega, Kisumu and 
Nakuru (Table 3) and low AE412-470 (< 1) over Garissa, Nairobi, Nyeri and 
Mombasa. This is more likely to result from the high aerosol deposition due to 
the long rains experienced during this season [20]. The same seasonal Changes 
were noted by [26] over Kenya. However, this implies that dust episodes were 
significantly reduced during the months of MAM in the study domain. Also, the 
small values of AOD550 observed in the season could be associated with low con-
centrations of aerosols like sulfates resulting from urban pollution preferably for 
the selected towns. 

During JJAS, it is notable from Table 2 that the eight selected towns have an 
enhanced average AOD550 characterized with high AE412-470 (AE412-470 > 1) as seen 
in Table 3 for Kisumu (1.58 ± 0.05), Embu (1.52 ± 0.02), Nakuru (1.52 ± 0.01), 
Kakamega (1.52 ± 0.00) and low AE412-470 (AE412-470 < 1) for Garissa (0.67 ± 0.04), 
Nairobi (0.39 ± 0.01) and Nyeri (0.08 ± 0.01), associated with reduced rainfall 
[19]. It’s also noted that the angstrom exponent has increased from the MAM 
season to JJAS season for most towns. As noted from the AE412-470 values, there is 
a more considerable difference in aerosol size during the JJAS season. For in-
stance, Nyeri is dominated by the coarse-mode aerosols from mineral dust orig-
inating from Arabian deserts and Indian Ocean sprays. With high AE412-470 val-
ues, Kisumu, Embu, Nakuru and Kakamega may indicate fine-mode aerosols. 
The variability of AE412-470 during the JJAS season as depicted in Table 3 suggest 
that AE values over Garissa, Nairobi and Nyeri have a smaller variation while 
Kakamega has remained constant from MAM to JJAS season. Lastly, in the OND 
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season, high AOD550 (0.22 ± 0.03) in Table 2 characterized by extremely low 
AE412-470 (−0.62 ± 0.55) in Table 3 was noticed over Mombasa, attributed to in-
dustrial emissions from urbanized coastal regions [20]. Furthermore, Moderate 
AOD550 values (0.10 ± 0.02 to 0.19 ± 0.06) characterized by high AE412-470 (> 1) 
were reported in Embu, Kakamega and Kisumu and low AE412-470 (< 1) in Garis-
sa, were observed to be associated with dust aerosols locally produced [20] as 
well as transported from Saharan and Arabian Peninsula regions. However, low 
AOD550 (0.08 ± 0.01 to0.09 ± 0.01) characterized with high AE412-470 (> 1) was 
noticed in Nakuru and low AE412-470 (< 1) in Nyeri and Nakuru respectively. The 
variability in the AE over the eight selected towns signifies the variability in the 
aerosol size dominating the regions in the season. 

 
Table 2. Temporal variation in AOD550 with standard (SD) deviation over selected towns in Kenya for the period between 2001 
and 2021. 

Month/ 
Season 

EMBU 
AOD ± SD 

GARISSA 
AOD ± SD 

KAKAMEGA 
AOD ± SD 

KISUMU 
AOD ± SD 

NAIROBI 
AOD ± SD 

NAKURU 
AOD ± SD 

NYERI 
AOD ± SD 

MOMBASA 
AOD ± SD 

JAN 0.11 ± 0.03 0.21 ± 0.06 0.13 ± 0.07 0.15 ± 0.08 0.09 ± 0.05 0.09 ± 0.03 0.07 ± 0.03 0.28 ± 0.05 

FEB 0.10 ± 0.03 0.23 ± 0.04 0.09 ± 0.05 0.10 ± 0.06 0.08 ± 0.04 0.06 ± 0.03 0.06 ± 0.03 0.25 ± 0.05 

MAR 0.10 ± 0.03 0.22 ± 0.05 0.07 ± 0.03 0.08 ± 0.03 0.09 ± 0.04 0.06 ± 0.03 0.06 ± 0.03 0.21 ± 0.04 

APR 0.10 ± 0.02 0.17 ± 0.07 0.08 ± 0.02 0.11 ± 0.03 0.13 ± 0.07 0.09 ± 0.04 0.09 ± 0.04 0.18 ± 0.03 

MAY 0.11 ± 0.03 0.17 ± 0.07 0.14 ± 0.03 0.14 ± 0.03 0.16 ± 0.06 0.10 ± 0.03 0.10 ± 0.03 0.21 ± 0.04 

JUN 0.20 ± 0.06 0.29 ± 0.08 0.27 ± 0.07 0.25 ± 0.07 0.25 ± 0.12 0.21 ± 0.07 0.21 ± 0.07 0.29 ± 0.04 

JUL 0.21 ± 0.05 0.32 ± 0.08 0.29 ± 0.05 0.26 ± 0.05 0.24 ± 0.10 0.22 ± 0.06 0.22 ± 0.06 0.30 ± 0.04 

AUG 0.14 ± 0.04 0.29 ± 0.05 0.21 ± 0.05 0.19 ± 0.06 0.16 ± 0.07 0.17 ± 0.05 0.17 ± 0.05 0.28 ± 0.04 

SEP 0.10 ± 0.05 0.30 ± 0.07 0.15 ± 0.02 0.13 ± 0.04 0.09 ± 0.03 0.12 ± 0.04 0.12 ± 0.04 0.27 ± 0.04 

OCT 0.07 ± 0.02 0.27 ± 0.04 0.12 ± 0.02 0.11 ± 0.03 0.07 ± 0.03 0.09 ± 0.03 0.09 ± 0.03 0.22 ± 0.03 

NOV 0.11 ± 0.03 0.15 ± 0.07 0.12 ± 0.03 0.12 ± 0.04 0.08 ± 0.05 0.10 ± 0.04 0.10 ± 0.04 0.21 ± 0.03 

DEC 0.12 ± 0.03 0.14 ± 0.06 0.12 ± 0.05 0.14 ± 0.08 0.09 ± 0.04 0.08 ± 0.03 0.08 ± 0.03 0.24 ± 0.05 

Mean 0.12 ± 0.04 0.23 ± 0.06 0.15 ± 0.04 0.15 ± 0.05 0.13 ± 0.06 0.11 ± 0.04 0.11 ± 0.04 0.25 ± 0.04 

JF 0.11 ± 0.00 0.22 ± 0.01 0.11 ± 0.02 0.13 ± 0.02 0.08 ± 0.00 0.06 ± 0.00 0.06 ± 0.00 0.27 ± 0.05 

MAM 0.10 ± 0.00 0.19 ± 0.02 0.10 ± 0.03 0.11 ± 0.02 0.13 ± 0.03 0.08 ± 0.01 0.08 ± 0.01 0.20 ± 0.03 

JJAS 0.16 ± 0.05 0.30 ± 0.01 0.23 ± 0.06 0.21 ± 0.05 0.19 ± 0.06 0.18 ± 0.04 0.18 ± 0.04 0.28 ± 0.04 

OND 0.10 ± 0.02 0.19 ± 0.06 0.12 ± 0.00 0.13 ± 0.01 0.08 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.22 ± 0.03 

 
Table 3. Geographical information about the eight study areas over Kenya. 

Month/ 
Season 

EMBU 
AE ± SD 

GARISSA 
AE ± SD 

KAKAMEGA 
AE ± SD 

KISUMU 
AE ± SD 

NAIROBI 
AE ± SD 

NAKURU 
AE ± SD 

NYERI 
AE ± SD 

MOMBASA 
AE ± SD 

JAN 1.51 ± 0.01 0.9 ± 0.32 1.53 ± 0.03 1.52 ± 0.03 0.38 ± 0.53 1.50 ± 0.01 0.07 ± 0.03 −0.58 ± 0.89 

FEB 1.50 ± 0.01 0.66 ± 0.23 1.52 ± 0.02 1.52 ± 0.02 0.34 ± 0.53 1.50 ± 0.00 0.06 ± 0.03 −0.21 ± 0.46 

MAR 1.50 ± 0.01 0.80 ± 0.28 1.51 ± 0.01 1.51 ± 0.01 0.35 ± 0.53 1.50 ± 0.00 0.06 ± 0.03 −0.65 ± 0.57 

APR 1.50 ± 0.02 0.93 ± 0.33 1.51 ± 0.01 1.51 ± 0.02 0.37 ± 0.54 1.51 ± 0.01 0.09 ± 0.04 −0.59 ± 0.54 

MAY 1.51 ± 0.02 1.04 ± 0.34 1.52 ± 0.01 1.52 ± 0.02 0.38 ± 0.54 1.50 ± 0.00 0.10 ± 0.03 −0.96 ± 0.34 
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Continued 

JUN 1.55 ± 0.04 0.69 ± 0.31 1.62 ± 0.05 1.62 ± 0.06 0.42 ± 0.53 1.53 ± 0.04 0.21 ± 0.07 −0.05 ± 0.99 

JUL 1.52 ± 0.07 0.61 ± 0.29 1.64 ± 0.05 1.63 ± 0.06 0.41 ± 0.53 1.53 ± 0.06 0.22 ± 0.06 −0.56 ± 0.61 

AUG 1.51 ± 0.03 0.72 ± 0.28 1.56 ± 0.04 1.54 ± 0.05 0.39 ± 0.52 1.52 ± 0.02 0.17 ± 0.05 −0.79 ± 0.68 

SEP 1.50 ± 0.02 0.64 ± 0.28 1.53 ± 0.02 1.53 ± 0.02 0.36 ± 0.52 1.50 ± 0.01 0.12 ± 0.04 0.00 ± 0.00 

OCT 1.51 ± 0.01 0.74 ± 0.19 1.52 ± 0.01 1.52 ± 0.02 0.34 ± 0.53 1.50 ± 0.01 0.09 ± 0.03 −0.79 ± 0.67 

NOV 1.51 ± 0.02 1.07 ± 0.39 1.51 ± 0.01 1.52 ± 0.02 0.38 ± 0.54 1.50 ± 0.00 0.10 ± 0.04 0.00 ± 0.00 

DEC 1.51 ± 0.02 0.99 ± 0.28 1.52 ± 0.01 1.51 ± 0.02 0.37 ± 0.54 1.51 ± 0.01 0.08 ± 0.03 −0.06 ± 0.98 

Mean 1.51 ± 0.02 0.82 ± 0.29 1.54 ± 0.02 1.54 ± 0.03 0.37 ± 0.53 1.50 ± 0.04 0.11 ± 0.04 −0.35 ± 0.48 

JF 1.51 ± 0.00 0.78 ± 0.12 1.54 ± 0.02 1.52 ± 0.00 0.36 ± 0.02 1.52 ± 0.01 0.06 ± 0.00 −0.39 ± 0.67 

MAM 1.51 ± 0.00 0.92 ± 0.10 1.52 ± 0.00 1.51 ± 0.00 0.37 ± 0.01 1.50 ± 0.04 0.08 ± 0.01 −0.73 ± 0.15 

JJAS 1.52 ± 0.02 0.67 ± 0.04 1.52 ± 0.00 1.58 ± 0.05 0.39 ± 0.02 1.52 ± 0.01 0.18 ± 0.04 −0.35 ± 0.57 

OND 1.51 ± 0.00 0.93 ± 0.14 1.51 ± 0.01 1.52 ± 0.00 0.36 ± 0.02 1.50 ± 0.01 0.09 ± 0.01 −0.62 ± 0.55 

4. Summary and Conclusions 

This paper has provided a long-term (2001-2021) spatial and temporal variabil-
ity of aerosol optical depth and Ångström Exponent over selected towns in 
Kenya and may form a basis for achieving a better and in-depth understanding 
of spatial and temporal variations in atmospheric aerosols over Kenya. The main 
conclusions drawn from the results are summarized as follows: 

1) High AOD550 values characterized with high values of AE412-470 were found 
in northeastern Kenya (Garissa), attributed to anthropogenic activities and 
transport of fine smoke particles by south easterly winds from the DRC, a region 
dominated by savannah and grassland fires leading to the enhanced AOD550. 

2) Moderate AOD550 characterized with high AE412-470 was noticed in western 
Kenya (Kakamega) and Nyanza (Kisumu) could be associated with small 
amounts of smoke particles resulting from the biomass burning and low level of 
sulfates from sparse industries located around the region. 

3) Low AOD550nm values characterized with high AE412-470 were found in (the 
central region of Kenya (Nyeri and Nairobi), and the rift valley of Kenya (Na-
kuru) attributed to anthropogenic activities which is characterized by low vege-
tation cover for Nyeri and Nakuru. Extremely very low AOD550 (0 - 0.08) char-
acterized by high AE412-470 values were noted in the eastern part of Kenya (Embu) 
attributed to small amounts of smoke particles resulting from the biomass 
burning and low level of sulfates from sparse industries located in the neigh-
buoring regions. In addition to anthropogenic aerosols, geographical terrain in 
Embu as well as aerosol-climate interactions in the region play an important role 
in influencing aerosol loadings in the study domain.  
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