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Abstract 
Aerosols play a critical role in Earth’s climate system. They influence cloud 
formation, atmospheric dynamics and Earth’s energy balance. This study pre-
sents a comprehensive spatiotemporal analysis of aerosol optical depth 
(AOD), Angstrom Exponent (AE), Single scattering Albedo (SSA) and their 
associations with primary climate variables such as Surface Air Temperature 
(SAT) and Rainfall Rates (RR). The present study derived its data from both 
satellites based remote sensing data and ground based observation, i.e., Mod-
erate Resolution Imaging Spectrometer (MODIS), Modern Era Retrospective 
Analysis for Research and Application 2 (MERRA-2) and Tropical Rainfall 
Mission (TRMM) between the years 2000 to 2022. These data platforms are 
run and maintained by National Aeronautics and Space Administration 
(NASA). The researcher examined monthly and annual trends. Hidden Mar-
kov models were employed to determine the patterns and potential cause of 
variabilities and the link between aerosol optical properties and climate varia-
bles. The researcher determined trends in AOP and evaluated the trends in 
climate variables using HMM. Satellite-based dataset provided enhanced spa-
tial resolution, accurate and observation. The findings gave more insight into 
aerosol dynamics and accurate climate modelling; the researcher addressed 
critical gaps in understanding the interactions between aerosols and climate 
variables in Kenya, a region highly vulnerable to the impacts of climate change 
and air quality degradation, hence better environment planning policy. Iden-
tified hidden patterns and transitions that were often overlooked by tradi-
tional methods. The methodological innovation is not only relevant for Kenya 
but also adaptable to other regions facing similar environmental challenges, 
thereby contributing to the broader field of atmospheric sciences. 
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1. Introduction 

Aerosols are tiny particles or liquid droplets suspended in the atmosphere, they 
are key players in the Earth’s climate system [1] [2]. Aerosols play a critical role 
in shaping the climate system of a particular region. They influence the environ-
ment through their interactions with solar radiation, cloud formation, and atmos-
pheric dynamics, exerting both cooling and warming effects on the planet’s sur-
face [3]-[7]. Aerosol impact is especially pronounced in regions such as Kenya, 
where diverse aerosol sources, ranging from natural dust emissions to biomass 
burning and urban pollution create a complex interplay between human activities 
and atmospheric processes [8]. This complexity underscores the need for detailed 
investigations into aerosol optical properties (AOPs) and their associated climate 
variables to understand the implications for regional climate variability and resil-
ience.  

The aerosol-climate nexus is particularly relevant to Kenya due to its unique 
geographical and climatic characteristics. Positioned within the Greater Horn of 
Africa, Kenya experiences highly variable weather patterns governed by mon-
soonal flows, the Intertropical Convergence Zone (ITCZ), and orographic influ-
ences from highland areas such as the Mau Forest Complex and the Rift Valley 
[9]. These factors, combined with seasonal events such as biomass burning and 
dust transport, contribute to episodic aerosol loading that affects precipitation, 
surface temperatures, and overall atmospheric dynamics. For instance, high aer-
osol optical depth (AOD) events have been linked to reduced rainfall, prolonged 
droughts, and intensified flooding, all of which have far-reaching consequences 
for agricultural productivity, water resources, and human health [10].  

Aerosol optical properties such as AOD, single scattering albedo (SSA), and 
Angstrom Exponent (AE) provide valuable insights into the nature, concentra-
tion, and radiative effects of aerosols. AOD quantifies the extent to which aerosols 
block sunlight, while SSA measures their scattering versus absorbing capabilities, 
while the AE helps differentiate particle size distributions [7] [11]. However, de-
tecting anomalies in these properties defined as deviations from expected pat-
terns, is challenging due to their inherent variability and the limitations of obser-
vational datasets, particularly in regions with sparse monitoring infrastructure 
like Kenya. The increasing availability of remote sensing data from sources such 
as satellite, modelled and ground platforms provides an unprecedented oppor-
tunity to overcome these challenges and improve our understanding of aerosol 
behaviors and their climatic effects [3].  

Detecting anomalies in AOPs was critical for identifying extreme aerosol 
events, such as dust storms, wildfire smoke plumes, and urban pollution episodes, 
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which have significant implications for regional climate systems. Traditional ap-
proaches often struggle to capture the nonlinear, dynamic, and multivariate na-
ture of atmospheric datasets. Hidden Markov Models (HMMs), statistical tools 
designed to uncover hidden states in time-series data, have emerged as a powerful 
framework for addressing such complexities [12] [13]. HMMs excel in modelling 
temporal dependencies and transitions between normal and anomalous states, 
making them particularly suited for analyzing aerosol time-series data and their 
interactions with climate variables [14] [15]. 

The study employed HMMs to investigate trend analysis in Aerosol Optical 
Properties such as AOD, SSA, AE and associated climate variables as Rainfall 
Rates (RR), and Surface air Temperature (SAT) over Kenya and further detection 
of anomalies in the forementioned properties and climate variables over the same 
domain [16]. By integrating satellite observations, modelled and ground-based 
measurements, the research elucidated the temporal and spatial variability of aer-
osols and their climatic impacts. Kenya’s climate challenges marked by recurrent 
droughts, flooding, and shifting rainfall patterns necessitated a deeper under-
standing of the aerosol-climate relationship to inform mitigation and adaptation 
strategies [8]. Moreover, addressed aerosol-related challenges aligns with Kenya’s 
broader commitments to sustainable development goals, particularly in areas such 
as air quality, climate resilience and food security.  

2. Study Area, Data and Methods 
2.1. Study Area 

Kenya, bounded by Latitudes 5˚S - 5˚N and Longitudes 34˚E - 42˚E, a country in 
East Africa bordered by Ethiopia to the North, Tanzania to the South, South Su-
dan to the Northwest, Uganda to the West and Somalia to the East. Climatologi-
cally, the area is predominantly tropical with four seasons categorized according 
to rainfall patterns [17]. For instance, March-April-May (MAM) and October-
November-December (OND) are local wet seasons characterized with low AOD 
due to enhanced wet scavenging and reduced anthropogenic activities [2]. On 
contrary, the local dry seasons January-February (JF) and June-July-August-Sep-
tember (JJAS) are characterized by high AOD attributed to changes in meteoro-
logical conditions, emission sources and reduced wet deposition [2] [18] [19] 
(Figure 1). 

2.2. Data  

This section presents the suitable methods used to analysis data retrieved from 
data platforms TRMM, MODIS and MERRA-2 in order to get meaningful infor-
mation from the data obtained.  

2.2.1. Moderate Resolution Imaging Spectroradiometer (MODIS) 
MODIS is a satellite sensor brought into the Earth’s atmosphere by the National 
Aeronautics and Space Administration (NASA) in partnership with Goddard 
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Space Flight Centre (GSFC). It is divided into MODIS Aqua which orbits at 13:30 
p.m. local time and MODIS Terra orbiting at 10:30 a.m. local time. Using a tem-
poral 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 [20]-[22] with two algorithms: Deep Blue (DB) and Dark Target 
(DT). Recently, MODIS AOD product over land is operational on Collection 6.1 
[23]. They record large-scale geodynamic processes, i.e., changes in cloud cover, 
radiation budget, and also provide information about the deeper atmosphere and 
Oceans. 
 

 

Figure 1. Map of Kenya showing study area (Drawn by authors). 

2.2.2. Modern Era Retrospective Analysis for Research and Application  
Version 2 (MERRA-2) 

(MERRA-2) is the latest atmospheric reanalysis of the modern satellite era pro-
duced by NASA Global Modelling and Assimilation Office [24]. MERRA-2 pro-
duction began in June 2014 in four processing streams, and converged to a single 
near-real time stream in mid-2015. Its products can easily be accessed online 
through the NASA Goddard Earth Sciences Data Information Services Centre 
(GESDISC). Data website MERRA-2 assimilates observation types not available 
to its predecessor, MERRA, which includes updates to the Goddard Earth Observ-
ing System (GEOS) model and analysis scheme so as to provide a viable ongoing 
climate analysis beyond MERRAs terminus [25]. MERRA 2, was designed to ad-
dress limitations of MERRA, and additionally, it also intended to be a develop-
ment milestone for a future integrated Earth system analysis (IESA) which is cur-
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rently under development at GMAO. Among the advances in MERRA-2 relevant 
to IESA are the assimilation of aerosol observations, several improvements to the 
representation of the stratosphere including ozone, and improved representations 
of cryosphere processes. Other improvements in the quality of MERRA-2 com-
pared with MERRA include the reduction of some spurious trends and jumps re-
lated to changes in the observing system, and reduced biases and imbalances in 
aspects of the water cycle [26]. 

2.2.3. Tropical Rainfall Measure Mission (TRMM) 
Tropical Rainfall Measure Mission (TRMM) is a joint project that was established 
and launched 1997 between NASA and the Japanese space agency, JAXA. TRIMM 
provides the research and operational communities’ unique precipitation infor-
mation from space. Use of both active and passive microwave instruments and 
processing, low inclination orbit (35˚) makes TRMM the world’s foremost satel-
lite for the study of precipitation and associated storms and climate processes in 
the tropics. TRMM is designed to measure rain rates from space using a combi-
nation of high-resolution radar, passive microwave radiometer and visible-infra-
red radiometer measurements from a spacecraft in a rapid precession. These 
measurements, averaged over a 500 km grid for a month, are expected to provide 
monthly mean rainfall to an accuracy of 10 - 15 percent [27]. The TRMM provides 
visible, infrared, and microwave observations of tropical and subtropical rain sys-
tems, as well as lightning and cloud and radiation measurements. The satellite 
observations are complemented by ground radar and rain gauge measurements to 
validate satellite rain estimation algorithms [28]. The TRMM rain sensor package 
includes the first space-borne Precipitation Radar (TPR), a TRMM Microwave 
Imager (TMI) and a Visible and Infrared Scanner (VIRS). Rainfall estimates pro-
vided by the TRMM have found applications in climate analysis, data assimilation, 
water resource management, and decision support to agriculture and health issues 
[29]. The precipitation radar on-board the TRMM satellite is the first space borne 
radar to measure precipitation from space. 

2.3. Methodology  
2.3.1. Descriptive Statistical Analysis 
Provided a foundational understanding of the distribution, central tendency and 
variability of aerosol optical properties and associated climate Variables SAT and 
RR. In this study, descriptive statistical analysis was employed to examine both 
temporal and spatial patterns over Kenya 2000-2022. Mean ( x ) was used to iden-
tify central value of AOD, AE, SSA, SAT and RR over monthly and yearly inter-
vals.  

 
1

1
n

i

x
n xi

=

=
∑

  (1.1) 

x  = mean of AOD, SSA, AE, SAT and RR. xi = individual observation, n = 
number of observations. 
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Standard deviation assessed degree of variability of data around the mean high-
lighting regions of high climate fluctuation. 
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Coefficient of variation (CV) was used to compare variability across different 
variables and regions in Kenya. Expressed as a ratio of standard deviation to mean. 

 CV 100%
x
σ

= ×   (1.3) 

Minimum and maximum value was used to identify the range and extremes of 
each variable and capture instances of drought, heavy rainfall and high aerosol 
loading in the region [30]. 

Temporal analysis: Time Average Maps plots and description summaries were 
used to analyze variabilities and long-term shifts in AOD, SSA, SSA, SAT and RR. 
Seasonal mean average mean used to highlight annual fluctuations. 

Spatial Analysis: Spatial averaging and zonal statistics were applied across dif-
ferent Climatic zones in Kenya to capture regional variability. Time Average Maps 
were plotted means and standard deviation were generated to visualize spatial pat-
terns and identify hotspots for extreme aerosol loading. Using the Maps regions 
with consistent aerosol loading and extreme climate variability were identified. 

2.3.2. Linear Regression Analysis 
It was used to identify and quantify temporal trends. Linear regression was applied 
to assess long-term trends in AOD, SSA, and AE, and their association with SAT 
and RR over Kenya (2000-2022), determining the likelihood of each variable to 
increase, decrease, or remain stable at each spatial grid point. 

 0 1t tY tβ β= + +   (1.4) 

tY  value of variable at time t, t time in month/year; 0β  value at the start of 
period. 1β  trend per time. 

1 10 increasing trend 0 decreasing trend error termtβ β> <   

 1 0 No significant trendβ ≈  

Trends significance testing. To assess the statistical significance of the trend, a 
t-test was used on the slope coefficient. The null hypothesis. 

 1: 0 Test at 95%Ho β =  
Confidence level  
 0.05β <  

3. Results and Discussion 
3.1. Trend in Aerosol Optical Depth (AOD) 

The trends in AOD over the study domain are depicted in Figure 2. Generally, an 
increase in AOD trend shown by Positive values while negative values indicate a 
decreasing trend in AOD. To start with, January (Figure 2(a)) between 1 - 2˚N 
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and 36 - 39˚E, the region experienced a strong increasing AOD trends which could 
be attributed to the reduced wet deposition and increased dust emission in the 
region [2] [7]. Eastern Kenya had areas of weak decreasing trends in AOD which 
could be attributed to minimum dust loading and light down pouring [31]. Janu-
ary to March. January AOD trend, Western and Nyanza region experienced an 
increase in AOD > 0.001 year−1, which could be attributed to increased dust load-
ing, the ground in very dry hence too much dust emission [31]. 

Towards the Rift valley, the AOD decreased to <0.001 year−1, Eastern region 
AOD decreased to <−0.001 year−1 recording to almost −0.002 year−1 trend January 
is within the dry months but with negative anomalies this can be attributed to 
decrease in biomass burning, variation in soil moisture and changes in rainfall 
pattern within the region [2]. Coastal and North eastern region recorded an in-
crease in AOD with values > 0.002 year−1 with some areas recording 0.003 year−1 
January the coastal region is very dry, with increased anthropogenic activities 
within the coastal region, including biomass burning, emission of dust, emission 
from industries and motors emission could have contributed to this great increase 
in AOD [2] [31]. 

February (Figure 2(b)) Nyanza region recorded an increasing AOD trend > 
0.001 year−1, with some area especially around the Lake with higher AOD values 
of 0. 002 year−1 this can be attributed to high dust emission, higher evaporation 
rate due to high SAT within the region, dust emission due to very little moisture 
content in the soil [2] [31]. Rift valley and region around the equator, the AOD 
decreases as one moves towards the Eastern region, recording values less than 
−0.001 year−1, the decrease could have been contributed by the fact that one is 
moving from lower altitude to higher altitude, with relatively higher vegetation 
cover hence less dust emission and biomass burning [19]. North eastern region, 
some area showed an increase in AOD especially when one moves toward the ar-
eas bordering Somalia country attributed to influence of dust from arid and semi-
arid regions transported by strong winds especially from Arabian Peninsula [32]. 

March (Figure 2(c)) 2000-2022, The country experienced a greater decrease in 
AOD of <−0.001 year−1 in majority of areas. Northern part of Kenya experienced 
a greater decrease in AOD with majority of region North Rift, North Eastern with 
values < −0.002 year−1, this is attributed to meteorological factors that have a great 
influence on the variability and seasonality of the AOD; wet months there is in-
creased rainfall washout, minimum dust loading factored to moisture content in 
the soil [31]. Region around the Equator recorded a slight increase in AOD 
of >0.002 year−1 which was a positive anomaly attributed to low rainfall patterns 
within the region [2]. 

April (Figure 2(d)) 2000-2021 Majority of the region experienced a negative 
anomaly in AOD with only a smaller area with Eastern Region showing an in-
crease in AOD greater than 0.001 year−1. April is within wet months, increased 
rainfall washout, during April, there is maximum moisture content in the soil, 
hence dust emission is very low, biomass burning is very minimum thus decreas-
ing trend in AOD [31]. 
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Figure 2. Present time average map for combined dark target and deep blue AOD at 0.55 
micron for land and ocean monthly deg. [MODIS-Terra] over 2000-2022. 

 
May (Figure 2(e)) Nyanza and Western Kenya recorded an increase AOD 

trend, North Rift, especially region around Lake Turkana and as one approach 
towards Sudan. Nyanza region especially region around Mbita, its dominance of 
absorbing fine mode aerosols could have led to an increase [7]. Western region 
this could have been attributed by increase in industrial emission with the pres-
ence of paper industry and several sugar industries, factories emission and vehicle 
emission [33]. AOD decreased with a larger value with some areas recording AOD 
less than −0.002 year−1, a large negative anomaly observed wet month hence in-
crease in rainfall downpour resulting to decrease in dust emission [2]. Eastern re-
gion recorded an increasing AOD trend of greater than +0.002 year−1, with some 
area recording values above +0.003 year−1 attributed to influence of dust from Arid 
and semi-arid region. Eastern is semi-arid hence more dust emission to the at-
mosphere [32]. North-eastern experienced a negative anomaly towards Somalia 
boarder. Coastal region showed an increasing AOD trend. Changes in wind pat-
terns transporting aerosol from distance sources to the coastal region [33]. 

June (Figure 2(f)) 2000-2022, Majority of the regions experienced an increase 
in AOD with values greater than +0.002 year−1. Western and Nyanza Region rec-
orded the largest values, almost in all areas within the region, this could have been 
attributed by decline in rainfall hence increasing moisture content in the atmos-
phere, increase in anthropogenic activities coupled with prevailing climatic con-
ditions, thus affecting the values of AOD in the atmosphere [2] [7]. North Rift 
experienced a decreasing trend, and major part of Northeastern and coastal re-
gion. For North Rift this could be attributed to increase in altitude hence less AOD 
[19]. 
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July (Figure 2(g)) 2000-2022, Western, part of Rift valley, Nyanza, Central re-
gion recorded an increase in AOD in some areas within the region. Region around 
the equator recorded an increase in AOD of greater than 0.002 attributed to 
change in rainfall pattern, since July is within dry months with little downpour 
[2]. North eastern, coastal Region and areas around Lake Turkana recorded a de-
crease in AOD of −0.001 year−1 change in wind pattern transporting aerosol from 
the region to distance area towards Sudan [33]. 

August (Figure 2(h)) 2000-2022, The country experienced a decrease in AOD 
in majority of the region with values less than −0.002 year−1 this could be at-
tributed to decrease in Biomass burning and agricultural practices such as land 
clearing which involves burning, also August experiences rainfall hence reducing 
water vapor in the atmosphere [32]. A small region within North Eastern showed 
increasing in AOD of >0.002 year−1, small region in coastal area recorded a posi-
tive anomaly attributed to changes in wind patterns transporting aerosols from 
distance regions to this area [32] [33].  

September (Figure 2(i)) 2000-2022, North rift, region towards Sudan, negative 
AOD of −0.002 year−1 effect of Northern winds is less pronounced in the region 
leading to drop in AOD trends, there is also a factor of change in wind patterns 
hence carrying fine particles to regions away [33]. Central Kenya, and some parts 
of Rift valley recorded an increasing in AOD of 0.001 year−1, Part of Eastern re-
gion, majority of the area recorded an increase in AOD of >0.002 year−1 attributed 
to increasing anthropogenic activities, coupled with the prevailing climate condi-
tions [2]. Coastal region observed an increase in AOD values, >0.001 year−1. North 
Eastern, Part of Rift Valley, Eastern, Nyanza, recorded a decreasing trend, this can 
be attributed to migration of aerosols from regional sources, dominance of natural 
sources such as geothermal activities and low stringent levels [31]. 

October (Figure 2(j)) Central Kenya, Nairobi, parts of Rift Valley, North East-
ern, Parts of Eastern, recorded a decreasing trend in AOD of >−0.001 year−1, Oc-
tober is within the wet months, the ground is very wet hence less fine particle 
emission, at the same time anthropogenic activities would have reduced greatly 
[33]. North rift recorded the highest negative anomaly of less than −0.002 year−1 
attributed to changes in wind patterns carrying fine particles away from the re-
gion. Very small region in Nyanza, Western and Eastern, recorded an increase in 
AOD of >0.001 year−1 decrease in rainfall pour, variation in wind direction carry-
ing water vapour molecules towards the land region around the Lake [19]. 

November (Figure 2(k)) 2000-2022, majority of the region recorded a decreas-
ing trend in AOD with North rift recording the highest negative value −0.002 
year−1 attributed to variation in North winds towards Sudan hence carrying aero-
sols away [33]. Region around the Equator, Nairobi and Coastal region showed a 
slight increase in AOD, a positive anomaly >0.001 year−1, there is a decline in rain-
fall, dust emission has increased, Nairobi being highly populated, more biomass 
burning, industrial area emitting a lot of fine aerosols, motor emission hence an 
increase in AOD [2] [7]. 
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December (Figure 2(l)) 2000-2022 majority of the region recorded an increase 
in AOD of >0.001 year−1, central, Nairobi and some costal part recorded values > 
0.002 year−1. Some Parts of Nyanza, North rift, Eastern and North eastern, rec-
orded a negative anomaly, decreasing trend in AOD. AOD increase in December 
can be attributed to decrease in rainfall, the ground is very dry hence loose dust 
particles, variation in wind direction bringing in more particles from different re-
gions. Increase in biomass burning, land clearing process, more industrial BC 
emission [32]. 

3.2. Trends in Angstrom Exponent (AE) 

The color scale on the right indicates the magnitude of the trends in AE. Blue 
shows decreasing trends, Yellow Near zero trend Stable AE, Red shows increasing 
trends in AE North Rift region around Lake Turkana showed a positive trend up 
to 0.004 in all plots. More pronounced in January (Figure 3(a)), February (Figure 
3(b)), March (Figure 3(c)) and between May (Figure 3(e)) to December (Figure 
4(l)) North eastern Kenya showed an increasing trend in AE. Increase in angstrom 
exponent > 0.002 year−1 marked with red was evidenced in Northern parts of Kenya. 
Showing a positive anomaly in AE. This can be attributed to biomass burning peak-
ing during dry seasons January (Figure 3(a)) to March (Figure 3(c)) and June (Fig-
ure 3(f)) to September (Figure 3(i)), this increase in biomass burning increases 
emission of fine-mode aerosols that elevate the values of AE. In Northern and East-
ern, the positive AE during dry months is associated with increase burning in agri-
cultural sector while clearing farms in preparation for tilling of land [34]. 

 

 

Figure 3. Present time average map trends in angstrom exponent (AE) over Kenya for the 
period 2005-2022. 
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Negative trends are dominant in May (Figure 3(e)), August (Figure 3(h)), Sep-
tember (Figure 3(i)), October (Figure 3(j)) and December (Figure 3(l)) with 
strong decline in AE trends in Western and Central Kenya. This could be at-
tributed to increase in dust loading. During dry and windy conditions, May (Fig-
ure 3(e)) to September (Figure 3(i)), course-mode desert and semi-arid dust is 
transported from arid like Northern Kenya, Turkana and Sahel, this results into 
decrease in AE values [35] Majority of these regions recorded values below 0.00 
year−1. 

Decreasing in angstrom exponent < −0.002 year−1 marked with pale blue and 
blue, indicating negative anomalies. North Eastern Kenya and the Equator region 
consistently show negative anomalies more pronounced in January (Figure 3(a)), 
May (Figure 3(e)), June (Figure 3(f)), October (Figure 3(j)) and December (Fig-
ure 3(l)). This can be attributed to precipitation scavenging, March (Figure 3(c)) 
to May (Figure 3(e)) rainy season and October (Figure 3(j)) and December (Fig-
ure 3(l)), precipitation remove fine-mode aerosols more than course-mode parti-
cles, this leads to a decrease in AE. During rainy season open burning is limited 
hence lowering supply of fine-mode aerosol particle from anthropogenic emission 
[36]. In North eastern, and its neighboring Southern Somalia is semi-arid and arid 
region, this region experiences soil erosion and dust uplift due to sparse vegetation 
cover. During dry months, course particles dominate the aerosol load, resulting 
into decrease in AE within the region. Decline in fine-mode over time results into 
a decrease in AE trends [35]. North Eastern Kenya has minimal forest and agri-
cultural burning hence low supply of fine-mode particles, this has limited the pres-
ence of aerosols that would have increased the AE within the region [34].  

Rainfall starts to decline the month of June (Figure 3(f)). Dry surface condi-
tions start to emerge again. More pronounced in Eastern and North eastern 
Kenya, the Tana River basin dust and semi-arid parts of eastern Kenya they be-
come active as a result of wind caused erosion. These course particles are sus-
pended into the atmosphere leading to a decrease in AE with the region. When 
these particles increase over time and become more frequent, the AE trends be-
come negative [35]. Limited industries in Eastern Kenya hence low pollution den-
sity [37]. 

The coastal region experienced AE close to zero, stable AE. This can be at-
tributed to South-easterly winds; they transport marine aerosols and some course 
sea salt particles from the Indian Ocean inland. The said aerosols contribute to 
lower AE, with continuous supply of both course and fine-mode aerosols, from 
industries and vehicles, they reach a point of dynamic equilibrium thus no varia-
tion in AE, doesn’t increase nor decrease [38]. 

December (Figure 3(l)) to March (Figure 3(c)) there is influence of Northeast 
monsoon winds which blows from Arabian Peninsula across Somalia into North-
ern Kenya, these winds carry mineral dust and marine aerosols, which are courser 
in nature, in turn they load up more course-mode particles in the region while 
making fine-mode particle less, as result the region record a decrease in AE over 
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time. Long-range dust particles transported from Arabian Peninsula and Horn of 
Africa affect Aerosol composition in Northern Kenya [39]. There are evidences of 
the increase land degradation in North eastern Kenya, overgrazing, deforestation 
and conflict-driven migration have enhanced dust sources which in turn have 
contributed to long-term negative AE trends [40]. 

Most of the regions marked Yellow gave Zero anomalies which implies a stable 
AE. This can be attributed to consistent in aerosol sources without changing, mak-
ing AE less likely to change significantly. Very low changes in wind patterns, hu-
midity and precipitation which could have transported aerosols to or from other 
regions. Low anthropogenic activities which include low industrial growth or ur-
banization that could have introduced new aerosols into the atmosphere. Little 
change in rainfall rate or temperature could have affected changes in AE [41]. 
Dominating negative anomalies were evidence near Somalia April (Figure 3(d)) 
and November (Figure 3(k)). There has been decrease in the angstrom exponent 
over time in Central and Eastern Kenya. Increase in angstrom exponents a posi-
tive trend region around the North. 

3.3. Trends in Single Scattering Albedo (SSA) 

For January (Figure 4(a)), February (Figure 4(b)) and March (Figure 4(c)) ex-
hibit a predominantly negative trend in majority of the region < −0.0006 year−1 a 
smaller region in Western and Nyanza region recorded SSA > −0.0006 year−1 but 
<−0.0002 year−1 this shows a decrease in SSA this could be attributed to indicator 
of an increase in absorbing aerosols which may include black carbon (BC) and 
Mineral dust. BC is a strong light absorber. Major sources include incomplete 
combustion of fuel, wildfire and diesel engine. BC absorbs more solar radiation 
hence reducing SSA [42]. Northern part shows a very large negative trend in SSA 
of <−0.0014 year−1. This can be attributed to global circulation and jet stream 
changes, shift in global wind circulation pattern, they transport dust and smoke 
from other regions and contribute to decrease in SSA [43]. North Rift in (Figure 
4c) shows at least a positive trend as one moves towards Sudan Boarder, though 
it’s less than 0.0002 year−1. This can be attributed to changes in prevailing wind 
patterns; North easterly trade winds dominate, transporting aerosols towards the 
Indian Ocean hence a slight increase in SSA within the region [38]. 

April (Figure 4(d)) experienced a mixed up of positive and negative trend. East-
ern and North eastern > −0.0002 year−1, some areas < −0.0002 year−1, other smaller 
area > 0.0002 year−1. Coastal region less than −0.0006 year−1. Rift valley, Central 
Kenya, Nairobi, experienced both positive and negative trend less than −0.0006 
year−1. This can be attributed to increase in anthropogenic fine aerosol sources, 
April involves a lot of activities which include land preparation due to shift in 
climate patterns, Industrial activities, emission of a lot of smoke into the atmos-
phere [37]. Nyanza and Western Kenya experienced an increase in SSA > 0.0002 
year−1 attributed to onset of heavy rain, low biomass burning in open air, with less 
emission of smoke fine-mode aerosols which would have caused a change in SSA 
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[37]. 
May (Figure 4(e)), June (Figure 4(f)), July (Figure 4(j)), and November (Fig-

ure 4(k)), these months experienced an increase in SSA of >−0.0002 year−1 in ma-
jority of the regions. In June, the rainfall begins to reduce, dry surface conditions 
re-emerge, especially in eastern and Northeastern, biomass burning in open air 
increase, smoke transported by wind from other neighboring regions. Dust in 
Tana River basin and semi-arid and arid regions like Turkana and parts of eastern 
and northeastern become more active, this results into decrease in SSA within 
majority of the areas [35]. Negative trend was also dominant especially in Rift 
Valley (Figure 4(e)) and (Figure 4(g)), a smaller region in North Rift showed a 
greater increase in SSA trend > 0.0002 year−1 and also in Eastern Kenya with values 
close to 0.0004 year−1. This can be attributed to Eastern and North Eastern area 
which have little forest cover, these areas are semi-arid and arid thus less biomass 
burning in agricultural and preparation, they also lack more established industries 
that would have contributed to industrial pollution. Urbanization is very low 
hence Black carbon emission in incomplete combustion of fossil fuel and diesel 
burning is limited in these regions due to sparse population [34]. 

 

 

Figure 4. Present time average map for single scattering albedo (SSA) over Kenya for each 
month from January to December during the period 2005-2022. 

 
August (Figure 4(h)), larger part of Eastern showed a decrease in SSA of 

<−0.0010 year−1, this can be attributed to during August part of the dry season in 
these regions experience wildfire and agricultural burning, they lead to emission 
of absorbing aerosols which lower SSA [44]. North Eastern towards Somalia bor-
der, SSA increased with values > −0.0002 year−1, Northern part values are less than 
−0.0006 year−1 northeastern Kenya neighbour arid zones like Horn of Africa and 
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the Sahel, they are major sources of mineral dust. During August wind patterns 
enhances dust transportation [35]. North rift, south rift, Nairobi and Central 
Kenya experienced an increase in SSA of greater than −0.0002 year−1. This can be 
attributed to decline in urban emission, less biomass burning, August, there is 
heavy downpour in these regions hence less BC emission due to incomplete com-
bustion [37]. Western and Nyanza experienced a decrease of less than −0.0010 
year−1. August in western marks the dry season, post-harvest periods often involve 
burning of crop residues, there is a lot of BC emission during this process [45]. 
Vehicle emission, charcoal burning and diesel combustion have increased due to 
growth of Kisumu and Kakamega Towns, they contribute to absorbing aerosols 
into the atmosphere [46]. 

September (Figure 4(i)) Western and Nyanza experienced an increase in SSA 
greater than −0.0006 year−1, with some areas around Lake Victoria with SSA close 
to 0.0002 year−1. September is within the short rain season, there is evidence of 
wet-scattering aerosols. With increase in rainfall, BC are removed and dust 
through wet deposit, hence more scattering aerosols such as sulphate and organic 
matters are left behind in the atmosphere [47]. Sea air masses inflow from Lake 
Victoria which carry cleaner air, reducing concentration of absorbing aerosols 
[48]. The SSA trends start to decrease from North Rift towards South Rift, from 
−0.0002 year−1 to −0.0006 year−1 in some areas in south rift. Coastal region also 
recorded a larger decrease in SSA with values less than −0.0010 year−1 and −0.0014 
year−1 some parts of North Eastern, there was a decrease in trend < −0.0002 year−1 
as one moves towards Somalia border. Eastern and Nairobi, SSA decreased in 
some parts with values < −0.0010 year−1. This can be attributed to biomass burning 
in the Horn of Africa and Northern Kenya, cross boarder emission, Sudan, Soma-
lia, Ethiopia, dust emission transport from Garissa, Marsabit, Wajir which contain 
iron oxides, best absorb radiation hence low SSA [35]. Nairobi experiences strong 
urban and industrial pollution, a lot of soot and Carbon emitted from vehicle, 
generators, industries and biomass use such as charcoal [46]. 

October (Figure 4(j)) Western and Nyanza decrease of <−0.0010 year−1, Rift 
Valley, the North rift experienced decreasing trend of <−0.0006 year−1, with some 
areas towards Uganda border with decreasing trend of <−0.0002 year−1. Central 
Kenya, Nairobi recorded decreasing trend of <−0.0010 year−1. Region around the 
equator negative anomalies of <−0.0002 year−1 and <−0.0010 year−1 in some areas. 
Eastern decreasing of <−0.0010 year−1, North Eastern < −0.0006 year−1 and val-
ues > −0.0002 year−1 as one moves towards Somalia boarder. Coastal negative 
anomalies of <−0.0006 year−1 and <−0.0014 year−1 in some areas. These can be 
attributed to reduced rainfall in these regions, lowering wet deposition of absorb-
ing aerosols, which allow them to persist in the atmosphere hence reduction in 
SSA [49]. October there is very weak precipitation hence poor aerosol scavenging 
in Eastern, North Eastern and Coastal Kenya, a lower SSA [10]. 

November (Figure 4(k)) Western and Nyanza region < −0.0010 year−1, North 
rift towards Sudan < −0.0014 year−1 and <−0.0006 year−1 around lake Turkana. 
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Attributed to increase in dust emission from arid and semi-arid like Turkana, 
parts of Eastern and North Eastern. Rift valley leads in mineral dust which affect 
SSA [35]. South rift < −0.0010 year−1. Nairobi and Central Kenya, majority of areas 
SSA increase to >−0.002 year−1 up to values of 0.0002 year−1 positive anomalies 
attributed to, equator and central highlands are wet during November, rain re-
moves BC and dust from the atmosphere hence increase in scattering [10]. Area 
around the equator increasing trend > −0.0002 year−1 tending to zero anomalies. 
Eastern recorded a decrease of <−0.0002 year−1. North eastern there was an in-
crease with decrease in some parts with <−0.0014 year−1. Coastal region < −0.0010 
year−1 and <−0.0006 year−1 in some area, decreasing trend attributed to long range 
transport of absorbing aerosols from Horn of Africa and Southern Africa due to 
change in the direction of wind [50]. 

December (Figure 4(l)) Western, Nyanza and some parts of Rift valley, Nairobi 
and central and area around the Equator SSA decreased with values less than 
−0.0002 year−1 to −0.0006 year−1. North Rift decreases less than −0.0010 year−1 
around Lake Turkana towards Sudan −0.0006 year−1. Eastern, North parts less 
than −0.0010 year−1. North eastern less than −0.0010 year−1 and −0.0014 year−1 
some parts increase of greater than 0.0002 year−1. Central Region less than −0.0010 
year−1 but greater than −0.0014 year−1. December post-harvest practices are more 
in Western Kenya, Rift valley, and Central Kenya, burning of maize residue, sugar 
residue and general clearing land; releases a lot of smoke into the atmosphere, this 
smoke contain a lot of absorbing aerosols than scattering, as a result the ratio of 
absorbing to scattering is greater than 1 which makes SSA to decrease [51]. There 
is very little or no short rain at all wet deposits of BC which remain into the at-
mosphere [10]. Travel, cooking and industrial activities increase in urban Centers 
such as Nairobi, Nakuru, Mombasa, Eldoret and Kisumu during month of De-
cember, this increased emission of diesel soot, charcoal smoke, which are sources 
of absorbing aerosols [46]. 

3.4. Trends Analysis in Average Time Rainfall Rates (RR) 

Positive values show an increasing trend in rainfall rate while negative values rep-
resent a decreasing trend in rainfall rate. January to December, majority of region 
experienced a decreasing trend in RR with values < −0.01 year−1. January (Figure 
5(a)) The entire country experienced a negative trend with values < −0.01 year−1 
all values trend is below zero indicating a very serious negative anomalies within 
the country. January is within the dry season of the year. A small area within the 
rift valley recorded a slightly higher RR trend greater than −0.01 year−1 though the 
values are also within the negative trends. 

RR starts showing as slight increase from Lake Victoria region, western, and 
some part of South rift February (Figure 5(b)), March (Figure 5(c)), there is a 
slight increase in RR within the country more specific within, rift valley, Nairobi 
and some parts of Western Region, though its slightly below zero. It’s a clear in-
dicator that the rainfall has constantly decreased within the regions. The decline 
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in RR within the country for major seasons March (Figure 5(c)) to May (Figure 
5(e)) long rain season, in most parts of western Kenya, especially central and west-
ern regions, with peak in April (Figure 5(d)), the cool dry season June (Figure 
5(f)) to August (Figure 5(h)) with peak in July (Figure 5(g)). the short rains Oc-
tober (Figure 5(j)) to December (Figure 5(l)) with peak in November (Figure 
5(k)). The hot dry season January (Figure 5(a)) to February (Figure 5(b)) with 
peak in February very hot in lowland areas like Turkana, Garissa and coastal re-
gion recording the highest SAT. This decline can be attributed to climate change, 
the country is experiencing global warming which has disrupted traditional rain-
fall patterns across majority of countries within East Africa. This has led to more 
frequent and prolonged droughts. Warmer SAT increases evaporation rates, re-
ducing soil moisture and suppressing rainfall formation [52]. 

 

 

Figure 5. Present time average map for rainfall rates deg. [TRMM] over 2000-2022. 
 

There have been sea surface temperature anomalies. Variabilities in IOD and 
ENSO have altered rainfall distribution. Negative IOD are characterized by pro-
longed dry season while positive IOD are characterized by floods, which may in-
clude flash floods [53]. La Nina episode shifts moisture away from the region 
hence suppressing rainfall, El Nino and La Nina events have become erratic. El 
Nino increases rainfall patterns have been unpredictable. La Nina events of 2010-
2011 and 2020-2022 have been associated with droughts in the country [10]. 

Kenya is becoming increasingly dry due to climate impacts within the region 
[54]. There are so many cases of changes in land use program and also evidences 
of deforestation. For instance, Mau Forest complex, by evading the forest to create 
room for settlement, the green cover was greatly reduced. This reduced evapo-
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transpiration and disrupted local rainfall generation. Less evapotranspiration 
means less local cloud formation and rainfall. Area around Mau Forest, such as 
Nakuru, Kericho, Bomet and Narok have reported decline rainfall trends [55]. The 
conversion of forests and wetlands into farmland and settlements alters regional 
hydrology. It also disrupts hydrological cycle. Mau Forest played a critical role in 
feeding Major rivers like Mara, Ewaso Ng’iro and Sondu Miriu, they sustained 
wetlands, Lake Nakuru, Lake Victoria and Livelihoods. Majority of these rivers 
are drying up and RR within the region has decreased. Forests act as caron sink 
and climatic regulator. Its destruction has contributed to increased greenhouse 
gas emission affecting regional RR dynamics and exacerbating climate change ef-
fects in Kenya and East Africa at Large [55]. 

Degradation of watersheds and wetlands through unsustainable farming which 
includes monoculture farming, excessive use of chemical fertilizers and pesticides, 
overgrazing, deforestation for agriculture, improper irrigation practices, tillage 
and soil mismanagement, burning agricultural residue among others, charcoal 
burning and wetland encroachment affect water retention and humidity regula-
tion, it further reduces RR [56]. 

There has been increase in aerosol concentration which includes dust, soot, pol-
lutants from both anthropogenic and natural cause in the atmosphere can sup-
press cloud formation and RR by affecting cloud microphysics [57]. Increase ur-
banization and microclimate alterations. Kenya is experiencing rapid urban 
sprawl in Nairobi, Mombasa, Kisumu, Nakuru and Eldoret. With expansion of 
cities and towns, vegetation is being cleared to create room for Roads, buildings 
among many other establishments.  

This practice affects local atmospheric dynamics and reduces moisture recy-
cling. Sealing of surface i.e., concrete and tarmac roads, reduces infiltration and 
local humidity, thus affecting the rainfall within a region [58]. Rapid urban devel-
opment in cities and towns has changed the surface albedo and heat dynamics, 
this has disrupted local convection processes essential for rainfall formation [59]. 

Global circulation and Jet stream have changed. Shifts in global wind circula-
tion patterns, such as the sub-tropical jet stream, delay and weaken rainy seasons 
[43]. Kenya has experienced degradation of water bodies and wetlands. Shrinking 
of lake Nakuru, Lake Victoria has led to reduction in localized convection and 
precipitation [60]. 

3.5. Trends Analysis Time Averaged Surface Air Temperature (SAT) 

January (Figure 6(a)) western Kenya, Nyanza region and North eastern Kenya 
experienced a decrease in SAT of <−0.01 year−1 which was a negative anomaly, 
with regions around the Lake Victoria recording negative trends of <−0.02 year−1. 
This could be attributed to El Nino-Southern Oscillation (ENSO) a climate pat-
tern that causes fluctuation in temperature [61]. North rift experienced an in-
crease in SAT of >0.02 especially as one moves towards lake Turkana, Nairobi, 
Central and parts of South rift also experienced an increase in SAT, this could be 
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attributed to greenhouse gas emission, which may include burning of fossil fuel 
which contribute to accumulation of Carbon (iv) oxide which is a greenhouse gas 
that results into increase in temperature over a particular region [62]. 

 

 

Figure 6. Present time average map for surface air temperature deg. [MODIS-Terra] over 
2000-2022. 

 
Majority of areas within Eastern, Rift Valley, Coastal and Northeastern experi-

enced temperature trends above Zero but less than 0.01 which indicated a positive 
anomaly. This could be attributed to the fact that January is within the dry season 
in Kenya, greenhouse effect is also a factor transport and industrial processes re-
leases Carbon (iv) oxide which accumulate in the atmosphere triggering the tem-
perature, hence fluctuation [63]. Small areas within the North Eastern and rift 
valley experienced a negative anomaly below zero but less than −0.01, indicator of 
a negative anomaly since all values are negatives. This could be attributed to evi-
dence of volcanic eruption and change in Ocean current which might have caused 
a negative change in SAT [61]. 

February (Figure 6(b)), majority of the region experienced temperature trends 
above zero. With values less than 0.001 year−1 North Eastern and North rift espe-
cially around lake Turkana recorded values greater than +0.001 year−1 this can be 
attributed to increase in deforestation, forest play a vital role in climate change 
and with the current change in land usage, clearing forests to create room for set-
tlement, logging, high demand for wood fuel have left a very small area for forest 
coverage. Kenya lost 400 kha of tree cover, about 12% of the 2000 tree cover area 
and 200 Mt of CO2e emission 2001-2024 [64]. 

March (Figure 6(c)) Rift valley, Coastal region, Eastern, North-eastern major-
ity of the area recorded increase in temperature trends above zero. South rift, Nai-
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robi, Central parts of Eastern and around Lake Turkana, recorded trends value 
less than 0.01 year−1, the value is positive above zero. This could be attributed to 
heatwaves frequency and severity in North Eastern counties, Garissa, Mandera 
and Wajir. These regions have higher albedo which makes it more sensitive to 
radiative forcing [65]. Wajir and Garissa are expanding introducing urban heat 
island effect. Nairobi with so many buildings having covered a larger area, con-
crete, asphalt and buildings traps heat more than natural land cover thus causing 
an increase in temperature trends within the region [66] [67]. Lake Victoria expe-
rienced trends of −0.02 year−1. This could be attributed to enhanced evaporation 
from Lake Surface cooling effect due to constant evaporation. Expansion of wet-
lands, reforestation initiative in Lake Victoria basin cloud have increased evapo-
transpiration localizing cooling [68]. 

April (Figure 6(d)), the whole country experienced an increase in SAT of 
greater than +0.01 year−1 with some regions recording values above +0.02 year−1. 
Evidence of high increase in SAT within the country. This can be attributed to 
increase in greenhouse gas emissions. Methane from livestock and rice cultiva-
tion, increase in motor transport within the country, high investment in establish-
ment of industries, there has been high emission of Carbon (iv) oxide which can-
not be reduced due to evidence of reduced green cover as a result of deforestation 
[62] [63]. Around Lake Victoria values decreased from −0.01 year−1 to less than 
−0.02 year−1. This could be attributed to data or measurement factors. There could 
be change in satellite sensor, calibration. Station relocation or data homogeniza-
tion methods also, could be as a result of lake breeze effect, the diurnal lake-land 
breeze system and changing wind patterns [68]. 

May (Figure 6(e)) North Rift towards Sudan around Lake Turkana values > 
+0.01 year−1. Majority of Rift valley, parts of Nyanza, Eastern, Nairobi, Central 
and around the equator experienced increase in SAT. This can be attributed to 
introducing aerosols that warm the nights by increasing downward longwave ra-
diation estimated about 6 - 13 Wm−2. They modify radiation balance and cloud 
formation adding to regional warming [69]. ENSO and Indian Ocean Dipole 
(IOD) significantly influence East Africa climate, positive IOD and El Nino are 
associated with high SAT [70]. ENSO links with dust transport and aerosol varia-
bility indirectly affecting SAT [71]. The coastal region, North eastern and parts of 
eastern recorded a negative anomaly in SAT < −0.01 year−1. This could be at-
tributed to change in wind pattern transporting aerosols from distant sources to 
the Kenya Somalia border, this could have resulted in changes in SAT [33]. Aero-
sols modify radiation balance and cloud formation adding to regional warming 
[69]. 

June (Figure 6(f)) Majority of regions experienced increase in temperature 
close to +0.01 year−1. This could be attributed to shifting in climate zones, hotter, 
drier conditions in Turkana are spreading southwards. This is evidence in in-
creased heat stress in Baringo, Samburu and even parts of Central Kenya [72]-
[74]. Around lake Turkana, temperature increased with larger values greater than 
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+0.01 year−1 with values up to +0.02 year−1 trends. Smaller area within North-east-
ern temperature less than 0.02. Turkana is semi-arid region, hence sensitive to 
small changes in climate, making warming effect more noticeable. It lies in a dry, 
desert-like region with very low vegetation cover, this makes it heat up faster, bare 
soils absorb and retain more heat [74] [75]. 

July (Figure 6(g)) Majority of regions increased in SAT up to +0.01 year−1 
North rift around lake Turkana valued increased above +0.01 year−1. Parts of rift 
valley SAT increase with values above −0.01 year−1. This could be attributed to 
infrastructure projects and human settlement, for instance Gibe III dam in Ethi-
opia affect Lake Turkana in flow. Urbanization around the lake and nearby region 
like Lodwar has created urban heat island. Overgrazing, charcoal burning lead to 
lose of vegetation cover hence reducing natural cooling increasing local tempera-
ture [72]. 

August (Figure 6(h)) Temperature increased from Turkana towards Eastern, 
Nairobi, Central and majority of North Rift greater than 0.01 year−1 and with some 
areas with greater than 0.02 year−1. Majority of the regions experienced SAT in-
crease, a positive anomaly. This could be attributed to shifting climate zones, 
Shifting Northwards. High temperature spreads downwards due to changes in 
wind patterns. Hence increase in temperature in Regions like Samburu, Baringo 
and Laikipia [75]. Increase in anthropogenic heat emission due to increase in ur-
banization, buildings retain a lot of heat that they are unable to release hence, 
increased SAT within Nairobi [68]. 

September (Figure 6(i)) Majority of parts of the Country experienced high rise 
in SAT up to 0.01 year−1. North rift experienced high increase of SAT up to 0.02 
year−1. This can be attributed to more frequent and intense droughts. Climate 
change is exacerbating droughts in Kenya, making them more frequent and se-
vere. There has been a decrease in rainfall and increased evaporation thus reduc-
ing hydropower capacity leading to increase in SAT throughout the country, 
spreading to other regions within [68]. 

October (Figure 6(j)) There was evidence of increase in SAT of majority of the 
region within the country. High temperature trend of >0.01 year−1 with many re-
gions having values > 0.02 year−1. Coastal Region experienced an increase of up to 
+0.01 year−1. All this could be attributed to a shift climate zones, deforestation, 
land use change, logging and demand for firewood [63]. Region around Lake Vic-
toria experienced a decrease in SAT. attributed to enhanced evaporation from 
Lake surface, cooling effect due to constant evaporation [68]. 

November (Figure 6(k)) Very high temperature trends were experienced al-
most in the entire country. Only Coastal and some parts of south rift experienced 
values of 0.01 year−1, which is still positive anomalies. Lake Victoria continued 
recording negative trend. High temperatures within the entire country can be at-
tributed to season, November is within the dry season. Land use practice would 
have changed, less rainfall patterns, dry lands absorbing a lot of heat radiation 
from the sun, high albedo and increased AOD hence retaining heat on earth sur-
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face [33] [32] [31]. 
December (Figure 6(l)) Majority of the region experienced increased values in 

SAT trend, ranging from 0.01 year−1 to 0.02 year−1 a positive trend. This can be at-
tributed to declining rainfall and increased evaporation, higher evaporation in arid 
and semi-arid regions leading to drop of lake level hence contributing to regional 
warming. Lack of enough vegetation cover makes the ground heat up faster, bare 
soil absorbs and retains more heat [72]-[75]. Lake Victoria Maintain a decrease 
throughout the year despite December being within the dry season of the year. 

4. Summary and Conclusions  

1) AOD decreased in most parts of the country, there is decrease in aerosol 
loading, influenced by Biomass burning, changes in wind pattern hence migration 
of dust from one region to another, and changes in rainfall rates hence leaving 
ground very dry with loose dry matters. Northern Kenya and eastern showed high 
AOD values due to the nature of the region, arid and semi-arid, also there was 
effect of Sahara and Dust from the Horn of Africa including Sahel. Western, Cen-
tral and Nairobi experienced moderate AOD with fluctuating trends due to 
changes of rainfall season, variation from long to short rains. Coastal experienced 
lower AOD due to influence of IOD and ENSO inland. This suggests that change 
in biomass burning and wind patterns influence AOD. 

2) Kenya experienced moderate to high AE which was a mixture of fine-mode 
particles and course-mode particles, shift in climate pattern from north to south 
affected the stability of AE which varied from moderate, high and low depending 
on the nature of particles that were available in the atmosphere. When Biomass 
burning fine-mode aerosols were more dominance hence increase in AE. AE val-
ues vary with size of particles present in atmosphere. 

3) SSA decreased with increase in absorbing aerosols which included BC, bio-
mass burning, diesel, fossil fuel incomplete combustion. SSA decreased more dur-
ing dry season due to increase in biomass burning releasing more smoke into the 
atmosphere. Changes in wind direction led to transportation of long-range ab-
sorbing aerosols from distance regions such as Horn of Africa, Sahel, Sahara De-
sert which affect SSA. Wind direction influences SSA. 

4) SSA increases during wet season, there is decline in absorbing aerosol and 
results into increase in scattering aerosols into the atmosphere. Rain washes out 
the fine-mode aerosols from the atmosphere leaving course-mode aerosols which 
have good scattering properties hence leading to an increase in SSA. 

5) Rainfall rate in Kenya 2000-2022 showed high interannual variability with 
almost zero consistent long-term trend, attributed to influence of regional climate 
drivers such as ENSO and IOD. The SAT exhibited a general warming trend, in-
dicating rising regional temperature linked to global climate change.  

6) AOP in Kenya showed a noticeable association with climate variables. High 
aerosol loading corresponded with reduced rainfall and increased temperatures. 
Aerosol influences regional climate. 
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7) The study limitation arose from the course spatial resolution of satellite data, 
which could have localized variations in aerosol and climate behavior across 
Kenya. HMM assumptions i.e., Markov property, stationarity of transition prob-
abilities, and predefined emission distributions and simplifying complex atmos-
pheric processes such as extreme events may limit the model’s ability to fully cap-
ture the dynamics of aerosol-climate associations.  
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