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The presence of clouds in the Earth’s atmosphere plays an important role in regulating the 

Earth’s energy budget. Increased anthropogenic activities and emissions can significantly 

lead to changes in cloud composition and cloud structure affecting the cloud properties 

causing alterations in climatic conditions over Kenya. Given this, the present study 

examined the spatial temporal radiative properties of clouds over Nairobi, Malindi and 

Mbita by paying a special consideration on cloud parameters such as; Cloud Effective 

Radius (CER), Cloud Optical Thickness (COT), Water Vapor (WV), Precipitation Rate (PR) 

and Cloud Albedo (CA). These cloud parameters were retrieved from  MODerate resolution 

Imaging Spectroradiometer (MODIS) sensor, the Modern Era Retrospective analysis for 

Research and Applications, version2 (MERRA-2) model and Tropical Rainfall 

Measurement Mission (TRMM) between January 2005 and December 2020. Data retrieved 

on clouds radiative properties was utilized to estimate the trends and spatial variations and 

assess their statistical significance on climate over the study domain. The Spatial patterns of 
seasonal mean of cloud parameters from the sensors and the model were generally 

characterized with positive and negative trends over Kenya observed during the four seasons 

Spatial trends in the selected cloud properties were determined and observed to vary both 

seasonally and regionally, the study revealed patterns of trends in cloud radiative properties 

and forms a basis for further research on clouds over Kenya. 
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I. INTRODUCTION 

 

Clouds form a very crucial component of the atmosphere 

and play a pivotal role in regulating the Earth’s energy budget [1]. 

Apart from other important modulators of climate, Clouds strongly 

modulate the radiation budget by absorbing and scattering solar and 

thermal radiation [2]. In particular, they play a key role in 

determining the solar radiation reaching the Earth’s surface by 

generally reducing it (by up to nearly 80%) depending mainly on 
the cloud type, its optical thickness and distribution in the sky [3]. 

They also interact with the solar radiation causing direct effect such 

as absorption or scattering [4]. 

The interactions of the clouds and other components in the 

atmosphere cause both predictable and unpredictable weather 

patterns affecting the climate of the study domain. These simple 

processes that takes place in the atmosphere may affect the daily 

weather patterns over any region and any slightest change in these 

properties would perturb cloud radiative forcing and modulate the 

radiative balance of the Earth system [5]. Moreover, temporal 

trends of the changes in intensity, frequency, and duration of 

temperature and precipitation events are indicators of a changing 
climate [6] caused as a result in variations in cloud characteristics. 

Cloud radiative properties can be assessed through determining the 

variations in some major cloud parameters such as the Cloud 
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effective radius (CER), Cloud Optical Thickness (COT), Water 

Vapor (WV), Precipitation Rate (PR) and Cloud Albedo (CA). 

Various recent studies have been done on assessing and 

determining the radiative properties of clouds both regionally and 

globally with the aim of providing knowledge on cloud properties 

over those study regions. These studies have provided the 

necessary knowledge on both methods of data acquisition, 

processing and analysis of the data obtained with an aim of giving 

it a statistical significance. 

A study was done on the radiative cloud properties in USA 
by [7]. This study was aimed at studying parameterization of the 

radiative properties of clouds. Reflection, transmission, and 

absorption of solar radiation by four cloud types (low, middle, high 

and stratus clouds) were computed as functions of the solar zenith 

angle and cloud liquid water/ice content. 

The reflection, transmission and emission of the infra-red 

radiation by cirrus clouds are calculated as functions of the cloud 

ice content. The plane-parallel radiative transfer program 

employed is based on the discrete-ordinate method with 

applications to inhomogeneous absorption in scattering 

atmospheres covering the entire solar and infrared spectra taking 
into consideration the gaseous absorption in scattering atmospheres 

[8]. 

The resulting values of the solar radiative properties of 

clouds were fitted with known mathematical functions involving 

the solar zenith angle and cloud liquid water/ice content as 

variables. The effects of the atmospheric profile were discussed 

and the effects of surface reflectivity on the solar radiative 

properties of clouds were parameterized in terms of the water vapor 

absorptivity below the cloud ground reflection and average cloud 

reflection. 

The parameterized equations for the infrared flux 

reflectivity of cirrus clouds were also presented as functions of the 
cloud ice content. Computations were made for various cloud 

thicknesses, holding the cloud base at a constant height for each 

case. The vertical liquid water content W of which cloud thickness 

is given by W = wΔz, where w is the mean water/ice content and 

Δz the geometrical cloud thickness. 

The ranges of cloud thicknesses used in the radiative 

transfer calculations of this study for Cu, As, St and Ci were 0.15-

2.25, 0.1-1.5, 0.05-0.75 and 0.1-2.9 km respectively. the 

corresponding ranges of vertical liquid water/ice content are 49.5-

742.5, 24.0-360.0, 39.0-585.0 and 5.2-150.4 gm-2 respectively. The 

findings from this study illuminates our understanding on 
parameterization of clouds radiative properties and the effect of the 

variation on climatic variables. 

Further studies were carried out by [9] on assessment of 

optical, microphysical and radiative properties of aerosol over a 

rural site in Kenya. Ground based remote sensing method was used 

in data collection by taking direct measurements of direct sun and 

diffuse sky radiances in 15-30minutes interval between spectral 

ranges of 340-1640nm and 440-1040nm respectively. 

The daily average values were used to derive a long term 

(2007-2015) climatology of each of the variables over the study 

area (MBITA) [9]. The data retrieved showed a strong variation 
with the season of the year [9], this is a clear indicator that the cloud 

properties (cloud being an aerosol) varies from one region to the 

other also affects the amount of heat reaching and leaving the 

surface of the earth.  

Also, [10], carried out a study on parameterization of the 

radiative properties of water clouds suitable for use in climate 

models over Alaska in the United States of America (USA). It was 

found out that cloud optical properties depended mainly on the 

equivalent radius throughout the solar and terrestrial spectrum and 

they were insensitive to the details of the droplet size distribution 

such as shape, skewness, width and modality. 

This implied that measurements of cloud liquid water 

content and the extinction coefficient are sufficient to determine 

cloud optical properties experimentally. The cloud optical 

properties are then parameterized as a function of cloud liquid 

water path and equivalent cloud droplet radius by using a nonlinear 

least – square fitting leading to computations of cloud heating and 

cooling rates. The findings of this study were then used to infer on 
the effect of the cloud properties on the climatic patterns over the 

study domain. 

For [11], carried out a study over Bangladesh in South 

Asia. The study was aimed at investigating Spatiotemporal 

characteristics of aerosol optical depth (AOD), Cloud properties 

and Top of Atmosphere (TOA) Net Cloud Radiative Effect (Net 

CRE) using MODIS, with CERES sensor and a NOAA HYSPLIT 

model over Bangladesh for the period 2001-2016. The study 

investigated the relationship of AOD against cloud parameters and 

Net CRE over the study domain. Linear regression analysis showed 

increasing trends for AOD, CF, WV, COT, CTP and CTT. Such 
studies provide very crucial information on instrumentation and 

dataset for the study of radiative cloud properties over other regions 

of the world. 

A study was carried out on the relationship between 

clouds radiative forcing, cloud fraction and cloud albedo in the 

USA [12]. The study was done for the period 1997-2009 mainly 

putting emphasis on three interconnected topics; quantitative 

relationship between surface shortwave cloud radiative forcing, 

cloud fraction, and cloud albedo, also, surface based approach for 

measuring cloud albedo and multiscale variations and covariations 

were carried out in order to assess the variations in short wave 

cloud radiative forcing, cloud fraction and cloud albedo [13]. 
The study collected hourly datasets on cloud radiative 

forcing, cloud fraction and cloud albedo over the study domain 

during the specified study period to explore the expected multiscale 

variations as per the study objectives. The observations from the 

study were very pivotal for diagnosing and analyzing deficiencies 

of cloud – radiation parameterizations in climate models [12], 

which in turn assisted in learning and understanding the effects of 

those variations on climate change.   

In [14], a study was done on the Cloud -  Aerosol - 

Radiation interaction over South - East Atlantic. This study region 

was selected for study since it had high atmospheric aerosol 
loadings and semi-permanent stratocumulus clouds are co-located 

providing an optimum region for studying the full range of aerosol 

– radiation and aerosol – cloud interactions and their perturbations 

of Earth’s radiation budget. 

One of the main objectives of the study was to improve 

the knowledge and representation of the processes determining 

stratocumulus cloud microphysical and radiative properties and 

their transitions to cumulus regimes. Satellite measurements were 

used in this study in order to obtain the relationships of the 

interactions. The observations of the above study lacked the spatial 

and temporal resolutions, nor the required level of precision to 
come up with deeper assessment of the interactions as per the 

objectives of the study.  

From the above cited earlier researches and studies done 

on radiative properties of clouds, it is evident that Kenya still lags 

behind in terms of data and knowledge on the radiative properties 

of clouds and the effect of those variations in clouds properties on 

the Earth’s radiation budget. This study seeks to address the 

knowledge gap over the study sites by assessing the spatial 
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temporal radiative properties of clouds over.Nairobi, Malindi and 

Mbita study sites for a period of 16 years from 2005-2020. The 

cloud parameters assessed by this study were; CER, COT, WV, PR 

and CA [15], Data from MODIS was retrieved for the entire study 

period and spatial trends and seasonal variations were obtained 

through a system of algorithms to provide a comprehensive 

assessment of the clouds radiative properties. 

II. MATERIALS AND METHODS 

II.1 STUDY AREA 

The study was conducted over Kenya, a region that is 

bounded by Latitudes 5º S - 5º N and Longitudes, 34º E - 42º E. 

Kenya is an East African country bordered by Ethiopia to the 

North, Tanzania to the South, South Sudan to the North-west, 

Uganda to the West and lastly Somalia to the East. The proposed 

study was done over the Republic of Kenya over three main 

environmentally distinct regions. The regions of focus were; 

Nairobi (1º S, 36º E), Mbita (0º S, 34º E) and Malindi (4º S, 40º E). 

 
Figure 1: map of Kenya showing the three study sites in Kenya. 

Source: Authors, (2025). 

Nairobi is 1669 m high above the sea level [16]. The 

Nairobi region represents the urban climate. The main contributors 

to the cloud content and characteristics are anthropogenic as a 

result of industrial-vehicular emissions [17] in the Nairobi area. 

The climate here is warm and temperate, and a significant 

amount of rainfall is received throughout including in the driest 

month of the year. The annual rainfall is 674mm while the average 

temperature is 18.8℃. Nairobi has the highest population about 

4.397 million people according to the Kenya National Bureau of 

Statistics [18]. 

Malindi is a town in Kilifi County on Malindi bay at the 

mouth of Sabaki River lying on the Indian Ocean coast of Kenya. 
It is 120 km north-east of Mombasa with a population of 119,859 

[18] with an elevation of 118m above the sea level. According to 

Koppen-Geiger climate classification of climate, Malindi has a hot 

tropical type of climate with a winter dry season with an average 

temperature of about 26.2℃. Malindi receives much rain during 

summer than winter according to the Kopper – Geiger and an 

annual rainfall of 755mm. Malindi borders the Indian Ocean and 

as a result, it experiences the maritime atmosphere which is its 

largest contributors of the cloud content and properties. 

Mbita region is in Homabay county on the shores of Lake 

Victoria, 1125m above the sea level [9], with a population of 

approximately 14,916 [18]. Mbita in this present study represents 

the Kenyan rural atmosphere. Mbita experiences tropical type of 

climate and receives an average annual rainfall of approximately 

1259.3mm [20] even the driest month still has a lot of rainfall. The 

annual average temperatures for Mbita are about 23.7℃. 
Based on the prevailing meteorological conditions, a year 

was then divided into four seasons. December-January-February 

(DJF), March- April-May (MAM), June-July-August (JJA) and 

lastly, the September-October-November (SON) seasons. The DJF 

and JJA represents the local dry seasons characterized by reduced 

rainfall [21] while the MAM and SON seasons representing the 

local wet seasons characterized by enhanced rainfall [21],[19]. 

II.2 MODIS SATELLITE SENSOR 

MODerate Imaging Spectroradiometer (MODIS) is a 

Polar-orbiting satellite sensor launched into the Earth orbit by 

National Aeronautics and Space Administration (NASA) [22]  

Goddard Space Flight Center on board the Terra (morning orbit) 

on 18th December 1999 and Aqua (afternoon orbit) satellite 

launched on 4th May 2002 [21],[23],[24]. 

With a band of ~2330 km and time-based (Temporal) 

resolution of 1-2 days [25], and acquires data globally over 36 

spectral bands ranging in wavelengths from 0.415 to 14.235µm at 

three spatial resolutions (2 bands at 250 m, 5 bands at 500 m, and 

29 bands at 1 km). MODIS is a 36-band Spectroradiometer that 
provides several cloud properties using the spectral bands from 

visible to thermal infrared [26]. 

MOD08-D3 product is also used, which includes daily 

measurements of optical thickness, cloud top pressure and effective 

particle radius [27] gridded at a latitude and longitude resolution of 

1º × 1º (roughly 100 km×100 km at mid-latitudes). The clouds and 

Earth’s Radiant energy system (CERES) is also a radiometer also 

on board the Terra and Aqua platforms.  

CERES measures the radiation on top of the atmosphere 

in three channels; the first channel is a shortwave channel for the 

solar reflected radiation in 0.3-5 µm, the second channel measures 
the Earth’s surface emitted radiation in the atmospheric window of 

8-12 µm and lastly, the third channel measures the whole spectrum.  

MODIS datasets are very important for collecting various 

statistics on cloud microphysical properties as a result of aerosols 

[28]. For water vapor, the retrieval for the near infrared region is 

used. MODIS uses an infrared band to determine the physical 

properties of clouds in relation to CTT and CTP. Visible and near 

infrared bands are used to determine the optical and microphysical 

cloud properties [29]. 

Daily global level 2 data are provided whereby the cloud 

particle, phase effective cloud, particle radius and cloud optical 

thickness are derived using the near infrared channel radiances. 
Also, the cloud top height, effective emissivity, phases and cloud 

fraction are produced by the infrared retrieval methods day and 

night at 5×5 1-km pixel resolution. In summary, MODIS measures 

the cloud top properties (temperature, pressure and effective 

emissivity), cloud thermodynamic phase and cloud optical and 

microphysical parameters (optical thickness, effective particle 

radius and water path). The MODIS resolution ranges between 0.25 

to 1km [27]. 

The present study utilized the level 3 monthly data on 

cloud parameters retrieved from MODIS Terra at a spatial 
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resolution of 1° × 1° for a period of 16 years (January 2005 to 

December 2020) to study trends and their significance levels over 

Kenya. 

These data products were sourced from 

http://giovanni.gsfc. nasa.gov/giovanni/. The MODIS datasets are 

preferred because they are open to the public and more precise to 

spatial and temporal distribution. The dataset can also enable one 

to find an empirical relationship between the reflectivity and the 

microphysical cloud properties which in turn can derive a 

conclusion of variations of cloud physical properties on climatic 

variables. 

II.3 MERRA-2 Model 

The Modern–Era Retrospective Analysis and Research 

and Application, version 2 (MERRA-2) atmospheric reanalysis 

product was newly released and launched by NASA Global 

Modeling and Assimilation Office (GMAO) to provide data since 

1980 [30]. MERRA-2 replaced the original MERRA dataset [31] 
because of the advances made in the assimilation system that 

enable assimilation of modern hyper spectral radiances and 

microwave observations. 

Also uses NASA’s Ozone profile observations that began 

in the late 2004. 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 layers and spanning the satellite observing era from 1980 

to the present [21]. 

Along with the enhancements in the meteorological 

assimilation, MERRA-2 takes some significant steps towards 

GMAO’s targets of an earth system reanalysis. In the present study, 

MERRA-2 M2TMNXAER v5.12.4 level-3 monthly time-averaged 
data on cloud parameters were retrieved at a spatial resolution of 

0.5° × 0.625° from January 2005 to December 2020. These data 

products were sourced from [32]. 
 

II.4 TROPICAL RAINFALL MEASUREMENT MISSION 

(TRMM) - SATELLITE 

The Tropical Rainfall Measurement Mission (TRMM) is 

a research satellite that has been actively in operation between 1997 

– 2015 mainly designed to improve the understanding of the 

distribution and variability of precipitation within the Tropics as 

part of the water cycle in the current climate system. TRMM 

provides the necessary information needed on rainfall and its 

associated heat release that helps to power the global atmospheric 

circulation which shapes both weather and climate [33]. 

TRMM uses space-borne instruments to increase our 

understanding of the interactions between water vapor, clouds and 

precipitation which are core in regulating the Earth’s climate. The 

satellite has a precipitation Radar that provides information on 

Tropical storm structure and intensification and the TRMM 

Microwave Imager (TMI) that measures microwave energy 

emitted by the Earth and its atmosphere in order to quantify the 

amount of water vapor, cloud water and the rainfall intensity in the 

atmosphere. 

This study has used TRMM in retrieving data on the 

precipitation rate over the study domains for the various seasons 

from January 2005 up to December 2020. The variations in the 

precipitation rate averages are then used to infer on the variation of 

the cloud properties on climate. This is so important since 

precipitation and the hydrological cycle controls the weather and 

climate of any particular region. 

II.5 METHODS 
 

 

This section highlights the suitable methods used during 
the analysis of the data retrieved from MODIS and MERRA-2 in 

order to obtain any significant statistical interpretation of the data 

obtained. 

 

II.6 LINEAR REGRESSION ANALYSIS 

 Determination of the combined effect of cloud physical 

and radiative properties on the climatic parameters such as 

precipitation rate makes use of the linear regression analysis. 

Linear regression provides very crucial information and direction 

on how well a set of variables can predict a particular outcome. It 

focuses on the conditional probability distribution of the response 

given the values of the predictors, rather than on the joint 

probability distribution of all of these variables. 

 The Linear Regression makes use of the following 

derivation; let Y denote the “dependent” variable whose values you 

wish to predict and let X1…Xk   denote the “independent” variable 

from which you wish to predict it, with the value of variable X in 

the period t (or in row t of the dataset) denoted by X1t. Then the 

equation for computing the predicted value of Yt is given by; 

  Yt = b0 + b1X1t + b2X2t +... +bkXk                                 (1) 

Where Y – is a straight-line function of each of the X- 

variable holding others constant, the contributions of different X 

variables to the predictions are additive. 

 
b1, b2 …………... bk  are the slopes of their individual 

straight-line relationships with Y, the coefficients of the variables, 

b0 – the intercept is the prediction that the model would make if the 

X’s were zero. The coefficients and intercept are estimated by least 

squares i.e., setting them equal to the unique values that minimize 

the sum of squared errors within the sample of data to which the 

model is fitted. And the model’s prediction errors are typically 

assumed to be independently and identically normally distributed.  

II.7 TREND ANALYSIS 

The study has determined the spatial and temporal 

variation of clouds radiative properties through assessing the 

variations in cloud parameters using trend analysis to determine the 

variability of the trends in Kenya. Numerous statistical methods 

exist to quantify trends in the time series of a geophysical variable,  

Mann Kendall test has been used by this present study to 

evaluate annual, seasonal and monthly trends of climatic variables 

[34] for the selected regions in Kenya over a 16-year period (2005-

2020). The test has been found to be the most appropriate for 

analysis of climatic changes in climatological time series for 
detection of a climatic discontinuity [35]. 

The method is applied to the long-term data in this study 

to detect statistically significant trends and the method is preferred 

when various stations are tested in a single study [36], and for this 

study, Nairobi, Malindi and Mbita clouds can be studied at the 

same time using this Mann Kendall test. In this test the null 

hypothesis (Ho) is that there has been no trend in precipitation over 

time the alternative hypothesis (H1) is that there has been a trend 

(increasing or decreasing) over time. 

The mathematical equations for calculating Mann-

Kendall statistics S, V(s) and standardized test statistics Z are as 

follows;  
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𝑆 =∑ ∑ sig (Xj –  Xi)

𝑛

𝑗=𝑖+1

𝑛−𝑙

𝑖=𝑙

                                 (2) 

The application of trend test is done to a time series Xi that 

is ranked i=1, 2,………n-1 and Xj, which is ranked from j= i+1, 

2……n [36],[37]. Each of the data products Xi  is taken as the 

reference point which is compared with the rest of the data points 

Xj so that: 

Sgn (Xj − Xi) = {𝐻 𝐻 (𝑥𝑗 − 𝑥𝑖)} = 0                                         (3) 

Sgn (Xj − Xi) = {

+1 𝑖𝑓 (𝑋𝑗 − 𝑋𝑖) ˃ 0

0   𝑖𝑓 (𝑋𝑗 − 𝑋𝑖) = 0

−1 𝑖𝑓 (𝑋𝑗 − 𝑋𝑖) ˂ 0
                                       (4) 

V (s) =  
1

18
⟦𝑛(𝑛− 1)(2𝑛 + 5) −∑𝑡𝑝

𝑞

𝑝=1

                                  (5) 

Equation (3) and (4) yields a standard normal distribution factor Z 

given by;  

Z =

{
 
 

 
 

𝑠 − 1

√𝑉𝐴𝑅(𝑠)
𝑖𝑓 𝑠˃0

0           𝑖𝑓 𝑠 = 0
𝑠 + 1

√𝑉𝐴𝑅(𝑠)
𝑖𝑓 𝑠˂0

                                              (6) 

A positive value of Z i.e. (Sgn (Xj − Xi)) signifies an 

upward trend while a negative value of Z signifies a downward 

trend in the time series observations in chronological order [36]. 

In these equations, 
Xi and Xj = are the time series observations in 

chronological order 

n is the length of time series 

tp is the number of ties for pth value 

q is the number of tied values 
 

Positive Z – values indicate an upward trend in the 

hydrologic time series; 

Negative Z -values indicate a negative trend. If /Z/˃Z1-α/2, 

(H0) is rejected and a statistically significant trend exist in the 

hydrologic time series. 

The critical value of Z1-α/2 for a p value of 0.05 from the 

standardized normal table is 1.96. In the present work, linear 

regression analysis was used to estimate monthly trends in key 
cloud parameters (CA, WV, COT and CER). The method has been 

discussed widely. This test also assists in determining the 

variations of the climatic variables with time for the period between 

the year 2005 and 2020. 
 

III. RESULTS AND DISCUSSIONS 

III.1 TRENDS IN CLOUD EFFECTIVE RADIUS 

 

Cloud effective radius (CER) refers to the weighted mean 

of the size distribution of cloud droplets. A ratio of the third to the 

second moment of droplet size distribution. The trends in Cloud 

effective radius retrieved from MODIS data were observed to vary 

both seasonally and spatially ranging from positive to negative 

trends as obtained during the whole study period. 

 

 

 

Figure 2: spatial map of Kenya showing the variations of the CER 

Source: Authors, (2025). 

Positive seasonal trends in CER are observed in all 

seasons for the Malindi clouds. Positive trends in DJF season over 

Nairobi with negative trends in both JJA and SON seasons over 

Nairobi clouds. And lastly negative trends over Mbita clouds 

except during the JJA season. It is observed that cloud over Malindi 
has the highest average CER in all the four seasons as compared to 

Nairobi and Mbita clouds over the whole study period. 

CER is higher over oceans than over the ground [25]. 

Furthermore, it is noted that the effective radius of the polluted 

cloud will decrease when compared to the pristine cloud [38] and 

for this reason, clouds over Nairobi region have the smallest 

effective radius due to the net industrial emissions of gases and 

other pollutants from the industries, biomass burning and vehicular 

emissions. 

III.2 TRENDS IN CLOUD OPTICAL THICKNESS 

COT is a measure of the attenuation of solar radiation 

passing through the atmosphere; this attenuation is caused by the 

scattering and absorbing of light by the cloud droplets [39]. The 

cloud optical thickness together with effective particle radius are 

the key parameters which determines radiative properties of clouds 

such as reflectance, transmission and absorption of solar radiation 

[40]. 

COT has a number of applications in radiative transfer and 

climate change as well as in computing the Earth’s radiation 
budget. This study made use of the MODIS terra satellite to retrieve 

data on COT over the study sites for the 16 years’ period. Data 

obtained was analyzed through linear regression analysis to 

produce average trends in COT for every season during the study 

period. 
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Figure 3: spatial analysis for COT over Kenya. 

Source: Authors, (2025). 

Using the above displayed spatial maps for the four 
seasons, COT variation over Kenya can still be analyzed by the use 

of the different colors displayed in the maps and the color bar 

shown besides every map, however, this study is only interested in 

studying the radiative clouds properties over Nairobi, Malindi and 

Mbita.  

Clouds in colder, higher latitudes are optically thicker than 

clouds in warmer, lower latitudes. Malindi has maritime conditions 

and aerosols coupled with long range transport of monsoon winds 

[17], while Nairobi experiences heavy vehicular and industrial 

emissions dominance.  

These explains the higher COT and hence higher 
reflectance over Malindi and Nairobi [17]. Clouds in Mbita have 

the lowest COT and hence lowest reflectance as compared to these 

other two study regions due to biomass burning and lower latitude 

in Mbita.  

These findings clearly state how the clouds radiative 

properties vary from on region to the other as a result of the shown 

variations in the clouds optical thickness over the study regions. 

The variations in COT affects directly the radiative properties of 

clouds such as extent of reflectivity of clouds on the incoming solar 

radiation. 

The variations in the cloud reflectance on the incoming 
solar radiations causes significant effect on the prevailing weather 

patterns, higher reflection cools the atmosphere as a result of a 

larger percentage of the solar radiations are reflected back in space, 

this leads to a lower temperature being recorded. Lower cloud 

reflectivity results to heating of the atmosphere leading to higher 

atmospheric temperatures. The variations in temperature   

determines the weather and climate of the study sites. 

III.3 TRENDS IN PRECIPITATION RATE 

Variations in precipitation rate from one region to another 

can clearly demonstrate the difference in cloud properties. The 

precipitation rate depends on several factors such as the prevailing 

winds, presence of mountains and seasonal winds and the aerosol 

concentration in those Clouds [41]. Presence of aerosols affects the 

vertical development of clouds and the precipitation [41]. 

This study used the TRMM to retrieve data on daily 

precipitation rate over Kenya, data obtained was merged into 

monthly and then seasonally using the software MATLAB which 

then applied the knowledge of linear regression and trend analysis 

applications, together with the Illustrator and then GRADS, which 

then assisted in coming up with the trends and the spatial maps 
showing the variations in PR over the entire Kenya for all the 16 

years of study. 

Nairobi and Malindi posted negative trends in PR in all 

the seasons for all the 16 years of study with no significant trend 

during the JJA season over Nairobi. Positive trends over Mbita 

during the DJF, MAM and the SON season, no significant trend in 

PR during the JJA season over Mbita. It is also evident that spatial 

variations occur in PR when trend analysis was done over the three 

study sites in every season.  

High precipitation rate is experienced near the equator 

[42] that is why Mbita receives the highest precipitation rate 
(0.005mm/day) in almost all the seasons of the year except for JJA 

season of above 0 when compared with the two other study regions. 

Heavy precipitation is normally experienced near the equator and 

decreases with increase in the latitude [43]. This clearly indicates 

the higher moisture content in the Mbita clouds than over Nairobi 

and Malindi. 

Low precipitation rate is experienced over Malindi.  This 

is attributed to the presence of dry monsoon winds which drive 

away the moisture reducing the moisture content in clouds over 

Malindi and causing Atmosphere - ocean mechanisms of rainfall 

anomalies at the coastal regions [44].  

High precipitation rate over Mbita clearly indicates higher 
moisture supply/content over Mbita clouds. Emission of aerosols 

into the atmosphere from vehicles, industries, burning of fuels and 

all other anthropogenic emissions in Nairobi affects the cloud 

characteristics, cloud lifetime and vertical cloud development and 

hence the low precipitation rate [41]. 

The variations in the rate of precipitation depicts its 

dependency on clouds physical and radiative properties which 

explains the correlation ship between clouds properties and climate 

change. Figure 3.3 shows the spatial maps of Kenya representing 

the trends in the precipitation rates over the study sites.  
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Figure 4: spatial distribution maps for PR over kenya 

Source: Authors, (2025). 

III.4 TRENDS IN WATER VAPOR 

Water vapor is the absolute amount of water dissolved in 

air. It is measured in millimeters (mm). Water vapor in the 

atmosphere is a parameter of great importance in climate models 

because it plays a role as a greenhouse gas [45]. In fact, studies 

show that only an increase of water vapor in the atmosphere by 

only 20 percent would cause a larger impact than doubling of 

carbon (iv) oxide concentration [46]. The study made use of the 

MODIS data during the study period to investigate the variation of 

the cloud water vapor content and the net effect of the WV on the 

prevailing climatic conditions. 
This cloud parameter is also important in the study of 

clouds and climate since the amount of water vapor in the 

atmosphere normally affects the formation of secondary aerosols 

such as nitrates and sulfates which in response affects the cloud 

characteristics and the climate [47]. Values of the cloud water 

vapor content were obtained from the models and satellites 

described in the chapter three of this study, monthly averages for 

all the study period were merged into seasons so that the average 

values and spatial variation maps are drawn for the study domains. 

Positive trends in water vapor across all the seasons apart 

from the DJF season over Nairobi where negative trends were 
observed. Malindi and Mbita experiences almost similar trends 

most of the seasons as a result of both being closer to the large 

water bodies that is the Indian ocean and the Lake Victoria 

respectively. The amount of water vapor contained in the clouds 

and the hydrological cycle cannot be separated this is due to the 

fact that the hydrological cycle transports the water vapor present 

in the clouds [48], this indicates the high dependence of climate on 

the clouds and the hydrological cycle. MODIS – Terra retrieval 

separately reveals the outcomes for WV in the clouds over Nairobi, 

Malindi and Mbita. Clouds over Mbita has the highest average 

water vapor content in the atmosphere (between 0 and 0.015) as 
compared Malindi and Nairobi clouds with the least averages for 

all the four seasons of the study duration.  It is also observed that 

Malindi and Mbita produced the highest averages of the amount of 

water vapor during the DJF season. 

The difference in the amount of WV content is attributed 

to the variations in the temperature of these study regions. This is 

because the temperature of the surrounding atmosphere limits the 

maximum amount of water vapor the atmosphere can contain [49] 

(https://www.acs.org/climate science). WV accounts for about 

60% of the Earth’s greenhouse warming effect and the amount of 

water vapor is controlled by the temperature of that particular 

region [49]. 
The two study regions Mbita and Malindi experiences 

relatively higher amounts of temperature that causes the higher rate 

of both surface water evaporation and the evaporation of the waters 

from both Lake Victoria and the Indian ocean respectively, this 

higher rate of water evaporations leads to higher WV content in the 

clouds over those two regions as compared to the clouds over 

Nairobi. Figure 5 shows the spatial map showing the variation in 

water vapor content in clouds over the three study regions for the 

period 2005-2020. 
 

 
Figure 5: showing the spatial variation map for water vapor 

content. 

Source: Authors, (2025). 

Looking at the spatial distribution maps, the values of water 

vapor content varies periodically and seasonally throughout the 

study period which in turn indicates the changes in the atmospheric 

content and hence change in climate.  

There is a possibility that adding more WV to the atmosphere 

could produce a negative feedback effect [50]. This could happen 

if more WV leads to formation of clouds. 

Water vapor equably lies at the heart of all key terrestrial 

atmospheric processes [50], presence of water vapor in the 

atmosphere is essential for development of disturbed weather 

influences both directly and indirectly through formation of clouds, 

affecting the planetary radiative balance and influences surface 

fluxes [50]. Clouds reflect sunlight and reduce the amount of 

energy that reaches the Earth’s surface to warm it. If the amount of 

solar warming decreases, then the temperature of that particular 

region also decreases. In that case, the effect of adding more water 

vapor would be cooling rather than warming. These indicates the 

high dependency of both regional and global climates on the cloud 

characteristics. 

Since the amount of water vapor in the atmosphere acts as the 

greenhouse gases, variations in its content great influences the 

climate of any regions just like other greenhouse gases which 

causes global warming, higher precipitation rates, melting of ice, 

increase in sea, ocean and lake water levels as a result of melting 

of ice and high precipitation levels. All these effects result into 

adverse weather patterns. 
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Water vapor content in the clouds becomes one of the major 

parameters that can indicate and also be used to assess clouds 

physical characteristics and hence its study and findings can 

enable scholars to clearly explain the concepts of climate change 

since water vapor has a strong positive feedback on climate 

changes driven by other influences [50].    

III.5 CLOUD ALBEDO 

Cloud albedo is a measure of the albedo or reflectivity of 

cloud. Higher albedo implies higher cloud cover and lower 

absorption of solar energy. This parameter strongly influences the 

Earth’s energy budget [51]. 

Cloud albedo depends on several factors which includes the 

total mass of water, size and shape of the cloud droplets and the 

distribution of the particles in space [52]. The major causes of the 

variation in cloud albedo are the liquid water path, aerosol indirect 

effect and the Zenith angle [53]. Seasonal values of Cloud Albedo 

were retrieved from MERRA-2 model for the years 2005 -2020 

the spatial maps showing the variations in trends were done in 

order to assess the significance of the trends using trend analysis.  

Negative trends in MAM and JJA seasons for all the study 

sites, negative trends in CA over Nairobi and Malindi during the 

SON season with positive trends over Mbita during the same 

season. And lastly, positive trends in spatial variations during the 

DJF season over the three study sites. These variations in CA are 

key in assessing the general characteristics of clouds and their 

effect on climatic variables. It is evident that variations in the 

cloud albedo has an effect on the regional climate, when  Cloud 

Albedo increases, reduction in the absorbed solar radiation takes 

place leading to cooling of the atmosphere [54], it is also taken 

into account that variations in air pollutions leads to variations in 

cloud condensation nuclei, creating a feedback loop that 

influences the atmospheric temperature, relative humidity and 

cloud formation [55]  depending on cloud and regional 

characteristics eg; aerosols reduces the  precipitation efficiency 

resulting in positive feedback loop in which decreased  

precipitation efficiency increase aerosol atmospheric longevity. 

High cloud albedo represents thick clouds such as 

stratocumulus, reflect a large amount of incoming solar radiation 

[56][57], low solar radiation represents cooling of the atmosphere. 

Low cloud albedo represents thin clouds such as cirrus clouds, 

transmit more solar radiation, heating up the atmosphere causing 

warming of the atmosphere. The variations in cloud Albedo over 

Kenya can be represented in spatial maps. See Figure 6: 
 

 
Figure 6: showing the spatial variation map for Cloud Albedo. 

Source: Authors, (2025). 
 

IV. CONCLUSIONS 

 

Using the data sets retrieved from MODIS sensor, MERRA-

2 model and the TRMM, the present study revealed an in depth 

understanding of trends in CER, COT, WV, PR and CA as well as 

the spatial distribution in the above parameters over Kenya for the 
period 2005-2020. The spatial variations in cloud parameters from 

MODIS- sensor, the MERRA-2 model and the TRMM were used 

to infer on the general radiative properties of clouds over the three 

study sites and their effect on the climate. 

The study domains were dominated by positive trends in 

most of the cloud parameters, with a significance of 90% in most 

of the seasons. The variation in trends in clouds radiative 

properties is attributed to biomass burning, vehicular and 

industrial emissions that contributes to foreign materials into the 

atmosphere over the study domain. 

The study domain was dominated by negative trends in 
CER, CA and COT except for CER over Malindi in all seasons 

and Nairobi during the DJF and MAM seasons. Seasonally, 

positive trends in Water vapor (WV) were observed in all the 

season over the study domain due to changes in climatic condition 

and anthropogenic activities such as biomass burning and both 

vehicular and industrial emissions which increases the cloud 

lifetime and aerosols acting as the condensation nuclei in the 

atmosphere increasing the cloud formation and hence increasing 

the amount of water in the atmosphere. 

The study domain significantly exhibited decreasing and 

increasing trends in all the cloud parameters over the study period 

clearly indicating variations in clouds physical properties caused 
as a result of different clouds contributors and modulators of cloud 

characteristics.The knowledge on spatial trends and spatial 

distribution maps is very important. Both seasonal and regional 

variations in clouds parameters would mean variations in climatic 

variables which then form a basis of understanding the concepts 

of climatic variations and climate change. This important 

information and data is lacking over Kenya hence opening a link 

and a need for further investigation and research on clouds 

radiative properties.  
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