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Aerosols are microscopic liquid or solid particles that enter the atmosphere
through natural and man-made processes. Time series trends and correlations
of aerosol optical depth and cloud parameters over Addis Ababa have become
the subject of scientific research because of the importance of clouds in
controlling climate. In this study, we have examined the temporal variations (time
series analysis) in aerosol particles over Addis Ababa and the impact of these
variations on various optical properties of clouds using Moderate Resolution
Imaging Spectroradiometer (MODIS) data from January 2003 to December
2018. The maximum aerosol optical depth (AOD) was found during the summer
period, with minimum values in winter. During summer, the air temperature
is high, which leads to abundant atmospheric water vapor, facilitating the
hygroscopic growth of aerosols. We then analyzed the relationships between
AOD and other cloud parameters, namely, water vapor (WV), cloud fraction (CF),
cloud top temperature (CTT), and cloud top pressure (CTP), to provide a better
understanding of aerosol—cloud interactions. The correlation between AOD and
CF and WV was positive for Addis Ababa, while there was a negative correlation
with CTT and CTP.

KEYWORDS

moderate resolution imaging spectroradiometer, aerosol optical depth, cloud fraction,
cloud top pressure, cloud top temperature and water vapor

1 Introduction

Our atmosphere is a dynamic system that sustains life on Earth by absorbing shortwave
radiation and releasing longwave radiation. It is composed of gases, aerosol particles, and
collections of liquid and solid water droplets that form clouds. Atmospheric aerosols are
tiny particles, both solid and liquid, that float in the atmosphere (Grythe, 2017; Kafle
and Coulter, 2013). Aerosols, which vary spatio-temporally with geographic location,
seasons, atmospheric conditions, and local sources, play a crucial role in Earth’s climate
and radiation budget. Monitoring the temporal pattern of aerosols, either by ground-
based remote sensing or satellite, has significant practical applications, such as traffic
control, managing energy budgets, mitigating climate change, and assessing air quality
(Alhaj Mohamad, 2015; Balarabe et al., 2015). Aerosol optical depth (AOD), one of the
fundamental optical metrics among aerosol properties, can be used to determine the local
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air pollution level to some extent. The AOD value of a very clear
atmosphere is 0.01, whereas that of a very hazy environment is
0.4 (Endale et al., 2024). Additionally, aerosol is extensively used
as a subtle but important indication of atmospheric radiation
equilibrium and climate change (Wang et al., 2020).

Aerosols have an impact on air quality. The dynamics of aerosols
in the atmosphere are intimately linked to local meteorological
conditions and the sources of their emissions. Because of their
brief lifetime and a variety of dynamic processes, such as transport,
deposition, convection, and others, aerosol levels fluctuate across
time and space. The amount of scientific evidence showing that
atmospheric aerosol particles have a significant influence on Earth’s
radiative energy budget and thermodynamics is increasing. Aerosol
particles have three main effects on the atmosphere: semi-directly
through the absorbed radiation energy by aerosol particles, which
can raise the temperature of the surrounding air and cause cloud
droplets and ice particles to evaporate; indirectly through affecting
the microphysical properties of clouds; and directly through
changing the properties of the radiation energy budget through
scattering and absorbing solar radiation (Kafle and Coulter, 2013;
Myhre et al., 2013). Because clouds play a major role in regulating
the climate, scientists are now studying the correlation between
aerosols and clouds (Alam et al., 2010; Mahowald and Kiehl,
2003). Variations in aerosols can affect clouds’ optical characteristics
both spatially and temporally. Alam et al. (2014) and numerous
other studies have investigated aerosol-cloud interactions in the
southern and eastern regions of Asia to gain insights into the
spatial and temporal variations of aerosols and clouds (Alam et al.,
2010; Alam et al., 2014; Kang et al., 2015; Kumar et al., 2009;
Tang et al.,, 2014; Yi et al., 2012).

Ethiopia, with its high population, faces climate change-
induced droughts due to reduced forest cover and increased
aerosol concentrations. The country’s industrial activities and
construction contribute to these issues. As a developing country,
it is crucial to address air quality and climate change impacts
as the Earths atmosphere primarily consists of gases and
particles (Etyemezian et al., 2005). Aerosol particles are studied
even less than elementary particles and quarks since they cannot
be watched through optical microscopes due to their particle size
(approximately 100 nm), which is much smaller than the wavelength
of visible light. The concentration of aerosol particles varies strongly
with time and location.

Ethiopia’s vibrant capital, Addis Ababa, is especially vulnerable
to the effects of climate change due to several environmental issues.
Despite being a hive of cultural and economic activity, the city is
becoming more susceptible to extreme weather conditions such as
heat waves, flash floods, and droughts (Cochrane and Costolanski,
2013). These catastrophes are made worse by the city’s unusual
location in a valley encircled by mountains, which traps pollution
and raises the chance of extreme weather. Dust storms are a
common occurrence in Addis Ababa, especially during the dry
season, which makes matters more complicated. These storms cause
a significant increase in air pollution, resulting in elevated levels
of carbon monoxide, sulfates, and nitrates, along with the city’s
rapidly developing industrial sector and urbanization. The absence
of a strong network for monitoring air pollution from the ground
poses a major obstacle in determining the exact amount of these
emissions. Fortunately, long-term data on AOD are available because
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of the deployment of multi-spectral satellite sensors, particularly the
Moderate Resolution Imaging Spectroradiometer (MODIS), which
provides important insights into the shifting trends in air quality
over Addis Ababa.

In the context of our country, Ethiopia, and its cities, the effects
of aerosols on cloud parameters, cloud and aerosol correlation,
and temporal variation of aerosols and cloud parameters over an
extended period of time have not been extensively reported. A few
studies, such as those by Homa et al. (2017), have used data from the
Stratospheric Aerosols and Gas Experiment II (SAGE II) satellite to
study the stratospheric aerosol climatology over Ethiopia. Getachew
(2009) considered the solar irradiance wavelength dependence of
AOD using sun photometer data. Eshet and Raju (2022) studied
the spatial variation of AOD in selected sectors of Ethiopia.
To the authors’ knowledge, there are no studies in the rapidly
growing industrial and popular city, Addis Ababa, that consider
the long-term temporal trends and correlations of aerosols with
cloud parameters. For this reason, our first goal is to examine
the temporal monthly, seasonal, and annual temporal changes of
MODIS AOD across Ethiopia. The second goal is to investigate the
effects of aerosols (AOD) on cloud microphysics by examining the
correlations between AOD and different cloud parameters using
time series plots and specific correlation coefficient analysis.

2 Materials and methods

Ethiopia’s capital, Addis Ababa (geographic latitude: 9.0351° N
and longitude: 38.7663° E), is shown in Figure 1, is a dynamic and
rapidly growing city in the center of the East African highlands.
It is the biggest city in Ethiopia and one of the biggest in Africa,
and it is home to more than 5 million people. A significant hub of
the African Union’s economy and culture, Addis Ababa is also the
location of the organizations headquarters. At 2,355 m above sea
level, Addis Ababa has a relatively cool and temperate climate. The
city has two distinct rainy seasons: a shorter period from March to
May and a longer one from June to September. The average annual
temperature of Addis Ababa is 16.2°C, with average highs of 21.4°C
and average lows of 11.1°C. The aerosol environment of Addis Ababa
is dynamic and diverse, impacted by land use, climate, geography,
and regional transportation, among other variables. Aerosols can
significantly affect precipitation and cloud formation; Addis Ababa
is actively conducting research in this area.

We utilized AOD and cloud parameter data from the MODIS
Terra and Aqua satellites for the years 2003-2018, available at
the link https://giovanni.gsfc.nasa.gov/giovanni/. The utilized AOD
data from the Terra satellite and cloud parameters from the Aqua
satellite leveraged the distinct overpass times and the strengths of
each satellite’s instrument suite. Terra provides morning data, known
for its robust AOD retrievals, while Aqua captures afternoon data,
offering an improved representation of cloud parameters during
this period. By combining these datasets, we enhance temporal
coverage and improve the overall accuracy of our analysis, a method
aligned with practices observed in previous studies (Alam et al.,
2014). For specific analytical needs, cloud top temperature (CTT)
data from Aqua and water vapor (WV) data from Terra were
utilized in the study. Aqua’s CTT data, relevant for understanding
afternoon cloud characteristics, were selected to capture cloud top
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FIGURE 1
Geographical location of the study area.

temperatures during this time. Terra’s WV data, known for its quality
and consistency in morning observations, were chosen to assess
water vapor in the lower atmosphere. Although these datasets are
derived from different times of the day, their combination provides
a comprehensive view of atmospheric conditions. The variability
introduced by this approach is acknowledged, yet it allows for a
broader analysis of atmospheric dynamics and their impacts. Since
the AOD at 550 nm is near the solar spectrum, the tip of which
is related to significant radiative effects, we focused on it for our
investigation over land (Alam et al., 2010). The AOD is calculated
at 550 nm from Mie theory using mass concentrations, extinction
efficiency, and particle mass density. AOD at 550 nm wavelength is
used in this study.

With regard to the Earth Observing System (EOS) satellites,
MODIS is a reasonably good instrument that offers helpful data
on particles, clouds, moisture, and the ground surface. The Terra
and Aqua satellites, which are sun-synchronous and in polar orbit,
are home to its sensors. Measurements of the infrared to visible
light spectrum are carried out by both satellites. The 36 bands of
multispectral data from the MODIS sensor on board the Terra and
Aqua earth observation system satellites cover the visible, near-
infrared, and far-infrared portions of the spectrum. It covers the
entire world and has multi-spatial resolution sensors at 1,000, 500,
and 250 m with a temporal resolution of 1-2 days. NASA’s Terra
and Aqua satellites (launched in December 1999 and May 2002,
respectively) are equipped with the MODIS sensor, which has 36
spectral channels that provide data on atmospheric, terrestrial, and
oceanic conditions. They are helpful for gathering extensive data
on the effects of aerosols on clouds. In-depth analyses of their
temporal dynamics; local, regional, and global distributions; and
computations involving radiative forcing will, likewise, find great
use in them.

Observations are provided by MODIS at moderate temporal
(1-2 days) (250-1 km)
several electromagnetic spectrum regions. Additionally, several

and spatial resolutions throughout
aerosol metrics are obtained from MODIS daytime data at a

geographical resolution of 10 km. There has been a description
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of retrievals for cloud parameter investigations by Alam et al.
(2010) and Platnick et al. (2003). The techniques/algorithm
for calibrating AOD data from the MODIS satellite is also
described by Remer et al. (2006).

2.1 Establishment of correlation

In probability theory and statistics, correlation (often measured
as a correlation coefficient) indicates the strength and direction of a
linear relationship between two random variables. Several different
coeflicients are used for different situations, with the best known
being the Pearson correlation coeflicient. This coeflicient is obtained
by dividing the covariance of the two variables by the product
of their standard deviations. A correlation coefficient is a number
that quantifies a type of correlation and dependence, representing
statistical relationships between two or more values in fundamental

statistics. The correlation coeflicient is denoted as “r” and ranges
from -1 to +1. It can be mathematically expressed as Equation 1,

as follows.

iu,»—x)(y,-—;)

1
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1

(x >Z 0177
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—

Here, x;, X,, ... X, are cloud parameter data. X is the average of
all cloud parameter data. y;, y5,... y, are AOD at 550-nm data. y is
the average of all AOD at 550-nm data, and n is the total number
of datasets. A value of 1 shows that a linear equation describes the
relationship perfectly and positively, with all data points lying on the
same line and y increasing with x. A score of —1 shows that all data
points lie on a single line, but y increases as x decreases. A value of 0
is not alinear correlation, showing that there is no linear relationship
between the variables.

To find out the correlation between AOD at 550 nm and other
cloud parameters such as CF, CTP, CTT, and WV, the common
location and the common period of data are first identified. The
monthly average data for the 16-year period from January 2003 to
December 2018 are considered to identify the relationship.

2.2 Linear regression

Linear regression is a statistical approach that attempts to model
the relationship between two variables by fitting a linear equation
to observed data. Here, one variable is considered a dependent
variable, and one or more explanatory variables are considered
the independent variable. The case of one explanatory variable is
known as simple linear regression. After performing the analyses,
the regression statistics can be used to predict the dependent variable
based on the known independent variable. The regression equation
is expressed as Equation 2 as follows.

Y=a+bX. (2)

Here, X is the explanatory (independent) variable, and Y is the
dependent variable (response or outcome). The variable ‘b’ is the
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slope of the line and has been obtained from the linear regression
equation, which is the mean temporal aerosol optical depth and
cloud parameters over 16 years as a function of altitude and months
of the year, and a is the intercept.

3 Results and discussion

This section contains the analyzed data and their interpretation
and discussions in detail, which are related to the study in this work.
The present study analyzes the effect of aerosols on cloud parameters
over Addis Ababa using MODIS satellite datasets for the 16-year
period from January 2003 to December 2018. The statistical analyses
of aerosol optical depth and cloud parameters have been studied.

3.1 Time series analysis

Long-term time series analysis can provide trends, i.e., monthly
(seasonally) and annual information. In this study, a time series is
a collection of observations taken at specified times but at equal
intervals. The cyclical trend of the time series was used in studying
the temporal variations of cloud fraction (CF), cloud top pressure
(CTP), cloud top temperature (CTT), water vapor (WV), and
AOD at 550 nm over Addis Ababa for a 16-year period (January
2003-December 2018).

3.2 Seasonal variations of AOD

The seasonal variations of monthly mean AOD values at a
wavelength of 550 nm over Addis Ababa have been plotted from
January 2003 to December 2018, as shown in Figure 2A. High
mean AOD values (0.33) were observed during the summer
season. A similar increase in AOD during the summer season
has previously been reported by different authors (Alam et al,
2014; Balakrishnaiah et al., 2012). The winter season shows much
lower aerosol loading (0.13). Aerosol loading in the Addis Ababa
region is low after the summer rainfall washes out most of the
aerosol concentration. Generally, in summer, air temperatures are
high, leading to the air holding abundant atmospheric water vapor
that facilitates the hygroscopic growth of aerosols (Li et al., 2019;
Luoma et al., 2019; Mahowald and Kiehl, 2003). Similar results
were also reported by authors regarding an increase in aerosol
concentration that changes from season to season (Pan et al., 2010).
The rapid increase in AOD in the summer season may cause adverse
effects on agricultural crops and human health. Increased aerosol
loading may also likely affect rainfall.

3.3 Annual variations in aerosol optical
depth

Figure 2B shows the annual variations in AOD over Addis Ababa
for the 16-year period from January 2003 to December 2018. The
analysis identifies the highest AOD value, or peak, within each
year of the study. The maximum peak was observed in July 2011
(0.52), while the minimum was recorded in December 2003 (0.09).
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The mean annual cycle of AOD was calculated to understand its
monthly changes.

A linear regression analysis applied to the time series data
(represented by the red line in the figure) reveals a positive slope,
indicating an increasing trend in AOD during the study period.
The regression equation, Y = 0.015X+0.18336, suggests that the
AOD has been increasing annually by a factor of 0.015. The slope
of the regression line, which has a p-value of 0.02, confirms that
this upward trend is statistically significant. This upward trend in
AOD indicates an increased tendency of the atmosphere to absorb
light over the years. The highest AOD values were recorded during
the summer months (June, July, and August), while the lowest
values were observed in the winter months (December, January, and
February). These results align with previous studies (Kulmala et al.,
1999), which attributed the higher AOD in summer to increased
humidity, leading to the growth of aerosol particles and stronger
vertical convection during this season.

3.4 Temporal patterns of the cloud fraction

As indicated in Figure 2C, there is an increasing trend in
the cloud fraction over the 16-year period from January 2003 to
December 2018 in Addis Ababa. Each peak represents the maximum
CF value observed within each year of the study. The highest
peak was observed around July 2013 (0.77), while the lowest peak
occurred in December 2016 (0.04).

Clouds significantly impact the climate, and changes in
the climate system, in turn, affect cloud formation. This
interrelationship creates a complex system of climate feedback.
Clouds modulate the amount of solar radiation reaching the
Earth’s surface and influence the water balance. They reflect some
incoming solar radiation away from the Earth and absorb some of
the outgoing radiation reflected from the surface. An increase in
cloud cover generally correlates with a decrease in solar radiation
reaching the Earth’s surface, partly due to the direct effect of
aerosols. Aerosols cool the surface by reducing the amount of solar
radiation, which decreases evaporation, moisture movement, and,
consequently, cloud cover. The red trend line in the figure shows
an increase in cloud fraction over time, described by the equation
Y = 0.020X+0.390. This indicates that the cloud fraction has been
increasing by a factor of 0.020 from 1 year to the next. The slope
of this regression line has a p-value of 0.03, indicating that the
increasing trend in cloud fraction is statistically significant. This
provides strong evidence that the observed increase in cloud fraction
over the period is unlikely due to random chance. A possible change
in the amount of aerosols and cloud characteristics could have
contributed to this trend. The CF exhibits its highest values in the
summer months (June, July, and August) and its lowest values in the
winter months (December, January, and February).

3.5 Temporal patterns of the cloud top
pressure
Figure 2D shows the CTP over Addis Ababa for the 16-year

period from January 2003 to December 2018. The analysis identifies
the peak CTP value within each year of the study. The maximum
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Time series analysis of (A) seasonal AOD, (B) annual AOD, (C) CF, and (D) CTP for the 16-year period (January 2003—-December 2018) over Addis Ababa.

peak was observed in December 2011 (725.70 hPa), while the
minimum was recorded in April 2017 (437.96 hPa).

The red line in Figure 2D represents a linear regression analysis
with the equation Y = - 0.03406X + 590.68692, indicating a
decreasing trend in CTP over the study period. The slope of this
regression line has a p-value of 0.005, confirming that the decreasing
trend is statistically significant. This suggests that the average cloud
top pressure has been decreasing annually, implying an increase in
cloud top height. The CTP values are highest in winter (December,
January, and February) and lowest in spring (March, April, and
May). Since atmospheric pressure decreases with increasing altitude,
lower CTP values correspond to higher cloud tops, which are capable
of producing significant rainfall.

3.6 Temporal patterns of the cloud top
temperature

Figure 3A shows the CTT over Addis Ababa for the 16-year
period from January 2003 to December 2018. The maximum
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CTT peak was observed in December 2015 (284.79K), while the
minimum was recorded in April 2017 (259.05K).

The analysis shows that the average CTT has been decreasing,
as indicated by the regression equation Y = —0.00101X+273.02885,
having slope and p-value of 0.065. This suggests a slight decrease in
CTT over time. However, the associated p-value of 0.065 indicates
that this trend is not statistically significant. The higher p-value
suggests that the observed trend may be influenced by external
factors, such as changes in atmospheric conditions, land use, or other
environmental variables, rather than a true underlying trend.

The CTT has the highest value in winter (December, January,
and February) and the lowest value in spring (March, April, and
May). It is the atmospheric temperature at the level of the cloud top.
Accurate information on cloud top temperature is needed in order
to properly retrieve many atmospheric and surface properties. It also
plays an important role in the net earth radiation budget studies.
The changes in CTTs and variability could give further insight into
aerosol indirect effects. The brightness temperature is used as a
representative of CTT. In general, colder CTT corresponds to higher

frontiersin.org


https://doi.org/10.3389/feart.2024.1452075
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Yirga et al.

10.3389/feart.2024.1452075

MODIS-Aqua CTT

2
=
»n

MODIS-Terra WV

3
=
=
T

o
)
n

gL [l JH\J J\J‘ L) @\A M’L’\.\ ]

265

Cloud Top Temperature(k)
=
=
==

[
=3
2

™ Y=-0,00101X+273,02885 e CTT T

—— Linear Fit

>
o
N

Y=5.4683X+1.68834

Water Vapor(em)

— W
~— Linear Fit

i T L\ \J J T J A J ) ) \J ) \J J
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Months of Year

(@)

FIGURE 3

S e S ——
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Months of Year

(b)

Time series analysis of (A) CTT and (B) WV for the 16-year period (January 2003—December 2018) over Addis Ababa.

rainfall rates for convective clouds. Low temperature indicates high
cloud tops with greater thickness and a larger probability of rain.
CTT peaks for heavy rain along with —5°C to 0°C (Barrett and
Martin, 1981).

3.7 Temporal patterns of the water vapor

Figure 3B shows the WV values for the 16-year period from
January 2003 to December 2018 over Addis Ababa. The maximum
WV peak was observed in September 2017 (2.15), while the
minimum was recorded in February 2008 (1.19).

The gradient line in Figure 3B, represented by the equation
Y = 5.4683X + 1.68834, indicates an increasing trend in WV
over the study period. The p-value associated with the slope
is 0.0095, confirming that this trend is statistically significant.
WV content in the atmosphere is highly variable due to factors
such as temperature changes, atmospheric circulation, and other
micro-physical processes. The atmospheric capacity for holding
water vapor doubles with every ten-degree Celsius increase in
temperature (Kaufman et al., 2005).

4 Correlation between AOD and cloud
parameters

Aerosols introduce a complicating factor due to their
hygroscopic nature. In this analysis, AOD is used as a proxy for
aerosol concentration to explore its relationship with various cloud
parameters. We conducted correlation studies on a monthly basis
across different years from January 2003 to December 2018. This
section presents the correlation between MODIS-derived AOD
and cloud parameters, including CE, CTP, CTT, and WV for
the Addis Ababa region. The following subsections provide time
series plots to illustrate temporal variations in AOD and cloud
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parameters and detailed discussions of the relationships between
AOD and each cloud parameter, supported by statistical correlation
analysis. Several studies have successfully used time series plots
to illustrate temporal variations in AOD, cloud parameters, and
their correlation. For example, Alam et al. (2010) utilized time
series plots to effectively display the temporal patterns and trends
in AOD, cloud parameters, and their correlation. These plots
allowed the researchers to observe seasonal and annual changes,
providing insights into long-term trends and temporal dynamics.
Similarly, Alam et al. (2014) employed time series plots to present
the temporal variations of AOD and cloud parameters. The authors
demonstrated how these plots could reveal significant temporal
trends and correlations, supporting their analysis of atmospheric
conditions over time.

In this study, we chose to use time series plots in Figure 4 to align
with these established practices in the literature. Time series plots
allow for the visualization of trends, annual cycles, and anomalies,
which are crucial for understanding the temporal behavior of AOD,
cloud parameters, and their correlation.

4.1 Correlation between AOD and cloud
fraction

Figure 4A illustrates the temporal correlation between AOD and
CF for Addis Ababa. On the left side of the Y-axis, AOD values
are displayed, while the right side shows CF values. The figure
indicates that CF generally increases with increasing AOD, with
both parameters exhibiting similar trends over time. Specifically,
CF increased with AOD from May to June and then decreased
to its lowest value in December over the entire study period. The
correlation coefficient between AOD and CF was 0.678, with a
corresponding p-value of 0.005, indicating that this correlation is
statistically significant. This relationship may be partly explained
by relative humidity (RH), as Myhre et al. (2007) found that
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FIGURE 4
Correlation of aerosol optical depth and (A) cloud fraction, (B) cloud top
period (January 2003— December 2018) over Addis Ababa.
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higher RH near clouds can increase AOD due to greater water
uptake by aerosols. Kaufman et al. (2005) also observed that cloud
cover increases with increasing aerosol concentrations, potentially
due to changes in large-scale atmospheric circulation. Regions
of low atmospheric pressure, such as those influenced by the
intertropical convergence zone (ITCZ), tend to accumulate aerosols
and moisture, creating favorable conditions for cloud formation
(Chou et al., 2002; Kaufman et al., 2005). Given that the Ethiopian
sector lies within the ITCZ, this convergence of moisture and
aerosols likely contributes to the observed correlation between
AOD and CE

4.2 Correlation between AOD and CTP
The correlation between AOD and CTP for the Addis Ababa

region over the period from 2003 to 2018 is shown in Figure 4B.
A negative correlation between CTP and AOD has been noticed
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over the entire period. Correlation coeflicients for AOD and CTP
were —0.582 (p = 0.018). This statistically significant result suggests
a meaningful inverse relationship between AOD and CTP during
the study period. Several studies (Kaufman et al., 2005; Myhre et al.,
2007) have reported that CTP decreased as AOD increased due to
the suppression of precipitation by increasing cloud lifetime and,
thus, affecting the cloud albedo and changing the cloud top pressure.
Myhre et al. (2007) reported that cloud top pressure also decreases
with AOD because the cloud’s effective radius increases with a
decreasing cloud top pressure of convective clouds. This is supported
by the cloud fraction increase with AOD and cloud top pressure
decrease with cloud fraction (Balakrishnaiah et al., 2012).

4.3 Correlation between AOD and CTT

To understand the relationship between atmospheric and
surface properties, CTT is an important factor, as it also plays
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a significant role in studies of the Earth’s radiation budget. The
temporal correlation between AOD and CTT for the Addis Ababa
region from 2003 to 2018, as shown in Figure 4C, indicates that
CTT increased as AOD decreased throughout the study period.
This relationship is characterized by a negative correlation, with a
correlation coefficient of —0.314 (p = 0.24). Despite this negative
correlation, the cloud top temperature was found to be relatively
insensitive to changes in aerosol number. This suggests that while
aerosols affect cloud properties such as particle size near the
cloud top, optical thickness, and cloud fraction, they do not
significantly alter the cloud top temperature or induce substantial
longwave radiative forcing. Moreover, increasing anthropogenic
aerosol loading can influence cloud top temperature and humidity
profiles through the induced secondary circulation, thus affecting
the cloud top temperature, as suggested by Sekiguchi et al. (2003).

4.4 Correlation between AOD and WV

Aerosols can influence the Earths atmosphere through
interactions with water vapor (Myhre et al, 2007). Figure 4D
shows the time series plot for AOD and WV in the Addis
Ababa region from 2003 to 2018. The correlation coefficient
between AOD and WYV is 0.427 (p = 0.10), indicating a positive
relationship between the two variables over the study period. This
result aligns with findings from other studies (Alam et al., 2010;
Alam et al., 2014; Ranjan et al., 2007).

Increased water vapor during summer corresponds with higher
AQD, suggesting that aerosols may experience hygroscopic growth.
This observation is consistent with Ranjan et al. (2007). During
winter, lower aerosol concentrations lead to reduced WV. The
water-absorbing ability of aerosols varies by type; for instance, dust
particles can become hygroscopic if coated with soluble inorganic
aerosols (Myhre et al., 2007). The hygroscopic nature of aerosols is
influenced by factors such as humidity, wind speed, wind direction,
and temperature (Aloysius et al., 2009). Aerosol water uptake
affects particle size, chemical composition, and optical properties,
impacting cloud formation through condensation processes.

5 Conclusion

The present investigation has revealed the temporal trends and
temporal correlation between AOD and different cloud parameters
derived from MODIS data on board the Aqua and Terra satellites
for the period from January 2003 to December 2018 over Addis
Ababa. The time series analysis of AOD clearly shows an increasing
trend from January 2003 to December 2018 over Addis Ababa.
This increment in aerosol loading might be due to major influential
sources such as rapid urbanization, resulting in an increase in
automobile transportation, industrial emissions, a large number
of construction activities, and the increase in the amount of
aerosols produced from biomass burning. The dense population,
geography affected by terrain and local sources, climate, and
economy are also closely related to aerosol climatology. The AOD
exhibits seasonal variation, with lower values in the winter months
(January/February) and higher values during the summer season
(June/July). The reason for high values of AOD in summer is
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higher air temperatures, which tend to hold abundant atmospheric
water vapor, facilitating the hygroscopic growth of aerosols. The
correlation between AOD and CF was found to be high and positive
for Addis Ababa, Ethiopia, due to convergence zones (ITCZ) that
accumulate aerosols and water vapor, thus generating conditions
favorable for cloud formation. In contrast, a negative correlation
was observed between AOD and CTP and CTT. AOD increased
as CTT decreased throughout the period of study. The correlation
between AOD and WYV is positive (correlation coefficient = 0.427).
We observed that WV is also higher during the summer, matching
the increase in AOD and indicating the possibility of hygroscopic
growth of aerosols. Changes in water uptake of aerosols can,
therefore, lead to changes in both direct and indirect radiative forces
on the climate.
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