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General Abstract

Aerosols are tiny mixtures of liquid-solid particulate matter suspended in the atmosphere
that play significant roles in human health and climate dynamics, directly, indirectly, and
semi-directly. There have been large spatiotemporal variations in the optical properties
of aerosols, clouds, precipitation, and radiation due to environmental and meteorological
conditions, industrial and agricultural influences, and other human and natural influences
in each ecological functional area.
This study was conducted on the spatiotemporal variability of aerosols in sixteen selected
stations clustered into four regions over East Africa-Ethiopia using satellite-based data
that have not yet been studied for periods 2001–2022. This PhD thesis work reports the
spatiotemporal variability of aerosol particles and their optical interactions with the cloud
parameters and radiation budget over East Africa, with particular interest in Ethiopia.
The study covers sixteen selected stations in East Africa-Ethiopia with neighbouring
doughters Eritrea, Djibouti, and South Sudan countries clustered into four regions for the
periods of 2001–2022 to obtain detailed information on the spatiotemporal behaviours of
aerosol particles and their effects on clouds and radiation budget. The aerosol optical
parameters, Ångström exponent AET calculated from the aerosol optical depth AOD,
cloud top pressure CTP, cloud top temperature CTT, mean cloud fraction MCF, and
atmospheric water vapor AWV were extracted from the Moderate Resolution Imaging
Spectroradiometer MODIS satellite data. We collected precipitation PPT data from the
Tropical Rainfall Measuring Mission TRMM, and outgoing long-wave radiation OLR flux
is collected using clouds and the Earth’s Radiant Energy System CERES satellites.
According to the results, there is a significant variation in the daily AOD and AET, with
maximum values most likely occurring between August 11 and September 15 for Aqua
and between June 22 and July 24 for both Terra and Aqua in the southeast and northeast
clusters. The results range from 0.00 to 2.10 and 0.67 to 1.23. The OLR, CTP, and
CTT parameters are out of phase with AOD and increase-decrease swings with AET,

xvii



AWV, CFM, and PPT. The majority of the parameters are focused on the southwest’s
western region of the research area. The maximum values from the northeast cluster in
2010 for AOD, AWV, and CFM; in 2009 for PPT; in 2011 and 2022 for CTP and CTT
for both instruments; and in 2022 for all AOD, AWV, and CFM have their minimum at
the southeast cluster in 2022.
Appropriate AOD and AET thresholds were used to classify the aerosol types into marine
MR, dust DS, biomass burning BB, desert dust DD, urban UR, and the residual cases were
considered mixture MX types. The marine aerosol particles show the most abundance
at 47.71%, followed by urban aerosol particles at 28.29%, while desert dusts, enriched
at 14.65%, accounted for the third place with free of dust particles. The Mann-Kendall
statistical trend test was applied to the annual time series in all clustered regions, which
reveals an almost positive increase in variability accompanied by a slight decrease in the
forward series, and vice-versa. The parameters OLR and AWV had the lowest optimum
significant PCs at the Humera and Dahlak sites, whereas the highest PCs were retained
based on AET at the Awassa site and AWV at the Dangote site. Differences in the
retained PCs indicate that distinct atmospheric dynamics are responsible for the behavior
of the climate during different seasons of the year as well as the spatial coherence arising
from intraseasonal and interannual variability. Furthermore, fire map analysis and the
HYSPLIT model demonstrate that transported aerosols in East-African climate exhibit
a variety of source regions, primarily the Arebian desert and southwest Indian Ocean.
The majority of the southwest study area regions show a western orientation for the spatial
correlations. The clustered regions exhibit radiative forcing minimum at the southwest
cluster for all FSurf and at the southeast cluster for FTOA in 2012. Their peaks for FSurf

and FTOA from both instruments occur at the northwest cluster in 2022. As a result,
the maximum are -0.58 and 63.80 Wm−2 for Terra and -1.37 and 58.83 Wm−2 for Aqua,
and the minimum values are -23.83 and 8.37 Wm−2 for Terra and -22.95 and 7.68 Wm−2

for Aqua. In comparison with the northern clusters, the values for the parameters were
greater in the southern clusters, more precisely in the southwest clusters. In the regression
analysis, the AET was the most dominant variable with 0.02733<β1<15.17547, whereas
the CFM was less influential. The study area regions exhibited optimal performance values
throughout all seasons, with 0.93941<R<0.99958. While their maximums are from Terra
in Kiremt at Bahir Dar and in Tseday at Agnuak, the minimum values recorded in Bega
at Kombolcha are from Aqua for both the dominant β1 and performance R.
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Chapter 1

INTRODUCTION

Our planet Earth consists of the atmosphere, hydrosphere, cryosphere, land surface and

biosphere, a complex system interacting with physical, chemical and biological processes

that acts like a natural laboratory (Council et al., 2001; Kerényi et al., 2020). For this

PhD research work, satellite-based remote sensing techniques were employed over East

Africa-Ethiopia to explore the spatiotemporal variability of aerosol particles and their

interactions with the radiation budget. The PhD thesis dissertation introduction aims to

provide background to the study, statement of the problem, study objectives and outlines.

1.1 Background of the Study

The term “aerosol” in Amharic “binagn” comes from the two Greek words, namely “aero”

to mean an air and “sol”, which is to mean a solution. In atmospheric physics, the terms

“aerosol” and “aerosol particle” are often used interchangeably with each other. In this

terminology, atmospheric aerosols are all particles in the atmosphere larger than the most

common air molecules and smaller than the cloud droplets. Atmospheric aerosol particles

differed in their sources, sizes, shapes and compositions, with lifetimes depending on their

origin and subsequent atmospheric processing (Grythe, 2017; Kafle and Coulter, 2013).

The aerosol particles consist of the solid-liquid particulate materials that are suspended

in the air. They are present everywhere in the atmosphere and are seen as dust and smoke
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haze that originate from both natural and human sources. Dust and sea salt are the most

common natural sources worldwide. At the local-regional levels, the industrialized and

highly populated regions are dominated by aerosol particles of anthropogenic origin, such

as from different fired combustion sources and intense biomass burning (Joksić et al., 2009;

Arfin et al., 2023; Querol et al., 2006). Primarily, atmospheric aerosol particles could be

emitted from the Earth to atmosphere through natural and anthropogenic sources, which

include biomass burning, the incomplete combustion of fossil fuels, volcanic eruptions,

wind-driven or traffic-related suspension of the road, soil, mineral dust, sea salt, sand and

biological materials. The chemical reactions through the atmosphere are also secondary

sources for the aerosol particles (Chi et al., 2019; Behera, 2016; Gaffney et al., 2006a).

The aerosol particles have effects on human health and the atmosphere. They affect the

atmosphere by altering the properties of the radiation energy budget directly through

scattering and absorbing solar radiation, indirectly through affecting the cloud properties

and semi-directly in such a way that the absorbed radiation energy by aerosol particles

would increase the temperature of the surrounding air, then resulting in the evaporation of

cloud droplets (Kaufman et al., 2000a; Li et al., 2021a). Those effects on the atmosphere

are characterized using the Ångström exponent AE, which determines the size distribution

of the aerosol particles and the aerosol optical depth AOD, which deals with their loading

concentrations. The concentrations and distributions of atmospheric aerosol particles

are highly variable in space and time. The spatio-temporal variability of the aerosol

optical depth AOD and its size distribution AE are influenced by many environmental

factors, such as meteorological condition changes, atmospheric pollution and topographic

changes. Therefore, observing the atmospheric trace gases and suspended aerosol particles

has become the global issue for which the observation findings are used for environmental

policymakers as evidence (Kokhanovsky, 2008; Loeb et al., 2018).

The spatio-temporal distribution of aerosol particles in the free troposphere is important

for estimating their impact on climate. To be able to correctly interpret and understand
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the climate change, there is a need to understand and quantify the impact of aerosol

particles on cloud parameters and the radiation budget (Rahman, 2023). This can only

be effectively done through focusing on their relationship and the response to large-scale

weather systems. Those of the cloud parameters focused on include: the amount of water

dissolved in the air, which is called atmospheric water vapor AWV; the fraction of the

atmosphere occupied by clouds, which is known as the mean cloud fraction CFM; the

location of the radiating top of the clouds, called cloud top pressure CTP; and the cloud

top temperature CTT, which is the atmospheric temperature observed at the top of a

cloud (Lee et al., 2007; Anderson et al., 2003; Myhre et al., 2007b). To understand their

emissions and long-range transport patterns of the aerosol particles, the ground-based

in situ remote sensing techniques with the space-borne observations are more essential.

Instruments such as sunphotometers and surface Micro-Pulse Lidar MPL measurements

can directly observe the vertical distribution of aerosol particles in the free troposphere

(Liou, 2002; Jian-Ping et al., 2008). The atmospheric monitoring from the satellites is the

key method in the local-regional-global monitoring of the air pollutions with temporally

continuous datasets (Kaufman et al., 1990; Tian et al., 2023; Park et al., 2023). The

Fire-Map and the Hybrid Single-Particle Lagrangian Integrated Trajectory HYSPLIT

Models were used to compute the trajectory of aerosol particles dispersion and disposition

simulations (Ngaina, 2015; Draxler and Rolph, 2003).

Ethiopia is a neighbor to marine countries like Eritrea and Djibouti, which can be exposed

to oceanic dusts. And also, Ethiopia is undergoing a boom of infrastructural development,

like an increase in urbanization, which comes with a boom of development like building

and road constructions, expansion of industries, traffic density etc, which contributes to

air pollution by different ways (Lenhardt and Oppenheimer, 2014; Apollo and Mbah, 2021;

Marchand et al., 2017). Due to those facts and activities, solid materials, loading into the

atmosphere, mostly the dusts and minerals. The accumulation of these particulate matters

affects the country’s solar energy budget, health, visibility, etc. This needs scientific
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observation to quantify their optical parameters. Hence, it is the right time to give the

right attention to air quality and climate change impacts, as they are the nightmare issues

nowadays. In the previous studies, there were very few studies on atmospheric aerosol

particles over East Africa-Ethiopia. These includes Milkessa G. et al. (Homa et al., 2017),

who studied stratospheric aerosol climatology from the SAGE II satellite over Ethiopia.

In this study, the researchers focused more on stratospheric aerosol particles. However,

most of the aerosol particles are found in the troposphere (Raes et al., 2000; Froyd et al.,

2009). Anteneh G. (Getachew, 2009) had also studied aerosol microphysical and optical

parameters derived from the sun photometer over Addis Ababa city only. But none of

them had reported on the spatio-temporal variability of aerosols and their interactions

with cloud parameters and radiation budget.

Therefore, to fill those gaps from the previous research works, this PhD dissertation study

will focus on (I) the spatio-temporal variability of aerosol particles and (II) the interactions

of the aerosol particles with cloud parameters, precipitation, and radiation budget over the

eastern part of Africa-Ethiopia. The aerosol optical properties and the cloude parameters

daily-monthly data were taken from satellite measurements using Moderate Resolution

Imaging Spectroradiometer MODIS Terra and Aqua instruments. We extracted monthly

precipitation PPT from the Tropical Rainfall Measuring Mission TRMM 3B43 data and

calculated the out-going long-wave radiation flux OLR parameters using the Clouds and

the Earth’s Radiant Energy System CERES Terra and Aqua satellites.

1.2 Statements of the Problem

Over the past century, there has been a significant increase in both the natural as well

as human-caused activities, which has led to a concentration of various trace gases and

aerosol particles of anthropogenic origin in the atmosphere. This has been polluting

the atmosphere and altered the Earth’s climate (Taylor, 2008; Manisalidis et al., 2020;
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Breitner-Busch et al., 2023). Now a days, the environmental change-variation with the

space-time has become one of the most important local-regional-global issues in facing the

society to observe the atmospheric composition and its process (Burrows et al., 2011; Chu

and Karr, 2017). This is increasingly recognized as a critical challenge for the ecological

health, human well-being and future development. Changing the chemical compositions

and its process of the atmosphere have become the focus of heated scientific, political and

social debates around the world.

Therefore, an understanding of the atmospheric compositions and their processes is needed

to make correct decisions for future improvements (Ebner et al., 1999; Sitch et al., 2008).

The understanding of the various aspects of climate change with space-time is based on

new scientific evidence and research. In doing so, the scientists apply the principles of

remote sensing techniques to collect atmospheric parameters from space-born and the

in situ ground-based measurements in worldwide (Levelt et al., 2014; Bai et al., 2020;

Balsamo et al., 2019). These kinds of studies are rare throughout East Africa, especially

in Ethiopia. Our PhD dissertation study was inspired by the researchers’ keen interest

in monitoring space-time variations in the atmospheric aerosol particle composition and

process over East Africa-Ethiopia.

1.3 The Research Questions

In this PhD work, the authors addressed the following main research questions:

1. What sizes of aerosol particles were observed over the East Africa-Ethiopia EAE?

2. Which types of aerosol particles are more prevalent in East Africa-Ethiopia EAE?

3. Which are the main sources of aerosol particle transportation to the EAE sectors?

4. Do the aerosol particles have an impact on the radiation budget over EAE sectors?
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In our PhD dissertation, we developed and designed the following objectives in order to

address the aforementioned questions:

1.4 Objectives of the Study

General Objective: the main objective of this PhD dissertation is to determine the

spatiotemporal variability of aerosol particles and their effects on clouds and radiation

budget over East Africa-Ethiopia using MODIS, TRMM, and CERES satellite data.

Specific Objectives: the specific objectives of the study are:

+ To Classify Atmospheric Aerosol Particles and Their Temporal Distribution Over

East Africa-Ethiopia Using MODIS Satellite Data,

+ To Study Long-Term Trend Analysis and Spatial Distribution of Aerosol Particles

Over East Africa-Ethiopia Using MODIS Satellite Data,

+ To Study Effects of Aerosol Particles on Precipitation and Cloud Parameters Over

East Africa-Ethiopia Using MODIS Satellite Data,

+ To Investigate Correlation of Aerosol Particles with Clouds and Radiation Budget

Over East Africa-Ethiopia Using MODIS Satellite Data.

1.5 Significance of the Study

Accurate quantification of the amounts of trace gases and particulate matters emitted from

vegetation fires and other sources of biomass burning on a regional and global basis is

required by a number of users, including scientists studying a wide range of atmospheric

processes, national governments who are required to report greenhouse gas emissions,

and those interested in quantifying the sources of the air pollution that affect human
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health at regional scales. The contribution of this research is the provision of correlative

measurements of atmospheric aerosol particles, which are useful for validating in-situ case

measurements, unique scientific investigations, and climate models. Additionally, these

measurements can be utilized by Ethiopian meteorology agencies.

1.6 Outlines of the Thesis

This PhD thesis work reports the spatiotemporal variability of aerosol particles and their

optical interactions with the cloud parameters and radiation budget over East Africa,

with particular interest in Ethiopia. The study covers sixteen selected stations in East

Africa-Ethiopia with neighbouring doughters Eritrea, Djibouti, and South Sudan countries

clustered into four regions for the periods of 2001–2022 to obtain detailed information on

the spatiotemporal behaviours of aerosol particles and their effects on clouds and radiation

budget. One of the major types of aerosol particles that contribute to the climate effect

of aerosol particles in East Africa-Ethiopia is biomass burning and a larger percentage of

this comes from India ocean neighboring countries like Egypt, Kenya and Arabian deserts

(Negash, 2010). The research begins by describing the major atmospheric compositions,

followed by the instruments used in this research work. Then the data and methods are

clearly explained before the results and discussion parts are presented.

The thesis work focused largely on the sources, sinks, classifications, types, effects, and

interactions of aerosol particles using satellite-based remote sensing instruments. The

satellite-based instruments we have used for this study include the Moderate Resolution

Imaging Spectroradiometer MODIS, Tropical Rainfall Measuring Mission TRMM, and

Clouds and the Earth‘s Radiant Energy System CERES. The daily and monthly products

of both the MODIS-CERES Terra and the Aqua, as well as the 250 x 250 TRMM 3B43,

were employed in this study. In addition, other web-based software models like Fire-Maps

and HYSPLIT trajectories are also employed.
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In chapter 4, we studied classification of aerosol particles and their temporal distributions

using MODIS satellite data over East Africa–Ethiopia. This chapter can be cited as:

Alemu, A. A. and Raju, J. P.: Classification of Aerosol Particles and Their Temporal

Distribution Over East Africa–Ethiopia Using MODIS Satellite Data: Part 01, Journal

of Quantitative Spectroscopy & Radiative Transfer JQSRT, Elsevier, 325, 109085, 2024.

In chapter 5, the optical parameters AOD and AE were extracted and calculated from

MOD04_3K and MYD04_3K in order to gain detailed knowledge of the long-term trends

of aerosol particles and their spatial distribution behaviors both seasonally and annually

in East Africa–Ethiopia with its neighbors Eritrea, Djibouti, and South Sudan regions for

the period 2001–2022. This chapter is to be cited as:

Alemu, A. A. and Raju, J. P.: Long–Term Trend Analysis and Spatial Distribution of

Aerosol Particles Over East Africa–Ethiopia Using MODIS Satellite Data: Part 02, Jour-

nal of Atmospheric & Solar-Terrestrial Physics JASTP, Elsevier, X, XXX–XXX, 2024.

Chapter 6 reports the effects of atmospheric aerosol particles on the cloud parameters,

precipitation, and radiation budget over East Africa-Ethiopia using MODIS, TRMM and

CERES satellite data. The Chapter is to be cited as:

Alemu, A. A. and Raju, J. P.: Effects of Aerosol Particles on Precipitation and Cloud

Parameters Over East Africa-Ethiopia Using MODIS Satellite Data: Part 01, Ethiopian

Journal of Science and Technology EJST, African Journals Online, 17(1), 029–056, 2024.

In Chapter 7, we observed the correlation of aerosol particles with clouds and the radiation

budget over East Africa-Ethiopia using the MODIS, TRMM and CERES satellite data.

The chapter is to be cited as:

Alemu, A. A. and Raju, J. P.: Correlation of Aerosol Particles with Clouds and Radiation

Budget Over East Africa-Ethiopia Using MODIS Satellite Data: Part 02, Journal of

Quantitative Spectroscopy & Radiative Transfer JQSRT, Elsevier, X, XXX–XXX, 2024.

Chapter 8 summarizes the dissertation research works, concludes the results presented

with some insights into further work recommendations.
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Chapter 2

ATMOSPHERIC COMPOSITION

The atmosphere stems from two Greek root words, namely the “atmos” which means

“steam or vapor” and the “spharia” which means “sphere or globe”. It is layers of gasses

and suspended liquid-solids extending from the Earth’s surface up many thousands of

miles, becoming increasingly thinner with distance but always held by the gravitational

pull of the Earth (Engledew, 2018; Fowler et al., 2009). The atmosphere is composed

of a plethora of different gases in different amounts and of particles suspended in these

gases called aerosol particles. Atmospheric composition may vary considerably depending

on the area of the globe and the proximity to sources, which may be both natural and

anthropogenic (Samson, 2018; Pöschl, 2005; Popescu and Ionel, 2010).

Both atmospheric gases and aerosol particles may be directly emitted into the atmosphere

from different sources, either as primary ones or from atmospheric processes as secondary

ones. Particularly, the primary aerosol particles may consist of mineral dust, sea salt,

carbonaceous aerosol, or be of biogenic origin (Myhre et al., 2013; Draxler and Rolph,

2003). Depending on their size and chemical composition, atmospheric aerosol particles

may act as cloud condensation nuclei CCN or as ice nuclei IN, affecting climate and

weather, penetrate the human respiratory track, affecting health, or deposit on the Earth

and ocean, affecting radiation budgets and ecosystems. Parts of the atmospheric aerosol

particles are characterized as the primary biological aerosol particles PBAPs, which are

the airborne particles of biological origin, including viable or nonviable microorganisms
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and reproductive or other cellular forms, shed or produced by bacteria, archaea, fungi,

plants, lichens, etc. The PBAPs play a key role in genetic exchange between remote

habitats and can cause adverse health effects and spread diseases not only to humans but

also to flora and fauna (Fan et al., 2010; Tomasi and Lupi, 2017; Romero-Guzmán et al.,

2021). In this context, this chapter deals with atmospheric aerosol particles, source-sinks

of aerosol particles, classification of aerosol particles, types of aerosol particles, effects of

aerosol particles, and interactions of aerosol particles.

2.1 Atmospheric Aerosol Particles

The research work on atmospheric aerosol particles has recently become one of the most

favorite topics in the field of atmospheric sciences. The term aerosols, interchangeably

named with the phrase atmospheric aerosol particles, refers to any dispersed system of

liquid-solid particles suspended in the atmosphere. Atmospheric aerosol particles consist

of small particles of solids like dust materials and liquids like the water vapor. They differ

Figure 2.1: Atmospheric Aerosol Particles.

in their sources, sizes, shapes, compositions, optical properties and lifetimes depending

on their origins and on the subsequent atmospheric processings (Grythe, 2017; Kafle
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and Coulter, 2013). Figure 2.1 shows the schematic components for atmospheric aerosol

particles, while Figure 2.2 is to describe their sizes and life times.

The amount of aerosol particles in the atmosphere, sometimes called aerosol loading, can

be quantified either by mass concentration or an optical measure known as aerosol optical

depth AOD. The AOD is a dimensionless quantity, the integral of the product of particle

number concentration and particle extinction cross-section. It accounts for the individual

Figure 2.2: Aerosol Particles Size and Life Time.

aerosol particles scattering plus absorption along a path length through the atmosphere,

usually measured vertically. The other aerosol particles optical properties parameter,

Ångström exponent AE, which is related to the size distribution of aerosol particles, can

be calculated from the AOD (Adesina, 2015; Falah et al., 2022b).

2.2 Source-sinks of Aerosol Particles

Primarily, atmospheric aerosol particles are released from the Earth into the atmosphere.

These sources include biomass burning, incomplete combustion of fossil fuels, volcanic

eruptions, wind-driven and traffic-related suspension of roads, soil and mineral dust, sea

salts, sand and biological materials. In addition, some aerosol particles are also formed
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through the various physical and chemical processes in the atmosphere as secondary

sources. Figure 2.3 depict the main processes for source-sinks of atmospheric aerosol

particles. A key precursor gas is the sulfuric acid H2SO4, which is produced within the

atmosphere by oxidation of the sulfur dioxide SO2 emitted from fossil fuel combustion,

volcanoes and other sources (Behera, 2016; Li et al., 2015b; Huang et al., 2020).

 Figure 8-2 Production, growth, and removal of atmospheric aerosols

Figure 8-2 illustrates the different processes involved in the
production, growth, and eventual removal of atmospheric aerosol

particles. Gas molecules are typically in the 10-4-10-3 µm size range.
Clustering of gas molecules (nucleation) produces ultrafine aerosols
in the 10-3-10-2 µm size range. These ultrafine aerosols grow
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Figure 2.3: Source-sinks of Aerosol Particles.

The SO2 is oxidized to H2SO4 and the rate of conversion is influenced by the presence

of heavy metal ions, e.g., Fe and Mn. Some of the proposed chemical reactions can be

shown using (Kokhanovsky, 2008; Chen et al., 2019):

SO3 + H2O → H2SO4;

NO + O2 + H → HNO3;

SO2 + C2H2 + allene → C3H4S2O3;

NO2 + hydrocarbons + photochemistry → organic nitrates;

SO2 + alkanes → sulfinilic acid;

O3 + olefins → organic particles.

The H2SO4 has a low vapor pressure over H2SO4-H2O solutions and condenses under

all atmospheric conditions to form aqueous sulfate particles. The composition of these

sulfate particles can then be modified by the condensation of other gases with low vapor
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pressure, including NH3, HNO3 and organic compounds. Organic carbon represents a

major fraction of the fine aerosol and is contributed mainly by the condensation of large

hydrocarbons of biogenic and anthropogenic origin. Another important component of the

fine aerosol is soot, produced by the condensation of gases during combustion. Soot, as

commonly defined, includes both elemental carbon and black organic aggregates. Particles

coarser than 10 µm are not easily lifted by the wind and have short atmospheric lifetimes

because of their large sedimentation velocities (Hartz et al., 2007; Kokhanovsky, 2008).

Once formed, atmospheric aerosol particles do not remain suspended in the air indefinitely;

they can be destroyed, altered or removed. Their residence time is affected by their size,

location and atmospheric conditions. The sinks for the aerosol particles occur in wet and

dry depositions. When aerosol deposition involves water it is termed ‘wet deposition’ and

it takes several forms: sweepout, rainout, washout and occult deposition. And when

aerosols fall under gravity, they are said to undergo ‘dry deposition’. The fall is determined

by the diffusion coefficient and the fall velocity. The fall rate is proportional to the size

and inversely proportional to the density of the atmosphere.

2.3 Classification of Aerosol Particles

The aerosol particles sometimes called particulate matter PM, by synonymous terms also

called Suspended Particulate Matter SPM and Total Suspended Particulate TSP or Total

Suspended Particulate Matter TSPM. In broadly category for aerosol sources, atmospheric

aerosol particles originate from both natural and anthropogenic activities. Natural aerosol

particles originate from natural occurrences such as dust storms, sea spray, volcanoes and

forest and grassland fires, while anthropogenic aerosols come from man-made activities

such as industrial emissions, vehicular emissions and burnings from biomass and fossil

fuels. Figure 2.4 and Table 2.1 illustrate the classification of atmospheric aerosol particles

by their major sources.
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Figure 2.4: Classification of Aerosol Particles.

Marine Aerosol Particles: are either formed mechanically by the sea waves or by the

gas-to-particle conversion process of precursor gases in the marine atmosphere. These

oceanic-origin aerosols are estimated to form 30% of total aerosol loading. Those that

are formed by mechanical processes are termed sea-salt aerosol particles, while those

formed by gas-to-particles are non-sea-salt aerosols, e.g., dimethyl sulphide (Hoppel, 1979;

Prospero et al., 1983; Charlson et al., 1987).

Mineral Aerosol Particles: are very common in desert areas where there exist either

a low or sparse vegetative cover. Surface winds over these areas often inject the dry

soils into the atmosphere and at other times they can result from human activities such

as construction, agriculture, transportation and deforestation. Their lifetime is affected

by their size. In dealing with these types of aerosols, their radiative effect can only be

quantified when their microphysical properties are known (Tegen and Fung, 1994).

Volcanic Aerosol Particles: formed through the condensation of volcanic ash and the

fragmentation of magma or lava during a volcanic eruption as dust and gaseous sulphur.

The sulphur thus produced is more efficient in producing the sulphate aerosol particles

about 4.5 times more than those of anthropogenic origin, because they have a lower

deposition rate (Balsamo et al., 2018; Graf et al., 1997).
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Sulphates: are produced from activities such as oil refining and smelting, coal and oil

combustion and though they are mainly submicron particles, they are capable of being

conveyed from their sources over long distances. SO2 can be quantified as 72% from

fossil fuel burning, about 2% from biomass burning, about 19% from dimethyl sulphide

emission by phytoplankton and about 7% from volcanoes. They can indirectly influence

the optical properties of clouds by forming cloud condensation nuclei because they are

hydrophilic. Sulphate aerosol has a direct radiative forcing RF of about -0.4±0.2 Wm−2

(Takemura et al., 2000; Haywood and Boucher, 2000).

Nitrates: are formed by the oxides of Nitrogen like NO2, N2O, N2O4 and the volatile acids

of nitrogen which originates from biomass burning, fertilizers, bacterial actions on soil and

vehicular exhaust. The most predominant type is the ammonium nitrate. Nitrate aerosol

has direct RF of about -0.10±0.10 Wm−2 although this is subject to further investigations

(Hidy, 2012; Pruppacher et al., 1978).

Soot Aerosol Particles: are arisen from complex mixture of organic carbon OC and

elemental carbon EC. OC and black carbon BC come from incomplete combustion of

carbonaceous materials. They are the most important sunlight-absorbing aerosol particles

in the atmosphere serve as catalysts in some chemical reactions within the atmosphere.

They are the most significant for their absorption properties and their inhibition of cloud

formation. BC has direct radiative forcing of -0.20±0.15 Wm−2 has semi-direct effect is

non-inclusive, while OC has direct radiative forcing of -0.05 ±0.05 Wm−2 (Gundel et al.,

1989; Tanré et al., 1997; Shekar and Venkataraman, 1999; Ackerman et al., 2000).

2.4 Types of Aerosol Particles

Aerosol particles are generally classified into three sizes: Ultra-Fine-Nucleation-Aitken

mode aerosol particles in the radius range 0.001 – 0.1 µm, Accumulation mode have

radius of 0.1 – 1.0 µm and Coarse mode > 1.0 µm in radius. And also, due to the fact
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Table 2.1: Properties of the main aerosol species in the troposphere (Adesina, 2015).

 

 

 

 
 

  

 

Aerosol 
Species 

Size Distribution Main Sources Main Sinks Tropospheric 
Lifetime 

Key Climate 
Relevant Properties 

Sulphate Primary: Aitken, 
accumulation and 

coarse modes 
Secondary: 

Nucleation, Aitken, 
and accumulation 

modes 

Primary: marine and 
volcanic emissions. 

Secondary: oxidation of 
SO2 and other S gases 

from natural and 
anthropogenic sources 

Wet deposition 
Dry deposition 

~ 1 week Light scattering. Very 
hygroscopic. Enhances 

absorption when deposited 
as a coating on black 

carbon. Cloud 
condensation nuclei (CCN) 

active. 
Nitrate Accumulation and 

coarse modes 
Oxidation of NOx Wet deposition 

Dry deposition 
~ 1 week Light scattering. 

Hygroscopic. CCN active. 
Black 
carbon 

Freshly emitted: <100 
nm 

Aged: accumulation 
mode 

Combustion of fossil 
fuels, biofuels and 

biomass 

Wet deposition 
Dry deposition 

1 week to 10 
days 

Large mass absorption 
efficiency in the shortwave. 
CCN active when coated. 

May be ice nuclei (IN) 
active. 

Organic 
aerosol 

POA: Aitken and 
accumulation modes. 

SOA: nucleation, 
Aitken and mostly 

accumulation modes. 
Aged OA: 

accumulation mode 

Combustion of fossil fuel, 
biofuel and biomass. 

Continental and marine 
ecosystems. Some 
anthropogenic and 

biogenic non-combustion 
sources 

Wet deposition 
Dry deposition 

~ 1 week Light scattering. Enhances 
absorption when deposited 

as a coating on black 
carbon. CCN active 

(depending on aging time 
and size). 

... of which 
brown 
carbon 

Freshly emitted: 100–
400 nm 

Aged: accumulation 
mode 

Combustion of biofuels 
and biomass. Natural 
humic-like substances 

from the biosphere 

Wet deposition 
Dry deposition 

~ 1 week Medium mass absorption 
efficiency in the UV and 
visible. Light scattering. 

... of which 
terrestrial 

PBAP 

Mostly coarse mode Terrestrial ecosystems Sedimentation 
Wet deposition 
Dry deposition 

1 day to 1 week 
depending on 

size 

May be IN active. May 
form giant CCN 

Mineral 
dust 

Coarse and super-
coarse modes, with a 
small accumulation 

mode 

Wind erosion, soil 
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Figure 2.5: Types of Aerosol Particles.

that aerosol particles are formed by different processes and are subject to both vertical

and horizontal circulation in the atmosphere, they are mixed together at the micro-scale

and through large-scale diffusion and coagulation. Figure 2.5 depicts the classification of

aerosol particles by their sizes. Aerosol particles types largely depend on sources and the

nature of production.

Soil-Derived Aerosol Particles: are formed by the weathering of soil and ejected into

the atmosphere as ultra-fine particles by wind, especially in the arid regions of the world.

They form a significant constituent of aerosol particles even in locations far away from

their sources due to their transportation by convection currents and general circulation

systems. They exist in the coarse mode, especially in the source region. As they are

transported to distant regions, their radius becomes smaller in the range of 0.1 < r < 5

µm. They exist mainly in the troposphere, having high variability in the imaginary part

of the refractive index, which determines their climate forcing. The reported range of

direct RF goes from -0.56 to + 0.1 Wm−2.

Sea-Salt Aerosol Particles: their production is normally associated with the bursting of

whitecap bubbles. After production, they rise by evaporation until they attain equilibrium

with the ambient relative humidity. They remain either as crystalline matter or as a
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solution droplet. Their radius is generally less than 0.1 µm and contributes the highest

percentage to the global aerosol population (Blanchard and Woodcock, 1980).

Polar Aerosol Particles: the number concentration of this type of aerosol particles

are influenced significantly by Arctic haze. Apart from the fact that they are aged, they

contain carbonaceous material from sea salt, mineral dust and mid-latitude pollen sources.

Rural Aerosol Particles: in rural areas, aerosol particles are less from anthropogenic

sources but more of natural origin. They are characterized by two modes of number

distribution with diameters of about 0.02 and 0.08 µm, while the mass distribution of the

coarse mode is centered about 7 µm (Hobbs et al., 1985; Jaenicke, 1993).

Urban Aerosol Particles: in the urban areas, aerosols are multi-modal in nature,

consisting of nucleation, accumulation and coarse modes. The mechanically generated

coarse mode is more dust and sea salt, whereas the accumulation mode is primarily from

combustion sources and the nucleation mode is a gas-to-particle conversion resulting from

chemical reactions of nitrates, sulphates and ammonium. The accumulation mode tends

to have a higher concentration than the other modes.

Remote Aerosol Particles: this type of aerosol particles can be characterized by three

modes of number distribution with diameters of 0.02, 0.1 and 2 µm are made up of pollens,

dust and waxes (Koutsenogii and Jaenicke, 1994; Jaenicke, 1993).

Extra-Terrestrial Aerosol Particles: these types of aerosols are commonly found in

the stratosphere, with a size ranging from tenths of a micron to several millimeters in

diameter. They are formed from meteor showers and comet debris and are responsible

for zodiacal light.

2.5 Effects of Aerosol Particles

Atmospheric aerosol particles have large impacts on the climate and human health. The

aerosol particles have multidimensional effects, including visibility reduction, respiratory
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disease, interference with photosynthesis and climate effects. The effects are both health

and non-health-related and can be briefly summarized as follows:

Health effects

Effect of the aerosol particles on health issues are determined by three factors; toxicity

concentration, susceptibility of individuals and duration of exposure. Aerosols can cause:

cardio-vascular diseases, carcinogenic effects, respiratory hazards, morphological changes,

increase the mortality and morbidity. The effects are more pronounced in people with

Figure 2.6: Aerosol Particles Health Effect.

asthma, cardiovascular problems and general respiratory problems. Figures 2.6 and 2.7

are used to illustrate the aerosol particles climatic and health effects.

Non-Health Effects

There is clear and rapidly growing evidence that the atmospheric aerosol particles have

profound impacts on the thermodynamics and radiative energy budgets of the Earth.

The aerosol particles affect the atmosphere: directly by altering the properties of the

radiation energy budget through scattering and absorbing the solar radiation; indirectly

by affecting the cloud microphysical properties; and semi-directly through the absorbed

radiation energy by aerosol particles, which is able to increase the temperature of the

surrounding air, resulting in the evaporation of cloud droplets and ice particles. The
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Figure 2.7: Aerosol Particles Atmospheric Effect.

aerosol particles have an impact on regional and global climates; these effects have been

attracting attention among all nations. It causes visibility impairment and damage to

vegetation. The long-term effects of industrial pollutants such as lead, arsenic and fluorine

lead to low fertility, reduced milk production and also block the stomata in plants.

2.6 Interactions of Aerosol Particles

The formation and life cycle of clouds are altered by anthropogenic aerosol as shown by

a wide range of measurements (Quaas, 2015). Figure 2.8 is to depict the interactions

of aerosol particles on the various atmospheric components. To be able to correctly

interpret and understand climate change there is a need to understand and quantify the

microphysical impact of aerosols on clouds. This can only be effectively done through

focusing on their microphysical relationship and their response to large-scale weather

systems (Kim et al., 2003; Khedidji et al., 2020; Myhre et al., 2007a; Charlson et al.,

2007). The impact of aerosol particles on clouds can be summarized into:

Effect on Water Cloud Droplets: when there is an increase in cloud condensation

nuclei as a result of aerosol loading, the number of water cloud droplets is enhanced,

though with reduced sizes. This will result in an increase in cloud optical thickness and
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Figure 2.8: Aerosol Particles Interaction.

solar insolation reflectivity. When the cloud droplet size is reduced, precipitation can be

inhibited, which in turn can increase cloud lifetime so that clouds evolve to greater height,

thereby resulting in an increase in the cloud optical thickness. Here, increased aerosol

particles leading to an increase in CCN are known to increase cloud droplet concentration

and cloud albedo, decreasing cloud droplet size if the water content in the cloud remains

unchanged (Twomey, 1977; Khain et al., 2005; Williams et al., 2002).

Effect on Cloud Cover: aerosol particles cause the evaporation of existing clouds

and the blocking of surface heating. These have a very strong impact on the radiative

balance. Studies on ice clouds show that the number of ice nuclei is potentially influenced

by anthropogenic aerosols. When precipitation is suppressed, the aerosol particles are

capable of changing the structure of the clouds so that open Bernard cells can be closed,

thus increasing the cloud cover (Johnson et al., 2004; Penner et al., 2003; Rosenfeld et al.,

2006). As efforts are being geared towards reducing the uncertainty of the contribution

of anthropogenic aerosol particles to climate change, scientists see the need to obtain

and analyze data from coordinated multiple platforms involving in-situ measurements,

numerical modeling, remote sensing from ground-based, satellite, aircraft and ship etc

(Anderson et al., 2005; Diner et al., 2004; Kaufman et al., 2002).
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Radiative Effects: aerosol particles scatter radiation beams in their paths when their

direction of propagation is altered without absorption taking place. Scattering may take

place by reflection, refraction or diffraction of the radiation beam. Scattering is the

maximum for a particle radius corresponding to the wavelength of radiation. Larger

particles also scatter radiation efficiently, while smaller particles are inefficient scatterers.

Atmospheric aerosols in the accumulation mode are efficient scatterers of solar radiation

because their size is of the same order as the wavelength of radiation; in contrast, gases

are not efficient scatterers because they are too small. Some aerosol particles, such as

soot, also absorb radiation (Piyush and S, 2016; Satheesh and Moorthy, 2005).

The scattering of solar radiation by the aerosol particles is the main process limiting the

visibility in the troposphere. The anthropogenic aerosol particles in urban environments

typically reduce visibility by one order of magnitude relative to the unpolluted conditions.

The visibility reduction is greatest at high relative humidities when the aerosol particles

swell by uptake of water, increasing the cross-sectional area for scattering; this is the

phenomenon known as the haze (Piyush and S, 2016; Quaas, 2015).

Scattering of solar radiation by aerosol particles increases the Earth’s albedo because

a fraction of the scattered light is reflected back to space. The resulting cooling of the

Earth’s surface is manifest following large volcanic eruptions, which inject large amounts of

aerosol particles into the stratosphere. Remarkably, the optical depth of the stratospheric

aerosol following a large volcanic eruption is comparable to the optical depth of the

anthropogenic aerosol in the troposphere. The natural experiment offered by erupting

volcanoes thus strongly implies that anthropogenic aerosols exert a significant cooling

effect on the Earth’s climate. Because of their short lifetime, aerosol concentrations are

highly variable from region to region, which makes determining their radiative effect

extremely difficult (Satheesh and Moorthy, 2005; Quaas, 2015).
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2.7 The Optical Parameters from Satellite Data

This section deals with the parameters of the aerosol optical depth AOD, Ångström

exponent AE or AET, atmospheric water vapor AWV, mean cloud fraction CFM, cloud

top pressure CTP and cloud top temperature CTT that were retrieved from the MODIS

satellite data; the precipitation PPT that was retrieved from the TRMM satellite data and

the outgoing long-wave radiation OLR flux that was retrieved using the CERES satellites.

In addition, atmospheric aerosol particles radiative forcing parameters are discussed.

Aerosol Optical Depth AOD: is the measure of the extinction of the solar beam by

dust and haze. In other words, particles in the atmosphere can block sunlight by absorbing

or scattering light. The AOD tells us how much direct sunlight is prevented from reaching

the ground by these aerosol particles. It is a dimensionless number that is related to the

amount of aerosol in the vertical column of the atmosphere over the observation location.

A value of 0.01 corresponds to an extremely clean atmosphere, and a value of 0.4 would

correspond to a very hazy condition. As an example, the average aerosol optical depth in

the US is 0.1 to 0.15 (Augustine et al., 2008; Gehlot et al., 2015).

Ångström Exponent AE-AET: describes the spectral dependence of light absorption

by aerosols. The AE is an important aerosol particles optical parameter that is used

for aerosol characterization and apportionment studies. It is a parameter that describes

how the optical thickness of an aerosol particles typically depends on the wavelength of

the light. For example, the Ångström exponent of black carbon BC particles is widely

accepted to be 1.0, although observational estimates give quite a wide range of 0.6–1.3.

The AE with the AOD is typically used to differentiate between the different types of

atmospheric aerosol particles classifications (Liu et al., 2018; Benkovitz et al., 1994).

Atmospheric Water Vapor AWV: is the gaseous phase of water. Over 99% of the

atmospheric moisture is in the form of water vapor, and this vapor is the principal source

of the atmospheric energy that drives the development of weather systems on short time
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scales and influences the climate on longer time scales. Water vapor is a critical component

of Earth’s climate systems. It is the Earth’s primary greenhouse gas, trapping more heat

than carbon dioxide. The movement of water vapor and its associated latent heat of

vaporization is also responsible for about 50% of the transport of heat from the tropics

to the poles. The movement of water vapor is also important for determining the amount

of precipitation a region receives (Buis, 2022; Held and Soden, 2000).

Total column water vapor is a measure of the total gaseous water contained in a vertical

column of the atmosphere. It is quite different from the more familiar relative humidity,

which is the amount of water vapor in the air relative to the amount of water vapor

the air is capable of holding. Atmospheric water vapor is the absolute amount of water

dissolved in the air. When measured in linear units mm, it is the height or depth the

water would occupy if the vapor were condensed into liquid and spread evenly across the

column. Using the density of water, we can also report the water vapor in kgm-2 = 1 mm

or gcm-2 = 10 mm (Després et al., 2012).

Mean Cloud Fraction CFM: the cloud fraction is the percentage of each pixel in

satellite imagery or each grid-box in a weather or climate model that is covered with

clouds. A cloud fraction of one means the pixel is completely covered with clouds, while

a cloud fraction of zero represents a totally cloud-free pixel. In the assessment of the

climate effect of clouds, mean cloud fraction is one of the most crucial climatological

variables. Measurements of this cloud parameter have been widely used to evaluate and

parameterize global climate models. A joint distribution of the parameters serves better

in constraining parametrization schemes in climate models (Yang and Di Girolamo, 2008).

Cloud Top Pressure CTP: cloud pressure is the weight of the cloud per unit area. The

cloud top, or top of the cloud, is the highest altitude of the visible portion of the cloud.

It is traditionally expressed either in meters above the Earth or on the planetary surface,

with the corresponding pressure level in hectopascal hPa, equivalent to the traditional

but now obsolete millibar. Cloud top pressure is determined from cloud top temperature,
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which the satellite measures more directly using a profile of atmospheric temperature

with pressure. It can be considered equivalent to the cloud-top height above the mean sea

level. The cloud top pressure product contains an image with pixel values identifying the

atmospheric pressure at the top of a cloud layer. The product is generated in combination

with the cloud top height and cloud top temperature products by the same algorithm.

The product includes data quality information that provides an assessment of the cloud

top height data values for on-earth pixels. When the retrieval has failed due to missing

or incorrect input data, the pixels will have an unknown value (Marchand et al., 2010).

Cloud Top Temperature CTT: is the atmospheric temperature observed at the top

of a cloud. The baseline cloud top height temperature estimates the temperature of

the cloud top in degrees Celsius; it is generally more accurate than individual channel

brightness temperatures that can be affected by absorption by gases. This parameter can

be used to monitor cloud-top temperature changes during convection and also temperature

thresholds for events (Wielicki et al., 1995).

The Precipitation PPT: is all types of moisture reaching the surface of the Earth

from the atmosphere. The moisture entering the atmosphere as a result of evaporation

from water and land surfaces is transported with air fluxes; it condenses and again falls

as precipitation on the surface of the Earth. Precipitation is the water in a liquid or

solid state falling from clouds or formed on the Earth’s surface and ground objects due

to the condensation of airborne water vapor. Depending on the mechanism of cloud

development and structure, precipitation may be continuous, temperate-intense, produced

predominantly from stratocumulus clouds, heavy from cumulonimbus clouds, or drizzle,

often from stratus clouds (Trenberth, 1998).

Outgoing Long-Wave Radiation OLR: measures the amount of terrestrial radiation

that released into space and, by extension, the amount of cloud cover and water vapor

that intercept that radiation in the atmosphere. Input data for the OLR record primarily

comes from high-resolution infrared radiation sounder HIRS radiance observations since
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Figure 2.9: The Precipitation and Its Types.

1979 and new generation infrared hyperspectral sounder radiance data, including from

the Infrared Atmospheric Sounding Interferometer IASI since 2007 and the Cross-track

Infrared Sounder CrIS since 2012. The OLR is also retrieved from a combination of

operational geostationary imagers, which helps to achieve better accuracy for the OLR

integral. The final record is generated through a combination of statistical techniques,

including OLR regression, instrument ambient temperature prediction coefficients, and

inter-satellite bias corrections. The record technique for outgoing long-wave radiation

flux spans from 1979 - present (Lee et al., 2007).

Figure 2.10: The Outgoing Long-Wave Radiation.
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Aerosol Particles Radiative Forcing: atmospheric aerosol particles directly affect

the radiation budget by back-scattering or absorbing sunlight, as well as semi-directly

or indirectly by altering the atmosphere and cloud properties. The effective radiative

forcing by aerosol-radiation interactions ARI includes both the instantaneous effect and

the so-called rapid adjustment of the atmosphere to aerosol effects due to changes in

local heating rates caused by aerosol absorption, which can affect atmospheric stability

or cloud cover. Furthermore, aerosols have a micro-physical influence on the formation

of cloud droplets and ice crystals and also contribute to effective radiative forcing in this

indirect way via aerosol-cloud interactions ACI. Atmospheric aerosols reduce downward

solar radiation at the surface, which is called surface dimming. On the land surface, this

dimming by absorbent aerosols can lead to a significant reduction in the upwelling latent

and sensible heat fluxes at the surface (Li et al., 2016).

Ethiopia is part of East Africa: it is neighbor to both the continental and maritime

daughter countries Kenya, Sudan, Eritrea, Somalia, and Djibouti, which are exposed

to forest, volcanic, and oceanic dusts (Lee et al., 2010; Apollo and Mbah, 2021). And

also, Ethiopia is experiencing infrastructural development such as increasing urbanisation

accompanied by a development boom such as building and road construction, industrial

expansion, traffic density, both active and inactive volcanoes, etc., which increase air

pollution in various ways (Wassie, 2020; Homa et al., 2017). Because of these facts and

activities, the atmosphere is loaded with solid matter, mainly dust and minerals (Myhre

et al., 2013; Barnsley, 1999; Ferronato and Torretta, 2019; Gheorghe and Ion, 2011).

Generally, the East African-Ethiopian climate has been categorized into the four major

seasons: during December–February, called the winter in Amharic Bega season; during

March–May, the spring in Amharic Tseday season; during June–August the summer in

Amharic Kiremt season; and during September–November the autumn in Amharic Belg

season (Makokha et al., 2017a; Aga, 2023; Ayanlade et al., 2019; Kalisa et al., 2023).
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Chapter 3

INSTRUMENTATION

The optical properties of atmospheric aerosol particles, their effects on health-climate

related changes and radiative forcing became an important field of studies few years

before the close of the last century (Charlson et al., 1992; Twomey et al., 1984). The

major challenge faced since that time has been the difficulty in estimating and predicting

the changes that occur in climate due to the uncertainty in the contribution of aerosol

particles and their radiative forcing. The transient and heterogeneous nature of aerosol

particles make their contribution difficult to quantify (Christopher et al., 1996; Tegen

et al., 1996). This gave rise to remote sensing instruments that are capable of measuring

with precision a radiative forcing of the order of 1 Wm−2 when the optical depth changes in

excess of 0.1. In particular, ground-based and satellite-based remote sensing have become

increasingly useful tools for carrying out such measurements. While the ground-based

system has the advantage of being simple, reliable and being supportive in the validation

of satellite retrievals, it does not have the long-term data acquisition capability of reliable

measurement and efficient processing of data, thereby leading to disjointed data sets that

cannot be used for scientific assessments (Salau et al., 2009). This chapter is to present

the Remote Sensing Techniques RST and the satellite-based instruments that include the

Moderate Resolution Imaging Spectroradiometer MODIS, Tropical Rainfall Measuring

Mission TRMM and Clouds and Earth‘s Radiant Energy System CERES used for the

imagery data sources in the study. Additionally, optical parameter retrieval is discussed.
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3.1 The Study Areas and Sites

This study was conducted in East Africa, specifically in Ethiopia. The daughter countries

Djibouti and Eritrea, formerly part of Ethiopia, and South Sudan were purposefully

included in the research areas of the study. Sixteen sites, i.e., ten from Ethiopia, three

from South Sudan, two from Eritrea, and one from Djibouti, were selected and then

divided into four clustered regions: southwest, southeast, northwest, and northeast.
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Division Station Longitude Latitude

Southwest

Juba[SS] 31.58 04.86

Agnuak 34.59 08.25

Raga[SS] 26.04 08.55

Southeast

Awassa 38.48 07.06

Kebri Dahar 44.26 06.74

Addis Ababa 38.75 09.03

Northwest

Dangote 38.34 09.42

Tonga[SS] 31.70 09.56

Ethiopian Renascence Dam 35.09 11.23

Bahir Dar 37.39 11.59

Humera 36.61 14.29

Northeast

Kombolcha 39.73 11.09

Djibouti[DJ] 43.00 11.73

Aseb[ER] 41.98 13.88

Erta Ale 40.66 13.06

Dahlak[ER] 40.06 16.33

Figure 1. Latitudinal and longitudinal sites of the study area.Figure 3.1: Latitudinal and longitudinal sites of the study area.

The sites are assigned with two capital letters, i.e., MN = Mean, JB = Juba, RG = Raga

and TG = Tonga which are taken from South Sudan; whereas the AW = Agnuak, AS

= Awassa, HR = Humera, KD = Kebri Dahar, AA = Addis Ababa, DG = Dangote,

ED = Great Ethiopian Renascence Dam, BD = Bahir Dar, KC = Kombolcha, and EA

= Erta Ale are sites selected from Ethiopia; DT = Djibouti is one of the selected sites

from Djibouti; and DL = Dahlak and AB = Aseb are sites chosen from Eritrea. Figure

3.1 shows four East African countries, namely Ethiopia, Eritrea, Djibouti, and South

Sudan{3–180 N, 24–480 E} which have been taken as the study areas{1,897,129 km2} of

this research, along with details of those sites in their clustered regions. In general, the

study areas and selected sites consist of both continental and marine sources of aerosols.
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3.2 Remote Sensing Techniques RST

Remote sensing is the art of taking measurements without any physical contact with the

objects under observation. It is the science of acquiring information about the Earth

using instruments that are remote to the surface of the Earth, usually from aircraft

and-or satellites. Those instruments may use visible light, infrared waves and radar

to obtain data. Remote sensing offers the ability to observe and collect data for large

areas relatively quickly and is an important source of data. This is done by sensing

and recording reflected or emitted energy and processing, analyzing and applying that

information. It is basically divided into two categories: active and passive remote sensing.

Figure 3.2: Remote Sensing Techniques.

When an instrument depends on energy reflected or emitted from the object, it is a

passive instrument, but when it has its own energy source, it is active. In most cases, the

external source of reflection is sun radiation (Schanda, 2012; Chuvieco, 2020). Figure 3.2

illustrates the remote sensing categories with some common instruments. Moreover, the

descriptive nomenclatures of some common remote sensors that are used for the study

will be discussed in the upcoming sections.
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3.3 Moderate Resolution Imaging Spectroradiometer MODIS

For the majority of atmospheric science investigations, satellite-based remote sensing data

with high geographical and temporal resolution is more valuable (Verma et al., 2019b).

For this PhD research work, 22 years of daily-monthly imagery data were collected from

the Moderate Resolution Imaging Spectroradiometer MODIS satellite web-site portal:

https://ladsweb.modaps.eosdis.nasa.gov/ from January 01, 2001 to December 31, 2022.

Here, the atmospheric aerosol particles optical parameters were collected from the Terra

MOD04_3K and Aqua MYD04_3K daily satellite data, while the cloud cover parameters

were collected from the Terra MOD08_M3 and Aqua MYD08_M3 monthly data. The

following subtopics deal with the MODIS satellites.

Figure 3.3: The MODIS Satellite Instruments.

MODIS Satellite: It is a key instrument that consists of Terra and Aqua satellites

onboard. The Terra satellite orbits around the Earth during the morning at 10:30 local

time, descending in the north-to-south direction, while Aqua orbits during the afternoon

at 13:30 local time, ascending in the south-to-north direction. Both of these instruments

capture the same area on Earth with 36 spectral bands. They can observe the Earth

surface every 1–2 days (Verma et al., 2019a).
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MODIS measures various aerosol optical properties that include AOD, identification

types of aerosol particles and aerosol size distribution, which enable us to understand

the complex atmospheric processes and varying climate dynamics over land and oceans.

It provides long-term and continuous measurement of different aerosol properties over a

very long period of time, which plays an important role in validating and developing new

models to predict climate change (Verma et al., 2019b).

Out of 36 bands, the first 19 are used for land, clouds, aerosol particles, ocean color,

atmospheric water vapor, biogeochemistry etc., while the remaining 17 bands are used for

the surface, clouds, atmospheric profile, cloud water vapor etc (Liu et al., 2021). Table 3.1

and Figure 3.3 present the general characteristics and schematic of the MODIS satellites.

Table 3.1: General characteristics of MODIS satellite used for aerosol retrievals.

S.No Characteristics Terra Aqua

1
Spatial_resolution_at_Nadir(km)

0.25 (bands 1-2) 0.25 (bands 1-2)

0.50 (bands 3-7) 0.50 (bands 3-7)

1.00 (bands 8-36) 1.00 (bands 8-36)

2 Pixel resolution (km) Along-track 1, 3, 5 and 10 Along-track 1, 3, 5 and 10

3 Swath width (km) Cross-track 2330 Cross-track 2330

4
Channel_and_spectral_range(wavelength)

(Bands 1-19)620–965nm (Bands1-19)620–965nm

(Bands 20-36)3.6–14.39µm (Bands20-36)3.6–14.39µm

5 Launch year (LT) 18th December 1999 4th May 2002

6 Equator crossing time and mode (LT) 10:30 (descending) 13:30 (ascending)

7 Multiview observations No MvO with FoV:1100 No MvO with FoV:1100

8 Altitude (km) 705-sun-synchronous,

near-polar, circular

705-sun-synchronous,

near-polar, circular
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3.4 Tropical Rainfall Measuring Mission TRMM

The TRMM is a research satellite that was in operation from 1997–2019 and designed

to improve our understanding of the distribution and variability of the precipitation

within the tropics as part of water cycle in the current climate system. The TRMM

provided much-needed information on rainfall and its associated heat release, which helps

to power the global atmospheric circulation that shapes both weather and the climate

by covering the tropical and sub-tropical regions of Earth. In coordination with the

other satellites in the NASA’s Earth Observing System, TRMM provided important

precipitation PPT information using several space-borne instruments to increase our

understanding of the interactions in between atmospheric aerosol particles, the cloud

parameters and precipitation that are central to regulating Earth’s climate (Rosenfeld

et al., 2014). Figure 3.4 depicts the tropical rainfall measuring mission TRMM satellite

schemes. A 22 years of monthly satellite data, from January 1998 to December 2019, were

collected from the TRMM satellite web-site portal: https://daac.gsfc.nasa.govdatasets/

TRMM_3B43_7/summary?keywords=TRMM_3B43_7/ for this PhD research works.

Figure 3.4: The TRMM Satellite Instruments.

Since its launch in 1997, TRMM has provided critical precipitation measurements in the

tropical and subtropical regions of our planet Earth. The Precipitation Radar PR looked
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through the precipitation column and provided new insights into tropical storm structure

and intensification. The TRMM Microwave Imager TMI measured microwave energy

emitted by the Earth and its atmosphere to quantify the water vapor, the cloud water

and the rainfall intensity in the atmosphere. The TRMM precipitation measurements

have made critical inputs to tropical cyclone forecasting, numerical weather prediction

and precipitation climatologies, among many other topics, as well as a wide array of

societal applications (Simpson et al., 1996).

The TRMM satellite officially ended on 15 April 2015, after the spacecraft depleted its

fuel reserves. TRMM was turned off and re-entered Earth’s atmosphere on June 15,

2015, over the South Indian Ocean. Originally designed for 3 years, TRMM continued to

provide groundbreaking 3-D images of rain and storms for more than 22 years. TRMM

has helped spur additional precipitation measurement satellites that contain microwave

radiometers, such as the GPM Core Observatory (Kummerow et al., 2000).

3.5 Clouds and Earth’s Radiant Energy System CERES

The CERES team has been collecting the Earth Energy Bedget ERB data since 1997,

when the first CERES instrument was launched aboard the TRMM satellite. Since then,

the CERES instruments have been launched aboard the Terra, Aqua, Suomi National

Polar-Orbiting Partnership S-NPP and NOAA-20 satellites. The CERES instruments

provide direct measurements of reflected solar radiation and the emission of the thermal

infrared radiation into space across all wavelengths between ultraviolet and far-infrared

(Wielicki et al., 1998). Those parts of the CERES instruments are already illustrated

schematically using Figure 3.3 in Section 3.3 previously. For this PhD research work,

the 22 years of monthly satellite data from January 2001 to December 2022 have been

collected from Clouds and the Earth’s Radiant Energy System CERES satellite web-site

portal: https://asdc.larc.nasa.gov/data/CERES/ES4/.

34



The CERES measurements, together with measurements from higher-resolution imagers

on polar orbiting and geostationary satellites, are used along with other input data sources

to produce data products that describe the ERB at the top of the atmosphere, within the

atmosphere and at the surface. The CERES data products capture variations in ERB at

hourly, daily and monthly timescales and at spatial scales ranging from 20 km to global.

The data are used by the climate, weather and applied science research communities to

address a range of research topics that involve the exchange of energy between the Earth

and space and between the major components of the Earth system (Su et al., 2020).

3.6 The Data Analysis Methods

This section deals with retrieval, density estimation, trend test analysis, PCA analysis,

Fire-Map model, HYSPLIT trajectory analysis, correlation analysis, and MLR analysis.

The MATrix LABoratory MATLAB software was used for the extraction of the satellite

imagery data and temporal plots. In addition, we have used the Python programming

language for the data extraction and spatial plots.

3.6.1 Satellite Data Retrieval

After the daily-monthly hierarchical data format HDF datasets had been browsed from the

MODIS, TRMM, and CERES websites, we extracted the aerosol, clouds, precipitation,

and outgoing long-wave radiation parameters, namely AOD, AWV, CFM, CTP, CTT,

PPT, and OLR, and then AE-AET was calculated from AOD both using MATLAB and

Python codes. This subsection describes the methods we have used to derive the details

of those parameter retrievals from the satellite datasets.

The parameter of aerosol optical depth AOD is the measure of the turbidity-opacity of an

environment or medium (Chen et al., 2020; Wu et al., 2021; LeBlanc et al., 2020). The

optical parameter AOD describes the section of light removed from a beam by scattering
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and absorption during its path through the environment (Jin et al., 2023). The AOD

values that depend on the sizes, shapes, numbers, concentrations, and the indexes of

refraction of the aerosol particles, which are related to the wavelength, can be determined

by using the equation as (Symeonidis, 2017):

AOD(λ) = ln

(
ϕi
e, λ

ϕt
e, λ

)
= −ln(Tλ) (3.6.1)

where:

ϕi
e, λ is the spectral radiant flux in wavelength received;

ϕt
e, λ is the spectral radiant flux in wavelength transmitted;

Tλ is the spectral transmittance in wavelength λ.

Typically, the AOD(0.55µm) ranges from 0.05 to 1 over the remote ocean, to 2.0 or even

5.0 during the time of heavy pollution, smoke and dust (B AL-Taie et al., 2020; Patel

and Application, 2016). For AOD values xi, the mean x̄ could be calculated as follows

(Hopkins and Weeks, 1990; Bryhn and Dimberg, 2011):

x̄ =
n∑

i=1

(xi

n

)
. (3.6.2)

So, the standard deviation Sd is given by:

Sd =

√√√√ 1

n

n∑
1

(xi − x̄)2. (3.6.3)

And the coefficient of variation CV in % is:

CV (%) =
Sd

x̄
× 100%. (3.6.4)

The parameter Ångström exponent AET is one of the basic optical parameters that widely

used in the atmospheric sciences, dealing with the optical properties of aerosol particles.

This optical parameter is treated as the indirect measure of the aerosol size in a given

column of air. Given the turbidity coefficient β, then AET had been calculated from the
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AOD values using the equation from (Thapa et al., 2016):

AOD(λ) = βλ−AET and then,

AET = ln(β)−ln{AOD(λ)}
ln(λ)

.

(3.6.5)

3.6.2 Density Distribution Estimation

There are various attempts to estimate the density distribution between the dependence

values and independence observations (Bulmer, 1975; Chung et al., 2019). The kernel

density distribution estimator for dependent data is exactly the same as for independent

data, which means that when designing methods to estimate the density distribution, we

can proceed exactly as for independent data (Hall and Ooi, 2004; Okabe et al., 2009;

Zambom and Ronaldo, 2013). The traditional kernel estimator of f(y) at point y can be

expressed as (Izenman, 2008):

f̂n(y) =
1

nh

n∑
i=1

K

(
y − yi
h

)
(3.6.6)

where:

n is the number of observations,

h is the bandwidth which determines the smoothness of the density estimate, and

K(·) is a non-negative kernel function that integrates into one with a mean zero.

More specifically, the gaussian form of the kernel density distribution estimator for the

parameters could be expressed as follows (Harvey and Oryshchenko, 2012):

K(u) =
1√
2π

e−
1
2
u2

. (3.6.7)

3.6.3 Mann-Kendall Trend Test

A statistical test for a trend is used to assess whether a set of data values is increasing or

decreasing over time and whether the trend in either direction is statistically significant

(Jung et al., 2019; Helsel and Frans, 2006; Bryhn and Dimberg, 2011). The trend test
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component of the time series is determined by using the Mann-Kendall rank statistic to

detect abrupt changes in the satellite-derived estimates (McLeod, 2005; Patakamuri et al.,

2020; Jiang et al., 2007). This technique, the statistically ranked trend test, is considered

the most appropriate for the analysis of climatic changes in climatological time series for

the detection of a climatic discontinuity (Sneyers et al., 1991; Chrysoulakis and Cartalis,

2002; Partal and Kahya, 2006). The test employs the ranks yi of all the terms, xi in a

series that has been arranged in increasing order of magnitude. The number ni of elements

yi preceding it (i > j) is calculated for each element yi so that yi > yj, which is given by

the test statistic as (Zhang et al., 2018; Zarenistanak et al., 2014; Khattak et al., 2011;

Ahmad et al., 2015):

ti =
∑
i

ni. (3.6.8)

The Mann-Kendall statistic test is calculated using (Hirsch et al., 1982; Duffney et al.,

2023):

S(x) =
n−1∑
j=1

n∑
i=j+1

sgn(xi − xj) (3.6.9)

with x = xi-xj:

sgn(x) =


1 if x > 0,

0 if x = 0,

-1 if x < 0.

(3.6.10)

The variance of the MK test statistic can be computed as:

V ar(t) =
n(n− 1)(2n+ 5)

72
. (3.6.11)

The statistic S is approximately normal distributed provided that the following Z-transformation

is employed:

Z =


S−1√
V at(S)

if S > 0,

0 if S = 0,

S+1√
V at(S)

if S < 0.

(3.6.12)
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The distribution function under the null hypothesis is asymptotically normal with mean

and variance calculated as follows:

E(t) = n(n−1)
4

. (3.6.13)

And for large values of u(t);

u(t) =
n(t)− E(t)√

V ar(t)
. (3.6.14)

A probability a1 can be determined using a standard normal distribution table such that:

a1 = P (|u| > |u(t)|)n(t)− E(t)√
V ar(t)

. (3.6.15)

Finally, rejecting or accepting the null hypothesis at a level depends on whether a1 > a0

or a1 < a0. If the absolute values of u(t) are higher than 1.96, they indicate an increasing

or decreasing trend (Ngaina, 2015; Ahmad et al., 2015; Nasri and Modarres, 2009). In the

case of a significant trend at a0 = 0.05 on the series, the start of the phenomena is located

through sequential analysis. The total number of observations is given as N. Therefore,

the values of u’(t) for the reversed series can be calculated similarly to u(t). Curves that

overlap several times indicate the absence of a trend. In this study, the significance level

a0 is considered to be 0.05, i.e., at the 95% confidence interval.

3.6.4 Principal Component Analysis

The principal component analysis PCA is useful for compressing geophysical data in

space-time and separating noise from meaningful data that converts the data to a new

coordinate system. PCA involves the transformation of variables into a linear combination

of orthogonal components. A series of axes provides location of each data points which

represents separate uncorrelated information. The output is covariance matrix denoting

transformation coefficients listed in decreasing order of variation. Let P be an m x n

matrix of daily data, where m is the number of days and n is the number of stations. This

matrix can be decomposed into linear functions of m temporal and n spatial vectors so
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that the observation Pij on day i at station j is given by (Stephenson et al., 1999; Gitau

et al., 2013; Ledesma and Valero-Mora, 2019):

Pij =
n∑

k=1

aikejk, P =
∑

Pij = ae (3.6.16)

where aik is the element for day i in kth time vector and ejkthe element for station j in kth

space vector.

The standardized dataset(Aij) and symmetric n x n correlation matrix C are given as:

Aij =
Pij − P̄ij

Sd

and C =
A′A

m− 1
(3.6.17)

The eigenvectors e are space vectors and the corresponding eigenvalues λ are measures

of the explained variance accounted for each eigenvector. Decomposition of correlation

matrix into eigenvectors e, and associated eigenvalues λ are obtained by solving:

(C − λI)e = 0, |(C − λI)| = 0 (3.6.18)

Given p x m matrix, Um = (u1, u2, u3 ...., um) of PCA loadings. Simplifying with

rotation can be achieved by seeking an m x m rotation matrix R to construct rotation of

the empirical orthogonal functions REOFs K according to (Hansen et al., 2008);

K = Umβ (3.6.19)

Maximum factor loadings after rotation that is the correlation coefficients between the

variables and factors will be used to determine the relation of selected variables, the

parameters for the aerosol optical properties, clouds and precipitations. The simplicity

criterion for choosing the rotation matrix for maximization problem is expressed by:

maxf(Umβ). (3.6.20)

3.6.5 HYSPLIT Trajectory Analysis

TThe air mass transport model, HYbrid Single-Particle Lagrangian Integrated Trajectory

HYSPLIT is completed system for computing both simple air parcel trajectories and
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complex dispersion and deposition simulations. The model calculation method is a hybrid

between the Lagrangian approach and the Eulerian approach. The Lagrangian approach

uses a moving frame of reference as the air parcel moves from their initial location. And

the Eulerian approach uses a fixed three-dimensional grid as a frame of reference (Huang

et al., 2009; Lu et al., 2022).

An advection and diffusion calculations are made in Lagrangian framework following

the transport of the air parcel, while pollutant concentrations are calculated on a fixed

grid. By using the model, advection of the particle can be computed from the average of

the three-dimensional velocity vectors at the initial position P(t) and first-guess position

P’(t+∆t). Respectively, the first guess and final positions are given by (Duy et al., 2022):

P ′(t+∆t) = P (t) + V (P, t)∆t [first],

P (t+∆t) = P (t) + 0.5V (P, t) + V (P ′, t+∆t)∆t [final].
(3.6.21)

During the simulation, the integration time-step ∆t can vary. Advection distance per

time-step should be less than the grid spacing in all computation. The trajectory analysis

uses an integration method (Kreyszig 1968). Greater precision cannot be achieved using

higher order integration methods due to the linear interpolation of data from the grid to

the integration point. If the trajectories exit the meteorological data grid, they are usually

terminated. However, advection continues along the surface if the trajectories intersect

the ground. For our study, starting points was identified at the center of sub-grids within

the East Africa-Ethiopia domain and used to conduct back trajectory analysis from each

center. For each sub-grid on each calendar day, precipitation anomalies were marched

with the upwind aerosol at the endpoints

3.6.6 Multiple Linear Regression Analysis

Determination of the combined effect of aerosol particles and clouds on precipitation

utilized a multiple linear regression MLR analysis. MLR analysis is to determine which

variable in a set of variables is the best predictor of an outcome. The MLR first-order
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models are given as (Ahmad et al., 2019; Abdullah et al., 2017; Ngaina, 2015):

Yi = β0 + β1x1i + β2x2i + β3x3i + · · ·+ βkxki + εi ⇋ Bk = [1 Xki]\[Yi − εi] (3.6.22)

where:

Yi is the value of the response variable in the ith observation;

βk is the slope parameter associated with the kth variable;

β0 is the intercept parameter;

xki is the kth independent variable associated with the ith observation;

εi is the random error term with mean E(ϵi) = 0 and variance σ2(ϵi) = σ2.

In MLR analysis, the least squares method is used to find a function that fits a given

data. The method minimizes the sum of the n squared errors SSE of the observed values

yi and the predicted values on the fitted line ŷi.
n∑

i=1

(yi − ŷ2) (3.6.23)

The variable inflation factors VIFs measure the impact of the collinearity on the standard

errors of the estimate variables. The square root of VIF shows the inflation of standard

error by the other variables in the model. The VIF for each independent variable can be

computed as follows (Young et al., 2008; Ostertagová, 2012):

V IFk = (1−R2
k)

−1 (3.6.24)

Akaike information criterion AIC measures the relative quality of the statistical model

for a given set of data with tradeoffs between complexity and goodness of fit of model.

AIC statistic is calculated as:

AIC = nln

(
SSE

n

)
+ 2p (3.6.25)

where p and n represent the number of independent variables and observations.
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And the residual normality of the model can be checked using the Quantile-Quantile QQ

plots computed as follows:

Qyi⟨τ |x⟩ = β0 + βixi + F−1
u (τ) (3.6.26)

where Qyi is response variable conditional value and Fu the error common distribution

function given τ .

3.6.7 Aerosol Particles Radiative Forcing

The knowledge of atmospheric aerosol particles loading is important as it can change

the weather and climate patterns by perturbing the radiation budget over any region.

Top of the atmosphere TOA and surface radiative forcing are defined as the perturbation

in the upscattered solar radiation flux Fup and surface reaching solar intensity Fdown,

respectively, with change in the AOD. The surface radiative forcing has been calculated

from the following equation (Christopher et al., 1996):

FSurf = −0.5FTT
2(1− Ac)(1− R̄2

s)β̄τ (3.6.27)

where:

FT is the solar constant 1370 W/m2,

T is surface temperature in Kelvin,

Ac is the fractional cloud cover,

R̄s is the mean albedo of the underlying surface,

β̄ is the fraction of the radiation scattered upward by the aerosol column and

τ is the areal mean optical depth of the aerosol.

The TOA forcing has been estimated using the CERES Earth radiation budget data and

the AOD data from MODIS data. The clear-sky TOA shortwave flux from the CERES

has been taken as an estimate of cloud-free aerosol forcing FAER over dusty areas, while

the aerosol-free estimates of FCLR come from the observations of the CERES (Christopher

and Zhang, 2002).
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Then the TOA forcing is given as:

FTOA = FCLR − FAER (3.6.28)

where:

FCLR is aerosol free flux estimate,

FAER is the flux estimate over aerosol laden areas.

The atmospheric forcing is given by the difference between TOA and surface:

FAtm = FTOA − FSurf (3.6.29)

The net atmospheric radiative forcing is converted into heat inside the layers containing

the absorbing particles, which results in an increase in their temperature and alters the

regional climate. Using the basic laws of thermodynamics, the derivation of the temporal

rate of this increase is straight-forward (Liou, 2002; Pilewskie, 2007; Li et al., 2016):

∂T

∂t
=

g

Cp

∆F

∆P
. (3.6.30)

where:

T is the temperature in Kelvin,

t is the time in seconds,

g is the gravitational acceleration in meter per second square,

∆F is the radiative forcing difference between TOA and surface,

Cp is the specific heat capacity at constant pressure, and

∆P is the height of the column containing the aerosol particles expressed as the

difference of atmospheric pressure between its bottom and top.
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Chapter 4

Classification of Aerosol Particles
and Their Temporal Distribution
Over East Africa–Ethiopia Using
MODIS Satellite Data

This chapter is to be cited as:

Alemu, A. A. and Raju, J. P.: Classification of Aerosol Particles and Their Temporal

Distribution Over East Africa–Ethiopia Using MODIS Satellite Data: Part 01, Journal

of Quantitative Spectroscopy & Radiative Transfer JQSRT, Elsevier, 325, 109085, 2024.

4.1 Introduction

Atmospheric aerosol particles differ in their sources, sizes, shapes, compositions, and

lifetimes depending on their origins and subsequent atmospheric processing (Kafle and

Coulter, 2013; Grythe, 2017). According to their sources, aerosol particles can be broadly

classified as maritime, urban, dust, sea salt, biomass burning and sulfate (Mukai, 2018;

Briffa et al., 2020; Rizza et al., 2019; Falah et al., 2022a). Primarily, they are released from

Earth to the atmosphere through both natural and anthropogenic sources that include

biomass burning, incomplete combustion of fossil fuels, volcanic eruptions and wind-driven

or traffic–related suspension of road, soil and mineral dust, sea salt, sand and biological
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materials (Chi et al., 2019; Gaffney et al., 2006b; Filioglou et al., 2020). In addition, some

aerosol particles are also formed through various physical and chemical processes in the

atmosphere as their secondary sources (Behera, 2016; Li et al., 2015a; Huang et al., 2020).

The aerosol optical properties, such as the aerosol optical depth AOD, which indicates

aerosol concentration, and the Ångström exponent AE related to the size distribution of

aerosol particles, are used in classifying various aerosol types by their sources (Shafique

et al., 2022; B AL-Taie et al., 2020; Kumar et al., 2015). From the previous literature

reviews, we found that there are few studies on atmospheric aerosols in the East Africa and

Ethiopia regions using ground or satellite (Homa et al., 2017; Getachew, 2009; Eshet and

Raju, 2022). However, to date, no one has reported the classification of major atmospheric

aerosol particle types and their temporal size distribution variability using the Moderate

Resolution Imaging Spectroradiometer MODIS satellite. Hence, in this study, we used

the climatological database of AOD and AE from MODIS satellite instruments to identify

the dominant types and sizes of aerosol particles over East Africa–Ethiopia.

4.2 Results and Discussion

After extracting the Hierarchical Data Format HDF datasets and collecting the daily

AOD values from January 01, 2001–December 31, 2022, from MODIS satellites, daily

AE values were calculated using the formula described in methodology section 3.6.1, and

monthly, seasonal, and yearly averages were obtained for selected sites clustered into four

regions, i.e., southwest, southeast, northwest, and northeast of the study area. In this

section, we discuss the classification of aerosol particles and long-term trends using the

Mann-Kendall statistical rank test.
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4.2.1 Variability of Aerosol Concentration

Daily Variation of Aerosol Concentration

The daily fluctuations of the AOD and AE optical parameters for the chosen sites at four

clustered regions are plotted in Figures 4.1(a)–(d). In the southwest cluster (Fig. 4.1(a)),

the minimum AOD and AE are observed in South Sudan at the Juba site from both Terra

and Aqua instruments, while the maximum AOD and AE is still observed at the Juba

site from Aqua and Terra in Ethiopia at the Agnuak site. For the southeast cluster (Fig.

4.1(b)) both Terra and Aqua depict the minimum and maximum AOD and AE values

in Ethiopia, with the minimum at the Kebri Dahar site and the maximum values at the

Awassa site.
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Figure 4.1: The aerosol optical parameters daily variation.
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The northwest cluster shows (Fig. 4.1(c)) minimum AOD and AE values in Ethiopia, at

the Ethiopian Renascence Dam and Dangote sites from both Terra and Aqua, while both

AOD and AE maximum values are still observed in Ethiopia at the Humera site. And at

the northeast cluster (Fig. 4.1(d)), both AOD and AE have minimums at the Kombolcha

site, while their maximum values are at Erta Ale, both in Ethiopia.

In general, the minimum AOD and AE values were observed in the southeast cluster,

while the maximum AOD and AE values were observed in the northeast cluster from both

instruments. For the Terra satellite, those minimum values of AOD and AE were found

to be 0.00 and 0.67 on December 16, while the maximum values were to be 2.10 and 1.23

observed on June 22. Similarly, for the Terra satellite, minimum values were observed on

January 07 with 0.00 and 0.68, while the maximum values were 2.00 and 1.23 on July 24.

We conclude that the minimum AOD and AE values observed at Kebri Dahar site, while

the maximum values are at Erta Ale site, both are located in Ethiopia. Those maximum

AOD and AE values were attributed to high aerosol productivity from the manufacturing

industry and heavy traffic dusts at Juba and Awassa sites, biomass burning at Agnuak

and Humera sites, and volcanic activities and the marines transportation at Erta Ale sites

(Chi et al., 2019; Gaffney et al., 2006b; Filioglou et al., 2020; Kaufman et al., 1990).

Monthly Variation of Aerosol Concentration

Monthly mean values are constructed based on daily values of AOD and AE parameters

for each site of the four clustered regions, and results are illustrated in Figures 4.2(a)–(d).

In the southwest cluster (Fig. 4.2(a)), the minimum AOD and AE values are observed in

South Sudan at the Juba site from Terra and at the Raga site for Aqua satellite, while the

maximum values are observed in Ethiopia at the Agnuak site from both instruments. For

the southeast cluster (Fig. 4.2(b)), the minimum AOD and AE values are observed at the

Kebri Dahar site, and the maximum values are observed at the Awassa site of Ethiopia.

For the northwest cluster (Fig. 4.2(c)), minimum AOD and AE values are observed
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Figure 4.2: The aerosol optical parameters monthly variation.

in the Ethiopian Renascence Dam and Dangote sites of Ethiopia from Terra and Aqua

instruments, while both AOD and AE maximum values are observed again in Ethiopia at

the Humera site. When we move to the northeast cluster (Fig. 4.2(d)), both AOD and

AE values were at their minimums at the Kombolcha site, while their maximum values

were at Erta Ale, both in Ethiopia.

To generalize, the minimum AOD and AE values are observed in the southeast cluster,

while the maximum AOD and AE values are observed in the northeast cluster from both

instruments. For the Terra satellite, the minimum values of AOD and AE were found to

be 0.02 and 0.89 in December and January, while the maximum values were to be 1.33 and

1.20 in June. Moreover, Aqua satellite also shows similar results, with minimum AOD

and AE values observed during December and January with 0.02 and 0.90, respectively,
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while the maximum values in July at the two clusters (Fig. 4.2(b, d)) are 1.35 and 1.20.

From the figure, we can observe that all of the minimum AOD and AE values are at the

Kebri Dahar site, while the maximum values are at the Erta Ale site, both in Ethiopia.

The maximum AOD and AE values in June and July months confirmed that they were

attributed to high aerosol production from the manufacturing industry and heavy traffic

dusts at Juba and Awassa sites, biomass burning at Agnuak and Humera sites, and

volcanic activities and the marines transportation at Erta Ale sites during those months

(Filioglou et al., 2020; Homa et al., 2017; Eshet and Raju, 2022; Kaur et al., 2012).

Seasonal Variation of Aerosol Concentration

The seasonal variations of the aerosol particle optical parameters AOD and AE at the

selected sites clustered into four areas are addressed in this section. The evolution of

these parameters, estimated from the study periods of 2001–2022, is shown in Figures

4.3(a–d), together with their corresponding total average means. The minimum AOD

and AE values are found in the Belg season except in the northwest cluster (Fig. 4.3(c)),

which is in Baga, and the maximum values are in the Kiremt season in all clusters, which

are similar to the findings and the reasons in the study (Liu et al., 2021) from eastern

China. The minimum values are 0.15 and 1.03 in the Bega season for Terra and 0.16 and

1.03 in the Belg season for Aqua, and the maximum are all in the Kiremt season: 0.86

and 1.17 for Terra and 0.84 and 1.17 for Aqua, respectively.

Still, as in the previous results of sections 4.2.1 and 4.2.1, the Kombolcha site has minimum

values and the Arta Ale site has maximum values in the cluster to which they belong, i.e.,

they both belong to the northeast cluster (Fig. 4.3(d)). The seasonal AOD and AE results

were similar to those of the observations made in Austria (Yang et al., 2021), Algeria

(Kharol et al., 2011), eastern China (Liu et al., 2021), and Hong Kong (Yu et al., 2022),

despite the fact that there had been no prior studies on the sites in the clustered regions.

The discrepancies we discovered were in the minimums with different data periods and
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Figure 4.3: The aerosol optical parameters seasonal variation.

site selections. Furthermore, in the study conducted by (Yu et al., 2022) the minimums

were primarily at Bega and the maximums at Kiremt. Therefore, almost all of the results

in the figures indicate extreme values at similar locales, like those of the observations in

Figures 4.1(a–d) and 4.2(a–d), with a few noted exceptions.

Yearly Variation of Aerosol Concentration

In this section, we summarise the total yearly variations of the aerosol particles optical

parameters AOD and AE for all the selected sites belonging to the four clustered regions.

The first panel in Figure 4.4(a) indicates the yearly variations for the AOD values from

Terra and Aqua satellites, and the second panel represents the same with AE parameters

corresponding to the selected sites in the southwest cluster, and the average of all the sites
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is also superimposed on all plots. Similarly, Figures 4.4(b–d) produce yearly variations

of AOD and AE for the remaining three clustered regions. The majority of the sites,

both in the western and eastern cluster zones, clearly demonstrate interannual variability

with frequent minimum and maximum values of AOD and AE optical parameters, as

repeated in the aforementioned figures. The average of the clustered regions shows the

minimum at the southeast cluster in 2003 from both instruments, and the maximum

were at the northeast cluster in 2011 for the Terra satellite and in 2013 for the Aqua

satellite. Accordingly, the AOD and AE minimum values are 0.11 and 1.03 for Terra
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Figure 4.4: The aerosol optical parameters yearly variation.

and 0.09 and 1.02 for Aqua, and the maximum are 0.62 and 1.15 for Terra and 0.61 and

1.15 for Aqua, respectively. The AOD and AE maximum values during 2011 and 2013

confirmed that there were high aerosol productions from the manufacturing industry and
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heavy traffic dusts at Juba and Awassa sites, biomass burning at Agnuak and Humera

sites, and volcanic activities and marine transportation at Erta Ale sites during those

years (Filioglou et al., 2020; Homa et al., 2017; Eshet and Raju, 2022; Kaur et al., 2012).

4.2.2 Aerosol Classification using Daily Concentration

This section deals with the classification of aerosol particles using the Kernel density

distribution estimator formulation. First, we collected the daily AOD and AE values for

22 years, then, by applying the thresholds mentioned in Table 4.1, we classify the aerosols

into five different types, i.e., (I) maritime MR, (II) dust DS, (III) biomass burning BB,

(IV) desert dust DD, and (V) urban UR. The remaining values that do not fit into any of

these groups are characterized as mixed MX types (B AL-Taie et al., 2020; Kumar et al.,

2015; Pathak et al., 2012; Toledano et al., 2007). Here, some of the domains are difficult

to separate because different aerosols types have overlapping characteristic parameters

(Nicolae et al., 2019). Table 4.1 shows the criteria for classification of the dominant

aerosol particles types.

Table 4.1: The threshold values based on AOD and AE for aerosol particles type classification.

Aerosol type Aerosol optical depth (AOD) Angstrom exponent (AE)

Maritime (MR) < 0.3 0.5–1.7

Dust (DS) > 0.4 < 1.0

Urban (UR) 0.2–0.4 > 1.0

Desert Dust (DD) > 0.45 0.4–2.0

Biomass Burning (BB) >0.7 >1.0

Mixed (MX) - Remaining (R) - - Remaining (R) -

The results shown in Figures 4.5(a)–(d) and 4.6(a)–(d) were computed using the density

distribution estimation method with the daily AOD and AE values as inputs. These
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values were obtained by using the optical properties retrieval procedures we covered in

Sections 3.6.1 and 3.6.2. In the southwest cluster, the lowest MR and MX aerosol particles

types were observed during the Kiremt season, while these aerosol particles types were

found more dominantly during the Bega season from both Terra and Aqua satellites. In

this cluster, low vales of UR were observed during the Kiremt season from the Terra

and during the Tseday season from the Aqua, while they were found more dominantly

during the Bega season. And the lowest dominant DD aerosol particles were observed

during the Kiremt season from the Terra and during the Belg season from the Aqua,

while they were found more dominantly during the Bega season from both instruments.

The BB aerosol particles types were least dominant during the Belg season from both of
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Figure 4.5: The AOD Vs AE Kernel density variation plots [Terra].

the instruments, while they were more dominant during the Tseday season from Terra and

54



Bega season from Aqua in the cluster. This cluster shows that the least dominant were

the BB aerosol particles types observed during the Belg season, and the most dominant

was the MR aerosol particle type observed during the Bega season from both Terra and

Aqua instruments. And in the southeast cluster, the lowest dominant MR and UR aerosol

particles types were observed during the Kiremt season, while these aerosol particles types

were found more dominantly during the Bega season from both Terra and Aqua satellites.

And the lowest dominant DD, BB, and MX aerosol particles types were observed during
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Figure 4.6: The AOD Vs AE Kernel density variation plots [Aqua].

Belg from both instruments. However, the lowest dominant DD and MX aerosol particles

types occurred during the Baga season from Terra, while these aerosol particles types

were found more dominantly during the Kiremt season from both instruments in the

cluster. This cluster shows that the least dominant was the BB aerosol particle type
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observed during the Belg season, and the most dominant was the MR aerosol particle

type observed during the Bega season from both Terra and Aqua instruments.

In the northwest cluster, the lowest dominant MR and UR aerosol particles types were

observed during the Kiremt season. These types of aerosol particles were found most

dominantly during the Bega season on both the Terra and Aqua satellites. But the most

dominant UR aerosol particle type occurred during the Belg season from Terra. And

the lowest dominant DD, BB and MX aerosol particles types were observed during Bega

from both instruments, while these aerosol particles types were found more dominantly

during the Kiremt season from those instruments in the cluster. This cluster shows that

the least dominant were the BB aerosol particles types observed during the Bega season,

and the most dominant was the MR aerosol particle type still observed during the Bega

season from both Terra and Aqua instruments. And coming to the southwest cluster,

the lowest dominant MR, UR, and MX aerosol particles types were observed during the

Kiremt season. These aerosol particles types were found more dominantly during the

Bega season from both Terra and Aqua satellites, with the most dominant MX aerosol

particles types occurring during the Tseday season from Terra. And the lowest dominant

DD and BB aerosol particles types were observed during Bega from both instruments,

while these aerosol particles types were found more dominantly during the Kiremt season

from both instruments in the cluster. This cluster shows that the least dominant was the

BB aerosol particle type observed during the Bega season, and the most dominant was

the MR aerosol particle type still observed during the Bega season from both Terra and

Aqua instruments.

The findings lead to the conclusion that 47.71% of marine MR-type aerosol particles

were the most dominant in the study areas. Subsequently, 28.29% of urban UR types

and 14.65% of Desert Dust DD types were the third dominant aerosol particles. 5.83%

mixed MX types and 3.52% biomass burning BB types were less dominant aerosol particle

types, 0.00% dust DS aerosol particles types in all clusters and seasons. The dominant
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aerosol particles (MR and UR types) found in the study areas originate from natural

or anthropogenic influences in local and regional areas and are transported from seabed

countries such as Djibouti (Boiyo et al., 2018a; Torres-Delgado et al., 2021; Li et al.,

2021c). In addition, the desert dust DD aerosol particles from Somalian and Eritrean

countries could be transported to the study area (Eshet and Raju, 2022). The frequency of

aerosol particles occurrence density varies between four clustered regions and four seasons

from both satellites, with Kiremt season having minima in the southeastern clusters and

Bega season having maxima in the southwestern clusters. The relative seasonal influence

of each aerosol particle type depends significantly on local meteorology, air mass transport,

aerosol particle mixing and chemical processes, and the mechanisms of formation and

removal of the vertical atmospheric column (Matthias et al., 2004). In addition, increased

relative humidity and hygroscopic growth of water vapour particles play an important role

in changing aerosol particle concentration (Elansky et al., 2018; Filonchyk et al., 2020).

4.2.3 Trend Analysis of Aerosol Concentration

This section describes the annual statistical trend tests for the optical parameters of

aerosol particles over the sixteen sites clustered in four regions. We have applied the

Mann-Kendall rank forward statistical trend test with the Sen’s slope method, which is

described in the methodology section on yearly values of AOD and AE parameters, and

the results are displayed in Figures 4.7(a)–(d) for the forward trend and Figures 4.8(a)–(d)

for the backward-reverse trend for the four clustered regions. The left-hand side of the

first vertical panel of Figures 4.7(a)–(d) shows trends for AOD and AE using the Terra

satellite, and the right-side panel for the Aqua satellite. It is clearly evident that there

is a slightly increasing forward and decreasing reverse trend variation at the southwest

cluster of Juba and Agnuak, at the southeast cluster of Awassa and Addis Ababa, for

the northwest cluster of Bahir Dar, and at the Ethiopian Renascence Dam sites. The

remaining sites from these clusters and all the sites at the northeast cluster show almost
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slightly up and down, and down parabolic vibrating trend variation respectively. The

trend test is almost similar for both the Terra and Aqua instruments, with the minimum

and maximum trend variations at the northwest and northeast clusters, respectively.
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Figure 4.7: The Mann-Kendall rank forward statistic trends tes.

The statistical trend tests confirm the significance of the positively increasing aerosol

particles concentration during the study period. Over the southern clusters, despite the

increasing trend, declining aerosol particles concentration and size were observed during

2002–2003 at the Aguak site, during 2002–2007 at the Juba site, and during 2017–2022 at

the Raga site, in the southwest cluster; and during 2001–2003 at the Awassa site, during

2002–2005 at the Addis Ababa site, and during 2002–2009 at the Kebri Dahar site, in the

southeast cluster, respectively. And over the northern clusters, we find declining aerosol

particles concentration and size during 2010–2022 at the Humera site, during 2017–2022

58



at the Dangote site, and during 2019–2022 at the Tonga site, in the northwest cluster;

and during 2014–2022 at all of the sites, in the northeast cluster, respectively.
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Figure 4.8: The Mann-Kendall rank backward statistic trends test.

Our results are consistent with previous results, with a small magnitude difference, for

example: (Hansson et al., 2021) in the Pan-Arctic; (Habib et al., 2019) over the Asian

desert; (Ali et al., 2020) in Pakistan; (Khan et al., 2021) over East China; (Wang et al.,

2021) in Jiangsu Province of China; (Joshi et al., 2022) over the Central Himalayas;

and (Xu et al., 2019) in the Yihe River in China, which show similar results to our

findings but not exactly the same in magnitude. This result can be explained by the

fact that the aerosol optical parameters AOD and AE are the columnar measures of the

aerosol particles concentration and size distribution from the surface of the Earth to the

atmosphere (Mohammad et al., 2022; Tian and Chen, 2010; Wu et al., 2012; Hansson
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et al., 2021). Besides, the optical parameters AOD and AE are characterized by great

complexity due to the different aerosol particles sources and the instant of the interactions

among local, synoptic, and larger-scale circulations during the study periods and at the

selected sites (Di Iorio et al., 2009; Feng et al., 2018; Bai et al., 2020).

4.3 Conclusions

The purpose of this study is to identify the dominant types and sizes of aerosol particles

based on the temporal distribution variations of their optical parameters AOD and AE

retrieved from the MODIS sensors over a period of 22 years (for Terra: January 2001

to December 2022, and for Aqua: July 2002 to December 2022). Those AOD and AE

retrievals included the daily, monthly, seasonal, and yearly values at sixteen selected sites

clustered in four regions with their corresponding averages. The main conclusions drawn

from our work are as follows:

1. The minimum daily AOD (0.00 for both Terra, Aqua) and AE (0.67 for Terra, 0.87

for Aqua) were observed in the southeast cluster at the Kebri Dahar site, and the

maximum AOD (1.02 for Terra, 0.97 for Aqua) and AE (1.18 for both Terra, Aqua)

were in the northeast cluster at the Erta Ale site, both in Ethiopia.

2. The minimum monthly AOD (2.10 for Terra, 2.00 for Aqua) and AE (1.23 for both

Terra, Aqua) were observed in the southeast cluster at the Kebri Dahar site, and

the maximum AOD (0.85 for Terra, 0.81 for Aqua) and AE (1.17 for both Terra,

Aqua) were in the northeast cluster at the Erta Ale site.

3. The minimum seasonal AOD (0.15 for Terra at Bega, 0.16 for Aqua at Belg) and

AE (1.03 for both Terra at Bega, Aqua at Belg) were observed respectively in the

southeast and northeast clusters at the Kebri Dahar and Kombolcha sites, and the

maximum, in all sites in Kiremt season, AOD (0.86 for Terra, 0.84 for Aqua) and
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AE (1.17 for both Terra, Aqua) were in the northeast cluster at the Erta Ale site,

both belonging to Ethiopia.

4. The minimum yearly AOD (0.11 for Terra, 0.09 for Aqua) and AE (1.03 for Terra,

1.02 for Aqua) were observed in the southeast cluster at the Kebri Dahar site, and

the maximum AOD (0.62 for Terra, 0.61 for Aqua) and AE (1.15 for both Terra,

Aqua) were in the northeast cluster at the Erta Ale site. Hence, the minimum AOD

and AE values were found at the Kebri Dahar site and the maximum at the Erta

Ale site, respectively. In addition, the southeast cluster had the lowest AOD and

AE values in both instruments, Terra and Aqua, while the northeast cluster had

the highest.

The aerosol particle types have been classified by applying gaussian forms of the kernel

density distribution techniques, and the Mann-Kendall rank trend test was applied over

16 sites in four classified clusters to check the annual variability of optical parameters of

aerosol. The most dominant type of particle was maritime aerosol particles, with desert

dust particles in second place. Aerosol particles were at their highest density in the

northwest cluster at the Humera site during Bega and at their lowest levels mostly in the

northeast cluster at the Juba site in the Kiremt season. The yearly total forward trend

of aerosol particles was almost increasing, and the reverse was vice versa. The variations

shown in the trend were lowest in the northwest cluster and highest in the northeast

cluster.
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Chapter 5

Long–Term Trend Analysis and
Spatial Distribution of Aerosol
Particles Over East Africa–Ethiopia
Using MODIS Satellite Data

This chapter is to be cited as:

Alemu, A. A. and Raju, J. P.: Long–Term Trend Analysis and Spatial Distribution of

Aerosol Particles Over East Africa–Ethiopia Using MODIS Satellite Data: Part 02, Jour-

nal of Heliyon, Elsevier, X, XXX–XXX, 2024.

5.1 Introduction

Among the most significant known global climate forcing factors, aerosols are microscopic

solid-liquid mixtures of atmospheric particles with diameters ranging from 2 nm to 20 µm.

They make up a tiny portion of the atmosphere (Khamala et al., 2022; Nourian et al.,

2021). Primarily, the aerosol particles can be released from the Earth into the atmo-

sphere through both natural and anthropogenic sources, which include biomass burning,

incomplete combustion of fossil fuels, volcanic eruptions, wind-driven or traffic-related

suspension of roads, soil and mineral dust, sea salt, sand, and biological materials (Chi

et al., 2019; Gaffney et al., 2006b; Filioglou et al., 2020). In addition, some atmospheric
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aerosol particles are also formed through the various physical and chemical processes in

the atmosphere as their secondary sources (Behera, 2016; Li et al., 2015a; Huang et al.,

2020). As a result, depending on their origins and further atmospheric processing, the

aerosol particles types, compositions, and lifetimes vary in both temporally and spatially

(Kafle and Coulter, 2013; Grythe, 2017). The aerosol particles optical properties, such as

the aerosol optical depth AOD, which describes their concentration, and the Ångström

exponent AE, which is related to the size distribution of aerosol particles, are used to

observe the trend of distribution variation (Shafique et al., 2022; B AL-Taie et al., 2020;

Kumar et al., 2015).

Therefore, this requires scientific observation to quantify the optical properties of the

parameters. And hence, it is the right time to pay enough attention to air quality and

the effects of climate change because it is a nightmare today. Such observation can

be achieved using ground-based or satellite remote sensing technique that allows both

spatial and temporal pattern and properties of aerosols to be assessed (Ngaina et al.,

2014). According to a previous review of the literature, there is remarkably little research

on atmospheric aerosol particles in the East African-Ethiopian region that makes use of

satellite or ground-based data (Homa et al., 2017; Getachew, 2009; Eshet and Raju, 2022).

There is no past literature survey on the long-term trends and spatial distributions using

MODIS/Sunphotometer from countries like China, India, Africa, etc (Vaquero-Martínez

and Antón, 2021). Therefore, in this study, we observed long-term trends of aerosol

particles and their spatial distribution over East Africa-Ethiopia using the climatological

database of AOD and AE from MODIS satellite instruments.

5.2 Results and Discussion

Using the formulas listed in our methodology subsection 3.6.1, we calculated the monthly

AE raster averaged array values after extracting and gathering the spatial raster monthly
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averaged AOD array values from January 1, 2001–December 31, 2022, using MODIS

satellites. Next, we built the averaged seasonal and annual AOD and AE array values

of the chosen study area regions. In this section, we discuss the seasonality and annual

spatial distribution variation of aerosol particles and their corresponding long-term trends

using the Mann-Kendall statistical rank test.

5.2.1 Spatial Distribution of Aerosol Concentration

Subsections 5.2.1 and 5.2.1 of the results and discussions section will present the seasonal

and annual spatial distribution variations of the aerosol particles optical parameters AOD

and AE over the study area regions.

Seasonal Distribution of Aerosol Concentration

This portion of the results and discussion is intended to address observations of the

aerosol particles optical parameters AOD and AE spatial distribution and their seasonal

fluctuations in the study area regions. Plotted for the selected study area regions, Figures

5.1(a–d) for both the Terra [left panels] and Aqua [right panels] instruments, with the AOD

[above panels] and AE [lower panels], respectively, show the seasonal averaged spatial

distribution variation of these parameters calculated from the study periods 2001–2022.

The observed results indicate that the parameters are oriented towards the western part

of the study area in general. This is consistent with the air pollution observations made

in the study (Kalisa et al., 2023) over East Africa, where the parameters are mostly

oriented towards the southwest of the study area regions, with 0.00≤AOD≤0.45 and

0.95≤AE≤1.20. Figure 5.1(a) shows the seasonality distribution variation, minimum

AOD and AE values, and maximum values in the Kiremt season (Fig. 5.1(c)). The next

season with the lowest AOD and AE values is the Belg season (Fig. 5.1(d)), while the next

season with the highest values for the Kiremt season is the Tesday season (Fig. 5.1(b))

for both the Terra and Aqua instruments. While the results contradict the observations
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  (a)

(c) (d)

(b)

Figure 5.1: The aerosol optical parameters seasonal spatial variation.

of the studies at four selected sites (Addis Ababa, Debre Markos, and Debre Tabor in

Ethiopia, and Djoubutti in Djibouti) (Homa et al., 2017; Eshet and Raju, 2022), they

are similar to the findings of the studies from the Taklimakan desert in China (Li et al.,

2021c) and the Nile River Basin in Ethiopia (Getachew et al., 2020). Contrary to the

findings in (Kharol et al., 2011), higher values are observed from the Aqua instrument

and lower values from the Terra instrument in the case of the instruments.

Although there are contradictory findings to our results, the studies conducted by various

scholars we have discussed above and those in (Kalisa et al., 2023; Boiyo et al., 2018a;

Torres-Delgado et al., 2021; Li et al., 2021c; Ngaina et al., 2014) about the seasonality of

the aerosol particles optical parameters fluctuation, the different local activities, and the
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long-range aerosol particles transport to the study area regions confirmed to be sufficient

means of our observation aerosol sources. Therefore, we can generalize that the findings

in our observations show that the aerosol particles optical parameter AOD and AE have

seasonal minimums in the Bega season and maximums in the Kiremt season, and spatial

minimums mostly in 33–42°E and maximums in the southwest of the study area regions,

respectively.

Annual Distribution of Aerosol Concentration

This subsection provides an overview of the interannual fluctuations within each of the

22 years, as well as the total annual average spatial distribution variations of the aerosol

  (a)

(c) (d)

(b)

No 
Aqua 

In 
2001

Figure 5.2: The aerosol optical parameters annual spatial variation [2001-2004].
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particles optical parameters AOD and AE over the study area regions for the study periods

of 2001–2022. Figures 5.2(a–d) for the years 2001–2004, Figures 5.3(a–d) for the years

2005–2008, Figures 5.4(a–d) for the years 2009–2012, Figures 5.5(a–d) for the study years

2013–2016, Figures 5.6(a–d) for the years 2017–2020, Figures 5.7(a–b) for the years of

2021–2022 and Figures 5.7(c) for their overall averages years of 2001–2022, respectively,

show the results for both of the Terra [left panels] and Aqua [right panels] instruments

with the AOD [above panels] and AE [lower panels] observations of the optical parameters

we observed in this study work.

  (a)

(c) (d)

(b)

Figure 5.3: The aerosol optical parameters annual spatial variation [2005-2008].

As shown in the above figures, the results clearly show that the optical parameters are

oriented towards the southwest and western regions in general. We can also observe the
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interannual variability with frequent minimum and maximum values of AOD and AE

optical parameters. The optical parameters also had minimums in the years 2001 (Fig.

5.2(a)), 2002–2003 (Fig. 5.2(b–c)), 2008 (Fig. 5.3(d)), and 2015 (Fig. 5.5(c)). The

  (a)

(c) (d)

(b)

Figure 5.4: The aerosol optical parameters annual spatial variation [2009-2012].

results on the aerosol particles optical parameters and interannual temporal variations in

the upper Blue Nile basin show the minimums are in the year 2004 and the maximums

are in the year 2011. However, there is no exact or nearly similar research to compare our

observation with others (Getachew et al., 2020). While the instrumental variation values

show the opposite with the seasonal and interannual data, the overall findings of the total

average spatial distribution variation shown in Figure 5.7(c)) and its regional minimums

and maximums agree with the observations we see in the individual 22 years. Stated
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differently, the Aqua instrument exhibits relatively higher optical parameter values than

the Terra instrument.
  (a)

(c) (d)

(b)

Figure 5.5: The aerosol optical parameters annual spatial variation [2013-2016].

5.2.2 Spatial Trend Analysis of Aerosol Concentration

In the following subsections 5.2.2 and 5.2.2 of the results and discussions section, the

seasonal and annual spatial distribution trend variations of the aerosol particles optical

parameters AOD and AE over the study area regions are presented.
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Seasonal Trend Analysis of Aerosol Concentration

The seasonal spatial trend tests for the aerosol particle optical parameters over the study

area regions are described in this subsection. We hvae used the Sen’s slope method, which

is explained in methodology section 3.6.3, to apply the Mann-Kendall rank forward sta-

tistical trend tests to the spatially distributed seasonal AOD and AE values. The results

of these techniques are shown in Figures 3(a)–(d) for both the Terra [left panels] and

Aqua [right panels] instruments, with the parameters that range being -15.0≤AOD≤15.0

[above panels] and 0.95≤AE≤1.40 [lower panels], respectively.

  (a)

(c) (d)

(b)

Figure 5.6: The aerosol optical parameters annual spatial variation [2017-2020].

Across the research work regions, the forward spatial trends generally exhibit complex

distribution variations and are positive, with minimums in the Belg season (Fig. 5.8(d))

70



and maximums in the Kiremt season (Fig. 5.8(c)). With the exception of the Bega

and Tseday seasons (Fig. 5.8(a-b) right panels), whose minimums are in the southeast

and maximums are nearly throughout the remaining regions of the study area for the

Terra instrument, they are high in the southern regions and low in the northern regions.

Furthermore, for the Aqua instrument, the trend is comparatively stronger in the Bega

and Tseday seasons, and for the Terra instrument, it is stronger in the Kiremt and Belg

seasons. Since the AOD and AE distributions have distinct sources and instantaneous

interactions with local, synoptic and larger-scale circulations in the study periods and

regions, the observed complexity of trends may be caused by these factors, as discussed

in (Di Iorio et al., 2009; Feng et al., 2018; Bai et al., 2020).

  (a)

(c) (d)

(b)

Figure 5.7: The aerosol optical parameters yearly spatial variation.
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The study area regions’ tropical atmospheric conditions, which include increased biomass

burning, in conjunction with the prevailing meteorological conditions, may be the cause of

the observed positive trends. Conversely, decreased biomass burning and altered land-use

patterns may be the cause of the declining trend in these areas (Boiyo et al., 2018b, 2019).

Annual Trend Analysis of Aerosol Concentration

The annual statistical trend tests for the optical parameters of aerosol particles over

the study areas are described in this subsection. Figures 5.8(d) show the 22-year total

averaged annual Mann-Kendall statistical trends with the AOD [upper panels] and AE

  (a)

(c) (d)

(b)

Figure 5.8: The Mann-Kendall rank forward statistic seasonal trends test.

[lower panels] for both the Terra [left panels] and Aqua[right panels]. From those figures,
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we observe that there is a slightly increasing forward trend variation distribution towards

the southern part of the study area regions. The total averaged annual spatial variation

has minimum trends in the north and maximum trends in the south. Relatively, the trend

is more for the Terra satellite than the Aqua, with almost no AE trend in the southeast

region. Here, the statistical trend tests confirm the significance of the positively increasing

aerosol particles concentration and size during the study period. This discrepancy can

be explained by the fact that the optical parameters AOD and AE are the columnar

measures of the aerosol particle concentration and size distribution from the surface of

the Earth to the atmosphere (Mohammad et al., 2022; Tian and Chen, 2010; Wu et al.,

2012; Hansson et al., 2021; Makokha et al., 2017b).

Our findings are in agreement with previously conducted temporal trend distribution

variations, albeit with differences in magnitude. For instance, Hansson et al., 2021; Habib

et al., 2019; Ali et al., 2020; Khan et al., 2021; Wang et al., 2021; Joshi et al., 2022; and Xu

et al., 2019; over the Asian desert; Pan-Arctic; Jiangsu Province of China; and Hanson

et al., 2021; exhibit results that are similar to ours, albeit not precisely the same in

magnitude.

5.3 Conclusions

The aim of this research is to examine the spatial distribution fluctuations and long-term

trends of aerosol particles using the optical parameters AOD and AE that were obtained

from the active MODIS sensors over a 22-year period (January 2001 to December 2022 for

Terra and July 2002 to December 2022 for Aqua). The seasonal, interannual, and total

annual average spatial distributions, as well as statistical trend tests for value variation in

the selected study area regions and periods, were included in those AOD and AE optical

parameter retrievals. The conclusions are drawn as follows:
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1. The optical parameters AOD and AE generally exhibit minimum distribution values

during the Bega and Belg seasons and maximums during the Kiremt and Tseday

seasons in the seasonal spatial distribution.

2. The optical parameters AOD and AE demonstrate the lowest distribution values in

the years 2002–2003, with maximums in 2001, 2008, and 2015 in interannual spatial

distribution fluctuations.

3. In general, we can state that the optical parameters are oriented primarily southwest

and more westward, respectively, with maximums in the southwest of the study area

regions and minimums in the 33–42°E region.

4. In the overall averaged annual distributions, more values are observed in the Aqua

than in the Terra. However, for the seasonal and interannual spatial distributions,

higher AOD and AE values are observed in the spatial distribution variations from

the Terra and less from the Aqua.

5. The significance of the positively increasing aerosol particles concentrations and the

sizes during the study periods is confirmed by the Mann-Kendall rank forward trend

tests.

The optical parameters spatial distribution variations show minimum values during the

seasons and places where the particles scavenge and maximum values during the seasons

and places where the aerosol particles become more concentrated due to local activities

and long-scale transportation to the study area regions. Furthermore, the spatial trends

show positive increases and negative decreases in the study area regions and the seasons

attributed to changes in climatic conditions and anthropogenic activities. Based on these

findings, we can conclude that the aerosols optical parameters are widely variable as a

result of the variability in seasonality, meteorological conditions, and emission sources.
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Chapter 6

Effects of Aerosol Particles on
Precipitation and Cloud Parameters
Over East Africa-Ethiopia Using
MODIS Satellite Data

The Chapter is to be cited as:

Alemu, A. A. and Raju, J. P.: Effects of Aerosol Particles on Precipitation and Cloud

Parameters Over East Africa-Ethiopia Using MODIS Satellite Data: Part 01, Journal of

Quantitative Spectroscopy & Radiative Transfer JQSRT, Elsevier, 17(1), 029–056, 2024.

6.1 Introduction

Our atmosphere is an ever-changing system that keeps the Earth inhabitable by absorbing

shortwave radiation and re-emitting long-wave radiation. The atmosphere contains gases,

aerosol particles, and collections of liquid and solid hygrometers that make up clouds.

Atmospheric aerosols are small mixtures of both solid particles and liquid droplets of

particulate matter suspended in the atmosphere (Kafle and Coulter, 2013; Grythe, 2017).

Their size ranges from a few tens of nanometers to several tens of micrometers. Which is

to say, they are in between the width of the smallest viruses and the diameter of human

hair, barely visible to the human eye, with lifetimes ranging from hours to years. These
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compositions, sizes, and lifetimes of the aerosol particles affect how far they can travel

around the world, their interactions with precipitation, clouds, and radiation budgets, and

their total potential effects on climate and human health (Duffney et al., 2023; Mushtaq

et al., 2022; Okuda, 2013).

The aerosol particles-cloud parameters-precipitation interactions attract more attention,

so regional as well as global scientific observations are needed to qualify and confirm the

situations. From a previous literature review, we found that there are few studies on

atmospheric aerosol particles optical properties in East Africa–Ethiopia using ground or

satellite data (Homa et al., 2017; Getachew, 2009; Eshet and Raju, 2022). However, to

date, no one has reported the effects of aerosol particles on cloud parameters, precipitation,

and the radiation budget using satellite data from the Moderate Resolution Imaging

Spectroradiometer MODIS, Tropical Rainfall Measuring Mission TRMM, and Clouds and

the Earth‘s Radiant Energy System CERES.

Hence, in this study, we used the climatological database of the aerosol particles optical

properties, namely the aerosol optical depth AOD and Ångström Exponent AET (Tomasi

and Lupi, 2017; B AL-Taie et al., 2020; Kumar et al., 2015), and the cloud parameters such

as atmospheric water vapor AWV, mean cloud fraction CFM, cloud top pressure CTP,

and cloud top temperature CTT (Sporre, 2016; Barthlott and Hoose, 2018) from MODIS,

the precipitation PPT (Barnsley, 1999; Liu et al., 2023) from TRMM, and the out going

long-wave radiation OLR flux (Myhre et al., 2013; Lippmann, 2000) from CERES satellite

instruments, to identify the interactions over East Africa-Ethiopia.

6.2 Results and Discussion

After extracting the HDF datasets and collecting their spatial raster AOD, AWV, CFM,

CTP, and CTT array values from MODIS, PPT array values from TRMM, and OLR

array values from CERES during January 2001–December 2022, the AET values were
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calculated from the AOD values using the formula described in the methodology section

3.6.1. And then monthly, seasonal and yearly temporal averages were obtained for selected

sites clustered into four regions, i.e., southwest, southeast, northwest, and northeast of

the study area. In addition, we also discuss the PCA-explained variance and fire-map

trajectory model analysis in this section.

6.2.1 Spatial Variation of Aerosol Influence

In this section, respectively from right to left, Bega, Tseday, Kiremt, Belg, and Annual, we

presented the seasonal as well as the total annual average spatial distribution variations

for the study periods 2001–2022. The spatial distribution fluctuations of the parameters

(a) (b) (c) (d) (e)

Figure 6.1: The aerosol optical parameters spatial distribution [Terra].
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we observed in these research findings are shown using Figures 6.1 and 6.2 for the Terra

and Aqua satellite data, respectively. Our observations include the research findings

that contain: for the aerosol particles optical parameters 0.00≤AOD≤0.35 (1st upper

panels); for the cloud parameters 0.00≤AWV≤3.50 (2nd panels), 0.00≤CFM≤0.80 (3rd

panels), 400.00≤CTP≤800.00 (6th panels), and 2500.00≤CTT≤300.00 (lower panels); for

the precipitation values 0.00≤PPT≤25.00 (only in Terra 4th panels); and for the outgoing

long-wave radiation flux 100.00≤OLR≤350.00 (5th panels) over the globe we take the

study area {3–180 N, 24–480 E} regions with in it.

(a) (b) (c) (d) (e)

Figure 6.2: The aerosol optical parameters spatial distribution [Aqua].

From both the seasonality and total annual results, we can observe that the parameters

are generally oriented towards the western part of the study area regions, mostly in the
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southwest of the study area regions. The seasonality distribution variation shows that

the minimum values are found in the Bega season (1st column panels) and the maximum

values are in the Kiremt season (3rd column panels). The Belg season (4th column panels)

is the next to have minimum values, while the next maximum values for the Kiremt season

are in the Tesday season (2nd column panels) for both the Terra and Aqua instruments.

The results are similar to the findings of the studies from the Taklimakan desert in China

(Li et al., 2021c) and the Nile River Basin in Ethiopia (Getachew et al., 2020) while

they contradict the observations of the studies at four selected sites: Addis Ababa, Debre

Markos, and Debre Tabor in Ethiopia, and Djibouti in Djibouti (Homa et al., 2017; Eshet

and Raju, 2022). In the case of the instruments, greater values are observed from the

Aqua instrument and less from the Terra instrument, which contradicts the observations

in (Kharol et al., 2011).

So, we can generalize that the findings in our observations show that the parameters

have seasonal minimums in the Bega season and maximums in the Kiremt season, and

spatial minimums mostly in 33–42°E and maximums in the southwest of the study area

regions, respectively. And the parameters are higher on the Terra instrument relative to

the Aqua instrument. Even if there are also contradictory findings to our results, the

studies undergone by different scholars we discussed above and those in (Kalisa et al.,

2023; Boiyo et al., 2018a; Torres-Delgado et al., 2021; Li et al., 2021c; Ngaina et al.,

2014) about the seasonality of the parameters fluctuation, the different local activities,

and the long–range aerosol particles transport to the study area regions confirmed our

observation.

6.2.2 Monthly Variation of Aerosol Influence

This section of the study depicts the results of the total average monthly temporal value

fluctuations for the aerosol particles, cloud parameters, precipitation, and the outgoing

long-wave radiation flux we described before. The temporal monthly mean values of the
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parameters are constructed for each site in the four clustered regions. The results of our

observations for the parameters values variations are illustrated in Figures 6.3 and 6.4 for

the Terra and Aqua satellite data, respectively. The increase and decrease fluctuations

for the parameters AWV, CFM and PPT are with AOD, while for OLR, CTP and CTT

they are vice-versa!
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Figure 6.3: The aerosol optical parameters monthly variation [Terra].

In the southwest cluster (1st column panels), the minimum values for the parameters are

observed in South Sudan at the Raga site, while the maximum values are observed in

Ethiopia at the Agnuak site for AOD, CFM, CTP, and CTT; in South Sudan at the

Juba site for AWV; and at the Raga site for PPT and OLR. For the southeast cluster

(2nd column panels), the minimum values are observed in Ethiopia at the Kebri Dahar
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site AOD, CFM, and PPT. The other minimas in Ethiopia are at the Addis Ababa site

for AWV, OLR, CTP, and CTT. And the maximum values are observed in Ethiopia at

the Addis Ababa site for AOD and PPT, and still in Ethiopia at the Kebri Dahar site

for AWV, OLR, CTP, and CTT. Another maximum value is observed in Eritrea at the

Aseb site for CFM. Here, the results we observed and discussed in the southern clustered

regions are from both the Terra and Aqua satellite instruments.
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Figure 6.4: The aerosol optical parameters monthly variation [Aqua].

In the northwest cluster (3rd column panels), the minimum values for the parameters are

observed in Ethiopian at the Humera site for AOD, CFM, PPT, OLR, and CTT. The

other minima in Ethiopia are at the Dangote sites for AWV and at the Bahir Dar site for

CPT. And the maximum values for the parameters are observed in Ethiopia at the Bahir
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Dar site for AOD and PPT and at the Humera sites for OLR. The other maxima values for

the parameters are observed in South Sudat at the Tonga site for AWV, CFM,CPT, and

CTT. When we moved to the northeast cluster (4th column panels), the minimum values

for the parameters were observed in Ethiopia at the Kombolcha site for AOD, AWV,

OLR, CTP, and CTT. The other minimum values for the parameters were observed in

Djibouti at the Djibouti site for CFM and in Eritrea at the Dahlak site for PPT. And

the maximum values for the parameters are observed in Eritrea at the Aseb site for AOD

and CFM and at the Dahlak site for CPT and CTT. The other maximum values for the

parameters are observed in Djibouti at the Djibouti site for AWV and OLR, and also in

Ethiopia at the Kombolcha site for PPT. Here, the results we observed and discussed in

the northern clustered regions are from both the Terra and Aqua satellite instruments,

with some exceptions. Minimum values for the parameters are observed for OLR at the

Bahir Dar and the Ethiopian Renascence Dam sites, and maximum values for CTP and

CTT at the Tonga site in the Aqua satellite.

In general, for both of the Terra and Aqua instruments: the minimum values are found

at the Kebri Dahar site for AOD, at the Kombolcha site for AWV, at the Humera site

for both CFM and PPT, they all in January and December, while their maximum values

are AOD at the Aseb siet, AWV at the Tonga site, CFM at the Agnuak sie, and PPT

at the Bahir Dar site, they all in July; the minimum values were found for OLR at the

Humera site and CTP at the Bahir Dar site both in August and CTT at the Raga site in

March and April, while the maximum OLR value is at the Kebri Dahar site in February;

the maximum CTP value is at the Dahlak site in January and December; the maximum

CTT value is at the Dahlak site in November. Exceptionally, the minimum values for the

OLR are at the Bahir Dar and Ethiopian Renascence Dam sites in July and August for

the Terra and Aqua instruments, respectively.
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6.2.3 Seasonal Variation of Aerosol Influence

The seasonal variations of the parameters at the selected sites clustered into four areas

are addressed in this section. The evolution of these parameters estimated from the study

periods of 2001–2022 are shown respectively in Figures 6.5 and 6.6 for the Terra and

Aqua satellite data together with their corresponding total average means. The minimum

values for the parameters AOD, AWV, CFM, and PPT are found in the Bega season, and

their maximum values are found in the Kiremt season, while the minimum values for the

parameters OLR, CTP and CTT are found in the Kiremt season, and their maximum

values are found in the Bega season, which are in vice-versa in all of the clusters and both

of the instruments.
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Figure 6.5: The aerosol optical parameters seasonal variation [Terra].
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In the southwest cluster (1st column panels), the minimum values for the parameters are

observed in South Sudan at the Raga site, while the maximum values are observed in

Ethiopia at the Agnuak site for AOD, CFM, PPT, CTP, and CTT; in South Sudan at

the Raga site for the parameters AWV and OLR. For the southeast cluster (2nd column
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Figure 6.6: The aerosol optical parameters seasonal variation [Aqua].

panels), the minimum values are observed in Ethiopia at the Kebri Dahar site AOD,

CFM, and PPT. The other minimas in Ethiopia are at the Addis Ababa site for AWV

and OLR, and in Eritrea they are at the Aseb site for CTP and CTT. And the maximum

values are observed in Ethiopia at the Addis Ababa site for AOD and PPT, and still in

Ethiopia at the Kebri Dahar site for AWV, OLR, CTP, and CTT. Another maximum

value is observed in Eritrea at the Aseb site for CFM. Here, the results we observed and
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discussed in the southern clustered regions are from both the Terra and Aqua satellite

instruments.

In the northwest cluster (3rd column panels), the minimum values for the parameters

are observed in Ethiopia at the Humera site for AOD and CFM and at the Ethiopia

Renascence Dam site for CTT. The other minima in Ethiopia are at the Dangote sites

for AWV and at the Bahir Dar site for OLR and CPT. And the maximum values for

the parameters are observed in Ethiopia at the Bahir Dar site for AOD and PPT and at

the Humera sites for OLR and CTT. The other maxima values for the parameters are

observed in South Sudan at the Tonga site for AWV, CFM, and CPT. When we moved

to the northeast cluster (4th column panels), the minimum values for the parameters were

observed in Ethiopia at the Kombolcha site for AOD and AWV and at the Erta Ale

site for CTP and CTT. The other minimum values for the parameters were observed in

Djibouti at the Djibouti site for CFM and in Eritrea at the Aseb site for PPT and OLR.

And the maximum values for the parameters are observed in Eritrea at the Aseb site for

AOD and CTP and at the Dahlak site for CFM and CTT. The other maximum values for

the parameters are observed in Djibouti at the Djibouti site for AWV. Still, other values

are also observed in Ethiopia at the Kombolcha site for PPT and at the Erta Ale site

for OLR. Here, the results we observed and discussed in the northern clustered regions

are from both the Terra and Aqua satellite instruments, with some exceptions. Minimum

values for the parameters are observed for OLR, CTP and CTT at the Kombolcha and the

Ethiopian Renascence Dam sites, and maximum values for CTP and CTT at the Tonga

site in the Aqua satellite.

In general, for both of the Terra and Aqua instruments: the minimum values are found

at the Kebri Dahar site for ADD, at the Kombolcha site for AWV, at the Humera site for

both CFM and PPT, they are all in Bega, while the maximum values are for AOD at the

Aseb siet, AWV at the Tonga site, CFM at the Agnuak sie, and PPT at the Bahir Dar

site, they are all in Kiremt. And also, the minimum values were found for OLR at the
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Bahir Dar and Ethiopian Renascence Dam sites, CTP at the Bahir Dar site and CTT at

the Humera site, they are all in Kiremt, while the maximum values are for OLR at the

Humera site, CTP and CTT at the Dahlak site they are all in Bega. Therefore, almost

all of the results in the figures indicate extreme values at similar locales, like those of the

observations in Figures 6.5 and 6.6, with a few noted exceptions.

Those results are similar to the findings and the reasons in the study (Liu et al., 2021)

from eastern China. The seasonal results for the parameters were similar to those of the

observations made in Austria (Yang et al., 2021), Algeria (Khan et al., 2021), eastern

China (Liu et al., 2021), and Hong Kong (Yu et al., 2022), despite the fact that there had

been no prior studies on the sites in the clustered regions. The discrepancies we discovered

were in the minimums with different data periods and site selections. Furthermore, in

the study conducted by (Yu et al., 2022) the minimums were primarily at Bega and the

maximums at Kiremt.

6.2.4 Yearly Variation of Aerosol Influence

In this section, we summarize the total yearly variations of the parameters for all the

selected sites belonging to the four clustered regions. Respectively from top to bottom,

the first column panels in the error bar in Figures 6.7 and 6.8 indicate the yearly variations

for parameters AOD, AWV, CFM, PPT, OLR, CTP, and CTT from the Terra and Aqua

satellites corresponding to the selected sites in the southwest cluster, and the average of

all the sites is also superimposed on all plots. Similarly, the other 2nd, 3rd and 4th column

panels in the figures produce yearly variations of the parameters for the remaining three

clustered regions. The majority of the sites, both in the western and eastern cluster zones,

clearly demonstrate interannual variability with frequent minimum and maximum values

for parameters, as repeated in the aforementioned figures.

The average of the clustered regions shows the minima at the southeast cluster in 2022

for all AOD, AWV and CFM; in 2010 for PPT and OLR and in 1999 and for OLR with
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Figure 6.7: The aerosol optical parameters yearly variation [Terra].

their maxima at the northeast cluster in 2010 for AOD, AWV and CFM; in 2009 for PPT;

and in 2011 and 2022 for CTP and CTT from both instruments. Accordingly, the AOD,

AWV, CFM, PPT, CTP and CTT minimum values are 0.22, 1.90, 0.21, 1.15, 253.86,

504.53 and 257.73 for Terra and 0.18, 1.91, 0.27, 252.14, 533.43 and 262.94 for Aqua,

and the maxima are 0.35, 2.33, 0.33, 2.26, 271.23, 619.08 and 268.49 for Terra and 0.35,

2.35, 0.41, 272.22, 640.07 and 272.58 for Aqua, respectively. Here, the parameter PPT

is illustrated only in Figures 6.7 and the values for all of the parameters we observed in

the Aqua satellite are mostly greater than those of the Terra satellite. The values for

the parameters were higher in the southern clusters, specifically in the southwest clusters,

than in the northern clusters.
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Figure 6.8: The aerosol optical parameters yearly variation [Aqua].

6.2.5 The Explained Variance of Aerosol Contribution

In this study section, the PCA analysis was used to evaluate the contribution of selected

satellite-derived aerosol particles, cloud parameters, outgoing long-wave radiation flux,

and precipitation dataset parameters at 16 selected sites clustered into four regions over

East Africa-Ethiopia. Table 6.1 presents results for the optimum number of the prin-

cipal component retained based on aerosols, clouds, outgoing long-wave radiation flux,

and precipitation datasets. The results in Figures 6.9 present a detailed analysis to in-

vestigate the variability explained by the number of significant PCs retained for aerosol

particles, clouds, outgoing long-wave radiation flux, and precipitation parameters. The

identified PCs were found to be significant at 95% confidence level based on Monte Carlo
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Table 6.1: The explained variance based on AOD in precipitation and cloud parameters.
 

Clusters Southwest Southeast Northwest Northeast 

Sites JB AW RG AS KD AA DG TG ED BD HR KC DT AB AE DL 

TERRA 

AOD 76.73933 20.23363 3.02705 94.17940 4.27753 1.54307 82.73777 12.01738 3.65045 1.07927 0.51513 90.25404 5.36274 1.96848 1.58128 0.83347 

AET 64.70823 31.88831 3.40346 97.30233 2.42940 0.26827 80.86167 13.72519 3.81542 1.10606 0.49165 87.50381 7.19404 3.09355 1.55495 0.65365 

AWV 89.26286 7.55244 3.18471 84.03200 11.84184 4.12616 95.52147 2.51904 1.27996 0.51779 0.16175 81.70954 14.57567 1.68779 1.46560 0.56140 

CRF 86.71811 9.05469 4.22720 94.73250 4.42521 0.84229 92.96030 3.58475 2.39505 0.61189 0.44802 55.56792 28.39492 7.78548 7.11895 1.13273 

PPT 62.10693 23.50944 14.38362 64.88465 25.39582 9.71953 67.39023 16.98714 9.15673 4.15465 2.31126 77.47822 11.64260 5.92301 3.51182 1.44435 

OLR 88.72757 9.83584 1.43659 85.63301 12.22916 2.13783 94.79371 2.81389 1.77993 0.61246 0.00000 94.90689 2.34225 2.11515 0.63571 0.00000 

CPT 70.23797 16.88900 12.87303 86.87264 11.84006 1.28731 78.36714 13.47516 3.35201 2.68929 2.11639 80.50630 11.44524 4.67903 1.95688 1.41255 

CTT 67.55355 17.80640 14.64005 86.29808 12.29272 1.40920 73.79662 15.64307 4.61335 3.53874 2.40822 71.61495 18.02711 5.84235 2.59034 1.92526 

AQUA 

AOD 84.70071 12.61905 2.68024 95.42342 3.54012 1.03645 88.94035 7.16094 2.69740 0.87293 0.32838 88.94690 6.16285 2.86151 1.26048 0.76825 

AET 76.99748 19.53934 3.46318 95.73084 3.89758 0.37157 86.89722 8.89579 3.13974 0.73780 0.32946 88.46001 6.26736 3.53449 0.92067 0.81748 

AWV 92.53369 4.17327 3.29303 88.65611 9.43300 1.91089 96.57223 1.52195 1.26090 0.46834 0.17658 87.97118 7.29076 2.57206 1.33557 0.83042 

CRF 89.88591 7.41667 2.69742 94.08575 4.79364 1.12061 90.48992 5.15982 2.78661 1.40036 0.16330 68.81907 15.17137 8.18359 6.20453 1.62144 

OLR 91.09479 7.34459 1.56061 87.59003 10.87574 1.53423 95.82135 2.14056 1.60456 0.43352 0.00000 94.27929 3.06419 1.99185 0.66467 0.00000 

CPT 45.95326 36.69971 17.34703 69.41749 27.82834 2.75418 81.21971 9.98676 4.37016 2.71255 1.71082 85.13126 7.14464 3.90295 2.27019 1.55096 

CTT 47.81010 37.12246 15.06745 59.73888 36.95421 3.30691 80.83209 9.53087 5.93915 2.18724 1.51065 76.63567 9.26518 8.37120 4.53936 1.18859 
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testing (Ngaina, 2015). Notably, the OLR and AWV parameters, both at the Humera

and Dahlak sites, had the lowest optimum significant PCs, which was attributed to the

course resolution of the datasets from both of the instruments. The number of significant

 

Clusters Southwest Southeast Northwest Northeast 

Sites JB AW RG AS KD AA DG TG ED BD HR KC DT AB AE DL 

TERRA 

AOD 76.73933 20.23363 3.02705 94.17940 4.27753 1.54307 82.73777 12.01738 3.65045 1.07927 0.51513 90.25404 5.36274 1.96848 1.58128 0.83347 

AET 64.70823 31.88831 3.40346 97.30233 2.42940 0.26827 80.86167 13.72519 3.81542 1.10606 0.49165 87.50381 7.19404 3.09355 1.55495 0.65365 
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CRF 86.71811 9.05469 4.22720 94.73250 4.42521 0.84229 92.96030 3.58475 2.39505 0.61189 0.44802 55.56792 28.39492 7.78548 7.11895 1.13273 

PPT 62.10693 23.50944 14.38362 64.88465 25.39582 9.71953 67.39023 16.98714 9.15673 4.15465 2.31126 77.47822 11.64260 5.92301 3.51182 1.44435 

OLR 88.72757 9.83584 1.43659 85.63301 12.22916 2.13783 94.79371 2.81389 1.77993 0.61246 0.00000 94.90689 2.34225 2.11515 0.63571 0.00000 

CPT 70.23797 16.88900 12.87303 86.87264 11.84006 1.28731 78.36714 13.47516 3.35201 2.68929 2.11639 80.50630 11.44524 4.67903 1.95688 1.41255 

CTT 67.55355 17.80640 14.64005 86.29808 12.29272 1.40920 73.79662 15.64307 4.61335 3.53874 2.40822 71.61495 18.02711 5.84235 2.59034 1.92526 

AQUA 

AOD 84.70071 12.61905 2.68024 95.42342 3.54012 1.03645 88.94035 7.16094 2.69740 0.87293 0.32838 88.94690 6.16285 2.86151 1.26048 0.76825 

AET 76.99748 19.53934 3.46318 95.73084 3.89758 0.37157 86.89722 8.89579 3.13974 0.73780 0.32946 88.46001 6.26736 3.53449 0.92067 0.81748 

AWV 92.53369 4.17327 3.29303 88.65611 9.43300 1.91089 96.57223 1.52195 1.26090 0.46834 0.17658 87.97118 7.29076 2.57206 1.33557 0.83042 

CRF 89.88591 7.41667 2.69742 94.08575 4.79364 1.12061 90.48992 5.15982 2.78661 1.40036 0.16330 68.81907 15.17137 8.18359 6.20453 1.62144 

OLR 91.09479 7.34459 1.56061 87.59003 10.87574 1.53423 95.82135 2.14056 1.60456 0.43352 0.00000 94.27929 3.06419 1.99185 0.66467 0.00000 

CPT 45.95326 36.69971 17.34703 69.41749 27.82834 2.75418 81.21971 9.98676 4.37016 2.71255 1.71082 85.13126 7.14464 3.90295 2.27019 1.55096 
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Figure 6.9: The explained variance based on AOD in precipitation and cloud parameters.

PCs retained based on AET at the Awassa site and AWV at the Dangote site was highest

compared to the other parameters. The differences in retained PCs point to the different

atmospheric dynamics responsible for the behaviour of climate during the various seasons

of the year and the spatial coherence arising from both interannual and intraseasonal

variability. Further, the use of seasonal and annual total average provides information
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on interannual variability only. However, the studies in (Ininda, 1994; Gitau et al., 2013)

showed that results from the monthly analysis were better during prolonged rainfall due

to high variability. The findings in (Indeje et al., 2000) classified the entire East Africa

region into eight and nine near homogeneous zones based on the annual and seasonal

observed rainfall, respectively.

6.2.6 The Fire-Map Trajectory

In this research, the backward fire-map trajectory analysis was done using the HYSPLIT

model at the Agnuak site from the southwest cluster, at the Kebri Dahar and Addis

Ababa sites from the southeast cluster, at the Humera site from the northwest cluster,

and at the Aseb site from the northeast cluster. We have utilized a five-day backward

trajectory analysis to identify the sources of atmospheric aerosol particles at 500–5000

metres above ground-level MAGL. For the selected five location sites: the 2nd row panels

for the Agnuak site in 2002, the 3rd row panels for the Kebri Dahar site in 2011, the 4th

row panels for the Addis Ababa site in 2015, the 5th row panels for the Humera site in

2011, and the 6th row panels for the Aseb site in 2012, with a high factor loading based

on TRMM 3B43 satellite-derived rainfall estimates were utilized. The 1st row panels in

the Figures are to illustrate the fire map trajectories for the sources from the biomass

burnings BBs. The HYSPLIT trajectories were computed for the start, June 01 and 16

(the 1st and 2nd column panels); mid, July 01 and 16 (the 3rd and 4th column panels); and

end, August 01, 16 and 31 (the 5th, 6th and 7th column panels), of the Kiremt season, as

shown in Figures 6.10.

At the beginning of the season, the backward trajectories identified the continental source

regions as the Arabian deserts and the Indian subcontinents. The selected continental

stations included Agnuak, Kebri Dehar, Addis Ababa, and Humera. The locations of

the maritime source regions were in the sub-western Indian Ocean, with the selected sink

station at the Aseb site. In the middle of the season, the source regions for the study
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(a) (b) (c) (d) (e) (f) (g)

Figure 6.10: Fire maps-HYSPLIT backward trajectories during start, mid and end of kiremt.

area sites were in the southwest Indian Ocean, Kenya, Madagascar, Uganda, Sudan, and

Egypt. At the end of the season, all the source regions for all stations at all levels

were located in the Arebian Deserts, the southwest Indian Ocean, Central Africa, Kenya,

Madagascar, Uganda, Sudan, and Egypt. Here, the study area regions by themselves were

also the source regions at the beginning, middle, and end of the season at all levels. And

we observed that there were active fires in all the source regions during the beginning,

middle, and end of the season on the fire map projected as in the 1st row panels of Figures.

Generally, at different levels, the transported aerosol particles in the atmosphere show

varied source regions. The atmospheric aerosol particles undergo vertical mixing inland

in East Africa-Ethiopia. Further, several high mountains > 2000m are situated near
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the Great Rift Valley area in East Africa-Ethiopia. They include Mount Kilimanjaro,

Mount Kenya, and Mount Rwenzori. These mountains block the eastward transport of

the Sahel smoke as well as dust from the Bodele Depression (Washington and Todd, 2005;

Fiedler et al., 2014). Therefore, these mixed aerosols accounted for increased rainfall over

locations with high factor loadings based on TRMM 3B43 rainfall (Yang et al., 2013).

6.3 Conclusions

The purpose of this study is to investigate effects of aerosol particles on precipitation and

cloud parameters based on the spatiotemporal distribution variations retrieved from the

MODIS, TRMM 3B43, and CERES sensors over a period of 22 years (for Terra: January

2001 to December 2022, and for Aqua: July 2002 to December 2022). Those parameter

retrievals included the spatial, monthly, seasonal, and yearly values at sixteen selected

sites clustered in four regions with their corresponding averages. The main conclusions

drawn from our work are as follows:

1. The seasonality total spatial averaged values for the aerosol particles optical depth

parameters are 0.00≤AOD≤0.35; for cloud parameters, they are 0.00≤AWV≤3.50,

0.00≤CFM≤0.80, 400.00≤CTP≤800.00, and 2500.00≤CTT≤300.00; values for the

precipitation, they are 0.00≤PPT≤25.00; and for the outgoing long-wave radiation

flux, they are 100.00≤OLR≤350.00, with their minimums occurring in the Bega

season and their maximums occurring in the Kiremt season. Across the globe, we

consider the study area {3–180 N, 24–480 E} regions within it.

2. The minimum monthly values are found at the Kebri Dahar site for ADD, at the

Kombolcha site for AWV, at the Humera site for both CFM and PPT, they all

in January and December, while their maximum values are AOD at the Aseb siet,

AWV at the Tonga site, CFM at the Agnuak sie, and PPT at the Bahir Dar site,

they all in July; the minimum values were found for OLR at the Humera site and
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CTP at the Bahir Dar site both in August and CTT at the Raga site in March and

April, while the maximum OLR value is at the Kebri Dahar site in February; the

maximum CTP value is at the Dahlak site in January and December; the maximum

CTT value is at the Dahlak site in November. Exceptionally, the minimum values

for the OLR are at the Bahir Dar and Ethiopian Renascence Dam sites in July and

August for the Terra and Aqua instruments, respectively.

3. The minimum values are found at the Kebri Dahar site for ADD, at the Kombolcha

site for AWV, and at the Humera site for both CFM and PPT; they are all in Bega,

while the maximum values are for AOD at the Aseb siet, AWV at the Tonga site,

CFM at the Agnuak sie, and PPT at the Bahir Dar site; they are all in Kiremt.

And also, the minimum values were found for OLR at the Bahir Dar and Ethiopian

Renascence Dam sites, CTP at the Bahir Dar site, and CTT at the Humera site;

they are all in Kiremt, while the maximum values are for OLR at the Humera site,

CTP, and CTT at the Dahlak site; they are all in Bega.

4. The total annual average variation shows the minima at the southeast cluster in

2022 for all AOD, AWV and CFM; in 2010 for PPT and OLR and in 1999 and for

OLR with their maxima at the northeast cluster in 2010 for AOD, AWV and CFM;

in 2009 for PPT; and in 2011 and 2022 for CTP and CTT from both instruments.

Accordingly, the AOD, AWV, CFM, PPT, CTP and CTT minimum values are 0.22,

1.90, 0.21, 1.15, 253.86, 504.53 and 257.73 for Terra and 0.18, 1.91, 0.27, 252.14,

533.43 and 262.94 for Aqua, and the maxima are 0.35, 2.33, 0.33, 2.26, 271.23,

619.08 and 268.49 for Terra and 0.35, 2.35, 0.41, 272.22, 640.07 and 272.58 for

Aqua, respectively.

5. The OLR and AWV parameters, both at the Humera and Dahlak sites, had the

lowest optimum significant PCs, whereas the PCs retained based on AET at the

Awassa site and AWV at the Dangote site were the highest compared to the other
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parameters. The differences in retained PCs point to the different atmospheric

dynamics responsible for the behaviour of climate during the various seasons of

the year and the spatial coherence arising from both interannual and intraseasonal

variability. And our observation using the HYSPLIT model and fire map confirms

that transported aerosol particles in the atmosphere show varied source regions,

mostly the Arebian desert and the southwest Indean ocean, at different levels.
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Chapter 7

Correlation of Aerosol Particles with
Clouds and Radiation Budget Over
East Africa-Ethiopia Using MODIS
Satellite Data

The chapter is to be cited as:

Alemu, A. A. and Raju, J. P.: Correlation of Aerosol Particles with Clouds and Radiation

Budget Over East Africa-Ethiopia Using MODIS Satellite Data: Part 02, Journal of

Quantitative Spectroscopy & Radiative Transfer JQSRT, Elsevier, X, XXX–XXX, 2024.

7.1 Introduction

Our planet Earth consists of the atmosphere, hydrosphere, cryosphere, land surface and

biosphere. It is a complex system of interacting physical, chemical and the biological

processes that provides a natural laboratory whose experiments have been running since

the beginning of time. The gaseous part above the Earth’s surface includes traces of other

gaseous, liquid and solid substances. Its weather, radiation balance, formation of clouds

and precipitation, atmospheric flow, reservoir of natural and anthropogenic trace gases,

transport of heat, water vapour, tracers, dust and aerosols (Shrestha and Singh, 2014;

Kafle and Coulter, 2013; Grythe, 2017).
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Studies indicated that aerosol particles positively constellated with cloud parameters and

radiation budget. There is also clear and rapidly growing evidence that atmospheric

aerosol particles have profound impacts on the thermodynamics and radiative energy

budgets of the Earth. The aerosol particles affect the atmosphere: directly by altering

the properties of the radiation energy budget through scattering and absorbing the solar

radiation; indirectly by affecting the cloud micro-physical properties; and semi-directly

through the absorbed radiation energy by aerosol particles, which is able to increase the

temperature of the surrounding air, resulting in the evaporation of cloud droplets and

ice particles (Myhre et al., 2013; Kafle and Coulter, 2013) (Myhre et al., 2013; Li et al.,

2021b; Kaufman et al., 2000b; Marchand et al., 2010).

The aerosol particles-cloud parameters-precipitation interactions attract more attention,

so regional as well as global scientific observations are needed to qualify and confirm the

situations. From a previous literature reviews, we have found that there are few studies

on atmospheric aerosol particles optical properties in East Africa–Ethiopia using ground

or satellite data (Homa et al., 2017; Getachew, 2009; Eshet and Raju, 2022). However,

to date, no one has reported the correlation of aerosol particles with cloud parameters,

precipitation and radiation budget using satellite data from the Moderate Resolution

Imaging Spectroradiometer MODIS, Tropical Rainfall Measuring Mission TRMM, and

Clouds and the Earth‘s Radiant Energy System CERES.

Hence, in this study, we used the climatological database of the aerosol particles optical

properties, namely the aerosol optical depth AOD and Ångström Exponent AET (Tomasi

and Lupi, 2017; B AL-Taie et al., 2020; Kumar et al., 2015), and the cloud parameters

such as atmospheric water vapor AWV, the mean cloud fraction CFM, cloud top pressure

CTP, and cloud top temperature CTT (Sporre, 2016; Barthlott and Hoose, 2018) from

MODIS, the precipitation PPT (Barthlott and Hoose, 2018; Li et al., 2017) from TRMM,

and the out going long-wave radiation OLR flux (Myhre et al., 2013; Lippmann, 2000)

from CERES satellite instruments, to identify the interactions over East Africa-Ethiopia.
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7.2 Results and Discussion

After extracting the HDF datasets and collecting their spatial raster AOD, AWV, CFM,

CTP, and CTT array values from MODIS, PPT array values from TRMM 3B43, and

OLR array values from CERES during January 2001–December 2022, the AET values

were calculated from the AOD values using the formula described in the methodology

Section 3.6.1. We also perform the AOD combined temporal correlation variation with

all parameters and the spatial correlation with the parameters from MODIS Satellite.

This section presents the results with their corresponding appropriate discussions for

16 selected sites clustered into four regions, i.e., southwest, southeast, northwest, and

northeast of the study area. In addition, we discuss the multiple linear regression analysis

and TOA-surface radiative forcing in this section.

7.2.1 Optical Parameters Spatial Correlation

In this section, respectively from right to left Bega, Tseday, Kiremt, Belg and Annual, we

presented the seasonal as well as the total annual average spatial correlation distribution

variations for the study periods 2001–2022. The distribution fluctuations for the spatial

correlation of the parameters we observed in these research findings are shown using

Figures 7.1 and 7.2, for the Terra and Aqua satellite data, respectively. Our observations

show that a slight variation ranges between -1.0 and 1.0. They include the research

findings that contain a correlation of AOD with: the Ångström Exponent COA, 1st upper

panels, the atmospheric water vapor COW, 2nd panels, the cloud fraction COF, 3rd panels,

the cloud top pressure COP, 6th panels, and the cloud top temperature COT (lower panels)

over the globe we take the study area {3–180 N, 24–480 E} regions with in it.

From both the seasonality and total annual results, we can observe that the correlations of

the parameters are generally oriented towards the western part of the study area regions,

mostly in the southwest of the study area regions. The seasonality distribution variation
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shows that the minimum values are found in the Bega season, 1st column panels, and

the maximum values are in the Kiremt season, 3rd column panels. The Belg season, 4th

column panels, is the next to have minimum values, while the next maximum values for the

Kiremt season are in the Tesday season, 2nd column panels, for both of the Terra and Aqua

instruments. The results are similar to the findings of the studies from the Taklimakan

desert in China (Li et al., 2021c) and the Nile River Basin in Ethiopia (Getachew et al.,

(a) (b) (c) (d) (e)

Figure 7.1: The aerosol optical parameters spatially correlated distribution [Terra].

2020) while they contradict the observations of the studies at four selected sites: Addis

Ababa, Debre Markos, and Debre Tabor in Ethiopia, and Djibouti in Djibouti (Homa

et al., 2017; Eshet and Raju, 2022). In the case of the instruments, greater values are

observed from the Aqua instrument and less from the Terra instrument, which contradicts

the observations in (Kharol et al., 2011).
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So, we can generalize, that the findings in our observations show that the correlations of

the parameters have the seasonal minimums in the Bega season and the maximums in the

Kiremt season, and the spatial correlations have the minimums mostly in 33–42°E and the

maximums in the southwest of the study area regions, respectively. And the correlations of

the parameters are higher on the Terra instrument relative to the Aqua instrument. Even

(a) (b) (c) (d) (e)

Figure 7.2: The aerosol optical parameters spatially correlated distribution [Aqua].

if there are also contradictory findings to our results, the studies undergone by different

scholars we discussed above and those in (Kalisa et al., 2023; Boiyo et al., 2018a) about the

seasonality of the correlations of the parameters fluctuation, the different local activities,

and the long-range aerosol particles transport to the study area regions confirmed our

observation (Torres-Delgado et al., 2021; Li et al., 2021c; Ngaina et al., 2014).
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7.2.2 Optical Parameters Temporal Correlation

This section describes the results of the total monthly average temporal value fluctuations

for the aerosol particles, cloud parameters, precipitation, and outgoing long-wave radiation

flux we discussed earlier. The temporal combined monthly mean values of the parameters

are constructed for each site in the four clustered regions. The results of our observations

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Ae
ro

so
l_O

pti
ca

l_D
ep

th_
La

nd
_O

ce
an

_M
ea

n

1.02

1.04

1.06

1.08

1.1

1.12

1.14

Southwest

MODIS_Terra_2001-22_Monthly

JB

AW

RG

1 2 3 4 5 6 7 8 9 10 11 12
0

0.1

0.2

0.3

0.4

0.5

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

Southeast

MODIS_Terra_2001-22_Monthly

AS

KD

AA

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

1.02

1.04

1.06

1.08

1.1

1.12

1.14

1.16

Northwest

MODIS_Terra_2001-22_Monthly

DG

TG

ED

BD

HR

1 2 3 4 5 6 7 8 9 10 11 12

0.2

0.4

0.6

0.8

1

1.2

1.05

1.1

1.15

1.2

An
gs

tro
m_

Ex
po

ne
nt_

La
nd

_A
nd

_O
ce

an
_M

ea
n

Northeast

MODIS_Terra_2001-22_Monthly

KC

DT

AB

AE

DL

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Ae
ro

so
l_O

pt
ica

l_D
ep

th
_L

an
d_

Oc
ea

n_
Me

an

1.5

2

2.5

3

3.5

4

4.5

5

1 2 3 4 5 6 7 8 9 10 11 12

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

1

1.5

2

2.5

3

3.5

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

1 2 3 4 5 6 7 8 9 10 11 12

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1

1.5

2

2.5

3

3.5

4

4.5

5

At
mo

sp
he

ric
_W

ate
r_

Va
po

r_
Me

an

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Ae
ro

so
l_O

pt
ica

l_D
ep

th
_L

an
d_

Oc
ea

n_
Me

an

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 2 3 4 5 6 7 8 9 10 11 12

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 2 3 4 5 6 7 8 9 10 11 12

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Cl
ou

d_
Fr

ac
tio

n_
Me

an

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Ae
ro

so
l_O

pti
ca

l_D
ep

th_
La

nd
_O

ce
an

_M
ea

n

0

1

2

3

4

5

6

7

8

1 2 3 4 5 6 7 8 9 10 11 12

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0

1

2

3

4

5

6

7

8

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0

1

2

3

4

5

6

7

8

9

10

1 2 3 4 5 6 7 8 9 10 11 12

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1

1.5

2

2.5

3

3.5

4

4.5

5

TR
MM

_P
re

cip
tat

ion

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Ae
ro

so
l_O

pt
ica

l_D
ep

th
_L

an
d_

Oc
ea

n_
Me

an

210

220

230

240

250

260

270

280

290

1 2 3 4 5 6 7 8 9 10 11 12

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

220

230

240

250

260

270

280

290

300

310

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

200

220

240

260

280

300

320

1 2 3 4 5 6 7 8 9 10 11 12

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

210

220

230

240

250

260

270

280

290

300

CE
RE

S_
Lo

ng
_W

av
e_

Flu
x

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Ae
ro

so
l_O

pt
ica

l_D
ep

th
_L

an
d_

Oc
ea

n_
Me

an

350

400

450

500

550

600

650

1 2 3 4 5 6 7 8 9 10 11 12

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

400

450

500

550

600

650

700

750

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

350

400

450

500

550

600

650

700

1 2 3 4 5 6 7 8 9 10 11 12

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

300

400

500

600

700

800

900

Cl
ou

d_
To

p_
Pr

es
su

re
_M

ea
n

1 2 3 4 5 6 7 8 9 10 11 12

Time[Month]

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Ae
ro

so
l_O

pti
ca

l_D
ep

th_
La

nd
_O

ce
an

_M
ea

n

235

240

245

250

255

260

265

270

275

1 2 3 4 5 6 7 8 9 10 11 12

Time[Month]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

245

250

255

260

265

270

275

280

1 2 3 4 5 6 7 8 9 10 11 12

Time[Month]

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

235

240

245

250

255

260

265

270

275

280

1 2 3 4 5 6 7 8 9 10 11 12

Time[Month]

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

245

250

255

260

265

270

275

280

285

290

295

Cl
ou

d_
To

p_
Te

mp
era

tur
e_

Me
an

(d)(a) (b) (c)

Figure 7.3: The aerosol optical parameters combined monthly variation [Terra].

for the parameters combined with AOD values are illustrated in Figures 7.3 and 7.4 for the

Terra and Aqua satellite data, respectively. Here, in Figures 7.3 and 7.4, the increase and

decrease fluctuations for the parameters AET, AWV, CFM and PPT are gently positively

associated with AOD, while for OLR, CTP and CTT they are vice-versa!

In the southwest cluster, 1st column panels, the minimum values for the parameters are
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observed in South Sudan at the Raga site, while the maximum values are observed in

Ethiopia at the Agnuak site for AOD, AET, CFM, CTP, and CTT; in South Sudan at

the Juba site for AWV; and at the Raga site for PPT and OLR. For the southeast cluster,

2nd column panels, the minimum values are observed in Ethiopia at the Kebri Dahar

site for AOD, AET, CFM, and PPT. The other minimas in Ethiopia are at the Addis

Ababa site for AWV, OLR, CTP, and CTT. And the maximum values are observed in

Ethiopia at the Addis Ababa site for AOD, AET, and PPT, and still in Ethiopia at the

Kebri Dahar site for AWV, OLR, CTP, and CTT. Another maximum value is observed

in Eritrea at the Aseb site for CFM. Here, the results we observed and discussed in the

southern clustered regions are from both the Terra and Aqua satellite instruments.
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Figure 7.4: The aerosol optical parameters combined monthly variation [Aqua].
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In the northwest cluster, 3rd column panels, minimum values for the parameters are

observed in the Ethiopian at the Humera site for AOD, AET, CFM, PPT, OLR, and

CTT. The other minima in Ethiopia are at the Dangote sites for AWV and at the Bahir

Dar site for CPT. And the maximum values for the parameters are observed in Ethiopia at

the Bahir Dar site for AOD, AET, and PPT and at the Humera sites for OLR. The other

maxima values for the parameters are observed in South Sudat at the Tonga site for AWV,

CFM,CTP, and CTT. When we moved to the northeast cluster, 4th column panels, the

minimum values for the parameters were observed in Ethiopia at the Kombolcha site for

AOD, AET, AWV, OLR, CTP, and CTT. The other minimum values for the parameters

were observed in Djibouti at the Djibouti site for CFM and in Eritrea at the Dahlak

site for PPT. And the maximum values for the parameters are observed in Eritrea at

the Aseb site for AOD, AET and CFM and at the Dahlak site for CTP and CTT. The

other maximum values for the parameters are observed in Djibouti at the Djibouti site

for AWV and OLR, and also in Ethiopia at the Kombolcha site for PPT. Here, the results

we observed and discussed in the northern clustered regions are from both the Terra and

Aqua satellite instruments, with some exceptions. Minimum values for the parameters

are observed for OLR at the Bahir Dar and the Ethiopian Renascence Dam sites, and

maximum values for CTP and CTT at the Tonga site in the Aqua satellite.

In general, for both of the Terra and Aqua instruments: the minimum values are found

at the Kebri Dahar site for both AOD and AET, at the Kombolcha site for AWV, at

the Humera site for both CFM and PPT, they all in January and December, while their

maximum values are AOD and AET at the Aseb siet, AWV at the Tonga site, CFM at

the Agnuak sie, and PPT at the Bahir Dar site, they all in July; the minimum values were

found for OLR at the Humera site and CTP at the Bahir Dar site both in August and

CTT at the Raga site in March and April, while the maximum OLR value is at the Kebri

Dahar site in February; the maximum CTP value is at the Dahlak site in January and

December; the maximum CTT value is at the Dahlak site in November. Exceptionally,
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the minimum values for the OLR are at the Bahir Dar and Ethiopian Renascence Dam

sites in July and August for the Terra and Aqua instruments, respectively.

7.2.3 Aerosols Radiative Forcing

To understand aerosol particles loading on regional radiation flux distribution, we have

carried out numerical aerosol particles radiative forcing calculations. The total monthly,

seasonal and yearly temporal averages of the top of the atmosphere TOA with their

corresponding surface radiative forcing values were obtained using the formula in Section

3.6.7 from the above-mentioned parameters. In the upcoming subsections 7.2.3, 7.2.3 and

7.2.3, we present these results with their appropriate brief discussions.

Monthly Variation of Radiative Forcing

In this subsection, the Figures in 7.5a-7.5d are to illustrate the results for the aerosol

particles, surface in 1st and 3rd row panels as well as atmospheric in 2nd and 4th row

panels, radiative forcing. The monthly mean values are constructed based on the FSurf

from AOD and FTOA from OLR parameters for each site of the four clustered regions,

and the results are illustrated in the Figures. In the southwest cluster (Fig. 7.5a), the

minimum values are observed in South Sudan, at the Juba site for FSurf and at the Raga

site for FTOA, while the maximum values are observed still in South Sudan, both at

the Raga site from Terra and Aqua instruments. For the southeast cluster (Fig. 7.5b),

the minimum values are observed in Ethiopia, at the Kebri Dahar site for FSurf and at

the Awassa site for FTOA, and the maximum values are observed still in Ethiopia, at

the Awassa site for FSurf and at the Addis Ababa site for FTOA, from Terra and Aqua

instruments.

For the northwest cluster, Fig. 7.5c, minimum FSurf and FTOA values are observed in

Ethiopia, both at the Bahir Dar site, while maximum values are observed at the Humera

site for FSurf in Ethiopia and at the Tonga site in South Sudan for FTOA, from Terra
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Figure 7.5: The atmospheric and surface radiative forcing monthly variation.

and Aqua instruments. And when we move to the northeast cluster, Fig. 7.5d, their

minimums are in Djibouti at the Djibouti site for FSurf and in Ethiopia at Kombolcha the

site for FTOA, while their maximum values are in Ethiopia at the Kombolcha site for FSurf

and in Eritrea at the Dahlak site for FTOA, from Terra and Aqua instruments.

To generalize, the minimum values observed are in the northwest cluster for FSurf and in

the southeast cluster for FTOA, while the maximum values for FSurf are in the northeast

and for FTOA in the northwest cluster from both instruments. For the Terra satellite,

the minimum values of FSurf and FTOA were found to be -39.17 Wm−2 and 1.01 Wm−2 in

July and December, while the maximum values were to be -0.22 Wm−2 and 109.30 Wm−2

in January and July. Moreover, the Aqua satellite also shows similar results, with the
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minimum FSurf and FTOA values observed during July and December with -36.56 Wm−2

and 1.17 Wm−2, respectively, while the maximum values in October and August at the

two clusters (Fig. 7.5(b, d)) are -0.64 Wm−2 and 93.80 Wm−2. From the Figures, we can

observe that the minimum values are at the Bahir Dar site for FSurf and at the Awassa site

for FTOA, both in Ethiopia, while the maximum values are in Ethiopia at the Kombolcha

site for FSurf and for FTOA at the Tonga site in South Sudan.

Seasonal Variation of Radiative Forcing

The seasonal variations of the radiative forcing parameters FSurf and FTOA at the selected

sites clustered into four areas are addressed in this section. The evolutions of these

parameters estimated from the study periods of 2001–2022 are shown in Figures 7.6 for

the Terra and Aqua satellite data together with their corresponding total average means.

In addition, Tables 7.1 and 7.2 also illustrate the seasonal observation of the radiative

forcing parameters. Respectively, the minimum values for the parameters FSurf and FTOA

are found in the Kiremt and Bega seasons, and their maximum values are found in the

Bega and Kiremt seasons, which are in the vice-versa in all of the clusters and both of

the instruments.

In the southwest cluster, minimum values for the parameters are observed in South Sudan

at the Juba site for FSurf and at the Raga site for FTOA, while the maximum values are

observed in South Sudan at the Raga site. For the southeast cluster, the minimum values

are observed in Ethiopia at the Kebri Dahar site for FSurf and at the Awassa site for FTOA,

and the maximum values are observed in Ethiopia at the Awassa site for FSurf and at the

Addis Ababa site for FTOA. Here, the results we observed and discussed in the southern

clustered regions are from both the Terra and Aqua satellite instruments.

In the northwest cluster, minimum values for the parameters are observed in Ethiopia

at the Bahir Dar site for FSurf and at the Ethiopia Renascence Dam site for FTOA, and

the maximum values for the parameters are observed in Ethiopia at the Humera site for
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Figure 7.6: The atmospheric and surface radiative forcing seasonal variation.

FSurf and in South Sudan at the Tonga site for FTOA. When we moved to the northeast

cluster, the minimum values for the parameters were observed in Djibouti at the Djibouti

site for FSurf and in Ethiopia at the Kombolcha site for FTOA, and the maximum values

for the parameters were observed in Ethiopia at the Kombolcha site for FSurf in Eritrea

and at the Dahlak site for FTOA. Here, the results we have observed and discussed in

the northern clustered regions are from both the Terra and Aqua instruments, with the

exception that the maximum values of FTOA are observed in Ethiopia at the Dangote site.

In general, for both Terra and Aqua instruments, the minimum values found at the Bahir

Dar site for FSurf are -34.16 Wm−2 and -32.41 Wm−2 in the northwest cluster, at the

Awassa site for FTOA are -4.88 Wm−2 and -4.72 Wm−2 in the southwest cluster, while the
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maximum values found at the Komolcha site for FSurf are -0.30 Wm−2 and -0.22 Wm−2

in the northeast cluster, and for FTOA are around 97.27 Wm−2 at the Tonga site and

92.78 Wm−2 at the Dangote site in the northwest cluster. And the two Tables 3 and 4

are for atmospheric forcing FAtm and its heat rate TRate calculated using Terra and Aqua

instruments. The minimum values found at the Kombolcha site for FAtm are -4.73 Wm−2

and 3.26 Wm−2; for TRate are 0.0002 K/s and 0.0001 K/s; they are all in the southwest

cluster, while the maximum values found at the Tonga site for FAtm are 110.65 Wm−2

and 96.13 Wm−2; and for TRate are around 0.0036 K/s and 0.0031 K/s; all are in the

northwest cluster.

Table 7.1: The mean atmospheric and surface radiative forcing pattern [Terra].
        

Sites JB AS KD AW RG AA DG TG KC ED DT BD AB AE HR DL SW SE NW NE 

 
 
 
 
Bega 

AF 23.15568 1.41174 14.69848 23.97576 2.64318 12.73333 14.28712 12.24470 4.42121 2.64318 7.33750 14.69848 12.73333 16.42727 4.49848 9.78068 16.59154 9.61452 9.67439 10.14000 

SF -12.98739 -4.82904 -8.90658 -11.25702 -4.88179 -5.18049 -10.28153 -4.66734 -0.30460 -6.45349 -7.42012 -11.69769 -5.34913 -8.20712 -4.32519 -7.21522 -9.70873 -6.30537 -7.48505 -5.69924 

AT 36.14307 6.24078 23.60507 35.23278 7.52498 17.91382 24.56865 16.91204 4.72582 9.09667 14.75762 26.39617 18.08247 24.63440 8.82368 16.99590 26.30027 15.91989 17.15944 15.83924 

AR 0.00117 0.00020 0.00077 0.00114 0.00024 0.00058 0.00080 0.00055 0.00015 0.00030 0.00048 0.00086 0.00059 0.00080 0.00029 0.00055 0.00085 0.00052 0.00056 0.00051 

 
 
 
 
Tseday 

AF 13.72121 8.45758 8.27121 20.46212 18.07121 28.20909 44.48182 48.92879 28.12879 18.07121 20.50758 8.27121 28.20909 41.06061 22.43485 35.55303 17.41818 14.97929 28.43758 30.69182 

SF -17.18036 -7.38210 -13.59306 -14.32550 -6.31810 -5.92374 -8.88297 -6.28691 -2.14666 -8.54611 -10.72925 -17.23108 -5.98428 -7.57302 -7.55063 -9.61910 -12.60799 -8.96630 -9.69954 -7.21046 

AT 30.90157 15.83968 21.86427 34.78762 24.38931 34.13283 53.36479 55.21569 30.27545 26.61732 31.23682 25.50230 34.19337 48.63363 29.98547 45.17213 30.02617 23.94559 38.13711 37.90228 

AR 0.00100 0.00051 0.00071 0.00113 0.00079 0.00111 0.00173 0.00179 0.00098 0.00086 0.00101 0.00083 0.00111 0.00158 0.00097 0.00147 0.00098 0.00078 0.00124 0.00123 

 
 
 
 
Kiremt 

AF 21.22576 38.47727 19.80151 21.67727 65.16061 65.62727 92.78333 97.27273 40.16061 65.16061 53.35000 19.80151 65.62727 52.82576 56.74697 80.28636 36.02121 41.30202 66.35303 58.45000 

SF -33.73628 -14.54405 -20.60127 -30.54413 -15.16106 -14.19050 -11.44491 -13.38030 -6.88048 -13.26017 -19.98690 -34.15932 -14.07675 -10.98041 -9.28316 -11.74704 -26.48049 -16.44527 -16.30557 -12.73432 

AT 54.96204 53.02132 40.40278 52.22140 80.32167 79.81778 104.22825 110.65302 47.04108 78.42078 73.33690 53.96084 79.70403 63.80617 66.03013 92.03340 62.50170 57.74729 82.65860 71.18432 

AR 0.00178 0.00172 0.00131 0.00170 0.00261 0.00259 0.00338 0.00359 0.00153 0.00255 0.00238 0.00175 0.00259 0.00207 0.00214 0.00299 0.00203 0.00188 0.00268 0.00231 

 
 
 
 
Belg 

AF 8.99697 10.40000 5.96818 14.48939 24.77576 30.31061 49.95606 62.06061 28.06667 24.77576 23.77121 5.96818 30.31061 38.68636 26.78333 41.81515 16.08737 15.55960 33.90879 32.53000 

SF -15.25620 -7.73995 -12.17285 -14.85048 -8.39881 -8.01339 -9.56743 -7.74162 -2.00247 -9.05740 -11.53194 -15.36782 -8.14831 -7.52669 -7.34497 -8.54390 -12.83516 -9.30873 -9.81585 -7.55066 

AT 24.25317 18.13995 18.14103 29.33988 33.17456 38.32399 59.52349 69.80222 30.06913 33.83316 35.30315 21.33600 38.45891 46.21305 34.12830 50.35905 28.92254 24.86833 43.72463 40.08066 

AR 0.00079 0.00059 0.00059 0.00095 0.00108 0.00124 0.00193 0.00227 0.00098 0.00110 0.00115 0.00069 0.00125 0.00150 0.00111 0.00164 0.00094 0.00081 0.00142 0.00130 

        

Sites JB AS KD AW RG AA DG TG KC ED DT BD AB AE HR DL SW SE NW NE 

 
 
 
 
Bega 

AF 18.30952 1.70952 11.44286 16.27460 6.06825 15.73175 12.98571 14.06349 3.04762 6.06825 11.51429 11.44286 15.73175 23.32540 5.12540 7.63810 13.55079 9.62804 9.93714 12.25143 

SF -11.90889 -4.00077 -7.70810 -9.71521 -4.71818 -4.70498 -10.45702 -4.27969 -0.21723 -5.78479 -5.58341 -10.71906 -4.41376 -7.70609 -3.46934 -5.49113 -8.78076 -5.47129 -6.94198 -4.68232 

AT 30.21841 5.71030 19.15096 25.98981 10.78644 20.43673 23.44274 18.34318 3.26485 11.85304 17.09770 22.16192 20.14550 31.03148 8.59473 13.12922 22.33155 15.09933 16.87912 16.93375 

AR 0.00098 0.00019 0.00062 0.00084 0.00035 0.00066 0.00076 0.00060 0.00011 0.00038 0.00056 0.00072 0.00065 0.00101 0.00028 0.00043 0.00073 0.00049 0.00055 0.00055 

 
 
 
 
Tseday 

AF 10.96000 10.86167 9.19500 18.55833 27.93667 41.72500 43.53167 47.12500 19.21833 27.93667 37.47333 9.19500 41.72500 53.00000 27.16000 37.57833 19.15167 20.59389 30.98967 37.79900 

SF -15.98806 -6.90777 -14.70560 -13.08689 -7.06127 -5.74008 -8.84596 -5.87609 -2.52002 -8.93310 -8.58990 -16.18343 -5.55332 -7.24664 -7.48014 -8.65557 -12.04541 -9.11781 -9.46374 -6.51309 

AT 26.94806 17.76943 23.90060 31.64522 34.99794 47.46508 52.37763 53.00109 21.73836 36.86977 46.06323 25.37843 47.27832 60.24664 34.64014 46.23390 31.19707 29.71170 40.45341 44.31209 

AR 0.00088 0.00058 0.00078 0.00103 0.00114 0.00154 0.00170 0.00172 0.00071 0.00120 0.00150 0.00082 0.00154 0.00196 0.00112 0.00150 0.00101 0.00096 0.00131 0.00144 

 
 
 
 
Kiremt 

AF 16.54444 39.42857 17.04127 18.85476 68.24444 65.68810 84.83571 82.41905 35.50635 68.24444 67.20397 17.04127 65.68810 62.24524 55.60794 83.12222 34.54788 40.71931 61.62968 62.75317 

SF -31.79153 -14.37704 -24.41206 -29.39749 -16.01486 -13.14576 -11.29856 -11.87908 -6.46762 -13.58314 -17.91042 -32.41897 -13.59654 -10.87627 -8.95797 -10.65410 -25.73463 -17.31162 -15.62754 -11.90099 

AT 48.33598 53.80561 41.45333 48.25225 84.25931 78.83385 96.13427 94.29813 41.97396 81.82758 85.11438 49.46024 79.28463 73.12151 64.56591 93.77632 60.28251 58.03093 77.25723 74.65416 

AR 0.00157 0.00175 0.00135 0.00157 0.00274 0.00256 0.00312 0.00306 0.00136 0.00266 0.00276 0.00161 0.00257 0.00237 0.00210 0.00305 0.00196 0.00188 0.00251 0.00242 

 
 
 
 
Belg 

AF 7.35635 12.75079 9.87063 14.02381 34.40635 38.61191 49.62698 57.32540 19.71270 34.40635 33.06905 9.87063 38.61191 49.34762 28.33095 42.41746 18.59550 20.41111 35.91206 36.63175 

SF -13.21147 -7.56710 -12.66958 -12.77111 -8.47623 -7.39614 -9.28202 -7.02963 -2.22285 -8.84136 -8.89064 -13.54952 -7.32019 -7.47655 -7.59316 -8.15845 -11.48627 -9.21094 -9.25914 -6.81374 

AT 20.56782 20.31789 22.54022 26.79491 42.88258 46.00804 58.90900 64.35503 21.93555 43.24771 41.95969 23.42015 45.93210 56.82417 35.92412 50.57591 30.08177 29.62205 45.17120 43.44548 

 AR 0.00067 0.00066 0.00073 0.00087 0.00139 0.00149 0.00191 0.00209 0.00071 0.00140 0.00136 0.00076 0.00149 0.00185 0.00117 0.00164 0.00098 0.00096 0.00147 0.00141 

 

Those minimums for FSurf, FAtm, TRate, and the maximums for FTOA are during the

Bega season, while those minimums for FTOA, maximums for FSurf, FAtm, and TRate are

during the Kiremt season. Therefore, almost all of the results indicate extreme values at

similar locales, like those of the observations in Figures 7.5, with a few noted exceptions.

The results are similar to the findings and the reasons in the study (Liu et al., 2021)

from eastern China. The seasonal results for the parameters were similar to those of the

observations made in Austria (Yang et al., 2021), Algeria (Khan et al., 2021), eastern
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China (Liu et al., 2021), and Hong Kong (Yu et al., 2022), despite the fact that there had

been no prior studies on the sites in the clustered regions. The discrepancies we discovered

were in the minimums with different data periods and site selections. Furthermore, in

the study conducted by (Yu et al., 2022) the minimums were primarily at Bega and the

maximums at the Kiremt seasons.

Table 7.2: The mean atmospheric and surface radiative forcing pattern [Aqua].

        

Sites JB AS KD AW RG AA DG TG KC ED DT BD AB AE HR DL SW SE NW NE 

 
 
 
 
Bega 

AF 23.15568 1.41174 14.69848 23.97576 2.64318 12.73333 14.28712 12.24470 4.42121 2.64318 7.33750 14.69848 12.73333 16.42727 4.49848 9.78068 16.59154 9.61452 9.67439 10.14000 

SF -12.98739 -4.82904 -8.90658 -11.25702 -4.88179 -5.18049 -10.28153 -4.66734 -0.30460 -6.45349 -7.42012 -11.69769 -5.34913 -8.20712 -4.32519 -7.21522 -9.70873 -6.30537 -7.48505 -5.69924 

AT 36.14307 6.24078 23.60507 35.23278 7.52498 17.91382 24.56865 16.91204 4.72582 9.09667 14.75762 26.39617 18.08247 24.63440 8.82368 16.99590 26.30027 15.91989 17.15944 15.83924 

AR 0.00117 0.00020 0.00077 0.00114 0.00024 0.00058 0.00080 0.00055 0.00015 0.00030 0.00048 0.00086 0.00059 0.00080 0.00029 0.00055 0.00085 0.00052 0.00056 0.00051 

 
 
 
 
Tseday 

AF 13.72121 8.45758 8.27121 20.46212 18.07121 28.20909 44.48182 48.92879 28.12879 18.07121 20.50758 8.27121 28.20909 41.06061 22.43485 35.55303 17.41818 14.97929 28.43758 30.69182 

SF -17.18036 -7.38210 -13.59306 -14.32550 -6.31810 -5.92374 -8.88297 -6.28691 -2.14666 -8.54611 -10.72925 -17.23108 -5.98428 -7.57302 -7.55063 -9.61910 -12.60799 -8.96630 -9.69954 -7.21046 

AT 30.90157 15.83968 21.86427 34.78762 24.38931 34.13283 53.36479 55.21569 30.27545 26.61732 31.23682 25.50230 34.19337 48.63363 29.98547 45.17213 30.02617 23.94559 38.13711 37.90228 

AR 0.00100 0.00051 0.00071 0.00113 0.00079 0.00111 0.00173 0.00179 0.00098 0.00086 0.00101 0.00083 0.00111 0.00158 0.00097 0.00147 0.00098 0.00078 0.00124 0.00123 

 
 
 
 
Kiremt 

AF 21.22576 38.47727 19.80151 21.67727 65.16061 65.62727 92.78333 97.27273 40.16061 65.16061 53.35000 19.80151 65.62727 52.82576 56.74697 80.28636 36.02121 41.30202 66.35303 58.45000 

SF -33.73628 -14.54405 -20.60127 -30.54413 -15.16106 -14.19050 -11.44491 -13.38030 -6.88048 -13.26017 -19.98690 -34.15932 -14.07675 -10.98041 -9.28316 -11.74704 -26.48049 -16.44527 -16.30557 -12.73432 

AT 54.96204 53.02132 40.40278 52.22140 80.32167 79.81778 104.22825 110.65302 47.04108 78.42078 73.33690 53.96084 79.70403 63.80617 66.03013 92.03340 62.50170 57.74729 82.65860 71.18432 

AR 0.00178 0.00172 0.00131 0.00170 0.00261 0.00259 0.00338 0.00359 0.00153 0.00255 0.00238 0.00175 0.00259 0.00207 0.00214 0.00299 0.00203 0.00188 0.00268 0.00231 

 
 
 
 
Belg 

AF 8.99697 10.40000 5.96818 14.48939 24.77576 30.31061 49.95606 62.06061 28.06667 24.77576 23.77121 5.96818 30.31061 38.68636 26.78333 41.81515 16.08737 15.55960 33.90879 32.53000 

SF -15.25620 -7.73995 -12.17285 -14.85048 -8.39881 -8.01339 -9.56743 -7.74162 -2.00247 -9.05740 -11.53194 -15.36782 -8.14831 -7.52669 -7.34497 -8.54390 -12.83516 -9.30873 -9.81585 -7.55066 

AT 24.25317 18.13995 18.14103 29.33988 33.17456 38.32399 59.52349 69.80222 30.06913 33.83316 35.30315 21.33600 38.45891 46.21305 34.12830 50.35905 28.92254 24.86833 43.72463 40.08066 

AR 0.00079 0.00059 0.00059 0.00095 0.00108 0.00124 0.00193 0.00227 0.00098 0.00110 0.00115 0.00069 0.00125 0.00150 0.00111 0.00164 0.00094 0.00081 0.00142 0.00130 

        

Sites JB AS KD AW RG AA DG TG KC ED DT BD AB AE HR DL SW SE NW NE 

 
 
 
 
Bega 

AF 18.30952 1.70952 11.44286 16.27460 6.06825 15.73175 12.98571 14.06349 3.04762 6.06825 11.51429 11.44286 15.73175 23.32540 5.12540 7.63810 13.55079 9.62804 9.93714 12.25143 

SF -11.90889 -4.00077 -7.70810 -9.71521 -4.71818 -4.70498 -10.45702 -4.27969 -0.21723 -5.78479 -5.58341 -10.71906 -4.41376 -7.70609 -3.46934 -5.49113 -8.78076 -5.47129 -6.94198 -4.68232 

AT 30.21841 5.71030 19.15096 25.98981 10.78644 20.43673 23.44274 18.34318 3.26485 11.85304 17.09770 22.16192 20.14550 31.03148 8.59473 13.12922 22.33155 15.09933 16.87912 16.93375 

AR 0.00098 0.00019 0.00062 0.00084 0.00035 0.00066 0.00076 0.00060 0.00011 0.00038 0.00056 0.00072 0.00065 0.00101 0.00028 0.00043 0.00073 0.00049 0.00055 0.00055 

 
 
 
 
Tseday 

AF 10.96000 10.86167 9.19500 18.55833 27.93667 41.72500 43.53167 47.12500 19.21833 27.93667 37.47333 9.19500 41.72500 53.00000 27.16000 37.57833 19.15167 20.59389 30.98967 37.79900 

SF -15.98806 -6.90777 -14.70560 -13.08689 -7.06127 -5.74008 -8.84596 -5.87609 -2.52002 -8.93310 -8.58990 -16.18343 -5.55332 -7.24664 -7.48014 -8.65557 -12.04541 -9.11781 -9.46374 -6.51309 

AT 26.94806 17.76943 23.90060 31.64522 34.99794 47.46508 52.37763 53.00109 21.73836 36.86977 46.06323 25.37843 47.27832 60.24664 34.64014 46.23390 31.19707 29.71170 40.45341 44.31209 

AR 0.00088 0.00058 0.00078 0.00103 0.00114 0.00154 0.00170 0.00172 0.00071 0.00120 0.00150 0.00082 0.00154 0.00196 0.00112 0.00150 0.00101 0.00096 0.00131 0.00144 

 
 
 
 
Kiremt 

AF 16.54444 39.42857 17.04127 18.85476 68.24444 65.68810 84.83571 82.41905 35.50635 68.24444 67.20397 17.04127 65.68810 62.24524 55.60794 83.12222 34.54788 40.71931 61.62968 62.75317 

SF -31.79153 -14.37704 -24.41206 -29.39749 -16.01486 -13.14576 -11.29856 -11.87908 -6.46762 -13.58314 -17.91042 -32.41897 -13.59654 -10.87627 -8.95797 -10.65410 -25.73463 -17.31162 -15.62754 -11.90099 

AT 48.33598 53.80561 41.45333 48.25225 84.25931 78.83385 96.13427 94.29813 41.97396 81.82758 85.11438 49.46024 79.28463 73.12151 64.56591 93.77632 60.28251 58.03093 77.25723 74.65416 

AR 0.00157 0.00175 0.00135 0.00157 0.00274 0.00256 0.00312 0.00306 0.00136 0.00266 0.00276 0.00161 0.00257 0.00237 0.00210 0.00305 0.00196 0.00188 0.00251 0.00242 

 
 
 
 
Belg 

AF 7.35635 12.75079 9.87063 14.02381 34.40635 38.61191 49.62698 57.32540 19.71270 34.40635 33.06905 9.87063 38.61191 49.34762 28.33095 42.41746 18.59550 20.41111 35.91206 36.63175 

SF -13.21147 -7.56710 -12.66958 -12.77111 -8.47623 -7.39614 -9.28202 -7.02963 -2.22285 -8.84136 -8.89064 -13.54952 -7.32019 -7.47655 -7.59316 -8.15845 -11.48627 -9.21094 -9.25914 -6.81374 

AT 20.56782 20.31789 22.54022 26.79491 42.88258 46.00804 58.90900 64.35503 21.93555 43.24771 41.95969 23.42015 45.93210 56.82417 35.92412 50.57591 30.08177 29.62205 45.17120 43.44548 

 AR 0.00067 0.00066 0.00073 0.00087 0.00139 0.00149 0.00191 0.00209 0.00071 0.00140 0.00136 0.00076 0.00149 0.00185 0.00117 0.00164 0.00098 0.00096 0.00147 0.00141 

 

Yearly Variation of Radiative Forcing

In this section, we summarize the total yearly variations of the aerosol particles radiative

forcing parameters FSurf and FAtm for all the selected sites belonging to the four clustered

regions. The first panel in the error bar Figures 7.7a indicates the yearly variations for

the parameters FSurf from the Terra and Aqua satellites, and the second panel represents

the same with the FAtm parameters corresponding to the selected sites in the southwest

cluster, and the average of all the sites is also superimposed on all plots. Similarly, Figures

7.7b-7.7d produce yearly variations of the FSurf and FAtm parameters for the remaining

three clustered regions. The majority of the sites, both in the western and eastern cluster

zones, clearly demonstrate interannual variability with frequent minimum and maximum

values for parameters, as repeated in the aforementioned figures.
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Figure 7.7: The atmospheric and surface radiative forcing yearly variation.

The average of the clustered regions shows minima in 2012 at the southwest cluster for all

FSurf and at the southeast cluster for FTOA, with their maxima at the northwest cluster

in 2022 for FSurf and in 2010 for FTOA from both instruments. Accordingly, the minimum

values are -23.83 Wm−2 and 8.37 Wm−2 for Terra and -22.95 Wm−2 and 7.68 Wm−2 for

Aqua, and the maxima are -0.58 Wm−2 and 63.80 Wm−2 for Terra and -1.37 Wm−2 and

58.83 Wm−2 for Aqua, respectively. Here, the values for all of the parameters we observed

in the Terra satellite are mostly greater than those of the Aqua satellite. The values for

the parameters were higher in the southern clusters, specifically in the southwest clusters,

than in the northern clusters.
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7.2.4 Optical Parameters Multiple Linear Regression

The performance of selected satellite-derived aerosol particles optical properties, cloud

parametrs, outgoing long-wave radiation flux, and precipitation dataset was evaluated over

East Africa-Ethiopia. In this study, the multiple linear regression analysis we discussed in

Section 3.6.6 was carried out for each season based on variables with higher factor loading

for the Terra and Aqua instruments. Here, the regression equations, respectively, for the

Terra and Aqua instruments are expressed as:

AOD = β0 + β1AET + β2AWV + β3CFM + β4PPT + β5OLR + β6CTP + β7CTT,

AOD = β0 + β1AET + β2AWV + β3CFM + β4OLR + β5CTP + β6CTT.

(7.2.1)

Tables 7.3 and 7.4 present the results for the 16 chosen sites clustered into four regions,

we have calculated using equation 7.2.1 for the Terra and Aqua instruments, respectively.

In these tables, the mean cloud fraction CFM was less dominant, while the Ångström

exponent AET was the most dominant variable with values 0.02733<β1<15.17547 in the

regression equation. The study area regions showed the best performance values with

0.93941<R<0.99958 for all the seasons.

The performance with 0.97064<R<0.99928 and the dominance AET 0.04351<β1<5.17874

values are observed relatively minimally in Ethiopia at the Kombelcha site from both

Terra and Aqua satellites in the Bega season. Their maximum values are observed in

Djibouti at the Djibouti site for the performance and in South Sudan at the Juba site

for the dominance variables from both instruments. For the Tseday season, the minimum

with 0.99001<R<0.99958 and AET 0.80674<β1<7.86178 values are still observed at the

Kombolcha site, and the maximum values are observed at the Awassa site of Ethiopia

for the performance and at the Juba site of South Sudan for the dominance of both

instruments.

The performance 0.98531<R<0.99865 and dominant AET 3.11914<β1<15.17547 values

are observed relatively minimally in Ethiopia at the Kombolcha site from the Terra
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Table 7.3: The regression results evaluated over the study cites and their clusters [Terra].
 

     

Sites JB AS KD AW RG AA DG TG KC ED DT BD AB AE HR DL SW SE NW NE 

 
 
 
 
 
 
 
 
 
 
 
Bega 

R 0.99739 0.99861 0.98888 0.99869 0.99840 0.99822 0.99726 0.99751 0.97064 0.99752 0.99928 0.99920 0.99895 0.99825 0.99082 0.99669 0.98472 0.98537 0.99202 0.93681 

R2 0.99479 0.99722 0.97789 0.99737 0.99679 0.99644 0.99454 0.99502 0.94146 0.99505 0.99856 0.99840 0.99789 0.99651 0.98171 0.99338 0.96968 0.97094 0.98410 0.87705 

B0 -4.82599 -1.95297 -2.90073 -4.49740 -1.81107 -2.17464 -4.53412 -2.14866 0.48206 -2.56203 -3.21710 -4.63629 -2.28891 -3.34429 -1.18192 -2.82471 -5.38677 -2.35195 -3.19372 0.00704 

B1 5.17874 2.13126 3.64916 4.59315 1.99977 2.16140 4.32406 1.99736 0.04351 2.71170 3.14421 4.79506 2.21971 3.34668 1.63372 2.83708 4.24339 2.77642 2.62163 0.39332 

B2 -0.00457 -0.00160 -0.00863 -0.00002 -0.00319 -0.00224 -0.00779 0.00107 0.00943 -0.00568 0.00188 -0.00430 -0.00482 -0.00426 0.00751 -0.01237 0.01899 -0.01077 -0.05370 -0.14756 

B3 0.03020 0.02821 -0.02922 0.00786 -0.02198 -0.01901 0.04255 -0.01927 -0.09768 0.02403 -0.00154 0.00941 -0.00215 0.01522 -0.08669 0.00994 0.01889 -0.01151 0.30959 0.20340 

B4 0.00397 -0.01120 0.00570 0.00261 0.00462 0.00040 -0.00401 -0.00059 0.00569 0.01227 0.00045 0.00906 -0.00019 0.00337 -0.01559 -0.00443 -0.01086 0.00989 0.00048 0.02865 

B5 0.00060 0.00005 -0.00110 0.00003 -0.00048 -0.00046 0.00036 -0.00024 -0.00146 -0.00009 -0.00005 0.00022 -0.00022 -0.00001 -0.00078 -0.00035 0.00194 -0.00042 0.00110 -0.00307 

B6 0.00031 0.00011 0.00032 0.00013 -0.00001 -0.00013 -0.00011 -0.00018 0.00008 0.00006 -0.00003 0.00012 -0.00013 0.00006 0.00006 -0.00008 -0.00033 0.00022 0.00004 -0.00028 

B7 -0.00352 -0.00080 -0.00248 -0.00129 0.00003 0.00096 0.00020 0.00139 -0.00049 -0.00053 0.00029 -0.00172 0.00093 -0.00024 -0.00075 0.00061 0.00244 -0.00151 0.00112 0.00379 

 
 
 
 
 
 
 
 
 
 
 
Tseday 

R 0.99773 0.99714 0.99672 0.99958 0.99787 0.99782 0.99627 0.99749 0.99001 0.99888 0.99869 0.99811 0.99755 0.99130 0.99429 0.99863 0.98135 0.97654 0.98866 0.97207 

R2 0.99546 0.99428 0.99345 0.99915 0.99573 0.99564 0.99256 0.99498 0.98011 0.99777 0.99739 0.99622 0.99511 0.98267 0.98861 0.99725 0.96305 0.95363 0.97744 0.94491 

B0 -8.36636 -2.93890 -7.65915 -6.83716 -2.60691 -2.59110 -3.39576 -2.49167 -1.14608 -3.60382 -4.69321 -7.35885 -2.56467 -3.95886 -3.26336 -3.89486 -5.56207 -3.53378 -3.61129 -2.15004 

B1 7.86178 3.01838 5.66388 6.26897 2.66821 2.50793 3.93878 2.62192 0.80674 3.76093 4.60947 7.12309 2.46779 3.11478 3.35868 4.18626 5.39390 4.07821 3.95822 2.12924 

B2 -0.01314 0.01488 -0.00507 -0.00996 0.00014 0.00317 0.00057 -0.00473 0.00227 0.00191 0.00212 -0.00641 -0.00308 -0.02622 0.01304 -0.00483 -0.01427 -0.02270 -0.02514 -0.00746 

B3 -0.05548 0.00349 0.26575 0.01624 0.01474 0.00365 -0.12629 0.04294 0.00297 -0.02831 -0.01570 0.01829 0.00651 -0.03606 0.00568 -0.05010 0.06933 0.09573 -0.06722 -0.27648 

B4 -0.01155 0.00457 0.01698 -0.00168 0.00175 0.00162 0.00328 0.00126 0.00484 0.00211 -0.00108 -0.00718 0.00143 -0.00254 0.00025 0.00326 0.00545 0.00213 0.01328 0.00291 

B5 0.00039 0.00020 0.00237 0.00000 0.00003 0.00014 -0.00205 -0.00013 0.00002 -0.00041 -0.00009 0.00008 0.00001 -0.00125 0.00028 -0.00072 0.00039 -0.00085 -0.00149 -0.00157 

B6 -0.00010 0.00006 -0.00061 -0.00016 0.00005 -0.00007 0.00030 0.00013 -0.00028 0.00008 0.00005 0.00008 -0.00009 -0.00061 0.00020 0.00015 0.00001 0.00028 -0.00001 -0.00053 

B7 -0.00009 -0.00085 0.00501 0.00130 -0.00036 0.00035 -0.00074 -0.00065 0.00210 -0.00063 -0.00027 -0.00104 0.00062 0.00611 -0.00134 -0.00103 -0.00053 -0.00196 0.00018 0.00348 

 
 
 
 
 
 
 
 
 
 
 
Kiremt 

R 0.99845 0.99346 0.99543 0.99764 0.99622 0.99614 0.99595 0.99628 0.98531 0.99530 0.99726 0.99865 0.99608 0.99383 0.99291 0.99299 0.99370 0.99449 0.99676 0.99391 

R2 0.99690 0.98697 0.99088 0.99529 0.99245 0.99230 0.99191 0.99257 0.97083 0.99063 0.99452 0.99729 0.99218 0.98770 0.98586 0.98603 0.98743 0.98901 0.99354 0.98785 

B0 -15.10030 -6.16242 -10.25660 -16.99038 -8.62347 -7.81357 -4.23128 -5.87472 -3.63881 -7.39898 -10.04492 -17.59893 -6.30670 -4.70830 -3.78248 -4.99753 -14.66634 -7.97946 -9.40950 -6.21606 

B1 14.99690 6.67762 8.94890 13.17372 7.41175 6.88324 6.03874 6.48529 3.11914 6.58915 9.07290 15.17547 6.57664 5.35444 4.96162 5.78352 12.05913 7.30048 7.65194 5.80691 

B2 0.00276 -0.05242 -0.02005 0.00912 -0.00389 0.00683 0.02919 0.02120 -0.00591 -0.01316 0.00314 0.00237 0.00400 -0.00366 -0.01235 0.00196 0.01582 -0.02160 0.00406 0.00717 

B3 0.03339 0.33679 0.17652 0.16623 0.00921 0.13045 -0.04651 -0.11712 -0.06242 0.00535 -0.01127 -0.01476 0.02595 0.02214 0.11732 -0.06394 -0.02018 0.09336 -0.01479 -0.23199 

B4 0.00305 0.00863 0.00028 -0.01173 0.00507 0.00460 -0.00187 0.00252 -0.00554 0.00606 0.00057 0.00398 0.00268 0.00270 0.00228 -0.00019 0.00979 0.00362 -0.00664 0.00440 

B5 0.00047 0.00101 0.00015 0.00178 0.00004 0.00120 -0.00043 -0.00076 0.00041 -0.00003 -0.00009 0.00025 -0.00006 0.00001 0.00138 -0.00071 0.00084 0.00031 -0.00061 -0.00136 

B6 0.00063 0.00132 -0.00042 -0.00122 -0.00049 0.00002 0.00171 0.00063 -0.00033 0.00005 -0.00015 -0.00065 0.00060 0.00059 0.00122 0.00057 -0.00082 0.00011 -0.00017 -0.00027 

B7 -0.00808 -0.00686 0.00295 0.00935 0.00353 0.00031 -0.01117 -0.00412 0.00242 0.00176 0.00124 0.00362 -0.00376 -0.00465 -0.00901 -0.00446 0.00603 0.00036 0.00610 0.00280 

 
 
 
 
 
 
 
 
 
 
 
Belg 

R 0.99894 0.99932 0.99638 0.99944 0.99873 0.99902 0.99919 0.99838 0.97341 0.99843 0.99940 0.99923 0.99891 0.99930 0.99864 0.99876 0.99467 0.99235 0.99830 0.96111 

R2 0.99789 0.99865 0.99278 0.99889 0.99747 0.99804 0.99839 0.99676 0.94753 0.99685 0.99881 0.99846 0.99783 0.99860 0.99728 0.99752 0.98938 0.98475 0.99659 0.92373 

B0 -7.64466 -3.58295 -5.12974 -6.93391 -3.70672 -3.51675 -4.31117 -3.24165 -1.13543 -4.34295 -5.28954 -7.14063 -3.52572 -3.42722 -3.15108 -3.82668 -6.22918 -3.53954 -4.13948 -3.42043 

B1 6.47635 3.41814 5.38812 6.44610 3.68950 3.55209 4.15201 3.36009 0.79291 4.11812 5.08811 6.62179 3.58780 3.34811 3.18343 3.78525 5.54723 4.37965 4.16398 2.00159 

B2 -0.00390 0.00008 -0.01270 0.00389 -0.00058 0.00504 0.00054 0.00044 -0.00171 -0.00251 0.00369 0.00911 -0.00257 0.00119 0.00002 -0.00092 -0.00194 0.00603 -0.01121 -0.00548 

B3 0.04240 0.00363 0.02226 -0.00891 0.02284 0.01875 -0.00582 -0.01581 -0.00870 0.01560 0.00787 0.01826 0.00587 -0.00554 0.00204 0.00629 0.05354 -0.03938 0.03692 0.05230 

B4 -0.00206 -0.00063 -0.00637 -0.00080 0.00055 0.00008 0.00015 0.00053 -0.00127 0.00195 0.00000 -0.00177 0.00032 0.00019 0.00003 0.00029 0.00086 -0.00537 -0.00139 -0.00311 

B5 0.00051 0.00012 0.00045 0.00014 0.00015 0.00039 0.00001 -0.00012 -0.00070 0.00004 0.00029 0.00047 0.00003 -0.00005 0.00005 0.00001 0.00053 0.00036 -0.00003 0.00010 

B6 -0.00037 -0.00006 0.00027 -0.00004 0.00007 0.00010 -0.00004 0.00009 -0.00020 -0.00004 0.00003 0.00000 0.00007 -0.00001 0.00004 0.00003 -0.00022 0.00054 0.00005 -0.00077 

B7 0.00327 0.00045 -0.00282 0.00033 -0.00051 -0.00101 0.00025 -0.00064 0.00274 0.00046 -0.00042 -0.00016 -0.00064 0.00020 -0.00037 -0.00021 0.00154 -0.00514 -0.00050 0.00724 

and Aqua satellites in the Kiremt season. Their maximum values are also observed

in Ethiopia at the Bahir Dar site from both instruments. For the Belg, the minimum

with 0.97341<R<0.99944 and AET 0.79291<β1<6.62179 values are still observed at the

Kombolcha site, and the maximum values are observed at the Awassa site of Ethiopia

for the performance and at the Juba site of South Sudan for the dominance from both

instruments. Here, the performance and dominance of our results are better than in other

studies such as (Symeonidis, 2017; Ngaina, 2015), respectively, where they were undergone

over Europe and East Africa for PM 2.5.
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Table 7.4: The regression results evaluated over the study cites and their clusters [Aqua].
 

     

Sites JB AS KD AW RG AA DG TG KC ED DT BD AB AE HR DL SW SE NW NE 

 
 
 
 
 
 
 
 
 

 
Bega 

R 0.99845 0.99790 0.99432 0.99778 0.99714 0.99847 0.99266 0.99749 0.93941 0.99429 0.99900 0.99841 0.99878 0.99531 0.99490 0.99609 0.99110 0.99581 0.99149 0.96469 

R2 0.99690 0.99581 0.98868 0.99557 0.99429 0.99693 0.98538 0.99500 0.88109 0.98861 0.99800 0.99682 0.99756 0.99064 0.98982 0.99220 0.98228 0.99163 0.98305 0.93063 

B0 -5.34259 -1.67718 -3.60456 -4.11376 -1.87003 -1.79909 -3.73065 -1.82121 -0.06997 -1.95835 -2.26812 -4.58216 -1.64927 -2.61401 -1.01113 -1.30254 -4.73196 -2.85550 -2.26374 -1.13829 

B1 4.98516 1.84179 3.09732 4.05357 2.03633 1.98948 4.22418 1.84714 0.02733 2.45520 2.37187 4.51833 1.84093 3.01423 1.48000 2.13159 3.56603 2.17247 2.34129 0.45532 

B2 0.01581 0.00283 0.00424 0.00118 0.00349 -0.02565 -0.02255 0.00131 0.00187 0.01131 -0.00607 0.00242 -0.01561 -0.00083 0.01002 0.00151 0.02418 -0.00797 -0.02872 -0.11799 

B3 -0.01354 0.03075 0.06199 -0.01046 0.06577 0.02325 0.06700 -0.04223 -0.01256 0.00043 0.00475 -0.00464 0.01903 -0.00896 -0.04920 -0.05916 0.00456 0.12876 0.26276 0.25464 

B4 0.00124 0.00009 0.00085 0.00019 0.00032 -0.00045 0.00073 -0.00029 -0.00014 -0.00050 -0.00008 0.00011 -0.00035 -0.00016 -0.00052 -0.00111 0.00256 0.00137 0.00146 -0.00081 

B5 -0.00002 0.00010 -0.00015 0.00000 0.00012 -0.00003 0.00012 -0.00017 -0.00014 0.00026 -0.00004 0.00005 0.00000 0.00024 0.00015 0.00027 -0.00044 -0.00016 0.00033 -0.00046 

B6 -0.00077 -0.00076 0.00115 -0.00035 -0.00111 0.00010 -0.00315 0.00083 0.00069 -0.00190 -0.00009 -0.00057 -0.00008 -0.00189 -0.00129 -0.00229 0.00232 0.00152 -0.00245 0.00546 

 
 
 
 
 
 
 
 
 

 
Tseday 

R 0.99753 0.99753 0.99168 0.99860 0.99836 0.99685 0.99675 0.99832 0.98578 0.99627 0.99870 0.99805 0.99719 0.99091 0.99614 0.99830 0.99578 0.98546 0.99132 0.98167 

R2 0.99507 0.99507 0.98342 0.99719 0.99672 0.99371 0.99350 0.99664 0.97177 0.99255 0.99741 0.99611 0.99439 0.98190 0.99229 0.99661 0.99158 0.97114 0.98271 0.96368 

B0 -7.87869 -2.72318 -8.53618 -5.77910 -2.56453 -2.27902 -2.88333 -2.14561 -0.70641 -3.36053 -3.67454 -7.10334 -2.16669 -2.90725 -2.79396 -3.58520 -4.62322 -5.28573 -3.20552 -3.01507 

B1 7.27081 3.12531 5.99488 5.60832 3.06257 2.44113 3.66860 2.46264 0.89413 3.87065 3.67735 6.82893 2.32231 3.03430 3.40547 3.69811 4.95218 4.43743 3.95971 2.32607 

B2 -0.01505 0.00827 -0.00722 -0.00437 0.00138 -0.00789 -0.00084 -0.00246 0.01068 0.00323 0.00588 -0.00617 -0.00435 -0.04992 0.01393 0.00056 0.00296 0.04885 0.00609 -0.03452 

B3 -0.02039 -0.05512 0.09671 0.00101 0.04269 0.00670 -0.21137 0.02531 -0.03538 -0.01440 0.00837 -0.02337 -0.02900 -0.22860 -0.04698 -0.04224 -0.00993 0.23114 -0.15165 -0.06753 

B4 -0.00036 -0.00088 0.00096 0.00003 0.00003 -0.00026 -0.00193 -0.00039 -0.00012 -0.00033 0.00025 -0.00030 -0.00037 -0.00237 0.00003 -0.00048 0.00153 0.00238 -0.00049 -0.00113 

B5 -0.00013 0.00017 -0.00103 0.00002 0.00043 0.00009 0.00024 0.00025 0.00002 0.00039 0.00007 0.00007 0.00003 -0.00048 0.00045 0.00005 0.00022 0.00021 0.00025 -0.00073 

B6 0.00135 -0.00100 0.00950 -0.00039 -0.00288 -0.00040 -0.00127 -0.00126 -0.00038 -0.00271 -0.00070 -0.00028 -0.00006 0.00393 -0.00348 -0.00025 -0.00395 -0.00087 -0.00295 0.00585 

 
 
 
 
 
 
 
 
 

 
Kiremt 

R 0.99683 0.99281 0.99423 0.99669 0.99504 0.99391 0.99214 0.99479 0.98945 0.99304 0.99611 0.99749 0.99546 0.99273 0.98977 0.99399 0.99525 0.99565 0.99226 0.98998 

R2 0.99367 0.98567 0.98850 0.99339 0.99010 0.98786 0.98435 0.98960 0.97902 0.98613 0.99224 0.99498 0.99095 0.98550 0.97964 0.98802 0.99053 0.99131 0.98458 0.98006 

B0 -14.45146 -6.54261 -9.90992 -13.81813 -8.17245 -6.32625 -5.45678 -6.11586 -0.92156 -6.58728 -6.57624 -16.10623 -7.01182 -4.37424 -4.34938 -3.85918 -12.88182 -7.42426 -7.87745 -5.06057 

B1 13.62305 6.90159 10.90797 12.65190 7.67963 6.26453 6.04307 6.09746 3.07604 6.61075 7.99529 14.72187 6.64147 5.49976 5.07697 5.52691 12.06861 8.10709 7.41057 5.59690 

B2 0.02169 -0.00894 0.00215 -0.01037 0.00385 -0.01669 0.03923 0.03141 -0.02420 0.00262 0.01650 0.00384 0.04207 -0.01025 -0.00936 -0.02074 0.09199 -0.01499 0.04449 0.02066 

B3 -0.00538 0.05921 -0.08090 0.33905 -0.03561 0.01382 0.01662 -0.21396 -0.13329 0.00092 -0.01122 -0.14617 -0.13910 0.01995 0.03800 0.13046 -0.68010 0.10328 -0.01651 -0.19029 

B4 0.00101 0.00145 0.00075 0.00118 0.00003 -0.00062 0.00102 -0.00058 -0.00179 0.00059 0.00046 0.00001 -0.00090 -0.00045 0.00058 0.00174 0.00005 0.00035 0.00052 -0.00047 

B5 0.00007 0.00068 0.00084 0.00077 0.00028 0.00040 0.00082 0.00011 0.00076 0.00042 0.00158 -0.00011 0.00024 0.00086 0.00087 0.00168 -0.00038 0.00107 0.00039 0.00048 

B6 -0.00377 -0.00561 -0.00991 -0.00372 -0.00058 -0.00110 -0.00654 -0.00043 -0.00729 -0.00291 -0.01109 -0.00052 0.00031 -0.00650 -0.00567 -0.01214 -0.00026 -0.00716 -0.00172 -0.00323 

 
 
 
 
 
 
 
 
 

 
Belg 

R 0.99770 0.99949 0.99631 0.99927 0.99868 0.99846 0.99827 0.99638 0.98533 0.99685 0.99902 0.99915 0.99802 0.99943 0.99811 0.99850 0.99792 0.98309 0.99821 0.97083 

R2 0.99541 0.99897 0.99263 0.99853 0.99736 0.99693 0.99654 0.99277 0.97088 0.99371 0.99804 0.99830 0.99604 0.99885 0.99622 0.99700 0.99585 0.96648 0.99642 0.94251 

B0 -6.33808 -3.49903 -6.02668 -5.74312 -3.73582 -3.19301 -3.87011 -3.06604 -0.90965 -4.04028 -4.00923 -5.86336 -3.39928 -3.35704 -3.76168 -3.62088 -4.09813 -3.78074 -3.41053 -3.51564 

B1 5.79678 3.29637 5.65792 5.61530 3.75735 3.31458 3.97587 3.07842 0.84766 4.02052 3.98536 5.78415 3.30233 3.24009 3.46893 3.77003 4.86638 4.22298 4.10235 2.33306 

B2 -0.00526 -0.00049 -0.00061 0.00399 0.00348 0.00417 -0.00032 0.00421 0.02047 0.00548 0.00349 -0.00175 0.00536 0.00701 -0.00405 0.00594 -0.00331 0.03758 0.00732 0.01675 

B3 0.00680 0.00928 -0.04424 0.01093 0.01353 0.04013 0.00186 0.02075 -0.01174 -0.01185 0.02172 0.02258 0.01337 0.00298 -0.01488 0.01693 0.05853 -0.08807 -0.08348 0.11284 

B4 0.00002 0.00018 0.00008 0.00011 0.00022 0.00033 0.00042 -0.00010 -0.00017 0.00007 0.00046 0.00012 0.00036 0.00028 -0.00038 0.00049 0.00066 0.00090 0.00010 0.00178 

B5 -0.00017 -0.00009 -0.00020 0.00012 0.00010 0.00026 0.00011 0.00010 -0.00002 0.00005 0.00009 0.00010 0.00000 -0.00003 -0.00017 0.00020 0.00058 0.00025 0.00027 -0.00040 

B6 0.00136 0.00064 0.00076 -0.00097 -0.00085 -0.00155 -0.00138 -0.00030 0.00050 -0.00052 -0.00096 -0.00114 -0.00020 0.00002 0.00173 -0.00185 -0.00555 -0.00372 -0.00356 0.00336 

 

7.3 Conclusions

The purpose of this research is to investigate the radiative forcing of aerosol particles

and the correlation with precipitation and cloud parameters based on the spatiotemporal

distribution variations. They are retrieved from the MODIS, TRMM 3B43, and CERES

sensors over a period of 22 years (for Terra: January 2001 to December 2022, and for

Aqua: July 2002 to December 2022). Those parameter retrievals included the spatial,

temporal, monthly, seasonal and yearly values at sixteen selected sites clustered in four

regions with their corresponding averages. The main conclusions drawn from our research

work are as follows:
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1. The seasonal total spatial correlations show slight variations ranging between -1.0

and 1.0. They have minimums in the Bega season and maximums in the Kiremt

season; their minimums are mostly in 33–42°E and maximums in the southwest of

the study area regions {3–180 N, 24–480 E}, across the globe we consider it.

2. Minimum values for temporal corelations are found at Kebri Dahar for AOD and

AET, at Kombolcha for AWV, and at Humera for CFM and PPT, all in January

and December. Their maximums are AOD and AET at Aseb, AWV at Tonga, CFM

at Agnuak, and PPT at Bahir Dar, all in July. Minimum OLR values were found at

Humera and CTP at Bahir Dar, both in August, and CTT at Raga in March and

April. Their maximum OLR value is at Kebri Dahar in February; the maximum

CTP value is at Dahlak in January and December; and the maximum CTT value

is at Dahlak in November. The minimum values for the OLR are set at the Bahir

Dar and Ethiopian Renascence Dam sites in July and August, respectively.

3. The minimum monthly radiative forcing values observed are in the northwest cluster

for FSurf and in the southeast cluster for FTOA, while the maximum values for FSurf

are in the northeast and for FTOA in the northwest cluster from both instruments.

For Terra, the minimum values of FSurf and FTOA were found to be -39.17 and 1.01

Wm−2 in July and December, while the maximum values were to be -0.22 and 109.30

Wm−2 in January and July. Moreover, Aqua also shows similar results, with the

minimum FSurf and FTOA values observed during July and December, -36.56 and

1.17 Wm−2, while the maximum values in October and August at the two clusters

are -0.64 and 93.80 Wm−2. The minimum values are at Bahir Dar for FSurf and at

Awassa for FTOA, both in Ethiopia, while the maximum values are in Ethiopia at

Kombolcha for FSurf and for FTOA at Tonga in South Sudan.

4. The minimum seasonal radiative forcing values found at Bahir Dar for FSurf are

-34.16 and -32.41 Wm−2 in the northwest cluster, at Awassa for FTOA are -4.88 and
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-4.72 Wm−2 in the southwest cluster, while the maximum values found at Komolcha

for FSurf are -0.30 and -0.22 Wm−2 in the northeast cluster, and for FTOA are around

97.27 Wm−2 at Tonga and 92.78 Wm−2 at Dangote in the northwest cluster. The

minimum values found at Kombolcha for FAtm are -4.73 and 3.26 Wm−2; for TRate

are 0.0002 K/s and 0.0001 K/s; they are all in the southwest cluster, while the

maximum values found at Tonga site for FAtm are 110.65 and 96.13 Wm−2; and for

TRate are around 0.0036 K/s and 0.0031 K/s; all are in the northwest cluster. The

minimums for FSurf, FAtm, TRate, and the maximums for FTOA are during the Bega

season, while those minimums for FTOA, maximums for FSurf, FAtm, and TRate are

during the Kiremt season.

5. The total annual average radiative forcing shows the minimum values in 2012 at the

southwest cluster for all FSurf and at the southeast cluster for FTOA. While their

maximums are at the northwest cluster in 2022 for FSurf and in 2010 for FTOA from

both Terra and Aqua instruments. The minimum values are -23.83 and 8.37 Wm−2

for Terra and -22.95 and 7.68 Wm−2 for Aqua, and the maxima are -0.58 and 63.80

Wm−2 for Terra and -1.37 and 58.83 Wm−2 for Aqua, respectively. The values for

all of the parameters observed on the Terra satellite are mostly higher than those

on the Aqua satellite. The parameter values were higher in the southern clusters,

specifically the southwest clusters, than in the northern clusters.

6. The mean cloud fraction was less dominant, while the Ångström exponent was

the most dominant, with 0.02733<β1<15.17547 in the regression analysis. The

study area regions showed the best performance with 0.93941<R<0.99958 for all

the seasons. The minimum values observed in Bega at Kombolcha are from Aqua

for both β1 and R, while their maximums are from Terra in Kiremt at Bahir Dar

for the dominance and in Tseday at Agnuak for the performance.
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Chapter 8

SUMMARY AND CONCLUSIONS

This chapter contains summaries of the entire PhD research, main conclusions from the

thesis study findings, and recommendations for future work.

8.1 Summary

Atmospheric aerosol particles are liquid-solid particulate matter PM that are suspended

in the atmosphere with a diameter of 0.001–100 micrometers. Aerosol particles have a

significant impact on the atmospheric energy balance, environment, air quality, climate

dynamics, and human life. Therefore, effective monitoring of atmospheric aerosols can

help to provide an important understanding of aerosol optical and physical characteristics,

aerosol radiative forcings, and aerosol air pollution control.

The purpose of this PhD study is to determine the spatio-temporal distribution variability

of aerosol particles and their effects on the radiation budget over East Africa-Ethiopia.

The aerosol optical properties, cloud parametes, precipitation, and radiation budget that

have not been studied yet were retrieved from daily-monthly MODIS, CERES, and TRMM

satellite data over a period of 22 years, for Terra: January 2001 to December 2022, and

for Aqua: July 2002 to December 2022. Those parameters included the daily, monthly,

seasonal, and yearly AOD, AET, AWV, CFM, PPT, OLR, CPT, and CTT temporal

values at sixteen selected sites clustered in four regions with their corresponding averages.
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The study has used different data analysis techniques, which include the kernel density

distribution estimator, the Mann-Kendall statistic trend test, the principal component

analysis, the Fire-Map model, the HYSPLIT trajectory analysis, correlation analysis, and

multiple linear regression analysis. Moreover, the aerosol radiative forcings, which are

the surface radiative forcing, TOA surface radiative forcing, and net atmospheric forcing,

were calculated. The next section will draw the main conclusions from our work.

8.2 Conclusions

The daily minimum temporal AOD and AE values were observed in the southeast cluster

at the Kebri Dahar site, and the maximum AOD and AE values were in the northeast

cluster at the Erta Ale site, both of which were observed in Ethiopia. The minimum

monthly values are found at the Kebri Dahar site for AOD and AET, at the Kombolcha

site for AWV, at the Humera site for both CFM and PPT, they all in January and

December, while their maximum values are AOD at the Aseb siet, AWV at the Tonga

site, CFM at the Agnuak sie, and PPT at the Bahir Dar site, they all in July; the minimum

values were found for OLR at the Humera site and CTP at the Bahir Dar site both in

August and CTT at the Raga site in March and April, while the maximum OLR value

is at the Kebri Dahar site in February; the maximum CTP value is at the Dahlak site in

January and December; the maximum CTT value is at the Dahlak site in November.

The aerosol particle types have been classified by applying gaussian forms of the kernel

density distribution techniques, and the Mann-Kendall rank trend test was applied over

16 sites in four classified clusters to check the annual variability of optical parameters of

aerosol. The most dominant type of particle was maritime aerosol particles, with desert

dust particles in second place. Aerosol particles were at their highest density in the

northwest cluster at the Humera site during Bega and at their lowest levels mostly in the

northeast cluster at the Juba site in the Kiremt season. The yearly total forward trend
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of aerosol particles was almost increasing, and the reverse was vice versa. The variations

shown in the trend were lowest in the northwest cluster and highest in the northeast.

From the results of this dissertation, spatial distribution of the aerosol optical properties

AOD and AET, the cloud parameters AWV, CFM, CTP, and CTT, the correlation values

COA, COV, COF, COP, COT, precipitation PPT, and the radiation OLR flux exhibit

minimum values during the Bega seasons and maximums during the Kiremt seasons.

The parameters are more oriented toward the southwest. The aerosol optical properties

AOD and AET demonstrate the lowest distribution values in the years 2002–2003, with

maximums in 2001, 2008, and 2015 in interannual spatial distribution fluctuations.

The OLR and AWV parameters, both at the Humera and Dahlak sites, had the lowest

optimum significant PCs, whereas the PCs retained based on AET at the Awassa site

and AWV at the Dangote site were the highest compared to the other parameters. The

differences in retained PCs point to the different atmospheric dynamics responsible for

the behaviour of climate during the various seasons of the year and the spatial coherence

arising from both interannual and intraseasonal variability. Further, our observation

using the HYSPLIT model and fire map confirms that transported aerosol particles in

the atmosphere show varied source regions, mostly the Arebian desert and the southwest

Indean ocean, at different levels.

The lowest monthly radiative forcing values for FSurf and FTOA are in the northwest and

southeast clusters, respectively, while the highest values from both sensors for FSurf are in

the northeast and for FTOA in the northwest cluster. For the Terra satellite, the minimum

values of FSurf and FTOA were found in July and December, while the maximum values

were in January and July. Moreover, the Aqua satellite also shows similar results, with the

minimum FSurf and FTOA values observed during July and December and the maximum

values in October and August at the two clusters, respectively. The minimum values are

at Bahir Dar for FSurf and at Awassa for FTOA, both in Ethiopia, while the maximum

values are in Ethiopia at Kombolcha for FSurf and for FTOA at Tonga in South Sudan.
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The minimum seasonal FSurf values are found at Bahir Dar in the northwest cluster and for

FTOA at Awassa in the southwest cluster, while the maximum values found at Komolcha

for FSurf in the northeast cluster and for FTOA at Tonga and at Dangote in the northwest

cluster. The minimum FAtm and TRate values found at Kombolcha in the southwest cluster,

while the maximum values found at Tonga in the northwest cluster. The minimums for

FSurf, FAtm, TRate, and the maximums for FTOA are during the Bega season, while those

minimums for FTOA, maximums for FSurf, FAtm, and TRate are during the Kiremt season.

In 2012 minim FSurf and FTOA are situated near the southeast cluster and southwest

cluster from total annual average radiative forcing. Their maxima are located at the

northwest cluster in 2022 and 2010, respectively. Most of the parameters exhibit a higher

magnitude from the Terra satellite than those from the Aqua satellite. In comparison to

the northern clusters, the values for the parameters were greater in the southern clusters,

more precisely in the southwest clusters. In the regression analysis, the most dominant

variable was the AET, while the CFM was less dominant.

8.3 Recommendations

When this doctoral dissertation data was analyzed, we discovered some limitations in the

studies, which is why the authors recommend future studies to overcome these limitations.

1. Forest fires and volcano aerosol particles in East Africa-Ethiopia are higher due

to their geographical location; their effects are so huge in the regions that are not

well studied, measured, and reported. So, the authors recommended that research

be done to analyze forest fire and volcanic aerosol particles loading in the East

Africa-Ethiopia sectors.

2. Understanding the structure of the atmosphere is important because the vertical

distribution variation of aerosol particles influences the radiative budget and surface
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air quality. Therefore, the authors recommended future studies that describe the

vertical distribution of atmospheric aerosol particles over East Africa-Ethiopia.

3. The topographic effects of the differential terrain illumination in the optical satellite

imagery of rugged mountainous regions have serious consequences for qualitative

and quantitative analysis for various applications. Henceforth, future works should

focus on studying the effects of topography on the aerosol particles distribution

using MODIS satellite and regional model simulations over East Africa-Ethiopia.

4. Aerosol particles are an integral part of Earth’s climate system, and their effect on

climate makes this field a relevant research problem. The artificial neural network

ANN technique is an upcoming technique in different research fields that is used to

predict the future. So, we want to recommend the investigation of artificial neural

network performance in the retrieval of aerosol properties over East Africa-Ethiopia.

Generally, further research on aerosol particles and cloud parameters should include the

impact of altitude, topographical, meteorological, hydrological, and agricultural factors on

the ocean-atmosphere interaction with appropriate correction methods. The approach of

developing regional climate models considering aerosol paricles indices for characterizing,

monitoring, and prediction could show the way forward in developing monitoring and

early climatic warning baselines for East Africa-Ethiopia.
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