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Abstract

Atmospheric variables like precipitation, stream flow are significantly influenced by various cli-
matic factors and large-scale atmospheric circulation patterns. Investigations for the variation
of rainfall by different large-scale oceanic impacts are very fundamental for the economy and
climatic maintenance of the country. The study examines the variability of precipitation over
Ethiopia through the analysis of monthly and annual rainfall data at five stations from north, east,
west, south and central part of Ethiopia from 19872017 for 31 years. Standardized precipitation
ratio (I,) and wavelet analyses were applied to examine the spatio-temporal variability of precip-
itation and to determine the effect of oceanic fluctuations on rainfall variability. The calculated
standard precipitation index (/,,) indicates year to year variability of rainfall over Ethiopia, which
lies between 3.2 and -2.The continuous wavelet technique applied to yearly time series of pre-
cipitations over five stations of Ethiopia reveals short and long-term periodicities like 2-3, 3-5
and 6-10 years at different time periods. The oceanic indices reveals long term oscillations like
2-3, 3-5, 6-10 and 8-13 years over different time periods. The rainfall and oceanic fluctuations
shows similar periodicity in some part of Ethiopia. Our analysis reveals that the Northern part of
Ethiopia is negatively affected by Nino-4 during 1992-2003 with a flood event (wet 2.5) around
2001, southern part is negatively affected by NAO during 2009-2016 with a severe drought (dry
-2) in 2014/2015, western part is negatively affected by SOI during 1992-2005 with two severe

droughts observed around 1994/1995 (dry -1.8) and 2003 (dry -2), eastern part is negatively af-

Xiii



fected by MOI during 1995-2000 with a drought around 2000/2001 and central part is negatively
affected by Nino-4 during 2002-2010 with a drought (dry -1.3) around 2004/2005.

Keywords: Rainfall: Oceanic Index: Wavelet Analysis: Periodicity.
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Chapter 1

Introduction

1.1 Background of the Study

Atmospheric variables like precipitation, stream flow are significantly influenced by various cli-
matic factors and large-scale atmospheric circulation patterns. Efficient water resources man-
agement requires an understanding of the consequences of climate indices on the accurate pre-
dictability of precipitation (Rathinasamy, 2017). Precipitation pattern variations and temperature
increases have had an effect on the hydrologic system in several regions. It resulted in atmo-
spheric condition alterations and climatically extremes. Rainfall is a very important climate issue
that has significant impacts on agricultural production and national economic development (Se-
leshi and Demaree, 1995).

Hydro climate variability leads to droughts and wet periods. During droughts, water resources
are stressed and agriculture is strained, which may have economic implications. Dry periods
may also increase the risk of forest fires, which can devastate forests and nearby communities.
Floods related to wet periods also pose threats to human safety and property. Floods, for exam-
ple, can inundate towns and cities and relief efforts can be costly. In some regions, excessive

rainfall can create mudslides, which are particularly destructive. In other regions, excessive pre-



cipitation results from hurricanes, powerful storms that are capable of producing huge amounts
of precipitation. Droughts and floods occur frequently and impose significant impacts on agricul-
tural production. Studies on the characteristics and changing trends of the rainfall in Ethiopia are
necessary for short-term climate forecasting and sustainable agricultural development. Given the
potential societal impacts of hydro climate variability, it is important to study the causes of past
hydro climate variability by analysis of long data sets. It helps improve water management strate-
gies, save resources and Plan accurate agricultural production activities .Investigation of rainfall
trends are vital to the expectation and management of the potential climate change implications
to water resources (Jemai et al, 2017).

The variations of tropical oceanic and atmospheric interaction results Variability of rainfall (Haile,
1988). Tropical Oceans play a key roles in the natural variability of the world climate .The
El Nino-Southern Oscillation (ENSO) of the tropical Pacific Ocean, North Atlantic Oscillation
(NAO), the Indian Ocean Dipole (IOD) and so on are typical models of such phenomena in the
interannual time scale (Black et al, 2003). Various studies around the world had done to find out
the relationship between rainfall and large scale oceanic impacts. From those Sir Gilbert Walker
was the most prominent, who named the teleconnections patterns of the Southern Oscillation.
The pattern generally fluctuates between two states called La Nina, which is cold temperature
and El Nino, which is warm temperature in the tropical pacific region. The western part of
equatorial Pacific Ocean sea surface temperature of normally remains warmer than that of the
eastern part. But, in some abnormal years this condition changes drastically. The eastern part of

equatorial Pacific Ocean Sea surface temperature becomes warmer-than-normal which is refers



to El Nino and, the opposite state is known as La Nina. The global weather and climate change
is the deviation of this sea surface temperature from normal ocean proces (Zelle et al, 2004).
El Nino-Southern Oscillation (ENSO) is the one empirical connection between the oceanic and
atmospheric parts that established by Jacob Bjerknes. The warm phase of ENSO correlated to
the rainfall deficiencies (dry and drought conditions) Over Africa. East African rainfall largely
controlled by the Indian ocean Black et al (2003) and pacific oceans Janowiak (1988) which has
the distortion of both ocean causes for strong variation of rainfall over a region.

Ethiopian climate also influenced by atmospheric and oceanic dynamics that affect the weather
system and the time of beginning and intensity of the rains (Bekele, 1997). Scholars at National
Meteorology Agency (NMA) and guiding principle makers in Ethiopia believe that the state of
sea surface temperatures (SSTs) in the tropical Pacific Ocean, the Atlantic and Indian oceans
affect Ethiopian climate through teleconnections.

The wavelet transformation is a modern advance in signal processing that has received much
attention since Grossman and made its theoretical progress. Its application rapidly increased as
an alternative to the Fourier Transform. This has an advantage over traditional spectral analysis,
because it allows the study of various temporal variation scales and does not require a stationary
sequence. Therefore it is appropriate to analyze irregularly distributed events and time series
containing non-stationary power at various frequencies. Then, it becomes a popular method
for analyzing localized power variations in a time series. Wavelets such as astronomy, nuclear
engineering, magnetic resonance imaging, radar, pure mathematics and geophysics are used in

various fields such as tropical convection, the El Nio-Southern Oscillation, atmospheric cold



fronts, temperature variability, the dispersion of ocean waves, wave growth and breaking, struc-
tures in turbulent flows, and stream flow characterization (Tran, 2006).The technique of wavelet
transforms generally has been announced as an alternate due to its capacity to capture temporal
variability at multiple scales. It’s a robust mathematical device that yields a time-scale signal rep-
resentation and is primarily useful within the study of non-stationary associations using statistic
data. For this investigation, we applied continuous wavelet transform to provide a better explo-

ration of time-varying structures of the annually rainfall data and its links with climate indices.

1.2 Motivation

We know that rainfall is a complex atmospheric process, which is space and time dependent
and it is tough to predict, due to the apparent random characteristics of rainfall series. It is a
key meteorological parameter for the occurrence of hydrological extremes (droughts or floods).
Understanding rainfall patterns and trends is vital for an efficient and sustainable management
of water resources and, it helps improve water management strategies, save resources and plan
accurate agricultural production activities.

Many works studied the connection between the interannual variability of Ethiopian rain and also
the changes in regional circulation patterns and ocean surface temperature anomalies (SSTAs)
over the number of ocean basins (Segele and Lamb, 2005). Rainfall Variability in the Ethiopian

and Eritrean Highlands and its Links with the Southern Oscillation Index (Seleshi and Demaree,



1995) and (Viste and Sorteberg , 2011). Ethiopian rainfall variability and its Teleconnections
between global SSTs: observations and methods for model evaluation (Degefu, 1987). Firew
(2018) also recently studied on the impact of ENSO on precipitation and surface temperature over
upper Blue Nile region. ? was reported analysis of rainfall trends and its relationship with SST
signals in the Lake Tana Basin. Large scale phenomena such that El Nino-Southern oscillation
has significant influence on Ethiopian interannual rainfall variability (Gissila et al, 2004). The
effect of SSTs of Pacific Ocean, Indian Ocean, and Gulf of Guinea on the summer rainfall of
Ethiopia was studied (Camberline, 1997). Understanding rainfall variability and teleconnection
between oceanic SSTs is a key factor for creating future rainfall prediction models and further
managing the countrys water resources. However we are initiated to study the variability of
precipitation and its linkage with oceanic indices by using standard precipitation ratio and wavelet

transform over Ethiopia.

1.3 Objective of the study

1.3.1 General Objective

e The main objective of this study is to identify the variability of rainfall with oceanic indices

over Ethiopia by using wavelet transform.

1.3.2 Specific Objectives

e To determine wet and dry periods of the country by using long term rainfall data.



e To study the mode of variability (dominant oscillations) of precipitation and oceanic indices

by using wavelet transform.

1.4 Significance of the study

We know that Precipitation is a key meteorological parameter for the existence of hydrological
extremes such as droughts or oods. This work used to show the rainfall variability of Ethiopia for
the past 31 years and its relation with oceanic features like ENSO, NAO, MOI and SOL. It mainly
concentrates how much is the impact of ENSO, NAO MOI and SOI on the rainfall distribution.
Depend on the result, to take measurements or actions to reduce the problem faced from the
change of climatic elements (rainfall). This investigation also important to develop the national
atmospheric models. Lastly this study used to help researchers, and policy makers to make more

informed decisions over Ethiopia.

1.5 Organization of the study

This thesis work is organized in five chapters. Chapter one encompasses the background of the
study, problem of statement, objectives, and significance of the study. Chapter two and three
involves on reviews of literature related to the research problem of this study. Chapter four deals
about the research methodology including, research data collection/generating and data analysis
and also deals with how to manipulate the wavelet analysis method and its formalism. The fourth

chapter is main body of this thesis which analyzes and interprets the result. Finally chapter five



discusses about the conclusion and recommendations. The end of this paper contains a list of

references.



Chapter 2

The Atmospheric- Ocean interaction

The large scale interaction of the ocean and the atmosphere occurs at the air-sea boundary (Lin
et al, 1996). The atmosphere and the oceans are the two oversize reservoirs of water within the
Earth’s hydro logic cycle. The two systems are complexly coupled to at least one another and
are responsible for Earth’s weather and climate. The oceans facilitate temperature within the
lower part of the atmosphere. The atmosphere is in large part responsible for the circulation
of ocean water through waves and currents. The Earth’s weather and climate system represent
complex interactions between the oceans, the land, the sun, and the atmosphere. That these
interactions are complex is evidence by the problem meteorologists have in predicting weather
on a day to day. The circulations of atmosphere determine weather and climate, such that in
what way the lower atmosphere or troposphere moves, interacts and changes over time in the
region. The Atmosphere serves as a link, connecting different ocean basins, due to it responds
rapidly to regional and global changes in the energy balance and transmit their influences over

large distances.



2.1 Atmospheric Circulation

The Earth and its atmosphere are both controlled primarily by the Sun and that they make up an
interconnected global system. Atmospheric circulation is that the large-scale movement of air,
by which the heat energy or the radiation that comes from the sun is distributed on the surface
of the earth. Different climatic areas are the results of atmospheric movements within this global
system. The reason behind these atmospheric movements is that the difference in temperature
between equatorial regions and Polar Regions; the atmospheric circulation transported energy

pole wards, thus decreasing the resulting equator and pole temperature difference.

2.1.1 Hadley cell

Earths atmospheric circulation of Hadley cell, model was proposed by George Hadley (1735). It
consists of a single wind system in each hemisphere, with westward and equator ward flow near
the surface and eastward and pole ward flow at higher altitudes. The ground of the equator is
extremely heated by the sun. This causes the air to rise which creates a low-pressure zone on
the surface, because the air rises, it cools and forms thick cumulonimbus (storm) clouds. The air
continues to get up to the upper atmosphere, and then it happens: The air separates and starts
to move both north and south towards the poles. Air near the surface flows toward the equator
into the low pressure area, replacing the rising air (Held et al, 1980). Because the air sinks, it
becomes warmer and drier. This creates a neighborhood of little cloud and low rainfall, where
deserts are found. The Hadley cell is then complete. The air completes the cycle and flows back

towards the equator as the trade winds within the hemisphere, the winds flow to the right and are
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Figure 2.1: Hadley circulation cell (https://climate.ncsu.edu/images/edu/.png).

called northeast trade winds with in the hemisphere the winds flow to the left and are called the

southeast trade winds. This is often right down to the Coriolis force and friction.

2.1.2 Walker circulation

Walker Circulation (WC) is a large-scale zonal-vertical atmospheric circulation within the equa-
torial Pacific (Zhao and Allen , 2019). The term Walker Circulation was first introduced in
1969 by Professor Jacob Bjerknes, referring to the large-scale atmospheric circulation along the
longitude-height plane over the equatorial Pacific. Walker Circulation features low-level winds

blowing from east to west across the central Pacific, rising motion over the warm water of the

10



western Pacific, returning flow from west to east within the upper troposphere, and sinking motion
over the cold water of the eastern Pacific. Since Bjerkness introduction of the Walker Circulation,
there have been reports of similar eastwest circulation cells spanning different longitudinal sec-
tors along the Equator. The most dominant component is that the Pacific branch, which consists
of easterly winds at the lower troposphere, westerly winds at the upper troposphere, rising motion
over the western Pacific, and subsidence over the eastern Pacific (Lau and Yang, 2003). During
the walker circulation weakens or reverses, an El Nino results, causing the ocean surface to be
warmer than average, as upwelling of cold water occurs less or not in the east. Especially strong
walker circulation causes a La Nina, leading to cooler ocean temperatures due to increased up

welling.

2.2 Climate variability and tropical ocean sea surface temper-

ature (SST)

The ocean may be a significant influence on Earth’s weather and climate. It covers the biggest
surface of the earth. This great reservoir continuously exchanges heat, moisture, and carbon with
the atmosphere, driving our weather patterns and influencing the slow, subtle changes in our cli-
mate. Generally Oceans are major drivers of internal climate variability, affecting climate around
the globe (Shukla, 1998). Many modes of climatic variability are coupled ocean-atmosphere
phenomena, like the El Nio-Southern Oscillation (ENSO), which is that the most vital mode of

variability for global climate on inter-annual timescales (McPhaden et al, 2006).The occurrence
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Figure 2.2: Walkercirculation(https://upload.wikimedia.org/wikipedia/commons/6/68/LaNina.png).

of an EI Nio episode affects many regions worldwide through atmospheric teleconnections and

increases global average temperatures in that year (Trenberth, 1984).

2.2.1 El Nio and the Southern Oscillation

El NioSouthern Oscillation (ENSO) is a leading source of climate variability, with a two- to
seven-year timescale, originating from coupled oceanatmosphere interactions within the tropical
Pacific. Major ENSO events affect weather patterns over many parts of the world through at-
mospheric tele-connections (Glantz, 2001). £; Nino and Southern Oscillation were considered

two separate phenomena, £; Nino involving the ocean and the other SO from the atmosphere.
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South American anglers have given this phenomenon the name E; Nino, which is Spanish for
The Christ Child, because it comes about the time of the celebration of the birth of the Christ
Child-Christmas. On the other hand, in the 1920s British scientist Sir Gilbert Walker empirically
identied that some notable climate anomalies-change in atmospheric pressure and circulation
happen around the world every few years. He invented the term for those climate oscillations, the
Southern Oscillation (SO). While stationed in India studying the monsoon, Sir Walker observed
pressure differences in the equatorial Pacic Ocean. He noticed a seesaw of air pressure measured
at two stations. The Southern Oscillation describes a bimodal variation in water level atmo-
spheric pressure between observation sites at Darwin, Australia and Tahiti. It is quantified in the
Southern Oscillation Index (SOI), which is a standardized difference between the two barometric
pressures. Normally, lower pressure over Darwin( 12.4°S,130.9°E) in Australia, the Indian Ocean
and higher pressure over Tahiti(17.5°S, 149.6°W), an island within the South Pacic encourages
a circulation of air from east to west, drawing warm surface water westward and bringing pre-
cipitation to Australia and the western Pacific. When the pressure difference weakens, which
is strongly coincidental with El Nio conditions, parts of the western Pacific, such as Australia
experience severe drought, while across the ocean, heavy precipitation can bring flooding to the
West Coast of equatorial South America. In 1960, Jacob Bjerkness proposed that El Nio was
just the oceanic expression of large scale interaction between the ocean and also the atmosphere
,and that the climate anomalies could understand as atmosphericteleconnectionsspreading from
the warm-water regions along the equator in the mid-Pacic. ENSO develops most strongly in

the equatorial Pacic Ocean, due to a pronounced zonal anomaly in ocean surface temperature
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between its eastern and western parts. In some years, the Pacic ENSO develops so strongly that
its signal reaches distant parts of the world (Lau and Yang, 2003).

E; NioSouthern Oscillation (ENSO) is that the largest and best-known mode of climate vari-
ability that affects weather, ecosystems and societies in large parts of the planet in several phases
known by Normal, El Nio and La Nina phases. The naturally occurring E; Nio and La Nia
phenomenon represents a dance between the atmosphere and ocean in the equatorial Pacific.
Equatorial Pacific trade winds blow from east to west. The winds push the warmer surface Water
towards the west, and colder water rises up from deeper in the ocean to replace it. This creates
an eastwest difference in sea-surface temperature (SST) and hence an Eastwest difference in sea
level air pressure that maintains the trade winds and so drives a positive feedback loop In a nor-
mal year, when ENSO is inactive, the Equatorial Pacific trade winds blow from east to west. The
winds push the warmer surface water towards the west, and colder water rises up from deeper in
the ocean to replace it. This creates an eastwest difference in sea-surface temperature (SST) and
hence an eastwest difference in sea level air pressure that maintains the trade winds and so drives
a positive feedback loop.

E; Nio: A warming of the ocean surface, or above-average Sea surface temperatures (SST),
within the central and eastern tropical Pacific. Over Indonesia, rainfall tends to become reduced
while rainfall increases over the central and eastern tropical Pacific. E; Nino meaning Christ
Child is that the warm phase of the ESNO and develops, on the average, every 4 years approx-
imately. It is related to anomalously warmer SSTs in the eastern regions of the tropical Pacific

and may last from anything to 6 to 18 months. The low-level surface winds, which normally

14



blow from east to west along the equator (easterly winds), instead weaken or, in some cases, start
blowing the opposite direction (from west to east or westerly winds).In general, the warmer the

ocean temperature anomalies, the stronger the £/ — [ Nio (and vice-versa).

Westerly Winds b
“_Weaker Trade Winds

!FF vy "'"'—-—-....,

120°E 130° 140" 150* 160° 1TO"E 180" 170°W 160 150 140° 130° 120° 110 100" W° 80° TOW
Darwin, Australia Tahiti Lima, Peru

El Nifio

Figure 2.3: El Nino phase tropical weather patterns across the equator (Source; https:).

In a neutral year, tropical Pacific SSTs are generally close to average. The equatorial Pacific
trade winds blow from east to west. The winds push the hotter surface water towards the west,
and colder water rises up from deeper within the ocean to exchange it. This creates an eastwest
difference in sea-surface temperature (SST) and hence an eastwest difference in water level at-

mospheric pressure that maintains the trade winds then drives a positive feedback loop as shown

figure 2.4
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Figure 2.4: Neutral phase tropical weather patterns across the equator (Source;

https://en.wikipedia.

La Nia: La Nia means the small Girl in Spanish. La Nia is additionally sometimes called El
Viejo, anti-El Nio, or just ”a cold event. A cooling of the ocean surface or below-average Sea
surface temperatures (SST), in the central and eastern tropical Pacific. Over Indonesia, rainfall
tends to increase while rainfall decreases over the central and eastern tropical Pacific. The tra-
ditional easterly winds along the equator become even stronger. Generally, the cooler the ocean

temperature anomalies, the stronger the La Nia (and vice-versa) it shows in figure 2.5.
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Figure 2.5: La Nina phase tropical weather patterns across the equator (Source;

https://en.wikipedia.

2.2.2 Tropical Atlantic Ocean and climate variability

The El Nino phenomenon in the Pacific has a reflective impact on global weather Patterns, but not
all anomalous patterns linked to El Nino. The other modes of climate variation besides El Nino
can have significantly influences on regional climate. Among them is a variation of sea-surface
temperature (SST) seemingly unique to the tropical Atlantic Ocean. The phase of Atlantic Ocean
is varying with time. North of the equator Atlantic Ocean is abnormally warmer than that to the

south. In other time the opposite phenomena occurs, and warm water appears in the southern
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tropical Atlantic. This pattern of sea-surface temperature seems to alternate every 10 years or
so, and has a dramatic impact on regional climate in Africa and the Americas. Recent studies
suggest that the SST variability involves interactions between the tropical atmosphere and ocean
(Camberlina and Philippon, 2002). This wind system, called the trade winds, is sensitive to
changes in the tropical SSTs. the Indian and Atlantic Oceans and rainfall over Africa, indicating
that the state of the NAO may correlate well with precipitation in east Africa (Bader and Latif,
2003). The possibility of predicting low frequency SST variability in the tropical Atlantic region
has long been a central concern because of its significant influence on rainfall over north-east
Brazil and the Sahel region of Africa. Bader and Latif (2003) have drawn associations between
pressure differentials between the Indian and Atlantic Oceans and rainfall over Africa, indicating

that the state of the NAO may correlate well with precipitation in east Africa.

2.2.2.1 Inter Tropical Convergence Zone (ITCZ)

Inter tropical convergence zone or ITCZ is a region of converging northern and southern Hemi-
spheres of trade winds come together and rising air that encircles the Earth near the equator. Yan
(2005) states that the ITCZ is an east-west oriented low-pressure region near the equator where
surface northeasterly and southeasterly trade winds meets; that is, the emphasis is on pressure.
Trade winds of northern hemisphere move in a southwesterly direction, while in the southern
hemisphere they move northwesterly. When trend winds converge, moist air moves upward,
forming one portion of the Hadley cell. Air that rises along the ITCZ moves away from the equa-

tor and sinks in the subtropics at the Horse Latitudes, rounding out the Hadley Circulation. The
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location of the ITCZ gradually varies with the seasons, roughly corresponding with the location
of the thermal equator. The ITCZ is less mobile over the ocean, although there is one exception:
during an El Nino event, the ITCZ deflected towards the unusually warm sea surface temperatures
in the tropical Pacific. Thus, the position and migration of the ITCZ are important in defining
the Earths climate on a global scale. In Africa, the ITCZ migrates along latitudinal on a seasonal
basis. In July, when the sun is over the Tropic of Cancer, the ITCZ reaches its northernmost
position and in January, it reaches south when the sun is over the Tropic of Capricorn. The most
important consequence of this shifting is the annual alteration of wet and dry seasons in tropical
Africa. The ITCZ follows the sun in that case the position varies seasonally. Over the oceans, the
ITCZ remains more or less at the equator but over land it moves north and south following the

seasonal tilting of the globe towards the sun (Schneider et al, 2014).
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Figure 2.6: location of Intertropical convergence zone (ITCZ) (Schneider et al, 2014)
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Chapter 3

Precipitation

Precipitation refers to any type of particles of water that form in the atmosphere and fall to the
earth. Precipitation is part of the water cycle; it falls to the ground as snow and rain, it eventually

evaporates and rises back into the atmosphere as a gas.

3.1 Types of Precipitation

The liquid and the solid forms of water falling from the atmosphere onto the earth are called
Precipitation. Along evaporation and condensation, precipitation is one of the three major parts
of the global water cycle (Selase et al, 2015). For condensation and precipitation to occur an ap-
preciable elevation of an air mass must occur. Since this elevation is brought about in three ways,
three main forms of precipitation occur. Which are: normal orographic or relief precipitation,
and frontal or cyclonic precipitation (Luo et al, 2013). There are different kinds of precipitation:

Orographic; Convectional and Cyclonic.
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3.1.1 Orographic Precipitation

Orographic precipitation, as schematic diagram Fig 3.1 shows when warm moist air moving
across the ocean is forced to rise over large mountains means when wind forces moist air land-
wards towards mountainous terrain, the mountain lifts the moist air masses high into the atmo-
sphere. Once the air rises, it cools and allows precipitation to occur (Selase et al, 2015). Cold air
cannot hold the maximum amount moisture as warm air. Clouds form and precipitation occurs
on the two windward of the mountain. The air becomes dry and rises over top of the mountain.
Because the air moves down the mountain, it collects moisture from the bottom via evaporation.

This side of the mountain is named the two leeward. It receives little or no precipitation.
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Orographic
Precipitation

Figure 3.1: Orographic precipitation.

3.1.2 Convectional Precipitation

Convectional precipitation is made when air is heated by the sun on the surface, and therefore
the warm ground heats the air over it. Due to the air warms up, the air molecules begin to move
further apart. With increased distance between molecules, the molecules are less densely packed.
Thus, the air becomes lighter and rises rapidly into the atmosphere, because the air rises, it
cools. Water vapor within the air condenses into clouds and precipitation, as shown in schematic

diagram Fig 3.2
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Figure 3.2: Convectional precipitation.

3.1.3 Cyclonic Precipitation

Cyclonic or frontal precipitation, as shown in Fig 3.3 Results when the leading edge of a warm,
moist atmosphere (warm front) meets a cool and dry atmosphere (cold front). The molecules
within the cold air are more tightly packed together (i.e., more dense), and thus, the cold air
is heavier than the warm air. The hotter atmosphere is forced up over the cool air. Because it
rises, the warm air cools, the water vapor within the air condenses, and clouds and precipitation
result. This type of system is named Frontal Precipitation because the moisture tends to occur

along the front of the air mass (Joseph, 2016). A cyclonic storm may be a large, low system
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that forms when a warm atmosphere and a cold atmosphere collide. This collision often occurs
under the polar-front air stream which spreads cold, dry arctic air near warm, moist tropical air.
The rotation of the world causes the air to circulate during a counterclockwise direction around a

neighborhood of low pressure.

/"
Air LB Warm Front
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\ \ L < 7 B Precipitation
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Figure 3.3: Cyclonicprecipitation.

25



Chapter 4

Data Source and Method of Analysis

4.1 Description of Study Area

Ethiopia is found along 3.30°N15°N latitude and 33°E 48"E longitude, with an area of about
1.02 million square km (Korecha and Barnston, 2007). The main natural features of the country
consist of a high plateau and mountain chains. Its natural features varying from about 4,500m
above sea level in the north and central regions about 100 m below sea level over the lowland
in the northeastern regions of the country. Since these complex topographical and geographi-
cal types, the climate of Ethiopia exhibits strong spatial variations and different rainfall regimes
from National Meteorology Service Agency. For instance, the northwestern regions of Ethiopia
are described by a single summer(Kiremt) (June-September) rainy season Tsidu (2016) with char-
acteristics similar to the Sahel and the Indian monsoon (Camberlin et al, 2009). Kiremt is that the
main season, occurring from June to September .During this season, the Inter Tropical Conver-
gence Zone (ITCZ), the South Atlantic anticyclone and the moist southwesterly monsoon flow
from the southern hemisphere are the most rain producing structure. The onset and spatial distri-
bution of rainfall also are found to follow the oscillation of the ITCZ and therefore the intensity

of the southern hemispheric anticyclones (Segele and Lamb, 2005).The eastern regions exhibit a
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bimodal (two wet periods throughout the year) pattern long rainy season summer and a second
short rainy season in the spring(belg) (February-May); which mainly due to the moist easterly
flow from the northwestern Indian Ocean associated with high pressure over the Arabian Sea (?).
Similarly, the southern regions show a bimodal rainfall pattern with maxima in spring and au-
tumn (October-December), a pattern similar to that found over equatorial eastern Africa caused
by the north-south migration of the Intertropical Convergence Zone (ITCZ). The southwestern
regions exhibit a unimodal rainfall peak in summer like the northwest, but they also receive rain-
fall throughout the year. The climate mainly varies with altitude, from the hot and arid lowland
climate to the cool plateau climate. Lying just north of the Equator, the country experiences little
year-round variability in temperature (Zeleke, 2013). Rainfall is caused by the south-western
monsoon, which affects the country from June to September (the season is named (Kiremt), but it
only affects some regions, namely the highland and mountain slopes exposed to the south-west,
while in the south-east of the country there are two rainy seasons, even if less extreme, usually

from March to May and October to November (Diro et al, 2011).
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Figure 4.1: description of study area with location of selected stations

4.2 Data source

For this study we have used two types of data

Precipitation data: The main data in this study is daily precipitation from rain gauge for each
year and gridded data for the period of 1987-2017 GC of the selected stations, which are rep-
resentative of various climatic rainfall zones over Ethiopia provided by the Ethiopian National
Meteorology Agency (NMA), Monthly and annual rainfalls datas were derived from the daily

data of those stations. Missing data within the time series was filled with data from neighbor-
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ing years data using interpolation techniques and also, the missing data were filled with gridded
data. The gridded data are constructed data series based on records of gauge stations and satellite
observations. This gridded data is very helpful due to weather stations are restricted in range
and unevenly distributed and have sometimes a short amount of observations. Station selection is
based on better available data source. We have used north, south, east, west and central part of the
country, which have long range data and representation of various climate zones in the country.

Climate index data: precipitation is tele-connected to several types of climate indices and the
knowledge of teleconnections pattern and strength of the interrelationship gives some amount
of predictability in remote locations. The data records extracted with in the region of North
Atlantic Oscillation (NAO): The NAO is an atmospheric oscillation in sea-level pressure over
the North Atlantic Ocean between the Azores subtropical high and the Icelandic polar low. It
is calculated as the normalized pressure difference between the Azores and a station in Iceland
(5° -20°N, 60°-30°W). Pacific Ocean Nino 4: The strength and sign of the ENSO can be mea-
sured by the Nio 4 indices. These monthly indices record the area average SST anomalies in
the Nio 4 (5N-5S, 160E-150W) regions, which has SST data set in the time series that ranges
from January, 1987- December, 2017 for a period of 31 years. Southern Oscillation Index (SOI):
The SOI is another ENSO index, which measures the difference in sea-level atmospheric pres-
sure anomalies between Tahiti and Darwin, Australia (Trenberth, 1984). The negative phase
of the SOI occurs when below-normal atmospheric pressure at Tahiti (east-central Pacific) and
above-normal pressure at Darwin (west Pacific) are observed. The negative (positive) SOI gen-

erally coincide with positive (negative) SST anomalies in the east-central Pacific, associated
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with an EI Nio or La Nina. All climate index data sets are from following website downloaded

http://www.esrl.noaa.gov/psd/data/climateindices website.

4.3 Methodology

To identify the alternating dry and wet periods of the country in this study the standardized pre-
cipitation ratio was first performed on the annual scale. Then, analytical and spectral tools (con-
tinuous wavelet Transform analysis) were used to identify the variability modes and determine

the origin of this variability.

4.3.1 Standardized Precipitation Ratio

The standardized precipitation ratio (I,) was used to determine wet and dry periods and their
alternations consistent with positive (wet) and negative (dry) values (Jemai et al, 2017). Its a
dimensionless parameter, based on the ratio of the precipitation difference from the mean to

standard deviation (Equation (1). It is defined as follows:

IL== (4.1)

Where [p: Standardized precipitation ratio;
Y;: Rainfall for a given study year;
y: Average rainfall during a given study period;

o: Standard deviation of rainfall for the same period
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4.3.2 Wavelet transform

Wavelet analysis is a common method for analyzing the power of local variation within a time
series by decomposing a time series into time versus frequency space and hence it describes
the variability of precipitation in terms of pattern and representing the contribution of each pe-
riod/scale for the overall. The wavelet transforms breaking up a signal into scaled versions of a
wavelet function; where the size of the wavelet (the window) varies with frequency. The wavelet
transform are often used to analyze time series that contain non-stationary power at many var-
ious frequencies. Localization during a signal analysis by decomposing or transforming a one-
dimensional time Series into a diffuse two-dimensional time-frequency image, at an equivalent
time. Then, it is Possible to get information on both the amplitude of any periodic signals within
the series, and how this amplitude varies with time. Continuous wavelet transform was chosen
because it is widely used complex wavelet having good time-frequency localization than other
real wavelets (Addison, 2017). We can describe a wavelet by how localized it is in time (Jt) and

frequency (wp). An example is the Morlet wavelet, defined as.
1 77]2
Yo(n) = m ae“e 2 (4.2)

Where 7 is dimensionless time and wy is dimensionless frequency. When using wavelets for
feature extraction purposes the Morlet wavelet (wy ) = 6) is a best choice, since it make a good
balance between time and frequency localization. Assume that we have a time series, X,,, with
equal time spacing 6t and n = 0,,N-1. We can assume also a wavelet function vy(7) that depends

on a non-dimensional time parameter 7). Torrance and Compo (1998) then derive the continuous
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wavelet transform of the discrete sequence X,, as the convolution of X,, with the scaled and

translated version of 1o(n).

[(n — n)ot] (ﬁ) 2 o [(n' — n)ot] 43)

Pp—"— =
S S S

Where s is the dilation parameter used to change the scale, and n is the translation parameter used
to slide in time. We are given a time series X, with values of X, at time index n. Each value is
separated in time by a constant time interval ot. The wavelet transform W,,(s) is just the inner

product (or convolution) of the wavelet function with the original time series:

N-1 ;o
Wis) = 3 Xy (=10 (4.4
n=0
Where * is the complex conjugate of 1y(n)
, 1 /n—n
Y(n'n) = ( : ) 4-5)

1(n'n):Wavelet daughter; s: scale parameter ; n: time-localization parameter The coefficient

1

75 is normalization factors mean that the energy of wavelet is the same at different scale a.The

above integral can be evaluated for a number of values of the scales. The actual computation of
the wavelet transform described (Santos et al, 2016). Finally we used mat lab and origin software

to analysis the data.
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Chapter 5

Result and Discussion

5.1 Standardized precipitation ratio (/) 1987-2017

Based on the irregularity of precipitation distribution, standardized precipitation was calculated
to separate wet and dry periods over 31 years of the study area. For this investigation, we used
standardized precipitation ratio equation (1) mentioned in the method of data analysis. The calcu-
lated rainfall irregularity (standardized precipitation ratio) was calculated and presented in figure
5.1, 5.2, 5.3, 5.4 and 5.5 shown below for different part of Ethiopia (North, East, West, South
and Central). This indicates the estimated Year to year variation of inter annual rainfall expressed
in terms of standardized precipitation ratio. Negative standardized rainfall indicates dry (below

normal rainfall) period and positive anomalies indicate wet (above normal rainfall) period. .
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Figure 5.1: Standardized precipitation ratio of study area in northern (Gondar) part (19872017)

Figure 5.1 indicates the standard precipitation ratio of northern part of the country. Positive stan-
dard precipitation values indicate wet periods whereas the negative standard precipitation value
shows dry period. For northern part of the study area during the time (1987-1997) was generally
dry period with its peak value -1.25 at 1990 and from (1998-2001) wet periods with peak values
2.76 at year 2001. During (2002-2017) more dry period were observed with the occurrence of

few slightly humid years. The standard precipitation ratio for this location has shown similar
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pattern observed by (Ayalew et al, 2012). He found positive standardized anomalies in Gondar

region during 19992001. .

235 T T T T T

Standardazed precipitation

) i ] | ] ]
1885 1890 1995 2000 2005 2010 2013 2020

Time (year)

Figure 5.2: Standardized precipitation ratio of precipitation in eastern (Diredewa) part of the

country (19872017)

Figure 5.2 indicates the standard precipitation ratio of eastern parts of the county. In eastern part
of the study area from the time (1987-1991) was dry period except in 1987 and the second period

(1992-1998) shows generally wet periods with maximum value of 2.1 around 1996.And the last
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period 1999-2017 clearly indicates more dry periods compared to wet period with maximum
positive peak value (wet) of 2.1 around 2010 and maximum negative peak value (dry) of -1.5

around 2015. .
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Figure 5.3: Standardized precipitation ratio of western (jimma) part of the study area from

(19872017)

Figure 5.3 indicates the standard precipitation ratio of western parts of the country. From the

figure we can observe a slightly dry and wet period during 1987-1996.From 1997-2001 wet
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period are observed and the maximum (peak) values of wet period were observed in 1997 with a
value of 2.1. During 2002-2012 generally observes dry period with slight humid periods, but at
2003 negative standard precipitation ratio (dry) reaches max value of -1.8.And from 2013-2017

shows wet period with few dry periods. .
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Figure 5.4: Standardized precipitation ratio of precipitation in southern (Hawassa) part represen-

tative stations of the country (19872017)

Figure 5.4 indicates the standard precipitation ratio of southern parts of the country. From 1987-
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1994 was generally dry years with very few wet periods and during the time 1995-1998 positive
values (wet periods) were observed. And from 1999-2005 shows dry period and the last period
between 2005-2017 was distinguished with an increase of wet years and more frequent dry years
compared to the first period or the begging of the studied period with negative peak value reached

at -2 in 2015 and positive peak value 1.75 at the end of the study period. .
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Figure 5.5: Standardized precipitation ratios in central (Addis abeba) part of the country

(19872017)
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Figure 5.5 indicates the standard precipitation ratio of western parts of the country. As we ob-
served from figure 5.5 first periods during 1987-1993 shows more wet periods than dry periods,
and second period 1994-2004 was generally dry period with slightly wet period (with maximum
of 3.2 at 1996 ).The third period (2005-2011) was wet period except 2008 and 2009 and the last
period (2012-2017) indicates generally dry period with its maximum negative value of -1.5 in
2014.The positive and negative peak value indicates that there was an extreme event, which leads

heavy rainfall and scarcity of rainfall and water in the country respectively.

5.2 Modes of Rainfall Variability

Wavelet transform of the yearly rainfall patterns for five regions of Ethiopia are presented in figure
(5.6-6.0).Several frequency modes and powers at annual and inter annual scales are detected

along with dominant periods and their variability in terms of time.
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Figure 5.6: Wavelet spectrum of monthly rainfall (19872017) for stations annual scale year and

Inter-annual scales years northern (Gondar) part of Ethiopia.

Figure 5.6 depicts wavelet analysis of frequency verses time series of rainfall for northern part of
Ethiopia. We can clearly detect the two dominant oscillation or periodicities. The first oscillation
or periodicity of 6-10 years (in terms of frequency 0.1 - 0.17 with power of 220w) is prevailed for
11 years from 1992 - 2003.The second oscillation or periodicity was 20 years (frequency of 0.05
with its power of 520w) during the time from 1992 - 2005. From this we can determined that

northern part of the country dominates the long-term oscillation of 6-10 years from 1992-2003
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and 20 year from 1992 -2005. During this period the standardized precipitation ratio (figure 5.1)

has shown more wet periods.
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Figure 5.7: Wavelet spectrum of monthly rainfall for stations Inter-annual scales eastern

(Diredewa) part of Ethiopia between the periods (1987-2017).

Figure 5.7 describes wavelet analysis of frequency verses time series of rainfall for eastern part of
Ethiopia. From this graph we observe three dominant oscillation or periodicities. The first strong
oscillation or periodicity of 2-4 years (frequency of 0.25-0.45 with power of 39w) is prevailed

for 4 years from 2008-2012.The second oscillation or periodicity of 5 - 6.5 years (in terms of
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frequency 0.15 -0.2 with power of 35w) lasts from 1995-2000 and the third period periodicity of
10-20 years (frequency of 0.05-0.1 with a power of 110w) is continued from 1992- 2010 years.
So the eastern part of the country dominates the long-term oscillation of 2 - 4, 5 -6.5 and 10 - 20

years. During the period 1995-2000 standardized precipitation ratios ,, shows wet period.
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Figure 5.8: Continuous wavelet analysis of yearly rainfall from (19872017) for western (Jimma)

part of Ethiopia.

Figure 5.8 depicts wavelet analysis of frequency verses time series of rainfall for western part of

Ethiopia. We can clearly identify the three dominant oscillation or periodicities. The first strong
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oscillation or periodicity of 3-5 years (in terms of frequency 0.2-0.3 with power of 250w) is
prevailed for 13 years from 1992-2005.The second oscillation or periodicity of 8 years (interns of
frequency 0.12 with power of 95w) lasts from 1995-2000 and the third period weak periodicity of
27 years (frequency of 0.037 with a power of 20w) is persisted from 1992-1993 years. Therefore
we can conclude that western part of the country dominates the long term oscillation of 3-5 for
13 years from 1992-2005. During this time more wet periods were dominates over this region

(figure 5.3).
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Figure 5.9: Wavelet spectrum of monthly rainfall (19872017) for stations Southern (Hawassa)

part of Ethiopia.

Figure 5.9 shows wavelet analysis of frequency verses time series of rainfall for southern part of
Ethiopia. We can clearly detect two main oscillation or periodicities. The first strong oscillation
or periodicity of 2.5 - 4 years (in terms frequency of 0.25 - 0.4 with power of 69w) is prevailed
for 7 years from 2009-2016.The second oscillation or periodicity was 10 years (frequency of
0.1 with power of 97w) lasts from 1995-2009. Therefore we can conclude that southern part of

the country dominates the long-term oscillation of 2.5 - 4 years from 2009-2016 and 10 years
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periodicity from 1995-2009. Standard precipitation ratio (/,,) shows more wet period than dry

period during 1995-2009 over this region (figure 5.4).
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Figure 5.10: Wavelet spectrum of monthly rainfall (19872017) for stations Inter-annual scales

Central (Addis abeba) part of Ethiopia between the periods (1987-2017).

Figure 5.10 describes wavelet analysis of frequency verses time series of rainfall for Central
part of Ethiopia. We can clearly identify the two dominant oscillation or periodicities. The first
strong oscillation or periodicity of 2-3 years (in terms of frequency 0.35-0.45 with power of 97w)

is prevailed for 8 years from (1992-2000). The second oscillation or periodicity of 10 years
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(frequency of around 0.1 with power of 84w) lasts from 2002-2010. From this observation we
can conclude that Central part of the country dominates the long term oscillation of 2-3 from
1992-2000 and 10 years periodicity 2002-2010. Standard precipitation ratio (/) shows wet and
dry periods but peak value of wet period was observed during 1992-2000 with its periodicity 2-3

years over this region (figure 5.5).

5.3 Oceanic induced oscillations

To identify the mode of different oceanic index we applied Continuous wavelet transform. There-
fore the following contour plot 5.11-5.14) shows different periodicity of nino-4, NAO, MOI and

SOI oceanic index.
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Figure 5.11: Continuous wavelet transform power analysis of Nino 4 index at the period between

(1987-2017).

From the Figure 5.11 represents wavelet analysis of frequency verses time series of Nino4 index
value. From this figure we can figure out one dominant oscillation. This strong oscillation of
8-13 years (in terms of frequency 0.067-0.125 with power of 0.32w) is prevailed for 5 years from
1992-2012.This 8 - 13 years Nino4 oscillation clearly coincides with the periodicities in rainfall
data of north, east and Central part of Ethiopia. In the northern part of Ethiopia, the observed

long-term oscillation of 6-10 years during 1992-2003 clearly coincide with Nino4 oscillation
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from 1992-2012 with correlation coefficient of -0.84 and during this time period the standard-
ized precipitation ratio showed more wet periods. Eastern part shows 10-20 years periodicity
from 1992-2010 coincided with Nino 4 oscillation with correlation coefficient of 0.05 and also
central part depicts 10 years periodicities from 2002-2010 coincided with Nino4 oscillation with
correlation of -0.5. Hence we can conclude that teleconnection of Nino-4 effects on Northern
(1992-2003) and central part (2002-2010) of Ethiopia. Our results are supported by previous
studies by (Tsegaye, 1997) and (Vist and Sorteberg , 2012). They reported that drought was

observed during the period of 1987, 1991, 1994 and 2009 in most parts of Ethiopia.
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Figure 5.12: Continuous wavelet transform power analysis of north Atlantic oscillation (NAO)

index at the period (1987-2017).

From the Figure 5.12 shows wavelet analysis of frequency verses time series of NAO oscillation
index values.The NAO oceanic index showed two different oscillations or periodicity.The first
periodicity or oscillation 2-3 years (in terms frequency of 0.3 - 0.5 with a power 0.11w) from
2007-2012.The second oscillation or periodicity 10 - 12 years (in terms of frequency 0.083-0.1
power 0.32) from 1987-1997 and 2007-2015. Among these two oscillations 2 - 3 years of NAO

oscillation clearly coincides with the periodicities in rainfall data of southern part of Ethiopia. In
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the southern part of the country observed short -term oscillation of 2.5 - 4 years (from 2009-2016)
clearly coincide with NAO oscillation during the period of 2007-2012 with correlation coefficient
of -0.15 and during this time period the standardized precipitation ratio showed both wet and dry
periods. From this observation we can conclude that the southern part of rainfall variability
relates North Atlantic Oscillation index over 2007-2012.Our result clearly corresponds with the
previous study by Tsegaye (1997) and Vist and Sorteberg (2012) reported that 1987, 1991, 1994

and 2009 was drought years in Ethiopia.
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Figure 5.13: Continuous wavelet transform power analysis of Mediterranean oscillation index

(MOI) index at the period (1987-2017).

From the Figure 5.13 represents wavelet analysis of frequency verses time series for MOI index
values. The MOI oceanic index depicts one dominant which is 6-10 years (frequency of 0.1-
0.15 with its power 0.078w) from the time 1995-2005.This 6-10 years MOI oscillation clearly
coincides with the periodicities in rainfall data of north, east and southern part of Ethiopia. The
northern part of the country dominates the long-term oscillation of 6-10 years from 1992-2003

clearly coincides with MOI 6-10 years oscillations from 1995-2005 with correlation of 0.53,
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during this time Ip shows wet periods. Eastern part observed 5-6.5 periodicities from 1995-
2000 coincides with MOI oscillation of 6-10 years with correlation of -0.75, and during this time
period eastern part Ip shows wet. Southern part depicts 10 years periodicities from 1995-2009
and the correlation with MOI oscillation is -0.12. Hence we can conclude that teleconnection of
MOI effects on Northern (1992-2003) and Eastern part (1995-2000) of Ethiopia. Moreover in
the northern part during this period (1992-2003) standard precipitation ratio showed wet periods

which is supported by previous studies by ?.
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Figure 5.14: Continuous wavelet transforms power analysis of southern oscillation index (SOI)

index at the period.

From the Figure 5.14 shows wavelet analysis of frequency verses time series for SOI index values.
We can clearly identify the two dominant oscillation or periodicities. The first strong oscillation
or periodicity of 3-5 years (in terms of frequency 0.2-0.3 with power of 0.15w) is prevailed for
5 years from 1995-2000.The second oscillation or periodicity of 11 years (frequency of 0.09
with power of 0.52w) from 1995-2012.Among these two oscillations 3-5 years of SOI oscillation

clearly coincides with the periodicities in rainfall data of western part of Ethiopia. Western
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part shows dominant oscillation of 3-5 years from 1992-2005 is coincide with 3-5 years SOI
oscillation with correlation coefficient of -0.4 from 1995-2000. During this period Standard
precipitation ratio shows wet period. Hence we deduce that southern oscillation index (SOI)
affects the western part of Ethiopia during 1992-2005.

Table 1. Time variation of rainfall and oceanic Mode of variability from continuous wavelet

transform power analysis for fourth direction and central part of Ethiopia (19872017).
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Chapter 6

Conclusion and recommendation

6.1 Conclusion

The calculated [, indicates year to year variability of rainfall over Ethiopia, which lies between
3.2 and -2 this showed that wet and dry period were occurred in Ethiopia during the time period
between 1987-2017 for 31 years. The continuous wavelet technique, applied to yearly time se-
ries of precipitations and oceanic indices revealed an energy band with low and high frequencies
(different periodicities or oscillations). Outcomes revealed different modes of variability. The
northern part of the country dominates the long-term oscillation of 6-10 years (from 1992-2003)
and 20 year (from 1992 -2005). The eastern part of the country dominates the short and long -
term oscillations of 2-4, 5-6.5 and 10-20 years. Then western part of the country dominates the
short and long term oscillations of 3-5 and 13 years from 1992-2005. Southern part of the country
dominates the short and long-term oscillations of 2.5 - 4 years (from 2009-20016) and 10 years
(from 1995-2009). Central part of the country dominates the short and long term oscillations of
2-3 (from 1992-2000) and 10 years periodicity (2002-2010). The oceanic oscillations such as
Nino-4 shows a dominant oscillation of 8-13 years from 1992-2012. The NAO oceanic index

showed two different oscillations, 2-3 years (from 2007-2012) and 10-12 years (from 1987-1997
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and 2007-2015). The MOI oceanic index depicts one dominant 6-10 years (from 1995-2005).
The SOI index depicts two dominant oscillations, 3-5 years (from 1995-2000) and 11 years
(from 1995-2012). Hence we can conclude that teleconnection of Nino-4 effects on Northern
(1992-2003) and central part (2002-2010) of Ethiopia, during this period a flood event(wet 2.5)
is observed around 2001 in northern part and a drought event (dry -1.3) is observed in 2004/2005
in central region. The southern part of rainfall variability relates North Atlantic Oscillation over
2007-2012, during this period a severe drought event (dry -2) is observed in 2014/2015. MOI
effects on Northern (1992-2003) and Eastern part (1995-2000) of Ethiopia, during this period a
mild drought event (dry -1.5) is observed in 2000/2001 over eastern region. The southern os-
cillation index (SOI) affects the western part of Ethiopia during 1992-2005, during this period
two severe drought events observed around 1994/1995 (dry -1.8) and 2003 (dry-2). From our
analysis we conclude that the Northern part of Ethiopia is negatively affected by Nino-4 dur-
ing 1992-2003, southern part is negatively affected by NAO during 2009-2016, western part is
negatively affected by SOI during 1992-2005, eastern part is negatively affected by MOI during
1995-2000 and central part is negatively affected by Nino-4 during 2002-2010. Our results are
strengthened by previous studies by Tsegaye, (1997) and Viste, et al., (2012) and Abebe et al.,

(2019).
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6.2 Recommendation

Rainfall is basic source of the country agricultural production therefore it important to study
the cause of special and temporal variability. My study was focused only thirty one year time
series of five stations data. So I recommended researchers focused on the teleconnection pattern
of rainfall variability by using long years time series data by applying wavelet transform and

wavelet coherence method.
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