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ABSTRACT

Drought is a complex and recurring phenomenon that has impacts on agriculture, water supply,
and ecosystems. Even if its characteristics vary significantly from one region to another, and
differs from aridity that is a permanent feature of climate restricted to low rainfall areas drought
occurs in all climatic zones. Therefore, it is very important to increase the understandings of
the concerned body and local community in the continent in general and in Ethiopia in
particular for future most likely drought impacts. The objective of this study was to identify the
past and projected meteorological drought by using the standardized precipitation index, in
case of Central Rift Valley of Ethiopia. For this study 34 years historical precipitation data from
(1985-2019) and (2020-2100) years projected climate data were used for analysis. RStudio
software was used to calculate SPI at the nine major station to identify historical and future
meteorological drought. The Mann-Kendall trend test and Sen’s slope estimate were employed
to find the nature of the drought, rainfall and temperature trend and significance level in the
study area. Results showed that the study area was under drought condition in (1991-1992),
(2015-2016), (2017-2018) and 2019 in historical period and for projected period in near future
(2022, 2029 and 2046) in mid future (2058, 2065 and 2061,2068) in far future (2099, 2085 and
2099,2083) which were among the drought years for both RCP4.5 and RCP8.5 respectively.
For historical data SPI-3 showed that 325 moderate, 141 severe and 87 extreme droughts
events. Again, 3-month standardized precipitation index showed that 392 moderate, 171 severe
and 95 extreme droughts events for RCP4.5 and 456 moderate, 142 severe and 80 extreme
number of drought events occurred for RCP8.5. Statistical analysis for historical data showed
increasing trends of drought at three-month timescale in Langano and Ziway station but
decreasing tendencies in Tora, Kulmsa, Koshe, Degaga and Arsi Negele stations at significant
level of (p < 0.05). RCP 8.5 shows significantly decreasing trend with the S-test of -158 and
with the Z-value is |Z|> 1.96 at near future, (S-test= -122, Z=-2.3) at far future for 95%
confidence level. But RCP4.5 shows decreasing trend at mid future (S-test=-106, Z= -1.67).
Finally, from the result we conclude historical drought and projections indicated that its
intensity, severity and duration is increase under past data as well as for both analyzed RCPs
(RCP4.5 and RCP8.5).
Key words: - Meteorological drought, Mk test, trend, SPI
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1. INTRODUCTION

1.1. Background

Drought is a complex and recurring phenomenon that has detrimental impacts on agriculture,
economy, water supply, and ecosystems (Isabella et al., 2001). Due to its complexity, there is
no single definition of drought, for example to meteorologist drought means below normal
rainfall, to agrarian it means shortage of moisture in the root zone, to hydrologist it means below
average water level in streams, lakes, reservoirs and the like, to the economist it means a water
shortage that adversely affects the established economy (Bobadoye et al., 2019). Even if its
characteristics vary significantly from one region to another, and differs from aridity that is a

permanent feature of climate restricted to low rainfall areas drought occurs in all climatic zones.

Drought originates from a deficiency of precipitation (less than normal) over an extended period
of time, usually a season or more (Wilhite and Glantz, 1985; Bordi and Sutera, 2007). According
to Isabella et al. (2001), drought is one of climate extreme events which damage the economic
and social value of one society. Ethiopia is one of the countries which highly affected by drought
event. Drought occurs every 3-4 years in the northern and 6-8 years in other parts of Ethiopia
(Haile, 1988). Drought can be categorized into four major categories (Wilhite and Glantz,2005)
related to precipitation (meteorological), soil moisture (agricultural), stream flow (hydrological)
and socioeconomic droughts. When meteorological drought appears in a region, agricultural and

hydrological droughts follow.

Meteorological droughts are quite common, and they are primarily classified by the extent of
dryness in a given location and the length of the dry period. Although agricultural drought is
linked to a lack of water needed to support crops, the drought does not always coincide with
meteorological drought. On the other hand, hydrological drought is limited to the level of
streamflow that can meet the demand. A study by Wilhite and Glantz (2005) gives a detailed
description of this specific drought phenomenon. In a recent study, (Adisa et al.,2019) noted
that three-quarters of the total publications on drought over Africa between 1980 and 2020
focused on agricultural and hydrological droughts, while the remaining fraction was based on

socio-economic and meteorological studies.



In this thesis, the studies and discussions are based on meteorological drought. This is because
most agricultural activities that support over 80% of livelihoods across the African continent
are regulated solely by weather and climate. Climate change can influence precipitation
(meteorological) droughts through changes in atmospheric water-holding capacity, circulation

patterns, and moisture supply (Ukkola et al.,2020).

Furthermore, changes in atmospheric dynamics and modes of variability such as the EI Nin o—
Southern Oscillation (ENSQO) can further influence regional precipitation patterns together with
changes in evapotranspiration that show trends over lands and oceans (Roderick et al.,2014;
Trenberth et al.,2014). Thus, meteorological droughts can result in negative anomalies in water
supply, and changes leading to more drought occurrences at regional scales influenced by the
complex interactions of the different processes. Meanwhile, in comparison between agricultural,
hydrological, or socio-economic drought, meteorological drought is most prevalent and thus
affects all sectors of the economy and ecosystem.

They are a number of methods to analyze drought in many parts of the world. Drought indices
have been developed as a means to measure drought. There are several indices that measure
how much precipitation for a given period of time has deviated from historically established
norms. Some of the widely used drought indices include Palmer Drought Severity Index (PDSI),
Crop Moisture Index (CMI), Standardized Precipitation Index (SPI), and Surface Water Supply
Index (SWSI). The indices chosen are determined by the dataset available and the accuracy

required.

The SPI and SPEI are similar to each other in calculation, but use two different inputs
(precipitation versus precipitation and temperature) and can be calculated for any time scale of
interest. The SPEI was proposed on the basis of the SPI by (Vicente Serrano et al., 2010). Based
on the principle of water balance, the SPEI uses the difference between precipitation and
potential evapotranspiration (PET) as the input condition to evaluate the dry and wet conditions
of the area. Among them, both the SPI and SPEI have the characteristics of multiple timescales,
which can represent various types of droughts and better reflect the variations in drought
characteristics). Therefore, these indexes are widely used throughout the world (Haied et al.,
2017).



The theories of the SPI and SPEI are similar, but there are obvious differences between the
calculation parameters of the SPI and SPEI. The SPI only considers precipitation, which is easy
to calculate, and it has strong adaptability in time and space (Bewket. ,2004). But the SPEI is
calculated based on the accumulated difference between precipitation (P) and potential
evapotranspiration (PET), which can comprehensively reflect the change in surface water
balance (Zhang, 2015).

The Standardized Precipitation Index (SPI) is a drought index that was developed recently to
improve the Palmer Drought Severity Index (PDSI) in the expression method of wetness and
dryness, which is currently used in 40 countries for drought preparedness (Wambua, 2014). It
was designed by (McKee, 2017) based on the idea that a reduction in precipitation with respect
to the normal precipitation amount is the primary driver of drought, resulting in a successive
shortage of water for different natural and human needs. The SPI, setting the time period on a
monthly basis, typically 1, 3, 6, 9 or 12 months, calculates the shortage of precipitation and
defines drought intensity based on SPI value (Mohammed et al., 2018). The SPI, as calculated
for a different period of time, can be applied to various fields based on the length of the time
units. The short accumulation period of SPI is used for agricultural purposes, while the SPI for
relatively long accumulation periods is used for the supply and management of water resources.
The calculated SP1 enables the determination of precipitation probability necessary for resolving

the current meteorological drought (Salehnia et al., 2017).

In addition, the SPI is still widely used around the world (Yacoub and Tayfur, 2017). So, the
difference between the SPI and the SPEI in drought monitoring and their regional applicability

with global climate change are still topics worthy of discussion.

Until recently, studies on the projections of extreme weather events, such as drought, have often
been based upon a few general circulation models (GCMs), regional climate models (RCMs),
and/or emission scenarios, partly due to availability. Only a few studies such as (Burke, 2011)
have considered the changes in drought under a perturbed climate using a large ensemble of
simulations. The different concepts and methods of representing drought events applied in
different studies make inter-comparing results from different analyses challenging (IPCC,

2012). Existing studies have noted emerging issues related to possible changes in the



drought situation over the East African region. Most studies show consistent results, with a
likely increase in drought duration and moderate incidence, with fewer occurrences of extreme
events across possible scenarios (i.e., RCP4.5 and 8.5) (Gidey et al.,2018; Haile et al., 2020).
Examination of projected changes in drought frequency and severity depicts possible
manifestations of severe to extreme drought occurrences that are expected to intensify during
2071-2100 (Haile et al.,2020a,2020b). For instance, using CMIP5 models, most studies
projected an increase in drought episodes towards the end of the century by 16%, 36%, and54%
under RCP 2.6, 4.5, and 8.5 scenarios, respectively (Haile et al.,2020a,2020b).

This study focused on assessment of past and projected meteorological drought by using the SPI
index, which can be seen as a prolonged deficit in precipitation over a defined region and period

of time as compared to average climatological values.

1.2. Statement of the Problem

According to certain study, in the CRV area there have been continual decreases in water
resources; lakes levels have lowered and wetlands have deteriorated (Jansen et al., 2007;
Temesgen et al., 2013; Abera, 2016; Gebretsadik & Mereke, 2017). The Central Rift Valley of
Ethiopia is an area with diverse ecosystem services of socio-economic and ecological values.
The ecosystems in the area are means of livelihood and income for many people via, for
example, small-scale and large-scale irrigation farms, fishing and sources of fodder for livestock
(Hengsdijk et al., 2010; Elias et al., 2019). The area is also the home of a wide variety of
terrestrial and aquatic biodiversity including edible fish and varieties of bird species (Abera,
2016; Girmay et al., 2017).

Despite the enormous values, most of these resources are falling under threats and pressures due
reduction of water. A study by (Elias et al. ,2019) revealed that the water bodies especially lakes
and associated wetlands of the CRV area have decreased by 11.57% between the years 1985-
2015; the highest turn down, which is 8.89%, was recorded in the years 1995-2015. The danger
is highlighted for the wetlands of Lakes Ziway and Abijata where resource extraction related to
human activities are being maximized beyond the resource’s capacity (Pascual-Ferrer et al.,
2015; Bezabih & Mosissa, 2017).



Over the last decade the size and depth of Lake Abijata have shown a dramatic reduction which
brings a great fear in the minds of people that it may dry up within a few years (Ewnetu et al.,
2013; Temesgen et al., 2013).

So that decreasing in water resource or when an area or region experiences below-normal
precipitation meteorological drought will occur. Drought is one of the most damaging natural
hazards, and anthropogenic climate change will continue to impact drought sensitive sectors

such as primary production, industrial and consumptive water users (Easterling, 2002).

Farmers inhabiting in the study area are exposed to the impact of agricultural drought that
happen due to meteorological drought. This is due to the fact that most of farmer’s cultivars
(long duration crop variety) can no longer resist the exiting meteorological drought and intra
seasonal dry spell. The main effect of meteorological droughts on agriculture is the reduction of
available agricultural water resources, which causes crop water stress and decreases the yield.
Like most parts of Ethiopia, food security situation of households in the CRV region of the
country is greatly influenced by the performance of rain-fed cropping systems.

In the CRV, farmers also believe that a decrease in rainfall and a change in its distribution as

the main cause of yield reduction (Kassie et al. 2013; Adimassu et al., 2014).

So that based on the above findings there are certainly condition of decreasing in water resource

in the Central Rift VValley which is cause for drought.
1.3. Significance of the Study

About one-third of the global population is living under water stress at present which is projected
to reach 52% by 2050 (Wang et al., 2016a). According to Elias et al. (2019) water bodies
especially lakes and associated wetlands of the CRV area have decreased by 11.57% between
the years 1985-2015; the highest turn down, which is 8.89%, was recorded in the years 1995-
2015. Therefore, understanding possible future changes in the climate and their impacts on
droughts is essential for adaptation and mitigation planning. Additionally, meteorological
drought assessment aims to be useful in the decision-making process for drought monitoring
and identifying appropriate site for specific adaptation and mitigation actions in order to prevent

water stress.



1.4. Objectives

1.4.1. General objectives

The general objective of this study was to assess the past and projected meteorological drought
by using standardized precipitation index (SPI) A case study in Central Rift Valley of
Ethiopia.

1.4.2. Specific objectives

1) To determine frequency of meteorological drought using standardized precipitation
index (SPI).

2) To test the trends of meteorological drought based on SPI3.

3) To identify the drought period

4) To determine the general severity of drought

1.5. Research Question

1) What is the frequency of drought?

2) Is there any trend in meteorological drought?

3) Which years in the future will be the drought period?

4)What is the general severity of drought for both past and future?

1.6. Scope of Study

The study is limited to only one meteorological variable which is rainfall. Study area was part
of Ethiopian Central Rift Valley used to implement the methodological framework. Therefore,
the historical droughts of Central rift valley are characterized, trend of drought was detected and
possible projected drought was identified with associated framework developed in this study.
Based on the availability of long-term data and representativeness for the study area, 34 years
historical rainfall data and projected climate data were used for analysis. The results of non-
parametric test (Mann-Kendall, Sen’s slope estimator) were interpreted at a 95% confidence

interval (at a = 0.05 significance level).



2. LITERATURE REVIEW

2.1. Drought

The climate of Ethiopia is mainly controlled by the seasonal migration of the intertropical
Convergence Zone (ITCZ), due to the complex topography of the country (NMSA, 2001). As
(Arnell and Reynald, 2016) the main source of moist air is from the Atlantic Ocean, from the
South-West, the eastern parts of the highlands are more or less rain shadowed. This combination
results in a variety of climate types and climate conditions that may vary also within short space

and time.

Drought occurs in virtually all climatic zones, but its characteristics vary significantly from one
region to another and its definition varies from region to region and may depend upon the

dominating perception, and the task for which it is defined.

Operational definitions identify the beginning, end, spatial extent and severity of a drought. In
addition, drought over a geographic area represents a temporary condition of scarcity of water
for an extended period of time caused by significantly low precipitation, high evapotranspiration
and over-exploitation of water resources or a combination of all these (Guhathakurta, Pai and
Rajeevan, 2017). It has been a part of the climate, and it has affected many countries in the
world (Gutierrez et al., 2014). This included Ethiopia and the horn of Africa and many other
Sub-Saharan countries as well as among the developed countries, Australia, Brazil, and
California State in USA have the history of drought.

It is now fully recognized that drought is a global climatic phenomenon although the factors that
causes it are not yet fully and convincingly explained. Conceptual definitions are normally
formulated in general terms, do not provide quantitative answers to “when”, “how long” or “how
severe” a drought is and are often used as a start-up in scientific papers and reports to help

people understand the concept of drought.

Drought occurs when the seasonal precipitation drops below normal or long-term average
(Wilhite et al., 2005). Some argue that it is difficult to give a universal definition for drought,
because drought is a complex phenomenon (Van Lanen, 2015). However, several authors have
given their version of the definition of drought or discussed its definitions in their articles



(Wilhite et al., 2007), Tallaksen and Van Lanen, 2015), Mishra and Singh, 2010) and Sheffield
J. Wood, 2011). The simplest definition of drought from meteorological point of view is given
as “a deficit of precipitation compared with normal conditions” (Sheffield J, Wood, 2011 edited
in Van Lanen, 2015).

2.2. Past, Present and Future Pattern of Droughts

There are few studies available to date which offer possibility of comparing droughts observed
during 1900-2013 (instrumental era) with those witnessed in the past centuries. This
comparison is important as African climate displays high decadal and century scale variability.
The work of (Touchen et al. 2008, 2011) provides a long-term perspective on droughts in eastern
Africa (Burundi, Comoros, Djibouti, Ethiopia, Eritrea, Kenya, Rwanda). They used tree-ring
records to construct the Palmer Drought Severity Index (PDSI) for the period of 1179-2002.

These studies reveal that the frequency of occurrence of a single drought event was 1216 times
per century before the 20th century, which was increased to 19 during the 20th century. The
most severe multi-year drought occurred during 1999-2002, whereas 1847 and 2002 were
identified as the driest single years with PDSI values of —3.74 and —3.90, respectively. The latter
half of the 20" century is seen as the driest period in the last 9 centuries. This shift to drier

conditions was attributed to anthropogenic climate change.

A number of researchers studied historic droughts in Africa based on lake sediment analyses.
Evidence from the sediment analysis of the lake Bosumtwi, Ghana indicated several prolonged
periods of drought during the last three millennia, most recent ones around 200-300 yr ago
(Shanahan et al., 2009). Comparing 1970s droughts in Sahel with earlier drought episodes, they
concluded that these droughts were not anomalous and monsoon had generated even more
severe and prolonged droughts in the past. (Verschuren et al. 2000) investigated droughts over
the period 900 to 2000 based on sediment analysis of Lake Naivasha Kenya in Equatorial East
Africa. These drought episodes were more severe than recorded droughts in the 20th century.
Shanahan et al. (2009) noted extreme droughts in Equatorial East Africa about 200 yr 10 ago
based on the sediment analysis of three lakes (Chibwera and Kanya mukali in western Uganda,

and Baringo in central Kenya). The authors, Verschuren et al.



(2000), Shanahan et al. (2009), compared their findings with the available evidence from the
cultural history of east Africa and found consistency between two sets of observations.

The evidence presented in the previous section pointed out to the increased aridity and
intensification of droughts, especially during the second half of the 20th century (e.g., Dai, 2011,
Kasei et al., 2010; Touchan et al., 2008) predicted likelihood of increased droughts and aridity
over central, eastern and southern Africa during the 21st century. Large uncertainties exist in
these findings and thus require caution in making regional or continental conclusions. ((Masih
et al., 2014) reviewed studies which are based on the simulations of atmosphere-ocean global
climate models on future climate of Sahel. Some studies predicted wetter conditions and some
predicted more frequent droughts, thus, no consensus was observed. The large uncertainties and
differences in these predictions were attributed to model limitations and complexity of many

physical mechanisms governing the precipitation trends.

2.3. Causes of Droughts

Many studies attempted to investigate the natural and anthropogenic causes that could be
associated with droughts in Africa (Dai, 2011, 2013; Dutra et al., 2013; Giannini et al., 2008;
and Lebel et al., 2009; Richard et al., 2001). The review of these studies revealed that there is
complex array of factors inter-playing in an intricate manner. There is no unique set of factors
responsible for geospatial and temporal variation of droughts across the continent. The physical
mechanisms causing droughts differ by region, although ENSO and SSTs are regarded major

influencing factors across the continent.

Droughts in Southern Africa occur most of the time during the warm phase of ENSO (EI Nifio).
However, this does not happen always as there are many other local and global factors
influencing the drought phenomenon. For instance, Richard et al. (2001) examined droughts
during 1950-1988 in Southern Africa. They found that droughts during 1970-1988 were intense
and widespread compared to those during 1950— 1969. The El Nifio was the main governing
factor for droughts during 1970-1988. However, this observation require caution because
droughts may not occur during El Nifio periods, i.e., as happened during 1925-1926 and 1997
1998. For the droughts during 1950-1969, regional oceanic and atmospheric anomalies (e.g.,

southwest Indian Ocean SST) were named as the main causes. Contrary to



Southern Africa, East Africa region faces droughts during cold phase of ENSO (La Nifa). For
instance, Dutra et al. (2013) indicated that strong La Nifia event was the main cause of 2010-
2011 drought in the Horn of Africa. Giannini et al. (2008) argue that the low rainfall in this
region occurs during fast westerlies which are usually accompanied by anomalously cold waters
in the northwestern and warm anomalies in the southeastern extremity of the equatorial Indian

Ocean Basin. This mechanism was found responsible for 2005 drought in the Horn of Africa.

The land-atmosphere feedbacks through natural vegetation and land cover change are also
important factors. Anthropogenic contribution in land use change altering the land surface
feedback mechanisms is also seen as a factor. Furthermore, human induced greenhouse gas

emission is also considered as a contributory factor to oceans warming.

2.4. Drought Classifications

Drought definitions depend mainly on the types of droughts. But all have argued that the primary
characteristic of drought is a reduction in precipitation (Agnew and Chappel, 1999). (Wilhite,
2005), (Paulo and Pereira, 2012), (Mishra and Singh, 2010) and (Dai, 2011) have
comprehensively reviewed the concept of drought and drought classification, which can be
defined and understood in many ways. Sections 2.4.1-2.4.4 are based on these and other studies.

Drought can be categorized into four major categories (Wilhite and Glantz 2005) related to
precipitation (meteorological), soil moisture (agricultural), stream flow (hydrological) and
socioeconomic droughts. Meteorological drought is a more common and natural event, whereas
agricultural, hydrological and socio-economic droughts emphasis the human or social aspects
(Van Loon, 2015). The sequence begins with meteorological drought; persistent dry conditions
may induce agricultural, hydrological and water resources droughts (Vidal and Wade, 2009;
Mishra and Singh ,2011).

2.4.1. Meteorological drought

Meteorological drought is defined usually on the basis of the degree of dryness (in comparison

to some “normal” or average amount) and the duration of the dry period. It is based on solely
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on departures of rainfall from expected amounts. Thus, meteorological drought has been defined
as a period of more than a particular number of days with precipitation less than some specified
small amount (Wilhite and Glantz,2005). It is quite common and primarily classified by the

extent of dryness in a given location and the length of the dry period.

Although agricultural drought is linked to a lack of water needed to support crops, the drought
does not always coincide with meteorological drought. On the other hand, hydrological drought
is limited to the level of streamflow that can meet the demand. A study by Wilhite and Glantz

(2005) gives a detailed description of this specific drought phenomenon.

In arecent study, Adisa et al. (2019) noted that three-quarters of the total publications on drought
over Africa between 1980 and 2020 focused on agricultural and hydrological droughts, while

the remaining fraction was based on socio-economic and meteorological studies.

Climate change can influence precipitation (meteorological) droughts through changes in
atmospheric water-holding capacity, circulation patterns, and moisture supply (Ukkola et
al.,2020).

Furthermore, changes in atmospheric dynamics and modes of variability such as the EI Nin o—
Southern Oscillation (ENSO) can further influence regional precipitation patterns together with
changes in evapotranspiration that show trends over lands and oceans (Roderick et al.,2014;
Trenberth et al.,2014).

Thus, meteorological droughts can result in negative anomalies in water supply, and changes
leading to more drought occurrences at regional scales influenced by the complex interactions
of the different processes. Meanwhile, in comparison between agricultural, hydrological, or
socioeconomic drought, meteorological drought is most prevalent and thus affects all sectors of

the economy and ecosystem.

2.4.2. Hydrologic drought

Hydrological drought refers to a lack of water in the hydrological system, manifesting itself in

abnormally low streamflow in rivers and abnormally low levels in lakes, reservoirs, and
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groundwater (Van Loon, 2015). It is part of the bigger drought phenomenon that denotes a
recurrent natural hazard (Wilhite DA and Glantz MH, 1995).

2.4.3. Agricultural drought

Agricultural drought occurs when soil moisture is depleted to the extent that crop and pasture
yields are significantly affected. Agricultural drought definitions link various characteristics of
meteorological drought to agricultural impacts, focusing, for example, on precipitation
shortages, departures from normal, or numerous meteorological factors such as

evapotranspiration (Wilhite and Glantz, 1985).
2.4.4. Socio-economic drought

Definitions which express features of the socioeconomic effects of drought can also incorporate
features of meteorological, agricultural, and hydrological drought (Wilhite and Glantz, 1985).
They are usually associated with the supply and demand of some economic good (Chopra, 2006)
has suggested that the time and space processes of supply and demand are the two basic

processes that should be considered for an objective definition of drought.

2.5. Drought Indices

According to the indicators of the given drought, severity and duration of the drought is
represented by an index. An index assimilates different meteorological and hydrological
parameters including precipitation, temperature, evapotranspiration, runoff and other water
supply indicators into a single numerical value or formula and gives a comprehensive picture of
decision making. Such an index is more readily useable and comprehensible than raw data and
itis usually presented as a numerical value in order to create decision making power for planners

and policy makers.

World meteorological organization in 1992 defined the drought index as ‘an index which is
related to some of the cumulative effects of a prolonged and abnormal moisture deficiency’.
Friedman identified four basic criteria that any drought index should meet (Hassanzad et al.,
2011).

» The timescale (period) should be appropriate to the problem at hand (drought).
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» The index should be a quantitative measure of large-scale, long-continuing drought
conditions
» The index should be applicable to the problem being studied.

» Long accurate past record of the index should be available or computable.

Numerous indices have been developed for drought representation, while no one has inherent
priority over others some of them have better performance in specific conditions. Some of the
widely used drought indices include Palmer Drought Severity Index (PDSI), Crop Moisture
Index (CMI), Standardized Precipitation Index (SPI), and Surface Water Supply Index (SWSI).

2.5.1. Palmer drought severity index (PDSI)

In 1965, Palmer developed an index to measure the departure of the moisture supply. The PDSI
calculation is based on a simple supply-demand model of a water balance equation that builds
on both the precipitation and temperature history for a location so that a calculated PDSI value

represents a combination of the current conditions and previous PDSI values (Palmer, 1965).

Several parameters are used in the PDSI calculation, including precipitation, temperature, and
soil properties (that is, available water-holding capacity). The index was specifically designed
to treat the drought problem in semiarid and sub-humid climates; with palmer himself
cautioning that extrapolation beyond these conditions may lead to unrealistic results. PDSI has
been used in west Hungary as soil moisture indicator and has been widely used in United States
for drought monitoring. It has been utilized as a tool to trigger actions associated with drought

contingency plans.

Several researchers have given limitations of PDSI. The response of PDSI to an emerging
drought event may lag by weeks or months compared to a quicker response index such as SPI
(Hayes et al., 1999). Moreover, this index has many other problems related to calibration and
spatial comparability (Guttman et al., 1992; Karl, 1983; Alley, 1984). McKee et al. suggested
that PDSI is designed for agriculture but does not accurately represent the hydrological impacts
resulting from longer droughts. Also, PDSI is applied within the United States and has less

acceptance elsewhere (Mohammed et al., 2018).
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To solve these problems, (McKee et al.,1993) developed the Standardized Precipitation Index
(SPI), which can be calculated at different time scales to monitor droughts in the different usable

water resources.
2.5.2. Standardized precipitation index (SPI)

The Standardized Precipitation Index (SPI) is a tool developed in 1993 by Tom McKee, Nolan
Doesken and John Kleist in Colorado Climate Centre with the main purpose to defining and
monitoring drought (Komala Dhanapal, 2017). Compared with PDSI (Palmer drought severity
index), SPI is a simpler tool because it just based on rainfall data and less calculation effort. It
allows an analyst to determine the rarity of a drought at a given time scale (temporal resolution)

of interest for any rainfall station with historic data.

It can also be used to determine periods of anomalously wet events. Mathematically, the SP1 is
based on the cumulative probability of a given rainfall event occurring at a station. The historic
rainfall data of the station is fitted to a gamma distribution, as the gamma distribution has been
found to fit the precipitation distribution quite well. This is done through a process of maximum
likelihood estimation of the gamma distribution parameters, a and B. In simple terms, the
process described above allows the rainfall distribution at the station to be effectively

represented by a mathematical cumulative probability function.

Therefore, based on the historic rainfall data, an analyst can then tell what is the probability of
the rainfall being less than or equal to a certain amount. Thus, the probability of rainfall being
less than or equal to the average rainfall for that area will be about 0.5, while the probability of
rainfall being less than or equal to an amount much smaller than the average will be also be
lower (0.2, 0.1, 0.01 etc., depending on the amount) (Thomas B. McKee, 1993). Therefore, if a
particular rainfall event gives a low probability on the cumulative probability function, then this
is indicative of a likely drought event. Alternatively, a rainfall event which gives a high
probability on the cumulative probability function is an anomalously wet event.

Gamma distribution is defined by its frequency or probability function as in Equation (3.3)
Guttman (1999).

Xa—l e'ﬁ
g(X):m for x,0,3>0 - 2.1.
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Equations (3.4) and (3.5) are used to calculate the o and B parameters.

= : 1+ 1+4A 2.2
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The calculated values were in turn used to compute the cumulative probability for non-zero

rainfall using Equations (3.8) and (3.9) respectively:
_ (X 1

f(X,OL,B) - f() f(X,OL,B) - B (a)

The Equation (3.8) above was reduced to:
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X
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p
Where;

o = the shape parameter

B = scale parameters

X = mean rainfall (mm)

A = sample statistic

I' (o) = gamma distribution function or the value taken by gamma function

t = the time period

The gamma function is not defined for x = 0, and the cumulative probability is calculated using
Equation (3.7), since zero precipitation is the most common occurrence in terms of precipitation.
H(X) =q+ (1 - q) G(X)-------=-mmmmmmmmmm oo m oo 2.8.

Where;

H(x) = Cumulative probability

g = probability of zero rainfall
When m was taken as the number of zero entries in the time series rainfall data, then the g value

was estimated by the ratio. n/m. The probability of zero precipitation is given as ¢, and G (x) is
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the gamma function’s cumulative probability. The cumulative probability H (x) is then
converted to the standard normal distribution (z) using the mean of zeros and the variance of
one, and the result is SPI according to McKee (1993) then (Table 2.1) used to define drought.
Based on the SPI methodology described above, SPI was calculated using RStudio software for
all meteorological station of Central rift valley from 1985 to 2019. This step was carried out
using approximate transformation functions adapted from(Mishra and Desai, 2006). These
functions given in Equations (3.8) and (3.9) are expressed as:
Co+C K+C,K?

SPl=- <K 1+d(1)K+i12K2+2d3K3

> for 0<H(x)<0.5--------==-=-==-omnme-- 2.9.

Co+C K+C,K?
SPI =+ K- —
1+d, K+d,K*+d;K

Where; Co, C1, Cp, d1, d2 and ds parameters used to compute the SPI were adapted from

) for O<H(x)<1 2.10.

(Cassiamani et al. ,2007) consideration constants. The value of k in Equations (3.11) and (3.12)
was determined from the functions given as:

1
K= ln(w) 0 (S 6 e P — 2.11.

1

K= Jin (I-H(x)2

) for 0.5<H (X)<1wromromromromrem e 2.12.

Table 2.1. Categories of dryness/wetness conditions evaluated by SPIl assuming the
classification by McKee et al. (1993)

SPI1 Value Class

2.0 and more Extremely wet
1.5t01.99 Very wet
1.0t01.49 Moderately wet
-0.99 t0 0.99 Near normal
-1.0t0-1.49 Moderately dry
-1.5t0-1.99 Severely dry
-2.0 and less Extremely dry

Positive SPI values indicate the rainfall is greater than median rainfall and negative values

indicate less than median rainfall. In dry condition monitoring, the drought part of the SPI range
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is divided into near normal conditions (0.99 < SPI <-0.99), moderately dry (-1.0 < SPI <-1.49),
severely dry (-1.5 < SPI <-1.99) and extremely dry (SPI < -2.0). A drought event starts when
SPI value reaches -1.0 and ends when SP1 becomes positive again. For several purposes, McKee
design SPI for 3, 6, 12, 24, and 48-month time scales and then classified the drought class as
shown in Table 2.1.

» 1-month SPI
A 1-month SPI map is very similar to a map displaying the percentage of normal precipitation
for a 30-day period. In fact, the derived SPI is a more accurate representation of monthly
precipitation because the distribution has been normalized. For example, a 1-month SPI at the
end of November compares the 1-month precipitation total for November in that particular year
with the November precipitation totals of all the years on record. Because the 1-month SPI
reflects short-term conditions, its application can be related closely to meteorological types of
droughts along with short-term soil moisture and crop stress, especially during the growing
season(Mark Svoboda ; Michael Hayes ; Deborah A. Wood, 1987).

» 3-month SPI
The 3-month SPI provides a comparison of the precipitation over a specific 3-month period with
the precipitation totals from the same 3-month period for all the years included in the historical
record. In other words, a 3-month SPI at the end of February compares the December—January—
February precipitation total in that particular year with the December—February precipitation
totals of all the years on record for that location. Each year data is added, another year is added
to the period of record, and thus the values from all years are used again. The values can and
will change as the current year is compared historically and statistically to all prior years in the
record of observation. A 3-month SPI reflects short and medium-term moisture conditions and
provides a seasonal estimation of precipitation (Mark Svoboda; Michael Hayes; Deborah A.
Wood, 1987).

» 6-month SPI
The 6-month SP1 compares the precipitation for that period with the same 6-month period over
the historical record. For example, a 6-month SPI at the end of September compares the

precipitation total for the April-September period with all the past totals for that same period.
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The 6-month SPI indicates seasonal to medium-term trends in precipitation and is still
considered to be more sensitive to conditions at this scale than the Palmer Index. A 6-month
SPI can be very effective in showing the precipitation over distinct seasons. For example, a 6-
month SPI at the end of March would give a very good indication of the amount of precipitation
that has fallen during the very important wet season period from October through March for
certain Mediterranean locales. Information from a 6-month SPI may also begin to be associated
with anomalous stream flows and reservoir levels, depending on the region and time of year
(World Meteorological Organization, 1987).
» 9-month SPI

The 9-month SPI provides an indication of inter-seasonal precipitation patterns over medium
timescale duration. Droughts usually take a season or more to develop. SPI values below -1.5
for these timescales are usually a good indication that dryness is having a significant impact on
agriculture and may be affecting other sectors as well. Some regions may find that the pattern
displayed by the map of the Palmer Index is closely related the 9-month SPI maps. For other
areas, the Palmer Index is more closely related to the 12-month SPI. This time period begins to
bridge a short-term seasonal drought to those longer-term droughts that may become

hydrological, or multi-year, in nature (World Meteorological Organization, 1987).

2.5.3. Crop moisture index (CMI)

The Crop Moisture Index (CMI) developed by Palmer (1965), is a complement to the PDSI. It
measures the degree to which crop moisture requirements are met, is more responsive to short-
term changes in moisture conditions and is not intended to assess long-term droughts. It depends
on the drought severity at the beginning of the week and the evapotranspiration, soil deficit or
soil moisture recharge during the week (Heim, 2000). It measures both evapotranspiration
deficits (drought) and excessive wetness (more than enough precipitation to meet

evapotranspiration demand and recharge the soil).

CMI is designed to monitor short-term moisture conditions affecting a developing crop;
therefore, CMI is not a good long-term drought-monitoring tool. The CMI’s rapid response to
changing short-term conditions may provide misleading information about long-term

conditions.
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2.6. Non-parametric Trend Analysis

There are many studies over the world that investigated anthropogenic changes in the form of
gradual trends or abrupt changes in the meteorological time series dataset (Kisi and Murat,
2014); (Totaro et al., 2020) and (Yue and Wang, 2004).

Statistical hypothesis tests including deterministic hydrological models, climate models, and
expert opinion are undoubtedly indispensable tools for trend detection as chaos theory states
that even deterministic systems may perform unpredictably rank-based non-parametric Mann-
Kendall statistical test (Mann, 1945); (Kendall, 1975) has been widely used for detecting trends
in meteorological time series such as precipitation and temperature. As compared to parametric
methods (Linear regression and Multiple regression), a non-parametric test (Mann-Kendall,
Modified Mann-Kendall, Spearman rho Correlation test, Sen’s slope estimator, and innovative
trend analysis) have no requirement for homoscedasticity or assumptions on the distribution of
data sample to be normal distribution and are less sensitive to outliers (Hamed and Rao, 1997);

(Teega varapu, 2018).

Moreover, the Mann-Kendall test is relatively effective and robust and has a basic requirement
that the data should be independent. The test is not robust against serial correlation, which may
be statistically significant in the hydrological and climate time series dataset. A positive serial
correlation that exists in the dataset will result in overestimation and rejection of the null

hypothesis of no monotonic trend (Hirsch and Slack, 1984).

Two approaches are proposed to eliminate the influence of serial correlation in the time series
dataset. The first one is the application of pretreatment to the data and the second one is using

the Modified Mann Kendall test to account for serial correlation.

Statistical analysis techniques have been widely studied in the Central Rift Valley to assess
climatic trends and Spatial-temporal variability (Chimdesa, 2016) applied non-parametric test,
Mann-Kendall, and standard Precipitation index to assess the trend of precipitation. The Sen’s
estimator is another non-parametric method used for the trend analysis of hydroclimate data set.
It is also used to identify the trend magnitude. Hence, this test computes the linear rate of change
(slope) and the intercept as shown in Sen’s method (Sen 1968).
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2.7. Innovative Trend Analysis (ITA)

Sen’s ITA comprises a graphical tool and a formal hypothesis test (Sen, 2017c). The same
material with minor changes has then been collected in a book (Sen, 2017b) and directly applied
by other authors without any independent assessment of its rationale and mathematical

formulation e.g. (Cui et al., 2017).

One of the added values of the innovative trend analysis method is that it is not affected by the
restriction requirements for the Mann-Kendall application (Sen, 2017) such as serial
autocorrelation and outliers. According to Sen (2017), ITA should be unaffected by serial
correlation. However, Sen (2017b, pp. 194-196) shows that the shift of the ITA patterns from
the 1:1 line increases as the correlation increases for fixed (linear) trend values. Sen (2017b, p.
196) also provides a table showing the values of the shift corresponding to a set of linear trend
slopes B and lag -1 autocorrelation g1, claiming that such a table can be used to determine the
magnitude of monotonic trend in any time series provided that the serial correlation coefficient

and the slope on the square area template are determined.

2.8. General Circulation Models (GCMs)

General Circulation Models or GCMs are Numerical models, representing physical processes
in the atmosphere, ocean, cry sphere and land surface, are the most advanced tools currently
available for simulating the response of the global climate system to increasing greenhouse gas
concentrations. While simpler models have also been used to provide globally- or regionally-
averaged estimates of the climate response, only GCMs, possibly in conjunction with nested
regional models, have the potential to provide geographically and physically consistent
estimates of regional climate change which are required in impact analysis (Intergovernmental
Panel on Climate Change (IPCC),2012).

GCMs and global climate models are used for weather forecasting, understanding the climate
and forecasting climate change. GCMs depict the climate using a three-dimensional grid over
the globe, typically having a horizontal resolution of between 250 and 600 km, 10 to 20 vertical
layers in the atmosphere and sometimes as many as 30 layers in the oceans(Komala Dhanapal
Sagadevan, 2017). Their resolution is thus quite coarse relative to the scale of exposure units in

most impact assessments.
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Others relate to the simulation of various feedback mechanisms in models concerning, for
example, water vapor and warming, clouds and radiation, ocean circulation and ice and snow
albedo. For this reason, GCMs may simulate quite different responses to the same forcing;

simply because of the way certain processes and feedbacks are modelled.

Coupled Model Intercomparison Project Phase 5 provides nearly 64 models (for temperature
and precipitation) contributed by ~ 20 countries around the world (Taylor, 2012). These models

are at a coarse resolution ranging from 0.9 (90 km) to 3.625 (362 km).

The historical simulations start from 1950-2005 while the scenarios from 2006 to 2100. The
evaluation of future drought patterns should be generally handled with care due to the various
sources of uncertainties (Burke and Brown, 2008). Moreover, many physical processes, such as
those related to clouds, also occur at smaller scales and cannot be properly modelled. This is

one source of uncertainty in GCM-based simulations of future climate.

2.9.Representative Concentration Pathways (RCPs)

The impacts of climate change on the environment and society will depend not only on the
response of the Earth system but also on how humankind responds through changes in
technology, economy, lifestyle and policy. These responses are uncertain, so future scenarios
are used to explore the consequences of different options. The scenarios provide a range of
options for the world’s governments and other institutions for decision making. The
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) has
introduced a new way of developing scenarios. These scenarios span the range of plausible
radiative forcing scenarios, and are called representative concentration pathways (RCPs)(Jubb,
Canadell and Dix, 2013). They are prescribed pathways for greenhouse gas and aerosol
concentrations, together with land use change, that are consistent with a set of broad climate

outcomes used by the climate modelling community.

The pathways are characterized by the radiative forcing produced by the end of the 21st century.
Radiative forcing is the extra heat the lower atmosphere will retain as a result of additional
greenhouse gases, measured in Watts per square meter (W/m?). The complexity of humanity’s
possible future emissions has been reduced to just four representative pathways. Each of the

RCPs represents a larger set of scenarios in the scientific literature.
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The full range of emissions scenarios, with and without climate policy, is included within the
range of the RCPs. They include one mitigation scenario leading to a very low forcing level
(RCP2.6), two medium stabilization scenarios (RCP4.5 and RCP6) and one very high baseline
emission scenario (RCP8.5). The 8.5 pathway arises from little effort to reduce emissions and
represents a failure to curb warming by 2100. It is similar to the highest-emission scenario
(A1F1) in the IPCC Fourth Assessment Report (AR4). The 6.0 pathway stabilizes total radiative
forcing shortly after 2100 by the application of a range of technologies and strategies for
reducing greenhouse gas emissions. RCP4.5 is similar to the lowest-emission scenario (B1)
assessed in the IPCC AR4. RCP 2.6 is the most ambitious pathway.

It sees emissions peak early, then fall due to active removal of atmospheric carbon dioxide. This
pathway is also referred to as RCP3PD (representing the mid-century peak radiative forcing of
~3W/ m? followed by a decline).

Table 2.2. Four global radiative forcing pathways from greenhouse gas emissions

Radioactive forcing | Atmospheric CO2 equivalent | When

(Parts per million)

8.5 >1370 By 2100 but rising
6 850 Stabilization after 2100
4.5 650 Stabilization after 2100
2.6 490 Peak before 2100 then decline

Source IGBP. http://www.igbp.net/download/18.1b8ae20512dbh692f2a680007120/NL75 one-

planet.pdf.
2.10. Drought Impacts

Drought impacts affect almost all parts of the environment and communities. Unlike other
natural hazard such as floods, earthquakes or hurricanes that result in clear damages, droughts
develop slowly, and drought conditions often remain unnoticed until water shortages become
severe and serious impacts begin to occur. The slow nature and long duration of drought

typically makes the task of quantifying drought impacts difficult (Wilhite, 2005).

On the other hand, of all extreme weather types, droughts have one of the largest impacts on

society. Impacts of natural hazards can be classified as direct or indirect (Montz and Tobin,
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2011). Examples of direct impacts are the physical destruction of buildings, infrastructures,
crops or other natural resources. In this context, drought can cause loss of life, reduce crop yields
and limit public water supply (Liverman, 1990). Indirect impacts are related to the indirect
consequences of the destruction of natural resources. These include temporary rural
unemployment or business interruption. In extreme cases, droughts may result in malnutrition,
starvation and disease in the more vulnerable countries (Greene, 1974; Prospero and Nees, 1986;
Hillier and Dempsey, 2012). Because of their very nature, most of the drought impacts are
indirect due to the dependence of many industrial sectors on water for production and the
importance of water for providing services and recreation. These indirect damages can
propagate quickly through the economic system, affecting regions far from the origin (Wilhite,
2002).

By the year 2011, Global Facility for Disaster Reduction and Recovery reported that, drought
impacts include pasture shortages, overgrazing, land degradation, decreased water availability,
and livestock diseases. All of these impacts lead to decreased livestock productivity, crop failure
in agro-pastoral areas, food insecurity, and increased conflicts over scarce resources. Droughts
not only bring loss of life, famine, and hardship to today’s inhabitants (during the 2006 droughts,
25-60% of livestock were killed in some areas), but they also threaten the country’s future, as
children aged five or less are 36 and 50% (respectively) more likely to be malnourished if they

were born during a drought (Amsalu, 2019).
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3. MATERIALS AND METHODS

3.1. Description of the Study Area

3.1.1 Location
The study area lies between 7°10' to 8°30'N and 38°15' to 39°25'E, about 200 Kilometer south

of Addis Ababa, the capital city of Ethiopia with an area coverage of about one million hectares.
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Figure 3. 1. Location map of the study area
3.1.1. Geology and hydrology

The CRV is a sub-basin of the Ethiopian Rift Valley system which is part of the Great African
Rift Valley system or the Afro-Arabian rift system, bounded by the Arabian plate in the north
and the African plate in the west and east. The CRV has three physiographic regions: the rift,
escarpment and highland.

The lithology of the area is dominated by basalt, ignimbrite, lava, gneiss, lapilli tuff, volcanic
ash and pumice as well as riverine and lacustrine alluvium (Fitsum-, 2020). The geological

setting of the CRV involves volcanism, rifting, fluctuation of Quaternary Lake levels, and
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deposition of fluvial and volcano-lacustrine sediments (Ayenew & GebreEgziabher, 2015).
Bordered by high altitude plateau to the east and west, the altitude of the CRV area ranging from
1539 m.a.s.l. in the lowest part of the rift to about 2434 m.a.s.l. in the largest part of the rift
valley on the eastern side of the Ziway-Shala Lake basin (Ayenew, 2002; Ayenew, 2004;
Pascual-Ferrer et al., 2014).

With unique hydrology and ecological characteristics CRV consists of a chain of lakes, rivers
and associated wetlands. Being aclosed basin it consists of four lakes namely Ziway, Abijata,
Langano and Shalla; and four rivers: Meki, Katar, Bulbula and Horakelo. Lake Ziway has two
major sources of inflow, the Ketar River from east and the Meki River from west. Lake Langano
receives its inflow merely from the eastern escarpment through the Teji-Gedemso streams. Lake
Ziway, Lake Langano and Lake Abijata are hydrologically connected by rivers, i.e., Lake
Abijata is connected to Lake Ziway and Lake Langano via Bulbula and Horakello Rivers
respectively, whereas Lake Shalla has a closed catchment with no surface water connection to
other lakes (Ayenew, 2002). Lake Shalla receives its water from River Dijo. It is the deepest
lake in Ethiopia (with a depth of 266m); and there is unconfirmed hypothesis that the position
and depth of the lake allows the infiltration of water from Lake Abijata (Muzein, 2006).

3.1.2. Climate

The climate of CRV area varies significantly along an altitudinal gradient, but generally arid
and semi-arid climate characterizes the sub-basin with mean annual rainfall of 900 mm
(Mengesha et al., 2012). The area mostly experiences bimodal rainfall: with most of the rain
(about 70%) occurring during the three summer months (June to August and sometimes up to

September), while very short and unreliable rain occurs during the months of April to May.

The temperature of the area is relatively high with mean monthly maximum and monthly
minimum of 30.5°C and 7.5°C (Temesgen et al., 2013).
3.1.3. Soils

Apparently, the soil types of an area are closely related to the underlying rock or parent material.
In most parts of the CRV area the soils observed are commonly derived from volcanic ash.

Mostly the ash has been reworked and occurs as lacustrine sediment (Temesgen et al., 2013).
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Andosols are coarse textured (loamy sand to fine sand), highly alkaline (PH of 7.6 -8.2) soils
(Temesgen et al., 2013).

Generally, soils in the lake’s areas tend to have high PH. High PH mean more nitrification, and
thus it is expensive to maintain these soils, through fertilization, for agriculture. Generally, the
soils have low fertility and organic matter with moderate nutrient retention capacity. Their low
bulk density and hence weaker structure exposed the soils to wind and water erosion. Loss of
soil through erosion, particularly via wind, is an increasing problem, which prevent regeneration
and rehabilitation, as the vegetation around the lake is removed or degraded (Muzein, 2006;
Temesgen et al., 2013; Mesfin, 2018).

3.1.4. Biodiversity (fauna and flora)

The CRV particularly the lakes support important biodiversity that have global significance.
This sub-basin contains unique fauna and flora species of which a significant number are
endemic. It is an important breeding and feeding area for some rare species of resident and
migratory birds. A good example is Lakes Abijata and Shalla which together form the Abijata
Shalla Lakes National Park (ASLNP), which has been recommended as a candidate site by the
Ethiopian Government to the Ramsar convention on wetlands (Elias et al., 2019). ASLNP
supports the highest bird life form among the six protected areas designated for conservation of
wildlife in the Ethiopian Rift VValley (Muzein, 2006).

The phytogeography (distribution of plants) of the CRV is highly influenced by elevation, which
also dictates the rainfall amount and pattern. In general, the climate of the area, particularly in
the floor permits semi-climax perennials that are adapted to dry conditions or wet season
vegetation that perish during dry spell (Muzein, 2006). Umbrella shaped woodland, classified
as Acacia-Balanites woodland and savannas usually dominate the natural vegetation of the CRV
and most often deciduous forest occupy the ridges and slopes (Temesgen et al., 2013). Along
the rift floor the most common tree species belong to the

deciduous Acacia, whereas the cooler escarpments on both sides support a wide diversity of
both broadleaves and conifers. The low altitudinal deciduous vegetation type is dominated by
Tedecha Dere (Acacia tortilis), Kessele (Acacia etbaica), Wacho (Acacia seyal) and Jemo

(Balanites aegyptiaca) with sparsely scattered Kbkib (Maytenus senegalensis) bushes.
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Figure 3.2. Bird’s eye view of the surrounding study area. (Source: Google Earth)
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3.2. Data Collection and Analyses

The overall study was done with the framework shown under the following section.

Data Collection and
Analyses
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Figure 3.3. General framework of the study
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Table 3.1. List of Software used for the study

Software used Purpose Source

ArcGIS Study area delineation and to interpolate | From USGS website and
SPI RStudio result

R Explore and manipulate data http://cran.r-project.org/

RStudio For data analysis, statistical https://www.r-project.org/
visualization, and time-series plot

Mendeley To organize journals and other https://www.mendeley.com/

desktop material for citation

3.2.1. Historical and Projected rainfall data

Monthly rainfall was obtained from Ethiopian National Meteorological Agency (NMA) for the

period of (1985-2019) and used as an input variable to calculate Standardized precipitation

index (SPI) and to detect climate change. This consists climatic elements record for 34 years.

The available data was on monthly time step also had to be re-organized into yearly average

time scales for needed variables to match with the data requirements.

Table 3.2. Meteorological station

S. N | Station name Longitude Latitude Elevation 10% of
ARD

1 Arsi Negele 38.66 7.35 1913 71.71

2 Assela 39.17 7.96 2413 66.8

3 Bulbula 38.65 7.72 1606 78

4 Degaga 38.84 7.43 2014 79.3

5 Koshe 38.53 8.01 2004 80

6 Kulamsa 39.16 8.01 2211 75

7 Langano 38.68 7.54 1539 108

8 Tora 38.42 7.86 2001 105

9 Ziway 38.70 7.93 1640 82

ARD = annual rainfall deference for each station.
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3.2.2 Areal rainfall of Central Rift Valley

As the rainfall over a large area is not uniform, the mean depth of RF over the study area is

determined by Thiessen polygon method. This method attempts to allow for non-uniform

distribution of gages by providing a weighting factor for each nine gages in GIS 10.5 window.

According to the Thiessen polygon analysis of nine RF gage stations; used for the study. So, for

the study all RF analysis accomplished according to Thiessen polygon method.

Areal mean annual RF

=o— Arsi negele —e—Bulbula Koshe
=o— [ angano Tora Ziway
L —e—Assela —e—Degaga —o— Kulumsa y
Figure 3.4 Historical areal mean annual rainfall characteristic
Table 3.3 Annual average areal precipitation (mm) using Thiessen polygon method
SrN  [Station Name |Longitude Latitude Mean annual Perecipitation |Area of polygone |Weighted area |Weighted perecipitation
X y prep Ai Wi=AIA Wi*Prcp
Decimal degree |Decimal degree [mm Km2 Unitless mm
1| Arsinegele 38.6578 7.35212 717.0743304 1249 0.104571333 74.9854185
2|Bubbula 38.6525 7.72 668.4036607 945| 0.079119223 52.88357831
3|Koshe 38.5253 8.0065 780.6853125 1448| 0.121232418 94.64436809
4|Langano 38.68383 7.5405 7935780357 843| 0.07057937 56.01023812
5|Tora 38.420667 7.855 808.2010714 1856/ 0.155391829 125.5878423
6|Ziway 38.7 7.9333 752.0453571 1134] 0.094943068 7140149322
7|Assela 39.1383 7.9557 1081.442589 1736| 0.145344943 157.1822116
8|Degaga 38.8375 7.4337 1050.051205 2556 0.21399866 224.7095513
9|Kulumsa 39.1553 8.0097 8241621429 177 0.014819156 1221338742
A=11944
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Figure 3.5 Thiessen polygon used to estimate ama RF

Statistically downscaled daily base rainfall climate data for the period 2020-2100 obtained from
HadGEM2-ES United Kingdom Met Office Hadley Center (Collins et al., 2011) climate model
of Coordinated Regional Climate Downscaling Experiment (CORDEX) under Africa database
of CMIP5 used to derive indicators related to future change in climate. CORDEX is responsible
to advance and coordinate the science and application of regional climate downscaling models

through global partnerships.

An ensemble of historical and future climate projections generated by the coordinated regional
downscaling experiment (CORDEX) is available from the World climate research program
(Giorgietal.,2009). CORDEX Africa (http://cordex.org/domains/region-5-africa/) provides

regionally-downscaled climate data for the continent at a spatial resolution of 0.44° x 0.44°.

Generally, simulate the future climate characteristic of the study area, data for baseline and
future projection periods (from 2020-2100) under representative concentration pathway

(RCP4.5 anRCP8.5) scenario climate data was used.
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Figure 3.6. Distributions of meteorological stations of future data in Central rift valley

Table 3.4. Meteorological stations for future data (grid points)

code station Latitude | Longitude | Elevation
115211 GP115211 7.48 39.16 2522.94
115212 GP115212 7.92 39.16 2281.25
113212 GP113212 7.92 38.28 2187.19
114211 GP114211 7.48 38.72 2093.38
114212 GP114212 7.92 38.72 1986.89
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Figure 3.7 Projected areal mean annual rainfall characteristic.
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Table 3.5 Annual average areal precipitation (mm) using Thiessen polygon method

SN |Station Name |Longitude  {Lafitude Mean annual Perecipitation |Area of polygone|Weighted area |Weighted perecipitation
X y prep A WiFAIA ~ |WitPrep
Decimal degree |Decimal degree {mm Km2 Unitless mm
1 11511 39.16 148 3397039554 2110| 0.176672528 600.1635652
| 1R 39.16 192 1915308841 1353) 0.113288119 216.981735
3 1R 38.28 192 1822,092405 2174) 0.232269949 4232173098
4 U1 38.12 148 368.0794815 3431] 0.287281253 1057423345
5 1A 38.72 192 196.6569296 2075| 0190488152 37.46081511
A=11943

3.2.2. Filling missing rainfall data

T
39°0'0"E

Figure 3.8 Thiessen polygon used to estimate annual mean average rainfall for grid points

Rainfall data in the study area may have missed information in their records. Thus, it is

necessary to estimate the missing rainfall to keep the continuous time series of the data. There

are different methods to fill the data gap such as invers distance square method, stations average

method, normal ratio method, quadrant method and so on, When the total annual rainfall at any

of the “n” gauges differ from annual rainfall at the point of interest more than 10%, normal ratio

method was recommended (Sajikumar and Pulikkottil 2013). In this thesis normal ratio method

was used to fill missing rainfall data cause of 10% the total annual rainfall difference in each

gauging stations. The general formula is given by: -

Px=1m3L, (2)
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Where Px is the missing precipitation for any storm at the interpolation station X', Pi is the
precipitation for the same period for the same storm at the "i"™ station of a group of index
stations, Nx the normal annual precipitation value for the 'x' station and Ni the normal annual

ithe

precipitation value for 'i"" station.

3.2.3. Consistency checking of meteorological data

After all the missed rainfall data was filled, their consistency is checked by double mass curve
and the homogeneity is also by Pettitt’s test in XL-STAT software based on the P-value of the
two hypotheses at 95% confidence interval (Pettitt’s,1979).

As the computed p-value is greater than the significance level alpha=0.05 at 95% confidence
interval, one cannot reject the null hypothesis HO. The measured homogeneity assures that the
observations are from the same population and homogeneous (Table 3.). The use of the double-
mass curve for checking the consistency of precipitation records is done by using the annual
records of nine precipitation stations, designated, Arsi Negele, Bulbula, Koshe, Langano, Tora,

Ziway, Assela, Degaga and Kulamsa.

First the annual precipitation data for each year are tabulated and then cumulated in
chronological order and then plotted as showed in (Fig.3.7). The consistency of meteorological
time series data was conducted to detect for any possible errors resulting from the data
measurements. When the double-mass curve of precipitation data from a particular station
indicates a break in slope and the reason for the break is determined, the record for one set of
conditions may be adjusted to what it would have been if it had been collected under the other

set of conditions.

Any sudden change in the gradient of the double-mass curve was considered to indicate
inconsistency in the data. Although there were some changes at some points on the curves for

some stations, it was considered insignificant for the present study.
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Figure 3.9. Double mass curve to check consistency for precipitation data for all meteorological
station.

Table 3.6. Pettitt tests result of mean annual rainfall

S. N | Station name K t p-value alpha Statics

1 Arsi Negele 45 18 0.842 0.05 Significant
2 Bulbula 42 19 0.763 0.05 Significant
3 Koshe 86 16 0.123 0.05 Significant
4 Langano 80 15 0.952 0.05 Significant
5 Tora 76 10 0.186 0.05 Significant
6 Ziway 61 9 0.235 0.05 Significant
7 Assela 102 10 0.874 0.05 Significant
8 Degaga 56 7 0.240 0.05 Significant
9 Kulamsa 57 8 0.681 0.05 Significant

The observed data for 1985-2019 are adjusted by multiplying observed data by the ratio of the
slope of the double-mass curve for point of sudden change in the gradient of the double-mass

curve to other end of graph for each station.

P,- E—:‘Po ----------------------------------------------- --3.2.

Were
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Pa= adjusted precipitation
Po=0bserved precipitation
ba = slope of graph to which records are adjusted

bo slope of graph at time Po was observed

3.3.Historical Meteorological Drought Determination Using Standardized Precipitation
Index (SPI)

Globally, two indicators were most frequently applied: the Palmer Drought Severity Index
(PDSI: Palmer, 1965) and the Standardized Precipitation Index (SPI: McKee et al., 1993). We
selected the SPI, for it requires only precipitation data as input. The commonly used probability
density functions for calculation of SPI are log-logistic, Gamma and Pearson Type 3. Long-term
precipitation data is fitted to a probability distribution, which is then transformed into a normal
distribution so that the mean SPI for the location and desired period is zero (Edwards and
McKee, 1997) as cited (World Meteorological Organization, 1987). Positive SPI values indicate
greater than median precipitation, and negative values indicate less than median precipitation.
Drought, according to the SPI, starts when the SPI value is equal or below -1.0 and ends when
the value becomes positive. Gamma distribution is defined by its frequency or probability
function as in Guttman (1999).

H(X) = q + (1 - Q) G(X)---m=-==mmmmmmm i m s e 3.3.

Where;

H(x) = Cumulative probability

q = probability of zero rainfall

When m was taken as the number of zero entries in the time series rainfall data, then the q value
was estimated by the ratio. n/m. The probability of zero precipitation is given as ¢, and G (x) is
the gamma function’s cumulative probability. The cumulative probability H (x) is then
converted to the standard normal distribution (z) using the mean of zeros and the variance of
one, and the result is SPI according to McKee (1993) then (Table 2.1) used to define drought.
Based on the SPI methodology described above, SPI was calculated using RStudio software for
all meteorological station of Central rift valley from 1985 to 2019. This step was carried out
using approximate transformation functions adapted from(Mishra and Desai, 2006). These

functions given in Equations (3.4) and (3.5) are expressed as:
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Co+CK+C,K?
SPI=-<K 0 i 2

] 1+d1K+d2K2+d3K3> for 0<H(X)§05 ----------------------- 3.4.

Co+CK+C,K?
SPI =+ K- —
1+d, K+d,K?+d;K

In this study, SPI values were produced for each month of the year as well as to SPI3, SP16, and

) for O<H(x)<1 3.5.

SPI112 using Rstudio software. The calculation of SPI index in RStudio Program requires input
data, as can be seen in (Table 3.) bellow. Data can be imported directly from MS Excel files,
manually or automatically.

Table 3.7. Sample of input data format for RStudio software (for Arsi Negele station)

Year Month Rainfall(mm)
1985 1 10.92
1985 2 46.9
1985 3 69.1
71.6
92.1
1985 12 89.8
1986 1 66.5
1986 2 81.0
1986 3 75.7
2019 12 The last data

After determining all values of SPI according to (McKee et al., 1993) drought events classified
in seven magnitude classes, i.e., if SPI ranges between 1.5 and 1.99, it is very wet; 1.00 and
1.49, it is moderate wet; -0.99 and 0.99, it is near normal; -1.00 and -1.49, it is moderately dry;
-1.5 and -1.99 severely dry and extreme drought if SPI is -2.00 or less as well as extremely wet
if SP1 greater than 2 according to McKee (1993). To assess the spatial extent of droughts in the

study area, SPI3 time series values of each meteorological station have been interpolated by
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inverse distance weighted (IDW) method using the Spatial Analyst tool of ArcGIS. The
interpolated maps are reclassified into different drought severity classes.

3.3.1. Characterizing SPI in terms of drought duration, severity and intensity

A drought index is main variable in order to assess the effect of a drought and to determine
various drought characteristics, such as duration, intensity and severity(Thomas B. McKee,
1993). In this research, used meteorological drought indicator is SPI and calculated for the
different time scale, 3-month, 6 month and 12 months. Fig. 3.7, (for Arsi Negele station) is used
to define drought characteristics. The negative and positive values of SPI are considered as the
drought and non-drought event. As drought is defined when the values of SPI fall below zero, a
drought event is considered a period with negative SPI values. In order to measure length of
drought duration and magnitude of drought severity, a threshold value must be defined. The
drought duration (D) is the period length in which the SPI is continuous negative, started from
the SPI values is equal to -1 and ends when the SPI values turn out to be positive. Severity score
is computed as the sum of the differences, in absolute values, between the indicator values and
the threshold (if the value is above the threshold but below the mean it is not counted). The
drought severity (S) of any drought period starting at the i"" month is defined as (Aksoy et al.,
2018): S=YP, |-SPIi| and intensity of drought is the ratio of severity of drought to its duration.

-
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Figure 3.10. Severity S and duration D of a drought event quantified with drought index SPI
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Drought durations are selected from 3,6 and 12 months in severity calculation. For each drought
duration severities are determined. As expected, drought may not be observed for the selected
drought periods for any year which means severity value is zero for selected duration in that
year.

3.4. Non-parametric Trend Analysis of Historical Meteorological Drought

The Mann—Kendall (MK) (non-parametric) test is usually used to detect an upward trend or
downward (i.e., monotonic trends) in a series of hydrological data (climate data) and
environmental data. The null hypothesis for this test indicates no trend, whereas the alternative
hypothesis indicates a trend in the two-sided test or a one-sided test as an upward trend or
downward trend (Pohlert, 2020). Non-parametric statistics are usually much less affected by the
presence of outliers and other forms of non-normality (Yadav et al., 2014) and represent a
measure of monotonic linear dependence according to (Davis 1986; Rossi et al., 1992) as cited
by (Yadav et al., 2014).

The most frequently used non-parametric test for identifying trends in hydrologic variables is
the Mann Kendall (MK) test. The statistical significance trend detected using a non-parametric
model such as the Mann-Kendall (MK) test can be complemented with Sen’s slope estimation
to determine the magnitude of the trend. Mann Kendall program used to test current and future
drought trend at annual, seasonal and monthly time scales as well as to detect climate change
for Arsi Negele, Degaga, Bulbula, Koshe, Ziway, Assela, Tora, Langano and Kulamsa stations
which are located in the study area. The first step is to determine the sign of the difference
between consecutive sample results. Sgn (Xj - XK) is an indicator function that results in the

values 1, 0, or —1 according to the sign of (Xj — Xk) where j > k, the function is calculated as:

S=Y7 * Z}Lkﬂsgn(xj' g L —— 3.6.

+1,if(Xj-Xk)>0
sgN(Xj-XK) = { 0, if (Xj-XK) =0 =wnmmrmmmmemmmemmmmemmmemmmeemmeemmmeeee 3.7.
1, if (Xj-Xk) <0

Where Xj and Xk are the sequential precipitation or temperature values in months j and k (j >
k) respectively whereas; A positive value is an indicator of increasing(upward) trend and a
negative value is an indicator of decreasing (downward) trend. The slope of a linear trend is

estimated with the nonparametric Sen’s slope estimator’s method according to (Gilbert, 1987)
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as cited by (Gemechu et al., 2015). It is the best method to detect trend because it is not affected
by outliers and missing data according to (Stern et al., 2006) as cited by (Gemechu et
al., 2015). The slope of n pairs of data points was estimated using the Sen's estimator is

calculated as:
Qi =

Where, Xj and Xk are data values at times j and Kk, (j>k) respectively. The median of these N

Xj—Xk
j—k

fori=1..  N---mmmm e 3.8.

values of Qi is Sen's estimator of slope. The positive slope Qi obtained shows an
increasing/upward trend whereas the negative slope Qi obtained shows a decreasing/downward
trend. But, if the slope is zero there is no trend other than things remain the same(Alemu and
Dioha, 2020) . The presence of a statistically significant trend is evaluated using the Z value.
To decide whether the null hypothesis is to be accepted or rejected, a test statistic is computed
and compared with a critical value obtained from a set of statistical tables. Ho is rejected if the
absolute value of Z is greater than Z1- a/2 and then the trend is considered as significant, where
Z3- o/2 is obtained from the standard normal distribution (Agbo and Ekpo, 2021). The
standardized test static for the Mann—Kendall test (Z) can be calculated, as

51 whenS >0

Jvar(s)
Z=0 0 whenS§ =0 --w-rmmmrmeeemeeees 3.9,

ki whenS <0
var(S)

We need to calculate the variance of S ,,VAR (S) (Yadav et al., 2014)
VAR(S) =1/18[n(n — 1)(2n + 5) — Xo_, tp(tp — 1) (2tp + 5)]------mrmormmemmeemoav 3.10.

The equation takes into account the several tied values (equal values); n is the number of data
values, g here is representing the number of these equal trend values or groups, t, represents the
number of data values in the P group(Alemu and Dioha, 2020).The sign of Z indicates the
direction of the trend(Abdourahamane and Acar, 2018). The negative value of Z indicates a
decreasing trend and vice versa. At the 5% significance level, the null hypothesis of no trend is
rejected if the absolute value of Z is higher than 1.645.
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Figure 3.11. Drought trend analysis framework

3.4.1. Innovative trend analysis (ITA) of historical meteorological drought

The concept of ITA was initially proposed by ,Sen (Ali et al., 2019) for the detection of trends
in time series. In this method, data are equally divided into two segments between first dates to
the last date. Both segments are arranged in ascending order and presented in the X and Y-axis
The first segment (Xi: 1 =1, 2, 3..., n/2 is presented in the horizontal axis while the second
segment (Xj: j=n/2 +1,n/2 +2 ..., n) is presented in vertical axis in the Cartesian coordinate
system. A bisector line at 1:1 (45°) divides the diagram into two equal triangles (Figure 3.9 ).
The upper triangle represents an increasing trend, while a lower one indicates a decreasing trend.
For the estimation of the trend, the SITA statistic is computed as follows according to (Khan et
al.,2018) as cited by (Ali et al., 2019).

2(Xmi — Xmj)

Where SITA is the slope base on the ITA method, n is the sample size, Xmi and Xmj are the

SITA = ..3.11

mean value of the first and second half of the series respectively.

41



120
= 110 Bulbula Station
o
= 100
o 50
% 20 Increasingtrend zone
-
[ — FOo
ER
= =
S
—E Lo |
. a0 .
= Drecreasing trend zone
= =0
=
= -
% 20 Dyata pomt
ot 10

1:1{as5*)line
o T T T
o 10 20 S0 Lt ] S0 20 T S0 a0 1Oy 1310 120
First half of the time series i rom 1985-2001

Figure 3.12. Innovative trend analysis method (Bulbula Station)

3.5. Projected Meteorological Drought Determination Using Standardized Precipitation
Index (SPI) by Using Projected Climate Data Under Representative Concentration
Pathway (RCP4.5 and RCP8.5) Scenario

Statistically downscaled daily base rainfall climate data for the period 2020-2100 obtained
from HadGEMZ2-ES United Kingdom Met office Hadley center (Collins et al., 2011) climate
model of coordinated regional climate downscaling Experiment (CORDEX) under Africa

database of CMIP5 used to derive indicators related to future change in climate.

After obtaining future climatic data bias correction were done to minimize the discrepancy
between observed and simulated climate variables on a daily time step (Fig. 3.10). Bias
correction procedures are used to minimize the discrepancy between observed and simulated
climate variables on a daily time step. CMhyd (Climate Model data for hydrologic modeling)
is a tool that can be used to extract and bias-correct data obtained from global and regional

climate models.

Numerous parameters are available for analyzing, the only parameter considered for
analyzing the meteorological drought in the case of this thesis is precipitation data. The
projected variables formed the basis to compute the SPI (at 3, 6 and 12-month accumulation
scales) over the period 2020-2100 by using RStudio software. SPI calculation begins by
selecting a suitable probability density function to describe the precipitation data (Cacciamani

et al., 2007). The cumulative probability of an observed precipitation amount
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is computed after an appropriate density function is chosen. The inverse normal (Gaussian)

function is then applied to the probability(Belayneh et al., 2014).

The approach focuses on the estimating future meteorological drought projected to change in
the near future period (2020-2049), mid future (2050-2079) and in the far future (2080-2100)
according to Komala Dhanapal Sagadevan Eng and Tech, (2017) and (Kwak et al., 2016).

This thesis done based on representative concentration pathway of (RCP4.5) and (RCP8.5)
scenario. After determining all values of SPI, according to (McKee et al., 1993) drought
events classified in seven magnitude classes, i.e., if SPI ranges between 1.5 and 1.99, it is
very wet; 1.00 and 1.49, it is moderate wet; -0.99 and 0.99, it is near normal; -1.00 and -1.49,
it is moderately dry; -1.5 and -1.99 severely dry and extreme drought if SPI is -2.00 or less

as well as extremely wet if SPI greater than two.

Observed . SIIT-UIat'..Ed Simulated future
B historical climate _
climate data data climate data

Identify biases /
parameterize bias
correction algorithm

Apply bias correction
algorithm

&
Corrected Corrected
historical future

climate data climate data

Figure 3.13. Bias correction frameworks
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4. RESULTS AND DISCUSSION

4.1. Historical Meteorological Drought Using Standardized Precipitation Index (SP1)

Drought was measured by the SPI, which involves relatively simple calculations and data

requirements. Drought was defined as SPI<—1.0 detailed in section 3.3. In the present study,

SPI and trend analysis of meteorological data in CRV presented individually for each selected

station. The SPI1 and SPI3 for all meteorological station is shown in the following panels.

1) Arsi Negele station SPI1, SPI3 and areal SPI

Drought index SPI was applied to all 9 meteorological stations and areal rainfall of Central Rift

Valley covering 1- month and 3-month, time scales. In this study the historical period climatic

condition is analyzed based on meteorological station records (1985-2019) of the study area.

All results of standard precipitation indexes (SP11 and SPI13) for wettest and driest periods to all

meteorological station were tabulated in Appendix 1 section. The below panels depict the

drought events for 3-month time scales and monthly time scale results.
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Figure 4.1. Drought events identified using SPI for Arsi negele meteorological station with (a)
3-month time scale (b) monthly time scale and (c) areal SPI.

As indicated in fig. 4.1 the SPI value obtained in Arsi Negele showed an extreme drought during
2015, 2017 in October, and Jun months for SPI3, and SPI1 value respectively which where, -
3.01 and -2.81 according to McKee (1993) drought classification. Also, there were notable, SPI
value was obtained in 2013 and 1991, which were -1.79 and -1.73 considered to be severely dry
condition. Also, there were also the condition of moderately dry and near normal condition was
also identified for long period of time.

2) Assela station SPI1, SPI13 and areal SPI results

The SPI value obtained in Assela meteorological station showed maximum drought during 1991
and 1991 in November and September months for SPI3 and monthly SPI value respectively
were -3.32 and -3.13 which were considered to be a situation of extreme drought. Additionally
severe drought condition was observed in (2017 = -1.69 and (2012 = -1.83) for SP13 and SPI11

respectively.
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Figure 4.2. Drought events identified using SPI for Assela meteorological station with (a) 3-

month time scale, (b) monthly time scale (c) areal SPI.
3) Bulbula station SPI1, SPI3 and areal SPI results

Standardized precipitation index values during 2014 and 2016 at July and August months for

SPI3 and monthly SPI value respectively were -3.42 and -2.73 which were considered to be a

situation of extreme drought. Bulbula station in bellow panel of Fig. 4.3 the SPI1 in (April,
August, July May and September in 2009, 1991, 1985, 2004 and 20016 respectively) showed
that, there were severely dry. Also results indicate sever and moderate drought for SPI3 in
(Jan/1994), (Apr/2008), (Nov/2016) and (Oct/1991), (Jul/1999 and 2004).
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Figure 4.3. Drought events identified using SPI for Bulbula meteorological station with (a) 3-
month time scale, (b) monthly and (c) areal SPI time scale.
4) Degaga station SPI1, SPI3 and areal SPI results

The SPI value greater than negative two meaning that, very or extremely dry years in
2018,2017,2018 and 2019 at September, December, march and September months for SPI3,
SPI6, SP112 and monthly SPI value respectively which had -3.33, -3.3, -4.42 and -2.56 index

value.
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Figure 4.4. Drought events identified using SPI for Dagaga meteorological station with (a) 3-
month time scale ,(b) monthly time scale and (c)areal SPI.
5) Koshe station SP11, SPI3 and areal SPI results

For Koshe meteorological station as indicated in fig. 4.5 the maximum drought obtained in year
2019 for all time scale in July, November, December and July months for SPI3 and monthly
SPI value respectively were -3.7 and -3.25 which were considered to be a situation of extreme.
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Figure 4.5. Drought events identified using SPI for Koshe meteorological station with (a) 3-

month time scale , (b) monthly time scale and (c) areal SPI.
6) Kulmsa station SPI1, SPI3 and areal SPI results

For Kulumsa meteorological station as indicated in fig. 4.6 the maximum drought obtained in

year 2000 and 2008 for all time scale in march and march months for SPI3 and monthly SPI

value respectively were -4.83 and -2.96 which were considered to be a situation of extreme

drought.
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Figure 4.6. Drought events identified using SPI for Kulumsa meteorological station with (a) 3-

month time scale , (b) monthly time scale and areal SPI.
7) Langano station SPI1, SPI3 and (c) areal SPI results

For Langano meteorological station as indicated in fig. 4.7 the maximum drought obtained in
year 1991 and 1991 at Jun and April months for SPI3 and monthly SPI. SPI values were -3.43,

and -3.15 respectively, which were considered to be a situation of extreme based on table 2.1

drought classification.
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Figure 4.7. Drought events identified using SPI for Langano meteorological station with (a) 3-

month time scale (b) monthly time scale and (c) areal SPI

8) Torastation SPI1, SPI3 and areal SPI results

The maximum drought obtained in year 2000 and 2000 at march and march months for SP13,
and monthly SPI. SPI values for all listed time series were -4.5 and -2.83 respectively, which

were considered to be a situation of extreme drought at this year.
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Figure 4.8. Drought events identified using SPI for Tora meteorological station with (a) 3-month

time scale, (b) monthly time scale and (c) areal SPI.
9) Ziway station SPI1, SP113 and areal SPI results

For Ziway meteorological station as indicated in fig. 4.9 the maximum drought obtained in year
1989 and 2017 at July and September months for SP13 and monthly SPI value respectively were
-3.47 and -3.53 which were considered to be a situation of extreme drought. Also results indicate

that severely, moderately and near normal drought condition according to McK., (1993).
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Figure 4.9. Drought events identified using SPI for Ziway meteorological station with (a) 3-
month time scale, (b) monthly time scale and (c) areal SPI

4.1.1. Characterizing SPI in terms of drought duration, severity and intensity

In this study, drought characteristics (duration, severity, and intensity) were analyzed using
standardized precipitation index (SPI). The SPI series were computed for 9 meteorological
stations in Central Rift Valley of Ethiopia from January 1985 to December 2019 at 3-month
time scale to study the characteristics of drought. (Table 4.1) shows drought events occurred at

different time scale during the study period.

The value of SPI-3 showed that 48 to 83, drought events occurred during 1985-2019, and most
of the droughts recorded in Arsi Negele station followed by Ziway, Tora, Kulmsa, Assela,
Degaga, Koshe, Bulbula and Langano. Results of SPI-3, calculation, obtained maximum
duration of each station, these values were presented under section 4.1 above for each
meteorological station, Feb-Dec/2015, Jan-Dec/2015 and Jan-Dec/2017 or very short until
short duration for Arsi Negele station, Sep-Dec/1991, Apr-Sep/1999 and May-Dec/2012 for
Assela station, Mar-Dec/2015, Mar-Dec/2015 and Jan-Dec/2016 for Bulbula station, Jan-
Dec/2017, Jan-Dec/2018 and Jan-Dec/2018 for Dagaga station, Feb-Jul/2008, Jul-Dec/2017 and
Jan-Aug/2003 for Koshe station, Jan-May/2008, Jan-Jun/2008 and Mar-Sep/2004 for Kulmsa
station, Jun-Oct/1991, Jul-Dec/1991 and Jun-Dec/2017 for Langano station, Feb- Dec/2015,
Mar-Dec/2015 and Feb-Dec/2015 for Tora station, at selected time series respectively.
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Table 4.1. The numbers of drought events for meteorological station

Table 4.2. Drought properties based on the SP13(category for SPI according to (Table Table

Station SPI3 Monthly SPI

Arsi negele 86 87
Bulbula 47 52
Koshe 54 55
Langano 46 42
Tora 65 60
Ziway 59 71
Assela 68 58
Degaga 65 62
Kulmsa 63 63
TOTAL 564 550

2.1)

Station Number of drought events Max. intensity | Year of max.
moderate | severe | extreme intensity

Arsi negele 50 27 9 -3.01 2015(0ct.)
Bulbula 31 9 7 -3.42 2015(Apr.)
Koshe 31 12 11 -3.7 2019(Jul.)
Langano 34 8 4 -3.43 1991(Jun.)
Tora 43 12 10 -2.5 2000(Mar.)
Ziway 34 15 10 -3.8 1989(Jul.)
Assela 43 17 8 -3.32 2002(Jul.)
Degaga 29 17 19 -3.33 2018(Sep.)
Kulmsa 30 24 9 -3.3 2000(Mar.)
Total 325 141 87
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Table 4.3. Summary of SPI with longest duration and severity for each station

Station Name Time scale Year Duration in Severity
(months)
Arsi negele SPI3 2015 11 -22.70
SPI1 2015 9 -20.70
Bulbula SPI3 2015 10 -15.90
SPI1 2013 11 -19.50
Koshe SPI3 2008 6 -14.40
SPI1 2001 6 -8.3
Langano SPI3 1991 5 -10.46
SPI1 2017 5 -6.75
Tora SPI3 2015 11 -20.78
SPI1 2015 7 -11.3
Ziway SPI3 2015 4 -5.22
SPI1 1991 8 -10.8
Assela SPI3 1991 4 -9.28
SPI1 2011 5 -6.2
Degaga SPI3 2017 12 -27.80
SPI1 2015 9 -16.6
Kulmsa SPI3 2008 5 -10.41
SPI1 2000 7 -11.56

The year 2015 had the worst droughts over Southern, central and western part of Central Rift
Valley of Ethiopia. Similarly, (Ethiopian Panel on Climate Change, 20150) support our findings
by mentioning that drought in 2015 and 2011 is one of the most severe droughts in the Horn of
Africa. The result showed that among the extreme droughts that happened at Southern, central
and western part of study area, in 1989 was the most severe drought with peak negative SPI-3

value —3.8 in Ziway station; followed by extreme drought which occurred in Koshe with SPI-3

value -3.7.
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Table 4.4. Non-drought year and a drought year according to SP13 values to each meteorological

station
Good year/non drought year/ Drought year

Name Sep | Oct | Nov | Dec |Jan |Feb |Sep | Oct | Nov | Dec |Jan | Feb
Arsi Negelle (22 (21 (18 |05 |21 |08 |-28 |-30 |-25 [-16 |-05 |-1.0
Year 2004 2015

Bulbula 27 (18|15 (06 |05 |32 |-12 |-14 |-10 |(-22 |-0.7 |-0.9
Year 2012 2015

Koshe 00 (00|28 (19 |14 |07 |-15 |-16 |-21 |-0.2 |-0.2 |-0.6
Year 2016 2019

Langano 19|11 06 (01 |08 (27 |-22 |-1.7 |-08 |00 |-0.8 |-04
Year 2010 1991

Tora 16 |24 13 |12 |05 |14 |-23 |-27 |-27 |-15 |-0.3 |-1.0
Year 1993 2015

Ziway 19|17 07 |08 |04 (02 |-10 |-21 |-11 |-10 |-1 -1.2
Year 2016 2015

Assela 06 (08|05 (06 |01 |05 |-1.7 |-29 |-33 |-13 |-1.0 |[-0.3
Year 2001 1991

Degaga 10|21 |17 (08 |02 |13 |-24 |-21 |-25 |-26 |-20 |-14
Year 1988 2017

Kulumsa 110201 (04 |06 |18 |-17 |-09 |00 |-0.1 |-1.7 |-16
Year 1990 2015

SPI3 values for drought years and non-drought years have been presented in (Table 4.4) to show
the pattern of SPI during these years. Results showed that 2015, 2019, 1991 and 2017 during
September — February was drought year, whereas 2004, 2012, 2016, 2010, 2001, 1988 and 1990
was wet year.

It can be seen that during the drought years of 2015, the SPI3 values for Arsi Negele station in
September, October and November, for Bulbula station in December, for Tora station, in

September, October and December and for Ziway station, in October shows the condition of
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extremely drought as well as for Kulmsa stations severely dry condition observed in September,
January and February. In 1991 at Langano station in September month and at Assela stations in
October and November months the SPI3 value shows the condition of extremely dry, in
Nov/2019 for Koshe station and in 2017 for Degaga station except in February extremely dry
condition observed. SPI3 value for drought year in 2015 at Arsi Negele and Tora station during
September-November and at Bulbula station in December month was found to be below (-2)
which is considered to be a situation of extreme drought according to McKee (1993) drought
classification. Also, SPI3 value obtained in the same year, as presented in (Table 4.4 which was
found to be (-1.5 to -1.99) at Arsi Negele, Tora, Ziway and Kulmsa meteorological stations this
indicated that were a severely dry year. Whereas SPI3 value which was found to be (-1 to -1.49)
in February at Arsi Negele, during September — November at Bulbula, in February at Tora and
during September-February at Ziway meteorological stations, which is considered to be a
situation of moderately dry. As result shows that SP13 value for drought year in 1991 at Langano
meteorological station in September month and at Assela meteorological station during
October- November months, in 2019 at koshe station at November month, in 2017 at Degaga
station during September-January months was found to be below negative two (-2) which is
considered to be a situation of extreme drought. SPI3 value for drought year obtained in the
same meteorological stations found to be (-1 to -1.49) and (-1.5 to -1.99) identified as a situation

of moderately dry and severe dry years respectively.

And also results can be showed that during the non-drought years there was positive values of
SPI3, in 2016 at Koshe and Ziway, in 2001 at Assela, in 2010 at Langano, in 2004 at Arsi
Negele, in 1988 at Degaga station, in 2012 at Bulbula station and in 1990 at Kulumsa stations

as presented in (Table 4.4). This indicates that there had been high rainfall in these areas during
September-January. During the non-drought years of 2004 at Arsi Negele in September,
October and January, in 2012 at Bulbula in September and February, in 2010 at Langano in
February, in 1993 at Tora in October and in 1988 at Degaga meteorological stations SP13 value
was greater than positive two which states that these years were extremely wet years. SPI13 value
obtained in the same year, which was found to be (1.5 to 1.99) at Arsi Negele, Bulbula, Koshe,
Langano, Tora, Ziway and kulmsa meteorological stations, this considered to be a situation of

very wet years. The results of SPI3 for Assela rainfall stations in Central Rift VValley indicates
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that in 2001 dropped as low as 0.99 or found to be (-0.99 to 0.99) this considered to be a situation

of near normal condition year.

Since SPI can be calculated at different time scales, it often serves as indicator of different
drought types. 3-month SPI of September-February was used in the present work to quantify
severity of drought for selected drought and wet years. In Fig. 4.11, ARC-GIS used in order to
interpolate SPI3 value to determine the spatial pattern of meteorological drought (Monthly
variation of Standard precipitation index (SPI3)) for the months of September, October,
November, December, January and February. The interpolation of SPI3 was done by Inverse
distance weighted (IDW) of spatial analyst tool. Sep (+ve) was interpolation of SPI3 done by
using inverse distance weighted at all wet years of September months for all meteorological
station. But Sep (-ve) was interpolation of SPI3 at all drought years of September months for all
meteorological station. According to the result of Sep (+ve), Arsi Negele (1) in 2004 and
Bulbula (2) in 2012 shows that extremely wet condition. Also, in the same month at Langano
(4), Tora (5) and Ziway (6) in 2010, 1993 and 2016 respectively there was very wet (green
color) condition is observed. The cream/shade of yellow/ color on the map represents the
moderately wet condition for Kulmsa and Degaga meteorological station in 1990 and 1988
respectively. Yellow color on map at koshe (3) and Assela (7) stations indicates that there was
near normal conditions in these area in 2016 and 2001 respectively. In otherwise, in Sep (-ve)
or in drought years of September months Arsi Negele, Langano, Tora and Degaga
meteorological stations showed the situation of extreme drought (red color) condition in 2015,
1991, 2015, 2017 respectively. The orange rust color on map represents that severely dry
condition in drought years of September months for Assela and kulmsa meteorological station
in 1991 and 2015 and all others indicated in fig. 4.11. In January and February major part of
study shows moderately dry (Peach Melba — Orange) condition except in Dagaga ana kulmsa

station which shows severely dry condition.
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Figure 4.11. Three month variation of Standard precipitation index (SP13) values over selected

drought and non-drought years from 1985-2019

4.2. Non-parametric Trend test for Historical Meteorological Drought

Based on the methodology explained under section (3.4-3.4.1) by following the MK test from
the Z value and trend from Sen’s Slope(p) estimation was computed based on monthly,

seasonal, and annual rainfall data from 1985-2019 in the CRV, and the results are presented in
the following tables. The sign of Z indicates the direction of the trend (Abdourahamane and
Acar, 2018). The negative value of Z indicates a decreasing trend and vice versa. At the 5%
significance level, the null hypothesis of no trend is rejected if the absolute value of Z is higher
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than 1.645. The significance of the change in monthly and annual stream flow was estimated

using the MK test.
a) MK trend analysis result for Arsi Negele station

Table 4.5. Mann Kendall test output for monthly, seasonal and annual time series data for Arsi
Negele station (from 1985-2019)

Variable S-test Z-test Sen slope VAR(S) Remark
January -106 -1.646 -0.019 4100 D.t@90%
February -165 -2.54 -0.053 4164.33 D.t@95%
March -138 -2.12 -0.049 4165.33 D.t@95%
April -74 -1.13 -0.034 4165.33 n.t@95%
May -96 -1.47 -0.019 4165.33 n.t@95%
Jun -54 -0.82 -0.026 4165.33 n.t@95%
July -136 -2.09 -0.042 4165.33 D.t@95%
August 50 -0.76 -0.029* 4165.33 1.t@95%
September -135 -2.08 -0.042 4164.33 D.t@95%
October -138 -2.12 -0.060 4165.33 D.t@95%
November 25 2.38 0.000* 3947.67 I.t @95%
December -117 -1.93 0.000* 3600.33 D.t 90%
Belg(autumn) -134 -2.06 -0.054 4165.33 D.t@95%
winter(bega) -134 -2.06 -.061 4165.33 D.t@95%
summer(keremt) | -62 -0.95 -0.053 4165.33 n.t@95%
Annual -66 -2.01 -0.040 4165.33 D.t@95%

Note: * mean not significant at 95% level; n.t mean no trend at 95%; D.t mean decreasing
trend at 95%/90%., I.t mean increasing trend at 95%
The MK trend test on observed period monthly rainfall result reveals that no trend,
insignificantly decreasing trend over certain meteorological station and increasing trend too. For
Arsi Negele station during 1985-2019 in the MK test, positive Z-test value shows an increasing
trend while a negative Z-test value showed a decreasing trend based on threshold Z value for

5% significance level. This value or Z1—a/2 value is 1.96 from the standard normal table or z
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table for 95% confidence level(Belay et al., 2021). In other case hypotheses, Ho which says the
nature of the monotonically increasing or decreasing trend is not significant (no trend) this
happens when the absolute value of Z- test less than 5% significance level of threshold value.
After analyzing the rainfall trend from 1985-2019, with the MK test and comparing with
significant levels of 0.1% (0.001), 1% (0.01), 5% (0.05), and 10% (0.1), from (Table 4.5) results

showed that there was negative, positive and no trend.

The MK trend test showed that there was a statically significant decreasing trend for the month
of January, February, March, July, September and October at a 5% level of significance and
there was no significant decreasing in rainfall trend that was observed at 90% confidence level
or at 10% level of significance in December. Whereas no trend was observed in April, May, Jun
and August, furthermore there was positive not significant trend observed at a 5% level of

significance in November.

The monthly share of rainfall exhibited about 33.33% no trend, 50% negative trend, 8.33% not
significant negative trend and 8.33% not significant positive trend in rainfall amounts. The
results of trend analysis in monthly, seasonally, and annually rainfall found in this work are in
agreement with the past research work in the some station found in the study area Eg. (Kassie
et al., 2014) they found that monthly, seasonally, and annually rainfall trend which are
significantly decreasing, not significantly decreasing at a significant level alpha = 0.05 or at
95% confidence level. Generally strong decreasing trends in rainfall are apparent in the Arsi
negele stations. Thus, the decreasing in rainfall particularly has significant impact on the initial
growing stage of crop as well as the major cause meteorological drought. Observed trends in
annual and seasonal rainfall were also presented in (Table 4.5). As shown in the Table during
1985-2019, trends in Belg(autumna) and winter(bega) rainfall were observed being negative for

both seasons. As results shows that no trend was observed in summer

(keremt) season, whereas decreasing trend was observed annually. Seasonal trends are shown
in Fig. 4.12 the seasonal rainfall variability for Belg, Kiremt, and Bega seasons were -
1.3241mm/season, -1.8589mm/season and -0.8046mm/season respectively. Whereas the
declining trend of Belg and bega season was statistically significant. The negative and positive

values indicated decreasing and increasing pattern of rainfall distribution over the observed
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period respectively. As depicted in Fig. 4.12, Belg and bega rainfall showed a decreasing trend
and significant. The Belg season rainfall is crucial for the farmers as the season determines the
preparation and planting activities of the farmers in the study area. Annual trend shown in Figure
4.12(b) indicates rainfall variability for Arsi Negele station was -1.3392mm/year. As the result

showed that the declining trend of annual rainfall was statistically significant.

- : : Y
240 |Arsi Negele station seasonal Annual rainfall at Arsi negele
210 rainfall . station

150
80 1.8589

450 . X + 3824.5 120

20 £ 90

=90 - S
60 M /~~—V.N \ = 60

el £ 30
'3
Yearl985 1993 2001 2009 2017 x 0 ——
1985 1993 2001 2009 2017
—Belga ——Bega ——Keremt
A Year Y,
a). b).

Figure 4.12. Seasonal and Annual rainfall trends over the observed period for 1985-2019 Arsi

Negele station.
b) Innovative trend analysis result for Arsi Negele station
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a) MK trend analysis result for Assela station

Table 4.6. Mann Kendall test output for monthly, seasonal and annual time series data for Assela
station (from 1985-2019)

Variable S-test Z-test Senslope | VAR(S) Remark

January 39 0.59 0.000* 4161.67 n.t@95%
February -103 -1.51 -0.026* 4545.67 n.t@95%
March -37 -0.53 -0.010* 4548.33 n.t@95%
April -99 -1.45 -0.029* 4550.33 n.t@95%
May 86 1.26 0.026* 4549.33 n.t@95%
Jun -58 -0.85 -0.013* 4549.33 n.t@95%
July -56 -0.82 -0.013* 4549.33 n.t@95%
August 89 1.30 0.021* 4548.33 n.t@95%
September 52 0.76 0.014* 4549.33 n.t@95%
October -11 -0.15 -0.005* 4548.33 n.t@95%
November 30 0.43 0.001* 4522.00 n.t@95%
December -47 -0.69 -0.005* 4458.33 n.t@95%
Belg(autumn) 3 0.03 0.001* 4550.33 n.t@95%
winter(bega) -58 -0.85 -0.012* 4549.33 n.t@95%
summer(keremt) | -43 -0.62 -0.017* 4550.33 n.t@95%
Annual 5 0.06 0.003* 4550.33 n.t@95%

The Sen’s slope and Mann Kendall trend test were individually applied at Assela station. The
tests were applied at each month and seasonal rainfall for the period 1985 to 2019 at 95%
confidence levels. Observed trends in monthly and seasonal rainfall were presented in (Table
4.6). The MK trend test showed that there was a statically not significant trend observed for all
months at a 95% level of confidence. As result shown during 1985-2019, in Belg(autumna),
summer(keremt) and winter(bega) no trend were observed for all seasons. Seasonal trends were
shown in Fig. 4.14 the seasonal rainfall variability for Belg, Kiremt, and Bega seasons were -

0.05mm/season ,0.0358mm/season and —0.2793mm/season respectively. Generally, the
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MK test result showed that there is no significant trend was observed in Assela station. Whereas

the declining trend of Bega season was statistically not significant.

Assela station seasonal rainfall
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Figure 4.14. Seasonal and Annual rainfall trends over the observed period for 1985-2019 Assela

1985
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\_

station.
The annual rainfall variability for Assela station was -0.033mm/year. As the result showed that
there was no significant trend observed annually at Assela station (Table 4.6).

b) Innovative trend analysis result for Assela station
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Figure. 4.15. The innovative trend analysis (ITA) method shows no trend zones for Assela

station.
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a) MK trend analysis result for Bulbula station

Table 4.7. Mann Kendall test output for monthly, seasonal and annual time series data for
Bulbula station (from 1985-2019)

Variable S-test | Z-test Sen slope VAR(S) Remark
January -71 -1.09 0.000 4121.00 n.t@95%
February -92 -1.36 -0.011* 4484.00 n.t@95%
March -78 -1.14 -.018 4528.00 n.t@95%
April -144 -2.12 -0.036 4549.33 D.t@95%
May -36 -0.52 -0.010* 4547.33 n.t@95%
Jun -43 -0.62 -0.012* 4548.33 n.t@95%
July -131 -1.93 -0.034 4548.33 D.t@90%
August -141 -2.08 -0.033 4548.33 D.t@95%
September 10 0.13 0.004* 4549.33 n.t@95%
October -58 -0.88 -0.017 4165.33 n.t@95%
November 109 1.66 0.004* 4213.00 1.t@90%
December 5 0.06 0.000* 3852.33 n.t@95%
Belg(autumn) 44 0.64 0.015* 4549.33 n.t@95%
winter(bega) -83 -1.22 -0.017* 4546.33 n.t@95%
summer(keremt) | -168 -2.48 -0.037 4549.33 D.t@95%
Annual -198 -2.92 -0.045 4549.33 D.t@95%

The MK trend test showed that there was a statically significant decreasing trend for the month
of April, July and August at a 5% level of significance and also not significant positive trend at
10% of level of significance in November. Whereas no trend was observed in January, February,
March May, Jun, September, October and December (Table 4.7). The monthly share of rainfall
exhibited about 66.67% no trend, 25% negative trend, and 8.33% not significant positive in
rainfall amounts. During 1985-2019, in Belg(autumna) and winter(bega) no trend were

observed. But the result showed that there was negative trend in summer (keremt) season.
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Seasonal trends were shown in Fig. 4.16 the seasonal rainfall variability for Belg, Kiremt, and Beg
a seasons was 0.0972mm/season, -1.1715mm/season and -0.2823mm/season respectively. The

positive trends of belga seasons were statistically not significant based on the result of Z and sen

slope value.
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Figure 4.16. Seasonal and annual trend of Bulbula rainfall between 1985-2019

b) Innovative trend analysis result for Bulbula station
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a) MK trend analysis result for Degaga station

Table 4.8. Mann Kendall test output for monthly, seasonal and annual time series data for
Degaga station (from 1985-2019)

Variable S-test | Z-test Sen slope VAR(S) Remark
January -73 -1.07 -0.019* 4529.67 n.t@95%
February -118 -1.81 -0.061 4165.33 D.t@90%
March -133 | -1.96 -0.036 4548.33 D.t@90%
April -194 -2.86 -0.047 4549.33 D.t@95%
May 98 1.50 0.061 4165.33 n.t@95%
Jun -44 -.64 -0.013 4544.67 n.t@95%
July 2 0.01 0.001* 4549.33 n.t@95%

August -125 | -1.84 -.029* 4548.33 D.t@90%

September -112 -1.65 -0.032* 4547.33 D.t@90%

October -48 -0.70 -0.011* 4547.33 n.t@95%

November 88 1.29 0.024* 4532.67 n.t@95%

December -130 | -1.94 -0.015* 4425.33 D.t@90%

Belg(autumn) -48 -0.70 -0.011* 4549.33 n.t@95%

winter(bega) -117 -1.72 -0.033* 4548.33 D.t@90%

summer(keremt) | -189 -2.79 -0.044* 4545.67 D.t@95%

Annual -117 -1.72 -0.031* 4545.67 D.t@90%

The MK trend test showed that there was a statically significant decreasing trend for the month
of February, March and April at a 10% level of significance and 5% level of significance as well
as there was not significant decreasing in rainfall trend that was observed at 90% confidence
level or at 10% level of significance in August, September and December. Whereas no trend
was observed in January, May, Jun, July, October and November (Table 4.8). The monthly share
of rainfall exhibited about 50% no trend, 25% negative trend, 25% not significant negative trend
in rainfall amounts. As result shown during 1985-2019, in Belg(autumna) no trend were

observed. But the result showed that, negative trend in summer
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(keremt), winter(bega) season and annual time series at 90% confidence level. Seasonal trends
were shown in Fig. 4.18 the seasonal rainfall variability for Belg, Kiremt, and Bega seasons was
-0.4525mm/season, -0.9665mm/season and —0.8737mm/season respectively. The negative

trends of belga seasons were statistically not significant based on the result of Z and sen slope

value.
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Figure 4.18. Seasonal and annual trend of Degaga rainfall between 1985-2019
b) Innovative trend analysis result for Degaga station
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Figure 4.19. The innovative trend analysis (ITA) method for Degaga station
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a) MK trend analysis result for Koshe station

Table 4.9. Mann Kendall test output for monthly, seasonal and annual time series data for Koshe
station (from 1985-2019)

Variable S-test | Z-test Sen slope VAR(S) Remark
January 115 1.74 0.011* 4281.67 1.t@90%
February -182 -2.70 -0.033 4484.00 D.t@95%
March -22 -0.31 -0.009* 4549.33 n.t@95%
April -76 -1.11 -0.019* 4547.33 n.t@95%
May -3 -0.03 -0.001* 4548.33 n.t@95%
Jun -60 -0.87 -0.018* 4549.33 n.t@95%
July 43 0.62 0.006* 4550.33 n.t@95%
August -183 | -2.70 -0.043 4550.33 D.t@95%
September -75 -1.10 -0.017* 4548.33 n.t@95%
October 91 1.34 0.024* 4531.67 n.t@95%
November 142 2.46 0.000* 3292.67 1.t@95%
December 82 1.30 0.000* 3853.33 n.t@95%
Belg(autumn) 92 1.35 0.021* 4547.33 n.t@95%
winter(bega) -15 -0.21 -0.004* 4548.33 n.t@95%
summer(keremt) | -156 -2.01 -0.049 4548.33 D.t@95%
Annual -119 -1.75 -0.036 4548.33 D.t@90%

The MK trend test showed that there was a statically significant decreasing trend for the month
of February and August 5% level of significance as well as there was not significant decreasing
in rainfall trend that was observed at 90% confidence level or at 10% level of significance in
January. Also, there was positive trend at 5% level of significance in November, whereas no
trend was observed in March, April, May, Jun, July, September October and December (Table
4.9). The monthly share of rainfall exhibited about 66.67% no trend, 16.66% negative trend,
8.33% not significant negative trend and 8.33% positive trend in rainfall amounts. As result
shown during 1985-2019, in Belg(autumna) and
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winter(bega) no trend was observed at 95% confidence level. And also, there were negative
trend observed in summer (keremt) season and annual time series at 95% and 90% confidence
level respectively. Seasonal trends were shown in Fig. 4.20 the seasonal rainfall variability for
Belg, Keremt, and Bega seasons was 0.2537mm/season, -1.7121mm/season and -
0.4595mm/season respectively. The negative trends of keremt seasons were statistically
significant based on the result of Z and sen slope value in (Table 4.9). But negative trend in bega

and positive trend in belga is not statistically significant.
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Figure 4.20. Seasonal and annual trend of Koshe rainfall between 1985-2019.

b) Innovative trend analysis result for Koshe station
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Figure 4.21. The innovative trend analysis (ITA) method for Koshe station.

70



a) MK trend analysis result for Kulmsa station

Table 4.10.Mann Kendall test output for monthly, seasonal and annual time series data for
Kulmsa station (from 1985-2019)

Variable S-test | Z-test Sen slope VAR(S) Remark
January -6 -0.07 0.000* 4504.00 n.t@95%
February -143 -2.11 -0.038 4545.67 D.t@95%
March -19 -0.27 -0.005* 4546.33 n.t@95%
April -98 -1.44 -0.027* 4549.33 n.t@95%
May 157 231 0.000* 4548.33 1.t@95%
Jun -4 -0.04 -0.003* 4549.33 n.t@95%
July 44 0.64 0.008* 4547.33 n.t@95%
August -70 -1.02 -0.024 4549.33 n.t@95%
September 66 0.96 0.015* 4547.33 n.t@95%
October -9 -0.12 -0.004* 4548.33 n.t@95%
November 48 0.70 0.003* 4482.00 n.t@95%
December -148 -2.23 -0.012* 4336.67 D.t@95%
Belg(autumn) 57 0.83 0.014* 4548.33 n.t@95%
winter(bega) -36 -0.52 -0.017* 4549.33 n.t@95%
summer(keremt) | -23 -0.42 -0.016* 4165.33 n.t@95%
Annual -34 -0.49 -0.011* 4549.33 n.t@95%

At Kulmsa station the MK trend test showed that there was a statically significant decreasing
trend for the month of February at 5% level of significance as well as there was not significant
decreasing trend that was observed at 95% confidence level or at 5% level of significance in
December. Also, there was not significant positive trend at 5% level of significance in May,
whereas no trend was observed in January, March, April, Jun, July, August September, October
and November (Table 4.10). The monthly share of rainfall exhibited about 75% no trend, 8.33%
negative trend, 8.33% not significant negative trend and 8.33% positive trend in rainfall

amounts. Seasonal rainfall variability for Belg,
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Keremt, and Bega seasons was 0.1054mm/season, -0.1143mm/season -0.7081mm/season
respectively. The negative trends of bega, keremt seasons and annual time series data were not
statistically significant at 95% confidence level based on the result of Z and sen slope value.
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Figure 4.22. Seasonal and annual trend of Kulmsa rainfall between 1985-2019.

b) Innovative trend analysis result for Kulmsa station
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Figure.4.23. The innovative trend analysis (ITA) method for Kulmsa station.

72



a) MK trend analysis result for Langano station

Table 4.11. Mann Kendall test output for monthly, seasonal and annual time series data for
Langano station (from 1985-2019)

Variable S-test Z-test Sen slope VAR(S) Remark
January -19 -0.29 0.000* 3850.33 n.t@95%
February -35 -0.51 -0.002* 4483.00 n.t@95%
March 71 1.04 0.024* 4548.33 n.t@95%
April -48 -0.70 -0.011* 4549.33 n.t@95%
May 104 1.60 0.040 4165.33 n.t@95%
Jun 42 0.61 0.011* 4547.33 n.t@95%
July 62 0.95 0.026 4165.33 n.t@95%
August 46 0.70 0.029 4165.33 n.t@95%
September 40 0.58 0.007* 4544.67 n.t@95%
October -104 | -1.61 -0.015 4100.00 n.t@95%
November 114 1.74 0.006* 4214.67 D.t@90%
December 35 0.58 0.000* 3453.67 n.t@95%
Belg(autumn) -14 -0.20 0.003 4165.33 n.t@95%
winter(bega) -10 -0.14 0.006 4165.33 n.t@95%
summer(keremt) | 56 1.09 0.002* 4549.33 1.t@90%
Annual 26 0.39 0.023 4165.33 n.t@95%

The MK trend test showed that there was a statically not significant decreasing trend for the
month of November at 5% level of significance at Langano station. whereas no trend was
observed in January, February, March, April, May, Jun, July, August, September, October
and December (Table 4.11). The monthly share of rainfall exhibited about 91.67% no trend
and 8.33% not significant negative trend in rainfall amounts during 1985-2019, in
Belg(autumn), winter(bega) seasons and Annual time series data, no trend were observed at
95% confidence level. Summer(keremt) Season was showed not siginificant positive trend

at 95% confidence level. Seasonal trends were shown in Fig. 4.24 the seasonal
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rainfall variability for Belg, Keremt, and Bega seasons was 0.1663mm/season,1.1442mm/s

eason and -0.0399mm/season respectively.
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Figure 4.24. Seasonal and annual trend of Langano rainfall between 1985-20109.
b) Innovative trend analysis result for Langano station
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Figure 4.25. The innovative trend analysis (ITA) method for Langano station
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a) MK trend analysis result for Tora station

Table 4.12. Mann Kendall test output for monthly, seasonal and annual time series data for Tora
station (from 1985-2019)

Variable S-test Z-test Sen slope VAR(S) Remark
January 30 0.44 0.000* 4385.33 n.t@95%
February -104 -1.55 -0.017* 4425.33 n.t@95%
March -90 -1.32 -0.021* 4549.33 n.t@95%
April -164 -2.42 -0.044 4549.33 D.t@95%
May -29 -0.42 -0.005* 4548.33 n.t@95%
Jun -53 -0.77 -0.020* 4548.33 n.t@95%
July -68 -0.99 -0.022* 4547.33 n.t@95%
August -155 -2.28 -0.043 4550.33 D.t@95%
September -160 -2.36 -0.043 4549.33 D.t@95%
October -33 -0.48 -0.006* 4529.67 n.t@95%
November 15 0.24 0.000* 3291.67 n.t@95%
December -14 -0.22 0.000* 3599.33 n.t@95%
Belg(autumn) -116 -1.70 -0.027 4549.33 D.t@90%
winter(bega) -121 -1.78 -0.029 4548.33 D.t@90%
summer(keremt) | -223 -3.29 -0.058 4548.33 D.t@99%
Annual -144 -2.22 -0.058 4165.33 D.t@95%

The MK trend test showed that there was a statically significant decreasing trend for the month
of April, August and September at a 5% level of significance. Whereas no trend was observed
in January, February, March, May, Jun, July, October, November and December at 5% level of
significance (Table 4.12). The monthly share of rainfall exhibited about 75% no trend and 25%
negative trend in rainfall amounts. All seasons and annual time series data were indicated that
statically significant decreasing trend were observed at 90%, 95% and 99% confidence level.

Seasonal trends were shown in Fig.4.26 the seasonal
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rainfall variability for Belg, Keremt, and Bega seasons was -0.64mm/season, -

1.1299mm/season and —0.528mm/year respectively.

Figure 4.26. Seasonal and annual trend of Tora rainfall between 1985-2019

b) Innovative trend analysis result for Tora station
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Figure 4.27. The innovative trend analysis (ITA) method for Tora station
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a) MK trend analysis result for Ziway station

Table 4.13. Mann Kendall test output for monthly, seasonal and annual time series data for
Ziway station (from 1985-2019)

Variable S-test Z-test Sen slope VAR(S) Remark
January 55 0.83 0.000* 4281.67 n.t@95%
February -81 -1.20 -0.010* 4424.33 n.t@95%
March -16 -0.22 -0.001* 4547.33 n.t@95%
April -25 -0.36 -0.007* 4550.33 D.t@95%
May 65 0.95 0.016* 4545.67 n.t@95%
Jun 83 1.22 0.025* 4550.33 n.t@95%
July 44 1.12 0.009 4549.33 1.t@95%
August -44 -0.64 -0.009* 4549.33 n.t@95%
September -2 -0.02 -0.005 4165.33 n.t@95%
October -35 -0.51 -0.003* 4485.00 n.t@95%
November 145 2.32 0.000* 3852.33 1.t@95%
December -59 -0.95 0.000* 3729.67 n.t@95%
Belg(autumn) 65 0.95 0.018* 4546.33 n.t@95%
winter(bega) -18 -0.25 -0.003* 4549.33 n.t@95%
summer(keremt) | 46 0.67 0.009* 4549.33 n.t@95%
Annual 115 1.69 0.003* 4548.33 1.t@90%

At Ziway station the MK trend test showed that there was not significant decreasing trend for
the month of April at 5% level of significance. There was not significant positive trend at 5%
level of significance in July, whereas no trend was observed in January, February, March, May,
Jun, August, September, October, November and December (Table 4.13). The monthly share of
rainfall exhibited about 83.34% no trend, not significant 8.33% negative and positive trend in
rainfall amounts. As result shown in the above table during 1985-2019, in all seasons no trend
was observed at 95% confidence level. But there was positive trend observed in annual time

series data at 90% confidence level. Seasonal trends
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were shown in fig. 4.28 the seasonal rainfall variability for Belg, Keremt, and

Bega seasons was 0.8397mm/season, 1.1853mm/season and 0.1434mm/season respectively.

Figure 4.28. Seasonal and annual trend of Ziway rainfall between 1985-2019.

b) Innovative trend analysis result for Ziway station
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Figure 4.29. The innovative trend analysis (ITA) method for Ziway station
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4.3.Projected Meteorological Drought by Using Standardized Precipitation Index (SPI)
Under Representative Concentration Pathway (RCP4.5 and RCP8.5) Scenario

The coordinated regional climate downscaling experiment (CORDEX) series of daily
precipitation projected data from 2020 to 2100, converted to monthly time series and have been
used to compute selected drought indicators or the Standardized Precipitation Index (SPI).
Monthly series of SPI3 and SPI1 have been computed for each meteorological station. Fig. 4.31-
4.33 shows, examples of SPI3 series for projected precipitation data for each of the three
analyzed periods that represent the recent past(historical), near future, future and far future for
both RCP4.5 and RCP8.5 scenario.
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Figure 4.31. Average SPI-3 for all future meteorological station data for the near future (2020-
2049).
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Figure 4.33. Average SPI-3 series for all future meteorological station data for the far future

(2080-2100).
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Here the change analysis is to refer a deviation of future climate condition from a historical
(1985-2019) climate condition. Positive change indicates an increase from the historical period,
whereas a negative change indicates a decrease from the historical period. The RCP 4.5 and
RCP 8.5 drought projection noted a general negative increment pattern, except in the month of
Dec/2084, Nov/2090, Jan/2070, Nov/2090 and Jul./2038, Oct./2038, Sep./2078, Oct./2035,
Jul./2036 months which were observed extremely wet condition respectively according to the
result of SPI3. As indicated in above fig.4.31- 4.33 of Feb/2076 (RCP4.5) and Aug/2078
(RCP8.5) under 2050-2079’s, and Dec/2047(RCP4.5) and Jan/2048 (RCP8.5) under 2020-
2049’s shows positive increment in two RCPs, but Jul/2099(RCP8.5) and Jan/2100(RCP4.5)

shows negative incremental of SPI3.
4.3.1. Characterizing SPI3 in terms of drought duration, severity and intensity for future data

Drought characteristics (duration, severity, and intensity) were analyzed using standardized
precipitation index (SP1). The SPI series were computed in Central Rift Valley of Ethiopia from
January 2020 to December 2100 at 3-, 6- and 12-month time scale to study the characteristics

of drought.

Table 4.15. Summary of SPI with longest duration and severity for projected year at each station

Station Name | Time scale Year Duration in Severity

(RCP4.5) (months)

GP113212 SPI3 2059 9 -18.3
SPI6 2069 11 -27.3
SPI12 2070 12 -26.6

GP114211 SPI3 2076 8 -16.8
SPI6 2076 10 -19.8
SPI12 2025 12 -27.2

GP114212 SPI3 2083 6 -14.6
SP16 2076 5 -6.7
SPI12 2083 8 -13.6

GP115212 SPI3 2090 7 -11.3
SPI6 2070 8 -15.4
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SPI12 2090 8 -13.5
GP115212 SPI3 2070 10 -23.6

SPI6 2090 8 -11.6

SPI12 2091 7 -9.5

Table 4.16. Future drought properties based on the SPI3 (category for SPI according to (Table
Table 2.1)
Station Name Number of drought events Max. Year of
(RCPA4.5) Near Moderate | Severe | Extreme | Intensity | Max.
normal Intensity

GP113212 605 95 41 21 5.3 | 2038(Dec.)
GP114211 653 82 30 8 -4.6 2037(Dec.)
GP114212 662 72 26 15 -3.3 | 2038(Dec.)
GP115211 650 68 33 29 -3.43 | 2065(Apr.)
GP115212 662 75 41 22 -3.1 2037(Jul.)
Total 3232 392 171 95
Station Name Near Moderate | Severe | Extreme Max. Year of
(RCP8.5) normal Intensity | Max.int.
GP113212 618 97 35 11 -3.4 2080(Dec.)
GP114211 661 79 24 11 3.7 2083(Oct.)
GP114212 655 95 16 4 -2.4 2083(Oct.)
GP115211 598 87 31 35 -4.7 2070(Apr.)
GP115212 610 98 36 19 -4.1 2094(Jun.)
Total 3142 456 142 80

The drought and non-drought year was identified based on the value of SPI3. To show the spatial

extent of droughts in the study area, SP13 time series values of each meteorological station have

been interpolated by Inverse Distance Weighted (IDW) method using the Spatial Analyst tool

of ArcGIS.
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Table 4.17. Non-drought and drought years according to SPI3 values near future (2020-2049)

RCP4.5 Good year/non drought year/ Drought year

Station Name | Sep Oct | Nov |Dec |Jan |Feb | Sep | Oct | Nov | Dec | Jan | Feb

GP113212 0.83 0251056 {052 ({09 |12 -23-42|-34 |-42|-13 |-06
Year 2025 2022

GP114211 0.98 159|164 159|083 {007 |-10|-16|-22 |-36 |-04 |-04
Year 2025 2029

GP114212 157 199|194 163|036 (046 |-08|-1.2|-24|-28 |-08 |-05
Year 2025 2029

GP115211 0.87 26917 |154|056 (016 |-1.1|-05(-0.7 |-0.2 |-23 |-1.3
Year 2020 2049

GP115212 1.64 1721169 | 166|049 113 |-09|-06|-0.2 |-0.6 |-0.9 |-0.7
Year 2025 2026

RCP8.5 Good year/non drought year/ Drought year
Year 2026 2046
Year 2035 2046
Year 2038 2046
Year 2026 2046
Year 2048 2046

From above (Table 4.17) results showed that 2022, 2029, 2049 and 2026 during September —
February was drought years, whereas 2025 and 2020 was wet years for RCP4.5 and 2046 and
2026, 2035, 2038, 2026 was drought and wet years respectively for RCP8.5 scenario. From the

fig. 4.35, it is evident that the extreme droughts observed at western part of study area according

to the value of Standard precipitation index (SPI1-3) over drought years for near future data in
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September, October, November and December months for both RCP4.5 and RCP8.5 but for
RCP8.5 data in November in addition to western part northern, southern and central part of
study area shows extremely dry condition. Near normal drought were observed at eastern and
central part of study area in these months. SPI3 values showed that severely dry conditions were
observed in September and October at nearly western part, as well as in November and
December at central part of study area for RCP4.5. But for RCP8.5 scenario severely dry
conditions observed in December months at western and central part of study areas. Also,
moderately dry condition analyzed in September, October, January and February months over
drought years for RCP4.5 scenario which is not observed for RCP8.5. Whereas most of eastern
and central part of study area for non-drought year indicate very wet and moderately wet (green,
banana colors) in the study period from 2020 to 2049 for RCP4.5, as well as extremely wet
condition observed at eastern part in October month. Also 100% and 60% of study area shows
near normal drought for non-drought year in January and February months (fig. 4.35a). But
extremely wet condition observed in September and October months for RCP8.5(fig.4.35b) and
also there was very wet condition in September, October and January months at this scenario.
100% of results showed that moderately wet condition in November and near normal condition

in February.
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Figure 4.35. Projected change in drought according to three month variation of Standard
precipitation index (SPI3) values over drought and non-drought years for 2020-2049 under
emission scenario of both RCP 4.5 and RCP8.5
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Table 4. 18. Non-drought and drought years according to SPI3 values mid future (2050-2079)

RCP4.5 Good year/non drought year/ Drought year

Station Sep | Oct [ Nov |Dec |Jan |Feb |Sep | Oct | Nov | Dec | Jan | Feb

Name

GP113212 |1.06 |1.38|1.27|152 |09 |09 |-31/|-06 |-0.8|-0.8|-0.6]|-0.3
Year 2076 2058

GP114211 0.38 |13 |0.76 {0.39 |0.78 | 0.9 -25|-17 |-05 |-0.7 | -0.8 | 0.30
Year 2076 2058

GP114212 0.9 18 |087]053]0.71|0.78 |-13|-05 |-05|-09|-05|-0.2
Year 2076 2065

GP115211 341 28227026709 |063 |-18|-0.7 |-0.7|-0.1|-0.1/-04
Year 2069 2058

GP115212 260 | 263269261089 040 |-06|-09 [-0.7|-14-0.1|-0.2
Year 2069 2065

RCP8.5 Good year/non drought year/ Drought year
Year 2054 2061
Year 2054 2068

GP114212
Year

GP115211
Year

GP115212
Year 2055 2068
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Figure 4.36. Projected change in drought according to three monthly variation of Standard
precipitation index (SPI3) values over drought and non-drought years for 2050-2079 under m
emission scenario of both RCP 4.5 and RCP8.5
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Results shown in (Table 4. 18), in 2058 and 2065 during September — February was drought
years, whereas 2076 and 2069 was wet years for RCP4.5 and 2061,2068 and 2054, 2078, 2055
was drought and wet years respectively for RCP8.5 scenario. In fig. 4.36, results showed that
the extreme droughts were observed in western and south west part of CRV at drought years in
September months as well as in October and December months there were moderate and severe
drought situation observed for RCP4.5 scenario. Also 80% of December month and 100% of
the November, January and February months shows near normal drought according to the value
of Standard precipitation index (SPI1-3) over drought years. For RCP8.5 scenario extremely dry
condtion observed in september, october, november and december months as well as severely
dry conditions observed in september and October months at northern and southern, eastern and
central part of study areas. Also, moderately dry condition analyzed in September and november
months over drought years for RCP8.5 scenario which is observed in september, october and
december for RCP4.5. Whereas eastern part of study area for non-drought year indicates
extremely wet and very wet in September, October, November and December months at RCP4.5
scenario which was observed for RCP8.5 in january, feburary, september, october and december
months. Moderately wet droughts for non-drought year were observed in western and central
part of study area in September, October and November months which is not observed in
RCP8.5. 100% of study area shows near normal drought for non-drought year in January and
February months for all station in RCP4.5, but as we observe from above fig.4.36 for RCP8.5

scenario extrmely wet and very wet condtion was observed in these months.
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Note:- In fig.4.35, 4.36 Nr normal meaning near normal, mod wet meaning moderately wet, v.
wet meaning very wet, ex wet meaning extremely wet, sev dry meaning severely dry, Ex. dry
meaning extremely dry and Mod. dry meaning moderately dry, (+ve) meaning non drought year,

(-ve) meaning drought year.

4.4.Non-parametric Trend test for Projected Meteorological Drought

According to the Z-values the trend test statistics taken on annual mean rainfall of RCP4.5
comparatively shows insignificantly increasing trend but RCP 8.5 shows significantly
decreasing trend with the S-test value of -158 and with the Z-value is |Z|> 1.96 for 95%
confidence level for near future projected climatic data. The tabular representation of the future
two RCPs trends of long year means annual RF were shown below for near future (2020-2049),
mid future (2050-2079) and far future (2080-2100) period of year.

Table 4.20. MK trend test results of rainfall under two RCPs (2020-2049) near future

Statistics RCPs from (2020-2049)
RCP4.5 RCP8.5
Z-test +0.72 -1.98
Significancy Not significant significant
S-test 56 -158

(-), (*)and (+) indicates decreasing, not significant and increasing trend

Table 4. 21. MK trend test results of rainfall under two RCPs (2050-2079) mid future

Statistics RCPs from (2050-2079)

RCP4.5 RCP8.5
Z-test -1.67 +0.66
Significancy significant Not significant
S-test -102 +88
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5. SUMMARY AND CONCLUSION

5.1.Summary

Drought is a natural and recurrent feature of climate, which characterized by its severity,
duration and intensity. It is a deficiency in precipitation over an extended period, usually a
season or more, resulting in a water shortage causing adverse impacts on vegetation, animals,
and/or people. It can be categorized into four major categories related to precipitation
(meteorological), soil moisture (agricultural), stream flow (hydrological) and socioeconomic

droughts.

Meteorological droughts are quite common, and they are primarily classified by the extent of
dryness in a given location and the length of the dry period. Although agricultural drought is
linked to a lack of water needed to support crops, the drought does not always coincide with

meteorological drought.

This thesis presents a study to identify past and projected meteorological drought using the
standardized precipitation index (SPI) and Man-Kendall program to test drought trend as well
as to show the spatial extent of droughts in the study area, SPI3 time series values of each
meteorological station have been interpolated by inverse distance weighted (IDW) method using
the spatial analyst tool of Arc GIS in the Central Rift Valley of Ethiopia.

The overall study was conducted in the four steps. First, a brief description of the study area
showing the general characteristics of topographic, physiographic characteristics and the
climate. Second, the data needed for the study were identified and collected from the available
sources which is followed by proper data quality controls. Third, the overall characteristics of
the collected meteorological data were evaluated on monthly, seasonal and annual time steps as
needed. Finally, the fourth step is to conduct SPI determination, trend analysis using appropriate
methodologies. To do that, we decided to firstly project the meteorological variables
(precipitation,) which needed to determine SPI from the 1985s to 2019 and 2020-2100,
thereafter compute the selected indicators (the SPI) on a monthly basis for these periods by
using Rstudio software. By using historical precipitation data (monthly) from Ethiopian

National Meteorological Agency during 1985-2019 and projected climatic data from
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coordinated regional climate downscaling experiment (CORDEX) series of daily precipitation
from 2020 to 2100, which converted to monthly time series and have been used to compute
selected drought indicators, afterward the historical drought and future drought identified
according to Tom McKee drought classification for the Arsi Negele, Bulbula, Koshe, Langano,
Tora, Ziway, Assela, Degaga and Kulamsa meteorological station as well as for projected

climate data.

Drought events classified in seven magnitude classes, i.e., if SPI ranges between 1.5 and 1.99,
it is very wet; 1.00 and 1.49, it is moderate wet; -0.99 and 0.99, it is near normal; -1.00 and -
1.49, it is moderately dry; -1.5 and -1.99 severely dry and extreme drought if SP1 is -2.00 or less

as well as extremely wet if SPI value greater than two.

Based on SPI value calculated for 9 meteorological stations in Central Rift Valley of Ethiopia
from January 1985 to December 2019 and January 2020 to December 2100 at 3- month time
scale to study the characteristics of drought, results showed that (1991-1992), (2015-2016),
(2017-2018) and 2019 were drought year for historical data and for projected climatic data in
near future (2022, 2029 and 2046) in future (2058, 2065 and 2061,2068) and in far future (2099,
2085 and 2099,2083) which were among the drought years for both RCP4.5 and RCP8.5
respectively. Most of the drought years were associated for each station; even if for some station

the occurrence of drought year varies by one year or more.

Almost all station indicts there was drought index in the study area even though the drought
severity degree was different. The SPI value obtained in Arsi Negele station showed an extreme
drought during 2015, 2016 and 2017 in October, December, march and Jun months for SPI3,
SPI16, SP112 and SPI1 value respectively which where, -3.01, -3.13, -3.03 and -2.81. Also, there
were notable, SPI value was obtained in 2013, 2014, and 1991, which were -1.79, -1.62, -1.8
and -1.73 considered to be severely dry condition. For Assela station maximum drought
obtained during 1991, 2008 and 2003 in November, April and February months for SP13, SP16
and SPI112 value respectively were -3.32, -2.71, -2.6 and -3.13 which were considered to be a
situation of extreme drought. For Bulbula station standardized precipitation index values during
2014,2015 and 2016 at July, August, April and August months for SPI3, SPI6 and SP112 value
respectively were -3.42, -2.85 and -2.74 which were considered to be a
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situation of extreme drought. At Dagaga station in 2018, 2017, 2018 and 2019 at September,
December and march SPI3, SP16, SP112 values were -3.33, -3.3 and -4.42 which identified as
extreme drought condition. Also, severely dry condition observed in 2009, 1991 and 1985
respectively at (April, August and May).

The value of SPI-3 showed that 48 to 83, drought events occurred during 1985-2019, and most
of the droughts recorded in Arsi Negele station followed by Ziway, Tora, Kulmsa, Assela,
Degaga, Koshe, Bulbula and Langano. In addition, during this year, 48 to 93 and 42 to 93
drought events were recorded in six months and twelve months’ time scale respectively. SPI-3,
SPI-6 and SPI-12 value indicated that most of the drought events occurred in Arsi Negele

meteorology station.

The highest severity recorded at the Dagaga meteorological station in 2018 at SP112 which was
-32.30. SPI112 showed maximum drought duration at Arsi Negele in 2015 and 2017 which is
12 months with severity of -25.7 as well as at Bulbula in 2016 with severity -18.3.

The MK trend test on observed period monthly rainfall result reveals that no trend,
insignificantly decreasing trend over certain meteorological station and increasing trend too. In
Arsi Negele station monthly share of rainfall exhibited about 33.33% no trend, 50% negative
trend, 8.33% not significant negative trend and 8.33% not significant positive trend in rainfall
amounts and seasonal rainfall variability for Belg, Kiremt, and Bega seasons was -
1.3241mm/season, -1.8589mm/season and -0.8046mm/season respectively. The MK trend test
showed that at Assela station there was a statically not significant trend observed for all months
at a 95% level of confidence and seasonal rainfall variability for Belg, Kiremt, and Bega seasons
were -0.05mm/season ,0.0358mm/season and —0.2793mm/season respectively. At Bulbula
station the monthly share of rainfall exhibited about 66.67% no trend, 25% negative trend,
8.33% in rainfall amounts and seasonal rainfall variability for Belg, Kiremt, and Bega seasons
was 0.0972mm/season, -1.1715mm/season and -0.2823mm/season respectively. The monthly
share of rainfall at Dagaga station exhibited about 50% no trend, 25% negative trend, 25% not
significant negative trend in rainfall amounts.

The RCP 4.5 and RCP 8.5 drought projection noted a general negative increment pattern, except
in the month of Dec/2084, Nov/2090, Jan/2070, Nov/2090 and Jul./2038, Oct./2038,

92



Sep./2078, Oct./2035, Jul./2036 months which were observed extremely wet condition
respectively according to the result of SPI3.

The highest severity recorded at the GP113212 meteorological station in 2069 at SP16 which
was -27.3. SPI112 showed maximum drought duration at GP113212 in 2070 which is 12 months
with severity of -26.6 as well as at GP114211 in 2025 with severity -27.2. SP13 values of drought
years showed that severely dry conditions in September and October at nearly western part, as
well as in November and December at central part of study area for RCP4.5. But for RCP8.5
scenario severely dry conditions observed in December months at western and central part of
study areas. Results showed that the western part of Central Rift Valley is projected to be drier
in the near future than in the recent past, also, the SPI value indicated that, the central and eastern
part of the study area were projected to be wetter, in particular around Kulmsa, Ziway, Dagaga

and Assela.

According to the Z-values the trend test statistics taken on annual mean rainfall of RCP 8.5
shows significantly decreasing trend with the S-test of -158, Z-test of -1.98 and with the Z-value
|Z|> 1.96 at near future, (S-test= -122, Z=-2.3) at far future for 95% confidence level. But
RCP4.5 shows decreasing trend at mid future (S-test=-106, Z= -1.67) for |Z|> 1.64 at 90%

confidence level.

5.2. Conclusion

Based on standardized precipitation index value calculated for 9 meteorological stations results
showed that (1991-1992), (2015-2016) and (2017-2018) were drought year and extremely,
severely, moderately and near normal drought condition were observed in these year for

historical rainfall data.
The average monthly share of rainfall in CRV showed about, 71.3% no trend, 16.67%

decreasing trend, 7.4% not significant decreasing trend 1.85% increasing trend and 2.8% not

significant increasing trend in historical period.

93



For projected climatic data in near future (2022, 2029 and 2046) in future (2058, 2065 and
2061,2068) and in far future (2099, 2085 and 2099,2083) which were among the drought years
for both RCP4.5 and RCP8.5 respectively.

The trend test statistics taken on annual mean rainfall of RCP 8.5 shows significantly decreasing
trend with the S-test of -158, Z-test of -1.98 and with the Z-value |Z|> 1.96 (95% confidence
level) at near future, (S-test=-122, Z=-2.3) at far future. But RCP4.5 shows decreasing trend at
mid future (S-test=-106, Z=-1.67) for |Z|> 1.64 (at 90%) .

5.3. Recommendations

Based on the findings of this thesis, the trends of meteorological drought increase from year to

year in most of studded area station, so that it is importance to recommended the following: -

» Governmental and non-governmental sectors which are working with these issues
evaluate the risk of drought and revise drought preparedness and response plan every
year.

» For rural farmers who have been vulnerable to drought, water stress and erratic nature
of rainfall, appropriate adaptation strategies should have to be designed and
implemented.

Generally, this research was conducted for identification of meteorological drought by using
standardized precipitation index (SPI) which is only require precipitation data as an input rather
than considering temperature, water-balance component (ET/PET). Because of this limitation,
directions for future research to improve our understanding of droughts and their impacts in
different economic sectors should include efforts to improve and extend the database of past
drought events and their impacts.
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Appendices 1. Tables

APPENDICES

Table I: - Long-term mean monthly historical precipitation and temperature (Tmax. and
Tmin.) data of study area for (1985-2019)

No
Station |Jan | Feb | Mar | Apr | May |Jun | Jul Aug |Sep |Oct |v Dec
Arsi 14 |29 |52 |628 |86.6 |921 |120 |99 109 |40 5 9.4
Negele
Assela 16 |38 |87 |117 |109 |119 |174 |177 |141 |598 |25 |18
Bulbua |15 |48 |39 |63.1 |725 |815 |128 |97 799 380 |14 |76
Ziway 12 |29 |47 |739 |752 |86.1 |167 |117 |84.7 |389 |15 |99
Koshe 21 |40 |65 |832 |732 |782 |151 |123 |91.1 |438 |16 |15
Tora 22 |37 |77 |102 |89.7 |813 [122 |108 |102 |50.8 |12 |98
Kulma |16 |37 |75 |91.3 |9% 935 |122 | 124 |110 |422 |10 |87
Degaa 15 |37 |63 |976 |101 |126 |178 |169 |153 |780 |24 |14
Langano | 9.2 |32 |56 |79.3 |946 |102 |163 |124 |910 |427 |13 |54
statio | Jan | Fe | Mar | Apr |May |[Jun |Jul |Aug |[Sep |Oct | Nov |Dec
n b
Arsi | 26.6 | 27. | 276 |27.2 |26.8 |25.6 |23.9 | 238 |24.7 | 256 |26.1 |26.7
Nege | 021 |38 |[043 |528 |757 |923 |542 |656 |111 |402 |084 | 057
le
Asse | 22. |23. (239 (234 (233 |224 |20.8 |20.3 | 205 |215 |216 |215
la 3
Dega | 25.4 | 26. | 26.4 | 255 |25.2 |23.6 |22 22.1 | 225 |24 245 | 244
ga 2
Ziwa | 27.2 | 28. | 295 |29.2 | 27.2 |27.2 | 254 | 256 |26.8 |27.7 [27.3 |27.3
y 5 53 |7 4 5 5 7 7 5 7 4 0
Lang | 28.6 | 29. | 30.9 [30.6 [30.0 [29.1 |26.7 |27.3 | 279 |28.6 |28.6 |289
ano |0 70 |9 5 5 9 2 5 9 7 7 2
Kul |232 |24, 1254 [248 |246 |234 |213 |21.2 |216 |228 |228 |224
msa |7 56 |8 4 5 9 7 0 0 2 2 2
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Station |Jan | Feb | Mar | Apr | May |Jun |Jul | Aug |Sep |Oct | Nov |Dec
Arsi 104 | 116 | 129 | 13.0 | 125 | 131 |129 | 129 | 125 |116 |10.3 | 10.6
Negele | 1 6 1 2 4 2 8 5 7 9 6 2
Assela | 7.86 | 8.84 | 9.88 | 10.8 | 10.8 | 10.6 | 10.7 | 10.7 | 10.3 | 9.92 | 8.24 | 7.26
6 2 8 7 7 2
Degag |7.06 |8.27 {9.74 | 115 |11.3 |11.5 |109 | 116 |11.0 |9.83 |7.97 | 7.03
a 1 1 1 2 7 3
Ziway |12.3 | 13.6 | 15.0 | 15.7 | 159 |15.6 | 15.0 | 15.0 | 145 | 13.0 | 12.0 | 115
1 4 2 3 3 6 9 6 4 9 4 9
Langan | 13.0 | 13.2 | 13.0 | 13.0 | 13.0 | 13.0 | 13.0 | 13.0 | 13.0 | 13.8 | 12.8 | 13.0
0 3 2 3 3 3 3 3 3 3 0 6 3
Kulms [9.13 | 105 |11.8 | 128 (124 | 119 |11.7 |9.13 |11.3 |9.13 | 10.4 | 9.55
a 2 5 7 4 2 5 4 5

Source: Ethiopian National Meteorological Agency.

Table II: - Long-term future precipitation data (2020-2100) mean monthly precipitation data

of study area

Station Jan | Feb [ Ma | Apr | Ma |[Jun | Jul Aug | Sep |Oct | No | Dec

r y v
GP11321 (81 |3.7 |51 |29. |77. | 108 |275 |[396 |354 |363 |129 |29.
2 0 5 7 9
GP11421 (25 |09 |28 |99 [14. |272 |61 805 | 76.3 [519 |29. |11
1 3 5 0 8 2 3 4
GP11421 |38 |48 |06 |32 |57 |6.32 |18.6 |33.0 |43.7 [333 [23. |15
2 2 8 6 7
GP11521 (18 |19 |76. | 177 | 204 | 414. |656. |659. | 631. | 315. | 97. | 36.
1 3 7 5 9 8 9 1 3
GP11521 | 6.7 |6.7 |32 |70 |68 |248 |461 |452 |360 |134 |51 |11.
2 7

Source: - Coordinated Regional Climate Downscaling Experiment (CORDEX) under Africa

115




Table I1I: - Standardized precipitation index for historical data (SP11, SPI3, SPI6 and SP112)

Station Period Wettest condition Driest condition
(Months) | Date SPI Date SPI
Value Category Value | Category
Arsi 1 Apr/2003 | 2.64 EW Jun/2017 -2.81 | ED
Negele 3 Sep/2004 | 2.19 EW Oct/2015 -31 |ED
1 Jun/2018 2.37 EW Sep/1991 -3.13 |ED
Assela 3 Aug/2018 | 2.19 EW Nov/1991 |-3.32 | ED
1 Sep/2012 | 2.64 EW Aug/2016 |-2.73 | ED
Bulbua 3 Mar/2012 | 3.54 EW Jul/2014 -3.42 | ED
1 Jul/2012 2.67 EW Sep/2017 -3.53 |ED
Ziway 3 Oct/2014 3.11 EW Jul/1989 -3.47 | ED
1 Feb/1990 | 2.48 EW Aug/2019 |-3.09 |ED
Koshe 3 Oct/1993 2.26 EW Jul/2019 -3.67 | ED
1 May/1987 | 2.63 EW Mar/2000 -2.83 | ED
Tora 3 Oct/1993 244 EW Mar/2000 -4.49 | ED
1 Sep/2012 | 3.46 SW Mar/2008 -2.96 | ED
Kulmasa |3 Sep/2012 | 3.52 EW Mar/2000 | -4.83 | ED
1 Nov/2016 | 2.62 EW Sep/2019 -2.56 | ED
Degaga | 3 Jun/2016 | 2.49 EW Sep/2018 |-3.3 |ED
Mar/2010 | 2.51 EW Apr/1991 |-3.15 |ED
Langano |3 Jan/2009 2.95 EW Apr/2008 -2.8 | ED

Table IV: - Wettest and driest periods SPI for future data from 2020-2100 RCP4.5 (SPI3, SP16

and SP112)
Station Period Wettest condition Driest condition
(Months) | Date SPI Date SPI
Value | Category Value | Category
GP113212 |3 Oct/2059 2.84 | EW Dec/2038 -5.29 ED
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1 Nov/2071 | 3.1 EW Apr./2027 -3.1 ED
GP114211 |3 Sep/2076 | 3.16 |EW Dec/2037 -455 | ED
1 Feb/2066 2.5 EW Mar/2035 -4.6 ED
GP114212 |3 Mar/2083 |3.51 |EW Dec/2038 -3.33 ED
1 Dec/2083 | 2.16 | EW Mar/2032 -3.23 ED
GP115211 |3 Nov/2090 | 3.2 EW Apr/2065 -3.67 ED
1 Feb/2070 3.0 EW Dec./2037 | -3.4 ED
3 Nov/2090 |3.44 |EW Dec/2037 -3.03 ED
1 Nov./2091 | 2.3 EW Nov/2046 -3.6 ED

EW = extremely wet, ED = extremely dry

Table V: - Wettest and driest periods SPI for future data from 2020-2100 RCP8.5 (SP13, SPI16

and SP112)
Station | Period Wettest condition Driest condition
(Months) Date SPI Date SPI
Value | Category Value | Category

GP113212 |3 Jul./2038 2.8 EW Dec./2080 -3.4 ED
1 Oct./2038 |3 EW Jul./2086 -3.2 ED

GP114211 |3 Oct./2035 | 3.5 EW Oct./2083 -3.7 ED
1 Feb./2045 | 2.7 EW Oct./2083 -4.3 ED

GP114212 |3 Oct./2035 | 3.3 EW Oct./2083 -2.4 ED
6 Jan./2036 | 2.7 EW Jun./2082 -2.3 ED

GP115211 |3 Feb./2054 | 2.6 EW Apr./2070 -4.7 ED
1 Apr./2055 | 3.3 EW Mar. /2072 | -4.2 ED

GP115212 |3 Jun./2065 | 2.6 EW Jun./2094 4.1 ED
1 Jul./2062 2.2 EW Apr./2032 -3.7 ED

EW = extremely wet, ED = extremely dry
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Appendix 2. Figure

Yes

'

Solve parameter A

A=In(x)- Z lnr(lx)

Determination of shape o and
scale B parameters

\ 4

-------------- - _ 1 4A _
et es

1>

a

v

Computation of Gamma
fuinction T(a)

o
I'(o) :f x*levdx
4]

Computation of probability
function G(x)

g(x)=

X

x%1eP

B°I' (o)

Transformation of G(x) to
H(x) function

\4

H(x) =q+(1-q) G(x)

< (i)

SPI=-<K

Plot the time series SPI 1‘

Is the value of H(x) No
defined by relation? T
0<H(X)<0.5 \{
. 1
K= N ln (1.er:1)
v
: - (K Co+CK+CK? )
,Cotigah, ) 14K +0,K 40K
1+d,K+d,K“+d:K* |
v

Figure I. Summaries for computation of SPI
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