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COMPARATIVE STUDY OF DROUGHT ANALYSIS TECHNIQUES, 

CASE OF BORKENA RIVER CATCHMENT, AWASH RIVER BASIN, 

ETHIOPIA 

ABSRACT 

Drought is an insidious natural hazard that results from a deficiency of precipitation from 
normal conditions such that when it is extended over a season or longer period of time to meet 
the demands of human activities and the environments. A single drought analysis technique is 
not adequate, for Borkena river catchment there was no comparative study, instead 
combinations of techniques integrated together have been found preferable. Therefore, this 
study aimed to compare four drought analysis techniques and recommend suitable method for 
the study area. For this study; the comparison among Standardized Precipitation Index (SPI), 
Reconnaissance Drought Index (RDI), Rainfall Anomaly Index (RAI) and Precipitation 
Deciles Index (PDI) drought analysis techniques have been inspected to determine the 
relation. DrinC software was adopted for the analysis using rainfall as input for SPI, RAI and 
PDI techniques and both rainfall and PET for RDI to get output. Daily meteorological data 
were collected from NMA for 1987-2017 and annual time series scales used in the analysis. 
The compared results showed that all drought analysis techniques have positive correlation 
and very strong relation among SPI, RDI, RAI and PDI with values of R2 greater than 0.8 
except Majete station. SPI and RDI drought analysis techniques showed very strong positive 
correlation relation and even they have strong correlation at Majete station with R2= 0.604. 
This implies that for selected stations only SPI and RDI showed strong correlation. The 
comparison result based on drought classes and frequency showed SPI and RDI perform 
almost similar as compared to other selected drought analysis techniques to determine 
drought frequency and drought classes. These lead to say SPI and RDI are the best techniques 
than other selected drought analysis techniques for the area. Therefore; it is advisable to use 
SPI and RDI for further study about drought condition for the study area. 

 

 

 

Key words: Borkena catchment, indices and DrinC software. 

  



 
 

 

1. INTRODUCTION 

Water is life, sustaining ecosystems and regulating our climate. But, water resources are under 

major stress around the world. Rivers, Lakes, and underground aquifers supply fresh water for 

irrigation, drinking, and sanitation for the world, while the oceans provide habitat for a large 

share of the planet's food supply. Today, however, expansion of agriculture’s, damming, 

diversion, over-use, and pollution threaten these irreplaceable resources in many parts of the 

globe. Around 70% of the earth surface is covered by water and 3% of it is fresh water and 

only less than 1% of the world’s fresh water is accessible for direct human use (Lefort, 1994).  

Climate, environmental and land-use changes as well as natural resource degradation have 

aggravated drought occurrences and vulnerability, thus disrupting the normal socio-economic 

settings. Drought is an insidious natural hazard that results from a deficiency of precipitation 

from expected or “normal” such that when it is extended over a season or longer period of 

time, the amount of precipitation is insufficient to meet the demands of human activities and 

the environment (Wilhite, 2005). 

Drought is considered by many to be the most complex but least understood of all natural 

hazards, affecting more people than any other hazard (Hagman, 1984). Drought is a normal 

recurring feature of climate in most parts of the world, which is among the earliest 

documented climatic events (George, 2003).Droughts are the most detrimental of all the 

natural disasters (Bruce, 1994; Obasi, 1994; Cook et al., 2007; Mishra and Singh, 2010).  

Drought is one of the world’s costliest natural disaster, causing an average USD 6-8 billion in 

global damages annually and affecting more than other form of natural disaster (Keyantash 

and Dracup, 2002)  and about one-fifth of the damage caused droughts occurrence  (Wilhite, 

2000) and the cost of droughts is estimated to be around USD 80 billion per year (Carolwicz, 

1996). In the USA, one of the few countries having relatively good data availability; the 

annual losses attributed to droughts were estimated to be around USD 6–8 billion in the early 

1990s (Wilhite, 2000; FEMA, 1995). In the European Union, the damage caused by droughts 

is estimated to be around EUR 7.5 billion per year (CEC, 2007; EC, 2007). 

Importantly, droughts may also have far-reaching social and economic impacts; for example, 

by leading to conflict and civil unrest (von Uexkull, 2014; Johnstone and Mazo, 2011 and 
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Linke et al., 2015), migration (Gray and Mueller, 2012), gender disparities (Fisher and 

Carr,2015), reduced hydro energy generation (Shadman et al., 2016), food in security and 

famine (IFRC, 2006), poverty (Pandey et al., 2007)  and negative short- and long-term health 

effects (Lohmann and Lechtenfeld, 2015; Ebi and Bowen, 2015 and Hoddinot and Kinsey, 

2001). Conway (2008) indicates that between 1993 and 2003, drought-induced famines 

affected 11 million people in Africa. According to the World Meteorological Organization 

(WMO), droughts may have caused 280,000 human deaths between 1991 and 2000 globally 

(Logar and Bergh, 2011). About 60% of sub-Saharan Africa (SSA) is said to be vulnerable to 

drought, with 30% of it being estimated as highly vulnerable (Bonson and Clay, 1994; Benson 

and Clay, 1998) and Series of historic droughts in Sahel region caused serious environmental 

and societal effects, claiming lives, destroying livelihoods and rendering scores depended on 

relief assistance thus negatively impacting economies, agriculture, livestock and human 

populations (ISDR, 2005).  

Ethiopia has faced different drought period at different regions due to historical climate 

change impact. As Viste et al. (2013) reported, all zones in the country experienced some 

degree of drought at the annual scale, although in most zones, drought was occurred more 

extremely in the years 1984, 2000, 2001 and 2009 on the national level and historically 

drought in a year 1984, 8 million people were affected and 1 million people were died. 

Droughts have appeared more frequently in all parts of Ethiopia during the last 10–15 years. 

About one-third of the population died because of famine, and 90% of the animals scarified 

due to drought and drought related impacts. The 1957/58 drought and its related impacts led to 

famine in Tigray province and the 1972/73 famine caused by drought claimed 200,000 lives in 

Wollo province. Droughts in Ethiopia had drastic impacts on agricultural output with total 

crop failure and massive livestock deaths being recorded in many parts of the country. For 

instance, the 1984 drought in Wollo province led to a 61% and 94% decline in the yield of two 

important crops, teff and sorghum, respectively (Deressa et al., 2010, and FAO, 2003). 

Awash Basin also affected by drought frequently and that reduced the availability of food for 

human and livestock population, especially in Middle and Lower basin of Awash. Drought 

occurrences have caused serious threat to the region’s water resources, affecting the 

socioeconomic activity of the people and the diversity of ecosystem especially in the lower 
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reach of the basin. Desalegn et al. (2006) in a survey conducted that drought also happened in 

the Upper Awash Basin, reported that drought occurs every two years in the area. 

 It is known that Borkena river catchment is one part of Awash Basin which is under the stress 

of drought, this because of the climate of Kombolcha town and around the catchment varies 

between humid and sub humid condition and adopted less rain fall (Mesfin, 2001). Ketema 

(1978) Borkena river catchment is found around Dese and Kombolcha that Borkena river 

catchment amid the center of the famine affected area due to drought consequence. The hydro 

geological studies were conducted in Borkena river catchment and other researchers tried to 

know the extent of flood zone corresponding to the less frequent floods of different return 

periods (Tadesse, 1980) and some scientists investigated different studies on the catchment 

were Beyene, et al. (2009) Urban impact on ecological integrity of nearby Borkena river in 

Awash and Abebe et al. (2008) about geomorphologic evolution of the Borkena river 

catchment, But in Borkena river catchment there was no any study that analysis drought using 

different drought analysis techniques or indices, and this was the great problem to determine 

the drought condition at Borkena river catchment. As a result; there was no any drought 

analysis technique or index which is recommended for Borkena river catchment and it is 

difficult to know the drought condition clearly at the Borkena river catchment previously. 

Therefore to fill this gap; this study analyzed and recommended the best drought analysis 

techniques from four (SPI, RDI, RAI and PDI) to determine drought condition for Borkena 

river catchment and these techniques will be applied to solve problems that have been 

identified in the study area. In addition to this; this study helps to provide timely information 

about drought condition for Borkena river catchment about the past for planners and the 

researcher who will be studied further about the study area. Similarly this study used to serve 

as reference for decision makers considering the suitable drought analysis techniques to 

manage water resource and to mitigate the impact of drought for local level especially for the 

study area or even for regional level. 

It has been confirmed that no single indicator or index is adequate enough by itself for 

monitoring drought on regional scale. Instead, combinations of techniques integrated together 

have been found preferable for producing regional or national maps (Martini et al., 2004). 



4 
 

 
 

Therefore, the general objective of this study is that to compare and recommend appropriate 

drought analysis techniques for Borkena river catchment, Awash Basin, Ethiopia. This study 

also has specific objectives: 

 To analyze the drought condition using baseline climate data with four drought 

analysis techniques (SPI, RDI ,RAI and PDI) for Borkena river catchment and 

 To analyze the spatial distribution of drought with four Techniques (SPI, RDI, RAI 

and PDI) for Borkena river catchment.  
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2. LITERATURE REVIEWS 

2.1 Definition of Drought 

Drought is a normal recurring feature of climate in most parts of the world, which is among 

the earliest documented climatic events (George, 2003). Drought leads to significant 

environmental, agricultural, health, economic and social consequences (ISDR, 2009).Drought 

is considered by many to be the most complex but least understood of all natural hazards, 

affecting more people than any other hazard (Hagman, 1984). Droughts adversely impact rural 

and urban communities, industry, and primary production and, thus, a country's economy and 

brought differs from other natural hazards such as cyclones and floods as it is a slow on-

setting, creeping phenomenon (WMO, 2006). It is difficult to determine when the drought 

begins and, likewise, when it ends, as urban, agricultural and industrial sectors recover from 

droughts differently. 

It is a temporary aberration, in contrast to aridity, which is a permanent feature of climate in 

low rainfall areas (Bruins and Berliner, 1998). Drought is the consequence of a natural 

reduction in the amount of precipitation during an extended period of time, usually a season or 

more in length. Other climatic factors such as high temperatures, high winds, and low relative 

humidity are often associated with drought. These factors can significantly aggravate the 

severity of the event. Drought is also related to the timing and effectiveness of the rains: 

principal season of occurrence, delays in the start of the rainy season, occurrence of rains in 

relation to principal crop growth stages, rainfall intensity, and number of rainfall events. Thus, 

each drought year is unique in its climatic characteristics and impacts. Drought severity is 

dependent not only on the duration, intensity, and geographical extent of a specific drought 

episode, but also on the demands made by human activities and vegetation on a region's water 

supplies.  
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2.2 Purpose of Drought Analysis 

Drought studies are important because of their influence on the society and the economy of 

any nation. Extensive literature is available on droughts with respect to definition, methods of 

analysis and management procedures and it helps also for preparedness to improve water 

usage for a given area, for drought risk management plan, to aware about drought condition 

the farmers and stakeholders before and after drought happening periods (Gomez and Perez-

Blanco, 2012). 

2.3 Factors Associated with Drought 

Almost all droughts originate from a deficiency of precipitation but some others originate 

from the soil water deficiency and stream flow in the ground. 

 

 
Figure 1.Sequences of drought occurrence 

(Source: National Drought Mitigation Center, University of Nebraska–Lincoln, 

USA;http://drought.unl.edu/DroughtBasics/TypesofDrought.aspx). 



7 
 

 
 

In contrast to meteorological droughts, the other three types of droughts occur less 

frequently because it usually takes weeks or months before precipitation deficiencies 

cause’s soil moisture deficiencies, declines in stream flow, reduced reservoir levels and 

lower groundwater tables. Therefore, for drought monitoring and early warning purposes, 

the meteorological drought indices provide the best initial assessment. Once the 

meteorological indices indicate the onset of a drought, other non-meteorological indices 

provide complementary information to the relevant sectors describing the severity and 

impact (AMS, 2004). 

2.4 Drought in Africa 

Drought is a major threat to sustainable livelihoods in many parts of sub-Saharan Africa, in 

particular in dry land areas of arid and semi -arid regions (Glantz, 1987). Recent drought 

events have had serious economic, social, and environmental consequences and have resulted 

in land degradation, human migrations or relocations, famine, diseases, and loss of human life 

(UNDP/UNSO, 2000). In 1986, approximately 185 million people living in the dry land areas 

of Africa were at risk and 30 million were immediately threatened (Keck and Dinar, 1994). It 

is estimated that 65 million ha of productive land have become decertified on the southern 

edge of the Sahara in the past 50 years (United Nations, 1986). These droughts have resulted 

in a recurring deficiency of food supplies and the need for interventions by governments and 

international donors to alleviate food shortages to avert major losses of human life. For 

example, the 1991-92 droughts in southern Africa resulted in a deficit of more than 6.7 million 

tons of cereal supplies, which affected more than 20 million people (Keck and Dinar, 1994). 

2.5 Drought in Ethiopia 

Drought occurred almost in all parts of the world severely (Glantz, 2001). However; its impact 

is higher when it occurs in developing countries especially in Africa. This attributed the fact 

that majority of the population depend on rain fed agriculture. Ethiopia is one of the African 

countries frequently exposed to extreme drought and famine through the human history 

(Gebrehiwot et al., 2011). In Ethiopia weather risks are major determinant for occurrences of 

drought. Historical records reveal that, there were about 38 major drought events facing the 

country in the past six centuries.  
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Table 1. Major drought years and their effects Ethiopia for the last 50 years 

Years Affected areas (Regions) Impacts 

1964-1966 Tigray and Wollo 
About 1.5 million people were affected and 

300,000 million livestock were affected 

1972-1973 Tigray and Wollo Death about 200,000 people 

1978-1979 Southern Ethiopia 1.4 million people were affected 

1983-1984 All Regions 
8 million people were affected and died 1 

million people 

1982 Northern Ethiopia 2 million people were affected 

1987-1988 All Regions 2 million people were affected 

1991-1992 
North, East and South 

Ethiopia 
4 million people were affected 

1993-1994 Tigray and Wollo 7.6 million people were affected 

2000 All Regions About 10.5 million people were affected 

2002-2003 All Regions 
About 13 million people were affected and 

1.4 million livestock’s were died 

2006 Southern Ethiopia(Borena) 
About 7.4 million people were affected and 

247,000 million livestock’s were died 

2008 Southern Ethiopia(Borena) About 26,000 million livestock’s were died 

2008-2009 All Regions About 5 million people were affected 

2011 South and Eastern Ethiopia About 4.5 million people were affected 

2015-2016 
Northern, Southern and 

Easter Ethiopia 
About 10.52 million people were affected 

 

Sources: Compiled from Degefu (1987), Meze-Hausken (2000), FAO (2003), Segele and 

Lamb (2005), Amsalu and Adem (2009), Deressa et al., (2010), Famine Early 

Warning Systems Network (FEWS NET) (2011), Viste et al., (2012) and FDRE 

(2016). 
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2.6 Drought in Borkena River Catchment  

The climate and PET change were affected the Borkena river catchment. Due to this reason 

the catchment was highly victimized by the drought conditions as analyzed the climate and 

PET change for the previous time (Fikru et.al, 2020). The highly climate change was observed 

and happened time to time around the catchment, this magnifies the drought was distributed 

around the catchment. Beyene (2011) found that, the Borkena river catchment was under 

stress of drought conditions and adopted less rain in the catchment, and this causes the famine 

over the Borkena river catchment.  

 2.7 Types of Drought                   

Wilhite and Glantz (1985) reported that, there are four main categories of drought recently: 

meteorological drought, agricultural drought, hydrological drought, and socio-economic 

drought. 

2.7.1 Meteorological drought 

This is also termed as climatologically drought, refers to an expression of rainfall departure 

from normal over some period of time. Meteorological drought definitions are usually region 

specific and are based on a thorough understanding of the climatology of the region (NDMC, 

2006). 

2.7.2 Hydrological drought 

It links several characteristics of both meteorological and hydrological drought to agricultural 

impacts, focusing on precipitation shortages, differences between actual and potential 

Evapotranspiration, soil water deficits and reduced groundwater or reservoir levels. 

Considering the hydrological drought indices in the current literature, the surface water supply 

index is based on precipitation and monitored abnormalities in surface water supply sources 

such as reservoirs, stream flow and snow pack stored in highlands (Shafer and Dezman, 1982).  
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2.7.3 Agricultural drought 

Tishehzan and Eslamian (2017) agricultural drought usually occurs, when soil water 

availability to plants in a specific area has dropped to a level (threshold) that is insufficient for 

crop development, growth, and maturation and thus adversely affects the final crop yield. 

Percentage reduction from the long-term mean yield can be selected, and agricultural drought 

is considered to have occurred if final crop yield is below the given threshold. 

2.7.4 Socio economic drought 

Occurs when shortage of water begins to affect the health of well-being and quality of life of 

the people or when the drought starts to affect the supply of goods and services to the 

community (Benson and Clay, 1998). 

2.8 Frequency of Drought Occurrence 

The frequency of occurrence of droughts is very strongly influenced by the regularity and 

patterns of natural climatic variability, and may be influenced by changes in land cover thus, 

the effects of an increasing concentration of greenhouse gases on "drought" and its "impacts" 

are therefore likely to be extremely complex (Henny et al., 2007). 

Change in climate (changes in frequency and intensity of extreme weather events) is likely to 

have major impacts on natural and human systems (Aerts, 2004). The analysis and forecasting 

of extreme climatic events has become increasingly relevant to make planning effective. 

Although drought is becoming the most common and damaging natural hazard in Ethiopia, 

there were no as such detail studies conducted about its magnitude, frequency and spatial 

extent in different regions of Ethiopia (Degefu and Bewket, 2013). 

2.9 Drought Indices 

They are drought assessment tools and techniques used to analyze drought exposed region to 

natural hazard in the context of its vulnerability to extended periods of water shortage. To 

reduce the serious consequences of drought, a drought prone nation or region must understand 

the temporal and spatial variation of the hazard and establish comprehensive and integrated 
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drought early warning systems (EWS) that incorporate climate, soil and water supply factors 

such as precipitation, temperature, soil moisture, snow pack, reservoir and lake levels, 

groundwater levels and stream flow. Analysis of drought assessment after instrumental 

measurements is required, in addition to indices that are used as threshold in drought 

declaration. Drought may be recognized most unmistakably through its economic 

consequences. However, it requires a scientific approach on the quantitative index of water 

shortage. A drought index value is a single number used for decision making. There are 

several indices that measure on how much precipitation for a given period of time has deviated 

from historically established norms. 

2.9.1 Meteorological indices 

This type of drought considers the degree of dryness, duration of the dry period, and specific 

atmospheric conditions that result in deficiencies for its description. Following are some of the 

suitable indices. 

 The development and implementation of a drought index heavily depends on data availability 

(Steinemann et al., 2005). Earlier drought indices used meteorological data readily available 

from synoptic meteorological stations (Niemeyer, 2008). These include precipitation-only 

indices such as RAI (Van-Rooy, 1965), BMDI (Bhalme and Mooley, 1980), DSI (Bryant et 

al., 1992), NRI (Gommes and Petrassi, 1994), EDI (Byun and Wilhite, 1999), and DFI 

(González and Valdés, 2006). For reasons such as better correlation with drought impacts and 

accounting for temporal trends in temperature, additional meteorological variables have been 

considered. 

2.9.1.1 Standardize precipitation index (SPI) 

McKee et al. (1993) developed a formula to calculate meteorological drought index that is 

also solely based on precipitation data. Similar to the percent of normal, SPI compares 

precipitation with its multiyear average. SPI overcomes the discrepancies resulting from using 

a no standardized distribution by transforming the distribution of the precipitation record to a 

normal distribution. For this, the precipitation record is first fitted to a gamma distribution that 

is then transformed into a normal distribution using an equal-probability transformation. The 

mean is then set to zero and as such, values above zero indicate wet periods and values below 
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zero indicate dry periods. For any given drought, its score in SPI represents how many 

standard deviations its cumulative precipitation deficit deviates from the normalized average 

(Drought Watch, 2010). It helps in issuing warnings of drought and helps in the assessment of 

drought severity. The calculation is done on the long-term basis. This long-term period is 

fitted to a probability curve and then transformed into a normal distribution so that the mean 

desired period is zero. A drought event occurs when the SPI is continuously negative and 

reaches an intensity where SPI is –1.0 and it terminates when it becomes positive. Further, SPI 

could be calculated for all the months/weeks within the drought event.  

 
2.9.1.2 Palmer drought severity index (PDSI) 

PDSI (Palmer, 1965) is a popular meteorological drought index, especially in the US. The 

PDSI bases its concept of drought on water supply-and-demand instead of precipitation 

anomaly. Emphasis is on abnormalities in moisture deficiency rather than weather anomalies 

(Guttman, 1999). PDSI uses precipitation, temperature, and the local available water content 

(AWC) data for soil. Using these inputs, PDSI computes four terms in the water balance 

equation: Eva-potranspiration, runoff, soil recharge, and moisture. The index has proved most 

effective in determining long-term drought of several months and is not as good with forecasts 

over a matter of weeks. It uses ‘0’ as normal, and drought is shown in terms of (–) numbers; 

for example, –2 is moderate drought, –3 is severe drought and –4 is extreme drought. 

2.9.1.3 Rainfall anomaly index 

Rainfall anomaly index was developed by Van Rooy (1965). The negative and positive RAI 

indices are computed using the mean of ten minimum and maximum extreme values. RAI uses 

normalized precipitation value based up on the station history of a particular location. RAI 

addresses drought that affects agricultural, water resources and other sectors, as RAI is 

flexible in that it can be analyzed at various time scales. 

2.9.1.4 Precipitation deciles index 

One of the simplest meteorological drought indices is the method of Deciles which was 

introduced by Gibbs and Maher (1967). The precipitation totals for the preceding three months 

are ranked against climatologic records and if the sum falls within the lowest Deciles of the 
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historical distribution of 3-month totals, then the region is considered to be under drought 

conditions (Kininmonth et al., 2000). The drought ends when: (i) the precipitation measured 

during the past month already places the 3-month total in or above the fourth Deciles, or (ii) 

the precipitation total for the past three months is in or above the eighth Deciles. The 

advantage of the method of Deciles is its computational ease, but its simplicity can lead to 

conceptual difficulties. 

2.9.1.5 Reconnaissance drought index 

The Reconnaissance Drought Index (RDI) was developed to approach the water deficit in a 

more accurate way, as a sort of balance between input and output in a water system (Tsakiris 

and Vangelis, 2005) and it is based both on cumulative precipitation (P) and potential Eva-

transpiration (PET) which is one measured (P) and one calculated (PET) determinant. 

2.9.2 Hydrological drought indices 

This group of indices aims at providing a comprehensive characterization of delayed 

hydrologic impacts of drought. Earlier, the sophisticated PHDI (Palmer, 1965) model 

considered precipitation, Evapotranspiration, runoff, recharge, and soil moisture. The PDSI 

family of indices show ever lacked the snow component accumulation. 

Droughts are those periods of time when natural or managed water systems fail to provide 

enough water to meet the established human and environmental uses, due to natural shortfalls 

in precipitation or stream flow. The persistence of hydrological drought for 20 or more years is 

due to several land surface feedback combinations which led to the development of SWSI 

(Shafer and Dezman, 1982), probably the most popular of this group. 

The index was developed by Weghorst (1996) and Bureau of Reclamation in the USA, as a 

trigger to release drought emergency relief funds and has recently been used as a tool to define 

drought severity and duration, and to predict the onset and end of periods of drought is 

calculated at the river basin-level. It is a tool for defining drought severity and duration, in 

addition to prediction of onset and end of drought periods. It allows states to seek assistance 

for mitigation measures.  The Reclamation drought index, and makes use of temperature, 
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precipitation, snow-pack, stream flow and reservoir levels as data input and has the advantage 

that by including a temperature component, it also accounts for evaporation.  

2.9.3 Agriculture index 

The definition of agricultural drought index hovers around the soil moisture deficiency in 

relation to meteorological droughts and climatic factors and their impacts on agricultural 

production (Panu and Shama, 2002). When the problem is analyzed on a smaller scale 

Mannocchi (1987) the phenomenon of agricultural drought index is that the way to analyze the 

individual hydrological processes associated with crop water consumption and the conditions 

of their interaction, and then by establishing the selective information about the processes to 

be considered. Thornthwaite and Mather (1955) relative soil moisture calculated the water 

balance from various methods. Take climate, soil and crop variables including potential 

evapo-transpiration and precipitation, soil, physical properties and crop characteristics and 

crop management practices (Sivakumaretal, 2011). 

Soil moisture drought index was developed by Hunt et al. (2009) which tells the soil water 

decline degree for crops or vegetations and the degree of stress about the crops by indicating 

the prolongation of agricultural drought for the area. 

2.10 Comparative Study of Drought Analysis Techniques 

It has been confirmed that no single indicator or index is adequate enough by itself for 

monitoring drought on regional scale. Instead, combinations of techniques integrated together 

have been found preferable for producing regional or national maps (Martini et al., 2004). 

Because of the inherent complexity of the drought phenomenon and variation in the available 

good quality data, the performance of drought indices in characterizing historic drought events 

may vary from place to place (Jain et al., 2015). Identifying an appropriate drought index for a 

specific region is crucial for mitigating and preparing for drought-related disasters. 

Comparative studies of drought indices have been carried out in many regions or river basins. 

Jain et al. (2015) compared the suitability of six drought indices in the Ken River basin, India, 

and indicated that the Effective Drought Index (EDI) is a more suitable drought index for the 

study basin likewise; Morid et al. (2006) compared the performances of seven drought indices 
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and recommended using the EDI and SPI for drought monitoring in the basin. Their study also 

indicated that the EDI was more responsive to drought and performed better than the SPI. 

Okpara and Tarhule (2015) evaluated the performance of three drought indices in the Upper 

Niger basin based on six decision criteria. Barua et al. (2009) evaluated the performance of 

five drought indices to determine the suitable method and to address enough information about 

for the Yarra river catchment in Australia. They found that the Aggregate Drought Index 

(ADI) was superior and preferable to other indices for the study catchment. In addition, 

drought related studies in Ethiopia have been reported in the literature, especially focusing on 

areas in the northern and eastern parts of the country (Bayissa et al., 2018), including the 

Upper Blue Nile (UBN) basin. They have compared six drought indices; and decided that 

none of the six drought indices could individually identify the drought events clearly; however 

combined drought analysis techniques moderately identified the drought condition for the 

selected area. 

2.11 Spatial Analysis of Drought  

Usually the spatial patterns of drought are very complex. It is very common for one area to 

suffer dry condition, whilst neighboring areas experience normal or even humid condition 

(Fowler and Kilsby, 2002; Komuscu, 1999). Analyze the drought condition spatially, used to 

determine the severity of drought at the area and used to identify the appropriate techniques to 

encourage the monitoring plane efficiently (Whilte and Svobada, 2000).The spatial 

interpolation provides the best representation know areas in attempt to create a continuous 

surface (Johnston et al., 2001). The most commonly known spatial interpolations methods are 

Kriging and IDW (Inverse Distance Weighted) methods. This is due to that (a) Kriging 

assumes the distance between events has spatial correlation but IDW concerns more the 

nearest distance to weight the spatial distribution (Anderson, 2002); (b) it provides the best 

linear unbiased estimates and information on the distribution of the estimation error and shows 

strong statistical advantages (c) it is an improvement over inverse distance weighting (another 

geo-statistical tool) interpolation because prediction estimates in Kriging tend to be less biased 

and are accompanied by prediction standard errors. 
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2.12 Software’s for Analyzing Drought Conditions 

To measure the value of drought, it is better to select useful software. Therefore, to 

quantitative analysis of drought characteristics and of research works on the impact of 

droughts, we should monitor and assess the value of drought indices. Drought indices are often 

used for detecting the early onset and end of droughts. Drought indices are useful for 

indicating the number of amount of drought changes in different time scale. Therefore, it is 

essential that users can easily calculate these indices through software. 

2.12.1 Rain-based drought indices tool (RDIT) software 

The world is suffering from many natural disasters such as droughts due to climate change. 

We may need more research activities and monitoring this phenomenon for preparing to 

countermeasures on droughts. With appropriate tools, we can achieve a better result. One of 

this tools are drought indices, however calculating the indices are not easy for users and they 

need a user-friendly software application to calculating them. So, the "RDIT" tool can 

calculate and perform rain-based drought indices. 

This software can calculate eight indices of meteorological drought. You can draw graphs and 

estimate the severity, onset, and end of each period's drought. Input and output data are in 

excel format file. For input data, RDIT is smart. It can assess your data and check blank cells 

and produce data for "null" cells. This software calculates SPI (Standardized Precipitation 

Index), DI (deciles index), PN (Percent of Normal Index), RAI (Rainfall Anomaly Index), EDI 

(effective drought index), CZI (China-Z index), MCZI (modified CZI), ZSI (Z-Score Index) in 

form of yearly, seasonally, monthly and moving average for 3, 6, 9, 12, 18, 24, 48 months. 

2.12.2 Meteorological drought monitor (MDM) software 

The meteorological drought monitor software application for calculating eight rain-based 

meteorological drought indices, namely: SPI (Standardized Precipitation Index), DI (deciles 

index), PN (Percent of Normal Index), RAI (Rainfall Anomaly Index), EDI (effective drought 

index), CZI (China-Z index), MCZI (modified CZI), and ZSI (Z-Score Index) in form of 

yearly, seasonally, monthly and moving average for 3, 6, 9, 12, 18, 24, and 48 months. 
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Because using different drought indices at a given time can show drier or wetter than usual 

conditions (Smakhtin and Hughes, 2007), user-friendly software is a critical tool for 

calculating and comparing multiple locations, time periods, and data source influences 

efficiently. The “MDM” software package currently bases calculations on two sources of data. 

The first is a synoptic station data file, which includes daily precipitation in excel format. The 

second one is a database of daily precipitation from AgMERRA, available for the Middle-East 

region. The user can click the map on the desired point in the package and calculate all indices 

for that 0.25 degree grid location. There is a complete help file in the package, which 

describes all setup steps.  

2.12.3 Drought indices calculator (DrinC) software 

DrinC is software package developed at the Centre for the Assessment of Natural Hazards and 

Proactive Planning and the Laboratory of Reclamation Works and Water Resources 

Management of the National Technical University of Athens. It is widely used for the 

calculation of drought indices, suitable for drought characterization, drought monitoring, 

spatial analysis of drought and investigation of climatic scenarios. The key objectives in its 

design was the widest possible applicability for several types of drought (meteorological, 

hydrological, agricultural) and different locations. It was also taken into account that drought 

studies are particularly essential in arid and semi-arid regions, where data availability is 

usually limited. Therefore, the main criteria for the selection of indices computed by the 

software were: a) to have relatively low data requirements, allowing the application of the 

software in many regions and b) their results to be clearly interpreted for direct and efficient 

operational use. Based on these criteria, two recently developed and two more widely known 

indices were included in DrinC: the Reconnaissance Drought Index (RDI), the Stream flow 

Drought Index (SDI), the Standardized Precipitation Index (SPI) and the Precipitation Deciles 

(PD). 

In real world several institutions and research groups have used DrinC in various applications 

and drought studies, mainly in arid and semi-arid regions. A few of them are presented below:  

The Centre for the Assessment of Natural Hazards and Proactive Planning of the National 

Technical University of Athens (NTUA) studied drought episodes on a regional level at the 
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island of Crete. A series of annual drought maps were produced with the use of DrinC along 

with a spatial distribution model (Tsakiris et al., 2007b).  

The Meteorological Service of Cyprus has used DrinC in two studies for the assessment and 

the monitoring of drought in Cyprus, using an extensive network of meteorological stations 

and GIS techniques (Pashiardis and Michaelides, 2008).The University of Thessaly used 

DrinC to assess meteorological drought for a period of 45 years, using three drought indices 

(Deciles, Palmer Z and RDI) (Kanellou et al., 2008).The Water Directorate of the Malta 

Resources Authority used DrinC to analyze drought events in the country through RDI and 

SPI. And also, there was an attempt to assess the problems that could be caused by water 

shortage due to severe drought events (Borg, 2009). 

2.12.3.1 Steps to determine indices using DrinC software  

According to Tsakiris et al. (2007a): 

1. Collect all the necessary monthly data of each reliable meteorological station of the selected 

area, 

 2. Transfer meteorological data at a basin or sub-basin level, 

3. Calculate selected indices on an appropriate time scale (e.g. trimester, semester or annual 

scale),  

4. Display the results graphically using colors for the various levels of drought intensity and 

 5. Analyze the frequency of occurrence of 1-year drought using historical data. Other time 

steps could be also used. 

2.13 Some Selective Methods  

2.13.1 Methods for estimating missing data 

Salas et al. (2018) reported that, estimating the missing data is the process of filling the 

missing data for the data accuracy to get the good result for the research. To analyze and find 

the good performance of the collected data estimating the unfilled data is necessary to use as 

input like precipitation, climate and stream flow to precede the study. 
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2.13.1.1 Arithmetic mean method 

If the normal annual precipitations at surrounding gauges are within the range of 10% of the 

normal annual precipitation at station X, then the Arithmetic procedure could be adopted to 

estimate the missing observation of station X (Silva et al., 2007). This assumes equal weights 

from all nearby rain gauge stations and uses the arithmetic mean of precipitation records of 

them as estimate (Tabios & Salas, 1985). 

2.13.1.2 Normal ratio method 

This method is used if any surrounding gauges have the normal annual precipitation exceeding 

10% of the considered gauge.  This weighs the effect of each surrounding station (Singh, 

1994).  

2.13.1.3 Aerial precipitation ratio method 

This method was developed based on distribution of daily rainfall without accounting for the 

historical recurrence. The method leads the extension of point rainfall records to Thiessen 

Polygon areas The APR  method as sums the contribution of  rainfall from surrounding 

stations is  proportionate to the  aerial contribution  of each sub catchment (Thiessen  polygon 

area claimed by each station without considering the missing gauge), when the station of 

missing  values is excluded (De Silva, 1997). 

2.13.2 Methods to determine areal distribution of rainfall  

Rainfall over an area is usually estimated from a network of rain gauges stations. Rainfall data 

shows a considerable spatial variation over any region as explained by Jackson (1972). Wilson 

and Atwater suggested that this variation is due to differences in the type and scale of 

precipitation producing processes which are strongly influenced by local or regional factors 

such as topography and wind direction (Wilson and Atawater, 1972). Areal average rainfall is 

most conveniently determined from a well-suited network of rain gauges which show the local 

variations of precipitation (Sen and El Jadid, 2000). 
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2.13.2.1 Arithmetical - mean method 

When the rainfalls at various stations in a catchment show little variation, the average 

precipitation over the catchment area is taken as the arithmetic mean of the station values 

(Volkmann et al., 2010). 

2.13.2.2 Thiessen - Polygon method 

Tatalovich et al. (2006) reported that, this method is simple method created to obtain for areas 

moderate size, frequently used and good technique when there is a reasonable dense gauge 

network. In this method, adjacent stations are joined by straight lines, thus dividing the entire 

area into a series of triangles. Perpendicular bisectors are erected on each of these lines, thus 

forming a series of polygons, each containing one and only one rainfall station. It is assumed 

that the entire area within any polygon is nearer to the rainfall station. The rainfall recorded at 

that station is, therefore, assigned to that polygon.  

2.13.2.3 Isohyetal method 

Kerr et al. (2011) reported that, isohyets is a line joining points of equal rainfall magnitude, in 

the isohyetal method, the catchment area is drawn to scale and the rain gauge stations are 

marked on the map. Neighboring stations outside the catchment are also considered. The 

isohyets of various values are then drawn by considering point rainfalls as guides and 

interpolating between them by the eye. The area between the adjacent isohyets is either 

estimated on the graph paper or measured by plan meter. Used to where the areas network of 

the satiations within the storm areas are sufficient dense, for large areas over 500 km2 and for 

hill areas. 

2.13.3 Methods to determine PET 

Although several variations of the definition exist, potential evapotranspiration (PET) can be 

generally defined as the amount of water that could evaporate and transpire from a vegetated 

landscape without restrictions other than the atmospheric demand (Thornthwaite, 1948; 

Penman, 1948; Jensen et al., 1990). The concept of PET provides a convenient index to 

represent or estimate the maximum water loss to the atmosphere. Estimates of PET are 
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necessary in many of the rainfall-runoff and ecosystem models that are used in global change 

studies (Band et al., 1996; Hay and McCabe, 2002). Potential evapo- transpiration is also used 

as an index to represent the available environmental energies and ecosystem pro- ductility 

(Currie, 1991). 

2.13.3.1 Hargreaves method  

Temperature based method used to estimate PET with the simplest parameters temperature 

minimum and temperature maximum considering extra terrestrial radiation. This is the 

simplest and modified method to estimate the PET of the area (Hargreaves, 1985). 

2.13.3.2 Thornthwaite method  

Temperature based method used to estimate amount of PET from the surface by using the 

parameter daily temperature and affected by day time length and the time of applicable time is 

earlier than Hargreaves method (Thornthwaite, 1948). 

2.13.3.3 Pen-man method  

This is the complex method which contains parameters like: air temperature, air humidity, 

wind speed and sunshine to estimate the PET of the area (Pen-man, 1948). 
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3. MATERIALS AND METHODS 

3.1 Description of the Study Area 

3.1.1 Location 

The Borkena River is one of the main tributaries of the Awash River. It drains from the 

mountainous chains and escarpments found in the northern plateau which is adjacent to the 

Afar rift down to south eastern direction and after joining the Jara River in around the Cheffa 

swamp, it finally enters the Awash River. 

The Borkena River catchment lies between 10°35' and 11°18' North latitudes and between 

39°30' and 39°56' East longitudes. The study area is located approximately 375 km northeast 

of Addis Ababa on one of the two main national north-south long-distance roads (Beyene et 

al., 2009). The total area of the Borkena river catchment is 1,259 km2 for this study.  

 

Figure 2. Location of study area map 
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3.1.2 Climate 

The climate of the area upstream of the town of Kombolcha varies between sub humid and 

sub-tropical, and according to the traditional classification of climate which is mainly based on 

altitude variation, the climate is classified as “Dega and Weyna Dega” (Mesfin, 2001). The 

mean annual rainfall over the catchments is 1,096.6mm and most of which is concentrated in 

the big rainy months that lasts from July to August. The mean monthly temperature 

considering the selected stations varies between 9.13°C to 31.02°C which corresponds to 

monthly. Monthly mean sunshine hour and relative humidity varies between 5.0% to 8.5% and 

40.1% to 64.3% respectively with rainy seasons being humid and have lower sunshine hour. 

The sub humid area covers about 50.3% and the subtropical aerial coverage is about 49.7 % of 

the total catchments area (Mesfin, 2001). From Borkena river catchment the meteorological 

stations, mean monthly rainfall, monthly mean average Tmin and Tmax for Haik and 

Kemissie were represented in Figure 3 and 4, respectively and for Kombolcha and Majete 

were shown in the  Appendix Figure 1, and 2,respectively. 

 

Figure 3. Historical mean monthly rainfall, monthly mean average Tmin and Tmax for Haik 

station (1987-2017) 
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Figure 4. Historical mean monthly rainfalls, monthly mean Tmin and Tmax for Kemissie 

stations (1987-2017) 

3.1.3 Topography 

The topographic variation of the area ranges from about 3,360 m.a.s.l on the top of the ridge in 

around the north west of the water divide at Kutaber, to 1,680 m.a.s.l in the floor of the graben 

at around the town of Kombolcha (Mesfin, 2001). Both the towns of Dese and Kombolcha are 

located at an elevation around 1,800 m.a.s.l and 2,660 m.a.s.l respectively. The fault bounded 

graben form large plain areas such as the Boru plain, Alaska plain, Marim-Weha plain, and 

large flat lands in Kombolcha and its surroundings.  

3.2 Materials, Software and Models 

3.2.1 Materials 

To accomplish and fit the objective of study, materials were used in different way for different 

purpose like, GPS for taking geographic-coordinate values of stations (altitude, latitude and 

longitude) and ArcGIS 10.4 tool for determination of study area map and determination of 
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drought distributions on the study area and Earth Google for acquiring information about the 

study area location. 

3.2.2 Models and software  

After the arrangement and filling of the missing climate data or input data (rainfall, Tmin and 

Tmax) software’s and models were applied with their appropriate functions. These models and 

software’s used to get the optimum objective achievement of this study. DrinC software and 

XLSTAT software were applied in their appropriate functions.  

3.3 Data Collection 

Meteorological data were collected. There are four selected meteorological stations as 

indicated in Table 2, for this study. Historical daily minimum and maximum temperature and 

precipitation data were collected for Borkena River catchment from Ethiopian National 

Meteorological Agency (NMA).Some descriptions about the selected meteorological stations 

were given in Table 2. 

Table 2. Description of four selected stations 

No. 
Stations 

name 

Latitude 

(o) 

Longitude 

(o) 

m.a.s.l 

(m) 

Record 

time 

Area coverage from 

total area (km2) 

1 Haik 11.30 39.68 1985 1987-2017 102 

2 Kemissie 10.72 39.83 1450 1987-2017 396 

3 Kombolcha 11.08 39.71 1857 1987-2017 685 

4 Majete 10.50 39.85 2000 1987-2017 76 

 

3.4 Determination of Areal Rainfall and PET  

Areal precipitation distribution and PET distribution is the way to determine the precise 

content values within the areal coverage for the selecting stations in the specific study area. To 

determine such accurate information Thiessen polygons were applied for capturing individual 

stations weight and mean rainfall and PET over the entire study area. For the study area there 

were four selected meteorological stations within each area in Borkena river catchment for 
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collecting rainfall. The collected annual rainfall is taken as coverage of the rainfall. However; 

the rainfall might vary from one station to another station. Therefore, the average based annual 

rainfall value might be less accurate. To avoid or to reduce the less accurate result Thiessen 

polygon used to calculate the station weights based on the relative area of measurement station 

in the Thiessen polygon as shown in the following formula (Forestry, 2001). 

 

Pave =
⋯

⋯
                                                                                                                          1                                                                           

where: Pave =areal mean precipitation  

                      =P1, P2…Pn are the rainfall magnitude recorded by the stations 1, 2…n 

respectively belongs to areas of the polygon 

                      =A1, A2…An area of each polygon  

To determine the amount of rain which is evaporated from the Borkena river catchment, PET 

was determining for each stations. The value was determined for stations corresponding with 

the area coverage of stations from the area coverage of the study area. For this study 

Hargreaves method was preferred to determine the PET from the other methods of 

determination. 

3.5 Data Preparation 

Errors in data may arise from instrumentation, station condition, observation and recording, 

transmission, coding and transcription. Therefore, the data that were collected from the source 

to use as input for the Model and Software may not be reliable due to the above reasons, so 

input data were filled and checked for missing values, consistency and homogeneity. 

3.5.1 Estimating missing data 

The meteorological missing data were filled using arithmetic mean method for this study. The 

reason why Arithmetic mean method was applicable is that the existing percentages of missed 

data for stations were difference less than 10% with its Normal rainfall and mathematically 

estimated as 

 P =
    …

                                                                                                                                   2 
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where, PX=missing annual precipitation at station X not included in the M stations, 

P1, P 2, P3...Pm =annual precipitation at neighboring M stations 1, 2, 3…M and 

M=number of stations 

3.5.2 Consistency test 

Double mass curve technique was used to check the consistency of rainfall data in the 

catchment. This is because double mass curve is simple, visual, practical method and it is 

widely used in the study of consistency of long- term trend test hydro meteorological data (Mu 

et al., 2010).  

3.5.3 Homogeneity test 

Homogeneity is an important issue to detect the variability of the given data. Homogeneity 

change mostly caused by change in measurement techniques, observational procedures, 

environment characteristics and location of the stations. In order to detect the change it is 

better to test the homogeneity of meteorological data using SNHT method and most country 

used it for test (Wijngaard, et al., 2003). Due to this reason, for this study, the data was tested 

using XLSTAT software with SNHT method. 

3.6 Data Analysis 

3.6.1 Estimate the drought occurrence probability 

In terms of water management, design events of given return periods are often the basis for 

operational guidelines, policy and insurance standards, and risk acceptance. Estimates of the 

probability of occurrence of extreme events can be derived from analyses of time series, either 

historical records or simulated series, by the method of frequency analysis (Vogel, 1987) and 

for this study historical records were applicable. Frequency analysis is one of the most 

common and earliest applications of statistics within hydrology. It involves (a) definition of 

the hydrological event and extreme characteristics to be studied, (b) selection of the extreme 

events and probability distribution to describe the data, (c) estimation of the parameters of the 

distribution, and (d) estimation of extreme events or design values for a given problem. 
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To calculate drought frequency using the California formula it is an obligate to count the 

number of repetitions for extreme, severe and moderate droughts for a given period. If the 

procedure is in account the California formula is used to determine and analyze drought 

frequency of the study area considering the number of occurrence and repetition of drought 

affected years for the given period of time, this is because of the percentage of years were 

calculated by taking the percentage of the ratio of total number of years that show drought 

conditions (extreme, severe and moderate) with total drought events in the study period.   

Considering such benefits, for this study to determine the probability of occurrence and return 

period of the drought condition the California formula was adopted. 

P =
m

n
∗ 100                                                                                                                                                  3 

T =
1

P
∗ 100                                                                                                                                                   4 

where:  P=the probability of drought occurrence  

              m=frequency of the events 

               n=total number of events  

               T=return period 

3.6.2 Reconnaissance drought index (RDI) 

RDI is based on cumulative precipitation (p) and PET. Both RDI and PET were computed by 

DrinC software, where, in Hargreaves equation was used for PET. The initial value (αk) of 

RDI is calculated for the i-
th

 year in a time basis of k (months) as follows: 

𝑎𝑘( ) =
∑ 𝑃𝑖𝑗

∑ 𝑃𝐸𝑇𝑖𝑗
, 𝑖 = 1(1)𝑁 𝑎𝑛𝑑 𝑗 = 1(1)𝑘                                                                                 5  

In which Pij and PEij are the precipitation and potential Evapotranspiration of the j-th month of 

the i-th year and N is the total number of years of the available data. The values of αk follow 

satisfactorily both the lognormal and the gamma distributions in a wide range of locations and 

different time scales, in which they were tested  (Tsakiris et al., 2008). 
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When applying the lognormal distribution, the following equation was used 

for the calculation of RDIst: 

𝑅𝐷𝐼 𝑠𝑡( ) =
𝑦( ) − y¯ 

ˆy
                                                                                                                                 6 

In which y (i) is the ln (ak(i)), y¯ is its arithmetic mean and ˆy is its standard deviation. In case 

of applying the gamma distribution, the RDIst can be calculated by fitting the gamma 

Probability density function (PDF) to the given frequency distribution of αk (Tigkas,2008; 

Tsakiris et al., 2008). For this study Hargreaves method was preferred to determine the PET 

from the other methods of determination. The reason why it was preferred is that, it requires 

climate data like Tmin and Tmax and in the study area wind speed and relative humidity are 

not available. The equation was developed as follow by Hargreaves et al. (1985). 

PET= 0.0023 (Tm+17.8) ( √𝑇max − 𝑇min)Ra                                                                          7  

where, Tm is daily mean air temperature [°C], Tmax is daily maximum air temperature [°C], 

Tmin is daily minimum air temperature [°C], and Ra is extraterrestrial radiation [MJ m-2 day-

1]. The mean air temperature in the Hargreaves equation is calculated as an average of Tmax 

and Tmin and Ra is computed from information on location of the site and time of the year. 

Table 3. Reconnaissance drought index classification criteria  

RDI values Drought Class 

>2 Extremely wet 

1.5-1.99 Very wet 

1.0-1.49 Moderately wet 

-0.99-0.99 Near normal 

-1.0 to-1.49 Moderately dry 

-1.5 to-1.99 Very dry 

<-2 Extremely dry 

Source: (Tsakiris et al., 2007) 
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3.6.3 Standard precipitation index (SPI) 

Standardized Precipitation Index (SPI),if the monthly rainfall time series of stations in area are 

referred to Pij in this i is hydrological year and j is months of the hydrological year. Rainfall 

time series with different periods can be obtained using the following equation. 

Rik=∑ 𝑃𝑖𝑗i = 1,2, … j = 1,2, … ,12 ,k= 1,2,3,4,5,6                                                                 8 

SPI based on high cumulative rainfall ( Rik ) for the basis period (k) Relating to (i) 

hydrological year was obtained as following equation. 

SPIik=
 
                                                                                                                                                  9 

R̄k and Sk is the mean height of cumulative rainfall and standard deviation cumulative rainfall 

for the based on k.  

Table 4. The various modes of drought in SPI  

SPI values Drought Class 

>2 Extremely wet 

1.5-1.99 Very wet 

1.0-1.49 Moderately wet 

-0.99-0.99 Near normal 

-1.0 to-1.49 Moderately dry 

-1.5 to-1.99 Very dry 

<-2 Extremely dry 

Source: (McKee et al., 1993) 

3.6.4 Precipitation deciles index 

This method was developed by Gibbs and Maher in (1967) and has been widely used since 

then to calculate DI’s. The Deciles approach is majorly used to calculate the meteorological 

drought as it is relatively simple and requires very little calculations. Long term rainfall data 

are required for calculation of DI using Deciles method. Here, firstly the rain fall data are 

arranged in descending order i.e. from highest rainfall to lowest. Then, cumulative frequency 
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distribution is done for the same. Now this distribution is split into ten parts based on equal 

probability distribution and is expressed in percentage. Each part will thus be termed as 

Deciles. The first Deciles indicate the lowest 10% while the last Deciles indicate the highest 

10% of rainfall. The formula for PDI calculation for this study the formula was given by 

equation. 

𝑃𝑖 =
i

𝑁 + 1
∗ 100                                                                                                                         10 

where, Pi is probability of rain in number ith and N is the number of rainfall data. 

 
Table 5.Classification of drought conditions according to Deciles  

PDI Percent Classification 

Deciles 1–2 Lowest 20 % Significantly below normal 

Deciles 3–4 Next lowest 20 % Below normal 

Deciles 5–6 Middle 20 % Near normal 

Deciles 7–8 Next highest 20 % Above normal 

Deciles 9–10 Highest 20 % Significantly above normal 

Source :( Gibbs and Maher, 1967) 

3.6.5 Rainfall anomaly index 

The RAI considers two anomalies, i.e., positive anomaly and negative anomaly. First, the 

precipitation data were arranged in descending order. The ten highest values were averaged to 

form threshold for positive anomaly and the ten lowest values were averaged to form a 

threshold for negative anomaly.  For this study, the thresholds were calculated by the formula: 

RAI= 3[ ], for positive anomalies, if P> P̅ and                                                                     11 

RAI= -3[ ], for negative anomalies, if P< P̅                                                                          12 

Where: P= is the precipitation for the specific year  

P̅=is the mean of precipitation of all records for the periods  

M̅=is the mean of the highest ten precipitation study periods 

N̅= is the mean of the lowest ten precipitation study period 
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Table 6. Classification of drought conditions according to RAI  

RAI values Drought classes 

More than 3 Extreme wet 

2 to 2.99 Very wet 

1 to 1.99 Moderate wet 

0.99 to -0.99 Normal 

-1 to -1.9 Moderate dry 

-2 to -2.99 Very dry 

Less than -3 Extreme dry 

Source: (Van Rooy, 1965) 

3.6.6 Correlation analysis of selected drought analysis techniques 

The correlation coefficient is a measure that determines the degree to which the two 

relationships are associated. The most common correlation coefficient, generated by the 

Pearson product moment correlation, may be used to measure comparative objectives.  

 

The correlation coefficient, denoted by r, is a measure of the strength of the straight-line or 

linear relationship between two variables with in less relation or values indicate a weak 

positive (negative) linear relationship. When the strength of relationship between two selected 

variables or objectives are strong or high correlation, there is high closely relationship between 

them (Ganti, 2019). 

To determine the relation among different variables using correlation analysis is very crucial 

view to achieve at the decisions about their relationship. The relation may be negative or 

positive considering only the sign of r values. To determine the statistical fit of the selected 

variables the Pearson’s correlation is widely used due to its simplicity. Due to this reason for 

this study the Pearson correlation coefficient was applicable to inspect the relation between 

SPI, RDI, RAI and PDI drought analysis techniques. 
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Table 7. Pearson correlation coefficient criteria  

R values Description 

0.00 to 0.19 Very weak 

0.20 to 0.39 Weak 

0.40 to 0.59 Moderate 

0.60 to 0.79 Strong 

0.80 to 1.00 Very strong 

Source: (Shirley et al., 2004) 

3.6.7 Spatial distribution of drought 

For this study Kriging method was selected. In order to analyze the severity drought condition 

at the study area with four drought analysis techniques (SPI, RDI, RAI and PDI), results were 

spatially interpolated with Kriging method using ArcGIS 10.4 software. The importance of 

showing the spatial distribution over the area is that, to determine the extent of drought 

distributions over the area with different severity of drought conditions. 
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3.7 General Approaches of the Study 

As indicated in Figure 5, the schematic representation of the steps to be followed in this 

research was indicated as flowchart. It also shows the correct inputs and the way how to 

perform with respect to the goal of the study and it helps to follow up the steps to accomplish 

the work orderly.  

 

Observed Climate Data

Data preparation 

DrinC software

RAI
SPI, RDI  and PDI  index

Drought Analaysis
Spatial distribution of 

drought

ArchGIS 10.4

Compare drought analysis techniques

 

Figure 5. Approaches of the study   
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4. RESULTS AND DISCUSIONS 

4.1 Data Quality Control and Set for Analysis 

4.1.1 Filling of missing data 

 The percentages of missed meteorological data were filled as indicated in Table 8. 

Table 8. Summary of missed and filled data in percent 

No Stations name 
Recorded 

time 

Missed meteorological data (%) 
Remark 

Rainfall Tmax Tmin 

1 Haik  1987-2017 0.48 2.23 2.77 Filled 

2 Kemissie 1987-2017 9.10 8.70 8.30 Filled 

3 Kombolcha 1987-2017 0.99 1.42 0.85 Filled 

4 Majete 1987-2017 7.90 3.40 4.20 Filled 

 

4.1.2 Consistency test of data 

The consistencies of the collected rainfall data were checked by using the double mass curve. 

The double mass curve was plotted with the annual cumulative total rainfall (mm) of the base 

station with the average annual cumulative total rainfall data (mm) of neighboring station. The 

result as shown in Figure 6, there is no broken line on the double mass curve. Due to this 

reason, it doesn’t require to correct the slope of the straight line. This is importantly shows that 

for this study the collected rainfall data were consistent over the selected period of time (1987-

2017) and rainfall data can be used as input to selected software. 
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Figure 6.Double mass curves for consistency test of stations 

4.1.3 Homogeneity of rainfall data series 

To know the homogeneity of the annual rainfall data for the selected stations and to set for 

further analysis it is better to test the meteorological stations homogeneity. Homogeneity of 

the annual rainfall for the stations was tested using XLSTAT statistics software by the means 

of SNHT (Standard Normal Homogeneity Test). The results of the meteorological stations 

show that the data were homogenous in Table 9. This is because of the computed p-value is 

greater than significance alpha level. Due to this result we cannot reject the null hypothesis 

(Ho) and from this it can be concluded that all the collected rainfall data were homogenous. 

The homogeneity test for Kemissie and Haik meteorological stations were indicated in Figures 

7 and for Kombolcha and Majete homogeneity test were represented in Appendix Figure 3. 

Table 9. Standard normal homogeneity test (SNHT) for rainfall 

No. 
Stations 

 name 

Minimum 

rainfall 

Maximum 

rainfall 

Mean 

rainfall 

 Standard 

 deviation 
P-value 

Alpha(α) 

Value 

1 Haik 683.32 1776.01 1189.22 201.62 0.43 0.05 

2 Kemissie 616.33 1435.12 1042.41 225.91 0.23 0.05 

3 Kombolcha 551.24 1319.33 1014.61 163.71 0.19 0.05 

4 Majete 784.63 1491.33 1139.53 177.90 0.30 0.05 
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Figure 7.Annual RF homogeneity test for Kemissie and Haik stations 

4.2 Thiessen Polygon of the Study Area 

To determine the exact area coverage of the stations Thiessen polygon was applicable for this 

study using ArcGIS 10.4 software. Thiessen polygon method used to determine the 

contribution of selected stations over the river catchment. Rainfall and PET were determined 

for individual station within accurate areal coverage. This is because the collected rainfall and 

climate data were not distributed evenly for each station over the river catchment. In Table 10, 

areal weighted and percentage of station weight represented and its map was displayed in 

Figure 8. 

Table 10. Thiessen area coverage’s of the selected stations 

No Stations name Area weight (km2) Gauge weight (%) 

1 Haik  102 8.10 

2 Kemissie 396 31.45 

3 Kombolcha 685 54.40 

4 Majete 76 6.04 
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Figure 8. Map of Thiessen polygon for Borkena river catchment 

4.3 Analysis of Drought Condition for Selected Period (1987-2017) 

The values to determine the severity, frequency and their times of drought occurrence were 

calculated and transport as input to DrinC software to compare SPI, RDI, PDI and RAI 

drought indices. Determining the amount of drought affected years resulted from drought 

analysis indices it is possible to know the frequency and repetitions of the drought affected 

years.   

4.3.1 Analysis of drought condition using SPI technique 

 To calculate the SPI precipitation data were used as input, which was collected from four 

stations (Haik, Kombolcha, Kemissie and Majete) for 31 years. The SPI was calculated and 
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arranged as input for DrinC software and results were obtained to determine the severity, 

probability of occurrence and frequency of drought annually for the study area.  

As results shown in Table 11, there were 8 drought affected years severely, 5 drought affected 

years moderately and 4 drought affected years extremely as analyzed by SPI drought analysis 

index for the four station. 

Table 11. Annual drought analysis using SPI for the base period (Extreme, Severe and 

Moderate) 

No Stations name 
Drought Severity Years 

Extreme Severe Moderate 

1 Haik 2015 2008 ٭ 

2 Kemissie 1992 1987,1990,2009,2012, 2015 2011 

3 Kombolcha 1987 2015 1991, 2008 

4 Majete 1988 2016 1992, 2009 

 indicates year no drought ٭

The result in Figure 9, indicated that in the years 1987 has an extreme drought situation for 

Kombolcha station, the 2015 for Haik station has experienced extreme drought condition 

similarly the year 1988 for Majete station has affected by drought and 1992 for Kemissie 

station affected by drought. Severe drought conditions have more vulnerable for Kemissie 

station than the other three stations. The result indicated that moderate drought happened for 

only three stations with more year affected for the Kombolcha and Majete stations than 

Kemissie. 
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Figure 9. Comparison of annual time series values of SPI for selected stations 

4.3.2 Analysis of drought condition using RDI technique 

As results shown in Table 12, there were 5 drought affected years severely, 9 drought affected 

years moderately and 3 drought affected years extremely as analyzed by SPI drought analysis 

index for the four station. 

Table 12. Annually drought analysis using RDI for base period (Extreme, Severe and Moderate) 

No Stations name 
Drought Severity Years 

Extreme Severe Moderate 

1 Haik 2008, 2015 2013 ٭ 

2 Kemissie 2011 ,1990,2008,2009 2015 ,1992,2012 ٭ 

3 Kombolcha 1987 2015 1991, 2008 

4 Majete 2009 ,1992 2016 ٭ 

 indicates year no drought ٭

 

In Figure 10, the result shown that there was different drought intensity (severity) for selected 

stations at different record periods. The drought severity value of RDI for Haik station with 

extreme drought condition 2008, 2015 and moderate drought condition was also occurred in 
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2013. For Kemissie station severe and moderate drought were happened in the years 1992, 

2012, 2015 and moderate drought found in 1990, 2008, 2009, and 2011. Similarly, the result 

shown that for Kombolcha station drought was analyzed by RDI and extreme drought was 

determined in 1987, the severe drought revealed in 2015 and moderate drought condition were 

existed in 1991, 2008. In the same way for Majete station drought severity degree was 

analyzed and the result told that in 2016 severe and in 1992, 2009 moderate drought was 

detected respectively for annually time series.  

 

Figure 10.Comparison of annual time series values of RDI for selected stations 

4.3.3 Analysis of drought condition using RAI technique 

As results shown in Table 13, there were 16 drought affected years severely, 3 drought 

affected years moderately and 15 drought affected years extremely were observed as analyzed 

by RAI drought analysis index for the four stations. 
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Table 13.Annually drought analysis using RAI for base period (Extreme, Severe and 

Moderate) 

 

No 

 

Stations name 

Drought Severity Years 

Extreme     Severe          Moderate 

1 Haik 2008,2015 1987,1989,2011,2013,2017 

1990,1999, 

2003,2004, 

2007 

2 Kemissie 1990,1992,2012,2015 1987,1991,2008,2009,2011 2005 

3 Kombolcha 1987,1991,2008,2015 1990,2002,2010 2004,2007 

4 Majete 
1987,1991,2008, 

,2015 
1990,1994,2009 

2002,2004,2010,    

2017,2012 

 
As we have seen from Figure 11, extreme, severe and moderate drought conditions have been 

experienced in Haik station with different drought severity values within different drought 

affected years. The extreme drought has been shown in the years 2008 and 2015. Like that of 

extreme drought, Haik station was also experienced by severe and moderate drought condition 

in the years 1987, 1989, 2011, 2013, 2017 and 1990, 1999, 2003, 2004 respectively. Like Haik 

station, Kemissie station was also affected by extreme drought in 1990, 1992, 2012 and 2015 

orderly. The severe drought also found at Kemissie station in 1987, 1991, 2008, 2009, 2011 

with and moderate drought in 2015 was happened. Kombolcha station was also affected by 

extreme, severe and moderate drought conditions in different years. In the year 1987, 1991, 

2008, 2015 extreme drought condition was viewed. Severe and moderate drought conditions 

also were found in 1990, 2002, 2010 and 2004, 2007 respectively. In the same way at Majete 

station the extreme drought was detected in 1987, 1991, 2008 and 2015 respectively. In 

addition to the extreme drought condition, severe and moderate drought were also seen in 

1990, 1994, 2009 severe drought and in 2002, 2004, 2010, 2012, 2017 moderate drought was 

happened at Majete station. 



43 
 

 
 

 

 
Figure 11. Comparison of annual time series values of RAI for selected station 

4.3.4 Analysis of drought condition using PDI technique annually 

As results shown in Table 14, there were 12 drought affected years severely, 11 drought 

affected years moderately and 12 drought affected years extremely were observed as analyzed 

by PDI drought analysis index for the four station. 

Table 14. Annually drought analysis using PDI for base period (Extreme, Severe and 

Moderate) 

No Stations name 
Drought Severity Years 

Extreme Severe Moderate 

1 Haik 1989,2008, 2015 1987,2013, 2017 2003,2007,2011 

2 Kemissie 1992,1999, 2015 1987,2009, 2012 1991,2008, 2011 

3 Kombolcha 1987,1991,2015 1990,2002, 2008 2004,2007, 2010 

4 Majete 1987,1988,2016 1992,1995, 2009 1991, 2003 
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From Figure 12, what we have seen is that the drought was occurred for selected stations. 

From these stations Haik station has gotten extreme, severe and moderate drought conditions 

in the record period. Extreme drought condition at Haik station was experienced in 1989, 

2008, and 2015. Severe type of drought condition in 1987, 2013, and 2017 with same value 

was detected as analyzed by PDI technique. Beyond to extreme and severe drought moderate 

drought condition was also occurred at Haik station in the year 2003, 2007 and 2011 with 

same value as analyzed PDI technique. Not only Haik station but also other three stations 

drought conditions were analyzed by PDI drought technique and the result was shown in 

different years with PDI values. Due to the result in Figure 12, Kemissie station was also 

characterized with extreme, severe and moderate drought conditions in the 1992, 1999, 2015 

extreme drought was occurred. Severe and moderate drought conditions were in 1987, 2009, 

2012 and in 1991, 2008, 2011 for severe and moderate drought conditions. The three drought 

conditions were also observed for Kombolcha and Majate stations at different affected years 

with different PDI values. For Kombolcha station the drought condition was detected in the 

year 1987, 1991, and 2015 with same value of PDI, affected extremely. Severe and moderate 

droughts were also observed in the 1990, 2002, and 2008 with PDI value and in the year 2004, 

2007, and 2010 with similar value of PDI for extreme and moderate drought conditions 

respectively. In similar way drought was detected at Majete station and the result was shown 

that there were extreme, severe and moderate drought conditions. Extremely drought affected 

years were 1987, 1988, 2016 with the value of PDI Severe and moderate drought conditions 

were also detected in the year 1992, 1995, 2009 and in 1991, 2003 respectively. 
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Figure 12. Comparison of annual time series values of PDI for selected stations 

Giving the consideration the results of drought conditions as discussed in the above the 

drought affected years which were determined in this study are famous and well known in 

Ethiopia especially in Awash River basin. The drought affected years which are analyzed in 

this study also widely determined in the previous studies which have done in Ethiopia like 

(Edossa et al., 2010; Bewuket and Conway, 2007; Viste et al., 2013; Amsalu and Adem, 2009; 

Degfu and Bewuket, 2015; Meze-Hausken, 2000). 

4.4 The Frequency of Events and Return Period of Drought (1987-2017) 

For this study, frequency of drought events and return period of drought in record periods 

were calculated by using (equation 3) and (equation 4) respectively. To determine the drought 

events of the study area four stations meteorological data were considered and drought 

affected years were considered. Frequency and return period of drought affected years were 

determined by four selected drought analysis techniques considering the selected four stations 

to determine the study area drought condition and to see the similarity and difference of 

frequency and return period of drought using the result of four drought analysis techniques the 

values were resulted from the indices to apply the equations. 
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The result in Table 15, declared that the frequency of drought severity levels to determine the 

similarity and difference among four selected drought analysis techniques for annually time 

series scale by considering baseline selected time. The drought severity frequency events for 

SPI and RDI are almost similar as compared to RAI and PDI for Haik station. For RAI index 

the frequency of drought events occurrence more frequent than three drought indices. For 

Kmissie station the result of four drought analysis techniques show almost similar frequency 

for severe drought condition and result of SPI and RDI have almost frequency of drought 

events except moderate drought condition. The frequency of drought events for Kombolcha 

station severe drought happened almost similar for the three types of drought analysis 

techniques. The extreme drought frequency events were almost varied as analyzed by four 

analysis techniques for Kombolcha station. For Majete station the frequency of drought event 

was observed closely as analyzed by SPI and RDI, especially for the severe and moderate 

drought classes. 

Here also the similarity and difference among the four selected drought analysis techniques 

were analyzed correspondingly to determine the drought frequency events of the study area for 

the baseline record period for each station and closely relationship was observed between SPI 

and RDI as compared to the RAI and PDI to analyze and determine drought frequency events 

for the study area. 
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Table 15. Frequency of drought events annually for different drought severity levels for SPI, RDI, 

RAI and PDI for the four stations 

Stations name Severity level No of drought events annually time series 

SPI RDI RAI PDI 

 

Haik 

Extreme 1 2 2 3 

Severe 1 0 5 3 

Moderate 0 1 5 3 

 

Kemissie 

Extreme 1 0 4 3 

Severe 5 3 5 3 

Moderate 1 4 1 3 

 

Kombolcha 

Extreme 1 1 4 3 

Severe 1 1 3 3 

Moderate 2 2 2 3 

 

Majete 

Extreme 1 0 5 3 

Severe 1 1 3 3 

Moderate 2 2 5 2 

As shown in Table 16, the extreme drought probability of occurrence was 50% for Haik 

station, for Kemissie station the probability of occurrence was 14.28%, for Kombolcha 

probability occurrence was 25% and for Majete probability of occurrence was 25%. Beside to 

extreme drought affected years, the frequency of drought affected years for severe and 

moderate drought were determined for Haik station were 50%, 0%, for Kemissie station 

71.42%, 14.28%, for Kombolcha station 25%, 50% and for Majete station 25%, 50% were 

observed respectively as drought analyzed by SPI drought index for annual time series. 

The extreme drought relative probability of occurrence was 66.66% for Haik station and 

Kombolcha station the probability of drought occurrence was 25% for the other two stations 

there was extreme probability of drought occurrence years as analyzed by RDI with annually 

time series. Beside to extreme drought affected years, the probability of drought affected years 

for severe and moderate drought were determined for Haik station were 0%, 33.33%, for 

Kemissie station 42.85%, 57.14%, for Kombolcha station 25, 50% and for Majete station 
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33.33%, 66.66% were observed respectively as drought analyzed by RDI drought index for 

annual time series.  

The extreme drought relative probability was 16.66% for Haik station, for Kemissie the 

probability of occurrence was 40%, for Kombolcha frequency was 44.44% and for Majete 

frequency was 38.46%. In similar way the frequency of drought affected years for severe and 

moderate drought were determined for Haik station were 41.66%, 41.66%, for Kemissie 

station 50%, 10%, for Kombolcha station 33.33%, 22.22% and for Majete station 23.07%, 

38.46% were observed respectively as drought analyzed by RAI drought index for annual time 

series. 

The extreme drought relative frequency was 33.33% for Haik station, for Kemissie the 

probability was 33.33%, for Kombolcha 33.33% and for Majete probability was 37.5%.While 

the occurrence of severe and the moderate drought affected years for Haik station were 

33.33%, 33.33%, for Kemissie station 33.33%, 33.33%, for Kombolcha station 33.33%, 

33.33% and for Majete station 37.5%, 25% were observed respectively as drought analyzed by 

PDI drought index for annual time series. 
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Table 16. Probability of drought occurrence annually for different drought severity levels for SPI, 

RDI, RAI and PDI for the four stations 

Stations name Severity level Probability of drought events annually time series 

SPI RDI RAI PDI 

 

Haik 

Extreme 50 66.66 16.66 33.33 

Severe 50 0 41.66 33.33 

Moderate 0 33.33 41.66 33.33 

 

Kemissie 

Extreme 14.28 0 40 33.33 

Severe 71.42 42.85 50 33.33 

Moderate 14.28 57.14 10 33.33 

 

Kombolcha 

Extreme 25 25 44.44 33.33 

Severe 25 25 33.33 33.33 

Moderate 50 50 22.22 33.33 

 

Majete 

Extreme 25 0 38.46 37.5 

Severe 25 33.33 23.07 37.5 

Moderate 50 66.66 38.46 25 

 

As it was observed the result in Table 17, the highest return period value 7 was happened with 

extreme and moderate drought category at Kemissie station as determined annually time series 

by SPI drought analysis index. But moderate drought condition has no return period at Haik 

station. 

It was recognized that severity level drought conditions was not having return period as 

analyzed by RDI at Haik station and extreme drought conditions at Kemissie and Majete 

stations. Extreme and severe drought conditions have the maximum return period 4 at 

Kombolcha station as drought analyzed by drought analysis technique. 

The results revealed that the return period of the drought conditions were different and 

moderate drought condition has highest return period 10 was at Kemissie station as analyzed 

by RAI with annual time series.  
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Results indicated that the return period of the drought conditions were almost the same for all 

stations 3 except that the highest return period value 4 with moderate drought condition for 

Majete station as determined under PDI drought analysis technique.  

Table 17.Analysis of return period for drought classes 

Stations 

name 

Severity 

level 

Drought frequency  and return period for annually time scales 

SPI RDI RAI PDI 

 F (%) T F (%) T F (%) T F (%) T 

Haik Extreme 50 2 66.66 2 16.66 6 33.33 3 

Severe 50 2 0 * 41.66 2.5 33.33 3 

Moderate 0 * 33.33 3 41.66 2.5 33.33 3 

Kemissie Extreme 14.28 7 0 * 40 3 33.33 3 

Severe 71.42 1 42.85 2 50 2 33.33 3 

Moderate 14.28 7 57.14 2 10 10 33.33 3 

Kombolcha Extreme 25 4 25 4 44.44 2 33.33 3 

Severe 25 4 25 4 33.33 3 33.33 3 

Moderate 50 2 50 2 22.22 5 33.33 3 

Majete Extreme 25 4 0 * 38.46 3 37.5 3 

Severe 25 4 33.33 3 23.07 4 37.5 3 

Moderate 50 2 66.66 2 38.46 3 25 4 

*None return period, F=frequency and T=return period  

Considering the results of probability of drought occurrences, drought frequency of events and 

return periods of drought in the duration of record periods have no shown that equal 

probability of occurrence and regular return period for the study area. For this study the 

extreme, severe and moderate drought classes were found within different probability of 

drought events and within irregular return period of time. These results are similar with the 

former researches for instance (Feyissa, 2017; Abate, 1994; Edossa, 2010). 
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4.5 Comparison of Drought Techniques (Indices) 

4.5.1 Comparison of selected indices with Pearson’s relation coefficient 

criteria  

Pearson’s correlation coefficient (R2) was used in order to observe the similarity or difference 

between the four drought analysis techniques with annual values of SPI versus RDI, SPI 

versus RAI, SPI versus PDI, RDI versus RAI, RDI versus PDI, and RAI versus PDI for 

selected stations. The criteria for this comparison was the value of R2 in which value of 

belongs the result of comparison, week, strong or moderate based on criterion interval. The 

selected drought analysis techniques have positive correlation relations with each other. In 

addition to this except Majete station these selected drought analysis techniques have strong 

relations as determined by Pearson’s correlation coefficient (R2) using the index values 

resulted from DrinC software by analyzing the four selected drought analysis techniques as 

shown in Table 18. 

Table 18. Summerized Correlation relation between four selected drought techniques for 

selected stations 

Stations 

name 

Pearson correlation coefficient 

SPI 

vs 

RDI 

SPI 

vs 

RAI 

SPI 

vs 

PDI 

RDI 

vs 

RAI 

RDI 

vs 

PDI 

RAI 

vs 

PDI 

Minimum 

Coefficient 

Maximum 

Coefficient 

Haik 0.932 0.983 0.824 0.935 0.810 0.842 0.810 0.983 

Kemissie 0.851 0.973 0.922 0.876 0.807 0.952 0.807 0.973 

Kombolcha 0.972 0.98 0.822 0.971 0.850 0.893 0.822 0.980 

Majete 0.604 0.019 0.575 0.086 0.532 0.025 0.019 0.604 

Annual results shown in Figure 13, for Haik station, the selected indices have very strong 

correlation with each other. This is because of that, the values of R2 were included under the 

criteria of very strong relation and even the minimum coefficient value was grouped under this 

criterion.  
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As results revealed that in Appendix Figure 4, the correlations were positively strong for all 

selected drought analysis techniques at Kemissie station. The maximum and minimum 

correlation coefficients were also observed between SPI and RAI with the value of 0.973 and 

between RDI and PDI with the value of 0.807 respectively. 

As results observed from Appendix Figure 5, very strong relation was observed between for 

the selected drought analysis techniques at Kombolcha station and the maximum correlation 

value was 0.98 between SPI and RAI and the minimum positive strong correlation also was 

viewed with the value of 0.822 between SPI and PDI drought analysis techniques. 

As results indicated in Appendix Figure 6, strong relation was observed for only SPI and RDI 

drought analysis techniques with the R2 of 0.604, and moderate relation was observed between 

SPI and PDI and RDI and PDI at Majete station. For Majete station very weak relations were 

also observed between SPI and RAI, RDI and RAI and between RAI and PDI as compared by 

the correlation relation criteria.  
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Figure 13. Scatter diagram for annually with SPI, RDI, RAI and PDI for Haik station 

Based on the above discussion, the comparison between the selected drought analysis 

techniques by the correlation coefficient (R2) showed they have positive correlation relation 

with one another. This result confirms with the previous research results like (Bayessa, 2015; 

Tadesse, 2015; Yassen, 2010; Yevjevich et al., 1978). But, the most comparable and the 

appropriate one is the relation between SPI and RDI with regard to other techniques for all 

selected stations. This result is agree with the result of Yassen (2010) reported that the SPI and 

RDI have very strong relation as compared to the other selected drought analysis techniques as 

analyzed both monthly and annually time series scales . 
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4.5.2 Comparison of drought techniques (indices) with drought class 

frequencies 

Based on the classification of drought categories as shown in Table 19, the drought severity 

grouped in to seven classes for this study. In this classification the range of PDI not confirm 

with the other three techniques (Yevjevich et al., 1978).With the categorized group of drought 

severity, the frequency was determined and histogram of drought frequency class was 

applicable to compare the similarity and difference of the remaining three drought indices. 

As results manifested in Figure 14, the plot histogram shown frequency of drought categories 

in Y-axis and the drought severity classes were presented along X-axis. The results revealed 

that at Haik station SPI and RDI have almost similar values of drought classes with the 

correspond frequency of occurrence. When we observed the relation between SPI versus RAI 

the seven classes of drought categories and the correspond frequency of occurrence were 

varies as compared to relation between SPI and RDI drought analysis techniques. The 

difference was happened especially for Normal, Moderate dry and Very dry drought severity 

classes. Similarly the relation between RDI versus RAI was analyzed and the results were told 

that the relation was not comparable as SPI and RDI relation for Haik station. Especially the 

notable difference were observed for Normal, Moderate dry, Very dry and Moderate Wet with 

respect to drought classes and the frequency of occurrence each classes at Haik station.  

In Figure 15, the results were able to show at Kemissie station the normal drought class equal 

for SPI and RDI and other classes were nearly similar between SPI and RDI except for 

Moderate dry with small variation as compared to the relation between SPI versus RAI and 

RDI versus RAI at Kemissie station for selected record period time. 

As stated the results in Figure 16, the histograms of drought frequency classes were almost 

related between SPI and RDI and exactly equal values were detected between SPI and RDI 

drought frequency classes. These equal drought frequency classes were extremely dry and 

Very dry drought severity characteristics for Kombolcha station. Even though for Moderate 

dry drought frequency class was equal between SPI and RAI the remaining drought frequency 

classes were varies. In similar ways the relations between RDI and RAI have equal drought 

frequency class with Moderate dry value but other histograms of drought frequency classes 
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were distinguished as compared to the relation between SPI and RDI drought analysis 

techniques.     

As we have noted that the results in Figure 17, the histograms of drought frequency classes the 

relation between SPI and RDI were exactly similar for six drought frequency classes with 

nearly similar value for Extreme drought class at Majete station. Beyond to the relation 

between SPI and RDI the relations between SPI versus RAI and RDI versus RAI were 

analyzed at Majete station and the results were shown that there were variations as compared 

to relations between SPI and RDI drought analysis techniques.  

Table 19. Categorizations of SPI, RDI and RAI values into classes 

SPI RDI RAI Drought categories 

>=2 >=2 >=3.0 Extreme wet 

1.5 to 1.99 1.5 to 1.99 2.0 to 2.99 Very wet 

1.0 to 1.49 1.0 to 1.49 1.0 to 1.99 Moderate wet 

-0.99 to 0.99 -0.99 to 0.99 -0.99 to 0.99 Normal 

-1.0 to -1.49 -1.0 to -1.49 -1.0 to -1.99 Moderate dry 

-1.5 to -1.99 -1.5 to -1.99 -2.0 to -2.99 Very dry 

<=-2 <=-2 <=-3.0 Extreme dry 

Source: (Yevjevich et al., 1978) 
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Figure 14. Histograms of drought frequency classes and comparison of SPI, RDI and RAI for 

Haik station annually time series (1987-2017) 

 

 

Figure 15.Histograms of drought frequency classes and comparison of SPI, RDI and RAI for 

Kemissie station annually time series (1987-2017) 
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Figure 16.Histograms of drought frequency classes and comparison of SPI, RDI and RAI for 

Kombolcha station annually time series (1987-2017) 
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Figure 17. Histograms of drought frequency classes and comparison of SPI, RDI and RAI for 

Majete station with annual time series (1987-2017) 

Considering the comparison results of the drought analysis techniques based on the drought 

cases and classes showed that the SPI and RDI were performed almost similar as compared to 

other drought identification techniques and drought classes and they have experienced almost 

the same frequency for both dry and wet drought conditions. In other side RAI drought 

analysis technique was not showed good comparable property as compared to the SPI and RDI 

drought analysis techniques. When drought techniques showed similar results based on the 

drought classes and frequency of drought they are the comparable one or an appropriate from 

the other compared techniques. These results are similar with the previous research results for 

instance (Yassen, 2010; Yevjevich et al., 1978). 

4.6 Analysis of Spatial Distribution of Drought over the Area 

As indicated earlier that annually precipitation data were used as input to SPI, RDI, RAI and 

PDI calculation. The results were used as input to the Arc View GIS 10.4 to generate drought 

severity maps for the Borkena river catchment at annually time of the year. The spatial 

distribution of the drought categories over the study area was obtained by assigning each rain 

gauge station an area of influence with exact contributions (Thiessen polygon). The result in 

Table 20 revealed that the spatial distribution of drought classes for over the study area within 

different area coverage throughout the Borkena river catchment. 
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Table 20.Spatial distribution extent of drought classes over the Borkena river catchment (for 

only drought affected years) 

Drought classes 
Percentage of drought area coverage relative to drought 

condition only (%Area) 

 SPI RDI RAI PDI 

Extreme drought 7.27 33.51 18.91 2.73 

Severe drought 84.19 31.44 30.64 58.55 

Moderate drought 8.53 35.04 50.43 38.71 

 

The displayed map; in Figure 18, shown that the study area was hit by drought. The severe 

drought was taken over the abundant distribution within 84.19% of the area as determined by 

SPI within the annual time scale. The severe drought was observed almost around the four 

selected stations in the study area. Next to the severe drought class, moderate drought class 

distributed around the Kemissie station within 8.53% of the area and extreme drought class 

was noted around Kombolcha station within less distribution of the study area occupied 7.27% 

coverage from the study area as compared to drought condition classes.  

 

Figure 18. Annual spatial distribution of drought using SPI drought analysis technique 
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The map in Figure 19, declared that the highest percent of the area was face by moderate drought 

around some parts of the Kemissie, Majete and Haik stations. The percentage coverage of 

moderate drought was 35.04% from the total area as compared to drought distribution. The 

extreme drought was also observed at the study area around Kombolcha station within 33.51% of 

the study area and the severe drought was distributed around Kombolcha, Kemissie and some 

part of Haik stations over 31.44% of the total area.  

 

Figure 19. Annual spatial distribution of drought using RDI drought analysis technique 

The result in Figure 20, informed that the moderate drought was distributed with high range of 

the study area especially near to the Kemissie and Majete stations covered around half of the total 

area and the severe drought was noted near to the Kemissie and Kombolcha stations with 30.64% 

of the study area. The area was also affected by extreme drought around some parts of 

Kombolcha and Haik stations viewed 18.91% of the study area as compared to distribution of 

other drought classes. 
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Figure 20. Annual spatial distribution of drought using RAI drought analysis technique 

The result in Figure 21, demonstrated that the extreme drought was distributed near to Majete 

station only which was covered 2.73 % of the study area. The severe drought was distributed over 

Kemissie, Kombolcha and Haik stations with 58.57 % of the total area. In other hand the study 

area was hit by moderate drought condition which was distributed over some parts of all selected 

stations covered over 38.71 % of the study area. 
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Figure 21. Annual spatial distribution of drought using PDI drought analysis technique 

Considering the above analysis for spatial distribution of drought using four drought analysis 

techniques value as input for ArcGIS 10.4 the distribution of drought classes were analyzed. The 

spatial distributions of drought classes were differently distributed throughout the study area with 

in different percent of areal coverage. The wider parts of the study area was affected by severe 

drought classes as compared to the other extreme and moderate classes. The moderate drought 

class was also distributed with more extent than the extreme drought class for the study area. 

These results are against with Degfu and Bewuket (2014) reported that severe and extreme 

drought episodes are usually cover wider areas, while moderate drought episodes tend to affect 

localized areas.  
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5. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

5.1 Summary and Conclusions 

Drought is an insidious natural hazard that is generally perceived to be a prolonged period with 

significantly lower precipitations relative to normal levels. To determine the degree and the 

distribution of the drought throughout once area there are worldwide drought analysis techniques 

are available and functional with different inputs.  

The major objective of this study was concerned to compare four drought analysis techniques 

(indices) and to recommend the appropriate and the comparable one for Borkena river catchment 

to analysis the drought conditions of the study area. The meteorological data (precipitation, Tmin 

and Tmax) were collected from Haik, Kemissie, and Kombolcha and Majete stations in the 

period from 1987 to 2017, and used in drought condition analysis to compare and select the 

appropriate drought analysis techniques for the study area. 

Standard precipitation index, Reconnaissance drought index, Rainfall anomaly index and 

Precipitation deciles index were the selected drought analysis techniques to analyze the drought 

conditions of the study area and the similarity and difference among indices were determined 

based on result values. The values of SPI, RDI and PDI were determined by using DrinC 

software and RAI with empirical formula. 

In the year 1987 has an extreme drought situation for Kombolcha station, in 2015 Haik station 

has experienced extreme drought condition similarly the year 1988 for Majete station has affected 

by drought and 1992 for Kemissie station affected by drought. Severe drought condition has 

more vulnerable for Kemissie station than the other three stations. The moderate drought 

happened for only three stations with more years affected for the Kombolcha and Majete stations 

than Kemissie station by SPI index analysis technique. 

The extreme drought condition was detected 2008, 2015 for Haik station and moderate drought 

condition was also occurred in 2013.For Kemissie station severe and moderate droughts were 

happened in the years 1992, 2012, 2015 and moderate drought found in 1990, 2008, 2009, and 

2011 respectively. Similarly, the results shown that for Kombolcha station drought was analyzed 

by  RDI and extreme drought was determined in  the severe  drought revealed in 2015 and 



64 
 

 
 

moderate drought conditions were existed in 1991, 2008   respectively. In the same way for 

Majete station drought severity degree was analyzed and the result told that in 2016 severe and in 

1992, 2009 moderate drought was detected respectively for annually time series. 

As RAI indicated the extreme, severe and moderate drought conditions have been experienced in 

Haik station with different drought severity values within different drought affected years. The 

extreme drought has been shown in the years 2008, 2015. Like extreme drought, Haik station was 

also experienced by severe and moderate drought conditions in the years 1987, 1989, 2011, 2013, 

2017 and 1990, 1999, 2003, 2004, 2007 respectively. Like Haik station, Kemissie station was 

also affected by extreme drought in 1990, 1992, 2012, and 2015. The severe drought also found 

at Kemissie station in 1987, 1991, 2008, 2009, 2011 and moderate drought in 2015 was 

happened. Kombolcha station was also affected by extreme, severe and moderate drought 

conditions in different years. In the year 1987, 1991, 2008, 2015 extreme drought condition was 

viewed. Severe and moderate drought conditions also were found in 1990, 2002, 2010 and 2004, 

2007 respectively. In the same way at Majete station the extreme drought was detected in 1987, 

1991, 2008 and 2015. In addition to the extreme drought condition, severe and moderate drought 

were also seen in 1990, 1994, 2009 severe drought and in 2002, 2004, 2010, 2012, 2017 

moderate drought was happened at Majete station. 

Extreme drought condition at Haik station was experienced in 1989, 2008, and 2015 with by PDI 

result values. Severe type of drought condition in 1987, 2013, and 2017 was detected as analyzed 

by PDI technique. Beyond to extreme and severe drought moderate drought condition was also 

occurred at Haik station in the year 2003, 2007 and 2011 as analyzed PDI technique. Not only 

Haik station but also for other three stations drought conditions were analyzed by PDI drought 

technique and the results were shown in different years with PDI values. Kemissie station was 

also characterized with extreme, severe and moderate drought conditions. In years the 1992, 

1999, 2015 extreme drought was occurred for Kemissie station. Severe and moderate drought 

conditions were observed in 1987, 2009, and 2012 and in 1991, 2008, and 2011 respectively for 

severe and moderate drought conditions. The three drought conditions were also observed for 

Kombolcha and Majate stations at different affected years with different PDI values. For 

Kombolcha station the drought condition was detected in the year 1987, 1991, and 2015 

extremely. Severe and moderate droughts were also observed in the 1990, 2002, and 2008. 
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Similarly, extreme, severe and moderate drought conditions at Majete station were detected. 

Extremely drought affected years were 1987, 1988, 2016 .Severe and moderate drought condition 

were also detected in the year 1992, 1995, 2009 and in 1991, 2003 respectively. This result show 

that the study area is under stress of drought conditions. 

Drought conditions like extreme, severe and moderate classes distributed throughout the study 

area as analyzed using the interpolation spatial analysis method. The displayed map show that the 

severe drought was more distributed along the area as compared to the extreme and moderate 

drought conditions. This map shows that 84.19% by SPI, 31.44% by RDI, 30.64% by RAI and 

58.55% by PDI of the total area affected by severe drought condition. 

Considering the comparison results of the drought analysis techniques based on the drought cases 

and classes showed that the SPI and RDI were performed almost similar as compared to other 

drought identification techniques and drought classes and they have experienced almost the same 

frequency for both dry and wet drought conditions. When drought techniques showed similar 

results based on the drought classes and frequency of drought they are said to be an appropriate 

from the other compared techniques. 

Considering the Pearson’s correlation relation, the comparisons of drought analysis techniques 

for this study have positive strong linear correlations for three stations. But for Majete station the 

relation between SPI and RDI have only strong relation than others drought analysis techniques. 

Because of the strong relation for all selected stations SPI and RDI are more correlated for this 

study. The value of correlation (R2) between SPI and RDI are 0.932, 0.851, 0.972 and 0.604 for 

Haik, Kemissie, Kombolcha and Majete stations respectively. 

Generally, for this study the drought conditions of the study area was analyzed by four drought 

analysis techniques using annually time series and results shown that the study area is under 

stressed by three types of drought conditions as analyzed spatially. Similarly comparative study 

was performed among selected drought analysis techniques and the best and appropriate relations 

of drought analysis techniques were determined to analyze the drought condition of the study 

area. For this study SPI and RDI show close relations as compared to the other selected drought 

analysis techniques. 
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5.2 Recommendations 

 The three drought conditions have observed as analyzed by four selected drought analysis 

techniques. The results shown that the three drought conditions have distributed 

throughout the area within different areal coverage. Especially severe drought condition 

was observed with large areal coverage. So here, the concerned body should have to apply 

an operational service for drought affected parts of the area and strategies of mitigation 

measurements should be in account.     

 Comparing the functioning period of the four selected drought analysis techniques the 

RAI and PDI are earlier than RDI and SPI. Considering this, it should be better to select 

other recent available techniques like PNPI and CZI for further study in order to select 

weather they are best drought analysis techniques or not  and to acquire sufficient 

information about study area drought conditions.  

 For this study only meteorological data were used to analyze drought conditions of the 

study area and to compare the four selected drought analysis techniques. This is because 

to minimize the errors coming from different inputs of data. So, it is recommended to use 

meteorological data or hydrological data independently to get visible similarity or 

difference among the compared drought analysis techniques for the study area.  

 For this study, the frequency of drought events, the probability of occurrence and return 

periods were analyzed using four different types of drought analysis technique. From the 

results, it is observed that there were no regular happening of frequency of drought 

events, the probability of occurrence and return period. So, it is advisable to incorporate 

better management plans to take preparedness for the future. 

 From the comparative study of four drought analysis techniques, the results identified that 

SPI and RDI are best correlated and have an appropriate similarity. Therefore, it is 

advisable to use SPI and RDI for further study about drought conditions of the study area. 
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7. APPENDICES 

7.1 Appendix Tables 

Appendix Table 1. Annual values of selected drought indices for Haik station 

Years RDI SPI RAI PDI 

1987-88 -0.73 -0.84 -2.64 2 

1988-89 1.05 0.9 2.46 9 

1989-90 -0.54 -0.89 -2.77 1 

1990-91 -0.38 -0.43 -1.52 4 

1991-92 0.07 -0.03 -0.35 6 

1992-93 0.92 0.66 1.71 8 

1993-94 0.59 0.24 0.45 7 

1994-95 -0.05 -0.09 -0.54 5 

1995-96 0.44 0.3 0.63 7 

1996-97 1.03 0.86 2.35 9 

1997-98 1.11 1.05 2.97 9 

1998-99 1.25 1.22 3.51 10 

1999-00 -0.44 -0.39 -1.41 4 

2000-01 1.1 1.2 3.46 10 

2001-02 1.25 1.11 3.17 10 

2002-03 0.24 0.4 0.91 7 

2003-04 -0.56 -0.44 -1.56 3 

2004-05 -0.48 -0.35 -1.30 4 

2005-06 0.28 0.44 1.03 8 

2006-07 -0.08 0.02 -0.20 6 

2007-08 -0.69 -0.54 -1.83 3 

2008-09 -2.13 -1.71 -4.78 1 

2009-10 -0.73 -0.19 -0.81 5 

2010-11 2.38 2.42 8.09 10 

2011-12 -0.87 -0.64 -2.10 3 
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2012-13 -0.55 -0.17 -0.76 5 

2013-14 -1.05 -0.83 -2.61 2 

2014-15 -0.07 0.11 0.08 6 

2015-16 -2.55 -3.16 -7.70 1 

2016-17 0.35 0.51 1.25 8 

2017-18 -0.13 -0.78 -2.48 2 

 
Appendix Table 2. Annual values of selected drought indices for Kemissie station 

Years RDI SPI RAI PDI 

1987-88 -0.39 -1.16 -2.82 2 

1988-89 1.56 1.05 3.28 10 

1989-90 0.02 -0.26 -0.9 4 

1990-91 -1.4 -1.82 -3.99 1 

1991-92 -0.49 -0.79 -2.09 3 

1992-93 -1.51 -2.19 -4.58 1 

1993-94 0.6 0.46 1.12 6 

1994-95 0.47 0.31 0.64 5 

1995-96 1.97 1.5 5.1 10 

1996-97 2.01 1.51 5.14 10 

1997-98 1.05 0.66 1.81 8 

1998-99 0.83 0.49 1.23 7 

1999-00 0.53 0.64 1.74 8 

2000-01 0.78 0.91 2.74 9 

2001-02 0.66 0.71 2.01 9 

2002-03 0.1 0.13 0.07 5 

2003-04 0.16 0.09 -0.04 5 

2004-05 0.17 0.48 1.21 7 

2005-06 -0.96 -0.54 -1.55 4 

2006-07 0.25 0.7 1.97 8 

2007-08 -0.34 -0.02 -0.33 4 

2008-09 -1.2 -0.95 -2.41 3 
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2009-10 -1.43 -1.21 -2.91 2 

2010-11 0.74 1.23 3.97 10 

2011-12 -1.21 -1 -2.5 3 

2012-13 -1.6 -1.28 -3.05 2 

2013-14 -0.24 0.39 0.9 6 

2014-15 0.01 0.63 1.71 7 

2015-16 -1.69 -1.88 -4.09 1 

2016-17 0.15 0.78 2.24 9 

2017-18 0.4 0.46 1.14 6 

Appendix Table 3. Annual values of selected drought indices for Kombolcha station 

Years RDI SPI RAI PDI 

1987-88 -3.08 -3.45 -7.93 1 

1988-89 1.16 1.02 3.04 9 

1989-90 1.1 0.8 2.29 9 

1990-91 -0.45 -0.64 -2.03 2 

1991-92 -1.24 -1.26 -3.58 1 

1992-93 0.66 0.22 0.43 7 

1993-94 1.63 1.42 4.51 10 

1994-95 0.92 0.98 2.90 9 

1995-96 0.76 0.66 1.82 8 

1996-97 0.71 0.56 1.48 7 

1997-98 0.18 0.16 0.25 6 

1998-99 1.61 1.6 5.18 10 

1999-00 0.23 0.3 0.66 7 

2000-01 0.96 1.11 3.35 10 

2001-02 -0.03 -0.05 -0.39 5 

2002-03 -0.72 -0.67 -2.11 2 

2003-04 -0.09 -0.06 -0.42 5 

2004-05 -0.6 -0.56 -1.82 3 

2005-06 -0.25 -0.15 -0.68 4 
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2006-07 0.5 0.57 1.51 8 

2007-08 -0.61 -0.59 -1.89 3 

2008-09 -1.32 -1.14 -3.31 2 

2009-10 -0.36 -0.17 -0.73 4 

2010-11 -0.67 -0.63 -2.02 3 

2011-12 0 0.04 -0.13 6 

2012-13 -0.39 -0.18 -0.77 4 

2013-14 -0.06 0.05 -0.08 6 

2014-15 0.92 1.07 3.21 10 

2015-16 -1.85 -1.67 -4.54 1 

2016-17 0.54 0.78 2.20 8 

2017-18 -0.18 -0.13 -0.63 5 

Appendix Table 4. Annual values of selected drought indices for Majete station 

Years RDI SPI RAI PDI 

1987-88 -0.89 -0.99 -5.82 1 

1988-89 -0.28 -2.32 0.61 1 

1989-90 0.03 0.29 -0.03 7 

1990-91 -0.29 0.05 -2.43 6 

1991-92 -0.87 -0.83 -4.03 3 

1992-93 -1.15 -1.49 -0.37 2 

1993-94 -0.27 -0.07 -0.03 5 

1994-95 0.05 0.05 -2.74 6 

1995-96 0.9 -0.95 3.32 2 

1996-97 2.54 1.21 3.02 10 

1997-98 1.7 1.11 1.72 9 

1998-99 0.7 0.68 4.58 8 

1999-00 0.67 1.6 5.09 10 

2000-01 0.76 1.75 1.60 10 

2001-02 0.06 0.64 -0.32 8 

2002-03 -0.53 -0.05 -1.57 6 
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2003-04 -0.46 -0.5 -0.75 3 

2004-05 -0.68 -0.2 -1.31 5 

2005-06 -0.73 -0.4 -0.92 4 

2006-07 -0.52 -0.26 3.00 5 

2007-08 0.46 1.11 0.77 9 

2008-09 -0.25 0.35 -3.67 8 

2009-10 -1.44 -1.33 -2.02 2 

2010-11 -0.82 -0.67 -1.26 3 

2011-12 -0.37 -0.39 0.28 4 

2012-13 0.03 0.17 -1.20 7 

2013-14 -0.67 -0.36 0.48 4 

2014-15 -0.37 0.24 1.73 7 

2015-16 -0.24 0.68 -4.85 9 

2016-17 -1.89 -1.86 5.18 1 

2017-18 2.23 1.77 -1.56 10 
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Appendix Table 5. Estimated PET (mm/month) Hargreaves method for Haik station 

Year Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Annual 

1987 118.9 123.8 123.1 138.6 139.7 163.1 170.9 145.6 144.1 140.2 131.0 119.4 1658.3 

1988  119.9 107.7 153.5 144.5 174.1 168.4 142.2 134.4 130.1 137.2 125.7 120.0 1657.7 

1989  112.2 111.1 130.7 123.6 159.3 170.9 154.7 145.6 131.5 119.3 135.1 96.4 1590.2 

1990  113.7 95.7 120.8 141.7 175.3 178.8 153.6 153.6 140.6 146.1 127.8 127.3 1675.1 

1991  128.3 114.5 130.2 147.5 156.5 171.0 141.0 146.1 140.2 134.6 123.8 129.6 1663.3 

1992  122.1 125.7 133.8 149.5 165.9 171.1 154.4 131.6 127.0 127.6 112.6 103.6 1625.1 

1993  99.4 97.6 146.1 124.6 144.1 163.2 154.1 149.5 134.6 135.4 126.9 124.8 1600.3 

1994  126.4 123.3 136.4 157.4 168.3 168.3 145.9 134.8 137.6 144.6 119.2 118.7 1681.0 

1995  126.2 119.2 140.6 132.8 156.6 165.7 149.7 141.8 136.4 144.1 131.5 111.1 1655.6 

1996  108.2 126.7 137.2 147.6 149.3 154.6 152.5 144.2 144.2 148.5 121.5 117.6 1652.3 

1997  117.4 127.6 141.5 143.0 171.3 156.8 151.9 150.3 149.6 135.3 119.9 121.4 1686.1 

1998  109.3 105.7 139.7 156.0 165.9 176.6 145.8 141.7 144.1 144.9 135.9 127.4 1693.1 

1999  122.5 139.9 145.9 168.9 181.2 176.8 142.7 142.5 129.4 117.7 118.9 118.2 1704.6 

2000  124.6 134.4 163.4 153.5 160.4 171.9 151.6 142.1 137.7 141.0 130.1 120.8 1731.6 

2001  117.0 125.0 131.8 153.9 162.7 163.0 148.0 130.3 137.1 140.0 127.9 126.9 1663.6 

2002  109.5 130.2 151.1 156.9 181.1 174.5 165.2 146.2 135.4 149.3 132.7 110.4 1742.6 

2003  114.7 126.3 148.9 148.7 172.4 174.1 152.1 145.7 141.3 152.8 126.8 119.6 1723.4 

2004  124.0 127.4 153.1 139.7 170.8 164.0 157.4 148.9 142.4 147.3 136.0 116.7 1727.7 

2005  120.3 138.9 155.5 154.4 151.1 163.0 150.3 149.1 146.8 147.6 134.5 130.2 1741.8 

2006  133.0 130.0 150.2 138.5 164.0 171.2 150.9 145.8 141.6 147.4 131.1 117.5 1721.2 
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2007  119.3 120.0 155.0 152.8 183.6 165.7 144.6 145.5 145.3 146.3 126.2 128.2 1732.6 

2008  130.3 132.4 177.4 168.0 174.9 176.0 159.5 148.7 142.4 144.3 124.2 124.6 1802.6 

2009  127.3 130.4 164.5 161.4 189.3 183.4 155.6 155.5 160.4 155.1 142.3 127.0 1852.2 

2010  123.6 125.5 144.9 151.0 163.0 175.4 159.0 142.1 142.5 147.7 130.4 118.9 1724.0 

2011  121.5 135.9 157.5 170.1 159.7 169.4 159.7 144.1 140.2 150.9 120.2 125.7 1754.8 

2012  135.7 142.1 168.5 145.0 170.7 175.5 155.9 147.7 146.9 151.7 134.2 129.2 1803.1 

2013  128.3 135.8 154.9 161.3 177.3 172.4 152.5 136.3 144.9 138.9 124.8 123.7 1751.2 

2014 125.8 118.4 159.8 159.1 161.5 177.4 169.0 149.3 142.9 135.4 124.1 123.0 1745.7 

2015  85.8 86.7 99.2 100.5 96.8 167.2 184.9 158.3 145.1 153.5 121.5 110.1 1509.6 

2016  86.6 130.3 162.8 144.5 164.7 174.9 157.2 151.2 150.0 158.5 133.5 128.6 1742.8 

2017  85.8 86.7 99.2 100.5 96.8 167.2 157.2 151.2 150.0 158.5 133.5 128.6 1515.3 

Average 117.3 121.8 144.4 146.3 161.6 170.1 154.5 145.2 141.4 143.3 127.9 120.8 1694.5 

 

Appendix Table 6.Estimated PET (mm/month) Hargreaves method for Kemissie station 

Year Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Annual 

1987  112.9 115.8 118.8 126.7 126.9 166.5 149.9 137.2 129.7 125.3 118.8 112.2 1540.9 

1988  114.7 104.5 143.5 133.1 146.4 141.6 133.6 123.3 118.1 119.3 113.6 112.5 1504.1 

1989  117.2 115.0 144.2 130.2 177.2 178.0 162.1 154.8 137.2 145.0 133.0 98.0 1691.9 

1990  118.6 96.7 136.3 147.4 189.4 182.4 162.5 160.0 141.9 148.5 130.2 128.6 1742.5 

1991  128.3 114.1 136.9 155.9 162.0 173.3 153.9 148.4 149.2 148.9 129.9 121.5 1722.3 

1992  103.2 96.1 142.3 153.3 175.0 171.2 159.1 142.4 137.5 135.7 118.6 113.2 1647.6 

1993  104.0 104.2 160.1 134.1 155.9 173.0 162.6 156.2 144.4 142.1 133.6 132.2 1702.4 
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1994  137.1 132.4 149.0 166.4 177.5 172.2 151.0 140.2 126.6 129.7 112.2 113.9 1708.2 

1995  119.8 113.0 133.9 121.2 137.7 141.1 128.3 124.7 122.0 125.7 117.1 107.2 1491.8 

1996  103.7 117.6 125.6 131.1 134.0 135.6 132.5 127.8 126.5 129.7 108.8 108.0 1481.1 

1997  107.6 118.3 134.9 133.4 148.5 136.0 133.5 150.4 149.0 137.2 120.2 109.9 1578.9 

1998  100.9 105.3 100.1 139.0 161.8 172.8 145.3 138.4 141.7 140.2 133.2 133.0 1611.7 

1999  127.3 145.2 145.9 177.8 181.0 180.3 155.3 155.6 149.0 135.8 131.8 123.4 1808.5 

2000 136.6 137.4 162.1 159.8 174.9 180.9 165.8 150.6 145.2 142.0 124.1 120.8 1800.1 

2001  115.1 133.8 141.3 167.6 176.0 174.2 160.4 146.1 147.0 150.9 130.6 131.4 1774.6 

2002  113.3 133.1 153.3 161.4 187.6 177.4 175.0 157.1 146.4 158.8 139.2 106.8 1809.3 

2003  117.5 132.6 158.5 155.3 171.7 152.6 163.8 148.3 148.9 155.8 135.3 126.1 1766.6 

2004  126.7 123.1 161.3 153.1 192.3 194.0 191.8 177.9 166.8 157.9 147.2 132.6 1924.7 

2005  136.6 162.0 188.7 176.1 184.4 199.2 178.0 179.8 174.8 178.0 157.2 151.3 2066.2 

2006  151.9 149.3 174.0 168.9 189.2 188.5 169.4 161.4 164.8 170.9 154.0 137.7 1980.0 

2007  131.8 145.5 186.1 170.8 197.5 181.9 159.9 162.3 168.1 169.2 147.6 147.2 1967.8 

2008  148.4 145.7 197.8 183.8 193.8 189.1 176.6 165.9 160.6 163.7 137.5 144.0 2006.8 

2009  142.2 148.1 183.4 185.5 203.8 198.1 167.7 169.2 172.9 162.9 153.9 128.1 2015.9 

2010  143.8 131.0 162.9 177.3 189.9 198.8 176.3 157.3 163.6 169.4 146.8 136.7 1953.8 

2011  137.5 150.9 169.7 185.5 180.1 193.1 184.2 161.9 167.6 173.8 141.7 146.9 1992.9 

2012  157.0 159.8 192.5 175.9 200.4 191.3 152.3 169.6 175.0 180.6 164.6 157.2 2076.3 

2013  162.2 165.2 190.7 190.1 206.5 206.4 175.3 167.1 177.5 162.9 149.9 151.2 2105.1 

2014  154.2 145.4 188.0 194.1 196.3 204.8 192.8 172.8 164.5 163.5 155.2 147.5 2079.0 

2015  98.2 96.3 115.2 127.9 192.5 193.7 205.1 175.5 168.0 187.1 152.6 143.9 1855.9 
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2016  141.1 160.2 198.8 165.0 193.9 202.8 175.4 173.2 171.8 174.1 154.1 160.7 2071.2 

2017  98.2 96.3 115.2 127.9 192.5 193.7 165.0 170.5 176.1 168.2 148.1 149.8 1801.4 

Average 126.1 128.8 155.2 157.3 177.3 178.9 163.4 155.7 152.7 153.3 136.8 130.1 1815.5 

 

Appendix Table 7. Estimated PET (mm/month) Hargreaves method for Kombolcha station 

Year Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Annual 

1987  120.9 126.5 127.7 139.4 141.0 161.2 170.7 148.1 145.4 138.4 131.0 1550.4 

1988  120.3 111.2 159.0 147.8 168.7 163.3 144.3 134.2 127.1 127.8 122.5 1526.2 

1989  114.3 112.8 137.4 125.5 160.3 167.2 156.8 147.5 129.5 131.9 126.0 1509.3 

1990  114.2 96.7 135.2 139.2 170.6 172.4 152.0 153.2 136.0 141.6 128.5 1539.5 

1991  127.4 116.6 139.2 156.8 165.7 160.5 152.4 154.2 153.3 154.1 135.3 1615.3 

1992  100.7 96.6 140.7 148.6 162.6 167.6 154.6 133.6 126.8 124.7 111.0 1467.4 

1993  106.3 100.1 151.1 127.1 141.5 160.3 156.2 149.3 137.8 134.2 127.1 1491.1 

1994  130.8 129.5 142.3 159.9 166.2 164.1 143.3 140.1 141.5 144.9 123.5 1586.1 

1995  128.5 120.4 143.7 133.1 157.0 164.5 145.8 143.7 139.8 143.1 131.3 1550.9 

1996  107.1 130.3 140.1 144.9 149.6 155.5 152.8 144.6 140.3 146.9 121.8 1533.8 

1997  113.1 130.8 150.5 148.0 169.5 157.4 154.4 150.8 148.1 138.0 119.1 1579.8 

1998  107.9 108.2 138.8 157.0 163.2 176.3 148.6 137.6 141.4 138.0 130.0 1547.0 

1999  123.8 140.7 148.1 170.1 177.9 173.9 145.4 145.7 135.5 125.6 125.4 1612.0 

2000  131.3 136.9 163.9 156.2 162.8 172.5 157.0 144.6 138.6 132.7 121.0 1617.6 

2001  116.1 130.8 138.1 157.1 168.4 164.3 152.4 142.7 142.5 141.1 126.1 1579.6 

2002  115.2 129.5 151.4 154.8 177.6 172.5 166.4 152.1 134.1 148.0 132.9 1634.3 
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2003  118.1 130.3 151.2 152.5 176.0 169.3 152.3 140.6 135.3 146.3 130.5 1602.4 

2004  126.7 124.4 156.8 142.3 179.5 167.1 160.0 152.0 139.9 140.3 128.7 1617.8 

2005  122.6 141.3 157.7 155.9 153.7 169.2 151.5 148.9 141.1 144.4 131.4 1617.8 

2006  129.8 129.6 151.8 142.3 168.0 174.8 152.3 147.7 141.1 144.0 125.1 1606.5 

2007  113.0 124.0 162.7 152.0 176.0 162.0 144.7 149.5 144.2 145.9 128.1 1602.0 

2008  134.5 133.4 177.6 165.8 171.8 170.0 160.1 149.2 143.4 142.5 123.0 1671.3 

2009  126.4 132.3 165.0 166.7 167.3 175.1 153.8 149.2 150.7 141.7 135.7 1663.8 

2010  127.8 121.6 147.3 154.3 162.9 172.0 155.5 162.2 141.4 146.5 129.7 1621.1 

2011  121.3 135.2 150.5 166.8 157.9 162.9 151.1 143.7 145.5 144.1 116.2 1595.3 

2012  135.8 141.8 167.3 147.3 164.1 164.2 154.3 150.6 146.2 149.3 135.1 1656.1 

2013  132.6 137.0 157.7 159.3 167.3 163.0 151.8 140.6 146.0 139.8 126.6 1621.9 

2014 129.2 119.3 155.6 159.4 159.2 169.9 166.8 148.6 141.3 137.8 126.2 1613.3 

2015  128.3 141.3 166.1 172.2 167.8 165.1 177.4 156.5 144.9 150.2 125.4 1695.0 

2016  114.9 131.8 171.9 143.8 163.5 168.6 152.6 149.2 145.9 150.8 132.8 1625.7 

2017  124.6 126.6 174.8 152.8 160.1 168.5 164.5 146.2 138.5 136.8 124.6 1618.0 

Average 121.4 125.4 152.3 151.6 164.4 166.9 154.9 147.0 140.7 141.0 126.8 1592.5 
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Appendix Table 8.Estimated PET (mm/month) Hargreaves method for Majete station 

Year  Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Annual 

1987  97.9 96.2 105.7 102.9 101.8 173.6 110.9 118.9 100.3 96.8 92.9 93.0 1291.0 

1988  102.5 93.9 117.9 108.0 93.5 89.9 115.4 102.5 97.7 92.1 91.2 94.5 1199.2 

1989  115.9 115.2 144.3 130.2 176.9 177.7 161.9 154.7 137.3 145.3 133.4 98.4 1691.1 

1990  119.0 97.0 136.4 147.3 189.2 182.1 162.3 159.9 142.0 148.8 130.6 129.0 1743.4 

1991  128.7 114.3 135.3 155.9 161.7 171.4 153.6 148.3 149.3 149.2 130.3 121.9 1719.9 

1992  103.5 96.3 142.5 152.2 174.7 169.4 159.1 142.3 137.6 135.9 119.0 113.6 1646.1 

1993  106.6 104.4 160.2 134.1 155.7 172.6 162.3 156.1 144.5 142.4 134.0 132.7 1705.5 

1994  137.6 132.7 150.9 166.1 177.2 171.9 150.8 142.9 101.4 98.5 93.3 98.4 1621.6 

1995 103.4 98.8 117.6 98.8 101.0 93.9 91.9 90.8 90.7 88.7 87.8 91.6 1155.0 

1996  94.8 95.2 100.2 101.7 104.6 98.4 94.8 96.5 95.9 93.3 82.5 84.7 1142.5 

1997  91.0 95.7 113.1 110.3 105.3 96.3 96.8 150.6 149.2 137.6 120.6 80.9 1347.5 

1998  85.0 111.6 65.2 116.1 164.0 175.6 146.6 139.5 143.1 142.4 134.1 133.5 1556.8 

1999  127.7 145.5 146.1 177.8 180.8 180.0 155.0 155.8 149.0 136.1 132.2 125.6 1811.6 

2000  137.0 142.2 170.4 164.2 175.3 179.9 165.1 150.7 144.6 142.2 124.2 121.0 1816.8 

2001  115.9 134.9 141.0 168.2 176.0 173.8 157.2 146.6 148.9 151.0 130.9 131.9 1776.3 

2002  113.0 134.6 154.2 161.6 187.1 177.8 173.3 156.6 146.4 159.3 139.7 105.0 1808.5 

2003  120.1 132.9 154.1 156.6 162.6 117.5 143.9 103.4 148.9 155.9 136.1 126.3 1658.3 

2004  126.9 123.8 161.8 153.6 192.3 174.0 171.6 162.3 154.3 148.3 133.0 120.0 1822.1 

2005  120.3 145.6 155.9 155.5 162.2 171.5 155.6 153.5 147.8 150.2 132.5 132.5 1783.3 

2006  130.7 125.8 154.6 147.3 175.5 176.8 154.8 147.5 146.1 144.6 130.2 111.3 1745.2 
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2007  109.5 121.1 161.5 155.8 176.9 165.5 151.6 153.2 148.3 150.9 129.2 131.0 1754.7 

2008  129.2 129.1 179.9 165.6 174.9 173.7 161.4 153.7 147.6 146.9 122.2 126.1 1810.3 

2009  122.9 130.5 162.2 163.2 181.7 179.1 156.6 153.9 152.4 142.8 138.1 109.4 1792.7 

2010  119.5 114.3 139.9 154.3 168.8 175.5 160.3 166.8 146.2 153.2 129.5 117.3 1745.6 

2011  101.4 132.8 161.9 181.7 164.5 112.7 147.4 111.8 150.3 150.6 116.0 126.4 1657.5 

2012  133.9 140.5 167.2 152.1 173.8 172.0 151.8 92.1 155.0 157.3 78.4 84.8 1659.0 

2013  142.0 141.9 167.3 179.4 163.3 79.8 153.4 169.2 162.9 148.8 132.5 131.8 1772.2 

2014  138.0 120.7 157.9 164.2 171.3 182.9 176.1 162.0 153.0 146.0 129.2 125.4 1826.7 

2015  125.6 143.8 177.5 178.3 173.2 177.9 194.9 167.7 155.8 159.0 142.2 112.0 1907.9 

2016  114.4 142.5 182.2 148.3 178.0 185.1 185.0 111.4 107.5 179.7 140.0 144.6 1818.7 

2017  108.1 107.3 122.6 114.5 122.6 110.7 123.2 121.9 108.2 110.5 96.6 88.7 1334.9 

Average 116.8 121.3 145.4 147.3 160.2 156.1 149.8 140.1 137.5 138.8 121.4 114.3 1649.1 

 

Appendix Table 9.Total monthly precipitation for the selected period  

Stations  

name  Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. 

Haik 842.3 1243.9 3117.3 2891.7 2207.1 1053.2 8685 9449.6 3785.1 1349.7 774.2 754.4 

Kemissie 579.1 593 1590.8 2341.6 1845.5 704.6 7217.2 8307.4 2780.7 1167.8 730.2 308.1 

Kombolcha 717.8 732.4 2090.1 2801.1 1762.9 938.1 8737.9 8199.4 3253.8 1322.2 581.7 533.2 

Majete 745.57 922.86 2400.87 2762.66 2012.41 918.21 8592.57 9053.77 3462.25 1316.08 711.65 624.92 
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Appendix Table 10. Average monthly Tmin for selected period  

Stations 

name Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. 

Haik 8.02 8.51 10.63 11.69 11.62 12.47 13.72 13.46 12.38 8.74 6.83 6.45 

Kemissie 11.24 12.07 13.54 14.63 15.23 16.22 16.35 15.93 14.52 11.69 10.23 10.09 

Kombolcha 10.53 11.32 12.92 13.94 14.32 15.31 15.42 15.02 13.99 10.94 9.11 9.15 

Majete 11.13 12.25 13.50 14.66 15.24 15.84 15.37 14.52 13.99 12.30 11.03 10.91 

 
Appendix Table 11. Average monthly Tmax for selected period  

Stations 

name Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. 

Haik 25.52 27.07 28.64 28.95 30.41 31.43 30.66 27.63 27.77 27.42 26.32 25.30 

Kemissie 25.58 26.97 27.84 28.61 30.89 32.60 29.90 28.58 28.50 27.99 27.38 26.52 

Kombolcha 24.64 26.18 27.21 27.55 28.81 30.56 28.32 27.01 26.66 25.91 25.37 24.81 

Majete 23.95 25.72 26.42 27.28 28.72 29.48 27.70 25.88 26.13 26.00 25.00 24.06 
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7.2 Appendix Figures 

 

 

Appendix Figure 1.Historical mean monthly rainfall; monthly mean average Tmin and Tmax for 

Kombolcha station 

 

Appendix Figure 2.Historical mean monthly rainfall; monthly mean average Tmin and Tmax for 

Majete station 
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Appendix Figure 3.Annual RF homogeneity test for Kombolcha and Majete stations 
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Appendix Figure 4. Scatter diagram for annually with SPI, RDI, RAI and PDI for Kemissie 

station 
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Appendix Figure 5. Scatter diagram for annually with SPI, RDI, RAI and PDI for Kombolcha 

station 
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Appendix Figure 6. Scatter diagram for annually with SPI, RDI, RAI and PDI for Majete station 
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