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Preface

This thesis work with a topic ”The Role of Reservoirs in Drought Mitigation in

Ethiopia, Awash River Basin” is submitted as a requirement for partial fulfillment

of Master of Science degree in Hydropower Development course 2014-2016, to the

department of Hydraulic and Environmental Engineering, Norwegian University

of Science and Technology (NTNU), Trondheim, Norway.

The work mainly involves assessment of drought characteristics of the Awash valley

on a sub basin level followed by analysis of climate change impact on the risk of

drought in the future period. Drought Index Calculator software, R programming

language and ARC view are used during the analysis. It also involves assessment

of water resource management options using WEAP model to reduce the impact

of drought on people, livestock and economic development of the basin.

The work was started on January 15th, 2016 and finalized on June 10th, 2016

under the supervision of Professor Knut Alfredsen and Tor Haakon Bakken. This

work is purely for academic purpose and doesn’t mean to oppose or harm any

individual, group or organization. I here witness that as the work is mine and all

sources of information are referenced.
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Abstract

Drought is weather related natural hazard that can affect a particular region or

entire country. It affects the lives of people, livestock, and economic development

of a given region or country. In Ethiopia it is becoming a recurrent phenomenon

which usually is caused due to lack of precipitation for an extended period. This

extended lack of precipitation causes water shortage of different demand sectors of

a given community. As majority of the food production in Ethiopia is dependent

on rain-fed agriculture the impact is much worse. It often turns into famine and

food crisis. Hence, This thesis work aims in analysing drought and its mitigation

measures in Awash river basin. Detail drought assessment is performed on a sub

basin level. Standardized precipitation index and standardized stream flow index

are used to characterize meteorological and hydrological droughts of the basin

respectively. A good relationship is found between meteorological and hydrological

droughts based on shorter time scale of drought index calculation. Drought severity

maps are developed using Arc view to have an over view of drought affected areas.

The lower and middle Awash are found to be hit by extreme and severe drought in

a higher percentage. A drought of moderate and mild severity is common across

the basin.

Impact of climate change on drought severity in the future is also analysed. The

impact is analysed by downscaling historical and future climate data of three

RCP scenarios of Moh hadely and MPI climate models by using Arc map and

R-programming language. A total of 54 index points are downscaled with in the

catchment and average values are used when more than two index points are

downscaled per sub basin. It is found that drought severity due to climate change

will increase in the future in the upper and middle part of the basin. In the lower

part almost same type of drought is found but this is uncertain due to the fact that

the correlation of downscaled climate data and observed data is found to be very

weak. A WEAP model is also used to analyse the role of reservoirs and integrated

water resource management to mitigate drought. A set of future scenarios are

tested to identify efficient management options to minimize water deficiency.

V



This page is intentionally left blank.



Contents

Preface I

Acknowledgment III

Abstract V

List of Figures IX

List of Tables XIII

List of Abbreviations XIV

1 Introduction 1
1.1 Drought History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Study Objectives and Limitations . . . . . . . . . . . . . . . . . . . 3
1.3 Study area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Drought Impacts In Awash Valley . . . . . . . . . . . . . . . . . . . 6
1.5 List of Used Literature . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.6 Structure of The Report . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Climatic and Hydrological Data 9
2.1 Rainfall Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Temperature data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 Stream Flow Data . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 Hydraulic Infrastructure . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4.1 Koka Reservoir . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4.2 Kesem Reservoir . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4.3 Tendaho Reservoir . . . . . . . . . . . . . . . . . . . . . . . 16

2.5 Water Resource Development Potential . . . . . . . . . . . . . . . . 17

3 Drought Assessment 19
3.1 Standardized Precipitation Index (SPI) . . . . . . . . . . . . . . . . 20

3.1.1 Temporal Variation of Meteorological Drought . . . . . . . . 22
3.1.2 Relative Frequency of Meteorological Drought Events . . . . 25

3.2 Standardized Precipitation Evapotranspiration Index (SPEI) . . . . 28

VII



Contents

3.3 Standardized Streamflow Drought Index (SDI) . . . . . . . . . . . . 29
3.4 Relationship of Meteorological and Hydrological Droughts . . . . . 32

4 Impact of Climate Change 37
4.1 Downscaled Precipitation Data . . . . . . . . . . . . . . . . . . . . 38
4.2 Precipitation Changes . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.2.1 Comparison of Precipitation Changes of RCPs Scenario . . . 43
4.3 Future Precipitation Estimates . . . . . . . . . . . . . . . . . . . . 44
4.4 Future Drought . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.4.1 Comparison of Historical and Future Droughts . . . . . . . . 49

5 Water Resource Management During Drought 55
5.1 Model Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.2 Model Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.3 Catchment Simulation Method . . . . . . . . . . . . . . . . . . . . . 58
5.4 Modelling Reservoir Operation . . . . . . . . . . . . . . . . . . . . . 59
5.5 Scenario Development . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.5.1 Current Account and Reference Scenario . . . . . . . . . . . 60
5.5.2 Future Scenarios . . . . . . . . . . . . . . . . . . . . . . . . 61

5.6 Interbasin Transfer System . . . . . . . . . . . . . . . . . . . . . . . 66

6 Conclusion and Recommendation 69
6.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.2 Recommendation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

References 73

Appendices 77

VIII



List of Figures

1.1 Drought history in Ethiopia (Fiona Flintan and Imeru Tamrat 2002) 3

1.2 Awash Valley sub-basin . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Area of Awash river sub basin . . . . . . . . . . . . . . . . . . . . . 5

2.1 Annual average monthly precipitation of sample sub basins . . . . 10

2.2 Double-mass curve of sub-basins in the upper Awash . . . . . . . . 11

2.3 Double-mass curve of sub-basins in the middle Awash . . . . . . . . 11

2.4 Double-mass curve of sub-basins in the lower Awash . . . . . . . . . 12

2.5 Time series of stream flow of Awash knture and Awash Awash gaug-
ing stations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.6 Location of Reservoirs and gauging stations . . . . . . . . . . . . . 14

2.7 Volume elevation curve of Koka reservoir . . . . . . . . . . . . . . . 15

2.8 Volume elevation curve of Kesem reservoir . . . . . . . . . . . . . . 16

2.9 Volume elevation curve of Tendaho reservoir . . . . . . . . . . . . . 16

3.1 Meteorological drought condition of awash kunture based on 12
month SPI for September . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 SPI time series for Awash Kunture based on 3, 6 and 12 month time
scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3 SPI time series of September on 3, 6 and 12 month time scale . . . 24

3.4 Extreme and severe drought occurrence over view of Awash basin . 26

3.5 Moderate and Mild drought occurrence over view of Awash basin . 27

3.6 Duration of consecutive drought years of each sub basin of Awash . 28

3.7 Comparison of SPI and SPEI for Awash US Koka sub basin on 12
month time scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.8 SDI of Awash kunture gauging station . . . . . . . . . . . . . . . . 30

3.9 SDI of Awash awash gauging station . . . . . . . . . . . . . . . . . 31

3.10 Relationship of meteorological and hydrological drought events du-
ration based on one month time scale . . . . . . . . . . . . . . . . . 33

3.11 Relationship of meteorological and hydrological drought events du-
ration based on two month time scale . . . . . . . . . . . . . . . . . 34

3.12 Regression analysis between magnitudes of meteorological and hy-
drological droughts . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

IX



List of Figures

4.1 Downscaled index points of Awash catchment . . . . . . . . . . . . 37

4.2 Comparison of observed and downscaled historical climate data
(1971-2000) for Moh hadely and MPI models of RCP85 emission
scenario; AK-Awash kunture (Upper Awash), AH-Awash haledabi
(Middle Awash), AA-Awash adaitu (Lower Awash) . . . . . . . . . 39

4.3 Percentage change in precipitation of Awash kunture (upper Awash)
for the year 2041-2070 for each scenario of Moh hadely model. . . . 40

4.4 Percentage change in precipitation of Awash haledabi (middle Awash)
for the year 2041-2070 for each scenario of Moh hadely model . . . 41

4.5 Percentage change in precipitation of Awash adaitu (lower Awash)
for the year 2041-2070 for each scenario of Moh hadely model . . . 41

4.6 Percentage change in precipitation of Awash kunture (upper Awash)
for the year 2041-2070 for each scenario of MPI model . . . . . . . . 42

4.7 Percentage change in precipitation of Awash haledabi (middle Awash)
for the year 2041-2070 for each scenario of MPI model . . . . . . . . 43

4.8 Percentage change in precipitation of Awash adaitu (lower Awash)
for the year 2041-2070 for each scenario of MPI model . . . . . . . . 43

4.9 Percentage change in precipitation of Awash haledabi (middle Awash)
for the year 2041-2070 for each RCP scenarioS of MPI model . . . . 44

4.10 Estimated future annual average monthly precipitation of Awash
kunture (Upper Awash) for each RCP scenario of Moh hadely cli-
mate model of future period (2041-2070) . . . . . . . . . . . . . . . 45

4.11 Estimated future annual average monthly precipitation of Awash
kunture (Upper Awash) for each RCP scenario of Moh hadely cli-
mate model of future period (2071-2100) . . . . . . . . . . . . . . . 45

4.12 Estimated future annual average monthly precipitation of Awash
haledabi (Upper Awash) for each RCP scenario of Moh hadely cli-
mate model of future period (2041-2070) . . . . . . . . . . . . . . . 46

4.13 Estimated future annual average monthly precipitation of Awash
haledabi (Upper Awash) for each RCP scenario of Moh hadely cli-
mate model of future period (2071-2100) . . . . . . . . . . . . . . . 46

4.14 Estimated future annual average monthly precipitation of Awash
adaitu (Lower Awash) for each RCP scenario of Moh hadely climate
model of future period (2041-2070) . . . . . . . . . . . . . . . . . . 47

4.15 Estimated future annual average monthly precipitation of Awash
adaitu (Lower Awash) for each RCP scenario of Moh hadely climate
model of future period (2071-2100) . . . . . . . . . . . . . . . . . . 47

4.16 Annual future drought (2041-2070) of Awash kunture (Upper Awash)
based on Moh hadely climate model . . . . . . . . . . . . . . . . . . 49

X



List of Figures

4.17 Annual SPI time series of Awash kunture (Upper Awash) in the
future period (2041-2070) . . . . . . . . . . . . . . . . . . . . . . . 50

4.18 Annual SPI time series of Awash haledabi (Middle Awash) in the
future period (2041-2070) . . . . . . . . . . . . . . . . . . . . . . . 51

4.19 Annual SPI time series of Awash adaitu (Lower Awash) in the future
period (2041-2070) . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.20 Time series of future droughts (2071-2100) of representative sub
basins based on Moh hadely model . . . . . . . . . . . . . . . . . . 53

4.21 Time series of future droughts (2071-2100) of representative sub
basins based on MPI model . . . . . . . . . . . . . . . . . . . . . . 54

5.1 Awash basin WEAP model schematic view . . . . . . . . . . . . . . 57

5.2 Conceptual diagram and parameters involved in the soil moisture
method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.3 Reservoir storage zones used to describe operating rules . . . . . . . 59

5.4 Monthly average unmet demand of reference and future scenario
with changed reservoir operation . . . . . . . . . . . . . . . . . . . 63

5.5 Proposed buffer coefficient of Koka reservoir . . . . . . . . . . . . . 64

5.6 Unmet demand of reference scenario with constant buffer coefficient
(bc=1) and future scenario with varying buffer coefficient . . . . . . 64

5.7 Annual total unmet demand of reference and future scenario (Kebena
reservoir) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.8 Scenario comparison of reference (existing) with new reservoir and
climate change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

A.1 Detail calculation used to find out how meteorological and hydro-
logical droughts are related using 1-month time scale of drought
indices calculation. . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

A.2 Continued from Figure A.1 . . . . . . . . . . . . . . . . . . . . . . . 80

A.3 Detail calculation used to find out how meteorological and hydro-
logical droughts are related using 2-month time scale of drought
indices calculation. . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

A.4 Continued from Figure A.3 . . . . . . . . . . . . . . . . . . . . . . . 82

B.1 %age changes in precipitation of representative sub basins using
Moh hadely model . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

B.2 %age changes in precipitation of representative sub basins using
MPI model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

C.1 Future annual average monthly precipitation of Awash kunture (Up-
per Awash) using MPI climate model . . . . . . . . . . . . . . . . . 85

XI



List of Figures

D.1 Future annual average monthly precipitation of Awash haledabi
(Middle Awash) using MPI climate model . . . . . . . . . . . . . . 86

E.1 Future annual average monthly precipitation of Awash adaitu (Lower
Awash) using MPI climate model . . . . . . . . . . . . . . . . . . . 87

XII



List of Tables

1.1 List of Drought and Famine crises in Ethiopia . . . . . . . . . . . . 2
1.2 Human and Livestock loss during two drought events from 83 se-

lected households . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Number of Afar killed and animals raided by different ethnic groups

from 94 sample households from 1981/82 to 1991/92 . . . . . . . . 7

2.1 Irrigation potential of the awash basin Awulachew et al. (2007) . . . 17

3.1 Classification of drought according to SPI . . . . . . . . . . . . . . 21
3.2 Percentage of drought occurrence in each sub basin for September . 25
3.3 Definition of states of hydrological drought with the aid of SDI . . 30

4.1 Correlation value (R2) between downscaled and observed montly
precipitation data (1971 − 2000) of Awash basin . . . . . . . . . . . 38

4.2 Correlation value (R2) between downscaled and observed annual
average monthly precipitation data (1971 − 2000) of Awash basin . 40

4.3 Summary of changes in drought occurrences using Moh hadely cli-
mate model for RCP85 . . . . . . . . . . . . . . . . . . . . . . . . 52

5.1 Assumed monthly percentage of demand side management savings . 61
5.2 Simulation results of unmet demand for reference and DSM (De-

mand Side Management) scenarios . . . . . . . . . . . . . . . . . . 62
5.3 Change in precipitation and temperature due to climate change

(source; Belete Berhanu (2013b)) . . . . . . . . . . . . . . . . . . . 66

XIII



List of Abbreviations

Below is description of abbreviations used through out the report.

ETB Ethiopian Birr
ITCZ Inter-Tropical Convergence Zone
Gwh Giga Wat Hour
ha Hectares
Drinc Drought Index Calculator
PET Potential Evapotranpiration
SPI Standardized Precipitation Index
SPEI Standardized Precipitation Evapotranspiration Index
SDI Standardized Streamflow Drought Index
FAO Food and Agriculture Organization of the United Nations.
WEAP Water Evaluation and Planning tool
DSM Demand Side Management
mm Millimeter
RCP Representative Concentration Pathway
Moh hadely Met Office Hadely Centre, UK
MPI Max Planck Institute of Meteorology, Hamburg, Germany

XIV



1. Introduction

Ethiopia is again hit by a severe drought. Historically droughts have caused the

death of millions of people, big losses in agriculture and power production which

represents a big risk to economic development and introduces enormous personal

tragedies. Droughts can be categorized as climatic droughts, agricultural and hy-

drological droughts, where the first category is described by changes in climatic

conditions. Agricultural drought is beside the climatic conditions also determined

by the agricultural management and planning, causing shortfall in the crop pro-

duction. Hydrological drought happens when the available water in rivers, lakes,

reservoirs, and ground water aquifers is lower than a certain statistical threshold.

Construction and sound operation of reservoirs can hence reduce the risk of hy-

drological drought.

In the last decades Ethiopia has started an extensive development of water re-

sources, which includes constructing of several dams and reservoirs. Reservoirs

are also key-stones in the infrastructure and prerequisite in water-stressed areas

to secure adequate water services to a large range of sectors and are used for the

purpose of securing irrigation demand, drinking water supply, flood control, nav-

igation and Hydro power production and more. The national storage capacity

has increased rapidly and this would potentially make the country more prepared

and less vulnerable against drought, but this depends on where the reservoirs are

located, how they are operated and for what they are used for. This masters the-

sis aims at studying the role of reservoirs in mitigating hydrological droughts in

Ethiopia, Awash river basin as case study.

1.1. Drought History

Ethiopia has a long history of drought and famine. In total of 39 recorded events

and shortage of food have been identified. Most events have been concentrated in

the central and Northern highlands, stretching from Northern Shewa to Wollo and

Tigray and in the crescent of low-lying agro-pastoral lands ranging from wollo in

the North, through Hararghe and Bale, to Sidamo and Gamo Gofa on the south.
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Table 1.1 on page 2 shows list of recorded drought and famine crises taken from a

book by Degefu (1987).

Date Region affected ”Triggers” and severity

1836-37 Northern Provinces
A holocaust of drought, famine, cattle

disease, epidemic, and cholera.

1888-92 The whole Ethiopia

One of the most serious droughts in
Ethiopia Known as ”Kifu Ken”

(Harsh days). 90% of cattle perished,
1/3 of population death

1895-96 Ethiopia
Minor drought, loss of livestock and

human lives

1899-1900 Ethiopia
Drought deduced from levels of lake

Rudolf and Low Nile floods

1913-14 Northern Ethiopia
Lowest Nile floods since 1965, grain
prices said to have risen thirty-fold

1920-22 Ethiopia Moderate Drought
1932-34 Ethiopia Deduced from low level of Lake Rudolf

1953 Tigray and Wollo Severity unrecorded

1957-58 Tigray and Wollo
Rain failure in 1957, Locusts and

epidemic in 1958
1962-63 Western Ethiopia Very severe

1964-66 Tigray and Wollo
Undocumented; said to be worse than

in 1973/74

1971-75 Ethiopia
Sequence of rain failure; estimated 250

thousands dead and 50 percent of
livestock lost in Tigray and Wollo

1978-79 Southern Ethiopia Failure of Belg rains
1982 Northern Ethiopia Late Meher rains

1984-85 Ethiopia
Sequential rain failure; 8 million

people affected, estimated 1 million
dead and much livestock loss

1987-88 Ethiopia
Drought of undocumented severity in

peripheral regions

1990-92
Northern, Eastern
and southwestern

Ethiopia

Rain failure and regional conflicts
estimated 4 million people suffering

food shortage

Table 1.1.: List of Drought and Famine crises in Ethiopia

Historical droughts have happened either due to total failure of rainfall or early or

2
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too late inadequate rainfall during the short rainy season or low rainfall intensity

and short duration. As most of the agriculture development is based on rain-fed

small land holder farmers the effect of shortfall in rain is very critical and millions

of peoples have lost their lives so far. The number of peoples affected by drought

in Ethiopia can be seen in figure 1.1 on page 3 Flintan and Tamrat (2002). It can

be seen that the number of affected peoples is increasing from one drought year to

another.

Figure 1.1.: Drought history in Ethiopia (Fiona Flintan and Imeru Tamrat 2002)

1.2. Study Objectives and Limitations

Main objective of these study is to analyse the role of storage reservoirs in drought

mitigation so that to set recommendations for early drought warning and propose

alternative water resource management options in order to reduce the risk and

impacts of drought in Awash basin. In particular it aims in analysing the char-

acteristics and relationships of different types of droughts, and impacts of climate

change on drought severity and occurrence in order to understand how it has been

trending in the past, and how it will change in the future time. It also aims in

analysing the impact of drought on people, livestock, agriculture and economic

development of the Awash valley society.

3
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Specifically it also identifies parts or places of the basin where extreme or severe

drought occurrences are high so as any structural drought mitigation measures can

be proposed in higher priorities. The structural measures can be development of

storage reservoirs or any water diversion structure or water transfer system.

In this study accessibility of reliable meteorological and hydrological data was the

main limitation. For drought assessment an already processed areal meteorological

data from a WEAP model is used due to the lack of enough time series of station

data. Infact it is also chosen to be consistent with the WEAP model data base and

application to propose effective drought mitigation measures. Only three stream

flow gauging stations which are very far apart to each other were accessible during

the study. Due to lack of neighbouring gauging stations consistency of the data is

not checked. It all depends on the WEAP model developed for the basin by FAO.

Another limitation in this study was the absence of observed water withdrawals

for hydropower, irrigation and other demand sectors of a given reservoir. Hence

detail optimization of efficient water resource allocation for different purposes is

not performed as intended.

1.3. Study area

Awash river basin is part of the great rift valley of Ethiopia. It originates from

the central highlands west of Addis Ababa in Ginchi town and terminates in the

afar triangle in a salty lake called Abbe in the border of Djibouti. It covers a

total land mass area of approximately 116,000km2. It is a home for around 15

million peoples. The total length of the course is around 1200km. Based on

Location, altitude, climate, topography, agricultural development, physical and

socio-economic factors the Awash valley is divided in to three distinct zones namely

Upper valley, middle valley and Lower valley.

In this thesis work the Awash valley is studied in 21 sub-basins as can be seen in

figure 1.2 on page 5. Area of each sub basins can be seen in figure 1.3 on page

5. The eastern catchment is the biggest sub basin which accounts for around 40%

of the total basin area. It expands from the middle part down to the Lower part

of the basin with its tributary joining at the main river outlet. The smallest sub

4
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basin (Ataye) is located in the Lower part which accounts 1.03% of the total area.

Figure 1.2.: Awash Valley sub-basin

Figure 1.3.: Area of Awash river sub basin

5
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1.4. Drought Impacts In Awash Valley

Drought is a recurrent phenomenon in the Awash valley. In 1973/74 a devastat-

ing drought has happened where a severe loss of both human and livestock was

recorded. Harbeson and Beshah (1974), estimated the loss between one-fourth to

one-third or more of the livestock and human population. According to Toulmin

(1985) this drought event reduced cattle population by 90%, camels by 30%, sheep

by 50%, goats by 30% and the Afar population by about 25 to 30%. Bondestam

(1974) also indicated a loss of about 25-30% of the Afar population during the

drought event of 1973/74.

From a survey of 83 households carried out by Said (1994) the size of human

and livestock loss during the drought of 1973/74 and 1983/1984 was estimated as

shown in table 1.2 on page 6.

year Human loss Cattle loss Camel loss Sheep & Goats loss
1973/74 90 2,321 251 3,158
1983/84 13 792 84 1,327

Table 1.2.: Human and Livestock loss during two drought events from 83 selected
households

During drought events conflict between ethnic groups is a common phenomenon as

a result of migration for water resource and grazing competition. Data collected by

Said (1994) indicated the number of animals raided and human killed by different

ethnic groups from a sample of 94 Afar households in the year 1981/82 to 1991/92

is shown in table 1.3 on page 7. The indirect effect of drought is also a reason

for the death of human lives and livestock. If there were well managed storage

facility in their vicinity, at least such numbers of lives could have been saved in

every drought events.

In the middle Awash armed confrontation between state farm guards and pastorals

is a common incident during drought events which ends up with heavy casualties

and damage of crops. From the year 1982/83 to 1989/90 an estimated value of

9.25 million ETB. was lost due to the damage of crops by Afar herds Said (1994).

The development of irrigation schemes in the upper Awash also triggers for the

drought impact in the lower Awash. The drought impacts are severe in the middle

6
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and lower part. The weather in the middle and lower awash is warmer and dryer

compared to the upper valley as a result the impact is worse. Hence, Integrated

water resource management is an important aspect to alleviate the impact. The

possibility of using water resource developments as a multipurpose is very high. As

the basin is prone to drought, it is also affected by intense flooding. This happens

usually after a severe or extreme drought. Risk management is a far better option

than crisis management.

Raider Afar Killed Camel raided Cattle raided Sheep & Goats raided
Issa 70 353 937 313
Kereyu 4 2 27 30
Ittu - 10 33 -
Argoba 12 - 81 -
Total 86 367 1078 343

Table 1.3.: Number of Afar killed and animals raided by different ethnic groups
from 94 sample households from 1981/82 to 1991/92

1.5. List of Used Literature

Many articles and publications of the Awash basin are used during the study. Most

of them are listed in the reference with all necessary items. During calculation of

drought index a publication made by Tigkas et al. (2015) is used as a main material

of reference of theories and procedures of drought assessment. A WEAP user guide

developed by Sieber and Purkey (2007) is also used as a main reference of theories

and procedures in building of alternative scenarios for water resource management

during drought.

1.6. Structure of The Report

This report contains six chapters in total. In this chapter the background and

objective of the study, and description of the study area are presented briefly as can

be seen in the previous sub topics. In chapter 2 beginning on page 9, description

of Awash basin climate, data used and existing hydraulic infrastructures is given.

Potential of future water resource development is also included. The rest of the

chapters contains description theory, analysis method, result and discussion of

7
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the findings. In chapter 3 beginning in page 19, drought assessment is done. The

assessment method, result and discussion is included. Chapter 4 beginning in page

37 contains report of climate change impact on drought severity and occurrence.

Detail analysis result and discussion is also included. Chapter 5 starting from page

55 is composed of theory of water resource management for drought mitigation

using WEAP model and assessment of alternative scenarios for effective reduction

of water scarcity in the basin.

The last chapter is conclusion of the whole study. It contains summary of findings.

It also includes recommendation on how to mitigate drought and manage its risk.

After all the chapters references and appendices are also included in good order.
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2. Climatic and Hydrological Data

The climate of Awash is influenced by a low pressure convergence called Inter-

Tropical Convergence Zone (ITCZ).This zone marks the convergence of dry tropical

easterlies and the moist equatorial westerlies. The annual migration of the ITCZ

gives a seasonal rainfall distribution across the basin. In March it advances across

the basin from south giving spring rains. In June and July the rainfall reaches its

most northerly location beyond the basin which then gives the heavy summer rain.

It then returns southwards during August to October, restoring the drier easterly

air streams which prevails until the cycle repeats itself in March Halcrow (1989).

Due to this cycle rainfall distribution is mainly occurring in two different seasons,

spring and summer.

Mean annual temperature ranges from 20.8°c in the upper Awash to 29°c in the

lower part. Highest mean monthly temperature occurs in June as high as 23.8°c
and 33.6°c in the upper and lower Awash respectively. As a result the potential

evapotranspiration (PET) is very high. At the Upper Awash the mean annual

PET is as high as twice the mean annual rainfall, with average monthly rainfall

exceeding PET only in July and August. In the lower Awash the mean annual

potential evapotranspiration (PET) may exceed ten times the mean annual rainfall

Belete Berhanu (2013a). The climate pattern indicates that the Awash basin is

prone to water scarcity.

2.1. Rainfall Data

Major rains occur from July to August and minor rains occur in March and April.

The distribution of rainfall across the basin is highly erratic. High rainfall is

observed in the upper Awash on the highlands reaching up to 1600mm, where as

a relatively low rainfall is inhibited in the lower part as low as 160mm Edossa

et al. (2010). Annual average monthly precipitation of sample sub basins is given

in figure 2.1 on page 10. It shows the variation in precipitation between the

upper, middle and lower part of the basin. The main variation occurs during the

9



Climatic and Hydrological Data

rainy season that is July to September. Considerable variation is also observed

from April to June and from September to October. The pattern between middle

and lower part is almost similar. In the middle and lower Awash more rains are

exhibited in April and May than in June. Almost similar pattern is observed in

all parts of the basin at the start and end of a year.

Figure 2.1.: Annual average monthly precipitation of sample sub basins

Rainfall distribution and amount also varies from year to year which causes a

drought of different magnitude across the basin in a given year while flood prevails

in another year. Hence drought analysis is performed on a sub basin level across

the basin. To perform this analysis monthly areal rainfall of 21 sub basins is used

from a WEAP model developed by FAO. The data covers a total of 38 year starting

from 1970 to 2008. Due to the lack of data the year 2008 is assumed as a current

year of analysis. The quality of the data is checked by using double mass curve

analysis of neighbouring sub basins. First the areal precipitation values of each sub

basin are tabulated in chronological order and their respective cumulative values

are estimated. The mean of the accumulated precipitation value is the pattern

used to test the consistency Langbein and Iseri (1960). Double-mass plot of sub

basins on the upper Awash gives a fairly straight line refer figure 2.2 on page 11

which shows the data of neighbouring sub basins is consistent.
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Figure 2.2.: Double-mass curve of sub-basins in the upper Awash

Same analysis is performed in the middle and lower Awash to check the consistency

of the data. Double mass plot in the middle Awash gives a fairly straight line as in

the upper Awash which can be seen in figure 2.3 on page 11 indicating consistent

data.

Figure 2.3.: Double-mass curve of sub-basins in the middle Awash

A similar double mass plot of sub basins in the lower Awash indicates a consistent

data of precipitation as can be seen in figure 2.4 on page 12. Hence no adjustment

of precipitation is needed in all cases.
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Figure 2.4.: Double-mass curve of sub-basins in the lower Awash

2.2. Temperature data

A monthly time series of temperature of 38 years from 1970 – 2008 is taken from

a WEAP model for each sub basin. Monthly temperature of Awash basin is found

to be highly correlated with elevation (Belete Brhanu and Semu Ayalew, 2013).

2.3. Stream Flow Data

Despite the existence of gauging stations in the tributaries and main river of

Awash, there is no a well monitored and supervised measurement system. Even

though there are automatic measurement gauges, many of them are non-functional.

Hence manual staff gauge reading is a common practice. This is done by local peo-

ples with less attractive payment. During harsh conditions such as in hot days the

reader may not be able to go. During high rainfall period it is also difficult to come

out and take measurement. Automatic gauges must be well established and mon-

itored in such big water basin with plenty of water resource schemes. In this work

monthly data of 38 years from three gauging stations taken from a WEAP model

developed by FAO is utilized. Since these gauging stations are located far apart

to each other there was no chance of checking the data consistency. Summary of

time series of sample flow data can be referred in figure 2.5 on page 13.
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Figure 2.5.: Time series of stream flow of Awash knture and Awash Awash gauging
stations

2.4. Hydraulic Infrastructure

Three main reservoirs are built so far in Awash basin namely Koka, Kesem and

Tendaho excluding reservoirs build for Adis Ababa city drinking water supply

on small streams close to the city. Their location along with gauging stations

can be seen in figure 2.6 on page 14. The rainfall gauges located in this map are

stations used to estimate the areal rainfall of each sub basin during a WEAP model

development of the basin. It must be clear that due the lack of point precipitation

areal precipitation is used in this study as explained in the previous section refer

sub topic 2.1 on page 9. The two reservoirs Koka and Tendaho are built on the

main river Awash where as Kesem reservoir is built on one of the tributaries to

the main river that is River Kesem. Koka and Kesem reservoirs are located on the

upper and middle part of Awash respectively where as Tendaho is located in the

lower part of the basin. Even though the eastern catchment is big catchment, no

schemes are developed yet.

2.4.1. Koka Reservoir

Koka dam is located in south-central Ethiopia in the upper part of Awash basin

with a storage capacity of 1,071 million cubic meter. It is hydropower reser-

13



Climatic and Hydrological Data

voir which comes in to operation since 1960. But during drought periods the

plant doesn’t produce enough power due to shortage of water. During the current

drought (2015/16) it was reported that koka hydropower plant is among the plants

failed to produce the power needed.

Figure 2.6.: Location of Reservoirs and gauging stations

The volume elevation curve of the reservoir can be referred in figure 2.7 on page

15. From the figure It can be seen that the maximum capacity of the reservoir

1,071 million cubic meter is reached at 1590.4m elevation above mean sea level.

The inflow to the reservoir covers a catchment area of 11, 250km2.

The main purpose of the reservoir is power production but irrigation scheme is

also common practice on the downstream. It is also used as flood protection

downstream of the reservoir. It is a long serving dam but still it is expected to

meet some of the current power demands. Even though it is an old power plant it

can be used as a multi purpose dam for longer periods in the future as it is located
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at the upstream of the basin where plenty of demand sectors in the downstream

need to be met. If a proper and efficient operation are implemented it can be a life

saver during extreme or severe drought periods. But to meet all these purposes

in the future maintenance has to be done. As it is old the active storage capacity

is reducing due to accumulation of sediments. As a result its power production

capacity as well will reduce significantly in the near future.

Figure 2.7.: Volume elevation curve of Koka reservoir

2.4.2. Kesem Reservoir

Kesem reservoir is located 237km away to North east of Addis Ababa in the Afar

regional state that is in the middle part of the Awash basin. It has a storage

capacity of 500 million cubic meters which can irrigate 20,000 hectares of farm

land. Volume elevation curve of the reservoir can be seen in figure 2.8 on page 16.

Its location is strategic for both the middle and lower part of the basin. If proper

transfer systems are implemented it can be used to reduce risk of water scarcity.
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Figure 2.8.: Volume elevation curve of Kesem reservoir

2.4.3. Tendaho Reservoir

It is located in eastern Afar region in the lower part of the Awash river basin. It

is a multipurpose reservoir mainly used for irrigation. It has a storage capacity

of 2,017 million cubic meter with irrigation potential of 60,000 hectares. Volume

elevation curve of Tendaho reservoir is given in figure 2.9 on page 16.

Figure 2.9.: Volume elevation curve of Tendaho reservoir

Apart from the primary purposes these reservoirs are expected to mitigate drought

16



Water Resource Development Potential

and flood hazard. But it has been observed that the Awash basin is hit by drought

of various magnitude. In the next chapter drought characteristics is analysed across

the basin based on historical observed data.

2.5. Water Resource Development Potential

Compared to other basins in Ethiopia Awash basin is the most utilized and re-

searched river basin due to its irrigation potential, water resource and strategic

location. According to Awulachew et al. (2007) this basin has a total of 37 irriga-

tion sites and out of which 5 are small scale, 18 are medium scale, and 14 are large

scale sites. Irrigation potential of the basin is summarized in table 2.1 on page 17.

Irrigation scale Small scale Medium scale Large scale Total
Area (hectares) 30,556 24,500 79,065 134,121

Table 2.1.: Irrigation potential of the awash basin Awulachew et al. (2007)

According to Belete Berhanu (2013b) the irrigation potential of the basin is around

206,000 ha (about 4.67% of the total irrigation potential of the country). Assess-

ment of this potential only considered gravity system of irrigation with land slope

not exceeding 5%. Only 65% of this potential is identified by Awulachew et al.

(2007). The hydropower potential of the basin is estimated to be 5,589 Gwh per

year Belete Berhanu (2013b). Only 17.8% of this potential is developed so far.

This shows the basin has a good irrigation and hydropower potential.

In general with increasing urbanization and high population growth in the basin

other demand sectors are possibly to grow fast. Hence, in the future drinking water

supply projects and industrial demands has to be given priorities as the other big

water resource development projects.
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3. Drought Assessment

Drought is a weather related natural hazard that can affect a particular region

or entire country. It has an impact on people, livestock, food production, hy-

dropower production and economic development. It can occur in all types of

climate. Hence, drought has to be well studied and assessed to understand its

characteristics Drought assessment is conventionally based on drought indices for

the identification of drought characteristics such as its duration, severity, frequency

and areal extent. Drought indices are used to characterize drought and to compute

its statistical properties. They provide temporal and spatial variation of histori-

cal droughts and hence current conditions can be set from historical perspective.

They are very valuable indicators for decision makers with a measurement of the

abnormality of recent weather for a region Wilhite (2000). They are also very

helpful as they can communicate to the wider audience easily comprehensible in-

formation regarding the severity of drought episodes Tsakiris et al. (2007). They

are computed mainly based on meteorological and hydrological data.

Conventionally, droughts are characterized based on the determinant studied and

are usually classified as meteorological (precipitation, potential evapotranspira-

tion), hydrological (stream flow) and agricultural (soil moisture) or combination

of the above, Dracup et al. (1980). Similar classification can be found by Wilhite

and Glantz (1985), where four categories are adopted; Meteorological drought,

hydrological drought, agricultural drought and socio-economic drought. Initially,

meteorological drought is caused by the lack of precipitation possibly in combina-

tion with high evapotranspiration. This drought will in turn causes lack of soil

moisture which is called agricultural drought which affects crops and vegetation.

Precipitation deficit may also cause the streamflow drought defined by low stream-

flow values Vrochidou et al. (2013). Socioeconomic drought is related with supply

and demand of economic goods. It occurs when the demand for an economic good

exceed the supply as a result of shortfall in water supply.

In this work the software package named Drinc (Drought Index Calculator) devel-

oped at the Centre of Natural Hazards and Proactive Planning and the Laboratory
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of Reclamation Works and Water Resources Management of the National Tech-

nical University of Athens was used to calculate drought indices Tigkas et al.

(2015). Three drought indices named the Standardized Precipitation Index (SPI),

Standardized Precipitation Evapotranspiration Index (SPEI) and Standardized

Streamflow drought Index (SDI) were calculated based on available meteorologi-

cal and hydrological data of Awash River basin.

3.1. Standardized Precipitation Index (SPI)

The standardized precipitation index is used for the analysis of meteorological

drought. The long term precipitation record for a desired period is fitted to a

probability distribution function, which is then transformed into a normal distri-

bution so that the mean SPI for the location and desired period is zero Edwards

et al. (1997). Positive SPI value Indicate greater than median precipitation and

negative values indicate less than median precipitation.

Thom (1958) found the gamma distribution function to fit well to climatological

precipitation time series. The gamma distribution is defined by its frequency or

probability density function.

g(x) =
1

βαΓ(α)
x(α−1)e(−x/β), forx > 0 (3.1)

In which α and β are the shape and scale parameters respectively, x is the pre-

cipitation amount and Γ(α) is the gamma function. Parameters alpha and beta

of the gamma probability distribution function are estimated for each sub basin

and for each time scale of interest (3, 6, 9, 12 month etc.). Maximum likelihood

estimation of Alpha and Beta are:

α =
1

4A

(
1 +

√
1 +

4A

3

)
, β =

x̄

α
, where, A = ln x̄−

∑
ln(x)

n
(3.2)

And n is the number of observations. The resulting parameters are then used to

find the cumulative probability of an observed precipitation event for the given

month and time scale for the location in question. Since the gamma function is

undefined for x = 0 and a precipitation distribution may contain zero values, the
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cumulative probability becomes:

H(x) = q + (1 − q)G(x) (3.3)

where q is the probability of zero precipitation and G(x) is the cumulative prob-

ability of the incomplete gamma function. If m is the number of zeroes in a

precipitation time series, then q can be estimated by m/n. The cumulative prob-

ability H(x), is then transformed to the standard normal random variable z with

mean zero and variance of one Abramowitz and Stegun (1964), which is the value

of SPI.

According to SPI, a drought event occurs when the index continuously reaches

an intensity of -1.0 or less. The event ends when the SPI becomes positive. Each

drought event, therefore, has a duration defined by its beginning and end, intensity

for each month that the event continues. Drought magnitude is the positive sum

of the SPI for each month during the drought event. Classification of drought

condition is given in table 3.1 on page 21.

SPI values Classification
≥ 2.0 Extremely wet

[1.5 − 2.0) Very wet
[1.0 − 1.5) Moderately wet

(−1.0 − 1.0) Near normal
[−1.0 −−1.5) Moderately dry
[−1.5 −−2.0) Severely dry

≤ −2.0 Extremely dry

Table 3.1.: Classification of drought according to SPI

SPI values of each sub basin was computed for each month and each hydrologi-

cal year on different time scale based on their respective areal precipitation. A 3

month SPI for September of a particular year utilizes precipitation total of July

to September of the available previous years and a 6 month SPI for September

utilizes precipitation totals of May to September. Likewise, the 12 month SPI for

September utilizes precipitation totals of October to September. SPI values for

Awash Kunture based on 12 month time scale for September month is shown in

figure 3.1 on page 22 for illustrative purpose. The result shows a near normal
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drought condition for most of the time in awash kunture sub basin. The drought

conditions are represented in different colors for better visualization. green color

indicates extreme wet condition while the red one indicates severe drought condi-

tion. Near normal condition of drought is represented by grey color. Two extreme

wet conditions are observed while no extreme drought condition is observed. In

this sub basin one severe drought event is observed during the famous drought and

famine period in Ethiopia that is 1984/1985.

Figure 3.1.: Meteorological drought condition of awash kunture based on 12 month
SPI for September

3.1.1. Temporal Variation of Meteorological Drought

A 3-month SPI is used to assess the effect of drought on agricultural production.

It reflects a short and medium-term soil moisture condition. A 12-month SPI

reflects long-term precipitation patterns and is effective in assessment of drought

impact on reservoir and water body. SPI based on 6-month time scale shows a

medium term precipitation trend. It can be associated with anomalous stream

flow and storage reservoir. Time series of SPI is estimated for each sub basin on

3, 6 and 12 month time scale. Result values of SPI for awash kunture sub basin

is shown in figure 3.2 on page 23. The result shows a single event of precipitation

on shorter time scale index is more visible than on longer time scale index during

drought periods. Longer duration of drought event is observed on longer time
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scale, conversely, a shorter duration of drought is observed on shorter time scale

but with more number of drought occurrences.

Figure 3.2.: SPI time series for Awash Kunture based on 3, 6 and 12 month time
scale

Temporal variation of drought at the end of a rainy season is investigated. The

reason is that in dry areas precipitation event is normally limited to certain period.

Hence, the drought event that will happen in the rainy season is the main concern

for planning and mitigation purpose to minimize the impact. In the Awash valley

the main rainy season is on July, August and September months. So time series

of drought index at the end of rainy season that is September in this case is anal-

ysed. Awash Kunture from upper, Awash haledabi from middle and Awash adaitu

from lower awash were selected to illustrate the temporal variation of drought for

September on 3, 6 and 12 month time scale across the basin and summary of
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the result is shown in figure 3.3 on page 24. In Awash Adaitu sub basin which

is located in the lower part, two extreme drought events have happened. One is

during the known famine event in Ethiopia in 1984/85 which left millions of people

and livestock in danger. This event is revealed by SPI in all considered time scale.

The second extreme drought event has happened in 1991/92 which is also a known

drought period in Awash valley. In the middle Awash one extreme drought event

has happened, while no extreme event in the upper Awash as expected. Hence the

SPI index is able to reflect the actual drought events happened so far, refer the

marked years in figure 3.3 on page 24.

Figure 3.3.: SPI time series of September on 3, 6 and 12 month time scale
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3.1.2. Relative Frequency of Meteorological Drought Events

Drought occurrence in the awash valley is analysed for each sub basin for Septem-

ber on 12 month time scale. It is based on the percentage occurrence of each event

in each category with respect to the total number of observations, 38 years in

this case. The aim is to identify areas hit by frequent drought of different severity

level. Summary of the percentage of drought occurrence for each sub basin is given

in table 3.2 on page 25. Extreme drought event occurrence is mostly happening

in the middle and lower Awash valley where as mild and severe drought event is

common phenomenon on the upper Awash.

Id Sub basin
Extremely
dry(%)

Severely
dry(%)

Moderately
dry(%)

Mild
dry(%)

Mild &
above(%)

1 Awash kunture 0.00 2.63 5.26 52.63 60.53
2 Akaki 0.00 5.26 10.53 34.21 50.00
3 Mojo 2.63 5.26 7.89 31.58 47.37
4 Awash US-koka 0.00 2.63 10.53 44.74 57.89
5 Keleta werenso 2.63 2.63 15.79 26.32 47.37
6 Awash Arba us 2.63 0.00 13.16 36.84 52.63
7 Awash awash 5.26 5.26 5.26 26.32 42.11
8 Kesem 0.00 2.63 15.79 42.11 60.53
9 Kebena 2.63 5.26 2.63 44.74 55.26
10 Ankober 2.63 5.26 2.63 44.74 55.26
11 Awash haledabi 2.63 2.63 5.26 44.74 55.26
12 Awadi 2.63 2.63 5.26 52.63 63.16
13 Ataye 2.63 0.00 7.89 50.00 60.53
14 Borkena 2.63 7.89 2.63 42.11 55.26
15 Nejeso-gera 2.63 2.63 5.26 50.00 60.53
16 Mile 5.26 2.63 5.26 26.32 39.47
17 Cheleka-gewis 5.26 2.63 5.26 26.32 39.47
18 Awash adaitu 2.63 2.63 7.89 34.21 47.37
19 Logiya 5.26 0.00 10.53 23.68 39.47
20 Eastern catchment 2.63 2.63 10.53 36.84 52.63
21 A.terminal 2.63 0.00 10.53 39.47 52.63

Table 3.2.: Percentage of drought occurrence in each sub basin for September

The spatial drought occurrence on each sub basin for September is mapped using

ARC view to have an overview of the drought event in the basin. The map shows
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the percentage of a given drought category that has happened in each sub basin.

Figure 3.4 on page 26 shows occurrence of extreme and severe drought across the

basin. It can be seen that extreme droughts are occurring in higher percentage

in the lower, middle and the lower part of the upper Awash, downstream of Koka

reservoir. It can be also seen that as there is no occurrence of extreme drought in

the the upstream part of the upper Awash that is in the highlands of the basin.

Similar result is seen for severe drought except in the Awash terminal that very

low severe drought is observed. Relatively the middle Awash is facing middle

percentage of extreme and severe drought occurrence.

Figure 3.4.: Extreme and severe drought occurrence over view of Awash basin

Moderate and mild drought occurrences are also mapped in the same way as

the extreme and severe droughts. The result shows higher percentage of moderate

droughts in all over the Eastern catchment, Logiya and Awash terminal sub basins.

Higher percentage of moderate drought is also observed in some sub basins of the

upper Awash refer figure 3.5 on page 27. Mild drought occurs in higher percentage

in almost all sub basins except in some basins of the upper and lower Awash.
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Hence, one can quickly identify drought affected areas across the basin during any

decision making process related to drought mitigation.

Figure 3.5.: Moderate and Mild drought occurrence over view of Awash basin

The duration of drought events and their frequency is also analysed for each sub

basin. A duration of five consecutive year drought event out of the analysis period

(1970−2008) is observed once in Awash terminal and Eastern catchment sub basins

as expected. Drought event with one year duration is a common phenomenon

in all sub basins happening 3 to 8 times out of the analysis period. In most

of the sub basin a two year drought event is also common which happens one

to three times. Summary of the consecutive drought event frequency and their

duration is presented in figure 3.6 on page 28. This analysis is very important

in identifying areas hit by consecutive drought events so as to decide necessary

mitigation measures.
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Figure 3.6.: Duration of consecutive drought years of each sub basin of Awash

3.2. Standardized Precipitation Evapotranspiration

Index (SPEI)

The basic principle behind SPEI is same as SPI except it uses temperature time

series as input in addition to precipitation time series. Temperature is used to

compute the potential evapotranspiration, and then a simple water balance com-

putation is performed to account the temperature effect over drought intensity.

Same classification of drought condition is used as SPI refer table 3.1 on page 21.

In some sub basins of the lower awash higher evapotranspiration than precipita-

tion is observed in all month of given year which gives several zero values of net

precipitation. Analysis of drought index with several zero values doesn’t give rea-

sonable value but it can be concluded that those areas are extreme drought prone

areas. For homogeneity of the analysis across the basin the SPI is used as main

meteorological drought index for further analysis. In the upper and middle awash

the SPEI index result was very similar as SPI result except some variation in the

index values. A comparison of the two indices can be seen in figure 3.7 on page

29. The result shows a drought condition of severely dry in SPI is observed as

extremely dry in SPEI as expected. Likewise, the wetness intensity is also reduced

in SPEI. But in near normal condition the changes are not significant.

28



Standardized Streamflow Drought Index (SDI)

Figure 3.7.: Comparison of SPI and SPEI for Awash US Koka sub basin on 12
month time scale

3.3. Standardized Streamflow Drought Index (SDI)

SDI is used for the analysis of hydrological drought by using stream flow time series

as an input. According to Nalbantis (2008), if a time series of monthly stream flow

volumes Qij is available, in which i denotes the hydrological year and j the month

with in the hydrological year (j = 1 for October and j=12 for September), Vi,k can

be obtained based on the equation:

Vi,k =
3k∑
j=1

Qi,j, i = 1, 2, ...j = 1, 2, ..., 12, k = 1, 2, 3, 4 (3.4)

In which Vi,k is the cumulative stream flow volume for the ith hydrological year

and kth reference period, k = 1 for October-December, k = 2 for October-March, k

= 3 for October-June and k = 4 for October-September. Based on the cumulative

stream flow volumes vik, the stream flow drought index (SDI) is defined for each

reference period k of the ith hydrological year as follows:

SDIi,k =
Vi,k − V̄k

Sk
, i = 1, 2, ..., k = 1, 2, 3, 4 (3.5)
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In which Vk and Sk are respectively the mean and standard deviation of cumulative

stream flow volumes of the reference period k as these are estimated over a long

period of time.According to Nalbantis and Tsakiris (2009), classes of hydrological

drought are defined for SDI in identical way to those used in the meteorological

drought indices SPI. Hydrological drought conditions along with their definition

of states with the aid of SDI is given in table 3.3 on page 30.

State Description Criterion
0 Non-drought SDI ≥ 0.0
1 Mild drought −1.0 ≤ SDI < 0.0
2 Moderate drought −1.5 ≤ SDI < −1.0
3 Severe drought −2.0 ≤ SDI < −1.5
4 Extreme drought SDI < −2.0

Table 3.3.: Definition of states of hydrological drought with the aid of SDI

SDI of three gauging stations namely Awash kunture, Awash Awash and Awash

Tendaho is computed using Drinc software on different time scale.

Figure 3.8.: SDI of Awash kunture gauging station

In Awash kunture sub basin two severe hydrological drought events in 1987/88

and 1997/98 are observed in all the considered time scale as can be seen in fig-

ure 3.8 on page 30. In those periods a moderate meteorological drought events
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are observed which is revealed in the stream flow index on down stream of the

sub basin catchment. Extreme drought event is not observed in this station as

expected. A similar trend of stream flow index is observed for all the considered

time interval except some variation in the severity level. This is due to a reason

that in upper Awash spring rainfall is a common phenomenon followed by heavy

rainfall in summer.

A different trend of stream flow index is observed at Awash Awash gauging station

which is located at the lower part of the upper Awash valley compared to the

index at the most Upper part of the valley at Awash kunture gauging station.

A considerable variation of drought severity is seen on different time scale which

gives a different state of hydrological drought. This is due to the water uptake for

irrigation and koka reservoir in the upstream of the gauging station. So there will

be a different pattern of irrigation water use during dry and wet period. The out

flow from Koka reservoir as well will have an effect on the amount of downstream

flow.

Figure 3.9.: SDI of Awash awash gauging station

The major drought event that happened in awash in 1973/74, 1984/85 and 2002/03

are revealed in this gauging station in all the considered time scale as can be seen

in figure 3.9 on page 31. Mild and Moderate drought has happened for index
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period of Jul-Sep and Apr-Sep respectively. While, a severe hydrological drought

is observed in annual basis index. This is due to the reason that a dry period

where water consumption for different purposes is high is included in the annual

index. In 1990/91 severe and moderate drought has happened for index values of

Jul-Sep and Oct-Sep, but a non drought condition for Apr-Sep.

3.4. Relationship of Meteorological and Hydrological

Droughts

The main cause of drought is lack of precipitation over a large area for a consider-

able period of time and usually called as meteorological drought. This lack of water

propagates through the hydrological cycle and gives rise to soil moisture, ground

water and stream flow reduction. Due to reduction in ground water recharge and

stream flow hydrological drought will develop. But this development happens af-

ter the onset of meteorological droughts. Hence, hydrological droughts are out of

phase or lag of the occurrence of meteorological droughts Wilhite (1997).

A relationship is analysed by using SPI time series of Awash kunture sub basin and

a time series of SDI of a gauging station at the out let of the sub basin catchment.

Drought characteristics such as the onset time, end time, magnitude and duration

is estimated for the sub basin and the gauging station. Magnitude of drought is

estimated by taking positive sum of the SPI or SDI values of each drought pulses.

DM =
x∑
j=1

SPIij (3.6)

where DM is drought magnitude, j starts with the first month of drought and

continues till the end of drought month x for any of the i time scale. From regres-

sion analysis of the drought characteristics a good correlation is found between

the duration of meteorological and hydrological droughts based on one and two

month time scale of drought index. Correlation based on one month time scale

gives R2 = 0.792 with a time lag of 0 month to 4 month. It takes on average

of two months to see shortage of stream flow at the gauging station due to the

deficit of precipitation of Awash kunture catchment. The result of the analysis
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based on one month time scale is given in figure 3.10 on page 33. Hence, this

relationship between the two drought types can be used to forecast hydrological

droughts ahead of rainfall shortage. Decision makers and water managers can use

it for proper allocation of available water for different purposes.

Figure 3.10.: Relationship of meteorological and hydrological drought events du-
ration based on one month time scale

Analysis based on two month time scale gives better correlation (R2 = 0.811) of

linear relationship and can be referred to figure 3.11 on page 34 with a time lag of

zero to 5 months. Zero month lag time shows that it takes some days it could be

10 days or 20 days to see a hydrological drought due to rain failure in the upstream

catchment. Since a monthly data is used, the exact days can not be known for

zero month lag time. This zero lag time is reasonable as the used catchment area

is very small (4% of total area) compared to the total area of the basin. Edossa

et al. (2010) found a similar result with R2 = 0.87 based on 2 month time scale

and average time lag of seven months of hydrological drought. The reason why

in the current analysis gives a shorter time lag is that the considered catchment

area is smaller (4% of total basin catchment) than the area used by Edossa (25%

of total basin catchment). As a result, a less time lag of hydrological drought is

found in the current analysis.
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Figure 3.11.: Relationship of meteorological and hydrological drought events du-
ration based on two month time scale

Figure 3.12.: Regression analysis between magnitudes of meteorological and hy-
drological droughts

Regression analysis using drought magnitude is also performed based on one and

two month time scale. The result gives a linear relationship as the drought dura-

tions but a weak correlation is observed as shown in figure 3.12 on page 34. This
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weak correlation could be due to the effect of land use change and irrigation prac-

tices upstream of the gauging station. In general establishing relationship between

meteorological and hydrological droughts is very helpful in estimating stream flow

deficit ahead of rainfall shortage. A better demand side water management can be

implemented in each demand sites if such forecasting techniques are available. In-

tensity of the drought events is also analysed to find the severity level by taking the

ratio of drought magnitude and its duration, but the relationship result between

meteorological and hydrological intensities doesn’t give any meaningful combina-

tion. Detail calculation performed to see how the two drought types characteristics

are related is summarized in appendix A on page 79.
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4. Impact of Climate Change

Studies indicate that climate change will and is having negative impact on the

environment, development, health, agriculture and water resource development.

It can cause a long term impact which creates drought, Ice melting and sea level

rise. On the other hand it may bring short term impacts such as intense rainfall

and flooding Mishra and Singh (2010). Hence drought is amongst the hazards

that can be triggered by global warming. In Ethiopia drought is becoming a more

recurrent and dangerous phenomenon. It has already affected millions of people

so far. As it has been presented in the introduction chapter, the Awash valley

is also affected with frequent droughts and floods. Analysis of future climate

change impact is performed in the Awash valley by using global climate models.

Climate data of Awash basin was down scaled and processed with the help of R-

programming language and Arc-GIS. A total of 54 index points were downscaled

with in the Awash catchment. The points are shown in figure 4.1 on page 37.

Figure 4.1.: Downscaled index points of Awash catchment

The down scaled points contain time series data of precipitation and temperature.

It consists of historical data of 30 years covering from 1970 to 2000 and future data
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from 2041 to 2100. Two future climate phases are considered, from 2041 to 2070

and from 2071 to 2100. Moh hadely and MPI climate models with three emission

scenarios are used. Three representative concentration pathways (RCPs) emission

scenarios are also considered. These are low emission scenario (RCP2.6), medium

emission scenario (RCP4.5) and high emission scenario (RCP8.5). Precipitation

and temperature data is down scaled for each scenario and each period.

4.1. Downscaled Precipitation Data

Historical and future precipitation data is downscaled using both Moh hadely and

MPI climate model. Average value is taken if more than one index are downscaled

in a single sub basin. Three sub basins are selected namely Awash kunture from

upper , Awash haledabi from middle and Awash adaitu from lower part to present

the analysis results in the coming sub topics. These three sub basins are assumed

to be representative of the basins through out the analysis. As each of them are

located in the heart of the three parts (Upper, Middle and Lower) of the Awash

they can represent the variation and similarity across the basin. Comparison

between downscaled and observed precipitation data is done and a good correlation

is found in the upper part where as poor correlation is observed in the middle and

lower part by using both climate models. The correlation result is summarized in

table 4.1 on page 38. The correlation value is reducing from upper part down to

the lower part.

R2 Awash kunture Awash haledabi Awash adaitu
Moh hadely 0.68 0.52 0.22

MPI 0.76 0.48 0.12

Table 4.1.: Correlation value (R2) between downscaled and observed montly pre-
cipitation data (1971 − 2000) of Awash basin

Despite the weak correlation between observed and downscaled monthly precipita-

tion data in the middle and lower part of the basin a good correlation is found when

it is tested with annual average monthly precipitation as can be seen in table 4.2

on page 40. The result shows strong correlation in the upper and middle Awash

and good correlation in the lower part. The weak correlation on monthly data
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basis won’t affect the analysis too much as long as the annual average monthly

precipitation is used to estimate the future precipitation data of the basin.

Comparison between downscaled and observed annual average monthly precipita-

tion is shown in figure 4.2 on page 39. It shows how well the data in the upper and

middle part are fitted. It is plotted by using both climate models and the displays

are almost similar. In both cases it is shown that the fitting in the lower Awash is

not as good as in the upper and middle part. Hence it is reasonable to use either

of these climate models to determine the future climate change effect on drought

severity and occurrence in Awash river basin.

Figure 4.2.: Comparison of observed and downscaled historical climate data (1971-
2000) for Moh hadely and MPI models of RCP85 emission scenario;
AK-Awash kunture (Upper Awash), AH-Awash haledabi (Middle
Awash), AA-Awash adaitu (Lower Awash)

Using the future and historical precipitation data, changes in precipitation can

be estimated for each month. These delta values can be imposed on observed

historical data to estimate the data for the next 30 to 80 years for each RCPs

scenarios. These should not be used as forecasts or absolute bounds but it still

provides important information for decision making in climate change research

Van Vuuren et al. (2011).
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R2 Awash kunture Awash haledabi Awash adaitu
Moh hadely 0.93 0.87 0.67

MPI 0.97 0.90 0.55

Table 4.2.: Correlation value (R2) between downscaled and observed annual aver-
age monthly precipitation data (1971 − 2000) of Awash basin

4.2. Precipitation Changes

Percentage of delta values has been estimated for each phases and scenarios using

formula 4.1 on page 40 by utilizing the downscaled data for both climate models.

Delta(%) =
Future−Historical

Historical
∗ 100 (4.1)

This has been done for the selected sub basins across the basin. In the upper

Awash a slight change of precipitation is observed in all scenarios of Moh hadely

climate model in the main rainy season, July to September for the years 2041-2070

refer figure 4.3 on page 40. Huge raise in precipitation is observed in January for

RCP26 and RCP85 but a small reduction for RCP45.

Figure 4.3.: Percentage change in precipitation of Awash kunture (upper Awash)
for the year 2041-2070 for each scenario of Moh hadely model.

In the middle awash a considerable reduction in precipitation is revealed in almost

all months except in April, November and December for all the scenarios in the

Moh hadely model for the year 2041 to 2070 refer figure 4.4 on page 41.
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Figure 4.4.: Percentage change in precipitation of Awash haledabi (middle Awash)
for the year 2041-2070 for each scenario of Moh hadely model

In the lower Awash by the year 2041-2070 an increase in precipitation is observed

in April, July and August and decrease in the rest of the months in Moh hadely

model refer figure 4.5 on page 41. From Moh hadely climate model for the year

2041-2070 it can be seen that for most of the months in the middle and lower

Awash precipitation will be reduced while no clear trend is observed in the upper

awash.

Figure 4.5.: Percentage change in precipitation of Awash adaitu (lower Awash) for
the year 2041-2070 for each scenario of Moh hadely model

In the MPI climate model a different change in precipitation is observed for the

same period (2041-2070). For instance in the upper Awash a considerable reduction

41



Impact of Climate Change

is observed in March, May and June refer 4.6 on page 42. A small reduction and

increment is observed in July and August to September respectively. Increment is

also observed in October and November. Same percentage change in precipitation

is observed in RCP45 and RCP85 emission scenarios. In few months RCP26

emission scenario is giving higher changes than the other RCPs (45 and 85). In

most of the months it is giving smaller changes compared to RCP45 and RCP85

as expected.

Figure 4.6.: Percentage change in precipitation of Awash kunture (upper Awash)
for the year 2041-2070 for each scenario of MPI model

In the middle Awash huge precipitation increase is observed in October and Novem-

ber while a small reduction is seen in August and September. In almost all of the

months RCP26 is giving smaller changes compared to RCP45 and RCP85. Con-

siderable reduction is also observed from March to May and in July refer figure

4.7 on page 43.

In the lower Awash a slight increase is seen from August to September and huge

increase from October to November refer figure 4.8 on page 43. Precipitation

changes for the year 2071-2100 are enclosed in appendix B on page 83 for both

models and each scenarios of the three representative sub basins.
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Figure 4.7.: Percentage change in precipitation of Awash haledabi (middle Awash)
for the year 2041-2070 for each scenario of MPI model

Figure 4.8.: Percentage change in precipitation of Awash adaitu (lower Awash) for
the year 2041-2070 for each scenario of MPI model

4.2.1. Comparison of Precipitation Changes of RCPs Scenario

The RCP26 is emission path way that lead to very low green house gas concentra-

tion levels. It is a peak and decline scenario where emissions of air pollutants are

reduced substantially over time Van Vuuren et al. (2011). RCP45 is a stabilization

scenario in which total radiative forcing is stabilized shortly after 2100, without

overshooting the long-run radiative forcing level Clarke et al. (2009). RCP85 is

characterized by increasing greenhouse gas emissions over time, representative of
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scenarios that lead to high greenhouse gas concentration levels Riahi et al. (2007).

Hence from the above definitions a higher and lower change of precipitation is

expected from RCP85 and RCP26 respectively. The result shows a higher changes

in RCP85 in most of the months in both climate models as expected refer a sample

figure 4.9 on page 44. In few months of the analysis RCP26 shows a higher change

than the other RCPs.

Figure 4.9.: Percentage change in precipitation of Awash haledabi (middle Awash)
for the year 2041-2070 for each RCP scenarioS of MPI model

4.3. Future Precipitation Estimates

Using observed data and percentage changes, future precipitation is estimated

using both climate models. Simple arithmetic formula as given below is used.

Delta can be positive or negative depending on the findings from the downscaled

data. Hence, the factor will be greater than one and less than one for positive and

negative delta values respectively.

Future(mm) =

(
1 +

Delta%

100

)
Observed(mm) (4.2)

In the Moh hadely model it is found that future annual average monthly precip-

itation is higher than its corresponding observed data for most of the months in

the future period (2041-2070). A result in the upper Awash indicates increment

of annual average monthly precipitation in all months except from October to De-
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cember for each scenario. It can be seen in figure 4.10 on page 45. This can be

confirmed from the percentage change presented in figure 4.3 on page 40. Almost

Same result is found for 2071 − 2100 period refer figure 4.11 on page 45.

Figure 4.10.: Estimated future annual average monthly precipitation of Awash
kunture (Upper Awash) for each RCP scenario of Moh hadely cli-
mate model of future period (2041-2070)

Figure 4.11.: Estimated future annual average monthly precipitation of Awash
kunture (Upper Awash) for each RCP scenario of Moh hadely cli-
mate model of future period (2071-2100)

Estimated values in the middle Awash shows a reduced annual average monthly

precipitation compared to the current value for most of the months in each RCP

scenarios.
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Figure 4.12.: Estimated future annual average monthly precipitation of Awash
haledabi (Upper Awash) for each RCP scenario of Moh hadely cli-
mate model of future period (2041-2070)

Figure 4.13.: Estimated future annual average monthly precipitation of Awash
haledabi (Upper Awash) for each RCP scenario of Moh hadely cli-
mate model of future period (2071-2100)

In the period 2041-2071 of Moh hadely climate model a considerable reduction is

observed in July and August. Reduction is also observed in February, May and

June refer fig 4.12 on page 46. The precipitation values are much lower compared

to the upper awash value as expected. Results for the period 2071-2100 can be

seen in figure 4.13 on page 46. A slight changes are found in most of the months

compared to the current value for each RCP scenarios.
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Figure 4.14.: Estimated future annual average monthly precipitation of Awash
adaitu (Lower Awash) for each RCP scenario of Moh hadely climate
model of future period (2041-2070)

Figure 4.15.: Estimated future annual average monthly precipitation of Awash
adaitu (Lower Awash) for each RCP scenario of Moh hadely climate
model of future period (2071-2100)

Same estimation in the lower Awash is performed to see the trend and variation

of future precipitation compared to the current scenario (Observed data). In both

future periods the annual average monthly precipitation is higher than the current

period in each RCP scenarios for most of the months. Results are given in figure

4.14 on page 47 for 2041-2070 and figure 4.15 on page 47 for 2071-2100.

47



Impact of Climate Change

In general the estimated future annual average monthly precipitation is following

the trend that has been seen in the precipitation changes. So mostly it is found

that precipitation is raising in the lower Awash while reducing in the upper and

middle part due to climate change. But this doesn’t mean that drought risk is

reduced in the lower part. A wet year can turn preceding or succeeding dry years

in to normal. Even though, there are changes in precipitation the trend is almost

similar compared to the past trends in precipitation.

The same analysis using the MPI climate model shows a slightly lesser changes in

each RCP scenarios compared to Moh hadely model. The result of each scenario

are almost the same. Not much variation is observed between RCP scenarios.

Estimated result summary is included in appendix C on page 85, D on page 86

and E on page 87 for upper, middle and Lower part of the basin respectively for

both future periods.

4.4. Future Drought

Based on future data estimated by imposing the changes in precipitation, stan-

dardized precipitation index of the representative sub basins is calculated in the

same fashion as the drought assessment done in the last chapter refer chapter 3

on page 19. This is done for both climate models and each RCP scenario. The

main purpose of this analysis is to see if the future change in climate is going to

increase or reduce the risk of drought. The analysis is done in two phases of the

future time. The first phase is for the year 2041-2070 and the second phase is the

year from 2071-2100.

Future drought analysis result in the upper Awash based on 12 month time scale

for September is given in figure 4.16 on page 49. The result shows a slightly higher

drought magnitude in RCP85 than the other RCPs. Compared to the historical

drought given in figure 3.3 on page 24 more drought risk is observed in the future

analysis. One extreme drought is observed in the future (2041-2070) in the three

RCPs where there was no such drought occurrence in the past. This particular

analysis shows how the rain fed agriculture in the upper awash will be affected by

the future drought. The upper Awash is usually not affected by extreme drought

as the middle and lower part. Moderate droughts do occur in the upper Awash
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both in the past and future in a higher rate than other drought categories.

Figure 4.16.: Annual future drought (2041-2070) of Awash kunture (Upper Awash)
based on Moh hadely climate model

4.4.1. Comparison of Historical and Future Droughts

Comparisons between historical droughts and future droughts is performed for each

selected sub basins. Comparison is also done between the occurrence of drought

categories. Three drought categories namely extreme, severe, and moderate and

above droughts are selected to see the changes through time.

Future drought analysis based on precipitation in the upper Awash shows more

drought occurrence compared to the historical droughts. Analysis result of Awash

kunture (Upper Awash) based on 12 month time scale of the RCP85 scenario is

given in figure 4.17 on page 50. The result shows the upper Awash will experience

extreme drought, eight times in the future period (2041-2070) where there was

only once in the past out of thirty years drought assessment. Severe droughts are

also observed higher in the future than in the past. It has raised by 25% compared

to the past. Droughts with category of moderate and above have raised by 12%

compared to the past refer table 4.3 on page 52. Severe drought is revealed once

in every two to three years. A trend of drought happening in every five years with
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severe to extreme magnitude is found. Other drought episodes are also observed in

a much higher occurrence than before. Much higher severe droughts than extreme

droughts are seen in the past and future. The two climate models are giving almost

similar out puts of the future climate change impact on the drought episodes of

the Upper Awash refer figure 4.17 on page 50.

Figure 4.17.: Annual SPI time series of Awash kunture (Upper Awash) in the fu-
ture period (2041-2070)

In the middle awash a similar analysis is performed and extreme drought is seen

thirteen times in the future thirty years (out of 360 months) of drought analy-

sis refer figure 4.18 on page 51. Extreme drought occurrence in the near future

(2041-2070) is increased by 8.3% from the past while severe drought occurrence is

reduced by 37.5%. Drought occurrences with magnitude of moderate and above

are increased by 5.13% from the past. Occurrence of extreme drought is much

higher than the occurrence of severe droughts refer table 4.3 on page 52. Five

severe and thirteen extreme droughts are observed out of future thirty years. A

much higher drought episodes are revealed compared to the occurrence of wetness

or non drought condition. More than 50% of the time is experiencing drought. The

duration of drought episodes are longer than wetness episodes. Longer duration is

also observed in extreme drought categories compared to severe, near normal and

moderate drought occurrences. This shows how the risk of drought is increasing

due to change in climate.
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Figure 4.18.: Annual SPI time series of Awash haledabi (Middle Awash) in the
future period (2041-2070)

In the same manner as the upper and middle part assessment of future climate

change impact on drought is analysed for the lower part of the basin. The time

series of the future drought is given in figure 4.19 on page 52. Less severe drought

is observed in the future analysis than the past analysis but it is still a considerable

drought occurrence. Almost same number of extreme drought occurrence is ob-

served in the past and future with slightly higher in the past. In general, moderate

and above droughts are reduced by 21% compared to the past. The expectation

in the lower Awash was to see a higher drought occurrences in the future than in

the past. But the actual analysis result gives the reverse. This may be due to

the poor correlation of downscaled climate data with observed data at the lower

awash. Despite the weak correlation of the data, drought analysis in the future

scenario is still giving a considerable result. Higher severe droughts than extreme

droughts are observed in the future period (2041-2070) as in the upper Awash

refer table 4.3 on page 52. Eleven severe and nine extreme droughts are observed.

Magnitude of some peak wet episodes are smaller compared to the magnitudes in

the middle and upper part as expected.

In general the risk of drought is increasing in the near future (2041-2070) in both

the upper and middle Awash where almost same type of drought risk is found in

the lower part. Summary of the drought conditions and their respective number of

occurrences in the past and future is given in table 4.3 on page 52. Both climate
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models are giving almost same results hence either of them can be used to estimate

the impact of climate change in the future.

Figure 4.19.: Annual SPI time series of Awash adaitu (Lower Awash) in the future
period (2041-2070)

Drought
Past(1971-2000) Future(2041-2070) Future(2071-2100)

Upper Middle Lower Upper Middle Lower Upper Middle Lower
Extreme 1 12 11 8 13 9 8 4 12
Severe 12 8 19 15 5 11 18 13 7
≥ Moderate 49 39 62 55 41 49 52 52 41

Table 4.3.: Summary of changes in drought occurrences using Moh hadely climate
model for RCP85

In the future period (2071-2100) similar analysis is performed in the upper, middle

and lower part. Time series of future droughts of the second phase (2071-2100) is

given in figure 4.20 on page 53. From the time series graph it can be seen that

future drought pattern in the middle and lower part are behaving almost similar

trend on most of the years while the drought in the upper part is trending in

different way in most of the time. This is due to the reason that the climate data

pattern in the upper part is different compared to the middle and lower part.

Significant changes in drought occurrences are observed in the upper Awash refer

table 4.3 on page 52. A much higher extreme drought condition is revealed com-

pared to the historical drought and exactly same number compared to the period

2041-2070. Severe drought occurrence is increased by 50% compared to the past
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and by 20% compared to the first phase (2041-2070). Moderate droughts and

above are increased by 6.1% compared to the past (1971-2000) and reduced by

5.5% compared to the first phase (2041-2070).

Figure 4.20.: Time series of future droughts (2071-2100) of representative sub
basins based on Moh hadely model

In the middle Awash occurrence of extreme droughts are reduced by 66% compared

to the past and reduced by 69.2% compared to the first phase (2041-2070) while on

the other hand the occurrence of severe drought is increased by 62.5% compared

to the past and increased by approximately two and half times compared to the

first phase. Droughts with magnitude of moderate and above are raised by 33.3%

compared to the past and by 26.8% compared to the first phase.

In the lower part occurrence of extreme droughts are increased by 9% compared

to the past and increased by 33.3% compared to the first phase (2041-2070), while
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occurrence of severe drought is reduced by more than two times compared to the

past and reduced by 36% compared to the first phase of future drought analysis.

A reduction by 33.8% and 16.3% from the past and the first phase respectively is

found for moderate and above drought occurrence.

Analysis of drought in the future period 2071-2100 using the MPI climate model

gives almost similar result as the moh hadely model. The only visible difference is

that the pick drought episodes are reduced in magnitude in the MPI compared to

the episodes in Moh hadely model. But this doesn’t change the drought category,

That is extreme drought observed in Moh hadely is still extreme in MPI with lesser

magnitude.

Figure 4.21.: Time series of future droughts (2071-2100) of representative sub
basins based on MPI model
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5. Water Resource Management

During Drought

High population growth, climate change and increased water demand for different

purposes are among the factors that are creating water shortage problems. The

effect is high in water stressed areas. In water stressed areas demand increases

through time while water resources are becoming scarce either due to natural haz-

ards such as drought, precipitation variability or man made activities and policy

failures. The challenge of water scarcity, drought and climate change is becoming

an international issue. It is getting more attention by researchers and policy mak-

ers. The reason is that they are happening frequently in most of the world right

now. The Awash valley is amongst the water stressed and drought prone basins

in Ethiopia. It has experienced water scarcity of variable magnitude. The effect

ranges from low water availability to famine. It also affects energy production,

economic growth and social stability. Hence integrated water resource manage-

ment is an important aspect in the Awash valley. Drought should be integrated

with water resource management plans and policies. The spatial scale to develop

drought management plans can be a river basin or a sub basin. The drought

management plans can be considered as supplementary to river basin manage-

ment plans that can be developed and implemented by the responsible authorities

Berland et al. (2012). The current practice in managing water resources during

drought is based on immediate reaction to a current risk that is waiting till it

happens then crisis management. This has to be changed by proper contingency

plans along with integrated resource and demand management. Hence, Drought

mitigation and prevention should be planned in advance to reduce the impact on

people, livestock, agriculture, ecosystem and the environment as a whole.

At this stage of the study an already calibrated Water Evaluation and Planning

(WEAP) model of the basin developed by FAO is used to asses the supply and

demand management options on a sub basin level during drought periods. WEAP

model is developed by the Stockholm Environment Institute, Boston to enable
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evaluation, planning and management of water resources development. It is a com-

prehensive, straight forward and easy to use, and attempts to assist rather than

substitute for skilled planner. As a data base it provides a system for maintaining

water demand and supply information in which the current study data input is

mainly taken from. As a policy analysis tool, WEAP evaluates a full range of water

development and management options. Operating on the basic principle of water

balance accounting, WEAP is applicable to municipal and agricultural systems,

single subbasins or complex river systems. Moreover, WEAP can address a wide

range of issues, e.g., sectoral demand analyses, water conservation, water rights

and allocation priorities, groundwater and streamflow simulations, reservoir oper-

ations, hydropower generation and energy demands, pollution tracking, ecosystem

requirements, and project cost analysis Sieber and Purkey (2007).

With the help of WEAP model systematic ways of managing water resource can

be invented during and after drought. The management could be from demand

side or supply side. This management option could be tested as what if scenario

in WEAP model. WEAP can answer plenty of questions that can happen with in

water resources planning and management in the future so that water professionals

and policy makers can have a common ground for decision making.

5.1. Model Evaluation

A quick evaluation of the model set up and its input data is done to assure quality.

In most of the cases it was found that the model set up is good enough for the

current study. The model calibration results are found to be acceptable. Some

changes are adopted regarding the building up of a current and reference scenario

to create what if scenario based on selected options regarding water resource man-

agement and planning during drought. During the model development there was

on going dam construction in the basin namely Kesem and Tendaho which were

planned to be completed in 2008 exactly at the time of the model development.

But, in the model it was assumed as they are already operating in the current ac-

count which is not acceptable according to WEAP user manual. Current accounts

provide a snap shot of actual water demand, pollution loads, resources and sup-

plies for the system Sieber and Purkey (2007). Hence, these two projects should
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have been considered as a what if scenario of the future instead. But now they are

already operational and can be active in the current account. So they are basically

used as a snap shot of an existing storage facilities. All future scenarios will be

based on these full development.

5.2. Model Scheme

The model schematic view contains the demand sites, supply and existing hy-

draulic infrastructures of each sub basins in their respective spatial boundaries.

The demand sites could be agricultural, domestic, livestock and industrial sites

which are shown by red circle in the view of the model refer figure 5.1 on page 57.

Figure 5.1.: Awash basin WEAP model schematic view

Main rivers and reservoirs (storage fscilities) are also shown on the schematic view

for each sub basin. In general each sub basin have three nodes, one representing

the supply side where as the other two represents demand side. Demand Nodes

are connected with supply sites (Rivers) by man made water conduits such as

canals, pipe lines and channels. These are represented as transmission links and

return flow in WEAP. Environmental flow requirement is also represented as flow

requirement down stream of storage facility.
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5.3. Catchment Simulation Method

WEAP model has a room to use either of the following methods to perform the

hydrological simulation such as evapotranspiration, runoff, infiltration and irriga-

tion demand down a catchment; 1) Rainfall Runoff, 2) Irrigation Demand-FAO

Crop Requirement Approach, 3) Soil Moisture Method, 4) MABIA Method and

5) The Plant Growth Model Sieber and Purkey (2007). The selection depends

on the level of complexity desired to represent the catchment processes and data

availability.

Figure 5.2.: Conceptual diagram and parameters involved in the soil moisture
method

The Soil Moisture Method was used during the development of the Awash model.

It is more complex method which represents a catchment with two soil layers (two

compartments) as well as a potential for snow accumulation not a case in Awash

valley though refer figure 5.2 on page 58. In the upper soil layer it simulates evapo-

transpiration considering rainfall and irrigation on agriculture and non-agricultural

lands, runoff and shallow interflow. It allows characterization of the land use type
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to these processes. Base flow routing to the river and sol moisture changes are

simulated in the lower compartment.

5.4. Modelling Reservoir Operation

In WEAP Reservoir storage is divided into four zones; flood control zone, conser-

vation zone, buffer zone and inactive zone from top to bottom respectively refer

figure 59 on page 59. The conservation and buffer zone accounts for the reservoir’s

active storage. The zone below the out let is a dead pool or inactive zone where

water is not utilized for down stream purpose. WEAP will ensure the reservoir

capacity not to exceed top of the conservation pool. WEAP allows the reservoir to

freely release water from the conservation zone to fully meet down stream water

requirements. Once the storage level drops into the buffer zone, the release will be

restricted according to the buffer coefficient Sieber and Purkey (2007).

Figure 5.3.: Reservoir storage zones used to describe operating rules

The amount of water available to be released from the reservoir is the full amount

in the conservation and flood control zones plus a fraction of the amount available

in the buffer zone.

Sr = Sc + Sf + (bc ∗ Sb) (5.1)
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Where Sr is amount available to be released, Sc is water available in conservation

zone, Sf is amount in flood zone, Sb is water in buffer zone and bc is a buffer

coefficient of value 0 to 1. WEAP uses the buffer coefficient to slow release when

the storage level falls into the buffer zone. The buffer coefficient is fraction of

the water in the buffer zone available each month for down stream release. Hence

the buffer coefficient can be used as a means of limiting the water to be released

during drought months. Simulation tests by varying operating rules of a reservoir

is presented in future scenario sub topic below.

5.5. Scenario Development

In this study scenarios are built to test if there are sound management options

to mitigate drought so that impacts on people and economic development can

be minimized. Different trials have been simulated in WEAP model in an effort

to increase the water availability or reduce unmet water demands for different

purposes. Previous studies in the Awash basin shows that as there are plenty of

options to minimize water scarcity. Belete Berhanu (2013b) tested a couple of

simulation using WEAP model mainly based on irrigation water management. It

was found that by improving the existing irrigation efficiency and cropping system

which is 43.3% to 50% and 55% can save 12.33% and 19.57% of water respectively.

Similar options can be tested on domestic demand management by suggesting

efficient use of water. Hence, by doing so a good deal of managing water can be

achieved.

5.5.1. Current Account and Reference Scenario

Current account is is a base year to build future scenarios based on actual or

existing water demand, supply and hydrology of given basin or sub basin with a

specified spatial boundary. Future scenarios are built based on a set of assumptions

and policies. Finally, they are evaluated based on water sufficiency, costs and

benefits, compatibility with environmental targets. But for now due to time and

other constraints, scenarios are evaluated only based on water sufficiency targeting

on drought mitigation and impact minimizing.

After the current account of the basin is established, a reference scenario is created
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based on hydrological, economic, demographic and technological trends. Then

from this reference scenario a number of scenarios can be developed based on

future policies or assumptions. A reference scenario of 38 years (1970-2008) is

built in this study. After this plenty of questions can be addressed by WEAP. For

Example; what if population growth and economic development pattern change?

what if reservoir operation rules are altered? what if groundwater is more fully

exploited? what if water conservation is tightened? what if new source of water

pollution are added? what if a more efficient irrigation technique is implemented?

what if the mix of agricultural crops changes? what if climate change alters the

hydrology? Sieber and Purkey (2007). By addressing some of these questions,

ideas and methods can be suggested to minimize drought impact. Two future

scenarios from supply side management and one from demand side management are

developed in the current study. Climate change impact on water deficiency is also

analysed based on existing assumption on the model set up. Detail assumptions

and results are discussed in the coming topics.

5.5.2. Future Scenarios

Future scenarios of the Awash basin are built in an effort to reduce the unmet

demand and water demand. A domestic management option is proposed using the

demand management option in WEAP model. A monthly percentage of domestic

demand management during drought period compared to the existing is proposed

which is given in table 5.1 on page 61. This can be achieved through different ways

of water conservation systems such as water pricing, regular water meter auditing

and validation, leakage management in distribution network and introducing storm

water harvesting technology. During the rainy season there is no unmet demand

due to the fact that water requirement is higher in dry periods than wet periods.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
%age

Savings
15 15 15 20 20 15 10 10 10 15 15 20

Table 5.1.: Assumed monthly percentage of demand side management savings

The result of the simulation shows that the total domestic unmet demand will be

reduced by 13.02% compared to the reference scenario unmet domestic demand
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if the management option given in table 5.1 on page 61 is implemented. The

monthly unmet demand for the reference and demand management scenario can

be referred in table 5.2 on page 62. It can be seen that from July to October there

is no unmet domestic demand in both scenarios.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec sum
Reference
million.m3 0.37 0.36 0.43 0.60 1.02 0.69 0.00 0.00 0.00 0.00 0.04 0.04 3.55

DSM
million.m3 0.36 0.33 0.39 0.49 0.84 0.59 0.00 0.00 0.00 0.00 0.04 0.04 3.09

Change
million.m3 0.01 0.03 0.03 0.10 0.18 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.46

%age
saved

3.49 8.86 7.86 17.4817.5314.40 - - - - 0.00 0.00 13.02

Table 5.2.: Simulation results of unmet demand for reference and DSM (Demand
Side Management) scenarios

A future scenario by changing operational rules of Koka reservoir is tested. The

aim is to investigate the effect of changing water withdrawal from the reservoir to

downstream demand sectors. These is very important when there is water scarcity.

During these periods it will be wise to operate the reservoir by considering the

inflow. Four parameters namely top of conservation zone, top of the buffer zone,

top of inactive zone all entered as a volume and buffer coefficient entered as a

fraction ranging 0 to 1, are used to simulate different systems of operating rules of

the reservoir in WEAP. To define a rule Values of these parameters can be entered

directly in the model. Top of conservation zone is usually the reservoir storage

capacity while top of inactive zone is at the mouth of out let refer figure 5.3 on page

59. WEAP uses the buffer coefficient to slow water release when the storage level

drops into the buffer zone. When this happens the monthly release can not exceed

the volume of water in the buffer zone multiplied by this fraction. A coefficient close

to 1 will cause demands to meet fully while rapidly emptying the buffer zone, while

a coefficient close to 0 will leave demands unmet while preserving the storage in

the buffer zone Sieber and Purkey (2007). The top of the buffer represents volume

at which releases are to cut back but the buffer coefficient determines the amount

of the cut back. Simulation result of monthly average unmet demand by allowing

the storage of the buffer zone to be released with out any delay that is with a
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buffer coefficient 1 shows high unmet demand from January to June. But when

the inflow hydrology changes due to drought the release from the reservoir shall

be restricted so that the buffer storage do not become empty rapidly. To achieve

this another simulation based on 0 buffer coefficient is tested and almost similar

trend of unmet demand is observed except that the unmet demand has raised from

February to June compared to the simulation with buffer coefficient 1 refer figure

5.4 on page 63. It can be seen that the unmet demand of the other months are not

affected due to the change in reservoir operation hence slow withdrawal of water

can be applied in those months to mitigate drought impact. Hence a monthly

varying buffer coefficient can be used to limit water release without affecting the

downstream water demand.

Figure 5.4.: Monthly average unmet demand of reference and future scenario with
changed reservoir operation

A monthly varying buffer coefficient as given in figure 5.5 on page 64 is proposed

to see how the average monthly unmet demand will be affected. The simulation

result given in figure 5.6 on page 64 shows changing reservoir operation from full

utilization of water in the buffer zone in all months to partial utilization will not

affect the unmet demand significantly.
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Figure 5.5.: Proposed buffer coefficient of Koka reservoir

Figure 5.6.: Unmet demand of reference scenario with constant buffer coefficient
(bc=1) and future scenario with varying buffer coefficient

During low water demand water in the buffer zone can be fully conserved, i.e;

buffer coefficient of zero. However, this doesn’t restrict WEAP from releasing

water that flows water into the reservoir during that period. It only conserves the

buffer storage. Even if the the buffer coefficient is zero, the model still withdraws

water flowing into the reservoir if needed for downstream demand. This is why

the unmet demand during most of the months is not affected significantly even if
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the buffer coefficient is zero.

A third future scenario is tested by adding storage reservoir at Kebena river which

is actually a future plan to be developed in the basin. The proposed reservoir

at Kebena is tested with different capacity and as the size increases the unmet

demand reduces. A sample of simulation test is given in figure 5.7 on page 65.

The reason why the future scenario’s effect is beginning later is that, the new

reservoir is planned to be implemented five years later from the current account.

Even though, it is not a significant reduction in unmet demand but it shows still

more reservoirs need to be developed in the basin to met the demands and to

minimize water scarcity. A very recent study in Awash basin water availability

by Adeba et al. (2015) also suggested that more storage reservoirs still need to be

developed to satisfy the demand.

Figure 5.7.: Annual total unmet demand of reference and future scenario (Kebena
reservoir)

Another scenario based on impact of climate change is also tested. The as-

sumptions are taken from National Adaptation Programme of Action (NAPA)

of Ethiopia (2007). The percentage change of precipitation and temperature for

2030 and 2050 climate change is given in table 5.3 on page 66. The simulation

result shows that water deficiency of the basin increases due to climate change

in the future refer figure 5.8 on page 66. Higher deficiency is observed in both
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years of climate change compared to the reference scenario. The effect in 2030 is

higher than in 2050. The climate change impact is lower August and September

compared to other months.

In general from the scenario analysis it can be concluded that water scarcity in the

future time is increasing due to climate change. In times of drought the situation

will be difficult to handle unless efficient water management option and sufficient

storage facilities are implemented.

Climate change 2030 2050
Precipitation (%) +3.4 +6.4
Temperature (°C) +1.0 +1.8

Table 5.3.: Change in precipitation and temperature due to climate change (source;
Belete Berhanu (2013b))

Figure 5.8.: Scenario comparison of reference (existing) with new reservoir and
climate change

5.6. Interbasin Transfer System

Even though developing additional storage facility is an important structural mea-

sure to mitigate water scarcity, its location with respect to the affected area has a

significant impact on the water allocation and distribution process. Water has to

be delivered to demand sites when it is needed. Diversion of water for irrigation
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purpose is a common practice in the basin. But most of the diversion infrastruc-

tures are for commercial agriculture. Hence, transfer systems has a key role in

mitigating the impact of extreme and severe droughts. Through those facilities

water can be allocated to the most affected areas. Apart from their main purpose,

these water transfer systems plays a big role in minimizing potential conflict of

ethnic groups during extreme or sever droughts due to resource competition.
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6. Conclusion and Recommendation

6.1. Conclusion

In this thesis work drought characteristics of Awash river basin is studied on a

sub basin level. After drought is analysed for each sub basin impact of climate

change is studied on three representative sub basins. These three sub basins are

assumed to represent the upper, Middle and Lower parts of the basin. To analyse

the impact of climate change historical and future precipitation of 54 index points

is downscaled with in the catchment. Then drought mitigation options are also

analysed using a WEAP model. The main findings are listed below.

• The Awash basin is found to be a drought prone basin as majority of its

area is located in the North East of the country where the climate is dry and

warmer/semi arid zone.

• Most of the droughts happened in the basin are due to failure of precipitation

• Standardized precipitation index is found to be able to reflect the actual

drought events happened so far in the basin.

• More drought events are found using short time scale but have shorter dura-

tion, vice versa, Less drought events are found using longer time scale such

as annual time scale but have longer duration.

• Extreme and severe drought events are mostly happening in the middle and

Lower part of the basin.

• Drought durations are longer in the middle and lower Awash compared to

the upper Awash.

• Drought events with one year duration is a common phenomenon in all sub

basins.

• A good correlation between meteorological and hydrological droughts dura-

tion is found based on shorter time scale of drought indices calculation.

• A good correlation between observed and downscaled precipitation of monthly

data of 30 years is found in the upper and lower part of the basin in both

considered climate models (Moh hadely and MPI) while poor correlation is
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found in the lower part.

• Higher percentage of precipitation changes in RCP85 is observed in most of

the months in both climate models while In few occasions RCP26 is found

to give higher percentage changes.

• Future estimated precipitation values are found to follow the trend of pre-

cipitation changes.

• For most of the months in the future precipitation is raising in the lower part

while reducing in the upper and middle part.

• Drought risk in the future is increasing in the upper and middle part while

almost similar type of drought event or less risk is found in the lower part due

to climate change. Even though less risk of drought in the future is detected

compared to the base line in the lower part it is uncertain as the correlation

of observed and downscaled precipitation is very weak in this part.

• Both climate models (Moh hadely and MPI) are found to give almost similar

results of assessment of the impact of climate change on drought risk.

• By changing reservoir operation rules it is found that the downstream de-

mand sectors will not be affected rather water will be saved for emergency.

• Demand side management technique is found to mitigate water scarcity as

the water demand is high in the basin.

• The existing reservoirs in the basin are found not to satisfy the demand and

mitigate drought risk. Hence More reservoirs need to be developed with

water transfer facilities.

• Water transfer facilities are found to be important hydraulic infrastructures

for drought mitigation as the people of the Awash basin are located far.

• Water deficiency is increasing due to climate change in the near future.

• Water Evaluation and Planning tool is found to be a helpful tool in analysing

scenarios of different water management options not only that but it is also

a unique model to use it as a data base.
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6.2. Recommendation

Summary of suggested proposals to mitigate and reduce impact of drought on

peoples, livestock and economic development of the Awash basin are listed below.

The proposals contain both risk and crisis management strategies.

• Developing more storage reservoirs with water transfer system.

• Implementing efficient water management practices and creating awareness.

• Improvement of existing weather forecasting and early warning system.

• Well documentation of ongoing droughts and creating data base of historical

drought impacts.

• Developing regional drought forecasting model.

• Carrying out virtual drought exercises to train experts, reflect new events

and test management plans.

• Developing a compendium of statistical information that can be used by

water managers to answer questions related to the frequency, duration and

magnitude of droughts.

• Implementation of soil and water conservation practice in each sub basins.

• Construction of check dams in the tributaries and small streams.
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A. Meteorological and Hydrological Drought

Relationships

Figure A.1.: Detail calculation used to find out how meteorological and hydrolog-
ical droughts are related using 1-month time scale of drought indices
calculation.
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Figure A.2.: Continued from Figure A.1
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Figure A.3.: Detail calculation used to find out how meteorological and hydrolog-
ical droughts are related using 2-month time scale of drought indices
calculation.
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Figure A.4.: Continued from Figure A.3

82



B. Percentage Change in Precipitation for future

period (2071-2100)

Figure B.1.: %age changes in precipitation of representative sub basins using Moh
hadely model
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Percentage Change in Precipitation for future period (2071-2100)

Figure B.2.: %age changes in precipitation of representative sub basins using MPI
model
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C. Future estimated precipitation of Awash

kunture (Upper Awash) using MPI model

Figure C.1.: Future annual average monthly precipitation of Awash kunture (Up-
per Awash) using MPI climate model
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D. Future estimated precipitation of Awash

haledabi (Middle Awash) using MPI model

Figure D.1.: Future annual average monthly precipitation of Awash haledabi (Mid-
dle Awash) using MPI climate model
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E. Future estimated precipitation of Awash adaitu

(Lower Awash) using MPI model

Figure E.1.: Future annual average monthly precipitation of Awash adaitu (Lower
Awash) using MPI climate model
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