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Abstract Equitable access and rational use of water re-

sources is important to cope with water scarcity. The opti-

mal allocation of limited water resources for various

purposes is required for sustainable development. Awash

river basin is one of the most utilized river basins in

Ethiopia. There is increasing demand for water due to recent

population growth in the basin because of Urbanization.

Excessive water abstraction without properly assessing the

available water resources in the basin contributes to water

scarcity. The basin exhibits two extreme hydrological

events, flooding and drought at different seasons of the year.

This paper mainly focuses on surface water resources

assessment of the Awash basin, and the temporal gap be-

tween water supply and demand. The paper also discusses

the impacts of these gaps on sustainable development and

suggested few recommendations to minimize it. Using

SWAT model, the annual average surface water available is

estimated around 4.64 Billion Cubic Meters (BCM) as

compared to the estimated demand of about 4.67 BCM in

the basin for 1980–2012. This shows that on an average, the

demand exceeds the availability by 0.03 BCM during the

study period. Seasonal water deficit is even serious. A

detailed seasonal analysis for the last 2 years (2011–2012)

shows that the demand exceeds supply by 1.27 and

2.82 BCM during December–April of 2011 and 2012, re-

spectively. However, there is a surplus supply of 1.67 and

3.16 BCM during June–Septembermonths of the same year.

Keywords SWAT � Water availability � Water demand �
Water balance

Introduction

Geographically, Ethiopia is located between 3� to 18�N
latitude and 33� to 48�E longitude. The total land mass of

the country is about 1.13 million square Kilometre, and the

current population is estimated at 93 million. Figure 1

shows the location map of Ethiopia in the horn of Africa.

Water resource development is essential to bring about

sustainable growth of agriculture, rural development and

overall economic progress. Equitable access and sustain-

able water resources development in a participatory ap-

proach of all stakeholders is important to cope with water

scarcity. The management and delivery of services in this

regard should be to promote the integrated water resources

management in a river basin for economic welfare of the

people without compromising sustainability of environ-

mental health. The optimal allocation of limited water re-

sources for various purposes is important. There are 12

river basins in Ethiopia. Out of these, two are dry, two are

water surplus and eight of them are water deficit basins of

different levels. The total runoff from these basins was

estimated around 122 BCM per year (Ethiopian River

basin master plan studies). There is always some problem

related to water in dry and deficit basins which impacted

the livelihood of the community and the development
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activities. The Awash river basin is one of the river basins

of Ethiopia located between 7�530N and 12� latitude and

37� 570E and 43�250 longitude. It rises at an altitude of

about 3000 ma.m.s.l to the west of Addis Ababa, the

capital city of the country. Then it flows to the easterly

direction and ends at Abbe Lake, the international border

of Ethiopia with Djibouti. The river is about 1250-km long.

Awash river basin is the most utilized and polluted river

basin. The big cities which are located in this basin are

dependent on the water of the basin for different purposes.

As for water supply, all of Addis Ababa’s domestic water

sources are reservoirs which are located in rural landscapes

of the basin. Water is supplied from three reservoirs (80 %)

and one groundwater system (20 %) with a total volume of

210,000 m3 day-1 or 0.0767 Billion Cubic Meters (BCM)

per year (Van Rooijen and Tadesse 2009). There is an

increasing water demand due to recent population growth

because of urbanization. On the other hand, there is obvi-

ous reduction in water availability in time and space due to

both natural and anthropogenic causes. Water is wasted in

all sectors, because it is provided by public systems at little

or no costs to the users (Kansal et al. 2014). No one in the

allocation system shows an interest to conserve water. The

price of water is heavily subsidised and does not cover the

cost of delivery. The role of water price in water distri-

bution system is that it helps in efficient allocation of ex-

isting water supplies. It helps adjust demand to the

available supply and in equitable treatment of water users.

Effective pricing structure helps achieving in conservation

of water by reducing peak demands on the system. Prices

charged can also affect quantity of water withdrawn by

commercial and industrial users, thereby affecting the

volume of water that returns through sanitary sewers for

treatment. The real cost of water (development, transport,

treatment and delivery) must be reflected in water rates

when prices are fixed.

Irrigation potential is very high in the basin. The esti-

mated land area suitable for irrigation is about 205,400 ha,

4.7 % of irrigable area in the country (Taddese et al. 2012).

Many of the commercial farms in the country are located

along the middle and downstream of the basin, and large-

scale withdrawals of water in this basin are for irrigation

purpose. The nature and water yielding process of every

basin are unique, and water abstraction should be done with

the basic understanding of the complex nature of the basin.

In some of small- and medium-scale irrigation projects,

water is available to users at no cost or at a heavily sub-

sidised price. The current situation of the basin therefore

reflects a water crisis by the general mismanagement and

over exploitation of water resources. Irrigation efficiency is

low and it is time to introduce current technologies, such as

drip, sprinkler and canal irrigations which can save water

without decreasing productivity of the system. Implemen-

tation of such technologies will enhance the potential of the

Awash river to sustainably serve the basin communities.

Policies should be designed to avoid mismanagement

and overuse of water in different sectors. Strict rationing is

often required to allocate the resulting scarcity so that a

large share of water to meet demand must come from water

saved from different uses through water policy reform.

Demand management can bring about physical savings of

water by improving the efficiency of water use especially

in agriculture (FAO 2012). Efficiency in water use should

also improve in urban and industrial uses. Supply man-

agement can be another option to address the problem of

water scarcity in the basin.

Water pollution in the basin is another basic problem

which aggravates water shortage. The industries in the

major cities of Ethiopia located in the basin are the sources

of water pollution. Urbanization, industrial development

agricultural chemicals and fertilizers overcharged the car-

rying capacity of water bodies and resulted in deterioration

of surface water quality and groundwater aquifer in the

basin. Pollutants such as toxic metals from the tanneries are

the main sources of pollution. Sugarcane base industry is

another source of pollution to the basin due to large quantity

of wastewater having high pollutant concentration. These

effluents discharged into the river either without treatment

or with minimum treatment. This issue requires an urgent

attention from the government and stakeholders. Water

logging and salinization are putting increasing pressure on

land and water quality in the basin in irrigated agriculture.

Through collection and analysis of reliable and adequate

data on water resource status, sound decisions can be made

on how best to develop and manage these resources. Proper

assessment of the water resources in time and space is

important to plan future water use rationally and on a

sustainable basis. The assessment of the availability of

water in the basin and priority setting of its use is important

Fig. 1 Location map of Ethiopia
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before planning for the expansion and development of

additional sectors which poses pressure on water avail-

ability. Therefore, the main objectives of this study are to

(1) assess the total surface water availability, water demand

and the gap between supply and demand in the basin and

(2) recommend different options to minimize the gap be-

tween supply and demand.

Methodology

In order to achieve the above objectives, the methodology

followed in this study includes the assessment of water

resources availability and water demand.

Assessment of water resources availability

Water resources availability was estimated using Soil and

Water Assessment Tool (SWAT) model. SWAT is a

physically based continuous-time, long-term simulation,

lumped parameter deterministic model developed by

United States Department of Agriculture-Agricultural Re-

search Service (USDA-ARS), Arnold and Fohrer (2005);

(Gassman et al. 2007). It is not designed to simulate de-

tailed, single-event flood routing (Neitsh et al. 2002). It

operates on a daily and hourly time steps. The model is

computationally efficient and it uses physically based in-

puts like weather variables, soil properties, topography,

vegetation and land management (Singh et al. 2013). The

basin boundary and the drainage pattern of the basin are

delineated by ArcGIS10.1 with a 90-m-resolution digital

elevation model.

The conceptual framework of the model developed in this

research shows the database types and its linkage to different

points in the process of SWATmodel. The spatial and hydro-

meteorological data were used for initial setup of the Model

(Fig. 2). The climatic data used by the model can be a

measured data or it can be generated by the model using in-

built weather generator. However, for this study, only mea-

sured data were used. The location tables of different weather

data were loaded and linked to the files created for this

purpose to write input tables by the model. During the

writing-up process of input tables, additional data like

Manning’s roughness coefficient for overland flow, soil data,

hydrologic data and management inputs were set up for

simulation of the model. When Penman–Monteith or

Priestly-Taylor (Monteith 1965) evapo-transpiration routines

are used, the SWAT model requires relative humidity, solar

radiation and wind speed as an input data (Gassman et al.

2007). In case the Green-Ampts infiltration method is used,

the measured or generated sub-daily precipitation inputs are

required as the input to the model (Gassman et al. 2007). The

maximum and minimum temperature inputs are used in the

calculation of daily soil and water temperature (Gassman

et al. 2007). Finally, the model was set up to simulate the

various hydrological components of the basin.

Though, three options exist in SWAT for estimating

surface runoff from HRUs, and the USDA Natural Re-

sources Conservation Service (NRCS) curve number (CN)

method is used to estimate surface runoff in this study.

Fig. 2 Conceptual framework

of SWAT model and its set up
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Soil and Water Assessment Tool estimates surface

runoff using SCS-CN method,

Q ¼ ðP� IaÞ2

ðP� IaÞ þ S
ð1Þ

where Q = runoff depth in mm, P = effective rainfall in

mm, Ia = Initial abstraction in mm and S = potential

maximum retention. But, the initial abstraction, Ia is the

function of potential maximum retention S. Therefore,

Ia ¼ kS ð2Þ

where k = 0.2 Therefore,

Ia ¼ 0:2S ð3Þ

Substituting Eq. 2 in 1 we have,

Q ¼ P� 0:2Sð Þ2

Pþ 0:8Sð Þ ð4Þ

Runoff occurs when P is greater than 0.2S. The potential

retention parameter varies based on type of soil, land use

management and slope of the watershed. The potential

maximum retention S is related to the dimensionless pa-

rameter CN by the following relation:

S ¼ 25400

CN

� �
� 254 ð5Þ

where CN = curve number.

The output of SWAT model includes surface runoff,

evapo-transpiration, stream flow, interception storage,

infiltration, reservoir water balance and shallow and deep

aquifer that have been developed and validated. The

interest of this study is only the surface water avail-

ability of the basin. So the outflow of the basin from

each subbasin is added to get the total surface water

availability.

The uncertainty of parameters such as measured data

uncertainty, model uncertainty and parameter uncertainty

was checked by using sequential uncertainty fitting

(SUFI2). The goodness of fit and the degree to which the

calibrated model accounts for the uncertainties are assessed

by running p-factor and r-factors test which were explained

in the ‘sensitivity analysis’ section.

Water demand assessment

In Awash basin, satisfying water demand for agricultural

production is an integral part of food self sufficiency and

employment opportunity for the community living in the

basin, because agriculture is the foundation of the econ-

omy and it employs more than 80 % of the rural

population in the country. To calculate the water balance

of the basin, the demand of water for different uses is

required. To know the demand, it is necessary to assess

the human population, livestock population, irrigation

activities in the basin and industrial firms available in the

basin. After calculating the demands of water for each

sector including environmental water requirement, it is

added together to arrive at the total water demand and

then it is subtracted from the availability of water in the

basin to get the balance.

Model performance evaluation criteria

The accuracy of SWAT simulation results is determined by

examination of the coefficient of determination (R2), the

Nash and Sutcliffe (1970) model efficiency coefficient

(NSE), the root mean square error (RMSE), percentage bias

(PBAIS) and observation standard deviation ratio (RSR).

The R2 value is an indicator of the strength of the linear

relationship between the observed and simulated values,

while the (NSE) simulation coefficient indicates how well

the plot of observed versus simulated values fits the 1:1

line. The R2 statistic is calculated as

R2 ¼

Pn
i¼1

Oi � Oavrð Þ Pi� Pavrð Þ

Pn
i¼1

OI � Oavrð Þ2
Pn
i¼1

pi � Pavrð Þ2
� �

2
664

3
775
2

ð6Þ

where R2 = Coefficient of determination, Oi = Observed

(measured) value and Pi = Modelled (predicted) value.

The SWAT model is further calibrated monthly using

the NSE, which is given as,

NSE ¼ 1�

Pn
I¼1

Oi � Pið Þ2

Pn
i¼1

Oi � Oavrð Þ2
ð7Þ

The root mean square error and mean absolute error are

well-accepted absolute error goodness-of-fit indicators that

describe differences in observed and predicted values

(Legates and McCabe 1999). It is calculated using the

relation,

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N�1

XN
I¼1

Oi � pið Þ2
vuut ð8Þ

Percent bias (PBIAS) measures the average tendency of

the simulated data to be larger or smaller than their ob-

served counterparts (Gupta et al. 1999). The optimal value

of PBIAS is 0.0, with low magnitude values indicating

accurate model simulation (Moriasi et al. 2007). Positive

values indicate model underestimation bias, and negative

values indicate model overestimation bias (Gupta et al.

1999).
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PBIAS is calculated by

PBIAS ¼

Pn
I¼1

Yobs
i � Y sim

i

� �
� 100ð Þ

Pn
1¼1

Yobs
i

2
664

3
775 ð9Þ

Observation standard deviation ratio (RSR) standardizes

RMSE using the observations standard deviations and it

combines both an error index and the additional informa-

tion recommended by (Legates and McCabe 1999). RSR is

calculated as the ratio of the RMSE and standard deviation

of measured data, as given:

RSR ¼ RMSE

STDEVobs

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

Yobs
i � Y sim

i

� �2
s" #

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
Yobs
i � Ymean

� �s 2
2
4

3
5

ð10Þ

Data requirement and availability

Assessment of a basin water balance is vital to understand the

processes of hydrologic cycle. For this purpose, data collection

and field trip for ground truthing, and data verification were

used to identify the key features of the basin. The hydrological

and meteorological data from 1980 to 2012 were supplied by

the Ministry of Water Resources (MoWR) and National Me-

teorological Service Agency (NMSA) of the government of

Ethiopia, respectively. Quality of meteorological data was

checked by comparinggraphs and doublemass curve analysis.

Themissing data were filled using regressionmethod (Hassan

and Croke 2013). River basin master plan study document of

the Awash river is consulted, Water Works Design and Su-

pervision Enterprise (WWDSE)/WAPCOS (2005). Informa-

tion on water abstraction for different purposes was also

gathered fromdifferent sources, such aswater allocation study

of the upper Awash valley for existing and future demands

(Berhanu 2008; Yibeltal et al. 2013).

Digital elevation models (DEMs) are used to identify

stream networks and the land slopes that contribute flow to

the water bodies. Modelling of the hydrologic responses

over a watershed requires use of soil map and land use/land

cover map to provide information on soil types and their

hydrologic properties.

The soil physical properties like soil texture, available

water content, hydraulic conductivity, bulk density and

organic matter content for different layer were processed

using Soil–Plant-Air–Water (SPAW) software developed

by United States Department of Agriculture (Table 1). The

land use of the basin is analysed to check for a significant

land use change for the period of 2008–2012. However,

there was no significant change during this period, and

thus, 2012 land use data were used.

Study area description

Awash basin covers the total land mass of 110,000 km2 out

of which 64,000 km2 is categorized as western basin and

contributes almost the entire surface flow of the basin. Other

Table 1 Physical properties of soil in the basin

No. Soil name Hydraulic conductivity

(mm/h)

Textural composition (%) Soil BD

(g/cc)

Soil AWC

(cm/cm)

Area in km2 Watershed

area in (%)
Sand Silt Clay

1 Eutric C. 18 22 44 34 0.18 1.44 2792.9 4.41

2 Leptosols 0 40 10 50 0.12 1.34 304.0 0.12

3 Orthic S 38 30 45 25 0.11 1.45 3802.9 6.00

4 Haplic X. 20 44 41 15 0.15 1.43 1184.4 1.87

5 Calcaric F. 15 40 40 20 0.15 1.43 5480.7 8.65

6 Dystric N. 2 38 32 30 0.21 1.39 8280.4 13.00

7 Eutric R. 110 47 45 8 0.10 1.51 526.6 0.83

8 Vertic C. 6 55 30 15 0.11 1.47 14,704.5 23.2

9 Chromic L. 2 32 24 44 0.11 1.5 4.9 0.01

10 Eutric F. 29 70 13 17 0.08 1.5 65.3 0.10

11 Cambic A. 117 78 7 15 0.04 1.42 2660.5 4.20

12 Pellic.V 1 62 12 24 0.24 1.39 4878.6 7.70

13 Gypsic Y. 750 12 16 64 0.07 1.41 45.6 0.07

14 Eutric N. 72 22 14 64 0.08 1.45 381.6 0.60

15 Mollic A. 91 65 26 9 0.15 1.43 13,335.3 20.36

16 Luvic P. 307 34 55 11 0.15 1.31 231.5 0.37

17 Haplic C. 15 34 57 9 0.20 1.39 5320.3 8.39
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46,000 km2 area comes under the eastern part which does not

contribute any surface flow to the river (MoWR 2014). The

elevation of the basin ranges between 250 m at the Abbe

Lake, where the river ends and 4195 ma.m.s.l at the head-

water of the river (Fig. 3). The basin is divided into upper,

middle and lower Awash. The annual rainfall of the basin

varies fromabout 160 mmat the northern limit of the basin to

1600 mm in the western highlands. Themean annual rainfall

of the basin is about 895 mm. Mean annual temperature

ranges from 9.9 �C at the North West to 30.5 �C at the north

east of the basin. During the simulation period (1980–2012),

the lowest and the highest temperatures recorded in the basin

were 0 and 36 �C, respectively at different locations. The

rainfall and the maximum and minimum temperatures of the

basin at different stations are shown in (Fig. 4). The average

wind speed during the same period was 2.7 m/s and the

maximum value recorded was 9.9 m/sec, while the average

relative humidity was 55.35 %. The physical properties of

soil control the movement of water through its profile and

impacts on the cycling of water within HRU. Based on

physical properties, soil of the basin was classified into 17

different classes and indicated in (Fig. 5) below. Slope of the

basin is manually divided into three classes (Table 2).

Agriculture is the dominant land use in the basin fol-

lowed by grassland and shrub land with 51.39, 29.79 and

8.11 %, respectively, as shown in (Fig. 6).

Rainfall, Maximum and Minimum temperature data of

the basin for the last 33 years (1980–2012) are shown in the

following figure.

Results and discussion

Sensitivity analysis

Sensitivity analysis is one of the necessary phases in model

calibration and preparation for use. It is used to determine

the way the results are changing based on change of model

parameters. Sensitivity analysis was conducted to identify

the sensitive parameters affecting stream flow for subse-

quent application in stream flow calibration (Kannan et al.

2007). It was carried out using those parameters provided

in the SWAT literature (Table 3). The values of the pa-

rameters used for sensitivity analysis were within the range

suggested in SWAT user’s manual and literature (Neitsh

et al. 2001).

p-factor is used to quantify the degree to which all

uncertainties are accounted for and it is the percentage

of measured data bracketed by the 95 % prediction

uncertainty, (Abbaspour 2012) while r-factor quantifies

the strength of calibration/uncertainty analysis i.e. r-

factor is the average thickness of the 95ppu band di-

vided by the standard deviation of the measured data.

The value of p-factor ranges from 0 to 100 % while

that of r-factor ranges between 0 and infinity. A p-

factor of 1 and r-factor of 0 is a simulation that exactly

corresponds to the measured data. The degree to which

the simulated value deviates from these values of p and

r can be used to judge the strength of model

calibration.

Fig. 3 Location map of Awash

basin
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Model calibration and validation

Models approximate the reality of the natural systems.

Both graphical methods and statistical tests are used in

model calibration and validation. The details of simula-

tion of the basin are given in Table 4. The model on the

first level is manually calibrated because this is performed

only once in the initial calibration phase (Milivojevic

et al. 2009). Manual calibration supported by semi-auto-

matic calibration using SUFI2 (Sequential Uncertainty

Fitting 2) was used for model calibration and validation.

The model has been calibrated and validated using

Fig. 4 Long-term weather data of Awash basin at different stations
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observed stream flow time series for six gauging stations

(Table 5). The result shows a good model performance

for the basin (Fig. 7). During the calibration period

(1980–1999), the Nash–Sutcliffe efficiency (NSE) for

monthly flow simulations varied between 0.75 and 0.90,

while the R2 value for the same period of calibration

varied between 0.78 and 0.92. But during the validation

period (2000–2012), NSE values range from 0.55 to 0.93,

while the value of R2 ranges from 0.57 to 0.95 for the

basin.

Model calibration parameters

AWC, CN2, APHA_BF, GW_DELAY, REVAP_MN, etc.

are some of the parameters used for calibration (Table 6).

An increase in AWC will decrease surface runoff and base

Fig. 5 Soil map of Awash basin

Table 2 a Land use categories

in the basin. b Slope classes of

the basin

S. No. Land use

Category Class Area (km2) Watershed area (%)

a

1 Agricultural land close grown AGRC 33,058.92 51.65

2 Meadow Bromegrass BROM 19,087.44 29.82

3 Range brush RNG B 5190.09 8.11

4 Forest mixed FRST 4884.35 7.63

5 Water body WATR 499.20 0.75

6 Residential URBN 1280.00 2.00

S. No. Slope class Area (km2) Area (%)

b

1 0–25 58,736.64 91.78

2 25–45 2253.99 3.52

3 C45 3009.37 4.70
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flow and hence results in decreased water yield, i.e. AWC

is inversely related to water balance components. Evapo-

ration compensation factor (ESCO) also affects the water

balance components. The observed and predicted flow

values are closer when ESCO values are near its maximum

for the basin. This is the results of an increased base flow

value and surface runoff for high values of the soil

evaporation compensation factor. This study shows that the

water balance components for the Awash basin are least

sensitive to GW_SPYLD values i.e. a change in the initial

GW_SPYLD value will not greatly affect water balance

components.

Estimation of water yield of the basin

Water scarcity in Awash basin is projected to increase over

time due to increasing population, change in climate, land

use and land cover. Water balance models such as SWAT

can be used to assess the availability of water resources and

the long-term influences of water management on the re-

sources. This helps in planning mitigation measures against

water scarcity that the future generation is inevitably going

to face. The water yield of the basin when modelled by

Fig. 6 Land use map and slope

classes of Awash basin

Table 3 Values of parameters (r- and p-) used for sensitivity and

validation

No. Parameter name r value p value

1 SOL_AWC -2.61 0.011

2 ESCO -2.11 0.038

3 RCHRG_DP 1.76 0.082

4 GW_SPYLD -1.74 0.087

5 GW_DELAY 1.42 0.159

6 GWQMN 0.55 0.584

7 GW_REVAP -0.37 0.709

8 SUR_LAG -0.26 0.795

9 ALPHA_BF 0.92 0.362

10 SOL_BD 0.87 0.388

11 OV_N -0.84 0.405

12 CN2 0.60 0.500

Table 4 Details of Model Simulation for the Basin

Sl. No. Simulation details Remark

1 Simulation length 33 years

2 Warm up period 3 years

3 Calibration period 20 years including

warm up period

4 Validation period 13 years

5 Total number of subbasins 70

6 Total numbers of hydrologic

response units

300

7 Input meteorological data Measured

8 Total basin area 110,000 km2
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SWAT is the total amount of water generated by subbasin

and entering the main channel system. It is the important

parameter to be estimated for efficient management and

planning. The water balance equation in its general form is

given as inflow = outflow ? change in storage. This

equation can be applied for any size of basin and any pe-

riod of time to evaluate all inflow, outflow and water

storage component. For different HRUs, runoff is predicted

separately and then routed to obtain total runoff for the

subbasin. This enhances accuracy and gives a better de-

scription of water balance.

The contribution of each subbasin during the simulation

period is summed up to arrive at the total yield of water by

the basin. The water yield is in depth unit and it is multi-

plied by the area of the basin to get the volume of the water

yield. A total of 4.64 BCM of water is estimated for the

basin by the model.

Water demand

Domestic water demand

The domestic water demand is estimated based on the basin

population and the minimum standard required per person

per year. A range of estimates of per capita water re-

quirements have been developed, ranging from 20 litres per

capita per day (l/c/d) through to 4,654 l/c/d, (Jonathan

2000). Humans require fresh water for three broad uses.

This include domestic use such as drinking, washing, food

preparation and general hygiene, agricultural use in order

to produce food, and industrial use for non-agricultural

commercial activities. There are two approaches for esti-

mating the minimum amount of water required to sustain a

high level of human development (Jonathan 2000). Con-

sidering a minimum per capita water availability of 145 l/

c/day for urban population and 45 l/c/day for rural

population, the total domestic water requirement of the

basin will be 0.326 BCM/year.

Irrigation water demand

The crop water need (ET crop) is the depth or the amount

of water needed to meet the water loss through evapo-

transpiration. It depends on climate (sunshine, temperature,

humidity, and wind speed), crop type and the growth stage

of the crop. The influence of the climate on crop water

needs is given by the reference crop evapo-transpiration,

ETO (FAO Water 2012). Due to time constraint to collect

all relevant data required to estimate water requirement for

irrigation, previous study results were adapted. Yibeltal

et al. (2013) made a comprehensive irrigation assessment

in the basin and found out that the agricultural water re-

quirement of the basin is estimated at 2.52 BCM for 2012

cropping pattern.

Livestock water demand

Providing good quality water is essential for healthy

livestock husbandry. The daily water requirement of

livestock varies significantly among animal species

(Table 7). The animal’s size and growth stage will have a

strong influence on daily water intake. Consumption rates

can also be affected by environmental and management

factors. Feed with relatively high moisture content de-

creases the quantity of drinking water required (Taddese

et al. 2001).

Table 5 Evaluation statistics of

the basin at different stations
Years No. Station name Evaluation statistic parameters

R2 NSE PBIAS RMSE

1980–1999 Calibration

1 Awash 7 kilo 0.91 0.90 0.00 0.50

2 Below kkd 0.86 0.83 66.00 -2.64

3 Keleta sire 0.89 0.89 7.37 8.00

4 KsemHm 0.92 0.87 -7.12 69.20

5 Melkasedi 0.90 0.89 -4.39 71.53

6 Metehara 0.92 0.77 2.94 41.92

7 Wonji 0.78 0.75 18.5 34.94

2000–2012 Validation 1 Awash 7 kilo 0.81 0.78 12.0 81.00

2 Below kkd 0.84 0.81 -2.5 143.00

3 Keleta sire 0.82 0.80 14.46 9.21

4 KsemHm 0.95 0.93 -5.19 53.18

5 Melkasedi 0.89 0.87 -7.85 75.13

6 Metehara 0.84 0.73 9.98 40.85

7 Wonji 0.57 0.55 14.05 99.06
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Industrial water requirement

Industries that produce metals, paper, pharmaceuticals,

chemicals, liquor, textiles and others all use water in their

production process. It depends on water for all levels of

production. Data on industrial water use are difficult to get

because most of them use their own water sources. Water

for industry use is not registered by municipality. For

Addis Ababa alone, the estimate of these data is obtained

from the Addis Ababa water supply and sewerage agency.

The estimate of water use for industries in and around

Addis Ababa is about 8 % of the total daily domestic water

requirement of the city. This is equivalent to approx.

16,800 m3/day and 0.00613 BCM/year for Addis Ababa

and its surrounding. For industries outside Addis Ababa but

located in the basin, it is assumed that their water re-

quirement is about 0.001 % of the basin yield which is

equivalent to 0.00464 BCM. Therefore, the total industrial

water requirement in the basin is estimated at

0.01084 BCM.

Environmental water requirement

The specification of an environmental water requirement

varies depending on the objective of environmental water

management. It can be a complex and its estimation should

Fig. 7 Calibration and validation of flow data of the basin at different stations
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be viewed in the context of natural variability of flow

regimes (Poff et al. 1997). The most appropriate method-

ology depends on the individual case, including the specific

objectives of the task, the amount of data and other

available information. The total environmental water re-

quirement consists of ecologically relevant low-flow and

high-flow components (Smakhtin et al. 2004). There is

seasonal flow variation in river basins depending on the

rainfall. Up to 75 percent of the annual flow may come

during rainy seasons in the basin. The river flows may

reduce to a great extent during dry periods. It has been

estimated that approximately 20–50 percent of the mean

annual river flow in different basins needs to be allocated to

freshwater-dependent ecosystems to maintain a fair con-

dition (Smakhtin et al. 2004). For Awash basin, the envi-

ronmental flow requirement is estimated to be about 35

percent of the mean annual river flow i.e. 1.64 BCM/year.

Water balance

Water scarcity occurs when demand for water exceeds

supply, and it can occur at any level of supply and demand.

The total annual surface water resources potential of

Awash basin according to this study is estimated to be

about 4.64 BCM. The average water demand in the basin is

about 4.67 BCM. This shows on the average, the deficit of

0.03 BCM of water in the basin. The seasonal deficit (intra-

annual shortage) of water is even more serious than inter

annual deficit, because the precipitation falling on the land

surface in the basin is highly variable in space and time,

resulting in seasonal water surplus and shortage. June to

September is the rainy months of the basin, during which

availability of water exceeds demand. This has negative

consequences on demand, because, it builds up water de-

mand during the period. As a result, it leads to over-allo-

cation of water which cannot be satisfied during lean

season. Due to this hydrological variability and water

management, water scarcity varies over time. The monthly

deficit and surplus of water is shown in Fig. 8. During

December–April month of 2011, the basin shows a deficit

of 1.27 BCM, while there is an excess water of 1.67 BCM

during the months of May–November. In 2012, during the

similar months, there is a deficit of 2.82 BCM, whereas

there is a surplus of 3.16 BCM of water during June–

November. The water scarcity in the basin is economic

water scarcity (lack of water infrastructure, lack of in-

vestment in the sector, and lack of technical capacity)

rather than physical water scarcity. The availability of

water fluctuates from year to year and within a year.

Therefore, if a storage structure is available, the surplus

water can be stored for latter use and it can also serve the

purpose of flood protection. In basins where water scarcity

is a critical problem like in Awash basin, one of the options

to control water supply to match demand is by providing

storage reservoirs to capture floods during wet season.

Storing water during the high-flow seasons and reallocating

it during dry season can achieve potentially high benefits in

the basin. It can reduce the gap between demand and

supply to a large extent. Construction of high capacity

dams to ensure yearly carryover capacity of close to 40 %

of the annual river flow can help in achieving water se-

curity during lean season. Construction of large dams in the

basin has an advantage of reliable yield because evapora-

tion is relatively less due to their depth. The location of the

reservoir needs to be carefully chosen near the service

point to avoid conveyance losses. One of the options/or

way forward is to have reservoirs in the west and southwest

of the basin because it is in this part of the basin that

maximum rainfall occurs and then huge runoff is generat-

ed. The temperature of this part of the basin is also

relatively low indicating less evaporation loss.

In calculating the water demand, the domestic, industrial

and livestock water demand is distributed uniformly over

the year for convenience. The agricultural water demand is

distributed over 5 months (December–April), because

Table 6 Parameters Used in the calibration and validation of the

model

No Name Value range Fitted value

1 SOL_AWC 0–1 0.05

2 CN2 35–98 65

3 ALPHA_BF 0–1 0.1

4 GW_DELAY 0–500 12

5 REVAP_MN 0–500 0

6 OV_N 0.01–30 0.14

7 ESCO 0–1 0.95

8 GW_REVAP 0.02–0.2 0.2

9 SUR_LAG 0.05–24 8

10 USLE_K 0–0.65 0.3

11 SOL_BD 0.9–2O5 1.41

12 GW_SPYLD 0–0.4 0.03

Table 7 Livestock population in the Basin and their Water

Requirement

Type of

animal in

the basin

Livestock

population

(million)

Average water

requirement

(L/day/head)

Water

requirement

(BCM/year)

Cattle 5.42 54 0.10683

Sheep/goat 10 7.14 0.02606

Equine 0.65 45.6 0.01082

Camel 0.90 55 0.01807

Poultry 1.89 450 lt/1000 birds/day 0.0031

Total 0.165
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these months are critically dry months when the crops re-

quire water. Then demand versus supply graph is plotted.

The graph is plotted yearly for the validation period from

2000 to 2012 (Fig. 9), and for the last 2 years (2011 and

2012), it is plotted on monthly basis to show the deficit

clearly. The flow chart for surface water assessment and

demand estimation to calculate surface water balance is

shown in (Fig. 10).

Agriculture is obviously the main water consumer. Ir-

rigation efficiency in Ethiopia is low in the order of

30–40 percent (Yibeltal et al. 2013). A great deal of water

can be saved by increasing the efficiency of irrigation and

narrowing the gap between the stated policy and the actual

practice regarding water resources management. The fed-

eral and/or regional level authorities should show an in-

terest to enforce a law to keep control of an illegal

abstraction of water. New small-scale irrigation schemes

that are developed by individual farmers from time to time

without planning can increase competition for water and

thus create conflict between upstream and downstream

users. So this expansion of small-scale irrigation should

also be made on planning basis. The conflict between

environment and agriculture in water demand, especially

where almost total base flows are diverted for irrigation

without releasing water for ecological conservation, should

be examined and addressed.

Water can also be saved in industrial and urban water

supply by rational use of water and recycling. Access to safe

drinking water varies significantly among rural and urban

areas. The water supply coverage for rural and urban is 41.2

and 78.8 % (Ministry of Water, Irrigation and Energy of the

Government of Ethiopia 2010; Ministry of Water Irrigation

and Energy Resources 2010), respectively. Large quantities

of water can be saved by reducing leakages from pipelines,

taps and storage tanks. It is estimated that approximately

40 % of domestic water supply is lost in distribution sys-

tems (Desalegn 2005).

Impacts of water scarcity on sustainable development

Water scarcity occurs as a result of climatic variability,

increase in demand due to population growth which calls

for increased allocation of water in the basin for different

uses. Water poses a serious challenge to sustainable

Fig. 8 Monthly surface water

balance of Awash basin

Fig. 9 Water balance for

validation period (2000–2012)

Sustain. Water Resour. Manag. (2015) 1:71–87 83

123



development. Its scarcity affects both social and economic

sectors and threatens natural resources sustainability. Most

of the communities living in the middle and downstream of

the basin are pastoralists. Their livelihood entirely depends

on animal husbandry. The availability of water is very

crucial for these people and their animals. So they move

from place to place in search of water and pasture specially

during dry season. During drought which occurs frequently

(once in every 5–10 years), they suffer a huge loss of

animals and forced to depend on food aid from NGOs and

Government. This usually impacted the country’s economy

and constrained development.

Addressing water scarcity

Water is an important resource for socio-economic devel-

opment, the livelihood of the community in the basin and

ecosystem health. Therefore, the equitable and wise use of

water is important to guarantee water security and address

the conflict arising among communities. Irrigated agricul-

ture is the major user of water in the basin. In order to have

a sustainable growth in Ethiopia, irrigation sector must use

water judiciously. Further, misuse and overuse of water in

all the other sectors such as industrial, domestic, and public

should be avoided, because water is a finite resource and its

future supply is uncertain in the basin unless water saving

measures are taken. Water saving requires attention be-

cause the current situation in the basin reveals that the

freshwater supply is hampering sustainable economic de-

velopment. Huge amount of water can be saved either from

irrigation sector and/or domestic and industrial water sup-

ply by substituting obsolete irrigation technologies with

modern ones like sprinkler and drip irrigation that have the

potential to increase water use efficiency from 30–40 to

more than 75 %. Metering of water helps in water demand

management. A customer whose water is metered uses less

water than those whose water is not metered because he

knows that he must pay for any misuse.

Inter-sectoral and multidisciplinary approach in allevi-

ating water scarcity ensures mutual understanding of the

existing problem. This brings about coordinated action in

management of scarce water resources of the basin to

maximize socioeconomic growth on a sustainable basis.

Water supply sources can be improved by water harvest-

ing; improving water efficiency in agriculture, and reduc-

ing an unaccountable loss in domestic water supply. Water

scarcity alleviation can also be achieved by increasing the

productivity of water use in every sector. The restoration

and conservation of watershed, that stores and releases

water, is important to increase water availability.

Seasonal water scarcity in the basin can be overcome by

capturing the rainwater which occurs during a short rainy

season and causes flooding. Rain occurs in the basin during

June–September and creates huge flood damage in the

downstream region of Afar. Storing the runoff generated

during this season has dual advantage for the country. The

first and foremost advantage is that it protects the lives of

thousands of people from flood damage at the downstream.

The other advantage is that the stored water can be used for

different purposes in dry season when the demand for

water is high.

The policy issue of the country in water resources

management and uses should be reconsidered. The policy

should be designed to increase water efficiency, to improve

water yielding processes of the basin and to discourage

overuse of water by different sectors to address scarcity.

Fig. 10 Flow chart for water

balance estimation
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The issue of water pollution by industries and solid

wastes needs immediate attention. This is the mandate of

environmental protection authority of Ethiopia. But the

rules and regulations regarding environmental quality is

not practically followed and the authority is not taking

any action when the rules are not adhered to by the

industries. Therefore, following specific suggestions are

made for addressing the water scarcity issues in Awash

basin:

1. The study shows that availability of water in the basin

cannot meet the current demand of water for different

uses. This calls for improving water management and

raising the level of awareness among the stakeholder

about the gap between supply and demand of water in

the basin. Decision makers should act vigorously to

bring about equitable and rational use of water by

different sectors so as to avoid overuse and wastage of

water.

2. Stakeholder participation in all phases of water

resources development should be given a weightage

and should be encouraged. Water should be fairly

shared among upstream and downstream users and

between regions. The sectorial water use must be

quantified, and all discharge measuring points should

be renovated to know the volume of water abstracted

for different purposes at different points.

3. Minimization of losses of water in irrigation and

unaccounted losses in water supply systems is re-

quired. Irrigation efficiency should be improved by

introducing current technologies to minimize/avoid

water losses.

4. Water pollution standards should be established and

enforced by law. Industries should treat their dis-

charges to an acceptable level before letting it into

water systems. The minimum allowable polluting

substances to be let into water system should be fixed

by a competent authority.

5. The price of water should discourage overuse of the

resource and the costs of water supply should be

recovered. Environmental and social impacts of water

scarcity should be averted by improving the weak

cross-sectorial integration which is involved in water

management in one way or the other.

6. Loss of biodiversity and ecosystem service is brought

about by degradation of water resources. So in order to

avoid overuse of water and maximize the water use

efficiency, water should be managed in an integrated

way. Integrated water resources management should

be designed in the basin to address the economic

development combined with the needs of the environ-

ment to sustain development. This requires coordina-

tion among sectors, and replacement of fragmented

resource management with coordinated and participa-

tory process. Integrated water resources management

framework should encompass ecosystem services that

would enable the realization of a broad benefit from

well-managed water and other related natural re-

sources. This benefit may include both flood and

drought mitigation, wildlife habitat conservation and

the like. In integrated water resources management, the

traditional top-down management approach should be

supplemented by bottom-up approach. This is impor-

tant in integrating and harmonizing various stakehold-

ers’ views and interest.

7. Environmental flow is the most important variable that

impacts river morphology, aquatic habitat and water

quality. The Awash basin river ecosystem is dete-

riorating significantly due to overuse of water for

different purposes. Environmental flows which closely

follow the natural flow regime are needed for ecosys-

tem health (Jain 2012). The adverse impacts that result

from water storage and/or diversion of river flows can

be mitigated by releasing water to satisfy environmen-

tal water requirements. To achieve the desired balance

of economic benefits and environmental costs, the

fraction of mean annual flow (MAF) that can be

abstracted/released should be decided depending on

different factors like size of the river (Jain 2012).

Awash river basin has a religious and cultural values

attached to it. The Oromo people living in the basin

exercise religious rituals called Irrecha. In view of this,

35 % of the MAF of the river is allocated to the

environmental flow to ensure that there is enough

depth and discharge of good quality water in the river.

This recommendation also helps rehabilitate/restore

the current deteriorating floodplains and riparian

vegetation of the basin. Once the current condition of

the basin has been improved, the environmental flow

requirement can be reduced to 8–10 % of the mean

annual flow to avail minimum water for people and

basic survival of aquatic lives.

Conclusions

This study developed a surface water balance for Awash

basin using SWAT model. Water balance studies can be

used to assess the effect of anthropogenic activities and

climate change on the volume of water that the basin can

supply. It also helps establish the relationship between

rainfall and runoff for forecasting purposes, the rational use

of water and its redistribution in space and time. The an-

nual water balance for Awash river basin was evaluated

taking into account all the parameters that could be
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evaluated. The water balance calculation for the basin re-

vealed that the basin is water deficit. The total surface

water yield of the basin is estimated to be 4.64 BCM, while

the total demand is about 4.67 BCM. This shows that there

is a deficit of 0.03 BCM/year of surface water in the basin.

The seasonal water deficit is even very serious. The

monthly deficit and surplus of water is calculated for the last

2 years of the study period. DuringDecember toApril month

of the year 2011, the basin shows a deficit of 1.27 BCM,

while there is an excess water of 1.67 BCM during the

months of May to September. In 2012, during the similar

months, there is a deficit of 2.82 BCM, whereas there is a

surplus of 3.16 BCM of water during June–October.

Addressing the challenges of water scarcity will require

both selective development and exploitation of new water

supplies and comprehensive policy reform that encourages

more efficient use of existing water supplies. Exploitation

of new water supply like harvesting rainwater and storing

the excess flood during rainy period can alleviate water

scarcity in the basin to a great extent. So the immediate

future task of the decision makers should be to protect the

ecology of the basin from further deterioration of the re-

sources and exploit different sources of water to mitigate

the current water scarcity.
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