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Abstract

Dabus sub-basin is one of the main tributaries of Blue Nile with a considera-
ble surface water potential which can be used for hydro power, irrigation, and
water supply. Lack of studies regarding surface water potential and demands
at the sub-basin level is the reason why this potential was underutilized. The
objective of this study is to assess the surface water potential and evaluate the
current and future demand by using Water Evaluation and Planning (WEAP)
model at Dabus sub-basin. The model was constructed on four different sce-
narios starting from the current account (2020) wherein all the data is filled
into the model to estimate the surface water potential and demands for dif-
ferent sectors. The scenarios include Scenario 1: reference scenario; Scenario
2: Change in population growth rate; Scenario 3: Irrigation water demand
projection; and Scenario 4: Increased domestic water demand. The scenario
has helped in analyzing “what if” questions. For all the scenarios the overall
demand, coverage and unmet demand were analyzed based on three-time ho-
rizon as (2020-2030, 2030-2040, and 2040-2050). The model estimated the
average annual flow as 6.536 Billion Cubic Meter (BCM) which is generated
from annual precipitation of 14.987 BCM. The model showed 100% demand
coverage for all the scenarios except the irrigation demand projection scena-
rio which have unmet demand on some of the months of the year.
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1. Introduction

Water is essential to all forms of life on earth including human beings, animals

and plants to sustain their life [1]. It is crucial for the wellbeing of mankind and
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it supports all aspects of human activity for living [1]. Furthermore, water plays
an irreplaceable role in supporting productive human activities such as agricul-
tural, energy production, industrial, transportation services, fishing, sanitation
and tourism [1]. However, its availability, quantity, distribution and quality have
been reducing over time as a result of climate change, emerging demand due to
population growth and economic development [2]. As a result, a significant
number of countries in the world are becoming water-stressed. To solve the
scarcity problem different countries of the world are implementing different
policies to boost the management system of the available water resources [2].

The careful estimation of surface water potential of a river basin is very essen-
tial for the future development of any kind of water-related project in countries
like Ethiopia [3]. This, in turn, enhances the economic growth of the country by
paving the way for utilization of the available potential of water for hydropower,
irrigation, and water supply [3]. Planning, managing, designing, constructing,
and operating of the water resources project are essential for using the available
water resources [3]. Additionally, studying surface water potential and evaluat-
ing the demand are important because they provide information to the deci-
sion-makers about the river basin on how much water is available and how
much is utilizable for different purposes. This will be helpful for available re-
sources allocation and development of water-related projects [3].

The water resources potential assessment needs detailed insights into the hy-
drological process and its components. Studying hydrological processes for sus-
tainable basin management based on the knowledge of rainfall characteristics
and basin properties is important [4]. However, water resources projects are de-
signed for meeting the current and future water demands, and also it is manda-
tory to sustain the ecology and environment of the sub-basin by continuously
releasing a flow with the minimum flow requirement which balances the varia-
tions of the weather condition in the sub-basin [4].

Both the complexity of allocation of water and the increasing of the pressure
on water resources (increase in demand and change in climate) has motivated
the revision of water allocation goals in many countries around the world [5].
This, depict that for effective and improved water management having an over-
view of water availability and reliability together with consideration of the key
principles of the equity [6], efficiency and sustainability are vital. This has forced
scientists and planners to formulate proper water allocation approaches and re-
lated policies in Integrated Water Resources and Management (IWRM) [6]. A
clear understanding of the water resources at a basin level is important to meet
the increasing water demand of the world’s population and to achieve secure and
sustainable water use in the future [6]. Therefore the main objective of the study
is: 1) To assess the surface water potential of the Dabus sub-basin; 2) To assess
the demand of water for different uses under different scenarios in the
sub-basin; 3) To check whether the available water meets the demand of water in

the sub-basin under different scenarios.
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2. Materials and Method

In order to achieve the above stated objective the following methodology has

been employed.

2.1. Location of Study Area

The Dabus sub-basin is a north-flowing tributary of the Blue Nile river in
southwestern Ethiopia; located at range of latitude of 9°00'00" N to 10°45'00"N,
and longitude of 34°30'00" E to 35°40'00"E and it joins its parent stream at
10°36'38"N and 35°08'58"E. The Dabus sub-basin has a drainage area of about
14,367.74 square kilometers [7]. The altitude in the sub-basin ranges between
485 and 3150 m above mean sea level (Masl) the high land in the eastern part of
the sub-basin are higher in altitude, greater than 1600 Masl up to 3150 Masl [8]
The lowland in the northern parts of the sub-basin have lower altitude less than
800 Masl [8]. Figure 1 shows the location of Dabus sub-basin.

2.2. Materials

For this research the watershed is delineated automatically using WEAP and the
software’s employed include Arc GIS 4.0, CROPWAT 8.0, CLIMWAT 2.0, USGS
earth explore, Microsoft word and excel. All the latest hydro-metrological data
(precipitation, evapotranspiration, and P.;) and the latest land-use data from
United States Geographic System (USGS) earth explorer Landsat 8 version were
used together with the corresponding Kc value for surface water potential esti-
mation. The dominant land-use was found to be bare land, vegetation, forest and
water-bodies. For the demand side annual activity level, annual water use rate,
monthly variation and consumption rate for each demand type including (do-
mestic, livestock, agricultural, Environmental Flow Requirement (EFR), and in-

dustrial) was used as input in evaluating the annual demands.

Upper Blue Nile Basin Dabus sub-basin
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Figure 1. The location of Dabus sub-basin in the upper Blue Nile basin.
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Methods
The methodology followed in this research is data collection, hydro-metrological
data analysis, modeling the watershed, surface water potential assessment and

demand evaluation using the model WEAP.

2.2.1. Hydro-Metrological Data Processing
Data screening
The precipitation data has been checked for its homogeneity by using the

homogeneity test [9]. The non-dimensional parameter 7,;is given by:

P
P =—%%100 [9]
Pav
where, P, represents precipitation for the month 7 and it is non-dimensional

value, P,,, is over year’s averaged monthly precipitation of the station 7 P,, is

over year’s averaged yearly precipitation of the station.
The consistency of the precipitation data is checked using double mass curve

method [10].

cX X

M
P, =P *—=% [10]
Ma
where: P is corrected precipitation at any time, P, is originally recorded preci-
pitation at any time, M, is corrected slope of the double mass curve and A, is
original slope of the double mass curve.
1) Missing data completion
A number of methods have been proposed to estimate missing rainfall data

[9]. Normal ratio method is used for filling missing precipitation data.

eafz ) o

where, N,: Average annual rainfall for the gauge in which data are missing, NV;
Average annual rainfall at gauge 7 and arithmetic mean method was used for
filling the stream flow data.

2) Areal rainfall estimation

The selected rainfall stations need to be uniformly distributed in order to
represent the entire sub-basin, as there might be different geological and hydro-
logical features in different parts of the sub-basin. Thiessen polygon method was
used for checking the uniformity of the rainfall station distribution over the en-
tire sub-basin [9]. As the result shows the stations are uniformly distributed over
the sub-basin. The location of the rainfall stations in the sub-basin is shown in

Figure 2.

2.2.2. WEAP Application
The Water Evaluation and Planning software is used in this study. WEAP model
basically calculates a mass balance flow sequentially down a river system, making

allowance for abstractions and inflows [11]. The elements in the model help to
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Figure 2. The location of stations in the sub-basin.

characterize the water demand-supply system and their spatial relationships
[11].

The function of the model is not to describe the hydrological process of the
sub-basin accurately, but to be able to simulate the surface water resources of the
study area within the available data and using a small number of parameters
[11].

Five different sets of “views” are structured onto the working area to form the
WEAP model complete: Schematic, Data, Results, Scenario Explorer and Notes
[10]. These views are listed on the left side of the screen as graphical icons. Sche-
matic is GIS tool for configuring the system through dragging and dropping to
create and position, helps to add other standards in the forms of vector or raster
GIS image as background layers. It is an associate access to data and results for any
given node. Data view helps to build the model. It produces variables and rela-
tionships, enter assumptions and projections using mathematical expressions, and
immediately links to excel. Notes help to document data and assumptions. Results
view helps to display detailed model outputs in the form of charts, tables and
maps. Scenario Explorer is a higher level view of data and results. The slider moves
to change the value of connected scenario data variable and WEAP recalculates so
that the impact on user-selected key results are displayed [11].

The main menu located at the top provides access to the basic functions of the
programs. The current area name, current view, licensing information and other
status information are presented in the status bar at the bottom of the screen.
The layout of the remaining screen depends on the selected view [11].

From the five methods presented in WEAP model and listed below the rain-
fall-runoff method is used for this research.

1) Irrigation Demands only method;

2) The Rainfall-Runoff method;

3) The soil moisture method;
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4) The MABIA method; and

5) The plant growth method.

Irrigation Demands approach calculates the potential evapotranspiration in
the catchment by using crop coefficient, then irrigation demand is identified to
cover the parts of evapotranspiration that are not covered by the rainfall [12]. In
this method runoff cannot be simulated and infiltration is not calculated. The
Rainfall-Runoff method also uses crop coefficient in evapotranspiration calcula-
tion for irrigated and “rain-fed” crops [12]. The remaining portion of rainfall
which is not consumed by the evapotranspiration is simulated as surface runoff
in the river. Among the five methods the soil moisture method is the most com-
plex one. It represents the soil with two layers and also represents the potential
for snow accumulation. It simulates the evapotranspiration in the upper layer by
considering rainfall and irrigation on agricultural and non-agricultural land,
runoff and shallow interflow in the soil moisture [13]. These methods permit the
characterization of land cover and/or soil type impacts to the hydrologic process.
In the lower soil layer base flow routing and soil moisture changes are simulated.
Considerably this method requires comprehensive data to simulate each process
in the system, those kinds of data are not available easily [13].

Steps followed by WEAP for surface water potential assessment and demand
evaluation [13].

1) Defining the study area, time frame, system components and configuration.

2) Creating the current account, it is water resources potential of the study area.

3) Creating of the scenarios based on future assumptions and expected in-
creases in the various indicators. This forms the core or the heart of the WEAP
model since this allows for possible water resources management processes to be
adopted from the results generated from running the model.

4) Evaluating the scenarios about the availability of the water resources for the
study area.

Results generated from the creation of scenarios can help the water resources

planner in decision making, which is the core of this study.

2.2.3. Model Calibration
The term calibration refers to the adjustment of a model parameter such as
roughness, hydraulic structure coefficients, etc., in order to make the model
produces the observed prototype data at an acceptable range of accuracy [11].
The objective function and subjective criteria are the two general approaches to
assess the best fitness of data. The objective function is used in this study. The
aim of WEAP model calibration is fitting the simulated data to the observed flow
data collected from gauging stations, which involves the quantitative evaluation
of hydrologic response of the Dabus sub-basin and its tributaries [11].

The model calibration is attained by using the EF (Nash-Sutcliffe Efficiency)
and R? (coefficient of determination) since the Software (WEAP), has no auto-
matic calibration routine; due to this reason the changes implemented were

tested manually by comparing the simulated and observed time series flow [11].
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Nash and Sutcliffe efficiency criteria

The objective assessment relies on creating measures of errors using statistical
parameters for evaluations of the model. These error methods include mean er-
ror (ME), mean square error (MSE) and the model coefficient of efficiency (EF)
[14]. The MSE measures the mean square of the errors, which is the difference
between the simulated and observed flow values. The EF is used in assessing the
predictive power of hydrological models [15]. It is the non-dimensional para-
meter and scaled version of MSE ranging between 0 and 1, most of the time it
gives clearer evaluation of the model results and performances. The efficiency
value 1 indicates a perfect match between the observed and simulated discharge
whereas, the efficiency value 0 indicates that the model prediction is accurate as

the mean of the observed data [16].

Eq =Qn—Q, [10]
ME:Z?_{Qmm—oo(i)}z?_l(EQ(i)j o

MSE Z{M] _ Z?_l{ E?ﬁ(i)J [10]

EF:{l—@} [10]
S

0

where: E, = Difference between simulated and observed flow, Q, = Observed
flow, Q,, = Simulated flow, ME = Mean Error, MSE = Mean Squared Error, and
EF = Model Efficiency Coefficient, and $ = Variance.

Coefficient of determination, R

The coefficient of determination is & is defined as the squared value of coeffi-
cient of correlation of the simulated and observed streamflow. Coefficient of de-
termination is also used for this research for calibration. It is estimated using the
following formulae [11].

. [Zhe-e)e-a)]

R? = [11]

[Te-a)[Z(e-a)]

where Q, = observed flow,
Q, = Simulated flow,

Q, = Mean observed flow,

Q. = Mean simulated flow.

3. Result and Discussion

3.1. Surface Water Availability

The mean monthly runoff value of the sub-basin is shown in Table 1 for differ-

ent catchments of the sub-basin.
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Table 1. Monthly average runoff in Million Cubic Meter (MCM) in Dabus sub-basin.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Sum
C-1 1 0 5 47 154 114 178 292 120 47 4 3 964
C-2 0 1 3 19 53 363 631 812 532 163 17 2 2597
C-3 1 1 4 25 71 255 468 373 168 46 7 2 1421
C-4 2 3 5 28 123 254 211 206 171 57 16 12 1087
C-5 0 0 1 4 13 44 39 49 26 17 2 1 196
C-6 0 0 0 4 13 47 64 82 37 22 2 1 271
Sum 6536

Note: C1, C2, C3, C4, C5 and C6 are catchment 1, catchment 2, catchment 3, catchment 4, catchment 5 and
catchment 6 respectively.

Model Performance
The result from the model performance tested by using the two methods namely
Nash and Sutcliffe criteria (EF) and coefficient of determination (R’) is pre-
sented in Table 2.

Both the parameters used for calibration showed good fitness of the observed
and simulated streamflow data.

Water Balance

As a result from the model indicates from the total rainfall of 14,987 MCM
6536 MCM (which is 43 percent of the total rainfall) is contributing to the sur-
face runoff and the remaining 57 percent to evapotranspiration; the overall wa-
ter balance is shown in Figure 3. This means the water that is consumed by ve-
getation and evaporation is considerably high.

The figure indicates the amount of surface runoff and evapotranspiration

generated from the total rainfall.

3.2. Water Demand in the Sub-Basin
3.2.1. Water Demand Model in WEAP

WEAP examines water demand in an area based on disintegrated end-use ap-
proach [17]. By applying WEAP21 one can use economic, demographic and wa-
ter-use information to develop scenarios that analyze how total and disaggre-
gated consumption of water grow over time in all sectors of the economy [17].
Calculation of demand for domestic, livestock and agriculture entities are based
on a disintegrated accounting for several measures of social and economic activ-
ity such as population served, livestock population size and area of land irrigated
[17]. In this study 10 percent of the domestic water demand is assigned for in-
dustrial demand, by taking into consideration the future growth of industry in
the area. Regardless at present time there is small industrial activity (only one
site of gold mining) in the sub-basin. Environmental flow requirements (EFR)
are also considered in this study to sustain the ecosystem of the area by taking 10
percent of the total annual flow. Standard Water Use Method was selected, in
which the modeler determines each water user type (activity) for each end-user

and inputs the correct annual water use rate for each activity [17].
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Figure 3. Water balance of the study sub-basin.

Table 2.Statistical parameters for calibrations.

L Coefficient of
Statistical parameters .
determination
Gauging stations Standard
Mean of Q, andar MSE
N deviation ¢ EF R
Mm® (ME) (Mm)
(STDEVA)
Dabus near Asosa (c-1) 49.44 90.68 4.12 0.95 0.95
Sechi near Mendi (c-2) 16.29 33.77 1.35 0.97 0.97

Current account year (Base year: 2020)

The current account year is the base from which all the other scenarios devel-
oped from.

Types of demand considered

1) Domestic demand

2) Industrial demand

3) Irrigation demand

4) Livestock demand

5) Environmental flow requirement (EFR) demand

The total water demand for the year 2020 is 867 MCM and it is percentage to

each demand sector is shown in Figure 4.

3.2.2. Scenario Development
A scenario is a probable description of how the future may emerge based on ar-
ticulate and internally consistent set of assumptions about key interactions and
driving forces in the hydrologic processes [18].

In order to contain future water demand sophistication four different scena-
rios have been developed under three different time horizons which are listed as

follows:
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2020 Selected Branches (7/13) ~

B EFR
[ Irrigation for Maize
[ Irrigation for Sorghum

EFR 75.4% [] All Others

All Others 1.4%

[Irrigation for Sorghum 12.9%

Irrigation for Maize 10.3%,

Figure 4. Percentage of overall water demand for the year 2020 (current account year).

1) Scenario 1: Reference scenario (2021-2050)

Under this scenario the demands are met with 100 percent coverage and the
largest percentage of demand comes from the environmental flow requirement
and lowest being the domestic water demand (urban and rural) as shown in
Figure 5. This implies for this scenario if situation indicated prevailed the sur-
face water from the sub-basin is sufficient, so no additional source of water is
required.

2) Scenario 2: Domestic water demand change due to population growth
rate

Under this scenario as it is indicated in Figure 6 the domestic water demand
is analyzed for the three different growth rate probability: high, low, and me-
dium and all the demands met with 100 percent coverage. This shows if one of
the three conditions prevails in the future, the surface water from the sub-basin
is sufficient and no need for additional source of water for supply.

3) Scenario 3: Irrigation demand projection

Under this scenario the irrigation area is increased and as the result indicates
there is unmet demand under irrigation projection scenario for the months of
Apr and May. The unmet demand is presented in Figure 7.

4) Scenario 4: Increased water demand scenario

Under this forth scenario the domestic demand Ze. both for rural and urban
population, the demand has been increased regardless of the surface water po-
tential. However, the water resources potential in the sub-basin met the demand
with 100 percent coverage, so if the mentioned scenario prevailed there is no
need for considering any additional sources of water Figure 8 shows the cover-

age of the demand under this scenario.

4. Discussion

The four scenarios are developed and evaluated based on different parameters
and assumption for each of them. The three scenarios namely reference, domes-
tic water demand change, and increased water demands are met within the
available water resources for the three scenarios, but one scenario (Irrigation

water demand projection) has unmet demand in the months of April and May.
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Water Demand (not including loss, reuse and DSM)
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Figure 5. Reference scenario average monthly coverage of sub-basin.
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Water Demand (not including loss, reuse and DSM)
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Figure 8. Water demand coverage under Scenario 4.

This clearly shows if such scenario prevails in the future additional sources of

water are required.

5. Conclusions

The main aim of the study was to assess the surface water potential and evaluate
current and future water demand with the available data. WEAP model was used
to perform the analysis for the water resources availability, demand evaluation,
and water management scenarios. It should be known that performing such
analysis and simulation is difficult when the available data is limited. The appli-
cation of Arc GIS software provides a powerful platform to perform the analysis
of land use/cover, soil data and Digital Elevation Model (DEM) layers and re-
lated topographic attributes which help to capture the complexity of the
sub-basin and incorporate them with WEAP.

The model was able to simulate the sub-basin water availability and water
management scenario. As the calibration and validation of the simulated results,
EF indicates the modelled result was good, implying the model was well adapted
to the catchment. The r-squared (R?) values show that the model performed well.
Regardless the model can perform and may come up with better results if data
both from the demand and supply side were full and sufficient as per the re-
quirement of the model input. Even though, the demands in the sub-basin are
met for most of the scenarios including the reference scenario, there is also un-
met demand for one scenario namely irrigation demand projection some
months of the year, so if such scenario may happen in the future another supply

option has to be considered.
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