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ABSTRACT

The increasing need for water resources, driven by various factors such as water projects,
population growth, urbanization, and industrialization, has strained existing water supplies.
This has led to overexploitation of river systems and ecosystems due to the rise in irrigation
areas. A crucial water allocation study was necessary to maintain ecosystem integrity and
balance water supply and demand in the area. Data on hydrology, meteorology, and irrigation
supply were analyzed statistically to feed into a model. Corrected meteorological and climatic
data were correlated using multi-regression and distribution mapping methods. The study
compared water demand and supply for both current and future development activities under
irrigation expansion scenario. The thesis first examined model calibration, validation, and
statistical measures, showing that the model performed well in simulating both current and
future scenarios. The research aimed to establish a sustainable surface water allocation for the
expanding irrigation activities around the Koka reservoir, using the Water Evaluation and
Planning (WEAP) model as a decision-making tool to ensure social, economic, and
environmental benefits. The WEAP model, known globally for its effectiveness in addressing
water management challenges, was used to analyze current water supply-demand dynamics
and develop future scenarios. The findings revealed unmet water demands in the reference
scenario for the current year (1990), with an annual demand of 39.9 Mm°®. Under the
expansion of irrigation scenario (2016-2035), the total irrigation water requirement surged to
788 Mm?®, with an unmet demand of 66 Mm?®. This study evaluated water scarcity in a basin
undergoing irrigation expansion to ensure future water availability. It emphasized the
importance of enhancing integrated water management to address water shortages during
droughts. Additionally, the research aimed to create a water allocation model that distributes
water resources to sectors based on economics for maximum benefits.

Keywords:-Irrigation expansion, water allocation and WEAP model.



1. INTRODUCTION
1.1. Background

Sustainable water resources management is a multi-stage, multi-disciplinary process that
involves a diverse set of stakeholders with varying interests, technical expertise, and priorities.
Sustainable water resources management necessitates the use of integrated water resource
planning models capable of resolving the extremely complex problem. In addition to the
complexity of the water allocation task, the increasing pressure caused by increasing demand
and variability is a major challenge that must be addressed. As a result, understanding
availability and reliability in the context of sustainability, equity, and deficiency is critical in
the water allocation process (Hamlat et al. 2013). The complexity of the water allocation task,
as well as the increasing pressure on water resources as a result of high water demand from
population growth, river degradation and pollution of surface and groundwater sources, and
the loss of potential sources of freshwater supply due to the use of old and unsustainable water
management practices, has prompted many countries to revise water allocation aspirations
(Roa-Garca 2014). As a result, effective water allocation and management necessitates an
understanding of water availability and dependability, as well as equity, efficiency, and
sustainability as key principles in water allocation (UNESCAP 2000).

The primary drivers of global water demand will be population and economic growth, rapid
urbanization, and rising food and energy demand (GWP 2009). As a result, assessing the
availability of water resources at relevant spatial and temporal scales is important (Yang and
Zehnder 2007), and the ability to assess the availability of freshwater resources has been an
issue of importance in most countries for many decades (WMO 2012). Many researchers
around the world have conducted studies on the availability of surface water resources at
various spatial and temporal scales ranging from watersheds to river basins (e.g., Tadesse
2006; Daniel etal. 2011; Flint et al. 2012; Sethi et al. 2015; Liu etal. 2017). According to
these studies, many countries conducted water resource assessments at the watershed and
basin scales to improve water resource planning and management.

The most important source of water is surface water. Knowing the potential, availability, and
use of surface water will aid in increasing agricultural productivity, improving traditional
water management systems, increasing drinking water supply, and hydroelectric power
generation in future. Optimal surface water uses for the greatest benefit to people must take

1



into account competing demands, such as domestic, industrial, and irrigation needs, as well as
the needs of communities reliant on natural resources and the needs of ecosystems. The
amount of water available to different users in a river basin can be optimally estimated
(Mccartney and Arranz 2007).Water allocation in an optimal way has gotten a lot of attention
across the world as population change and growth have pushed water resources to their natural
limits (Yan et al. 2017). Despite this, the scope of the issue has become a research focus in

many regions of the world (Babel et al. 2005; Yandamuri et al. 2006; )

The Government of Ethiopia is poised to make big investment in supporting the enabling
environment for farmer-led irrigation, especially small-scale solar irrigation (Agricultural
Transformation Agency, 2016; Amede, 2015; Chanyalew et al., 2010).

As rapid expansion of farmer-led irrigation is underway, questions loom large about who
would truly benefit from such efforts. While most of the expansion efforts take care of
biophysical aspects such as groundwater depth, land use pattern, solar irradiation (for solar
irrigation) etc., socio-economics of potential beneficiaries is less understood. For example, in
recent years, multiple studies have estimated the biophysical potential of farmer-led irrigation
in Ethiopia (Addisu et al., 2019; Schmitter et al., 2018; Worglul et al., 2017; You et al., 2011)
as well as for the greater sub-Saharan African region (Altchenko and Villholth, 2014;
MacDonald et al., 2012; Xie et al., 2014), but none of these considered socio-economic
factors. Worglul et al. (2017) assessed the land suitability for groundwater-based irrigation
using biophysical indicators (e.g. land use pattern, groundwater storage, rainfall, road
proximity etc.) and population density. Their model produced a map of land suitability for
groundwater irrigation and showed that Ethiopia has more than 6 million hectares of land
suitable for groundwater-based irrigation.

Water demand is increasing as a result of the rapid population growth, agricultural expansion,
industrial development, and higher standards of living in addition to climate change (Ahmed et
al, 2015). Awash Basin is one of the largest basins in the country with high population
pressure, degradation of land and highly dependent on agricultural economy. This increase in
demand for the limited water resources puts pressure to improve the allocation of scarce water.
Because irrigation is the major water consumer sector in the world as well as in Ethiopia, so it

is important to ensure efficient water allocation (Ahmed et al, 2015).



Therefore, water allocation models are useful because, by simulating scenarios of situations

encompassing complicated hydrological, environmental and socio-economic factors, they can
provide insights into the likely impacts of different development options (McCartney, 2007).

1.2. Statement of the problem
The Awash Basin, known for its strategic location, accessibility, and abundant land and water
resources, has become one of the most densely populated and intensively utilized river basins
in Ethiopia (Zemede, 2011). The GTP report, however, without including Amhara region
listed around 1.9 million ha (more than 1.0 million ha in Afar Region) potentially suitable for
surface water irrigation only. A recent GIS based assessment study document put the potential
as 1.2 million ha (MoWEI, 2018). GTP plan document clearly listed the locations where small,
medium and large scale projects to be developed which is substantiated by the report of
MoWEI (2018).
Regarding equipped irrigated areas, different sources have different figures but most recent
reports agreed on 0.19 to 0.2 million ha (9 to 11% of rainfed cropland) (Yibeltal, 2013; AAIT
and AWBA, 2018; AwWBA, 2018). Estimate of AAIT and AWBA (2018) was 0.198 million ha
from which around 12,000 ha is schemes with areas below 2.5 ha. Karimi et al. (2014)
reported 0.217 million ha equipped area. FAO and IHE Delft (2020) increased it to 0.39
million ha but recommended further verification.
Upstream areas of the basin often perceive water abundance, and awareness of downstream
water stress is low. This perception leads to inefficient water use and wastage in upstream
regions. To address these challenges, various water resource simulation models have been
employed, including MODSIM (Berhe et al., 2013), WAS (Yan et al., 2018), CWAM (Wang
et al., 2008), WEAP (Adeba et al., 2015), and MOEA (Yan et al., 2017). Among these, the
Water Evaluation and Planning (WEAP) model stands out for its ability to incorporate diverse
hydrological components in data-scarce areas, as well as its adaptability, simplicity,
inclusiveness, and potential for modeling the impact of climate change scenarios on reservoirs
and evaluating water resources using a scenario-based approach (Gedefaw et al., 2019).
Compared to previous allocation models, WEAP also simulates water usage for domestic,
irrigation, and ecological purposes over time and space. The model provides a set of objects
and methods applicable to reservoirs, river basins, and watersheds, enabling water resources
managers and planners to address challenges using a scenario-based methodology (Davijani et
3



al., 2016). Previous studies have modeled the hydrological parameters of the Awash River
Basin using various distributed hydrological models. For instance, Berhe et al. (2013)
employed the MODSIM-based allocation model to simulate the basin under three different
scenarios, indicating its usefulness for water allocation. Adeba et al. (2015) attempted to use
the SWAT model to evaluate the basin's water scarcity. Mesfin et al. (2018) modeled the upper
Awash River Basin using the SWAT model to assess the suitability of the Climate Forecast
System's reanalysis weather data for watershed modeling. Karimi et al. (2015) investigated the
spatial evapotranspiration, rainfall, and land use data in water accounting, emphasizing how
remote sensing measurement errors affected water accounting and the data provided to
policymakers. Seasonal-based simulation of water allocation is crucial for irrigation planning
(Singh, 2012). This study evaluated water scarcity in a basin undergoing irrigation expansion
to ensure future water availability. It emphasized the importance of enhancing integrated water
management to address water shortages during droughts. Additionally, the research aimed to
create a water allocation model that distributes water resources to sectors based on economics
for maximum benefits.
1.3. Objectives of the study
1.3.1. General objectives
The main aim of this thesis is to develop Surface water allocation for koka reservoir under
expansion of irrigation using WEAP model as a decision support tool.
1.3.2. Specific objective
The specific objectives are:-

> Evaluate current water allocation, simulate impact of irrigation expansion and develop

sustainable allocation.

» Evaluate and project water demands across various sectors.

» To evaluate the reservoir water evaporation losses.
1.4. Research Questions

» How can the management of water storage, inflows, and losses from the reservoir be

optimized?
» What methodologies can enhance the allocation of downstream water requirements?

» What is the quantified water demand for different sectors?



1.5. The Significance of the study

The study serves as a valuable tool for decision and policy makers, administrators, planners,
and water resources professionals engaged in the management of water resources. Its primary
aim is to support these individuals in developing and executing efficient water allocation
systems within the Awash River basin in the thematic area of Awash. By providing insights
into the behavior of the water allocation system, the study equips stakeholders with the
knowledge necessary to effectively balance water demand and supply dynamics both now and
in the future.

Furthermore, the study extends its benefits to all relevant stakeholders at the grassroots level,
empowering them to utilize water resources in a sustainable and efficient manner. By taking
into account social, economic, and environmental considerations, the study ensures that water
management practices contribute to overall well-being and long-term sustainability.

1.6. Scope and Limitation of study

The study aims to allocate reservoir surface water efficiently for downstream irrigation users,
benefiting the socio-economic and environmental aspects in the basin. It focuses on fair
distribution to support agriculture, domestic water needs, and livestock within the catchment
area. While critical, the study does not cover flood and sediment challenges, which are vital
for sustainable water management. It also does not address the impact of climate change on

water quality, a factor that could affect long-term sustainability.



2. LITRETURE REVIEW
2.1. Water Allocation

Water allocation is the process of sharing a limited water resource among different regions
and competing users. It is a process made necessary when the natural distribution and
availability of water fails to meet the needs of all water users in terms of quantity, quality,
timing of availability, or reliability. In related to the construction of Koka dam, water
releasing system was developed to produce regulated power throughout the year. Although it
is varied according to the power need, it had 40m3 /sec constant release rate for all months
except July and August. This water releasing system didn’t support with any allocation
system simple the upstream users take the advantage to divert the water to their field and
release their surplus water only.
A number of studies have already been conducted in the basin that could support the water
allocation plan (Berhanu and Yilma 2008, MoWE and FAOQ, 2013, Berhe et al 2013, AWBA,
2016). The joint project of ministry of water and Energy (MoWE) and Food and Agriculture
Organization (FAO) in 2012, have developed water audit model for the water demand and
supply of the entire basin. In this study the spatial and temporal variation of surface water
potential in the basin and the gaps to meet the water demand for various uses were evaluated.
This study also inventoried the irrigation water use of all small, medium and large scale
irrigation schemes. This study was the basis for changing the priority order of the water
release of Koka Dam from Hydropower based release to irrigation based release. Berehe et al
(2013) also conducted the water allocation modeling of Awash River Basin, using MODSIM,
through scenario analysis. This study was conducted to analyze the water balance of the
Awash Basin under different levels of irrigation development and also determine the water
allocation in the Upper, Middle and Lower Valleys in the basin. The study also suggested
unaccounted water diversions upstream of Koka and water losses in Gedebessa Swamp should
be considered in the basin planning.
A recent study (AWBA, 2016) has developed an integrated water allocation system to be used
as decision support tools with three interfaces: simulation, operation and monitoring. Current
state of irrigation water demand in the basin has resulted in conflict among the stakeholders of
the basin water thus the study has also included conflict identification and resolution study.
The Water allocation Model developed for the entire basin in addition to existing water



sources (surface and ground water sources) and demands (Agricultural, domestic and
municipal, Industrial, and Environmental) identification and quantification conflict among
users are well identified.
The study clearly indicate that with current and future water demand of the basin will satisfy if
and only if additional water harvesting and ground water development undertake in different
potential areas of the basin. The water allocation model has also developed scenarios for dry
year, normal year and wet year water allocation and management. In support of the AWBA to
view different options for strategic solutions (like, conjunctive use of ground and surface
water sources, improvement of irrigation water use efficiencies of different users) on the basis
of the available water options for analyzing climatic variations were also included. With its
compressive nature it supports this strategic basin plan development
Allocation targets have evolved over time and different approaches have emerged calculation,
definition and management of water resources. Ultimately, however, the water supply
allocation the process of determining those entitled to available water continued. Essentially
this consists of: Determining how much water is available for allocation. This could include
assessing different locations, different sources (such as groundwater and surface waters), for
different periods of the year or in different climatic conditions. Determine how to share that
water among different regions and concurrent users: who should be entitled to what? The
water allocation process can distinguish between different administrative or geographic
regions, different sectors and (ultimately) individuals’ water extractors and users (Zhanq et al.,
2015)
2.2. Water Allocation Strategy Development
2.2.1. Strategic Priority setting
A number of issues were raised in the situation analyses that are relevant to the water
allocation strategic plan development. All issues related to the strategic development are valid
but their priority shall guarantee the success of the plan. This priority is set so that the
execution of the prior will guarantee the success of later development (AWBA, 2016).

+ Conflict management: institutional intent for cooperation, collaboration and

stewardship
+ Institutional coordination (Policy and regulation issue)

+ Financing mechanisms



+ Stakeholder engagement
+ Monitoring and information (transparency)
+ Resource development: State of water resources in providing goods and services to the
community and the environment
— Groundwater development o
— Surface water resource development
+ Water demand monitoring: social and economic outcomes related to water use
— Water supply and sanitation
— Environmental flow
— lrrigation
— Hydropower
2.3. Surface water demand and its allocation
Surface water allocation for human and environmental activities needs to be considered and it
can be defined as a process which systematically divides the amount of available water in the
system for different regions and competing users (OECD, 2015), such as agricultural,
domestic, industrial, and environmental components. Precipitation minus evapotranspiration
accumulates in a catchment and flows to streams and recharges to aquifers. Surface water
allocation planning and management is typically undertaken, to achieve a series of overarching
policy objectives. In many rules including (Speed, 2013)
+ Equal distribution (allocation) of water among various user groups and regions.
+ Allocating water recognizing fresh water-water dependant ecosystem and
environmental water need.
+ Water allocation should balance the water supply with the demand in order to manage
variation of water availability.
+ Development priorities such as supporting social and economic development.
+ Allocating water by promoting efficient use of water available.
The water allocation of regional development and planning needs the incorporation of
economic objectives with many factors, including historical, technological, and natural and
resource constraints and potentials (Azazh, 2008).
Water allocation regarding with a priority helps to balance water requirement with supply. The

approaches of water management recognize that, different users will be given various levels of



priority and these are essential for development of watershed demands. Water demand
allocation Priority represents the distribution of limited resources by giving rank among
multiple demand sites. The priority for water demand should be fixed and resolved in
allocation cycle of catchment before the remaining water is shared among the catchment water
user. Water allocation priority is established by Government level.

2.4. Water Evaluation and Planning (WEAP) Model
WEAP model is a microcomputer tool of integrated water resource software created in 1988
by the Stockholm Environmental Institute (SEI) with user-friendly, flexible and transparent
planning for assessment of current water demand and supply patterns and also, for designing
and evaluation of alternative scenarios. The demand sides are; domestic water need for urban
and rural site, livestock water need, irrigation water requirement and environmental flow water
requirement with the equation of equipment efficiencies, water use rate, re-use and allocation
whereas, supply side includes stream flow, catchment, reservoir and ground water. WEAP
model is very important software for planning, management and allocation of constrained
water resource and environmental quality. WEAP is also graphically oriented with programing
language software library that utilize Map Objects from the Environmental Systems Research
Institute (ESRI) which allows spatial referencing of watershed attributes (e.g. river and
groundwater systems, demand sites, wastewater treatment plants, watershed, and river reach
lengths). Several scenarios construct WEAP model simulations, where simulation time steps
can be as short as one day, to weekly, to monthly, or even seasonally with a time horizon from
as short as a single year to more than 100 years (Sieber J. Y., 2015).

2.5. Hydrology and water resources

Awash River has more than 14 tributaries and the basin is known for experiencing extreme
floods and droughts. In between Koka and Awash station, tributaries such as Keleta, Wererso
and Arba which drain the eastern catchment join Awash River. Beyond Awash station, the
basin expands into the eastern plain as the Rift valley widens. Although the eastern plain
accounts some 40% of the basin, the drainage channels terminate before reaching the Awash
and receive rainfall less than 600 mm per year (WWDSE, 2016 citing Halcrow, 1989). From
flow gauge station to the Gedebassa swamp, major tributaries such as Kesem and Kebena,
which originate from the western highlands, join the river. Herdini also joins from eastern

side. From the Hertale to Tendaho gauge station, the regime is complicated by Gedebassa
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swamp with estimated losses of 400 to 1,200 million m® per year. Ataye, Borkena, Chelela
and Mille tributaries that originate from Wollo highlands are contributing about 900 million
m?® of water annually (Halcrow, 1989).

Different reports put different figures on surface water potential of the basin. According to
master plan study developed by Halcrow (1989), mean annual runoff measured at Koka dam
entrance has been estimated about 1,520 million m® . At Awash gauge station, the flow will
be 1,546 million m®. At Hertale gauge station, i.e. before the Gedebassa swamp, it will be
around 2,692 million m3 while at Tendaho it is 2,424 million m* . Majority of previous and
some recent studies, for instances AWBA (2017); EPCC (2015); Tadesse et al. (2003); Karimi
et al. (2014); FAO (1997); AAIT and AwWBA (2016); Seifu and Alexandros (2011); WWDSE
(2013) and others reported 4.0 to 4.9 billion m3 as surface water potentials of Awash basin or
annual flow of Awash river at its outlet. The major water users in the basin are 18.6 million
human populations, 34.4 million livestock population, 199,234 ha irrigated land and different
commercial and industrial activities. They demanded annual water of 3.4 billion m?, 0.298
billion m3, 0.12 billion m* and 0.28 billion m® for irrigation, domestic, livestock and
industrial uses respectively. If we aggregated the total water use demand in the basin it
accounted as 4.11 BCM (AAIT and AwBA, 2016). If we compare differ water users the
irrigation water use accounts 83% of the total water use of the basin (AAIT and AWBA, 2016;
AWBA, 2018). However, AWBA (2018) further reported 8.2 billion m* as surface water
potential which is close to FAO and IHE Delft (2020) report as 8.6 km?® /year of which 2.1
km® J/year (24% of available amount) is managed for irrigation. Moreover, annual
precipitation of the basin is 72.0 km® /year (2.5% falls in irrigated areas) while actual
evapotranspiration is 64.6 km? /year, 5.6% or 3.6 km® /year of this is from irrigated land with
the assumption that mean irrigated land covers 3,126.8 km? . Awash being an internal
drainage basin, there is no surface water outflow; the difference between rainfall and
evaporation is due to changes in storage or groundwater outflow. Long term (2009 to 2018)
mean imbalance between rainfall and actual evapotranspiration is 57 mm/year or 6.0 km?®
lyear and in short, 10 year average available basin water is 8.7 km® /year (5.9 km® /year is
exploitable and 2.8 km® /year is increase in storage). Historical Tendaho dam release data

revealed that around 2.5 billion m® dam water is released to Awash River annually and when
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added with estimated 3.26 billion m* gross applied on existing schemes, the figure reported
by FAO and IHE Delft (2020) which is 5.9 billion m?® is acceptable.

Another contentious data is about potentials, distributions, quality and possibilities of using
groundwater for irrigation. In Ethiopia including awash basin, groundwater is not properly
studied and utilized. Frequently reported groundwater potential of the country is 36 billion m*
(MoWIE, 2018) but much higher figures were also reported. Citing MacDonald et al (2012),
Abeyou et al. (2017) stated that although there is no detailed study for Ethiopia, Africa has
groundwater storage estimated to be 100 times more than annual renewable freshwater
resources. Report of OIDA (2018), AgWater Solutions (2012), Seifu and Alexandros (2011),
AAIT and AWBA (2016) and others substantiated this idea. For example, within the awash
river basin estimated groundwater recharge of Middle Awash Basin alone which covers
around 29,290.0 km2 (25% of the Awash basin) is around 1.988 billion m® and is equivalent
to 7.4%-9.0% of annual rainfall (MoWIE and JICA, 2015). Betelhem (2017) reported that
total groundwater potential of the basin at a depth of 200 m from the surface that can be used
sustainably estimated to be within the range of 0.76 to 12.5 billion m*. OIDA (2018) carried
out detailed groundwater potential of Awash basin situated in Oromiya region covering
around 25,627.7 km2 or 23% of basin area. According to the report, Average Groundwater
Resources Potential (AGRP) of Awash basin of Oromiya region is about 63.43 billion m®
lyear of which 20.72 billion m® /year is for high potential zone; 34.54 billion m® /year is for
moderate; and 8.17 billion m® /year is for low potential zones. Average Groundwater
Exploitable Potential (AGEP) or exploitable groundwater resources is about 18.7 billion m®
lyear of which 7.34 billion m® /year is for high potential zone (borehole yield greater than 15
lit/sec); 10.99 billion m® /year for moderate (5-15 lit/sec) and 0.38 billion m® /year for low
potential zones (below 5 lit/sec). Generally, yields of boreholes in the basin vary from 5 to
35.5 lit/sec (mean 23.1 lit/sec) in high potential zones and from 2 to 15 lit/sec (7.5 lit/sec) in
moderate potential zones as compared with 0.042 to 5 lit/sec (1.7 lit/sec) in low potential
zones. Each zone has almost equal area coverage. Groundwater areas which are suitable for
irrigation accounts 10,055.7 km2 or 36.4% of total area whereas unsuitable ground waters for
irrigation constitutes 5.7% (1,576.5 km?) of the total area. Western parts around Becho plain,
more than 68% of the Afdem, and all areas of Erer-Hurso, Mile and Gololcha generally have

very good groundwater quality for irrigation. However, groundwater particularly around
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Adulala town, south and east of Bishoftu town, around Bole town (south of Lake Beseka),
and around Bordede town have very poor quality not suitable for irrigation. Well depth up to
80 m is considered as shallow wells and has average static water level of 13.8 m whereas
deep well have 35 m (OIDA, 2018).

Abeyou et al. (2017) reported the average groundwater storage, aquifer productivity and
groundwater depth of Awash basin as 11,847 mm (1,308 billion m® for 110,439 km2 basin
area), 5.6 lit/sec and 38.8 m, respectively. Suitable groundwater irrigation potential of Awash
basin is 0.73 million ha (6.6% of basin area). Seifu and Alexandros (2011) suggested that
around 10% of the groundwater is exploitable whereas AwWBA (2018) puts groundwater
potential of the basin to be around 10.3 billion m®. Hence, it is reasonable to consider 5.9 and
1.0 billion m® (10% of 10 billion m? respectively as exploitable surface and groundwater
potentials for irrigation.

2.6. Optimal Surface Water allocation

The aim of optimal water resources allocation is to reallocate the limited water resources
scientifically among different water use sectors based on a fair, effective and sustainable
principle in a given region through measures such as restraining water demand reasonably,
increasing water supply effectively, and protecting the ecological environment positively
(Xiang et al., 2015).

Water allocation is essentially an exercise in allocating available water to demanding users. In
order to make wise operational decisions regarding solutions to sharing water in a river basin
or watershed, a fundamental scientific understanding of how the limited available water
resources can be shared efficiency is required. Historically, access to water has been regulated
to meet a wide range of social objectives, including agricultural production, economic
development, public health and more recently environmental protection. The allocation should
be done efficiently, practically and economically, technically and socially fair. Economical
efficient allocation means distribution of water to maximize profit. Socially fair allocation
tends toward distribution for preserving interests and fair allocation of water to weaker
economical groups. Hence it is necessary to have a proper water allocation system, in which
water is considered as a socially and economically merchandise (Bahram et al., 2015).
Allocation objectives have evolved over time, and different approaches have emerged to

calculating, defining and managing water resources. Ultimately, though, water resource
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allocation has persisted the process of deciding who is entitled to the available water.
Fundamentally, this consists of: Determining how much water is available for allocation. This
can include assessing different locations, different sources (such as groundwater and surface
water), for different times of the year, or under different climatic conditions. Determining how
that water should be shared between different regions and competing users: who should be
entitled to what? The water allocation process may distinguish between different
administrative or geographic regions, different sectors, and (ultimately) individual water
abstractors and users (Zhang et al., 2015)

2.7. Irrigation Developments in Ethiopia

Irrigation development is vital to the sustainable and reliable agricultural developments in
Ethiopia. Subsistence dominated smallholder farmers' economy can be improved through the
use of irrigation in the Ethiopian agriculture (MoA, 2011b). Similarly, make use of irrigation
agriculture is going to be a means for increased agricultural production to meet the growing
food demands of rapid population growth. Irrigation development in Ethiopia can be
considered as a cornerstone of food security and poverty reduction tool as it has a power to
stimulate economic growth and rural developments (Hagos et al., 2009). As a result, irrigation
infrastructures are increasing year after year, which show country wide positive development
implications and experiences in small and large scale irrigation schemes. In Ethiopia, farm size
per household is 0.5ha and the irrigated land per households’ ranges from 0.25 ha - 0.5 ha in
the Ethiopian context. As a result, individual land holdings per households are too small to
feed the household. With this limited landholdings, increasing food demands of the population
depends on either one or a combination of increasing agricultural yield, increasing the area of
arable land, and increasing cropping intensity by growing two or three crops per year using
irrigation. On the other way, Irrigation development in Ethiopia is in its infancy stage (MoA,
2011a). The Ethiopian government is therefore pursuing plans and programs to develop
irrigation in an effort to substantially reduce poverty and create an atmosphere for social
change.

As a result, the Ethiopian average rate of irrigation development for the last 12 years was
about 1,090 - 1,150 ha/year (Nata et al., 2008; Bekele et al., 2012). In Ethiopia, only 10% of
the estimated potential irrigable land is actually irrigated (Gebremedhin and Pedon, 2002) and
2% of cultivated lands are irrigated (MoWR, 2001). Similarly, irrigated agriculture comprises
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only 3% of the total national food production (Bacha et al., 2011). That is why; irrigated
agriculture is far from satisfactory despite of considerable investment, public interest, and
strategic support of the government. Belay and Bewket, (2013) explained that irrigation water
is critical to poverty alleviation through increased production in rural areas so as to improve
food security and rural livelihoods.

Smallholder irrigation has recently received significant focus from local governments to
enable farmers to cultivate crops twice or more per year. Bacha et al. (2011) in the study of the
impact of small-scale irrigation on household poverty in central Ethiopia, reported that land
productivity, asset ownership, credit utilization, extension support, resilience to poverty, mean
off-farm income, and mean food consumption and expenditure on food and non-food assets
were significantly higher for irrigators than non-irrigators. Irrigation development is taking
place through the use of government budgets, donor programs and NGOs. However, As
compared to its potential and rain-fed farming, contribution of irrigation to the national
economy is quite limited which contributes about 2.5% of the overall GDP (Hagos et al.,
2009; MoA, 2011a). Moreover, the existing irrigation development in Ethiopia, as compared
to the irrigation potential the country has, is not significant (MoA, 2011b). Thus, irrigation has
to play significant contribution in mitigating food insecurity and hence poverty reduction

2.8. Water allocation criteria

To achieve optimal resource allocation requires appropriate means of resource allocation
source. Different criteria are used to compare forms of water allocation (Weragala, 2010) such
as: Flexibility in the allocation of stocks; Rent protection for established users; For real the
opportunity cost of providing the resource is paid by the users; Predictability of the result of
the allocation process; Parity of the assignment process and political and public acceptability.
2.9. Objectives and Principles of water allocation

Basin water allocation planning is typically undertaken to achieve a series of overarching
objectives including equity, environmental protection, and development priorities, balancing
supply and demand and promoting the efficient use of water. The basic principles for the
allocation of water resources are efficiency, equity, and sustainability, with the aims of
pursuing the maximum benefit for society, the environment and the economy, whilst

maintaining fair allocation among various areas and people (Jin et.al. 2007).
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Water allocation in general aims to maximize the benefits to the society from the resource.
However, the general objective has implication to the more specific objectives such as social,
economic and environmental with the corresponding principles of equity, efficiency and
sustainability, respectively (UNESCAP, 2000). Equity indicates a fair sharing of water
resources in river basin at all level (local, national and international) and among all users.
Efficiency guides to a financially sustainable use of water resources; however, it also implies
the fair compensation for water reallocation between users. Sustainability on the other hand
advocates the environmentally sound use of the resource. Water allocation follows either of
the principles of water right such as riparian right, prior appropriation rule, public ownership
along with a number of mechanisms such as administrative, user-based, marginal cost pricing
and water market (Savenije and VVan der Zaag, 2000).

2.10. Water Demand

Water demand is defined as the amount of water users need to meet their needs. Water demand
forecasting is a process accomplished through various techniques and is most commonly used
to forecast future water demand for various applications including hydroelectric power and
water needs for households and agriculture. The demand for water is increasing with
agricultural practices leading to industrialization. The need to use water is determined
according to social, economic and environmental needs (number of households, irrigated
hectares of cultivated areas and plant species, minimum running water and other needs) and
the respective effectiveness of water use. When resources are limited compared to needs, as in
some cases for irrigated regions, conflicts can arise between competing users.

According to Williams, in2010, accelerated human population growth, rapid advances in
industry and agriculture led to a rapid increase in human water use along with water
availability and excess water management, a critical factor in the development of all regions of
the world. While Ethiopia's water resources are vast, very little has been developed for
agriculture, hydroelectricity, industry, water supply, and other purposes. National coverage of
potable water supplies was 26% in 1992, while sewerage was only 7%; which is low even by
sub-Saharan standards. There is also a large divergence in water coverage between urban
(76%) and rural (18.8%) areas (Seleshi, 2010).

Meeting the needs of diverse users requires increased efficiency efforts by using all water

resources (surface water, groundwater, and rainfall) and water allocation plans that maximize
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the resulting economic returns for limited water resources, while protecting the fragile
ecosystem. Water demand management (WDM) is an integral part of the challenge of
maintaining water demand and supply. We know that the fundamental principle of water
demand management is: "Efficient use of water to maintain environmental flow for life and
reduce reliance on infrastructure projects expensive. For example, you can flush the toilet or
do your laundry with one-third the amount of water normally used, with equal or greater
efficiency (Wong et al., 2009).
2.10.1. Domestic Water Demand
Domestic Water Demand is the amount of water needed for drinking, preparing food, washing,
cleaning, bathing and other various household purposes. The amount of water used for
domestic purposes strongly depends on lifestyle, living standards and climate, way of service
and convenience of users. The per capita demand for sanitary water different categories of
questions vary according to the size of the city and the level of development, the type of water
supply plan, the socio-economic condition of the city and the climatic conditions of the area.
2.10.2. Agricultural Water Demand
Rain fed agriculture remains the bulk producer of our food and fiber. Since there is little scope
of policy-makers influencing rainfall, at this level there is little to plan and forecast. We can
safely leave this task to our rain fed farmers. In this section we rather concentrate on irrigation
water demand. One remark however: there is still a lot of scope to improve the productivity of
rain fed farming, and the water utilization efficiency, for instance through:
* Alternative tillage techniques best suited for the local climatic and soil conditions, which
conserve soil and water;
* Appropriate fertilization; as water is not the only constraint in crop production, improved
fertilization will result in higher production per mm of rain water
* The best possible choice of crops and crop varieties given local conditions; this includes
the option of e.g. intercropping.
Such measures may translate into higher production, offsetting the need to create new
irrigation schemes, and thus freeing water and monetary resources. Irrigation is in many river
systems the main water user. Often water use for irrigation accounts for at least 80% of total
water use in a water resources system. For the proper planning and management of such a

system it is therefore important to have adequate tools to reliably estimate the demand for
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irrigation water, the possible yield reductions due to water shortages, and the economic
benefits of irrigation water.

The present subject belongs to the working area of specialists such as agriculturalists and
irrigation engineers. However, it is important that water resources managers have a basic
understanding of the subject matter, such that they can weigh the water demand from the
agricultural sector vise-a-visa the demands for water from other sectors. (Pieter vanderZaag,
2003)

Land irrigation has been practiced for millennia through the necessity to maximize food
supply for humanity but the dramatic expansion in irrigated land has mainly taken place
during the 20th century, with irrigation becoming the principal water use in many countries.
Indeed, agriculture is now reckoned the largest consumer of water, accounting for some 80%
of total water use. Before the late 1970s, intensive irrigation development could be found in
all the continents, forcing the growth in irrigated areas and guaranteeing an increase in crop
production. In the 1980s, however, the rate of global increase in irrigated areas dropped
considerably in both developed and developing countries. (UNESCO, 1998).

Assessment and evaluation of surface water potential and demands in Baro -Akobo river
basin, Ethiopia 11 Ethiopia has a significant irrigation potential identified from both available
land and water resources. Irrigation would provide farmers with sustained livelihoods and
improve their general well-being (Belay et.al 2013). However, the country's irrigable land has
been underutilized, and only 4 to 5% of the potential area has been developed for irrigation
(Awulachew et al., 2007). Consequently, the agricultural economy of the country is largely
based.

2.10.3. Water use in industry and energy production

Industrial water use is typically dependent on sustained quantity and quality of water,
whereby sudden reductions in water availability can potentially lead to higher costs and/or
production losses. Water quality requirements vary significantly depending on the type of
industry, food and beverages and pharmaceuticals exemplifying the highest standards. Besides
its growing prioritization for economic reasons, industrial water use may limit water
availability for other uses due to point-source pollution. Water use efficiency (SDG 6.4) in
industries and energy generation can generally be improved with optimized processes, more

efficient technologies and recycling, reuse, reduction or even, where appropriate, replacement

17



of water use with waterless alternatives. Curbing water pollution from industries (SDG 6.3)
goes hand in hand with efficiency improvements and provides cost savings and lower water-
related risks to business.

Availability of water in the energy sector is critical for society and gaining increasing
international attention as demand for resources mounts and governments continue to struggle
to ensure reliable supply to meet sectorial needs. Water shortages may lead to power outages
or significant generation losses, with typically widespread impacts on all other sectors and
their water use systems. In trans-boundary water management and allocation contexts, an
especially important aspect to consider is flow regulation. The production of hydropower is
mainly associated with reservoirs, which, in many cases, have a continuous multipurpose
function, such as flood protection, navigation, as a source for consumptive use of water, or
recreational water use activities. Since hydropower is commonly generated to meet peak
demands, however, hydro peaking may occur and, if not adjusted upon high flows, flooding
may be aggravated downstream(London, CDP Worldwide, 2020).

Dams, particularly large-scale hydropower dams, may cause a range of direct or indirect
impacts, including: environmental impacts, such as altered fish spawning, biodiversity loss
and reduced sediment loads; social impacts, such as loss of livelihood and involuntary
resettlement of local communities; and potentially exacerbating climate change impacts
(Berlin-Heidelberg, Springer, 2012.). Any such impacts that could cause significant trans-
boundary harm should be addressed in both the planning and operationalization phases, if not
already at a stage of strategies and policies (e.g. designation of no-go zones). Measures to
address impacts include the placement, size (capacity) and design of individual dams, which
need to be subject to environmental impact assessment (EIA), including for trans-boundary
impacts, along with prior notification and consultation. Depending on the outcomes, this may
require further negotiation, redesign or searching for alternative solutions. Additionally, it is
beneficial for States to seek to agree on an operational regime that reconciles different needs
and cascades of dams with different operation regimes. This requires cooperation and
potentially joint infrastructure development, which can further facilitate broader benefit-

sharing.
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2.10.4. Environmental needs

2.10.4.1. Ecosystem well-being as a foundation for sustainable water allocation

The health of freshwater ecosystems is the foundation for the sustainability of water resources
and the services and benefits derived from water. In modern water allocation arrangements
environmental needs are assessed and an environmental reserve is recommended to be set
aside before allocating water to other uses (Speed and others (2013) .While deciding on
environmental requirements in water resources management is ultimately a political process
and decision, such decisions should be based on verifiable scientific data. The latest science,
as well as the SDGs (notably 6.6, 14, 15), emphasizes that the environment should not be seen
as a water-using sector among others, the needs of which may be negotiated, but, rather, that
ecosystem well-being must be given high value as it affects all other water uses. The 1992
Convention on Biological Diversity can be used as a general guide for water allocation in this
regard insofar as it defines an ecosystem approach relevant to IWRM and distinctly promotes
“the restoration and maintenance of biologically diverse ecosystems as a way of improving
access to clean drinking water and as a means to eradicate poverty” (Montreal, 2010).

2.10.4.2. Environmental and ecological flows

Environmental needs within water allocation are best described with the concept of
environmental flows, often used interchangeably with ecological flows, with both commonly
abbreviated to “e-flows”. While multiple definitions of the term exist, the most comprehensive
recent definition, from The Brisbane Declaration and Global Action Agenda on Environmental
Flows (2018), describes environmental flows as “the quantity, timing, and quality of
freshwater flows and levels necessary to sustain aquatic ecosystems which, in turn, support
human cultures, economies, sustainable livelihoods, and well-being”. The concept of
ecological flows focuses on ecosystem needs as a part of the overall environmental flow.
When properly implemented, environmental flows can achieve multiple benefits, including:
helping sustain and generate ecosystem services and livelihoods dependent on them; creating
economic and recreational value; preserving rivers; sharing benefits of basin development
more equitably; and in general contributing to the sustainable management of rivers (Berkeley,
California, International Rivers, 2017).
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2.10.4.3. Environmental flows in trans-boundary water allocation

Environmental flows have emerged as one of the key frameworks for informed, participatory
decision-making in water resources planning to arrive at a balance among extraction, use and
conservation of watersheds and their waters. One of the key challenges of environmental flow
management is to maintain a sufficient minimum flow of water in rivers and prevent over
abstraction during low-flow periods. Periodic high flows are required for maintaining water
quality, triggering fish spawning and migration, sediment transport, groundwater recharge and
wetland inundation (Montreal, 2020). River ecosystems may also be negatively affected if too
much water is released from storage during periods when rivers would naturally experience
low flows. As all aspects of the environmental flow regime are potentially important to the
environment, ideally, water allocation arrangements should account for natural variability,
predictability, seasonal timing and flood magnitude of the given aquatic system and its
connections to other systems (e.g. surface and groundwater) (Hripad Dharmadhikary , et
al.,2017)

2.11. Stakeholder Engagement

Traditional engineering and economic solutions are insufficient to resolve most complex water
issues. Management of water as a resource is becoming increasingly critical in urban, peri-
urban and rural areas. Watershed boundaries transcending political boundaries increase the
complexity of issues. The major drive for this critical situation stems from two aspects; the
experienced and predicted scarcity of water spatially and temporally all over the world (Faust
et al. 2013) and the increasing demand for available water, both in quantity and quality, among
multiple stakeholders (Pinto and Maheshwari 2010). Additionally, the anthropogenic activities
degrading water quality has ironically impacted the very existence of humans (Erdogan 2013,
Grover and Krantzberg 2015, 185-86). The sustainability in all aspects of water from source to
user has thus drawn important and urgent attention from various use sectors across the world
with the significant environmental and political issues created (Erdogan 2013; Gudowsky and
Bechtold 2013; Webb et al. 2009). Sustainable water systems are defined as ‘water systems
that are managed to satisfy changing demands placed on them (both human and
environmental) now and into the future, whilst maintaining ecological and environmental

integrity of water systems.
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Stakeholder engagement and participatory approaches for decision making are increasingly
considered in various sectors, including water, to overcome alienation, foster communication
and stimulate reform process (Larson and Williams 2009). As such, striking a balance between
the traditional top-down and emerging bottom-up approaches is a part of water diplomacy
process so important to address future water challenges and improve water security in a longer
term. Among the many attempts to address the numerous issues related to water resources,
there is sufficient evidence that ‘participatory’ or ‘bottom-up approaches’ have gained
growing recognition in decision making, strategic policy formulation and operational
management as opposed to conventional top-down planning, which was mostly inefficient,
unsuccessful in implementation, and unsustainable (Erdogan 2013; Faust et al. 2013; Gutrich
et al. 2005; Zorrilla et al. 2010). The most important feature in a participatory approach to
decision making is the conscious effort that is made to include and engage stakeholders in an
attempt to find a holistic solution to the issue and validate the solution with stakeholders.
2.12. Energy sources and potentials

Existing energy sources of the basin include hydropower, fossil fuel (diesel), thermal (simple
and cogeneration) and wind powers while thermal, solar and geothermal sources are at project
levels (AwWBA, 2018). Hydropower potential of the basin is not like that of others in the
whole Ethiopia, because topographical fall of the basin is concentrated on the upstream where
river flow is smaller while the downstream is flatter. A recent study (Zhao et al., 2015)
revealed that the basin®s theoretical hydropower potential is 18,666 GWh while technical
exploitable potential is 689 MW (2,388 GWh) from 41 plants. From these, 127 MW (420
GWh) is economic exploitable from 4 plants.

The first hydropower and wind energy sources developed in the country are found in Awash
Basin. Currently, there are four hydropower plants (Koka, Awash II, Awash Il and Aba
Samuel) with total installed capacity of around 113.8 MW or 350 GWh (AwBA, 2018) i.e.
Aba Samuel (1.5 GWh) commissioned in 1939; Koka (43.2 MW and 80 GWh) commissioned
in 1960; Awash Il (32 MW and 135 GWh) commissioned in 1966; and Awash Il (32 MW
and 135 GWh) commissioned in 1971 (Tadesse et al., 2003; Zhao et al., 2015).

Regarding wind power, Adama | and Adama Il power plants have total capacity of 204 MW.
Dire Dawa with installed capacity of 43.6 MW; Awash 7 Kilo with installed capacity of 35

21



MW and Kality with installed capacity of 14 MW diesel power station can also be mentioned
as standby electricity sources of the basin (Jemal, 2013; MoWE, 2013).

Biofuel is clearly an option given the countries extensive farmland and current water
landscape (Tan et al., 2015). There are also two types of thermal energy sources in the basin;
simple thermal and cogeneration. Simple thermals are biomass power plants in which all
electricity generated is exported to the power grid. The Reppi (Qoshie) project of Addis
Abeba city with installed capacity of 25 MW is the only one existed in the country for its
type. Cogeneration means that electricity is generated by a power plant attached to a factory
(typically sugar factories) to be consumed mainly by the factory with surplus power being
supplied to national 25 grid. Metehara, Wonji, Kessem and Tendaho sugar factories are
expected to produce a total of 88,000 m3 of ethanol to mix with fuel that might substitute the
import (Wasihun et al., 2019).

Wonji-Shoa Sugar factory using bagasse generates a maximum of 30 MW. From which 9
MW is used by the factory for its own use while the rest 21 MW is exported to the national
grid. Metehara sugar factory produces 9 MW and consumed all. Kessem Sugar factory
bagasse is expected to produce 26 MW from which 10 MW is for its own use and the rest to
be exported. The terminated Tendaho sugar factory was expected to produce around 100 MW
for its own consumption and 65-70 MW to the national grid. However, bagasse is only
available during and after sugarcane harvesting which limited operations of the plants and
their cogeneration facilities. Hence, the capacity factor of the plants has low chances to be
above 0.5 (AwWBA, 2018; Jemal, 2013; MoWE, 2013; Wasihun et al., 2019).
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3. MATERIALS AND METHODOLGY
3.1. Description of the Study Area

Awash River basin is one of the major twelve basins in Ethiopia. The basin has a total
catchment area of 115,560 km? and total length of 1200 km (FAO and MoWIE, 2013). The
Awash River originates from Becho, West of Addis Ababa in the central Ethiopian Highland
with an elevation up to 3000 masl. It flows down in the Rift Valley after passing through Koka
Reservoir and where it terminates in Lake Abe at 250masl near the border of Ethiopia (H.Y.
Gebretsadik et al, 2016). It is surrounded to the north by the Danakil River Basin, to the west
by the Abbay River Basin, to the south-west by the Omo-Gibe and Rift Valley Lakes River
Basins, to the south-east by the WabiShebele River Basin and to the East by the Republic of
Djibouti, the Somali Democratic Republic and the Aysha Dray Basin. The basin lies between
longitude 7°52°12” N and 12°08°24” N, and latitude 37°56°24” E and 43°17°24” E. Rainfall
patterns within the Awash Basin vary significantly, with locations like Ankober receiving
around 1600 mm annually, in stark contrast to Asayita’1l60 mm. Notably Addis Ababa
experiences a major portion of its annual rainfall between March and September, while Dubti
sees a more balanced distribution across two rainy periods. Temperature variations are also
pronounced, with mean annual temperatures ranging from 20.8 0C at Koka to 29 0C at Dubti,
peaking in June.lIt crosses three administrative regions, Oromiya, Afar and Amhara, and two
administrative cities, Addis Ababa and Dire Dawa (zemede, 2011).

The land use and cover in the Upper Awash Basin primarily consist of cultivated agricultural
land, grassland, and shrub land, collectively occupying 93.2% of the total area. Savanna
covers about 3.6%, with the remaining 3.2% encompassing diverse land cover types. This
intricate landscape not only supports various ecosystems but also presents challenges and
opportunities for sustainable water resource management in the region. (Mussa, 2011)

The Koka reservoir is located in the upper awash sub basin at the central parts of the oromia
region government in East Shoa zone. It located at 80 km south east of Addis Ababa between
(80 26’N and 390 02’E) at 1590masl. The koka dam is the second hydro-electric power plant
next to Aba samuel dam in Ethiopia, went into operation in 1960.

The increasing demands for water resources driven by water resource projects, population
growth, urbanization, and industrialization have significantly strained existing water supplies.

The surge in irrigation areas has aggravated water resource depletion, leading to the
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overexploitation of river systems and the natural environment's ecosystem. Consequently, a
critical water allocation study was imperative to preserve the ecosystem's integrity and
harmonize water supply with demand within the catchment area.
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Figure 3.1.Location map of the Study Area
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3.1.1. Physical Characteristics of the Basin

The Awash River Basin divided into two fundamental physiographic sections the Ethiopian
plateau and the Rift Valley (FAO and MoWIE, 2013). The Ethiopian plateau topography is
typically flat with elevations between 2,500masl to 2,000masl. The lowest elevation of the
plateau is commonly considered to be at 1,500m.

On bases of physical and socio-economic elements, the basin is divided into four zones
referencing imply above sea level (masl). As a result, upper Valley (above 1,500m), Middle
Valley (between 1,500m to 1,000m), and Lowest Valley (beneath 1,000m) in addition to the
Eastern Catchment between 2,500m to at least one,000m) that joins Awash River simply
before it ends at lake Abe.

The valleys are part of the Great Rift Valley system which the Rift Valley a part of the Awash
Basin being seismically active. The lower Awash Valley incorporates the deltaic alluvial
plains in the Tendaho, Asaita, and Dit Behri place. This basin includes crucial financial
activities for the country inclusive of electricity technology, mining, agriculture and tourism.
Although the alluvial plains in the Rift Valley are rather huge, there are deeply carved river
valleys and volcanic loads rising to 3,850m. The physical geography of the Awash Basin is
ruled by the underlying geology and lithology. The plateau is separated from Rift Valley by
means of a chain of principal fault scarps producing a steep escarpment at the western edge of
the valley.

3.1.2. Climate
The climate of the Awash Basin is influenced by the Inter-Tropical Convergence Zone

(ICTZ2), a zone of low pressure that characters the convergence of dry tropical easterly and
moist south easterly winds is responsible for seasonal rainfall distribution within the basin as a
result of annual migration of the ITCZ between May and November produces the major
rainfall in Ethiopia. Upper Awash region gets its main rainy season in July and August when
ITCZ is positioned in Northern Ethiopia. The weak high pressure system over Ethiopia has a
south-east and North West axis, which depresses the movement of ITCZ southward from
Upper Awash region and run parallel to it. Therefore, the region from July to August is under
the influence of the dry north east or the wet south-west winds; this makes rainfall in the
Middle Awash region smaller than the rest of Ethiopia and irregular.
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Rainfall
The annual rainfall distribution resulting from this cycle is shown most clearly in the two

distinct rainy periods which are characteristic of the northern plains of the basin. The western
part of the basin has mono-modal rainfall with the peak rainfall in July to August while the
eastern part is dominated by bi-modal rainfall in Belg (short) and Kiremt (long) rainfall peaks.
The major peak located in the Awash is in July to August and the minor peak is in October to
December months.

The rain fall distribution the study area it shows upstream of koka dam is relatively better than
downstream of koka dam. Spatially, Average annual rainfall per year varies from 577.23mm at
Metehara, towards the east of the basin to 1044.47 mm of upstream said Koka dam of Akaki ,

referring to downstream of the study area.
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Figure 3.2.Average Annual rainfall of the study Area.

Temperature
The temperature varies considerably in the basin within altitude. The Average annual

maximum temperature of the study area varies from 26.77°C to 34.84°C; while the Average

Annual minimum temperature varies from 12.55°C to 20.57°C.
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Figure 3.3.Average Annual Temperature T_max and T_min of the study Area.

Relative humidity
The relative humidity has been gauged at diverse stations within or neighboring the study area.

The study area shows minimal fluctuations, with the mean annual relative humidity ranging
from 69.67% in Akaki to 79.85% in awash 7kilo. The areas with lower rainfall are anticipated
to have higher seasonal fluctuations.

3.1.3. The land use/cover (LULC)

The actual meaning of land use is the method in which individuals in a particular region utilize
land to generate necessary resources through the application of labor, resources, and available
technology. On the other hand, land cover refers to the physical appearance of the earth's
surface. Essentially, land cover pertains to the natural or man-made entities that are visibly
present on the ground. The primary types of land cover in the study area include built-up areas
(such as settlements and infrastructure), cultivated land( crops), Flooded vegetation, forest,
water bodies, bare ground( bare land), Trees and Rangeland. | created the land use and land
cover map of the research region utilizing the Sentinel 2-10m Land use/Land cover
2022/01/01-2023/01/01 G.C satellite image. It is estimated that built-up areas (such as
settlements and infrastructure) 5.7 %, cultivated land ( crops) 45.8% ,Flooded vegetation
0.1%, ,water bodies 0.9% ,bare ground( bare land) 0.3 %, Trees 4.00 % and Rangeland 43.2%.
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Table3.1. Land Use Groups Used in the Arc GIS

FID GRIDCODE | LULC Shape Area Km Sq Percentage%
1| Water 287.5 0.9
2| Trees 1255.5 4.0
Flooded
2 4 | vegetation 26.0 0.1
3 5| Crops 14491.6 45.8
4 7 | Built Area 1815.0 5.7
5 8 | Bare ground 104.2 0.3
6 10| Clouds 0.1 0.0
7 11 | Rangeland 13670.2 43.2
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Figure 3.4.Land use and Land cover of Study Area.
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3.1.4. Soil Type

The types of soil vary according to climate and parent rock. The more dominated soil types in
the study area are pellic vertisols, vertic cambisols and eutric cambisols. According to both
the FAO and USDA soil taxonomy, a vertisol is a soil in which there is a high content of
expansive clay known as montmorillonite. This soil forms deep cracks in drier seasons or
years. When irrigation is available, crops such as cotton, sorghum and rice can be grown.
Vertisols are especially suitable for rice because they are almost impermeable when saturated.
Vertisols (pellic and chromic):-Soils with 30% or more clay. Clays usually active, cracking
when dry and swelling when wet. Extremely difficult to manage hence easily degraded but
very high natural chemical fertility if physical problems overcome.

Cambisols (eutric, dystric, humic, calcic, chromic, vertic, and erralic):-Tropical ‘brown earth’
with a higher base status than Luvisols, but otherwise similar limitations. They have relatively
good structure and chemical properties, and are not therefore greatly affected by degradation
processes until these become large. Because of increasing clay with depth, they tend not to be
greatly impacted by degradation. Cambisols have high resilience to degradation, and moderate

sensitivity to yield decline.

38°0'0"E 39°0'0"E 40°0'0"E 41°0'0"E 2
s s L s :C
] fﬁ’\‘ N L€
)
N } c
‘ - t -
- A
o. L€
o (=]
o
> &
Soil_Classification I:l dystric cambisols - mollic andosols
l:l <all other values> - dystric nitisols : no data
= SOIL_TYPE I: eutric cambisols - orthic acrisols =
E [ | I eutiic fuvisols [ orthic lwvisols £
g 7 \: calcaric flubisols - eutric nitisols - orthic solonchakg~ z=
& - calcic fluvisols I:l eutric regosols - pellic vertisols &
\:| calcic xerosols \:’ haplic phaeozems - vertic cambisols
Kil t - chromic cambisols I:] haplic xerosols - vertic luvisols
0 20 40 80 120 160‘ ometers - chromic luvisols - leptosols - vitric andosols
l:l chromic vertisols - luvic phaeozems
T T T T
38°0'0"E 39°0'0"E 40°0'0"E 41°0'0"E

Figure 3.5.So0il Type of Study Area
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3.2. Methodology
3.2.1. Digital Elevation Model (DEM)

Topography is characterized by a digital elevation model (DEM) that depicts the elevation of

any point in a given area at a specific spatial resolution. The DEM used to delineate the

watershed and to examine the drainage patterns of the land surface terrain. Basin parameters

such as slope gradient, slope length of the terrain and the stream network characteristics such

as channel slope, length, and width will be derived from the DEM. DEM with 30 m spatial

resolution will be used that will be obtained from the Shuttle Radar Topography Mission

(SRTM)
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Figure 3.6.Digital Elevation Model map of the study area Watershed
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3.2.1. Watershed delineation
Prior to data gathering, the limits of the examination of the study area were defined. The DEM
(Digital elevation Model), which adheres to the drainage boundaries and encompasses the
study area, is presented below.
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Figure 3.7.Watershed Delineation

3.2.2 Methods of data collection

The Ministry of Water and Energy, the National Meteorological Agency, the Awash Basin
Administration office, and the Koka Dam Administration served as the data sources. The
following primary and secondary data sets were required for the modeling tasks in the study.
The primary data collection methods involve watching the study area and using GPS to collect
UTM locations. The design documents of Irrigation Scheme and water supply projects,
metrological data (rainfall, temperature, relative humidity and wind speed), hydrological data
(stream flow data), DEM data, land use/land cover satellite image, water supply data

(population number, growth rate, per capita water consumption), and irrigation data
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(agricultural land area, agricultural monthly variation demands, and water requirements per
hectare of crops) are all examples of secondary data collection techniques.

Materials and Tools Used
Materials for this study included DEM data used as an input for ARC-GIS software for

catchment delineation and estimation of catchment characteristics, Hydrological and
meteorological data, WEAP model for basin simulation, and Microsoft EXCEL to analyze
WEAP outputs. The materials used for this study varied depending on the objectives.

3.2. 3 Hydrological data

Hydrology information is crucial for modeling the behavior of the water resources system
under various hydrologic conditions. WEAP is a very adaptable model that accepts daily,
monthly, and annual data. Every hydrological and water resource model has its own method
and format for data acceptance. The model was, however, run using monthly average data. The
daily river discharge used in this study was gathered from the Ethiopian Ministry of Water and
Energy and Awash Basin Administration office

There are 21 hydrological gauging stations in the Upstream Koka sub basin that record the
flow. Awash at Hombole and Mojo River gauging stations are the major ones that flow to
Koka reservoir because the other streams are the tributes to the main Awash River. Fig 3.8
below shows the basic spatial distribution of stream flow gauging stations in the upstream
koka Sub basin.

Table3.2. Major hydrological stations i in upstream Koka Sub basin.

Statio . Station : : Drainage River .
n_NO River Name Latitude(x) Longitude(y) Area(Km~2) | Basin Period
1 [ Mojo Mojo 8.607258 39.112578 2075.62 Awash | 1990-2015
Awash
2 | Awash Hombole 8.371524 38.789223 3180.95 Awash | 1990-2015
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Figure 3.8.Stream flow gauging station
3.2.4. Meteorology data
The National Meteorological Agency (NMA) of Ethiopia installed a number of meteorological
stations that are currently operational. Despite the fact that a sufficient number of
meteorological stations have been set up throughout the project area, there is very little
information available regarding the specific climatic conditions of the region due to
malfunctioning gauging stations, recorders that are not timely measuring the data, etc.
The quality of the necessary components and the volume or long-term records of data affect
the studies' level of quality. The most frequent issues were those caused by inadequate and
incomplete basic data. There was a lack of sufficient, complete meteorological data for high
and low land areas in this study. Meteorological data of this study was mainly based on
rainfall data obtained from the National Meteorological Service Agency of Ethiopia (NMAE)
and the summary of the selected stations presented with table 3.3 below.
Table3.3. Summary of selected rainfall stations within the study area

S/no ?\Itgg]c;n Latitude | Longitude | Elevation ;;f:rjsgg d';/lt;s?% bsal;:)n
1 | Adama 8.56 39.28 1648 1990-2015 | 4.26 Awash
2 | Akaki 8.87 38.79 2057 1990-2015 | 0.367 Awash
3 | Alemetena 8.29 38.91 1656 1990-2015 | 15.675 | Awash
4 | Awash 7 Kilo | 8.99 40.17 934 1990-2015 | 21.34 Awash
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5 | Bishoftu 8.73 38.95 1900 1990-2015 | 13.818 | Awash
6 | Hombole 8.37 38.78 1743 1990-2015 | 20.23 Awash
7 |Jeju 8.39 39.69 2101 1990-2015 | 11.23 Awash
8 | Koka Dam 8.47 39.16 1625 1990-2015 | 24.26 Awash
9 | Mojo 8.61 39.11 1771 1990-2015 | 11.23 Awash
10 | Methara 8.87 39.92 952 1990-2015 | 23.95 Awash
11 | Nura_Era 8.67 39.78 1141 1990-2015 | 10.81 Awash
12 | Wolenchiti 8.67 39.43 1458 1990-2015 | 9.83 Awash

Filling missing rainfall data
In hydrologic analysis and design, missing measured precipitation data may present a number

of challenges. It can be very challenging to have complete records of data at every station
clearly due to the expense associated with data collection and certain natural and man-made
conditions.

The aforementioned factors can sometimes make it difficult to collect both quantitative and
qualitative data relevant to the study area. Missing data may occur for gauges that call for
periodic observation if the observer neglects to visit the gauge when required, destroys
recording gauges, or the instrument fails due to a mechanical or electrical malfunction. The
length and amount of information in the precipitation record are both decreased by any such
causes of instrument failure. Therefore, the missed data for the analysis of the rainfall data
from the study area were computed using the multi-regression filling method.

The equation into which the given value should be calculated to obtain the estimated records
of the missing data for the corresponding time period is provided by performing multi-
regression between the stations after choosing which station's records best match the records
of the station in the query using the less percentage of missing data method.

In most cases, missing data should be filled using multiple stations because they might not be
found entirely in a single one. In such cases, either the remaining gaps will be filled using
monthly means of already available data (if they cover a short time period) or another
regression will be performed using a different station that has data for those months and years.

Homogeneity test
A change in the statistical characteristics of the time was separated using homogeneity

analysis series information. The causes can be either man-made or natural. These include

changes to land use along with moving the observation gauging station. Consequently, to
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choose the representative meteorological station for checking the homogeneity of rainfall
estimates and analysis. The homogeneity of the chosen gauging stations' daily rainfall records

is crucial were carried out using non-dimensional equation.

Where: - Pi = Non dimensional Value of precipitation for the month i

p; = Over years averaged monthly precipitation for the station i

p = Over year’s average yearly precipitation of the station

Consistency test

Consistency of time series data was analyzed with the theory that a plot of two cumulative
quantities measured over the same time period should be linear and maintain their
proportionality, which is symbolized by slop. As a result, the double-mass curve technique
was used to create inconsistency in the record. Based on the idea that recorded data are
consistent when they originate from the parent population, this method was developed. The
double mass curve technique was used to correct precipitation records to account for non-
representative factors like change in location or exposure of rain gauge. A comparison is made
between the gauge in question's cumulative totals and the equivalent totals for a sample of

nearby gauges. It should be corrected by if a sizable change in the curve's system is seen.

Where:- P’, = Corrected precipitation at station x
P, = Original recorded precipitation at station x
M’ = Corrected slope of the double mass curve

M = Original slope of the double mass curve

Areal rainfall determination
In a given river basin, rain measurement stations are evenly distributed throughout the sub-

basin. The amount of rain at one station in a basin may differ from that at another station in the
same catchment area. Based on this concept, the average precipitation value for the entire
basin is calculated in order to accurately define the limits of the catchment area. Therefore,

rainfall over a specific area of interest must be estimated using these individual measurements.
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There are typically three methods for determining the areal precipitation over a catchment area
using rain gauge measurements. These methods include the Arithmetic means, the Thiessen
polygon, and the Isohyet method. However, for this study, the Thiessen polygon method was
utilized due to its strong theoretical foundation and the availability of computational tools. It is
important to note that this method relies on having a well-established network of
representative rain gauges and does not allow the hydrologist to consider factors such as
topography (Daniel, 2008).

To determine the mean areal rainfall, the rainfall amount of each station was multiplied by the
area of its polygon and the sum of these products was divided by the total area of the
catchment. If P1, P2, P3...... Pn are the rainfall magnitudes recorded by the gauging stations 1,
2. n, respectively and if the areas of Thiessen Polygon A1, A2, and A3......An, are formed
as representative of the respective stations then the average rainfall over the catchment is given
by

Pavg = A

Where: - Pavg = areal precipitation over the sub-basin (mm); P1, 2...n = precipitation depth in
each station (mm);

Al, 2 ...n=area of each polygon (km?);

A = total watershed area of sub-basin (km?).

To derive an accurate estimation of the average precipitation for the entire basin, it becomes
essential to ascertain the average rain catchment by carefully defining the boundaries of the
catchment. Consequently, rainfall over a specific area of interest needs to be estimated by
leveraging these point measurements obtained from the rain gauge stations.

By considering the diverse data points collected from these stations, it is possible to calculate
the average rainfall over the basin and extrapolate it to estimate the rainfall across the entire
area of interest. This approach enables a more comprehensive understanding of the spatial
distribution of rainfall within the given drainage basin
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Table3.4. Areal rainfall interpolated using Thiessen polygon method for the study areas

No [ Station name Area (Km?) | Area Ratio A;cnnual rain Weighted rainfall
all (mm)

1 | Mojo 755.81 0.02 1010.7 24.14

2 | NuraEar 1707.35 0.05 723.68 39.04

3 | Awash_7kilo 8512.54 0.27 631.34 169.80

4 | Methara 3909.35 0.12 631.34 77.98

5 | Akaki 6173.9 0.20 950.16 185.34

6 | Koka Dam 1062.65 0.03 854.2 28.68

7 | Hombole 2152.12 0.07 749.8 50.98

8 | Bishoftu 1584.86 0.05 877.98 43.96

9 | Alemetena 828.26 0.03 758.36 19.85

10 | Adama 711.95 0.02 897.5 20.19
11 | Wolenchit 3036.86 0.10 877.98 84.24
12 | Jeju 1214.67 0.04 627.09 24.07
Total 31650.3 1 799.18 768.27
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Figure 3.9.Thiessen polygons for the selected rainfall stations.

3.3 Model Calibration

Calibration is an iterative process used in modeling studies to determine the most appropriate
parameter. Its significance lies in the fact that certain parameters can only be assigned reliable
values through calibration (Reuben, 2007). During calibration, the primary focus is on
identifying the key model parameters and adjusting the parameter set accordingly. These
parameters are divided into two categories: physical parameters, which represent measurable
properties of the watershed, and process parameters, which are not directly measurable.
Calibration methods can be manual, automatic, or a combination of both (Tigist, 2009).
Manual calibration involves the modeler making adjustments to parameters through multiple
simulation runs using trial and error techniques. This method is subjective and time-
consuming, as it relies on the modeler's assessment. On the other hand, computer-based
automatic calibration employs numerical algorithms to optimize a given numerical objective
function. Model performance is evaluated statistically by comparing the model's output with
observed flow values. Commonly used statistical measures for assessment include the
coefficient of determination (R2), Nash-Sutcliffe Efficiency (NSE), and the Root Mean Square
Error (RMSE) (Tigist, 2009).
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3.4 Model Validation

Model validation is the crucial step of demonstrating that a site-specific model has the ability
to make precise predictions. To accomplish this, the calibrated model is put to the test using a
separate dataset that falls outside the range of the calibration data, without altering the
parameter values. The validation process aims to establish the model's accuracy and predictive
capability within acceptable boundaries (Reuben, 2007). Similar to the calibration procedure,
observed and simulated hydrograph values are once again compared. If the resulting fit is
deemed satisfactory, the model's predictions are considered valid.

The model performance was evaluated using standard statistics as described by Sieber and
Purkey (2011); Mean error (ME), mean square error (MSE) and model coefficient of
efficiency (EF)

Eq = Qm — Qo(Model residua) - - - —-—-—-—-—-—-—-—-—— - - ——— — — — — — 3.4
Q) - Q) N Eq()
ME—Eq—Zf—;T —————————————————— 3.5
MSE = o, Q@O g GO 3.6
Qum() — Qo (1)) l MSE
BF = |1 - 2=t |~ 3.7
l i=1(Qo (1) Qo [ SZQO

Where; Qo = Observed flow, Qm= Simulated flow, ME = Mean Error, MSE = Mean Squared
Error, EF = Model Efficiency Coefficient, n = The number of data points, S = Variance
(squared standard deviation)

The objective assessment relies on creating measures of errors using statistical parameters for
evaluations of the model. These error methods include mean error (ME), mean square error
(MSE) and the model coefficient of efficiency. (EF) Ahmed et al. 2007; 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. Krause
et al. 2005;. It is the non-dimensional parameter 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 O indicates that the model prediction is accurate as the mean of
the observed data (Tesfaye, E. 2014).
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3.5. Water Demand Calculations

The calculation process, as outlined in the WEAP User Guide, is centered on maintaining a
mass balance of water for each node and link, taking into account demand priorities and
supply preferences. The calculations commence from the first month of the current account
year and continue until the last month of the final scenario. For non-storage nodes, such as
points along a river, the calculation for the current month is independent of the previous
month's calculation. However, for storage nodes like reservoirs, soil moisture, or aquifer
storage, the current month's storage is influenced by the previous month's value. Water
entering the system during a month is stored in reservoirs, aquifers, or catchment soils, or it
exits the system due to demand site consumption or evapotranspiration.

Individual demands were incorporated into the model as separate demands rather than group
demands in the schematic configuration. Although this approach may reduce flexibility in
modeling the specific water demands of each irrigation site based on its distinct cropping
pattern. Using the demand priorities and supply preferences, WEAP determines the order in
which water demand should be allocated. The WEAP Allocation Algorithm processes demand
sites with higher priorities first. These priorities are valuable in representing a water rights
system and are especially significant during water shortages (SEI, 2005). Supply Preferences
indicate the preferred source of supply when multiple sources are available for a demand site.
The allocation order reflects the actual calculation order employed by WEAP for water
allocation. Table 3.5 provides an overview of how priorities were assigned to each demand
category compartment.

Table3.5. Assigned priority levels for different demand

Demand type Priority level

Domestic water supply with Industrial water 1

demand and Environmental flow requirement

Irrigation and Livestock water demand 2

Demand for water was calculated as the sum of the demands for all the demand site bottom
level branches (Br). A bottom-level branch is one that has no branches below it. Annual water

demand was then calculated as follows:
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Annual Demandpg = Z Br (Total Activity level Br x Water use Rate) — — — — — — 3.8

The total activity level for a bottom-level branch is the product of the activity levels in all
branches from the bottom branch back up to the demand site branch (where Br is the bottom
level branch, Br’ is the parent of Br, Br’’ is the grandparent of Br). The Total Activity Level
was given as:
Total Activity level = Activity levelg, * Activity levelg,. * Activity levelg,. * ...equ3.9

The activity levels for each branch and the water use rates for all the bottom level branches
were inputs into the model. Monthly demands were calculated based on each month’s fraction
specified as data under Demand\Monthly Variation of the adjusted annual demand as follows:
Monthly Demandpg,, = Monthly Variation Fractionpg p,, * Adjusted Annual Demandpg — —3.10

1. Domestic Water Demand
The quantity of water needed for domestic use is primarily determined by assessing the
number of people living in an area and how much water each person requires within a specific
region. However, accurately determining the amount of water used by individuals is
challenging due to the unpredictable nature of people's needs. To establish a baseline, standard
guidelines have been developed in various literatures, measured in liters per second per person
per day (Lpcd).

World Health Organization (WHO) recommends a minimum of 100 liters of water per person
per day to meet basic needs. In Ethiopia, the GTP-1 set targets of 20 liters per capita per day
for urban areas and 15 liters per capita per day for rural areas. However, these targets did not
achieve full coverage. Consequently, a new standard was developed in GTP-2, with a supply
of 25 liters per capita per day (Lpcd), for rural areas and 40-100 liters per capita per day for
urban areas.

In this particular study, the rural area's water demand was based on the GTP-2 standard of 25
liters per capita per day (Lpcd), which aligns with the overall water demand goal of 60 liters
per capita per day (Lpcd), for urban areas. To determine domestic water demand, the predicted
population is multiplied by the appropriate per capita demand. Domestic water consumption
includes activities such as bathing, cooking, washing, drinking, laundry, dishwashing,

gardening, car washing, and other less water-intensive or infrequent purposes.
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Per capita water demand determined for town/cities with their categories that is given based
on population range table 3.6.

Table3.6. Per-capita water demand for each category of towns/cities

Townl/cities population Estimated Per-capita
Category 1 >1 Million 80 l/c/day
Category 2 100,000-1million 60 l/c/day
Category 3 50,000-100,000 50 I/c/day
Category 4 20,000 - 50,000 40 l/c/day

2. Livestock Water Demand (LWD)
Livestock water demand estimated based on FAO livestock standard water demand for East

Africa countries mainly Ethiopia is applied 25 liters, 5litres 125 liters, 15 liters and per head
of cattle, sheep/goat, camel and donkey/horse per day respectively.

Table 3.7.Estimated Livestock Population and their water demand

Average Water
Woreda Awash Adama [ Boset | Merti | Jeju Total water Consumption
Fental No demand 3
m°/year
(Ipd)
Cattle 186,301 | 105,092 | 240,622 | 108,627 | 164,888 805,530 25 7350,461.25
Sheep 109,405 | 51,346 | 67,515| 85,019 | 135,366 448,651 S 818,788.08
Goat 256,441 | 42,511 (197,172 ( 102,918 | 69,606 668,648 S 1,220,282.60
Camel 107,998 474| 15567 | 1088| 1344 . . 1251 5 570.239.38
Donkey 38,362 | 40202| 41,410 | 18546 | 23085 | o oo 151 g85,280.13
Horse &
Mule 0 1,114 1,871 9143 | 10,090 9918 15 121,643.55
. 3
Total Water Consumption m®/year 16,166.694.98

(Source: -Awash basin Administration office Water Audit data collected by Addis Abeba
university water and land resource center)

3. Industrial Water Demand (IWD)

In the realm of industrial water consumption, a direct correlation between the water demand of

industries and the population they serve is not typically observed. Instead, a planning approach
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is adopted where it is conventionally assumed that the water demand of industries within a
basin is equivalent to 10% of the domestic water demand across all towns encompassed within
said basin.

4. Agricultural water demand

In the context of Agricultural water demand; the WEAP model necessitates input data
concerning the potential of irrigated land, specific crop types, and the respective cultivation
seasons. Consequently, the data pertaining to irrigation was sourced from both the Awash
Basin development office and the respected district of Agricultural bureau. The sub basin
under investigation in this study includes a compilation of selected irrigation demands, along
with their corresponding areas and crop types, as outlined in table 3.8.

Table3.8. Selected irrigation demands with their corresponding areas and crop types.

S/no User Area (ha) Crop Type
1 | Wonji Shoa Sugar Factory 8,200
1.1 | State Intake 5,800 sugarcane
1.2 | Dodota Intake 2,400 sugarcane
Adama Woreda direct pumped at different
2 | place+Waketiyo Intake +Wonji out growers+ 3,984 | vegetables and Cereal
Batu Degaga IWUA
3 | Wlenchiti project(Intake) 4,000 | vegetables and Cereal
4 | Doni Intake 676.56 vegetables
5 | Tibila Scheme 4,266 Vegetable and cereal
6 | Africa Juice Share Company 461
6.1 | Membere Hiwot pump 265 vegetables & fruits
6.2 | Degaga Pump 196 vegetables & fruits
7 | UAAIE Abadiska Pump 2016.79
7.1 | UAAIE Abadiska Pump 685 Fruits
7.2 | Jeju Woreda 1,331.79 Vegetable and cereal
8 | Merti Jeju Main Canal 4,453.00
8.1 | UAAIE 647 Fruits
8.2 | Awash Wine 517 Fruits & maize
8.3 | Farmers 3,289 Vegetable and cereal
9 | Nura Era Main Canal 6,032
9.1 | UAAIE 3,069 vegetables & fruits
9.2 | Farmers boset and fental woreda 3,233 Vegetable and cereal
10 | Qawa Fentale project @ 3rd Camp diversion 6509 vegetable and Cereal
11 | Bole Gologota main canal 1,980 | Vegetable and cereal
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12 | Abadir Main Canal 4,492
12.1 | Metehara Sugar Factory 3,600 sugarcane
12.2 | Farmers 892 vegetables
13 | Merti Main Canal 7,502
13.1 | Metehara Sugar Factory 6,646 sugarcane
13.2 | Farmers 856 vegetables
14 | Middle Awash @Melkasedi Weir 11,000
14.1 Middle Awash @Melkasedi Weir 8,500 cotton
14.2 Middle Awash @Melkasedi Weir 1,500 vegetable
14.3 | middle Awash @Melkasedi Weir 1,000 cereal
Total 66,033

(Source; Awash Basin Administration office yearly Water allocation plan and the respected
district of Agricultural office)

3.6. Catchment Simulation Methods

There was a choice among five methods to simulate catchment processes such as
evapotranspiration, runoff, infiltration and irrigation demands. These methods include (1) the
Rainfall Runoff (simplified coefficient method), (2) Irrigation Demands Only (Simplified
Coefficient Approach), (3) the Soil Moisture Method, (4) the MABIA Method, and (5) the
Plant Growth Method (PGM). The choice of method should depend on the level of complexity
desired for representing the catchment processes and data availability.

The Soil Moisture Method was used for this study because of its more complexes representing
the catchment with two soil layers, as well as the potential for snow accumulation and in
addition the method allows for the characterization of land use and soil type impacts to these
processes. In the upper soil layer, it simulates evapotranspiration, considering rainfall and
irrigation on agricultural and non-agricultural land, runoff and shallow interflow (SEI, 2015).
Base flow routing to the river and soil moisture changes are simulated in the lower soil layer
(Figure 3.8). Each watershed unit was representing different land use, and a water balance was
computed for each fractional area, j of N. Climate is assumed uniform over each sub-

catchment, and the water balance of the sub-catchment was given as,

j 52 j— VA j2 .
Rdy 220 = P() = PET(Okej (O (2257220 ) = P92, "5 = (1 = Rk 7 = kg 12 = 3.1

Here z1,j = [1,0] is the relative storage given as a fraction of the total effective storage of the
root zone, Rdj (mm) for land cover fraction, j. Pe is the effective precipitation. PET is the

Penman-Montieth reference crop potential evapotranspiration where kc, j is the crop/plant
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coefficient for each fractional land cover. The third term (Pe (t) z1, jRRFj) represents surface
runoff, where RRFj is the Runoff Resistance Factor of the land cover. The higher values of
RRFj lead to less surface runoff. The third and fourth terms are the interflow and deep
percolation terms, respectively, where the parameter ks,j is an estimate of the root zone
saturated conductivity (mm/time) and fj is a partitioning coefficient related to soil, land cover
type, and topography that fractionally partitions water both horizontally and vertically. The
total runoff (RT) from each sub-catchment at time t is,

N
RT(0 = ) A (0" + flg 12— = — = — == === ————— = 3.12

=1

Base flow emanating from the second bucket is computed as:

dz, \ 17y 32 2
Sma () = ) (1 = ks, 4 ) —Jpzy? === === === = —————— = 313
j=0
Where the inflow to this storage, Smax is the deep percolation from the upper storage and Ks2
is the saturated conductivity of the lower storage (mm/time), which was given as a single

value for the catchment.

Precipitation, o e e e a
including snowmelt Irrigation ET=PET* (5 z1-221%/3
J l [ * Surface runoff = (precip + imrig) * z]%=vefnsstne facor

—* Direct ranoff (only if z1 > 100%)

Bucket 1

wauler gapautly (mm}

51 (Va)

Percolation = Root zone cond. * | Interflow = (Root zone cond. * pref. flow dir) * z1°
(1 - pref. flow dir) * z1*

Bucket 2 l

Sail

—* Base flow = Deep conductivity * 223

Dleep woler vapualy (mm)

£2 (V)

Figure 3.10.Concept of soil moisture and equations (source: WEAP User Manual)
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3.7. WEAP Model Structure and Modeling Process

The WEAP model is a powerful tool used to simulate various development and management
scenarios for the future. It allows users to define time frames, spatial boundaries, and system
components to accurately assess the allocation of water in a river basin. With its Geo-spatial
capabilities, WEAP is capable of modeling water planning and allocation at different scales,
from a community to a watershed to a basin (Yates, 2005; Sieber et al., 2005). By
characterizing the water demand-supply system and its spatial relationships, users can simulate
water allocation by considering different water sources (such as surface water, groundwater,
desalination, and water reuse), withdrawal methods, transmission systems, reservoirs,
wastewater treatment facilities, and water demands from various sectors. The flexibility of the
data structure and level of detail allows for customization based on the specific analysis
requirements and data limitations. Additionally, the graphical interface provided by WEAP
enables users to easily visualize the physical features and layout of the system within the
catchment area.

WEAP21 offers users a comprehensive and organized interface through five distinct "views"
of the working area: Schematic, Data, Results, Overview, and Notes. These views are
conveniently accessible as graphical icons on the View Bar, located on the left side of the
screen. The Current Accounts, which define the existing water system, serve as the
fundamental basis for all scenario analyses. Scenarios, on the other hand, present internally
consistent narratives of how the future system may evolve within a specific socio-economic
context and under particular policy and technological conditions. The main screen of WEAP21
comprises the View Bar on the left and a top menu, granting users easy access to the program's
most crucial functionalities. Operating on a monthly time step, WEAP21 diligently calculates
water quantity and pollution mass balances for each node and link in the system. The dispatch
of water is guided by considerations such as meeting in-stream and consumptive requirements,
prioritizing demands, supply preferences, maintaining mass balance, and adhering to various
constraints.

The Current and future water demands to domestic and agriculture were analyzed using
WEAP model. The steps below were followed for current situation water demands and
scenario analysis:

¢ Creation of geographic representation of the area Setting of general parameters
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e Entering elements into the schematics

e Entering of data for demand sites/nodes

e Connecting demand with supply of Creating return flow links

e Running of the model and getting the results
3.7.1. WEAP Schematic
Within the schematic component of WEAP, the delineation of watershed boundaries,
specification of rivers, demand sites, and reservoirs takes place. To accurately determine the
precise locations of streams within WEAP, GIS maps of rivers and reservoirs are utilized. This
approach includes the schematization of the Koka reservoir, where the total inflows, namely
the Awash Hombole and Mojo Rivers, are considered as headwaters. The outflow from the
Koka reservoir, represented by the Awash River, is configured as a minimum flow
requirement with the highest priority, ensuring a consistent flow into the river Awash.
To establish the WEAP model, the demand areas reliant on surface water within the study area
were consolidated into sixteen distinct groups. Specifically, the irrigation areas were combined
based on their sources of water abstraction, as indicated in Table 3.8.

Figure 3.11.Schematic part of the WEAP model for Abstraction sources.
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To properly establish the satisfaction of demand within the WEAP model, the water supply
source (rivers) needed to be connected to each demand site. This was achieved within the
schematic view by adding transmission links. Initially, the link was positioned on the supply
source and then directed towards each demand node. In order to effectively utilize the return
flow for other demands, the return flow links were connected back to the rivers, with a return
flow routing set at 100%. The return flow routing represents the percentage of total outflow
from a demand node, and for the given link, it must be set at 100%. Downstream of the
sources, return flows from irrigation sites were appropriately configured. However, the return
flow from domestic water supply was not included in the model, as its quantity is deemed
insignificant and thus preferable to overlook.

3.8. Scenario Creation

Scenarios in WEAP are coherent narratives depicting the potential evolution of a future system
within a specific socioeconomic context while considering particular policy and technology
conditions. These scenarios can be constructed using WEAP and then compared to evaluate
their water requirements, costs, and environmental impacts. They can address a wide range of
hypothetical questions. In WEAP, a key concept is the differentiation between a "business-as-
usual” scenario and alternative policy scenarios. The "business-as-usual™ scenario reflects
existing trends in economic and demographic development, water supply availability, and
water-use efficiency, without incorporating new conservation measures or supply projects.
This serves as a reference point against which the impacts of alternative policy scenarios can
be assessed. The current water accounts and the "business-as-usual™ scenario are established
based on the continuation of present patterns, with population growth as a driving factor. From
there, "what-if" scenarios are introduced, derived from the reference scenario, considering
current conditions and projected future water demands for irrigation Expansion.

3.8.1. Reference scenario

The Reference scenario is the scenario in which the current situation, the current account year
as 1990 and is extended to the future (2016-2035).

3.8.2. Scenario in irrigation Expansion

The Awash River basin is renowned for its suitability for irrigation and agriculture, and it is
experiencing rapid growth in terms of cultivated area. The Ethiopian government's initiation of

the wheat campaign is further contributing to the expansion of irrigation in the region. This
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scenario specifically focuses on the impact of expanding irrigated lands on irrigation water
demand, which in turn affects the volume of water required downstream. To analyze this
scenario accurately, the area of potential irrigable land for each irrigation demand at the
abstraction node was properly considered.
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4. RESULT AND DISCUSSION
4.1. Results of WEAP Model
Prior to starting the calibration and validation process, it is commanding to understand the
impact potential of calibration and validation parameters on model efficiency. Consequently,
the parameters were adjusted within various feasible ranges to align the average monthly
observed stream flow with the model's simulated data, and the model's performance was
assessed. Table4.1, defines a reasonable parameter range for the catchment's calibration.

Table4.1. Calibration parameters in reasonable ranges

Calibration parameters Range Unit

Soil water capacity >0 mm
Deep water capacity >0 mm
Runoff Resistance Factor 0-1000
Root zone Conductivity 20 mm/month
Deep Conductivity 20 mm/month
Preferred flow direction 0-1
Initial Z1 0- 100 %
Initial Z2 0-100 %

4.1.1. Calibration and validation results

It is crucial to thoroughly analyze the potential impact of calibration and validation parameters
on the performance of the model before initiating the calibration and validation procedures. In
this phase, the simulated model outcomes were compared with the observed flows at each
monitoring station. These comparisons consider the statistical metrics discussed in earlier
sections. In this study, the observed stream flows from two monitoring stations situated within
the river basin were contrasted with the model's simulated outputs. The alignment between
these two sets of data on a monthly basis signifies the model's ability to accurately simulate
the outputs based on the land use and land cover characteristics of the catchment area,
reflecting the recorded stream flow data. Overall, the findings suggest that the model
effectively captures the hydrological dynamics of the basin in correlation with the measured

data, as evidenced by the results of the calibration and validation processes. This demonstrates
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the model's reliability in replicating real-world conditions and enhances confidence in utilizing
the model for water resource management decisions.

4.1.1.1. Calibration

Calibration is a crucial iterative process in which the most sensitive parameters of the
watershed model are adjusted to closely align with the realities of the catchment area, thus
ensuring that the WEAP model accurately reflects the conditions of the study area. This
necessary step validates that the WEAP model effectively represents the characteristics and
behavior of the watershed.

The calibration of the WEAP model involved utilizing observed stream flow data from the
Hombole gauging stations located upstream of the Koka reservoir. In the calibration process,
the performance of downstream gauge stations is dependent on the accuracy of the upstream
gauges. Therefore, it is essential to calibrate the head flow gauge or the upstream station first
to establish a stable upper boundary condition for the downstream gauges.

Before developing scenarios, the calibration and validation of the WEAP model were
conducted. Monthly simulations of stream flow were compared with observed data over a
25year period (from 1990 to 2015), with the results displayed in Figures 4.1 and 4.2
representing the stream flow gauging station Hombole.

The calibration outcomes of the WEAP model, comparing observed stream flows with
simulated results in the study area, indicate the model's proficiency in reproducing historical
stream flow patterns. The model demonstrated a high level of performance with (R?) value for
Hombole 0.88 during the calibration period. These metrics signify the model's capability to
accurately simulate stream flow dynamics and validate its effectiveness in representing the
hydrological processes of the watershed.
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Figure4.2. Hombole Stream-gauge

4.1.1.2. Validation

The validation process utilized the data range from each stream flow gauging station to assess
the flow accuracy during the period from 2005 to 2015 for Hombole station. The outcomes of
the model validation were represented in Figures 4.3 and4.4. The simulated monthly flows
closely resembled the naturalized or observed flows for the selected stations. Furthermore, the
relationship between these flow datasets demonstrated a strong correlation for the selected

stations.
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Overall, the model exhibited commendable performance in simulating stream flow data, as
evidenced by correlation coefficient (R?) values of 0.841 for Hombole. These results indicate
the model's ability to accurately replicate stream flow patterns and dynamics at the specified

gauging stations during the validation period.
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Figure4.4. Hombole Stream-gauge

4.1.1.3 Statistical analysis

The statistical measures play a crucial role in evaluating the effectiveness of the model
calibration process and ensure that the model accurately captures the hydrological
characteristics of the study area. This statistical evaluation of the correlation coefficient (R?)
and Nash-Sutcliffe Coefficient (NSE) involves comparing modeled and observed stream flow
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values during the calibration period. These metrics are essential for assessing the alignment
between the model outputs and the actual flow observations. The R? value indicates a strong
fit at the Hombol stations, demonstrating the model's accuracy in replicating the observed
stream flow dynamics. Similarly, the NSE highlights a high level of agreement between the
simulated and observed stream flow data at Hombole gauging stations. The table4.2 below
provides a detailed summary of these statistical performance measures.

Table4.2. Comparison of observed and simulated mean monthly stream flows for calibration
period

Gauge station Correlation Coefficient (R?) | Nash-Sutcliffe Coefficient (NSE)

Hombole 0.88 0.81

The statistical analysis of the correlation coefficient (R and Nash-Sutcliffe Efficiency (NSE)
involves comparing the modeled stream flow values with observed data during the validation
period. These metrics play a critical role in assessing the consistency between the model
outputs and actual stream flow observations. The R? value shows a strong fit at the Hombole
station and a lower fit at the Mojo station, indicating the model's accuracy in reproducing the
observed stream flow patterns. Similarly, the NSE metric demonstrates a high level of
agreement between the simulated and observed stream flow data at the Hombole station. The
summary table 4.3 below offers a comprehensive overview of these statistical performance
indicators.

Table4.3.Comparison of observed and simulated mean monthly stream flows for validation

period
Gauge station Correlation Coefficient (R?) | Nash-Sutcliffe Coefficient (NSE)
Hombole 0.841 0.73

When comparing the findings of the central Rift VValley of the Awash River Basin in Ethiopia,
Gedefaw et al. (2019) conducted a calibration and validation of the WEAP model. They
achieved values of R? (0.73-0.89) and NSE (0.65-0.83) for one set of comparisons and R?
(0.63-0.91) and NSE (0.50-0.84) for another set, reflecting the agreement between measured

and simulated average monthly stream flows from four gauging stations. Through graphical
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analysis (examining stream flow hydrographs and scatter plots comparing simulated and
observed values) and evaluation of statistical model performance, it was determined that the
WEAP model demonstrates a high level of accuracy in representing historical stream flow
patterns.

4.2. Reservoir inflows and outflows

The Awash@Hombole and Mojo Rivers serve as primary sources of inflow for the Koka
Reservoir due to their significant contributions, with other rivers feeding into these main
channels. The downstream users dependent on the Koka Reservoir are highly reliant on the
controlled discharge of water from the reservoir. The inflow dynamics of the reservoir exhibit
a fluctuating pattern, reaching peak levels in August and dropping to a minimum in January.
The total annual inflow from upstream sources and the outflow to downstream areas of the
reservoir were 1509.62Mm?® and 1294.79 Mm?, respectively. In months such as January,
February, March, April, May, October, November, and December, the absence of rainfall was
considered, with inflow reductions falling short of the outflow, resulting in a decline in the
reservoir volume. On the other hand, during June, July, August, and September, the inflow
exceeded the outflow, leading to an increase in the reservoir volume. This fluctuation
underscored the complex interplay of factors that affected water balance and management in
the Koka Reservoir system. The table 4.4 below displays the monthly inflows and outflows of
the Koka reservoir in the baseline year.

Table 4.4.Monthly inflows and outflows of Koka reservoir (Mm®)

Flow Jan Feb | Mar [ Apr | May | Jun Jul Aug Sep Oct | Nov | Dec | Sum
Inflow | 25.33 | 25.18 | 28.63 | 36.46 | 42.68 | 106.95 | 301.77 | 570.50 | 218.44 | 87.69 | 34.65 [ 31.34 | 1509.62
Outflow | 74.27 | 83.20 | 85.38 | 82.06 | 86.43 | 78.34 | 117.80 | 225.60 | 181.83 | 96.37 | 94.33 | 89.18 | 1294.79

The inflow and outflow patterns of the Koka Reservoir display distinct characteristics; with
the maximum inflow were occurring in August and the peak outflow was observed in August
and September. This difference in timing can be attributed to the concept of concentration
time, which represents the duration required for runoff from distant areas of the catchment to
reach the outlet of the watershed. Consequently, the peak outflow from the reservoir occurs
during August and September, highlighting the importance of understanding hydrological

processes and timing in water resource management strategies for the Koka Reservoir. The

55




belowFigure4.5 shows the monthly inflows and out flows of the Koka reservoir in the baseline

year.
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Figure 4.5.Monthly Inflow and outflow of Koka reservoir (Mm3)

4.3. Evaporation from the reservoir

The results of the modeled reservoir evaporation in the current context reveal a variable trend

within the reservoir. As shown in table 4.6, the water level displays both an upward and

downward pattern across different months. The highest and lowest net evaporation rates were
observed in January, March, April, and February, with values of 204.6 Mm3, 210.8 Mm?, 198

Mm?, and 134 Mm? during the simulation period. The total annual evaporation amounted to

2131.6 Mm?® for the current time frame, and this trend is projected to remain consistent in the
future period from 1990 to 2015.

Table 4.5. Monthly average evaporation of koka reservoir (Mm?) in current account year

Monthly Jan |Feb | Mar |Apr |May |jun |Jul |Aug |Sep |Oct |Nov |Dec | Annual
Koka
reservoir 204.6 | 134.0 | 210.8 | 198.0 | 189.1 | 171.0 | 161.2 | 151.9 | 141.0 | 192.0 | 192.0 | 186.0 | 2131.6
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4.5. Water Demand in the Current Account Year (1990-2015)

4.5.1 Domestic and Irrigation Water demand

The current account served as the foundational representation of the existing water system,
establishing the baseline year for all scenarios. It was crucial to understand the demand
dynamics in the current account year, as it served as the fundamental reference point for all
future projections and assessments. Prior to the development of any scenarios, a thorough
analysis of the current state of water demand and supply was undertaken to characterize the
water resource system within the basin and assess the demands from various sectors including
domestic, agriculture, and livestock.

This comprehensive assessment involved modeling the current water demand and supply
situation to determine the monthly average of available water relative to the existing demands.
By conducting this analysis, the aim was to gain insights into the current water resource
utilization patterns and to evaluate the balance between water availability and demand. The
outcome of this assessment provided a detailed overview of the water demands at specific sites
within the catchment area, offering valuable information for informed decision-making and
sustainable water resource management practices.

The model output provides the average monthly water demand and annual total demand for
the downstream of each irrigation water demand site and domestic water demand. The
cumulative water needed to fulfill the irrigation needs of all sites in Current Account Year was
719 Mm?®, with October, November and December showing the highest demand levels and to
fill domestic needs 18 Mm?. Conversely, July, August and September exhibited lower demand
compared to other months due to the rainy season.

Table4.6.Monthly Average Domestic water Demand without including loss (Mm?®) in current
account year 1990-2015.

Branch Jan | Feb | Mar | Apr [ May [ Jun [Jul [ Aug | Sep | Oct | Nov | Dec [ Sum

Adama_city 125(125(125]125]125]|125]125]|125]|125(125(1.25( 1.26| 15.000
Methara_City [ 0.26 | 0.23 [ 0.26 | 0.25 | 0.26 | 0.25| 0.26 | 0.26 | 0.25 | 0.26 | 0.25 | 0.26 3.00
Sum 15| 15| 15| 15| 15| 15| 15| 15| 15| 15| 15| 151 18.0
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Table4.7.Monthly average irrigation water demand for each site (Mm?®) in current account

year.

Branch Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec Sum
Abadir_canal 71| 71| 63| 63| 7.1 6| 3| 28| 47| 10 9 9 78.6
Adama_Woreda 2| 1.8 2 2 2 2| 2 2 2 2 2 2 23.9
Africa_Juice 03| 03] 03| 03] 03 0| 0| 03]03]|03| 03 0.3 4
Dodota_intake 38| 38| 34| 34| 38 3| 2| 15| 25|55| 48 4.8 42
Doni_intake 03| 03] 03] 03] 0.3 0| 0] 03] 03]03] 0.3 0.3 4.1
Fental_Qawa

Scheme 31| 28| 31 3.1 3| 3] 31 3|31 3 3.1 36.4
Gologota_canal 1] 09 1 1 1 1] 1 1 1 1 1 1 11.9
Melkaside_Weir 66| 88| 132 | 14| 11 9|/ 10| 66| 3.3| 88| 88 9.9 | 109.9
Merti jeju_Canal 3.3 3| 33| 32| 33 3| 3| 33| 32|33| 32 3.3 38.6
Merti_methara 118] 11.8| 105| 11| 12| 11| 5| 46| 79| 17| 151 | 151 | 1313
Nura_Era main canal 4.4 4| 44| 43| 44 4| 4| 44| 43| 44| 43 4.4 51.9
Tibila_Scheme 2.2 2| 22| 21| 22 2| 2| 22| 21]22| 21 2.2 25.6
UAAIE_Abadiska 15| 14| 15| 14| 15 1] 2| 15| 14| 15| 14 1.5 17.5
Wolenchit_intake 2|1 1.9 2 2 2 2| 2 2 2 2 2 2 24
Wonji_Main SF 91| 91| 81| 81| 91 8| 4| 36| 61| 13| 11.7| 11.7| 1015
Sum 60.1| 605| 63.1| 64| 65| 58| 44| 41| 46| 76| 705 | 722 | 719.1

According to the Current Account Year the total monthly average water demand for the

downstream Koka Irrigation results comparison shown on Figure 4.13 blow for current water

demand schemes.

Water Demand (not including loss, reuse and DSM)
Scenario: Reference, Monthly Average

20 Abadir_canal
. Adama_Woreda

18 Africa_Juice

Dodota_intake

16 H Doni_intake

14 Fental_Qawa Scheme
B Gologota_canal

12 Melkaside_ Weir

B Verti jeju_Canal
B Merti_methara
Nura_Era main canal

Million Cubic Meter
=
o

Tibila_Scheme
6 [l UAAIE_Abadiska
[l Wolenchit_intake
4 M Wonji_Main SF

L LAl LNNN e

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec

Figure 4.6.Monthly average Current irrigation water demands (without including losses)
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4.5.2. Supply delivered

The total net amount of water delivered to the irrigation site from the water required to meet
the irrigation demands of all sites and domestic demand in current account year 1990 was
678.1 Mm?®. During this time period, it was observed that the months of April, May, October,
and December relatively exhibited the highest demand for water delivery, while July and
August experienced lower demand compared to other months. This disparity between the
amount of water demanded and the actual amount delivered highlights the presence of unmet
demand in the irrigation system.

The imbalance between water demand and supply, especially during the peak demand months
of April, May, October, and December, suggests potential challenges in water management
and allocation. Factors such as seasonal variations in crop water requirements, climate

conditions, and irrigation scheduling may contribute to the fluctuations in water demand

throughout the year.
Table4.8.Monthly average supplies delivered for all demand sites in current scenario (Mm®)

Demand Site Jan | Feb | Mar | Apr | May [Jun |Jul | Aug | Sep | Oct | Nov | Dec | Sum

Abadir_canal 58| 67| 59| 6.3 71| 63| 28| 28| 47)102| 77| 7.1 73.2
Adama_city 1 12| 12| 1.2 12 12| 12| 12| 12| 12| 11 1 14.2
Adama_Woreda 17| 17| 1.9 2 2 2 2 2 2 2| 17| 16| 226
Africa_Juice 03| 03| 03| 03| 03] 03| 03] 03| 03| 03] 03] 0.3 3.8
Dodota_intake 31| 36| 31| 34 38| 34| 15| 15| 25| 55| 41| 38| 391
Doni_intake 03| 03] 03| 03 03| 03| 03| 03] 03| 03| 03| 0.3 3.8
Fental Qawa Sch 25| 27| 29 3 3.1 3] 31| 31 3] 31| 25| 24| 343
Gologota_canal 08| 09| 09 1 1 1 1 1 1 1| 08| 08| 11.2
Melkaside Weir 6.6 | 83| 123 | 14.3 11| 88| 99| 66| 33| 88| 88| 8.6 | 107.2
Merti jeju_Canal 27| 28| 31| 32 33| 32| 33| 33| 32| 33| 27| 26| 365
Merti_methara 97| 11.2| 98| 105| 11.8| 105| 46| 46| 79| 171 | 128 | 11.9| 1223
Methara_City 02| 02| 02| 0.2 03| 02| 03| 03| 02| 03| 02| 0.2 2.8
Nura_Era main canal 36| 38| 41| 43| 44| 43| 44| 44| 43| 44| 36| 35 49
Tibila_Scheme 18] 1.9 2| 21 22| 21| 22| 22| 21| 22| 18| 1.7 24.2
UAAIE_Abadiska 12 13| 14| 14 15| 14 15| 15| 14| 15| 12| 1.2 16.5
Wolenchit_intake 17 18] 19 2 2 2 2 2 2 2| 17| 16| 227
Wonji_Main SF 75| 86| 76| 8.1 91| 81| 36| 36| 61| 132| 99| 9.2 94.6
Sum 50.3| 57.2 | 59.1| 63.6 | 645 | 58.1| 439 | 40.7| 455 | 76.4 | 61.1 | 57.7 | 678.1
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Figure 4.7.Monthly average supplies delivered for all demand sites in current scenario

4.5.3. Unmet Water Demand in the Current Account Year (1990-2015)
Unmet demand is difference between the supply requirements and the actual supply delivered

at a specific demand site within a defined time frame. It represents the unfulfilled portion of
the water demand that was expected to be met. In the context of irrigation water supplies,

unmet demand reflects the insufficient supply capacity to meet the total water demand at
certain demand sites over a specified period. Out of a total water demand of 719 Mm3,
irrigation water needs of all sites, 39.967 Mm® (equivalent to 5.7 % of the total demand) was
not met during the current accounting years for all cumulative demands.

Table 4.9.Monthly average unmet demands all Irrigation site in current scenario (MmS)

Demand Site Jan Feb Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec Sum
Abadir_canal 1,296 385 408 0 0 0| O 0 0 0] 1369| 1911| 5,369
Adama_Woreda 371 100 131 0 0 0| O 0 0 0 296 428 | 1,326
Africa_Juice 62 16 21 0 0 0| O 0 0 0 49 71 219
Dodota_intake 691 204 216 0 0 0| O 0 0 0 731 | 1,021 | 2,863
Doni_intake 62 16 21 0 0 0| O 0 0 0 50 72 221
Fental_Qawa

Scheme 564 151 199 0 0 0| O 0 0 0 451 651 | 2,016
Gologota_canal 183 49 64 0 0 0| O 0 0 0 146 212 654
Melkaside Weir 0 479 856 0 0 0| O 0 0 0 0| 1,326 | 2,661
Merti jeju_Canal 599 161 211 0 0 0] O 0 0 0 479 692 | 2,142
Merti_methara 2,165 644 681 0 0 0| O 0 0 0| 2286 | 3192| 8,968
Nura_Era main canal 807 218 286 0 0 0| O 0 0 0 643 929 | 2,883
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Tibila_Scheme 397 107 140 0 0 0] O 0 0 0 317 458 | 1,419
UAAIE_Abadiska 270 71 94 0 0 0| O 0 0 0 215 312 962
Wolenchit_intake 372 100 131 0 0 0] 0 0 0 0 298 430 1331
Wonji_Main SF 1,674 498 527 0 0 0] O 0 0 0] 1767 | 2467 | 6,933
Sum 9,513 | 3,199 | 3,986 0 0 0] O 0 0 0] 9097 | 14,172 | 39,967

Unmet Demand
Scenario: Reference, Monthly Average
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Figure 4.8.Monthly average Unmet Demand for all irrigation demand sites in current scenario

4.6 Scenario Analysis
In the context of scenario analysis, three distinct scenarios were developed to evaluate future

water demand, considering both the impacts of the expansion of irrigation and water demand
during the dry season. The first scenario, referred to as the reference scenario, focuses on
forecasting future water demands without factoring in the influence of technological changes
on water requirements. The two additional scenarios account for the potential effects of
technological advancements alongside the expansion of irrigation and water demand during
the dry season.

The outcomes of these scenarios are elaborated upon in the subsequent section, shedding light
on the implications of expansion of irrigation and dry season on future water demands
offering insights into the varying trajectories based on different assumptions and forecasting
models.

4.6.1. Irrigation expansion scenarios

Key scenarios outlining potential future irrigation conditions in the lower Koka Basin have
been established. These scenarios are based on the premise that, in accordance with the new
Water Resources Management Strategy, the primary goal is to maximize the development of
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irrigation areas. Building upon this premise, the Koka reservoir dam within the basin has been
chosen to model the supply of irrigation water to downstream Irrigation Schemes.

Currently, as per this study, 66,033 hectares of land are under cultivation, as indicated in Table
3.8 with the collected data. However, based on the design document of the Kawa Fentale and
Tibila irrigation schemes, it is noted that the full capacity has not yet been realized. It is
projected that by 2035, both schemes could potentially cultivate the remaining 11,490 hectares
and 1,750 hectares respectively.

The model output provided the monthly average water demand in the Irrigation Expansion
scenario and the annual total demand for the downstream Irrigation Scheme. The cumulative

water volume required to meet the irrigation needs of all sites from 2016 to 2035 totaled 788
Mm®, Among the months, January, February, March, April, May, October, November, and

December had notably higher demand levels, reflecting peak requirements. In contrast, June,
July, August, and September experienced lower demand, attributed to the rainy season
compared to other months.

Table 4.10.Monthly Average Water Demand in Irrigation Expansion with respect to future

Scenario (Mm3)

Scenario Jan | Feb | Mar | Apr [ May [Jun |Jul | Aug | Sep | Oct | Nov | Dec | Sum
Irrigation
Expansion 65.9 | 65.8 69 | 69.2 | 70.3 | 63.8 | 49.8 | 46.5| 51.2| 823 | 76.1| 78.1 788
Reference 60.1 | 60.5| 63.1| 63.6 | 645 | 581 | 439 | 40.7| 455 | 76.4 | 705 | 72.2 | 719.1
Water Demand (not including loss, reuse and DSM)
Monthly Average M irrigation Expansion
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Figure 4.9.Monthly Average water demand in Irrigation expansion (Mm?®) with respect to
future scenario (2016-2035)
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4.6.2.1 Unmet water demand in Irrigation Expansion Scenario

In this study, my focus was on the actual demand for irrigation water at each demand site. The
model's findings in reference scenario indicated that the demand for irrigation water amounted
to 719 Mm?. Furthermore, the model revealed that there had been 39.9 Mm? of unmet demand
at that time. Under different circumstances, additional irrigation expansion in two irrigation
schemes was taken into account to accommodate the potential demand for irrigation water.
The model's results demonstrated a total water demand of 788 Mm®, with 66Mm® (equivalent
to 9.18 % of the total demand) representing unmet demand in this revised scenario. These
results indicate a notable shift in both water demand and unmet demand between the reference
scenarios and the irrigation expansion scenarios.

The occurrence of unmet demand in both the current and irrigation expansion scenarios is not
attributed to a deficiency in supply but is primarily a consequence of the utilization of an
inadequate irrigation system. The absence of a properly engineered drainage system has
resulted in significant water wastage, leading to decreased irrigation efficiency and
subsequently capping in a notable level of unmet demand.

Hence, to alleviate the issue of unmet demand, enhancing the efficiency of irrigation water
utilization can be achieved through the adoption of modern irrigation systems and the
establishment of a well-designed drainage system. This approach aims to optimize water
distribution, reduce wastage, and ultimately improve the overall effectiveness of irrigation
practices.

The unmet demand identified in both the current and irrigation expansion scenarios during the
months of November, December, January, February, and March is primarily a result of peak
water demand periods that align with the operational activities of the large sugar plantations in
Wonji and Methara Sugar Factory. These sugar plantations exhibit high water consumption
requirements during these months, particularly due to the cultivation of sugarcane crops that
have a significant demand for water. This elevated water demand intensifies during the
specified months, contributing to a situation where the available water resources may not
adequately meet the needs of both the agricultural sector and other users; thereby underscoring

the challenges associated with water management and allocation strategies.
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Table 4.11.Monthly average unmet water demand in Irrigation expansion (Mm3) with respect
to future scenario (2016-2035)

Scenario Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Sum
Irrigation

Expansion 15 8 9 0 0] 0] O 0 0 0| 14| 20| 66
Reference 97| 34| 3.7 0 0 0 O 0 0 0 91| 14| 39.9
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5.0 CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion
The primary objective of this research was to establish surface water allocation for the Koka

reservoir during irrigation expansion, utilizing the WEAP model as a decision support tool in a
sustainable manner to ensure social, economic, and environmental benefits. The study
examined the impact of irrigation expansion on the reservoir and downstream irrigation
development, emphasizing the importance of water release from the Koka reservoir for
optimal water allocation across current and future development phases.

Addressing missing meteorological data through the multi-regression method and calibrating
the WEAP model against observed stream flow data for the Hombole gauging station
upstream proved essential for accurate analysis. The WEAP model exhibited strong statistical
performance, accurately predicting current irrigation water demand and future impacts of
irrigation expansion on flow requirements in the study area.

The estimation of water requirements considered various factors for 16 demand sites,
revealing a cumulative water demand of 719 Mm? in the current accounting year, with
noticeable fluctuations throughout the months. Under the Irrigation Expansion scenario, a total
water volume of 788 Mm?® was projected for irrigation needs from 2016 to 2035, with a
corresponding unmet demand of 66 Mm®.

The analysis underscored significant shifts in water demand and unmet demand between
reference and expansion scenarios, highlighting the role of poor irrigation systems and water
losses in diminishing irrigation efficiency and resulting in unmet water demand. Overall, the
Water Evaluation and Planning System (WEAP) Model emerged as a valuable tool for
Integrated Water Resources Management, aiding in the harmonization of water supply and

demand across different priority levels for both current and future scenarios.
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5.2 Recommendations

Several key recommendations emerge from the results and analysis of this study:

Firstly, the examination of 14 irrigation abstraction nodes revealed a common issue of
ineffective irrigation practices leading to high levels of water wastage. It is essential to
enhance awareness and provide training to improve irrigation water usage efficiency across all
sectors.

Secondly, understanding and managing water allocation among different user categories is
crucial to safeguarding finite water resources. Registering irrigation water users is vital,
especially for small-scale farmers who may lack knowledge of water allocation principles.
Furthermore, with the Koka reservoir aging and showing a decline in water holding capacity,
conducting a biometric survey to assess its current capacity accurately is recommended.
Measures should be implemented to capture winter rainwater effectively, address water
scarcity in summer, and manage potential winter floods, including the construction of
additional mini dams.

Moreover, focusing on surface water analysis in the Koka Reservoir basin is a limitation of
this study. Given the area's development potential and challenges related to water demand,
quality, and flood risks, exploring alternative water supply opportunities like groundwater
utilization and rainwater harvesting is essential.

Lastly, revisiting irrigation methods to minimize water losses and selecting crops with lower

water requirements can help mitigate future water demands in agricultural practices.
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APPENDIX-1 Meteorological Data

Station name Hombole Element:

Monthly total stream flow (m3/s)

YEAR [JAN |FEB [MAR [APR |MAY |JUN [JUL AUG  [SEP OCT [NOV |DEC [|Annual

1990 3.46| 12.87| 18.78[24.16] 4.94| 11.11| 87.00| 235.20| 116.76| 17.06| 4.02| 2.94| 538.29
1991 2.77| 5.07[ 9.13| 2.72] 2.52| 10.41| 98.42| 256.19| 153.69| 9.58| 3.63| 3.29| 557.43
1992 3.43] 6.52 3.37[ 4.40] 4.15| 10.91| 72.43| 203.35| 143.68| 16.43| 4.20| 3.23| 476.11
1993 2.92| 4.89 2.50(10.28| 12.13| 27.87| 124.45| 265.14( 191.18| 31.79| 8.01| 4.06] 685.21
1994 2.82| 2.31| 2.43| 4.75| 4.29| 10.33| 74.00| 157.52| 144.93| 16.53| 5.01| 4.83| 429.74
1995 4.26] 4.52 3.09(14.90| 5.49| 10.69| 72.23| 190.23| 75.44| 7.76| 3.28| 2.86] 394.73
1996 5.42] 4.15| 5.87(12.49] 21.65| 84.06| 194.47| 348.26 133.88| 13.22| 5.89| 3.99|] 833.35
1997 4.04] 3.22| 2.97[ 5.50| 4.11| 15.69| 57.71| 119.28| 32.38| 10.03| 10.68| 6.10| 271.70
1998 5.01] 3.69| 11.16 8.21| 11.31| 24.62| 137.37| 366.56| 161.03| 41.71| 9.09| 5.46] 785.23
1999 4.98] 4.10[ 4.58 3.44| 3.56| 20.80| 110.43| 269.34| 62.90| 47.58| 8.64| 5.12| 545.44
2000 4.15| 3.75| 1.94 3.16] 5.67| 12.57| 63.10| 178.61] 90.99| 30.79| 12.48| 6.04| 413.21
2001 | 5.73| 5.24) 11.07| 7.52| 11.73| 43.33| 140.46| 189.32| 78.70| 11.72| 8.21| 6.12| 519.15
2002 | 5.81 4.21] 4.88| 5.69| 5.16| 12.01| 59.54| 143.31| 49.31| 9.59| 7.58 3.82| 310.90
2003| 3.61| 3.20] 4.83|10.32| 6.66| 22.77| 119.50| 184.30| 103.20| 15.67| 8.86| 6.00] 488.91
2004 | 3.68 2.85| 3.90|14.74| 5.29| 20.49| 88.59| 166.73| 87.11| 16.74| 9.33| 4.49| 423.93
2005| 5.13| 3.79]10.43| 7.71| 30.29| 26.01| 124.39| 192.58| 94.34| 18.21| 11.14 5.63| 529.67
2006 | 4.31| 4.00] 9.73|17.12| 15.50 26.20| 155.89| 269.65| 143.56| 18.66| 11.81| 6.01| 682.45
2007 | 5.00] 5.47| 5.15 8.22| 11.83| 39.81| 127.92| 253.47| 158.64| 25.10 11.11| 7.49| 659.19
2008 | 4.66[ 4.16] 3.31] 3.72| 5.64| 16.80| 118.76| 216.79| 159.12| 18.41| 22.48| 6.08] 579.91
2009 | 9.51| 4.25| 3.44| 9.52| 5.31| 7.42| 45.25| 185.45| 111.66| 25.89| 6.16| 6.77| 420.62
2010| 4.54| 12.56| 10.97|21.57| 19.45| 35.68| 162.37| 178.78| 153.67| 18.51| 9.99| 5.36] 633.45
2011| 4.83| 3.96| 5.43| 3.78| 11.23| 27.06| 68.99| 202.57| 126.23| 21.68| 9.78| 5.78| 491.30
2012 4.27| 3.74] 3.15|10.67| 8.25| 12.19| 93.95| 166.05| 107.90| 19.20| 7.73| 5.21| 442.33
2013 | 4.22( 3.39] 6.42|13.63| 11.81| 31.92| 93.58| 169.78| 137.59| 40.52| 12.16 4.98| 530.00
2014 3.86[ 4.45| 4.74| 6.52| 10.31| 14.20| 55.98| 147.20| 84.69| 32.04| 10.02| 4.68| 378.68
2015| 3.94 3.25| 4.83| 3.72| 9.65| 23.81| 45.77| 118.51| 63.50| 16.53| 5.74 3.97| 303.20
Mean| 4.47| 4.75[ 6.08| 9.17| 9.53| 23.03| 99.71| 206.70| 114.08|21.19| 8.73| 5.01| 512.47
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Station name Mojo Element:

Monthly total stream flow (m3/s)

YEAR |JAN |FEB |MAR |APR |MAY [JUN JUL AUG SEP |OCT |NOV [DEC Annual
1990| 0.26] 4.603| 0.52( 8.534 0.226[ 0.387| 54.63| 102.33| 45.49| 0.362| 0.231 0.297( 217.868
1991] 0.283| 0.37 0.61f 0.339| 0.205[ 0.435| 80.36| 146.05| 70.32| 0.355|0.399 0.685( 300.417
1992| 0.623]| 0.682( 0.37 0.653| 0.252 5.348| 21.466| 112.15| 87.08| 0.525| 0.284 0.314 229.741
1993| 0.292]| 0.315| 0.22] 6.151| 9.414 0.534| 72.413| 130.32| 113.5| 7.983|0.384 0.298| 341.86
1995| 0.222] 0.186 0.32 0.255[ 0.35[ 0.79| 39.638| 117.06| 53.23| 0.465]| 0.355 0.344( 213.218
1996| 0.306| 0.351 0.48( 0.604| 45.816( 97.312| 57.078| 109.69| 73.63| 126.7| 131.6| 132.437 776.036
1997| 0.456| 0.29| 0.39| 4.347 0.326( 13.982| 69.759| 107.94| 1.258| 4.763| 0.505 0.4 204.413
1998| 0.405| 0.568| 0.63| 8.773| 0.518| 17.791| 101.32( 216.45| 81.24| 26.54| 0.525 0.479] 455.24
1999| 0.485| 0.414( 0.54| 0.396| 0.432| 14.703| 111.85 172.71| 25.83| 4.448| 0.357 0.318| 332.478
2000( 0.357( 0.314| 0.28| 0.279] 0.443| 8.852| 82.015| 91.07| 16.66| 0.632| 0.408 0.361( 201.665
2001| 0.363| 0.33] 2.44| 0.414] 1.343 7.2| 18.144| 34.11| 8.187 0.5] 0.429 0.429( 73.892
2022| 0.442( 0.38| 0.48| 0.405| 0.448| 1.791| 12.242| 14.215| 2.244| 0.43| 0.37 0.461 33.91
2003| 0.557( 0.457| 0.72] 1.141] 0.598| 2.717| 26.935| 50.075| 9.091| 0.536| 0.393 0.439[ 93.659
2004| 0.403| 0.228| 0.62| 1.822 0.292| 1.282| 7.082| 27.008| 3.121| 0.56| 0.392 0.397| 43.209
2005 0.46[0.188| 1.49| 2.661| 5.355| 2.637| 13.693| 20.961| 7.823| 0.56|0.538 0.455[ 56.821
2006| 0.418[ 0.597| 0.78| 2.408| 1.523| 2.366| 20.22| 19.038| 8.245| 0.615| 0.492 0.464( 57.167
2007| 0.359( 0.463| 0.43| 1.05| 3.078| 7.323| 13.426| 35.685| 18.6| 1.086|0.615 0.645| 82.764
2008| 0.613[ 0.221| 0.09] 0.483| 0.687| 2.05| 11.798| 24.076| 7.156| 0.732|0.984 0.514( 49.40805
2009| 0.518| 0.212| 0.17 0.861| 0.444| 0.431| 6.464| 17.906| 8.042| 1.431| 0.382 0.46] 37.319
2010( 0.325[ 0.304| 0.64| 2.211| 3.096| 3.088| 14.53| 24.933| 13.04| 0.642|0.434 0.353[ 63.5905
2011| 0.224( 0.38] 0.57| 1.165| 0.796| 3.328| 14.058| 14.421| 8.696| 0.954|0.912 0.51 46.0106
2012| 0.454 0.25| 0.2] 0.685| 0.503| 1.812| 8.355| 26.66| 5.483| 0.553|0.456 0.386[ 45.801
2013 0.31 0.197| 0.62| 0.595| 0.646| 3.878| 26.349| 9.465| 6.5| 1.089| 1.045 0.786 51.475
2014] 0.643| 0.916| 0.54( 0.412 1.512| 1.337| 30.363| 19.261| 9.657| 2.243| 1.037 0.517| 68.434
2015| 1.058( 0.525| 0.34| 0.281| 3.444| 4.406| 5.255| 13.959| 2.414| 0.711| 0.683 0.599( 33.671

Mean | 0.433| 0.55| 0.58| 1.877| 3.2699| 8.2312| 36.778| 66.301| 27.46| 7.417| 5.77| 5.73392| 164.4027
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Average Kc values of different land uses/cover types of upper Awash River Basin

Land use JAN | FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC
Forest 0.65|066| 077 | 0.77| 0.78]|0.78]0.78 | 0.780.78 | 0.78| 0.77| 0.77
Grass land 069/081| 091|091 | 091091091 | 091|091 | 0.89| 0.66 | 0.66
Irrigated cultivated | 0.82 | 0.85| 0.88| 0.92| 091074081 | 096|087 | 068| 0.9] 1.01
Rain fed cultivated 0.35 | 0.64 1| 106|104 | 0.52
Shrub land 065|066 | 077 | 0.77| 0.78]|0.78]0.78 | 0.780.78 | 0.78 | 0.77 | 0.77
Urban or Exposed
rocky 04| 04 04| 04 04| 04| 04 04| 04| 04 04| 04
Water body 1.05| 1.05| 1.05| 1.05| 1.05]1.05]1.05| 1.05|1.05| 1.05| 1.05| 1.05
Estimated of Koka Reservoir Evaporation (mm)
Reservoir Jan | Feb | Mar | Apr | May | Jun | Jul Aug | Sep | Oct | Nov | Dec | Sum
Koka 30.2 | 26.4 (343 (275|335 (356|30.1|17.1|36.2|50.8|33.4|34.2|389.3
reservoir
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APPENDIX-2 Meteorological Data
Station name: Adama

Element: Monthly total rainfall (mm)

annual
year |Jan |Feb [Mar JApr [May [|Jun [Jul Aug [Sep Oct Nov |Dec rainfall

(mm/year)
1990 1.3 23] 21.7| 146 52.5| 122.2] 345.4] 103.9 135 0.9] 53.7 1005.6
1991 0] 38.9] 121.8] 36.4] 110.6] 31.9 250 207.5| 224.8] 9.1 0 1031.0
1992 0 13 0] 108.2) 42.4| 107.6] 221.3] 179.8] 51.2) 1.2| 18.8] 1. 745.0
1993 0 0 0 0 0] 112.8] 317.6 0] 283.9] 23.4] 93.6 831.3
1994 0

1995 0] 36.5| 46.9] 127.2 33| 46.5] 203.1] 251.4] 88.2] 14.7 0 2.

1996] 27.2 0] 111.5] 65.1] 115.2] 120.2] 220.2 250 93.9 0] 79

1997] 14.4 0] 75.3] 285 6.9 94] 193.1] 240.9] 75.5] 116.5] 31.5

0
0
5
0
0 0] 76.4 0] 103.3 344] 307.5| 62.8] 8.1 0 0 902.1
8
0
0
0

1998] 11.8] 25.6] 105.2] 19.8] 49.3] 55.3] 196.5| 220.6| 144.7] 132.8 0

1999 9.2 0] 34.6] 12| 186 74] 283.2] 194.4] 66.3] 164.7] 3.1 0 849.3

2000 0 0] 20.2] 16.1f 51.5] 60.8] 355.1] 269| 133.6] 85.7| 57.8] 12.9] 1062.7

2001 0] 6.2] 108.3] 28.7] 177] 51.2| 216.8] 145.3] 107.8] 1.7 0] 6.6 849.6

2002 20.9] 11.1] 21.9] 51.3] 22.5] 50.2] 129.9] 205.7] 65.3] 1.1 0] 34.5 614.4

2003] 46.5| 69.1] 151.2| 88.9] 3.6] 75.2] 235.6] 279.7| 122.8 0] 5.3] 48.8] 1126.7

2004 28.8] 3.3 77.4] 53.1] 19| 63.3] 114.4] 227.3] 77.1] 58.6] 12.8] 1.6 719.6

2005] 72.5] 6.3] 90.1] 41.3] 71.1] 50.2] 144.3 165] 68.4 6] 5.3 0 720.5

2006] 17.6] 88.4] 64.6] 88.7] 27.8] 58.7] 173.5| 225] 128.8] 10.1] 0.5] 28.5 912.2

2007 23.1] 31.6] 82.1] 101.7] 64.7] 62.8] 225.7| 344.4 138] 25.6] 7.5 0] 1107.2

2008] 9.6 0 0] 79.9] 69.5| 71.3] 353.1] 302.2] 100.3] 37.5] 69.5 0] 1092.9

2009] 62.6 o 311 23] 221 50| 156.1] 113.3 34] 132.7 0] 12.5 588.7

2010 0] 97.3] 88.8] 27.4] 68.1] 100.6] 227.8] 242.9] 164.7 0] 17.6] 0.3] 1035.5

2011 0 0] 10.4] 17.6] 68.7] 54.8] 215.1] 155.8] 192.1 0] 30.2 0 744.7

2012 56 0] 39.8] 78.2] 48.8 33] 508.9] 313| 130.2] 1.4 0.5 3.9 1213.7

2013] 4.4 0.2] 69.2] 35.1 36] 38.9] 443.2] 105.2|] 132.8 34| 5.2 0 904.2

2014 0] 48 1231 7.1] 623 7.7 211.7] 180] 150.6] 91.7] 8.9 0 847.8

2015 0 0 11] 3.6 190.2] 74.9] 131.3] 207.9] 78.6] 2.7] 47| 10.5 757.7

Ave. | 19.27] 18.11 63.55] 45.85] 57.56 61.60] 235.17] 220.90] 109.22] 43.69] 14.79] 7.76]  897.5

78



Station name: Akaki

Element: Monthly total rainfall (mm)

annual rainfall
year |Jan |Feb |Mar |Apr |[May |[Jun Jul Aug Sep Oct |Nov |Dec (mm|/year)
1990 7.7 121] 48.4] 159] 37.3] 78.9] 280.7] 222.9] 107.3] 5.8 1.2 0 1069.9
1991 0] 37.6] 62.4] 11.6] 45.6] 90.4] 263.7] 308.5| 113.3] 4.4 0] 57 994.0
1992| 33.5| 24.2| 30.5] 15.5] 25.6] 100.4| 218.4 276] 86.7] 43.3] 0.2 0 854.3
1993 1.2 53.9] 5.6] 118] 54.6] 116.5 218| 251.5| 118.3] 20.5 0 0 958.5
1994 0 0] 62.7] 72.2] 20.2] 131.2] 219.3 181] 94.5 o] 11 0 792.1
1995] 25.4] 62.7] 102 20.9] 95.7 279 242.3] 79.5 0 0] 4.8 912.4
1996 15.3] 0.3] 79.7] 38.8] 90.5] 240.1] 292.5| 234.1 1191 1.9 0 0 1112.2
1997| 27.6 0] 29.5] 103] 25.2 571 203.6] 203.4] 82.5|] 115} 10 0 856.7
1998] 32.7] 30.2] 19.6] 69.3] 160] 116.9] 207.8 280] 118.5] 36.9 0 0 1071.8
1999 1.3] 1.8] 91.8] 12.1] 45.4] 92.8| 282.6] 300.7] 61.7 65 0 0 955.2
2000 0 0] 29.1 93] 64.9] 100.1] 188.9 210] 124.1) 17.2] 23| 3.8 854.5
2001 0] 20.7] 121] 23.6] 118] 142.6] 257.5 145] 64.9] 2.2 0 0 895.7
2002| 31.1} 10.5] 87.8] 53.9] 76.6 108] 167.1] 166.3] 52.3 0 0] 18 771.3
2003] 19.6| 24.8] 23.9] 114 1.4 125.4] 325.1] 307.4] 113.4 0 0] 41 1095.8
2004| 15.6] 15.8] 61.4] 155| 15.4] 95.2] 150.3] 189.1] 80.9] 4.8] 3.4 0.7 787.1
2005 28.8] 7.3] 47.9] 112] 141] 139.9] 218.7| 231.4] 152.7}] 9.1} 15 0 1103.9
2006] 2.6| 44.2] 56.3| 79.7 22| 84.3] 276.4] 262.6] 148.1 38 0] 3.2 1017.4
2007| 34.2] 24.7] 25.6] 96.8] 64.6] 132.7| 254.2| 221.8] 148.5] 14.3] 1.3 0 1018.7
2008 0 0] 34.2] 0.6] 62.4] 140.2] 253.5] 252.3] 191.4] 7.2 65 0 1006.6
2009] 60.2 0 10| 119] 47.7} 63.5| 235.3| 322.4] 71.3] 32.8 44 17 982.7
2010 0] 63.8] 126] 170] 95.2| 164.8] 334.4] 169.8] 154.1] 5.2 15| 7.8 1306.1
2011 0] 2.5] 45.2] 20.7}] 129 60| 204.3 304| 194.5 o] 4.7 0 964.6
2012 0 0 29 61| 26.1] 80.6 228| 243.9] 122.9 0 0 0 791.5
2013 0 0 77| 89.1] 73.4] 111.5| 179.6] 242.4] 142.4] 20.6 0] 0.2 936.2
2014 0] 394 76] 13.9 0] 52.6] 176.8] 281.6] 115.3] 52.3 0 0 807.9
2015 0 0] 13.7] 2.3] 96.5 158| 187.8] 247.5 70 0] 15 0 790.3
Ave. | 12.95] 22.50| 53.72] 70.18] 62.83] 117.79] 233.34] 235.97] 109.56| 19.09] 6.68| 5.90 950.28
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Station name: Alemtena

Element: Monthly total rainfall (mm)

Annual
rain fall
Year |Jan  |Feb Mar  |Apr May |Jun Jul Aug  [Sep Oct Nov |Dec [(mmiyear
1990 0] 121.29] 47.46] 89.65] 15.82| 58.01] 179.3] 247.85| 142.38] 42.19 0] 5.27| 949.22
1991 0] 5.27] 63.28] 26.37] 36.91| 47.46] 216.21] 200.39| 116.02 0 0 0] 711.91
1992] 36.91] 42.19 0] 79.1] 31.64] 105.47] 152.93| 210.94] 47.46| 42.19| 5.27] 5.27| 759.38
1993] 15.82] 15.82] 10.55| 137.11] 89.65] 142.38| 205.66] 232.03] 131.84] 36.91 0] 10.55| 1028.32
1994 0 0] 26.37] 73.83] 42.19] 116.02| 226.76] 216.21] 137.11] 5.27] 5.27 0] 849.02
1995 0] 36.91] 21.09] 84.38] 15.82| 73.83| 152.93] 247.85| 110.74] 5.27 0] 5.27 754.1
1996) 15.82 0] 105.47] 89.65| 116.02] 189.84| 253.12| 232.03] 174.02] 5.27] 5.27 0] 1186.52
1997] 10.55 0] 42.19| 105.47] 58.01] 110.74| 152.93] 174.02] 58.01| 189.84| 26.37 0] 928.12
1998] 21.09] 42.19] 15.82] 42.19] 58.01] 94.92| 284.77] 210.94] 147.66| 152.93 0 0] 1070.51
1999] 10.55 0] 36.91] 15.82] 42.19] 110.74| 189.84] 174.02] 79.1] 121.29 0 0] 780.47
2000 0 0 0] 36.91] 36.91] 52.73] 121.29| 152.93] 58.01] 31.64 0] 5.27| 495.7
2001 0] 15.82] 116.02] 15.82] 52.73| 26.37] 137.11] 73.83] 52.73] 15.82 0 0] 506.25
2002 0 0] 52.73] 47.46] 10.55] 42.19| 63.28] 100.2] 15.82 0 0] 10.55| 342.77
2003] 10.55| 10.55] 36.91] 21.09 0] 31.64] 105.47] 131.84] 52.73 0] 5.27| 31.64] 437.7
2004 0 0] 58.01f 36.91 0] 36.91] 105.47] 94.92] 42.19| 26.37 0] 10.55| 411.33
2005| 21.09 0] 58.01] 79.1] 110.74] 10.55| 163.48] 94.92] 47.46] 21.09 0 0] 606.45
2006] 10.55| 73.83] 73.83] 84.38] 36.91] 84.38] 258.4] 158.2] 84.38] 36.91] 5.27| 21.09] 928.12
2007] 5.27| 42.19] 63.28] 52.73] 94.92] 73.83] 184.57| 200.39] 105.47| 15.82| 21.09 0] 859.57
2008 0 0 0] 26.37] 47.46] 68.55| 221.48] 232.03| 110.74] 26.37| 58.01 0] 791.02
2009] 36.91 0] 15.82] 31.64] 21.09] 36.91] 158.2] 158.2] 84.38] 79.1 0] 36.91] 659.18
2010 0] 73.83] 63.28] 105.47 79.1] 126.56| 221.48] 174.02| 137.11 0] 5.27] 10.55] 996.68
2011 0] 5.27] 42.19] 15.82] 79.1] 84.38] 94.92] 105.47| 47.46 0] 15.82 0] 490.43
2012 0 0] 5.27] 89.65] 15.82] 58.01| 247.85] 237.3| 131.84 0 0 0] 785.74
2013] 10.55 0] 73.83] 131.84] 73.83] 116.02| 232.03| 168.75] 105.47| 58.01] 31.64 0] 1001.95
2014 0] 15.82] 36.91] 47.46] 79.1f 73.83] 174.02] 179.3] 137.11] 79.1] 10.55 0] 8332
2015 0 0 0 0] 100.2] 89.65| 152.93] 137.11] 42.19] 10.55] 21.09 0] 553.71
Ave | 7.91] 19.268] 40.97| 60.239] 51.72] 79.305| 179.09] 174.83] 92.286| 38.536| 8.315| 5.882] 758.36
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Station name: Awash 7 kilo

Element: Monthly total rainfall (mm)

Annual rain
Year |Jan |Feb Mar Apr May |Jun Jul Aug Sep Oct Nov |[Dec |fall (mm/year
1990 0] 137.11] 68.55] 79.1] 10.55] 10.55| 131.84] 205.66| 105.47] 31.64 0] 5.27 785.7
1991} 5.27) 26.37] 79.1] 84.38] 58.01] 21.09f 168.75| 179.3] 79.1 0 0] 26.37 721.7
1992| 26.37) 58.01] 21.09] 73.83] 36.91] 36.91] 137.11} 232.03] 63.28] 10.55] 5.27| 5.27 706.6
1993] 21.09] 21.09] 21.09| 168.75| 84.38] 68.55] 168.75| 195.12| 84.38] 47.46 0] 15.82 896.5
1994 0 0] 21.09] 84.38] 73.83] 31.64| 168.75] 184.57] 126.56] 5.27| 36.91 0 733.0
1995 0] 58.01] 47.46] 110.74f 21.09] 5.27] 152.93] 200.39] 68.55| 5.27 0] 36.91 706.6
1996| 21.09] 5.27] 168.75| 110.74] 79.1] 79.1] 200.39] 232.03] 94.92] 5.27] 31.64 0 1028.3
1997| 15.82 0] 63.28] 89.65] 73.83] 116.02| 142.38| 131.84] 21.09] 237.3| 52.73 0 944.0
1998 26.37] 47.46] 42.19] 42.19| 68.55] 47.46] 205.66| 195.12| 121.29] 116.02 0 0 912.3
1999 5.27 0] 100.2] 21.09] 10.55| 58.01| 142.38] 168.75] 68.55| 84.38 0 0 659.2
2000 0 0 0] 31.64] 15.82] 10.55| 73.83| 105.47] 31.64] 26.37 0] 5.27 300.6
2001 0 0] 100.2] 10.55] 31.64] 26.37] 94.92] 79.1] 58.01] 15.82| 5.27 0 421.9
2002] 5.27 0] 73.83] 42.19] 15.82] 15.82| 63.28] 73.83] 5.27 0 0 0 295.3
2003] 5.27] 21.09] 31.64] 47.46| 5.27] 5.27] 36.91] 121.29] 42.19 0] 5.27] 36.91 358.6
2004 0 0] 58.01] 26.37 0] 15.82] 68.55] 52.73| 52.73] 5.27] 5.27| 21.09 305.9
2005 5.27 0] 52.73] 126.56] 89.65 0] 58.01] 31.64] 10.55| 10.55| 15.82 0 400.8
2006] 5.27] 63.28] 94.92] 94.92| 31.64] 26.37] 152.93] 121.29] 36.91] 52.73] 5.27| 31.64 717.2
2007] 5.27] 42.19] 52.73] 100.2|] 68.55] 10.55| 147.66] 137.11] 52.73] 21.09| 10.55 0 648.6
2008] 15.82 0 0] 42.19] 15.82| 21.09| 163.48| 184.57] 63.28] 36.91| 52.73 0 595.9
2009] 21.09 0] 36.91] 42.19 0] 21.09] 142.38] 131.84] 73.83] 68.55] 5.27| 36.91 580.1
2010 0] 105.47] 94.92] 100.2] 36.91] 58.01] 179.3] 210.94| 147.66 0] 10.55 0 944.0
2011 0 0] 36.91] 58.01) 52.73] 15.82| 63.28] 63.28] 21.09] 5.27| 10.55 0 327.0
2012 0 0 0] 58.01] 15.82] 21.09| 147.66| 226.76] 94.92] 5.27 0 0 569.5
2013] 10.55 0] 36.91] 110.74] 26.37| 42.19| 226.76] 195.12] 68.55| 31.64| 58.01 0 806.8
2014 0] 10.55] 36.91] 58.01f 68.55] 10.55| 137.11] 121.29] 100.2] 58.01 0 0 601.2
2015| 5.27 0] 21.09] 5.27] 68.55| 94.92| 42.19] 126.56] 15.82] 5.27| 42.19| 15.82 443.0
Ave 7.71 22.92) 52.33] 69.98] 40.77) 33.47] 131.43] 150.29] 65.71] 34.07] 13.59| 9.13 631.4
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Station name: Bishoftu

Element: Monthly total rainfall (mm)

year

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

annual
rainfall
(mm/year)

1990

29.6

25.5

16.5

236.5

91.4

125.8

309.2

85.3

88.3

1.05

0.34

0.09

1009.58

1991

0

99.1

31.8

54.8

111.8

51

233.6

207.8

157.3

3

2.5

0

952.7

1992

31

2.5

0.77

4.53

3.35

154.2

213.2

201.3

6.7

28.5

2.6

648.65

1993

0

0.31

1.58

37

67.4

118.3

135

221.2

157.3

111

1.57

32.8

779.57

1994

3.2

0

33.6

163.5

54.8

75.2

338.8

282.3

61.2

0

0

1012.6

1995

0

57.4

163.4

94.7

12.9]

46.1

156.1

310.2

135.5

12.1

3.5

991.9

1996

92.1

0.24

180

91.5

168.8

86.1

200.7

150.6

73.6

42.5

42.5

0.08

1128.72

1997

29.8

0

38.2

232

44.7

145.7

255.3

131.1

88.6

117.8

51.8

0.21

926.41

1998

41.6

40.6

0.78

33.5

47

48.1

154.4

336.4

197.2

179

0

0.02

1078.6

1999

111

0.02

104.1

1.04

2.61

39.1

246.5

232.9

52

167.4

3.6

0.1

860.47

2000

0.01

0

155

18.4

47.9|

58.4

215

249.5

110.9

96.3

30.5

6.1

848.51

2001

0.34

13.6

128

20

65.9|

76.5

204.1

214.2

113.2

0.6

10

0

846.44

2002

0.69

0

48.9

61.4

10

18.7

166.2

231.8

36

0.18

0.09

97.7

671.66

2003

32.5

32.1

119.6

152.6

0.39|

61.2

396.2

321.7

7.5

0.05

0.31

28.3

1152.45

2004

47.3

8L.4

146.9

235

0.53

91.8

287

295

94

52

0

18.2

1349.13

2005

30

24

93

72.1

138.4

97.5

69.4

123.1

50.6

0.4

2.3

0

700.8

2006

9.4

32.2

42.9

75.9

17.9|

11.8

142

144.6

53.8

6.1

0

25.6

562.2

2007

30.2

28.7

49.7

86.8

29.5

116

210.4

273.1

94.3

1.02

0.46

0

920.18

2008

18.3

0.07

4

59.6

53.1

20.6

376.3

271.9

59.3

59.8

49.2

0.08

972.25

2009

95.1

0.17

22

19

15.1

16.2

1334

123

45.5

116.8

0

61.3

647.57

2010

0.03

87

107.7

18.4

4.7

67.6

1911

175.7

156

0.85

50.2

0.51

929.79

2011

0.14

0.34

56

6.3

67.1

28

178.4

175.3

140.4

0.34

13.5

0.03

665.85

2012

0.01

0

20

31

18.7

73.4

326.2

253

88.7

7.8

0

3.5

822.31

2013

11

17

72.2

38.6

46.5

44.6

437.9]

139.7

118.5

60.6

16.2

0.01

987.51

2014

0

2.6

101.4

2.2

34.5

7.2

169.9|

207.4

152.4

93.6

26.6

0.56

798.36

2015

8.4

6.9

139.2

66.8

140.7

44.4

0.2

4

8.6

576.5

Ave. | 20.41[19.15] 72.E;lr 54.67

i

. 157.3+
49.31] 58.16[ 222.56

214.33[ 9L.07[ 48.é5r14.35|'12.i1

877.98
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Station name: Hombole

Element: Monthly total rainfall (mm)

annual
year |Jan |Feb |Mar JApr |May [Jun Jul Aug |Sep Oct |Nov |Dec | rainfall

(mm/year)
1990 89| 0.52] 54] 151.9 114 75.8] 3309 70.7] 66.3] 0.81| 0.37| 0.09 825.69
1991 32.1| 146.8] 204 124.7 40.1] 2136 168.9] 155.1| 1.04| 0.25( 0.17 903.16
1991 146 55| 190.3] 93.6 139] 1004 1494] 235 35 41 O 7734
1991 028| 15 29| 109 87.4] 257.6] 184.1] 219.9] 1.03| 15| 0.63 757.93
1991] 0.12 0.27] 95.9] 124] 108.3 91.2] 388.8| 2188 106.7| 0.93| 0.24| 0.26] 1135.52
1995 0| 1.52| 1.15| 3.24] 105 113.0f 1380 2249| 1112 0.44| 0.17| 0.32 594.99
1996| 0.85| 02| 3.65| 3.16] 4.05 95.1| 21350 257 198| 0.74| 0.49 0.08’ 776.82
1997] 0.62 0| 1.28| 386 279 106.50| 206.60(210.50] 162.3] 22 3] 0.02 719.47
1998| 17.6] 26.3 52| 43.8 38 66.4] 224.6] 284.3 57 62.1] 0.21] 0.01 872.32
1999] 34| 0.01] 86] 4.2 0.8 939] 200.9| 1838 42.2| 1165 0.06] 0.1 659.47
2000] 0.01 0| 014| 1.73| 119 83.2] 194.3] 1584] 115.8] 16.9] 0.13| 0.39 572.19
2001 O 16.4] 1165 63.8] 123.8] 158.7] 187.7] 102.8] 26.6] 0.73| 0.18| 0.07 797.28
2002| 0.54| 0.03| 1.85] 32.3] 38.2 68.5] 2205 147.6] 61.3] 0.16| 0.08] 15.6 586.66
2003| 15.2] 14.8] 58.3] 1509 13.7] 107.5] 326.1] 160.9] 28.9] 0.03] 0.32] 18.3 894.95
2004 O] 28.9| 144.9 0] 1012] 1199 1476] 60.2] 49.2] 094 0.25| 0.68 653.77
2005| 0.73| 0.16] 1.96] 65.2] 71.825 81] 1881| 1964| 453 079 011 O 651.6
2006| 0.33] 45.4| 2.77] 112.3] 589 87.4] 2154] 120] 89.5] 1.98| 0.44] 19.9 754.32
2007| 40.2] 3.8] 434] 26.7] 1135 180.4 135] 159.2] 106.6] 15.5 o o 824.3
2008| 0.19| 0.05| 0.05[ 1.73] 56.8 69.4] 2324] 202.6] 91.2] 87| 133.2] 0.07 796.39
2009| 98.9] 0.12] 82| 18.3] 34.8] 103.575| 180.675| 157.7| 114.55| 93.3 0] 86 818.72
2010] 0.02] 73.4] 964 1324 747 95.7] 1654] 1562 137.9] 06| 0.38| 0.38 933.48
2011 36| 0.23] 46.7] 45 412 68.8] 189.9] 174.4] 103.7 0] 14.1] 0.02 687.65
2012 0.01 0| 039] 611 29.7 55.8] 3334] 1502 1428 49| 03] 0.26 778.86
2013| 0.47| 0.05| 168.3] 17.3] 55.9] 1157] 201.6] 154.4] 127.2] 275| 129 O 869.71
2014 0.05] 12| 304] 221 531 146.3] 185.6] 106.7] 131.2| 2.74| 057| 0.32 680.28
2015] 0.1 0.08] 39.3] 235 139.6] 170.1] 149.8] 219.2] 79.5| 0.71| 0.82| 0.29 823
Ave.r8.71r10.13r39.34r39.65 50.23] 104.14] 201.77| 171.07 96.28r 17.96r 7.43r3.11 749.8
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Station name: Jeju

Element: Monthly total rainfall (mm)

YEAR

JAN

FEB

MAR

APR

MAY

JUN

JUL

AUG

SEP

OCT

NOV

DEC

ANN

1990

10.55

15.82

21.09

189.84

100.20

21.09

142.38

121.29

84.38

10.55

15.82

5.27

738.28

1991

0.00

26.37

52.73

21.09

105.47

42.19

158.20

142.38

195.12

42.19

10.55

0.00

796.29

1992

0.00

26.37

36.91

137.11

63.28

73.83

73.83

152.93

36.91

21.09

42.19

0.00

664.45

1993

0.00

5.27

47.46

68.55

31.64

84.38

68.55

210.94

163.48

47.46

47.46

42.19

817.38

1994

0.00

5.27

26.37

189.84

110.74

89.65

163.48

216.21

110.74

10.55

5.27

15.82

943.95

1995

0.00

26.37

26.37

73.83

21.09

21.09

126.56

200.39

63.28

0.00

0.00

5.27

564.26

1996

10.55

0.00

100.20

79.10

84.38

137.11

189.84

221.48

105.47

5.27

21.09

0.00

954.49

1997

10.55

0.00

26.37

100.20

73.83

89.65

147.66

126.56

21.09

195.12

42.19

0.00

833.20

1998

21.09

21.09

10.55

26.37

52.73

100.20

247.85

195.12

126.56

137.11

5.27

0.00

943.95

1999

10.55

0.00

68.55

15.82

21.09

73.83

174.02

163.48

58.01

110.74

0.00

0.00

696.09

2000

0.00

0.00

0.00

36.91

21.09

26.37

94.92

126.56

31.64

36.91

0.00

0.00

374.41

2001

0.00

5.27

94.92

10.55

47.46

36.91

147.66

84.38

68.55

21.09

5.27

0.00

522.07

2002

0.00

0.00

47.46

42.19

10.55

36.91

73.83

68.55

10.55

0.00

0.00

10.55

300.59

2003

5.27

26.37

36.91

36.91

0.00

21.09

73.83

116.02

31.64

0.00

10.55

36.91

395.51

2004

0.00

0.00

42.19

15.82

0.00

10.55

100.20

79.10

36.91

15.82

15.82

21.09

337.50

2005

15.82

0.00

31.64

94.92

73.83

5.27

105.47

63.28

15.82

15.82

0.00

0.00

421.88

2006

5.27

52.73

58.01

73.83

31.64

42.19

221.48

147.66

47.46

31.64

10.55

31.64

754.10

2007

10.55

21.09

52.73

47.46

58.01

26.37

174.02

137.11

68.55

15.82

26.37

0.00

638.09

2008

5.27

0.00

0.00

26.37

21.09

15.82

184.57

168.75

73.83

42.19

68.55

0.00

606.45

2009

36.91

0.00

21.09

36.91

0.00

26.37

163.48

137.11

73.83

84.38

0.00

36.91

616.99

2010

0.00

68.55

73.83

79.10

26.37

79.10

189.84

168.75

94.92

0.00

0.00

5.27

785.74

2011

0.00

0.00

21.09

26.37

47.46

52.73

73.83

68.55

21.09

5.27

15.82

0.00

332.23

2012

0.00

0.00

0.00

52.73

15.82

26.37

189.84

200.39

68.55

5.27

0.00

0.00

558.98

2013

5.27

0.00

26.37

89.65

42.19

52.73

210.94

179.30

58.01

26.37

47.46

0.00

738.28

2014

0.00

5.27

36.91

31.64

36.91

26.37

121.29

147.66

79.10

58.01

10.55

0.00

553.71

2015

0.00

0.00

5.27

0.00

63.28

84.38

63.28

126.56

26.37

21.09

42.19

5.27

437.70

5.68

11.76

37.12

61.66

44.62

50.10

141.57

145.02

68.15

36.91

17.04

8.32

627.95
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Station name: Koka Dam

Element: Monthly total rainfall (mm)

annual
year |Jan |Feb |Mar |Apr [May |Jun JJul |Aug |Sep |Oct |[Nov |Dec | rainfall

(mm/year)
1000] 08 o 153] 95.4] 1532 92.3] 350.5] 77.9] 102.8] o] 6.5] 0.22] 894.02
1901]  of 1.3[ 189 64 1475 509 268] 3184] 207.1] 6.4 o] 012 1008.01
1002] 0.07] 11| 1.39] 231] 1158] 1427] 183] 571 57| 9.4 0.0of  590.65
1003] o] 0.32] 165 785 402| 1255 168.4] 2152] 5.08] 1.77] 182 1.35] 639.79
1004] 022] o] 636] 157.6] o] 172.1] 204.5] 2885 733 o] o 82 1057.02
1995 202] 125] 285 127] 92[ 2254] 882] 95| 056|028 0.45]  368.16
1006] 057] 0.15] 339] 481] 102] 39| 116.2] 260.6] 49.3] 0.64] 0.67] 0.08] 5289
1007] 257] o] 4r5] 303] 107 145.4] 2109 250.2] 515] 66.6] 24.7] 0.0 87552
1008] 31| 37.6] 17.9] 27| 1303] 65.8] 245.4] 309.1] 715 167.9] 0.41] 0.02] 1194.13
1009 156] 105| 35| 108 10| 1102] 2103] 211.4] 67| 177.6] 0.11] 0.16 817
2000] 0.01] o] 16| s57.9] 122.7] 906 337 264.9] 2121] 0| 67.8] 104 116471
2001] 0.17] 141.2] 409 154.7] 1783 s01] 436] 110] 133] 59 217 1612.17
2002 108] 323 13.1] s83] 8o 13| 217] 1756 631] 06 o 139 6156
2003] 46.1] 65.6] 1042] 282 13| 121.3] 2747] 273.4] 332l o] 38557 10075
2004] 63| 02| 688 84s|  of 103.4] 1539] 272.1] 47| 357 a2l of 7768
2005] 479 017] 348 304 106] o 92.8] 1417 e12] o 58] of 42537
2006] 03] 11| 38.1] e83] 62| 131.3] 2345] 171.4] 866l 45| o 25 833
2007 44.7] 85| 832] 37.2] 944 60.1] 1507 179.6] 1402] 23] 13| of 8329
2008] 51 003 o 265 100.3] 942 3023 202f 1657 s9] 77| of 112213
2009 27.8] 012] 15 32.8] 275 65.7] 191.7] 156.9] 40.6] 87.4] 15[ 47 68062
2010] 0.02] 69.7] 90.1] 80.4] 80| 87| 236.8] 2723 2007 o 1.4] 0.22] 112033
2011] 0.09] 009 72.1] 182] 514] 100.3] 256.8] 198.7] 214.7] o] 388 0.02f 9512
2012] 0.01] 001l o 333] 422 384 501] 3002] 1038 o] o 022 101914
2013] 0.41] 0.41] 36.7] 126] 549 55.2] 207.9] 172.7] 1156] 175 1.6 002 76554
2014] 0.03] 35| 87.3] 05| 549 53| 2605 195.9] 2.81] 2.35] 0.57] 036]  614.02
2015] 0.16 of  of 2056] 107] 103.1] 1622] 861] o 11] 34 5826
Aw. | 136] 101 352 401f 59.9} ga.4l 2412 2175] 879 309f 125 78] 842
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Station name: Mojo

Element: Monthly total rainfall (mm)

annual

year |Jan |Feb |Mar JApr |May |[Jun [Jul Aug |Sep Oct |Nov |Dec | rainfall

(mm/year)
1000] 12.1] 32.7] 18.2] 258.7] 83.6] 117.7] 5316 1129] 76.8]  of 315] 0.22] 1276.02
1001 o] 32.9] 57.4] 17.8[ 155.2] 44.1] 319.1] 211.6] 1983 o] o 0.12] 1036.52
1002 0.07] 1.1] 139] 471 2.11] 134.3] 463.8] 261] 238.6] 0.8 1.81] 17.1] 1126.88
100 o] 032 184 o] 42| 909 sars| 36| €74 874 o of 117212
1004 0.22] 0.44] 12| 10| 332 128] 285.9] 230.8] 114.1] 126/ 254 of 85276
10| o 45.6] 37] 73.4] 314 327 185.8] 1437 709 25| of 045 62345
1996 o7.5] 72.2] 127] 214.9] 2213 2209] 795 o 3| 0.08[ 1036.38
1007] 304 o 37.6] 16.8] 16.1] 130.6] 216.1] 158.6] 77.8] 55.3] 21| 0.24] 76054
1008] 32.3] 7.6] 507 46| 46| 112.1] 161.3] 274.8] 149] 154.1] o] 0.02] 1033.92
100 053] o 184 of 42| 909 sars| 362| 7.4 87.4] ol 0.16] 1172.49
2000] 0.01] o 12| 10| 332 128] 285.9 230.8] 114.1] 12.6] 25.4] 0.29] 852.4
2001 0.17] 28.5] 79.4] 22.5] 113] 1315 184.7] 175.6] s4.9] 1.15[ 0.24] 0.00] 780.75
2002] 038] o] 89 137 65] 62.4] 193.5] 1692 95.2] 033 0.19] 14.9] s65.2
2003 40.6] 55.9] 74.9] 8a.3[ 232 129 3932 148.6] 96.1] 0.07] 0.62] 14.3] 1060.79
200d] 155 o 99.3] 114.6] o8 1.26] 393.8] 201.2] 1169 99.1] 32.4 1083.86
2005| 0.58] 19.1| 160.5| 149.6| 195.4 200.5| 320.6] 308.7] 143.5] 14.6] 109] of 1523.98
2006| 16| 38.5| 90.5| 61.6] 19.2] 100 344.4] 362.7] 131.8] 24.9] 2.6] 12.3] 11991
2007 54.1] 23.7] s3.8] 49.6] 113] 120.7] 222.8] 227.9] 914 76| o of 10016
o008 15| o o 619 767 137] 431] 404.4] 188.7] 89.4] s0.8] 0.05] 144145
2000] 39.2] 6| 26.3] 62.9] 12.7] 95.3] 213.8] 330.3] 66.2[ 214.5] 6.5]34.6] 11083
2010] 0.02] 85.2] 7.7 1519 119.5] 73.4] 254.2] 170.4] 246.7] 059 1.4] 0.22f 111122
2011] 0.09] 0.12] 47.4] sao[ 122 sa6] 193] 175.6] 170.4] 0.4 0.81] 0.02[ 81935
2012 0.01] 0.01] 37.8]  43] 0.67] 1.39] s24.4] 4197 147] 033] 0.05] 0.22] 1174.58
2013 0.41] 0.04] s5.8] 32.9[ 121.3] 985|420 232.3] 69.2] 36.4] 1.84] 0.02[ 1098.71
2014 0.03] 16.8] s1o| 29 7.6] 27.4] 260.7] 257.2 154.3] 9.3 0.57 0.36] 876.06
2015] 0.16] 0.1] 034] 0.4] 186.3] 117.6] 156.9] 2752 93.9] 85| 21| 0.57] 860.97
Ave. | 10.88] 16.36 52.75] 53.58] 65.75] 98.94] 201.38] 249.99] 115.47] 43.15 8.54] 3.94] 1010.7
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Station name: Methara

Element: Monthly total rainfall (mm)

Annual rain
Year |[Jan |Feb Mar  |Apr May |Jun Jul Aug |Sep Oct Nov |Dec |fall (mm/year
1990 0] 137.11f 68.55] 79.1] 10.55] 10.55| 131.84] 205.66| 105.47| 31.64 0] 5.27 785.7
1991 5.27] 26.37] 79.1] 84.38] 58.01] 21.09] 168.75] 179.3] 79.1 0 0] 26.37 727.7
1992| 26.37] 58.01] 21.09] 73.83| 36.91] 36.91] 137.11] 232.03] 63.28] 10.55| 5.27] 5.27 706.6
1993| 21.09] 21.09] 21.09| 168.75| 84.38] 68.55] 168.75] 195.12] 84.38] 47.46 0] 15.82 896.5
1994 0 0] 21.09] 84.38| 73.83] 31.64| 168.75| 184.57] 126.56] 5.27] 36.91 0 733.0
1995 0] 58.01] 47.46] 110.74] 21.09] 5.27| 152.93] 200.39] 68.55] 5.27 0] 36.91 706.6
1996| 21.09] 5.27] 168.75] 110.74] 79.1] 79.1] 200.39] 232.03] 94.92] 5.27] 31.64 0 1028.3
1997| 15.82 0] 63.28] 89.65] 73.83] 116.02| 142.38] 131.84] 21.09] 237.3] 52.73 0 944.0
1998| 26.37| 47.46] 42.19] 42.19| 68.55] 47.46] 205.66| 195.12| 121.29] 116.02 0 0 912.3
1999 5.27 0] 100.2] 21.09| 10.55] 58.01| 142.38| 168.75| 68.55] 84.38 0 0 659.2
2000 0 0 0] 31.64] 15.82] 10.55] 73.83| 105.47] 31.64] 26.37 0] 5.27 300.6
2001 0 0] 100.2|] 10.55| 31.64] 26.37] 94.92| 79.1] 58.01] 15.82] 5.27 0 421.9
2002] 5.27 0] 73.83] 42.19] 15.82] 15.82] 63.28] 73.83] 5.27 0 0 0 295.3
2003] 5.27] 21.09] 31.64] 47.46| 5.27] 5.27] 36.91| 121.29] 42.19 0] 5.27] 36.91 358.6
2004 0 0] 58.01) 26.37 0] 15.82] 68.55] 52.73] 52.73] 5.27] 5.27] 21.09 305.9
2005] 5.27 0] 52.73] 126.56] 89.65 0] 58.01] 31.64] 10.55] 10.55| 15.82 0 400.8
2006] 5.27] 63.28] 94.92] 94.92| 31.64] 26.37| 152.93] 121.29] 36.91] 52.73] 5.27| 31.64 717.2
2007] 5.27] 42.19] 52.73] 100.2|] 68.55] 10.55| 147.66] 137.11| 52.73] 21.09] 10.55 0 648.6
2008] 15.82 0 0] 42.19| 15.82] 21.09| 163.48| 184.57] 63.28] 36.91] 52.73 0 595.9
2009] 21.09 0] 36.91] 42.19 0] 21.09] 142.38] 131.84] 73.83] 68.55] 5.27| 36.91 580.1
2010 0] 105.47] 94.92] 100.2] 36.91] 58.01] 179.3] 210.94] 147.66 0] 10.55 0 944.0
2011 0 0] 36.91] 58.01) 52.73] 15.82] 63.28] 63.28] 21.09] 5.27] 10.55 0 327.0
2012 0 0 0] 58.01f 15.82] 21.09| 147.66| 226.76] 94.92] 5.27 0 0 569.5
2013] 10.55 0] 36.91| 110.74f 26.37] 42.19] 226.76] 195.12] 68.55] 31.64] 58.01 0 806.8
2014 0] 10.55| 36.91f 58.01] 68.55| 10.55| 137.11| 121.29| 100.2] 58.01 0 0 601.2
2015] 5.27 0] 21.09] 5.27| 68.55| 94.92] 42.19| 126.56] 15.82] 5.27] 42.19] 15.82 443.0
Ave| 7.71) 22.92] 52.33] 69.98] 40.77] 33.47] 131.43] 150.29] 65.71] 34.07] 13.59] 9.13 631.39
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Station name: Nura_Ear

Element: Monthly total rainfall (mm)

Annual
rain fall
Year |[Jan |Feb |Mar [Apr [May |Jun |dul Aug [Sep [Oct |Nov |Dec |(mmvyear
19901 10.55] 89.65| 73.83]126.56| 21.09] 15.82]163.48]200.39]110.74| 36.91| 0.00] 5.27] 854.30
1991] 0.00] 21.09] 68.55] 79.10f{121.29|] 21.09]184.57]200.39] 89.65| 5.27]15.82]36.91] 843.75
19921 10.55] 58.01] 21.09] 58.01| 63.28] 42.19]131.84]242.58] 68.55| 10.55|10.55] 5.27] 722.46
1993|15.82] 15.82| 21.09]121.29|110.74| 68.55]184.57]232.03] 94.92| 73.83] 0.00]15.82] 954.49
1994| 0.00] 0.00] 15.82]126.56| 84.38| 42.19]195.12]216.21]142.38| 15.82|42.19] 0.00] 880.66
1995| 0.00] 42.19] 52.73]116.02| 31.64| 15.82]126.56]216.21] 84.38| 10.55|10.55]21.09] 727.73
1996] 10.55] 5.27]152.93]|105.47]121.29] 94.92|216.21]242.58|121.29] 5.27|31.64|] 0.00] 1107.42
1997] 5.27] 0.00] 42.19]147.66| 89.65| 94.92|147.66]131.84] 15.82|284.77]63.28] 0.00] 1023.05
1998] 36.91| 15.82| 21.09] 36.91] 79.10]100.20] 242.58] 200.39| 158.20] 168.75| 15.82] 0.00] 1075.78
1999]10.55] 0.00]105.47] 26.37| 15.82| 63.28]163.48] 184.57] 63.28|131.84| 0.00] 0.00] 764.65
2000] 0.00f 0.00f 0.00] 47.46] 31.64| 26.37| 68.55]126.56] 26.37| 47.46| 0.00] 5.27| 379.69
2001] 0.00] 5.27]100.20] 10.55| 47.46| 26.37]126.56]110.74] 84.38| 31.64| 5.27] 0.00] 548.44
2002|10.55] 0.00| 68.55] 68.55| 15.82| 21.09] 73.83] 79.10] 10.55] 0.00f 5.27] 5.27] 358.59
2003| 5.27] 26.37| 26.37] 73.83] 5.27| 5.27] 58.01)137.11] 52.73] 0.00{21.09]42.19] 453.52
2004] 0.00f 0.00] 52.73] 31.64] 0.00] 15.82] 94.92] 89.65| 58.01] 21.09|21.09]26.37] 411.33
2005]15.82] 0.00] 42.19]1137.11]126.56] 5.27] 79.10] 42.19] 15.82] 21.09|10.55] 0.00] 495.70
2006| 5.27] 47.46| 84.38|110.74| 47.46| 31.64|195.12]126.56] 52.73| 63.28|15.82]42.19] 822.66
2007] 10.55] 31.64| 47.46] 89.65| 89.65| 15.82]168.75|142.38] 63.28] 31.64]|31.64] 0.00] 722.46
2008]10.55] 0.00] 0.00] 31.64] 26.37| 15.82|189.84]195.12| 73.83] 63.28|73.83] 0.00] 680.27
2009]42.19] 0.00] 26.37] 68.55| 5.27] 26.37]168.75]131.84] 79.10] 89.65] 5.27]52.73] 696.09
2010] 0.00]100.20]105.47]1110.74] 63.28| 63.28]200.39] 200.39]152.93] 15.82 5.27] 5.27| 1023.05
2011] 0.00] 0.00] 26.37] 47.46| 73.83] 31.64|] 73.83] 73.83] 15.82| 10.55]26.37] 0.00] 379.69
2012| 0.00] 0.00] 0.00] 94.92] 26.37| 26.37]158.20]221.48]105.47] 5.27| 0.00] 0.00] 638.09
2013]10.55| 0.00] 52.73]126.56] 42.19| 36.91|232.03]195.12| 63.28| 42.19|89.65] 0.00] 891.21
2014] 0.00] 5.27| 42.19] 84.38] 68.55| 15.82|121.29]126.56] 94.92| 94.92|15.82] 0.00] 669.73
2015| 5.27] 5.27| 10.55] 15.82|110.74|131.84| 68.55]179.30] 52.73| 21.09|63.28]26.37] 690.82
Ave | 8.32] 18.05] 48.48| 80.52| 58.41| 40.56]147.45]163.27] 75.04| 50.10]22.31}11.15] 723.68
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Station name: Wolenchiti

Element: Monthly total rainfall (mm)

year

Jan

Feb

Mar

Apr

May [Jun

Jul Aug

Sep

Oct

Nov

Dec

annual
rainfall
(mm/year)

1990

29.6

25.5

16.5

236.5

91.4] 125.8

309.2

85.3

88.3

1.05

0.34

0.09

1009.58

1991

99.1

31.8

54.8

111.8 51

233.6

207.8

157.3

3

2.5

0

952.7

1992

31

2.5

0.77

4.53

3.35] 154.2

213.2

201.3

6.7

28.5

2.6

648.65

1993

0.31

1.58

37

67.4] 118.3

135

227.2

157.3

111

1.57

32.8

779.57

1994

3.2

0

33.6

163.5

54.8] 75.2

338.8

282.3

61.2

0

0

1012.6

1995

57.4

163.4

94.7

12.9] 46.1

156.1

310.2

135.5

12.1

3.5

991.9

1996

92.1

0.24

180

915

168.8] 86.1

200.7

150.6

73.6

42.5

42.5

0.08

1128.72

1997

29.8

0

38.2

23.2

44.7) 145.7

255.3

131.1

88.6

117.8

51.8

0.21

926.41

1998

41.6

40.6

0.78

33.5

47] 48.1

154.4

336.4

197.2

179

0

0.02

1078.6

1999

111

0.02

104.1

1.04

2.61] 39.1

246.5

232.9

52

167.4

3.6

0.1

860.47

2000

0.01

0

15.5

18.4

47.9| 58.4

215

249.5

110.9

96.3

30.5

6.1

848.51

2001

0.34

13.6

128

20

659 76.5

204.1

214.2

113.2

0.6

10

0

846.44

2002

0.69

0

48.9

61.4

10] 18.7

166.2

231.8

36

0.18

0.09

97.7

671.66

2003

32.5

32.1

119.6

152.6

0.39] 61.2

396.2

321.7

7.5

0.05

0.31

28.3

1152.45

2004

47.3

8L.4

146.9

235

0.53] 91.8

287

295

94

52

0

18.2

1349.13

2005

30

24

93

72.1

138.4] 97.5

69.4

123.1

50.6

0.4

2.3

0

700.8

2006

9.4

32.2

42.9

75.9

1791 11.8

142

144.6

53.8

6.1

0

25.6

562.2

2007

30.2

28.7

49.7

86.8

29.5] 116

210.4

273.1

94.3

1.02

0.46

0

920.18

2008

18.3

0.07

4

59.6

53.1] 20.6

376.3

271.9

59.3

59.8

49.2

0.08

972.25

2009

95.1

0.17

22

19

15.1] 16.2

1334

123

45.5

116.8

0

61.3

647.57

2010

0.03

87

107.7

18.4

74.7] 67.6

1911

175.7

156

0.85

50.2

0.51

929.79

2011

0.14

0.34

56

6.3

67.1 28

178.4

175.3

140.4

0.34

13.5

0.03

665.85

2012

0.01

0

20

31

18.7] 734

326.2

253

88.7

7.8

0

3.5

822.31

2013

11

17

72.2

38.6

46.5] 44.6

437.9]

139.7

118.5

60.6

16.2

0.01

987.51

2014

0

2.6

1014

2.2

345] 7.2

169.9|

207.4

1524

93.6

26.6

0.56

798.36

2015

6.9

66.8

140.7

8.6

576.5

8.4
Ave. | 21.41] 19.15] 7251] 54.67

k1392

2| es. . a4 o .
49.31] 58.16|'222.56+214.33r 91.07] 48.35] 14.35] 12.11

877.98
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APPENDIX-3 Water Allocated from Koka reservoir for 2022 G.C

S/no |Name of user Nov. |Dec. |Jan. |Feb. |Mar. |Apr. [May |Jun.
1jwonji main 4.628] 4.755| 4.486| 4.239| 3.762] 3.655| 4.78] 4.44
2| Dodota pump 1.68] 1.56] 1.62] 1.83] 1.81] 1.93] 1.49] 1.28
3|waketiyo pump 0.44] 0.4| 0.42] 0.6] 0.65] 0.83] 0.51] 0.33
4]welenchti intake 215 2.4] 2.27] 3.27] 3.19] 3.05| 3.18] 1.65
5]woniji kuriftu cooperatives 0.12] 0.11] 0.12] 0.28] 0.35| 0.54| 0.28] 0.08
6|Boku Kurabo Cooperatives 0.1] 0.09] 0.09] 0.25] 0.31] 0.5 0.25] 0.03
7| Adulala Boku Cooperatives 0.1] 0.1] 0.1] 0.26] 0.32] 0.5] 0.26] 0.04
8| Wake-Mia Cooperatives 0.15| 0.14f 0.15| 0.31}] 0.36] 0.53] 0.3] 0.05
9| Wake-Tiyo Cooperatives 0.07] 0.07] 0.07] 0.23] 0.29] 0.48] 0.23] 0.02

10Jadama wereda 0.84] 0.8] 0.83] 0.96] 0.9] 0.94] 0.87] 0.3
11]dodota wereda 0.38] 0.34] 0.32] 0.38] 0.5] 0.63] 0.47] 0.37
12]|Boset wereda direct pump 0.39] 0.34f 0.32f 0.39] 0.5] 0.63] 0.48] 0.37
13] Africa juice @ degaga 0.1] 0.1] 0.1] 0.26] 0.32] 0.51] 0.26] 0.04
14| Tibila farmers @ Tibila diversion 2.06] 1.96] 2.04] 2.12] 1.87] 1.66] 1.88] 0.72
15| Africa juice @ memberehiwot 0.03] 0.03] 0.03] 0.2 0.27] 0.46] 0.2] 0.01
16]upper awash Ag.ind @abadiska 0.36] 0.32] 0.3] 0.38] 0.5] 0.64] 0.49] 0.39
17|upper awash Ag.ind @Nura Hera 1.32] 1.17] 1.09] 0.95] 1.18] 1.26] 1.84| 2.02
18|Farmers @Nura Hera 0.44] 0.39] 0.36] 0.42| 0.54] 0.66] 0.52| 0.42
19|Farmers @ Merti woreda 0.39] 0.34] 0.32] 0.39] 0.5 0.63] 0.47] 0.37
20|Farmers @Jeju woreda 0.45] 0.4] 0.37] 0.42| 0.55] 0.67] 0.53] 0.43
21|Farmers @merti jeju main canal 1.56] 1.39] 1.29] 1.06] 1.32] 1.21] 1.41] 1.24
22|upper awash Ag.ind @merti jeju 0.24] 0.22] 0.2] 0.31] 0.41] 0.58] 0.44] 0.33
23| Awash winery @ merti jeju 0.22] 0.19] 0.18] 0.3] 0.4] 0.56] 0.35] 0.21
24| Fentale project @kawa diversion 3.12| 2.51] 2.67] 2.24] 2.74] 2.22| 3.03] 2.55
25| Bole gologota main canal 0.69] 0.61] 0.57|] 0.56] 0.71] 0.78] 0.71] 0.65
26|farmers @ abadir 0.33] 0.29] 0.27] 0.35] 0.46] 0.6] 0.43] 0.31
27|metehara SF @ abadir 2.95] 2.61| 2.58] 2.39] 2.79] 2.65] 2.89] 2.43
28| metehara SF @ merti canal 4.44] 4.32| 4.36| 4.27] 4.96] 4.53] 5.2 4.59
29|farmers @ merti canal 0.38] 0.34] 0.31] 0.38] 0.5] 0.63] 0.47] 0.36
30| Awash fentale wereda direct pump 0.23] 0.21] 0.19] 0.3] 0.4 0.56] 0.35| 0.22
31|Sub total upper awash 29.6|278]27.6]31.1]34.4]36.1]33.8] 25
32|Middle Awash @melka sedi weir 2.31]|3.46]|3.6714.24]14.75|5.42|7.02] 7.19
33| Total irrigation demand from koka 32 |31.2]31.2]353]39.2]141.6]40.8] 32.1
34|Environmental flow 3.2|] 3.12] 3.12] 3.02| 3.18] 2.78] 3.56] 3.21
35| Industry 3.35| 4.15| 4.15| 4.15| 4.15| 4.15| 4.15| 4.15
36|Domestic 15| 15 15 15 15 15 15 1.5
Total monthly water demand (m3/s) 40 40| 40| 44| 48] 50| 50| 41
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