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Ethiopia has long since been an area strongly affected by drought. Although there is a relatively
large amount of fresh water present in the country, variability in rainfall and lack of
infrastructure lead to the result that most of the population is undersupplied with water. In this
region where water is such a valuable commodity, the Abay River is a large, mainly untapped
resource. Agriculture is the largest economic activity in Ethiopia but the productivity of
agriculture here is one of the lowest in the world, making food security a serious problem for a
country with a fast growing population. The development of irrigation projects is hoped to
ensure food security at the household level. The Koga Dam is a key project for the Ethiopian
government, as a step towards achieving food self-sufficiency at both national and regional
levels for a country that has a history of draughts and famine. If this project succeeds, it will be a
model for projects to come and proof that dams and water management can bring change to the
region, particularly concerning food security. Sedimentation is a problem for many dams around
the world, and especially in this region. It is likely that the volume of the Koga reservoir will
decrease over time due to reservoir siltation. Variability in climate is also predicted for the region
which could mean years with below average rain. These two factors combined could mean a
decrease in water supply for the irrigation project in the future. This study applies existing
knowledge of sedimentation and annual climate variability relative to the Koga reservoir to a
simple reservoir model in order to investigate current and future annual changes in the
reservoir’s volume. Climate and volume change were incorporated into the water balance model.
Results showed that the dam should be capable of providing enough irrigation water to farm year
round assuming average climate and climate variability and no sedimentation. However, as low
as an 11% decrease in storage could result in the reservoir drying out for at least one month a
year.
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Abstract
Variability and change in Koga reservoir volume, Blue Nile, Ethiopia
Benjamin Reynolds

Ethiopia has long since been an area strongly affected by drought. Although there is a relatively
large amount of fresh water present in the country, variability in rainfall and lack of
infrastructure lead to the result that most of the population is undersupplied with water. In this
region where water is such a valuable commodity, the Abay River is a large, mainly untapped
resource. Agriculture is the largest economic activity in Ethiopia but the productivity of
agriculture here is one of the lowest in the world, making food security a serious problem for a
country with a fast growing population. The development of irrigation projects is hoped to
ensure food security at the household level. The Koga Dam is a key project for the Ethiopian
government, as a step towards achieving food self-sufficiency at both national and regional
levels for a country that has a history of draughts and famine. If this project succeeds, it will be a
model for projects to come and proof that dams and water management can bring change to the
region, particularly concerning food security. Sedimentation is a problem for many dams around
the world, and especially in this region. It is likely that the volume of the Koga reservoir will
decrease over time due to reservoir siltation. Variability in climate is also predicted for the region
which could mean years with below average rain. These two factors combined could mean a
decrease in water supply for the irrigation project in the future. This study applies existing
knowledge of sedimentation and annual climate variability relative to the Koga reservoir to a
simple reservoir model in order to investigate current and future annual changes in the
reservoir’s volume. Climate and volume change were incorporated into the water balance model.
Results showed that the dam should be capable of providing enough irrigation water to farm year
round assuming average climate and climate variability and no sedimentation. However, as low
as an 11% decrease in storage could result in the reservoir drying out for at least one month a
year.

Keywords: Koga Dam, Irrigation, Reservoir, Ethiopia, Sedimentation, Crop Water
Requirements, Monthly Water Balance
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Referat
Variabilitet och förändring i Kogadammens vattenvolym, Blå Nilen, Etiopien
Benjamin Reynolds

Etiopien har sedan länge varit utsatt för vattenbrist. Trots att det finns ganska mycket sötvatten i
landet leder variation i nederbörd och brist på infrastruktur till att en stor del av befolkningen
saknar vatten i tillräcklig utsträckning. När vatten är en sådan värdefull råvara är Blå Nilen
(Abay floden är den inhemska beteckningen) en stor och outnyttjad resurs för regionen.
Jordbruk är den största näringen i Etiopien men jordbrukets produktivitet är en av de lägsta i
världen. Med tanke på landets snabbt växande befolkning är livsmedelsförsörjningen därför en
allvarligutmaning. Utvecklingen av bevattningsprojekt förväntas trygga livsmedelsförsörjningen
på familjenivå. Kogadammen är ett centralt projekt både på nationell och på regional nivå. Den
etiopiska regeringen som ser den som ett steg mot livsmedelssäkerhet mot bakgrund av landets
historia av regnbrist och svält. Om projektet lyckas, kommer det att bli en modell för framtida
projekt och ett bevis på att dammar och vattenförvaltning kan ge förändra situationen, särskilt
med avseende på livsmedelssäkerhet. Sedimentering är ett problem för många dammar runt om i
världen, särskilt i denna region. Risken är stor att Kogadammens vattenvolym kommer att
minska på grund av igenslamning. Klimatets variabilitet förutspås dessutom öka i regionen och
kan innebära år med såväl mindre som mer regn än idag. Sedimenteringen och den ökade
nederbördsvariabiliteten kan möjligtvis innebära en minskad tillgång på bevattningsvatten i
framtiden. Denna studie använde sig av befintlig kunskap om sedimentering och årliga
klimatvariationer för att studera tänkbara förändringar i Kogadammens vattenvolym.
Existerande data användes i en enkel reservoarmodell för att undersöka årliga volymförändringar
i reservoaren idag och i framtiden. Dammens månatliga vattenbalans beräknades årsvis under
olika antaganden om klimat och volymförändringar. Beräkningarna visar att dammen bör kunna
leverera tillräckligt med vatten för att bevattna hela projektområdet om ingen klimatförändring
eller volymminskning sker. Men om en volymminskning skulle inträffa, skulle dammen
sannolikt inte kunna leverera tillräckligt med vatten för bevattning under torrsäsongen
mednuvarande odlingsmönster.

Nyckelord: Kogadammen, Bevattning, Reservoar, Etiopien, Sedimentation, Livsmedelssäkerhet,
Grödor vattenbehov, Månatligvattenbalans
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1. Introduction
Ethiopia has long since been an area strongly affected by drought. Although there is a relatively
large amount of fresh water present in the country, (110 billion m3 of water are discharged out of
the country each year) variability in rainfall and lack of infrastructure lead to the result that most
of the population is undersupplied with water (Marx, 2011). The upper Blue Nile Basin, known
as the Abay River Basin in Ethiopia, has an estimated irrigation potential of 760,000 ha yet
actual irrigated land use was measured to be a mere 30,000 ha in 2002 (Moges et al. 2010). In
this region where water is such a valuable commodity, the Abay River is a large, mainly
untapped resource.

Agriculture employs 85% of the workforce in Ethiopia (CIA World Fact Book, 2012) and is the
largest economic activity (as of 2004) at 46.3%, with services being the second most prominent
at 41.2% of a Gross Domestic Product (GDP) per capita of 1000 USD (UN Ethiopia, 2012).
Despite this fact, the productivity of agriculture in Ethiopia is only 1.2 tons per ha, one of the
lowest in the world (Marx, 2011) making food security a serious problem for a country with a
fast growing population.

Although landscape management is not the only factor that can affect water availability, it can
reduce seasonal water shortages (Gebrehiwot, correspondence). In June 2001 the Ministry of
Water Resources in Ethiopia issued a Water Sector Strategy that aimed to “enhance and promote
all national efforts towards the efficient, equitable and optimum utilization of the available water
resources of Ethiopia for socio-economic development at a sustainable level” (Ministry of Water
Resources, 2004). Population growth in Ethiopia is projected to be 2.5% per year, while growth
of crop yields is only increasing 1.4% per year (1960-2001), creating a declining food
availability per capita from domestic production (Ministry of Water Resources, 2008).
Development of irrigation projects is listed as a prime tool to ensure food security at the
household level. The Ministry of Water Resources sees expansion of irrigated agriculture as a
way to provide food security for a fast growing population. The Koga Dam is a key project for
the Ethiopian government, as a step towards achieving food self-sufficiency at both national and
regional levels for a country that has a history of draughts and famine (Ministry of Water
Resources, 2004). If this project succeeds, it will be a model for projects to come and proof that
dams and water management can bring change to the region, particularly concerning food
security. The irrigation program plans to develop 274,612 ha of new land and increase the total
irrigated area in Ethiopia to 471,862 ha during a 15 year period from 2002-2016 (Ministry of
Water Resources, 2008). On the household level, farmers in the Koga region stand to gain a lot
economically from the new irrigation system. The average land holding is 1.68 ha. With this size
of land, a family using rain fed irrigation can have a net income of around 6000 Ethiopian birr.
Under the irrigated system, net income increases to 20000-26000 birr, about four times as much
as under the rain fed system (Marx, 2011).
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Sedimentation is a problem for many dams around the world, and especially in this region. It is
likely that the volume of the Koga reservoir will decrease over time due to reservoir siltation. An
increased variability in climate is also predicted for the region which could mean years with
below average rain. These two factors combined could mean a decrease in water supply for the
irrigation project in the future. Damming of rivers causes major changes concerning water
availability in the catchment, for example evaporation increases while runoff decreases
(Vorosmarty, 1997). All crops in the Koga region require water for irrigation during the dry
season. For this reason it is important to know the supply volume of the reservoir in order to plan
what crops to grow and how much land can be irrigated, which depends on the amount of water
available in the reservoir. The aim of this paper is to see how a change in maximum reservoir
volume, in addition to a change in precipitation and evaporation, will affect the supply volume of
the reservoir. When and if the reservoir volume reaches zero and is unable to supply any water is
of special interest. A monthly water balance assessment of the Koga reservoir throughout the
course of a hydrologic year was performed in order to investigate current and future annual
changes in the reservoir’s volume.
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2. Background

In this section, the research study site is described in terms of geography and climate. The larger
Blue Nile Basin is described first, including location, land use and population, climate
characteristics and geology of the region. The Koga Basin is then presented in a similar manner,
followed by a presentation of climate data.

2.1 The Hydrology of the Blue Nile Basin
The Blue Nile Basin (BNB), also referred to as the Abay Basin, is located in the highlands of
Ethiopia, in the northwest part of the country. The basin covers an area of 199812 km2, the
second largest in the country, with an elevation change of 3900m (Awulachew, 2008).Though
this is roughly 20% of the total land area in Ethiopia, 25% of the population lives here and 40%
of the agricultural production in the country takes place in the BNB (Awulachew, 2007). The
river begins at Lake Tana, elevation 1786 meters above sea level, the largest in Ethiopia and
flows through the Amhara region to the Sudanese border (Awulachew, 2008). Rainfall in the
BNB is controlled by the Inter Tropical Convergence Zone’s migration over the region, which
brings in moisture from the Indian and Atlantic oceans. Precipitation ranges between 800 and
2200 mm annually. Most of this precipitation falls during the rainy season, which takes place
from June to September. The dry season lasts from December to May and receives the smallest
amounts of rainfall. This water collected in the basin, produces an outlet flow of 49.4 G m3 yr-1

at the Sudanese border (Gebrehiwot, 2010).  Once it reaches the Aswan Dam in Egypt, the Blue
Nile accounts for 62 percent of the flow at that point (Ministry of Water Resources 1998). The
geology of the BNB can be divided into three different formations. Exposed crystalline basement
rock covers 32% of the basin, while sedimentary formations compose 11% and volcanic
formations make up the remaining 52 percent of the basin. The dominant soil type is clay
vertisol, which covers around 15% of the region (Gebrehiwot, correspondence), (Johnson, 1994).
Vertisol can be described as a special type of shrinking and expanding clay. This motion in the
clay can cause cracks to form when it dries and is very susceptible to erosion (Gebrehiwot,
correspondence).

2.2 Koga Basin
The Koga Basin lies within the BNB, in the headwaters of the Blue Nile. Covering an area of
266 sq km, the Koga Basin received 1560 mm of precipitation annually on average from 1960 to
2003, though showing a decreasing trend of 4mm per year. Elevation ranges from 1800 to 3000
meters above sea level and can be divided into two parts. The upstream area of the catchment is
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narrow and mountainous, while the downstream area is wide and fairly flat (Gebrehiwot, 2010).
The river flows 64 km from the highlands into Lake Tana, the source of the Blue Nile (Mott
MacDonald, 2004). Mean daily temperature was 19 degrees Celsius from 1960-2003.
Throughout the basin (as of a 2005 field inventory), the major land use types are cultivated
agricultural land, settlements, scrub-wetland, bush land, and a very marginal amount of natural
forest remains. Eucalyptus trees have been planted around many settlements as a timber product.
The wetland areas can become inundated during the rainy season, though they are otherwise
mainly used as grazing lands. Because of the nature of the land cover, runoff during the rainy
season can be quite high. Despite changes in precipitation, changes in river flows (high flow, low
flow and total flow) have not occurred and this is thought to be due to the wetland in the area
acting as a buffer zone. Variability in flow has increased during the 1960-2005 period however
(Gebrehiwot, 2010). Monthly flow throughout the year changes with the precipitation pattern,
and thus the minimum flow occurs during April and the maximum in August. The rainy season
(July-September) generates about 70% of the runoff feeding the Koga River (Mott MacDonald,
2004).

Figure 1 Location of the meteorological stations in the Blue Nile Basin (BNB) in Ethiopia; green area, left figure, and the Koga
Watershed within the BNB; right figure (Gebrehiwot, 2010).The locations of the Bahir Dar and Merawi meteorological stations
in the BNB are given, as well as the location of the dam in the Koga watershed. The general location of the Merawi station in
relation to the dam is given in the right figure.
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The Koga Dam is built on the Koga River in the Koga Basin, about 35km south of the city of
Bahir Dar and Lake Tana, just outside the village of Merawi, in the West Gojam zone of the
Amhara state.  It was built as part of a project to increase food security in the region which is
fairly low at the moment due to variability in rainfall and dependence upon rainfed agriculture by
nearly 90% of the 600,000 people living in the basin. It is the first large scale project to be built
in the BNB since 1987 and the first in a series of planned projects (Eguavoen, 2011). It is
therefore an important pilot project as the effectiveness of the Koga project may influence future
projects still in the planning stage.

2.3 Climate data for the study area
The climate in the study area is mainly controlled by the movement of the ITCZ (Gebrehiwot,
2010). It has a rainy and dry season accordingly. The driest time of year, called the Bega, lasts
from December until May while the Kiriment, or rainy period, lasts from June/July to
September/October (Marx, 2011). High river flows occur during the rainy period as a result of
precipitation and runoff, which can be problematic as it promotes high rates of erosion (Ministry
of Water Resources, 1998). Temperature and precipitation/evapotranspiration data for the Koga
irrigation project area can be seen in Figure 2.  The temperature and rainfall/evapotranspiration
graphs were made using data from both Bahir Dar and Merawi meteorological stations. The
Penman Monteith method was used for evapotranspiration (ETo) calculations.
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Figure 2 Climate and Evapotranspiration Data (Ministry of Water Resources, 2006). The Graphs show minimum and maximum
temperature in degrees C, and rainfall and evapotranspiration (ETo) in mm, and give averaged values for each throughout the
year. Merawi extended rainfall uses precipitation data from both Bahir Dar and Merawi meteorological stations to give the most
accurate data for the site.

Daily average reference crop evapotranspiration or potential evapotranspiration (ETo) is
4.17mm/day or 1520mm annually. The average annual effective rainfall, which is defined by
FAO as the water available to plants that is not lost to runoff or deep percolation, is 611.3mm
(Allen, 1998). The average annual Merawi Extended rainfall, rainfall calculated using data from
meteorological stations in both Bahir Dar and Merawi, is 1578.3mm. All average annual values
were calculated from the data in Table A1in Appendix A.
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3. Presentation of Project and Cropping Plans

Here the dam and planned irrigation operations and cropping patterns are described. First, a
description of the dam is given. Crop water requirements are then presented and the section ends
with an explanation of how the cropping pattern is decided and the planned and actual cropping
patterns used in the project areas are presented.

Figure 3 Koga Dam and primary irrigation canal outlet
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3.1 The Dam

The Koga dam is built on the Koga River, a tributary of the Blue Nile flowing into Lake Tana in
Northern Ethiopia. The Koga is the only river that flows into the reservoir, which upon
completion, had a volume of 83.1 Mm3 (Marx, 2011) and a surface area of 1750 ha according to
an interview with one of the project engineers (Andualem, 2012). The reservoir serves a total
command area of 7000 ha (Ministry of Water Resources, 2008). There are two outlets in the dam
serving three purposes. The first is the bottom outlet, which serves as an emergency and
environmental outlet. The maximum discharge from this outlet is 31m3/s which is used to drain
the dam during emergencies or for maintenance. Water may be released for maintenance
purposes in order to do repairs on the dam structure or to flush out accumulated sediment.
Sediment flushing occurs once a year and operates at maximum discharge for 30 minutes,
releasing 55,800 m3 of water. When maintenance is not occurring, this outlet is used for
environmental monthly compensation flows. These flows vary depending upon the month in the
amount of water discharged but the outlet is set at a max discharge rate of 1m3/s. The other outlet
in the dam is to the irrigation canal (Andualem, 2012). A description of the irrigation canals
downstream of the dam is given in Appendix B. In addition to these two outlets there is a
spillway where, if the dam volume should increase to more than its full volume of 83.1 million
cubic meters (Mm3), excess water will be released, thus keeping the dam volume from filling
over capacity. The Ministry of Water Resources in Ethiopia has estimated in its Cost Recovery
Study for the Koga Irrigation Project that the irrigation requirements of this area of 7000 ha can
be fully met if the volume of the reservoir is at least 80.33 Mm3. The original volume of the
reservoir is over this recommended value (Ministry of Water Resources, 2006). However,
Merawi Working Paper number 1, table 3.1, presented as Table A2 in Appendix A, gives values
for 10 different model runs done by the Koga engineers showing the potential irrigation area in
ha for the dam with 80% reliability. Averaging all these runs gives a value of 6665.4 ha for the
amount of land that could potentially be irrigated. This is less than the desired value of 7000 ha.
If these calculations are correct then the dam could be at risk if the volume were to decrease.

3.2 Water requirements

3.2.1 Crop water requirements
The amount of irrigation water taken from the dam each month depends upon the irrigation water
requirements of the crops grown in the command areas, as well as the irrigation methods used.
Furrow irrigation, described in detail in Appendix G, is the method used to irrigate the fields in
the Koga project area and has an estimated efficiency of 50% (USGS, 2000). This means the
water required for irrigation will be roughly twice the evapotranspiration of any given crop. The
gross irrigation water requirement (GIWR), the total amount of water required for irrigating, is
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affected not only by the amount of rainfall available to the crops but also depends upon what
crops are grown, how much land is under irrigation, and in what proportions crops are grown.
All crops have different water requirements due to different natural amounts of
evapotranspiration. Crops grown in the command areas include wheat, maize, potato, green
pepper, onion, barley, beans, haricot beans, abish, fasolia, cabbage, tomato, carrot, beatroot, teff,
shallots, millet, noug and garlic. Examples of water requirements for 5 major crops grown in the
command areas (Maize, Wheat, Potato, Pepper and Onion) are given in Table 1.

Table 1 Crops and water demands (Ministry of Water Resources, 2004). Specifications of factors affecting water requirements
are given or five main crops grown in the project area. The peak demand period gives the time of year when the crop water
requirements are highest and the peak crop demand gives the amount of water required during the peak demand period in
mm/day. GIWR is calculated assuming an irrigation efficiency of 62.5%.

Maize has the highest crop water demands, closely followed by wheat. Planting a command area
with a large proportion of maize and wheat as opposed to using a majority of potatoes and onions
will require a higher irrigation input. All crops listed in Table 1are listed as requiring the most
irrigation during the months of March and April. This is near the end of the dry season when
water becomes scarcest. Additional research on crop water usage is given in Appendix D.

Crop water requirements also depend upon what stage of growth the crops are in. Water usage
increases as the crops mature and evapotranspiration increases. Usage decreases slightly near the
end of the growing season when the crops near maximum growth and harvest time.

3.2.2 Design scenarios
When the dam was still in the planning stage, the engineers were required to do estimations of
irrigation water requirements in order to plan the size of the dam. This depends upon the types of
crops grown, the total area being farmed, and the proportions of each crop. The gross irrigation
water requirement (GIWR) for irrigating a full 7000 ha was estimated in the design report done
by Mott MacDonald (Ministry of Water Resources, 2006) to be 73.682Mm3/yr. This value
assumes an irrigation efficiency of 48.75% using furrow irrigation and an application of 2.4l/s

Crop Peak Peak crop GIWR (mm)
demand demand (62.5% eff)
period (mm/Day)

Maize March 4.2 53.8
Wheat March 4.05 51.8
Potato April 4.1 26.2
Pepper April 4.81 30.8
Onion April 4.55 29.1
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for 12 hours every 8 days on the fields. Growing season lengths and mm GIWR for the entire
growing season of selected crops estimated by Mott MacDonald in the Koga Project design
report are listed in Table A5 in Appendix A.

Since the evapotranspiration and thus GIWR differs for different crops, the GIWR will change
based on the cropping patterns and irrigation schedule. Mott MacDonald therefore created four
different scenarios based off of different climate data and crop growing season lengths in order
to generate different examples of possible gross irrigation water requirements. Total hectares of
land cropped each month vary between the scenarios which affects the final yearly GIWR.

Scenario I is based off of a short growing season and revised original climate data from the
working papers done by Mott MacDonald and has an estimated yearly GIWR of
60Mm3(Ministry of Water Resources, 2006). Scenario II uses the same data in conjunction with
a longer growing season, giving a GIWR of 76Mm3/yr. Scenario three assumes a short growing
period and wind speed data for evapotranspiration calculations from Bahir Dar, 30 km north of
the site with a GIWR of 58Mm3/yr  and scenario IV uses the same data as scenario III but with a
long growing season, giving a GIWR of 74Mm3/yr. Monthly values for each scenario as well as
other details about the scenarios are given in Table A4 in Appendix A. These scenarios were
created for the purpose of designing the dam and irrigation canals and none of them are being
followed exactly in practice today. Expansion of the irrigated area is planned for the future in
hopes that the dam will be able to provide enough water to irrigate up to 7572 ha. The command
area Tekel Dib Extension was established for this purpose of expanding the irrigation area. It is
currently operating under only rain fed agriculture, but plans are to irrigate this area once the
water is available.

3.3 Cropping plan

3.3.1 Proposed and actual cropping patterns
There are two crop cycles in a year, one falling under the wet season that is rain fed, and one
during the dry season that is only made possible by using irrigation (Lema, 2012). The weather
in the Koga area is controlled by the movement of the ITCZ and like most tropical regions it
experiences a wet (June-September) and dry season. The rainfall during the wet season is
assumed to be sufficient to provide all of the crop water needs, so no additional irrigation from
the dam is planned during the peak of the rain season. The consultants for the Koga irrigation
project, Mott MacDonald, suggested that the crops grown during the wet season should have
short growing times in order to minimize the amount of irrigation water needed at the end of the
rain season, when the precipitation decreases below levels that can support rain fed irrigation
(Ministry of Water Resources, 2004). The proposed proportion of crops for each growing season
in order to maximize profits and reduce irrigation water requirements differs slightly from the
actual cropping pattern in place due to changes in crop prices and farmers personal decisions.
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The proposed cropping plan for the wet season is given in Figure 4 and the actual cropping
pattern for the dry season (2011/2012) is presented in Figure 5. Values are also presented in table
form in Appendix A in Tables A7 and A8.

Figure 4 Proposed wet season cropping pattern. The figure shows the percentage of the project area that is planted with each crop
listed in the legend. The project area is considered to be the full area of 7000 ha.
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Figure 5 Actual dry season cropping pattern. The figure shows the current (dry season 2012) percentage of the project area that is
planted with each crop listed in the legend. The project area is considered to be 5107.29 ha as the full area is not irrigated at this
time.

The proposed cropping pattern for the wet season is comprised of maize, millet, noug and teff.
Most of the project area during the current dry season was planted with potato, wheat, barley,
maize, onion and garlic. Crop distribution is not uniform over the entire project area as farmers
ultimately choose what they wish to grow. There may also be slight differences between
command areas in soil quality influencing which crop is most profitable where. Each command
area therefore has a different crop composition contributing to the total ratios of crops throughout
the entire project area. The actual cropping pattern for each individual command area for the dry
season of 2011/2012 is given in Table A8 in Appendix A. The amount of area sown was less
than the planned amount of the full 7000 hectares as this is the first year that the project is fully
operational and irrigation system efficiency as well as farmer competence were still uncertain.
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3.3.2 Farmers’ influence on cropping patterns
Farmers decide what crops to grow each season based on several factors, experience with the
crop, seed availability, labor availability, environmental factors such as soil conditions and
climate, government policies, and availability for their own consumption but the biggest factor
influencing their decision is relative profitability. For the Koga farmer, the most profitable crop
in terms of net returns per hectare is wheat (Ministry of Water Resources, 2008). The Koga
irrigation project office in Merawi does an analysis of what crops to grow each season based
upon market prices and water usage and provides a list of possible crops to be grown to the
farmers. The farmers then make the final decision of what they will grow by choosing from this
list. (Belay, 2012). A combination of guidance from the project office and farmer education
concerning water efficiency will hopefully put a larger emphasis on efficient water use when
making decisions on what crops to plant in the future.
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4. Methods

The methods and equations used for calculating different parts of the water balance model are
presented in this section. The water balance concept is described, along with a description of all
of the components and equations used to calculate them. The variables used in the reservoir
volume models are calculated in this section.

4.1 Water Balance
Creating a monthly water balance for the reservoir makes it possible to estimate the supply
volume of the reservoir on a monthly basis. The water balance is designed to compare the water
demand each month with the water inputs in order to estimate a final reservoir supply volume for
a given month.

Figure 6 Reservoir inputs and outputs; parameters for the water balance model. The arrows represent the movement into or out
of the reservoir.

The water balance for a reservoir is comprised of inputs and outputs. For the Koga reservoir,
Equation 1 is used. Equation 1 is taken from a water balance equation for large reservoirs (with a
volume of more than 50 Mm3) in a semiarid tropical region used by Guntner et. al.  (Guntner et.
al., 2004) and put in a monthly time step as much of the climate data used to compute  the
variables is given in monthly averages. It is as follows:

Equation 1: = + ( + ( + )

where Vm is the storage volume of the reservoir at month m, P is precipitation, Qin is the
discharge from the Koga River into the reservoir, E is evaporation and Qout is the discharge out
of the main irrigation canal and bottom outlet. All variables are given in millions of cubic meters
(Mm3).
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The water balance model calculates the volume of the reservoir for each month based on the
volume of the previous month plus inputs and minus outputs of the month being calculated.
Inputs for the reservoir are the discharge from the Koga River, precipitation and runoff. Water
losses from the reservoir are comprised of the evaporation from the reservoir surface, the water
discharged into the main irrigation canal and water discharged through the bottom outlet for
monthly compensation flows and sediment flushing. The change in volume from one month to
the next is therefore equal to the precipitation plus the discharge from the river minus
evaporation from the reservoir surface and discharge from the dam outlets.

The model uses September as a starting month since this is the start of the hydrologic year for the
Northern Hemisphere as given by the United States Geological Survey (USGS, 2008). The
starting volume in the model (Vm-1) is thus the volume for September, making October the first
calculated volume. The most recent recorded volume for September, 73 Mm3 in 2011 was used
for the model under current baseline conditions. The model boundaries were chosen to be a
maximum volume of 83.1 Mm3and a minimum volume of 0. The maximum volume is the point
at which the water level in the reservoir exceeds the height of the spillway, as given in the design
reports (Mott MacDonald, 2004). Minimum allowable volume in the dam before water release is
stopped is assumed to be zero for the purpose of the model.

The data available for use in the equation was taken from the design reports done by Mott
MacDonald. Monthly values for precipitation (P) were given in mm. Estimated river discharge
(Qin) was also given in Mm3. Two components of Qout, environmental discharge flows and
maintenance flow were given in Mm3 per month. Other data taken from the design reports were
monthly climate data for crop water usage (part of Qout) and evaporation (E) calculations as well
as a list of reservoir surface areas at specific reservoir volumes used for creating a volume to
surface conversion equation to calculate evaporation from the reservoir (E).
The variables used in Equation 1 were calculated using the following procedures:

4.2 Precipitation (P)
Precipitation data was available for each month for the Merawi meteorological station in mm.  In
order to get the volume in cubic meters, the precipitation was multiplied by the surface area of
the reservoir at max capacity. All precipitation falling outside of this area is considered as runoff,
which is included in Qin. As the area of the reservoir changes over time, this was corrected for
using a volume to area ratio given in Appendix A, Figures A1-6 and incorporated into the
precipitation and evaporation elements of the equation. When the reservoir is not at full volume
due to evaporation or water use, the surface area will be decreased. Despite this, the area of the
reservoir at full volume is still used to determine the direct precipitation falling on the reservoir.
This means the area used for calculating the precipitation input will be larger than the surface
area of the lake. So when at less than maximum volume, the precipitation surface is equal to the
reservoir surface area plus the exposed land that would be covered by the lake at maximum
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volume. This exposed area would otherwise be incorporated into the runoff, but in order to
simplify things the surface area is kept consistent when calculating precipitation. Monthly
precipitation (P) values used in the water balance model are given in Figure 7.

Figure 7 Monthly precipitation values, given in Mm3 per month.

In calculating the precipitation input (P) it is assumed that all of the precipitation falling on the
exposed area of the reservoir will make it into the reservoir as runoff. It is also assumed that all
runoff generated from precipitation falling outside of surface area of the reservoir at maximum
volume such as in the upstream catchment, is included in Qin.

4.3 Inflow (Qin)
The Koga River is the only river flowing in to the reservoir. Direct data is not available for the
inflow at the reservoir, but a gauging station is located on a branch of the river just beside the
reservoir that can be used instead. Monthly discharge values are listed in the design reports (Mott
MacDonald, 2004) for the dam and are given in Figure 8.
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Figure 8 Monthly Qin values used in the water balance model, given in Mm3 per month.

Discharge from the river (Qin) is assumed to include all runoff from the catchment area. The
gauging station from which the discharge data is obtained is only an estimate of the actual
amount of water flowing into the reservoir. Therefore discharge at the gauging station may vary
from discharge at the lake inlet. The Qin values used in the model are an estimation based off of
the best available information.

4.4 Evaporation from lakes and reservoirs (E)
Climate data from the Merawi and Bahir Dar meteorological stations was available in the design
reports for calculating evaporation. Linacre (1993) describes a method of calculating evaporation
from a lake using a limited data set. Linacre’s method utilizes a simplified Penman equation that
gives evaporation in mm and is as follows:

Equation 2: = (0.015 + 0.00042 + 10 )(0.8 40 + 2.5 ( ))

where  is weighted air temperature in degrees Celsius,  is altitude in m,  is solar radiation in
w/m2,  is the dew point temperature,  is approximated as 1-8.7*10-5 , and  is the wind
speed in m/s. Weighted air temperature is used to estimate temperature from the minimum ( )
and maximum ( ) temperature values. The equation for calculating weighted temperature
was taken from Linacre (1993) and is given as:

Equation 3: = (0.6 + 0.4 )
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Dew point temperature is calculated from relative humidity and air temperature using the
August-Roche-Magnus approximation (Equation 4)

Equation 4: = = + ln

where  is 17.271,  is 237.7 degrees Celsius, and  is relative humidity in %.

To get the evaporation from the Koga reservoir, the evaporation ( ) from the simplified
Penman equation was multiplied by the surface area of the reservoir in order to get Mm3

evaporated. The surface area changes over time, as the volume in the reservoir decreases due to
withdrawal for irrigation so does the surface area. Evaporation changes constantly with the
surface area since the volume of water evaporated is equal to the evaporation in mm over the
area of the surface evaporating. In order to get a monthly value for evaporation, the surface area
corresponding to the volume of the reservoir from the middle of each month was used. The
conversion curves for volume to surface area for different model scenarios are listed in Appendix
C.

The results for the evaporation from the reservoir for each month in Mm3 are given in Figure 9.
These are the values used for E in the water balance equation when there has been no reduction
in initial volume. New conversion curves were created and used to calculate new monthly
evaporation values for the scenarios assuming a reduction in initial volume. Values for the
evaporation in mm and Mm3 are given in Table A12 in Appendix A.
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Figure 9 Calculated evaporation values from the Koga reservoir in Mm3 per month for baseline conditions, when there has been
no reduction in initial volume.

Evaporation is one of the most important factors in calculating the water balance of lakes in
tropical Africa (Vallet-Coulomb, 2001). Because of this it is worth stating that the Penman
equation that Equation 2 is based off of is known for being unreliable and a large margin of error
is associated with using this method (Howard, 1979).

Evaporation from large bodies of water such as lakes and reservoirs depends upon two factors,
the amount of energy available at the water surface to change the water into vapor, and the rate
of diffusion of water away from the surface. Net radiation values from the design reports by Mott
MacDonald have been used for the energy input. For a specific lake surface temperature, the
surrounding air temperature, humidity and wind speed give the rate of diffusion of water vapor.
How a lake or reservoir responds also depends upon the depth, as larger, deeper bodies of water
store more heat and thus depend less upon the heat provided from the sun. While smaller lakes
evaporate more during hot summer days with low humidity and high winds, deeper lakes
evaporate more during the fall when their surface temperatures are higher than the air due to
stored heat (Natural Resources Canada, 2009).

The evaporation calculations assume no change in the Koga reservoir’s size classification
throughout the year. In reality the behavior of the reservoir concerning evaporation would
change as the depth in the reservoir decreases. The volume-to-surface area conversions
themselves also bring in a large element of error into the evaporation calculations. It should
therefore be considered that these evaporation calculations are estimates subject to large margins
of error even though they are based off of the best data and previous research available. The
calculated evaporation in mm (Eo) did fit well with the evapotranspiration data from the Bahir
Dar meteorological station. A comparison is given in Appendix C.
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4.5 Outflow (Qout)
Discharge from the dam (Qout) can be broken down into three different components; monthly
environmental release flows, water for maintenance, and water for irrigation. Monthly data is
available in the design report for environmental release and water released for maintenance,
which occurs only once a year. Climate data from the Merawi and Bahir Dar meteorological
stations and the cropping patterns given the design reports were used for calculating the
irrigation component.

4.5.1 Environmental discharge
There is a specific amount of water that needs to be released downstream of the Koga project
area each month in order to simulate natural flows in the Koga River as they were before the dam
was built. In this way it can be assured that the downstream community will not be missing out
on their water rights and the downstream ecosystems can be protected. Figure 10 shows the
monthly compensation flows, the amount of water that needs to be released each month in order
to simulate the pre dam flow in the Koga River. Values are listed in Table A6 in Appendix A.

Figure 10 Water released from the reservoir for environmental compensation flow for each month given in Mm3 (Ministry of
Water Resources, 2006).
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4.5.2 Maintenance discharge
Maintenance release occurs once a year for sediment flushing lasting 30 minutes, and releasing
0.0558 Mm3 of water. This is a small factor compared with the other components of Qout. The
maintenance release is scheduled for the month of June in the model, when the water level in the
dam is low. Water can also be released for other maintenance purposes than sediment flushing.
For example if repairs on the dam structure need to be made. The model does not take this into
account as there are no scheduled maintenance releases other than the yearly sediment flushing.

4.5.3 Irrigation water release
In the water balance equation, the water released for irrigation each month is considered as equal
to the GIWR or gross irrigation water requirement. This is the total water required by the crops
for each month. Two things are needed to calculate the GIWR for a crop. That is the efficiency
of the irrigation and the evapotranspiration of the crop. I used the estimated efficiency of 50%
for the irrigation method in use at the Koga site, furrow irrigation, and the FAO crop coefficient
approach to calculate evapotranspiration.

4.5.3a	Penman	Monteith	Method	
The Penman Monteith method can be used to calculate evapotranspiration values in mm. It is
recognized by the United Nations Food and Agriculture Association (FAO) as the best method to
estimate reference evapotranspiration (Allen, 1998). Requirements for the equation are daily
mean temperature, wind speed, relative humidity, and solar radiation. The Penman Monteith
equation is as follows (Allen, 1998):

Equation 5: Penman Monteith. =
( ) ( )

Where G=soil heat flux, Rn=net radiation (W/m2), =dry air density (kg/m3), ( )=vapor
pressure deficit of the air, =specific heat capacity of air (J/kg/K), =rate of change of
saturation vapor pressure with air temperature (Pa/K), =psychrometric constant ( 66 Pa/K),

=aerodynamic resistance, =bulk surface resistance (Allen, 1998).
FAO modifies the Penman Monteith equation to predict the evapotranspiration of a reference
crop of a short clipped grass, incorporating aerodynamic and surface resistance equations. The
modified equation is given in Equation 6

Equation 6:
. ( ) ( )

( . )
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where =reference evapotranspiration (mm/day), and =wind speed at 2 meters height (Allen,
1998).

The FAO Penman Monteith equation has been used by Mott MacDonald, the Koga project
consultants, to calculate ETo, reference crop evapotranspiration, the reference crop being a short
clipped grass supplied with infinite water. Penman Monteith can also be modified to estimate
crop evapotranspiration for individual crops by multiplying the equation by a crop coefficient
(Kc). This crop coefficient approach to estimating crop evapotranspiration ( ) as described by
FAO is given in Equation 7.

Equation 7: =

4.5.3b	Crop	irrigation	calculations	
Coefficients for different crops ( ) are listed in the FAO report 56 and are given in Appendix A
in Table A9. I have used the crop coefficients from FAO report 56 and the Penman Monteith
formula to calculate crop water usage for each crop being grown in the command areas. Specific

 values were not available for teff, shallots, millet, noug, haricot beans, abish and fasolia so I
chose to use the average value for the crop family these crops fall under, so the average value for
legumes was used for haricot beans for example.  There are four different crop coefficient values
for each crop, one for each stage of the growing process (Allen, 1998). Figure 11 shows the
typical changes in crop coefficient (Kc,) which directly affects evapotranspiration, throughout the
growth of a crop.
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Figure 11 Typical changes in Kc and, accordingly, evapotranspiration of a crop throughout different stages of crop growth from
planting to harvest. Stages of growth are listed on the X axis, from initial to late season.

The FAO only lists observed Kc values for the initial, mid and end growth stages, so I was forced
to estimate the Kc value for the crop development stage. To do this, I took the average of the
initial and mid Kc values. I was able to do this because the increase between Kc initial and Kc

mid is almost linear.

In order to get one value for crop evapotranspiration, I multiplied each crop coefficient (initial,
crop development, mid and end) by the average value for ETo (4.17 mm/day), getting a crop
specific ET, or ETc.. I then multiplied the ETc for initial, development, middle and end by the
corresponding number of days in each growing stage. This gives ETc for each day.

Summing the ETc of each day of a given month gives the evapotranspiration in mm/month for
that crop. In order to get the monthly GIWR for the whole project area I added the monthly ETc

from all crops grown in the given month, converted to Mm3, and multiplied by 2 to adjust for the
50% irrigation efficiency, as shown in Figure 12. Calculations for crop water usage (in mm and
Mm3) and input data are given in Appendix D and values are given in Tables A10 and A11 in
Appendix A.
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Figure 12 Monthly crop water requirements using a simplified planting schedule based on the start of the two growing seasons.
The total evapotranspiration in Mm3 is given for the entire Koga project area for each month.

This was not the final data used for the irrigation water release component of Qout, as there is no
irrigation during the months of June-August. In order to check that the policy of not irrigating
during the peak of the wet season was realistic, I compared the precipitation with the crop water
requirements for the three months in question.

The wet season crop plan of 40% teff, 20% maize, 20% noug and 20% millet gives a combined
evapotranspiration of about 28.65 Mm3 for the entire 7000 hectares of irrigated land. For the
months of June-August, when there is no scheduled irrigation, the combined evaporation is 23.17
Mm3. Values for each month are given in Appendix A in Table A12.The rainfall (Merawi
extended rainfall values) falling on the command area’s 7000 ha during the rainy season is 29.4
Mm3, for the combined months of June, July and August. The rainfall is therefore slightly larger
than the total evapotranspiration during this season. If there is no scheduled irrigation during this
period then the rainfall amount must fulfill the crop water requirements. The rainfall will meet
crop water needs if the efficiency of the rain fed irrigation is 79% (23.17Mm3/29.4Mm3) or
higher. It should be possible to operate using rain fed irrigation during June-August, however if
the entire project area is cropped during this time, some irrigation may be required to ensure crop
survival.

I assumed for the purpose of the water balance model that the rain would be sufficient during this
period. The final values used in calculating Qout were the same as presented in Figure 12 with the
exception of June July and August for which a value of 0 Mm3 was substituted.

The crop water requirements calculations are based on a few assumptions. These are that all
crops are planted at the same time, at the beginning of the respective growing season. This is in
order to get simplified data that fits the water balance model on a monthly time step. In reality
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the crops are not all planted on the same day, they are planted by different farmers on different
days, usually in rotations. For example, maize could be planted on 4 different dates during the
planting month, once at the beginning of each week. This estimation of water requirements is
therefore not exact, but rather a monthly estimation of what is required. The calculated crop
water requirements also assume an irrigation efficiency of 50%, and are accordingly calculated
as double the sum of the evapotranspiration for each month. All Kc values taken from FAO are
estimates and may vary in reality. Calculating Kc development as well as substituting average Kc

values for crops not listed in the FAO reports such as teff also add an element or error. Besides
the errors in calculations, cropping patterns are unique to each command area and are dynamic.
Ultimately it is the farmers who decided the crops grown on their plot of land, which is just a
small portion of the command area they belong to.  Actual monthly GIWR may therefore vary
from the values given in Figure 12.

4.6 Estimation of future conditions

4.6.1 Temperature
Temperature in the Koga area is expected to increase which can lead to increased evaporation.
The past few years (1960-2006) show an increase in temperature ranging from 1.3 to 0.028
degrees Celsius per year (McSweeny et. al. 2007).

4.6.2 Rainfall
In the Koga area, there has been a decreasing trend in precipitation from 1960 to 2005 of 4 mm
per year (Gebrehiwot, 2010). In contrast to this past trend, several models, including McSweeny
et. al. 2007, predict increases in rainfall for Ethiopia as a whole. The Koga region was modeled
to have a 3% increase in precipitation by 2030 though the range of scenarios varied from a
decrease of 3% to an increase of 17%. Although more precipitation is predicted on average, the
variability of the climate is expected to increase worldwide.  Climate change will lead to an
increase in extreme weather events in the near future (WHO & DIFID, 2010). An increase in
extreme weather events can mean more droughts in dryness prone Ethiopia, damaging the water
supply. Even more likely are the increase in extreme storms, with more intense rainfall
(McSweeny et. al. 2007). With more storm events and intense rainfall, erosion will also increase
(UNEP, 2000), bringing more sediment into the streams and river systems and making dam
siltation an even bigger threat.

4.6.3 Sedimentation
Soil loss is a serious problem in Ethiopia. Erosion rates are high, at 100-200 Mt/ha/yr, occurring
in 50% of the agricultural areas from sheet and rill erosion. Erosion is expected to grow with
population density and herd sizes in the future. The bulk of the 302.8 million tons/yr of sediment
transported in the Blue Nile comes from the Ethiopian highlands, indicating the importance of
erosion in this region. About 45% of the eroded soils reach the river systems and become
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sediment load (Awulachew, 2008). Previous reservoirs built along the Blue Nile have suffered
seriously from sedimentation losing almost half their volumes in a matter of years (Awulachew,
2008). More information on sediment transport and the Koga Basin is given in Appendix E.

Sedimentation is expected to occur at a rate of 5 Mm3 every seven years in the Koga dam
(Andualem, 2012). Although there is a procedure for flushing sediment from the dam, siltation
can still occur and steadily decrease the volume of the reservoir over time. There are several
cases of reservoirs in Australia with similar climates to Koga filling up with over 10000 m3 of
sediment per year and reductions of 40% of the dam’s volume were seen in just 14 years
(Chanson, 1998). Dams on the Blue Nile in Sudan have filled with sediment mostly from the
Ethiopian highlands and experienced decreases in volume as high as 46% in just 5 years
(Awulachew, 2008). Assuming a sedimentation rate of 5 Mm3 every seven years, the Koga dam
could lose over 30% of its volume to sedimentation in 35 years.

4.7 Model scenarios
The volume of the Koga reservoir could decrease in the future due to sedimentation and change
in weather from global climate change. Sedimentation is expected to occur in the reservoir and
has a history of being a problem in this area of the country. Changes in precipitation are expected
to range from a slight decrease to a substantial increase. Climate modeling predicts increases in
temperature leading to more water loss due to evaporation and increases in extreme weather
events causing more draughts and extreme rainfall events. Both draughts and intense storms are
capable of decreasing the reservoir’s volume, either by decreasing the water supply from
precipitation and runoff, or by increasing the runoff and sediment load, causing an increase in
dam sedimentation. The water balance model only models the reservoir volume as it would
behave under current climate conditions with no reduction in maximum volume from
sedimentation. In order to get an idea of how the reservoir volume may change throughout a year
under changed climate and sedimentation predicted for the future, I created 3 scenarios. These
different scenarios modify the variables in the water balance equation to represent changes in
precipitation and temperature as well as sedimentation.

4.7.1 Scenario A
Scenario A adjusts the water balance model to account for a decrease in maximum reservoir
volume from sedimentation. It aims to represent the effects on volume change from reducing the
initial volume of the reservoir for the first month of the hydrologic year. Decreases in maximum
volume of 5, 11, 16, 22, and 27% were chosen. These percent decreases correspond to 4, 8, 12,
16 and 20 Mm3 of sedimentation, which gives a good picture of the threshold of the reservoir.
These in turn correspond to new Vm-1 values of 69.45, 65.45, 61.45, 57.45, and 53.45 Mm3.
Calculations from the unaltered water balance, under current conditions, or a 0% reduction in
initial maximum volume are included as a reference. The variables in the water balance equation
that were modified in this scenario were the additions of several new Vm-1  values, and E which
was affected by changes in volume to surface area ratios. Sedimentation is assumed to occur
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from the deepest point of the reservoir upwards, therefore not affecting surface area as the
volume decreases. Each month still has the same surface area as in the unaltered water balance,
only with a smaller corresponding volume. This means that more evaporation will occur for a
given volume than in the unaltered water balance equation. New volume to surface area
conversion curves then became necessary.

4.7.2 Scenario B
In scenario B, the effects of climate change are added to scenario A, showing temperature and
precipitation changes in combination with 0-27% initial volume decreases. An increase in
temperature of 0.664 degrees Celsius was added as it is the mean value for the range of
temperatures presented in different climate model scenarios for the region. The temperature for
each month used in the model was therefore increased by 0.664 degrees. Raising the temperature
increases evaporation from the reservoir. Increases in evapotranspiration due to higher
temperatures were excluded due to a lack of necessary data. An increase in precipitation of 17%
(the highest estimate from future climate models) was assumed to increase runoff and river
discharge 17% as precipitation is directly related to runoff (McDonnel et. al., 1990). This means
an increase in E and Qin in the water balance model.

4.7.3 Scenario C
In Scenario C, an increase in temperature and decrease in precipitation are added to scenario A,
showing temperature and precipitation changes in combination with 0-27% initial volume
decreases. The temperature is increased by 0.664 degrees Celsius and the precipitation is
decreased by 3%, the lowest in the range of predictions from climate models. This results in an
increase in E and a decrease in Qin in the water balance model.
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5. Results

In this section, the changes in volume of the dam throughout the period of a hydrological year
are presented for each model scenario. The possible effects of changes in precipitation,
temperature and volume are presented.

5.1 Reservoir volume under baseline conditions
Figure 13 gives the baseline volume of the reservoir for each month as calculated in the water
balance model. Monthly values for all of the model parameters are presented in Appendix A in
Tables A14 and A17.

Figure 13 Water volumes for the Koga reservoir beginning in October and ending in September. The volume is given in Mm3 for
each month. The graph shows reservoir volumes throughout the year at baseline conditions, with no change in initial volume or
climate.

At present, the dam does not seem to be at risk of running empty. The volume never reaches zero
and is seen to increase to maximum volume at the end of the hydrologic year. The volume
decreases steadily throughout the dry season irrigation until it reaches a minimum in May after
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which it recharges quickly during the wet season when no irrigation occurs. Although the dam
can now supply enough water to irrigate 7000 hectares, it may not always be capable of doing
this in the future. The results from scenarios A, B and C, simulating possible future reservoir
volumes are presented below in figures 14-16. Model parameters for the three scenarios are
listed in Appendix A in tables A14-A19.

5.2 Scenario A

Figure 14 Scenario A: Changes in reservoir volume with decreases in the maximum volume due to sedimentation. Different
decreases in maximum volume are given, ranging from no decrease to 27% decrease in the initial reservoir volume. Each line
represents a given percentage decrease in initial volume and shows monthly reservoir volumes in Mm3.

Figure 14 displays the volumes calculated for each month in scenario A, using reduced initial
reservoir volumes to simulate sedimentation. The dam volume reaches zero in the model runs
with reductions in initial reservoir volume of 11% and greater. It is always able to recharge to
maximum volume even after reaching zero.
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5.3 Scenario B

Figure 15 Scenario B: Changes in reservoir volume with decreases in the maximum volume and increased temperature and
precipitation. Different decreases in maximum volume are given, ranging from no decrease to 27% decrease in the initial
reservoir volume. Each line represents a given percentage decrease in initial volume and shows monthly reservoir volumes in
Mm3.

Figure 15 displays the volumes calculated for each month in scenario B, simulating a 0.664
degree C temperature increase and 17% higher precipitation as well as using reduced initial
reservoir volumes to simulate sedimentation. Volumes are higher year round, with the lowest
month still over 10 Mm3 under baseline conditions. The dam volume still reaches zero in three of
the model runs with the largest reductions in initial reservoir volume. It is able to recharge
quickly to maximum volume even after reaching zero.
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5.4 Scenario C

Figure 16 Scenario C: Changes in reservoir volume with decreases in the maximum volume and increased temperature and
decreased precipitation. Different decreases in maximum volume are given, ranging from no decrease to 27% decrease in the
initial reservoir volume. Each line represents a given percentage decrease in initial volume and shows monthly reservoir volumes
in Mm3.

Figure 16 displays the volumes calculated for each month in scenario C, simulating a 0.664
degree C temperature increase and 3% less precipitation as well as using reduced initial reservoir
volumes to simulate sedimentation. The dam volume reaches zero in four of the model runs with
the largest reductions in initial reservoir volume. Recharge to maximum reservoir volume occurs
after May.
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6. Discussion

Here the results calculated in the previous section are discussed. The current condition of the
reservoir to supply irrigation water is analyzed first, followed by an interpretation of the future
scenarios.

6.1 Baseline conditions
Under current baseline conditions, using current climate data and no reduction in initial reservoir
volume, the dam should be able to supply enough water for irrigation and environmental
compensation discharge throughout the year. The reservoir reaches a minimum volume of 7.52
Mm3 in May. At this volume the reservoir is not in danger of being depleted and has enough
water to possibly supply further irrigation. The minimum value occurs near the end of the dry
season as this is the time of year when the reservoir has been in use the longest. As the rain
season begins, the dam is no longer used for irrigation and begins to refill. The dam is actually
able to refill to a larger volume than the starting volume. Throughout the course of the
hydrologic year, the reservoir increases 7.85 Mm3 in size, filling to its maximum volume.
Though it is capable of irrigating the full command areas now, it may not always be able to do
this in the future as sedimentation and changes in climate could occur. Scenarios A through C
give possible outcomes for dam volumes in the future.

6.2 Scenario A
In Scenario A simulates decreased initial reservoir volumes due to sedimentation. At a five
percent or 4 Mm3 decrease in volume, the reservoir is still able to supply water year round,
though it reaches a minimum volume of 3.45 Mm3 in May, becoming close to depletion. After an
11% or 8 Mm3 decrease in maximum volume, the reservoir is no longer able to supply enough
water for the year, becoming empty in May. A 16% decrease in maximum volume leads to the
reservoir becoming nearly empty already in April and after a 22% decrease, the reservoir
becomes empty from March through May. If the estimated sedimentation rate of 5 Mm3 every
seven years were to occur, the reservoir would be depleted for at least part of the year in less than
14 years. This shows that decreases in the reservoirs maximum volume could pose serious
problems for the reservoir in the future. The current cropping plan would not be able to be
sustained when the dam is operating at 89% of maximum volume or less.

6.3 Scenario B
Scenario B simulates the effects of increased temperatures and precipitation on the baseline
model and Scenario A. The precipitation increase has much more noticeable effects on the dam
volume than the temperature increase due to the fact that the change is much larger for
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precipitation than it is for temperature. Though increased evaporation would bring down the
volume in the dam slightly, the volume still increases over all due to the much larger
precipitation increase. The minimum volume for the reservoir occurs in May, the same month as
it occurs under current climate conditions, but increases from 7.52 Mm3 to 11.44 Mm3 with no
change in initial volume. This trend is seen in the simulated initial volume decreases as well. The
dam recharges to maximum volume after May as in scenario A, but this recharge occurs quicker
in scenario B.
The effects of the increased precipitaition create enough of a change to allow the dam to supply
the irrigation and environmental requirements even with an 11% decrease in volume, which was
not possible in scenrio A.  Once the maximum volume is decreased by 16% however, the
reservoir runs dry during May. At a 22% decrease in volume the reservoir is nearly emptly in
April as well and after a 27% in maximum volume, the reservoir is unable to supply any water
from March to May. Increased precipitation could allow the reservoir to operate under higher
amounts of sedimentation even with decreases in maximum volume but the model shows that the
reservoir supply could still run into problems eventually. The sedimentation rate from the design
reports would give the dam less than 18 years of full operation in this scenario.

6.4 Scenario C
Scenario C simulates the effects of increased temperatures and decreased precipitation on the
baseline model and Scenario A. Decreasing the precipitation adds to the effect of the raised
temperature and decreases the water available in the reservoir. With less input from river
discharge and more output from evaporation, the volume of water in the reservoir drops. The
minimum value in May becomes 6.51 Mm3 with no sedimentation. This decreasing trend is also
seen in the simulated initial volume decreases. The decreased initial volumes give the worst case
scenarios for the reservoir, in combination with increased temperature of 0.664 degrees C and
3% decreased precipitation. For the water balance this means a lower starting volume, less inputs
and more outputs. Under these conditions the reservoir runs dry in May after an 11% decrease in
maximum volume. At a 16% decrease, the reservoir is empty from March to May, and at a 27%
decrease in maximum volume, the reservoir is unable to supply water for one third of the year,
from February through May. If these changes in climate take place in addition to sedimentation
of the reservoir, the Koga dam could quickly run into problems and it is likely that after a short
time period, the dam could become unable to supply enough water for the current crop irrigation
demands.

6.5 The future of irrigation in the Koga project area
In all scenarios, A, B, and C, as well as in the unaltered water balance model, the dam volume
increases 7.85 Mm3 from the start to the end of the hydrologic year, regardless of if the reservoir
runs empty for any number of months during the year. This is due to the fact that irrigation is not
used during the wet season and the dam is able to quickly refill. The reason for the same increase
in volume in all scenarios is due to the fact the dam has a maximum volume which cannot be
exceeded. Once the water level exceeds this maximum volume, all excess is discharged over the
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dam’s spillway. Using the same starting water level in each scenario (with different volumes)
gives the same increase in volume throughout the hydrologic year. This recharge happens fastest
in scenario B due to the increased precipitation.

Scenario results show that the dam is fully operational from an 89% or greater maximum
reservoir volume in the worst case scenario to a 78% maximum volume in the best case scenario.
If the sedimentation rates of 5 Mm3 every 7 years calculated in the design reports by Mott
MacDonald hold true, this could mean the dam runs dry for at least one month of the year after
an operation time of only 11 to 22 years. To explore the possibility that in order ensure the
irrigation water supply the Koga engineers may be willing to neglect the environmental
compensation releases to combat sedimentation, two model runs were done using decreased
environmental release values. A detailed description of the model runs is given in Appendix F.
This decrease in Qout only had slight effects on the dam’s operational volume range. Regardless
of the downstream management practices, volumes in the Koga reservoir could become too low
for irrigation of the full 7000 ha should sedimentation occur.

The effects of temperature and precipitation changes alone did not affect the baseline model
enough to deplete the reservoir volume to zero during any given month. However, in
combination with sedimentation, the temperature increase and precipitation decrease caused
large decreases in reservoir volume throughout the year and reservoir emptying occurred earlier.
An increased temperature and increased precipitation gave higher year round volumes, but again,
in combination with higher amounts of sedimentation, the model showed the dam running
empty. Sedimentation had the greatest effect on reservoir volume, while climate factors helped to
either lessen or increase this effect, depending upon the sign of the precipitation change.

6.6 Sources of error
Though the water balance model and scenarios were designed to be as accurate as possible from
the available data, they are still built upon some assumptions which leave room for error. The
model uses a monthly time step meaning that the inputs and outputs of each day in the month are
summed before being put into the equation. This can result in day to day differences between the
model and reality.

Also, due to this monthly time frame, the planting schedule is slightly adjusted from what it
would be in reality. This could affect the water balance on a weekly basis. All of the climate data
used and inputs and outputs for the reservoir and crop water irrigation requirements are
estimations and therefore contain a certain margin of error by nature.

The calculation of the model variables and the modification of these variables in the different
scenarios were all based upon assumptions. The method used for calculating evaporation is
notoriously inaccurate and is most likely the largest source of error in model variable
calculations. Certain data, had it been available, could have helped the accuracy of some of the
calculations such as climate data necessary for recalculating crop evapotranspiration in the
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scenarios with raised temperatures. Unfortunately all data was not available and the effects were
assumed to be minimal and excluded from the model.

Reservoir seepage and seepage from canals was not taken into account in the model. Seepage
would inevitably occur especially in the earthen dam and in the farmer dug quaternary canals.
Inclusion of seepage would increase Qout but was left out of the model for simplification due to
the difficulty of calculating this component and the lack of available data.

Despite these risks for error, all calculations were done carefully and the model was based upon
reasonable assumptions. Therefore the results of the models, though estimations, should not
differ too much from what will be observed in reality, especially if considered on a monthly time
step.



36

7. Conclusion

In this section, my conclusions regarding the supply volume of the Koga irrigation project if a
decrease in reservoir volume and/or changes in precipitation and temperature occur are
presented as well as suggestions for further research.

According to the model runs, the Koga Dam should, should be able to supply enough water for
irrigating the entire project area assuming average climate and climate variability and no
sedimentation. The reservoir is able to refill to maximum volume at the end of the hydrologic
year in all scenarios. Despite this, the future of the project is still threatened by the risk of
sedimentation. Changes in precipitation and temperature help to either lessen or increase the
effect of sedimentation. The model shows that after an 11 to 22% decrease in initial volume the
reservoir runs dry for at least one month of the year, making the reservoir unsuitable for crop
irrigation.

The Koga project office plans to increase the amount of irrigated land in the future. If
sedimentation occurs, the reservoir supply volume will most likely drop below the volume
required to irrigate 7000 ha. If the dam fails to supply the required volume for the project design
the project could be considered a failure and might affect future projects.

Not only is the fate of the Koga dam important for the farmers in the command areas, but for the
rest of Ethiopia as well, as the Koga dam is a pilot project and the fate of the dam may determine
the possible construction of similar dams in the country. The Koga project office was not very
concerned about the ability of the dam to provide irrigation water in the future. However, this
study finds that should sedimentation occur, irrigation water availability could become an issue.
While climate change, particularly changes in precipitation, could cause decreases in supply
volume, sedimentation poses a much larger threat for the dam’s future.

This study models volume changes throughout the course of a hydrologic year and does not take
into account year to year changes. Actual changes in reservoir storage can vary from year to
year, with inputs and outputs being entirely different from one year to the next. Questions that
came up throughout my research that would be interesting for further study include how would
inter-annual changes affect the supply volume as well as how would changes in cropping
patterns affect the component of Qout and in turn the volume of the reservoir.
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Appendix A

Table A1. Climate and evapotranspiration data for Bahir Dar (Ministry of Water Resources, 2004) Data is compiled from data
collected at both the Bahir Dar and Merawi meteorological stations. The approximate altitude and location are 1900 masl and
11.41º N, 37.42º E. ETo is reference crop evapotranspiration and Effective rainfall, or Pe is defined as the water available to
plants and is calculated as rainfall minus the water lost to evaporation and soil infiltration (NSW, 2012).

Table A2. Reservoir simulation runs. PIA is potential irrigated area in hectares (the model having an 80% reliability) (Ministry
of Water Resources, 2006)

Month Max Temp Min Temp Humidity Wind Speed Sun Shine Solar RadiationETo Merawi Extended Pe Eto
(deg C) (deg C) (%) (km/d) (hours) (MJ/m2/d) (mm/d) Rainfall (mm/month) (mm/month) mm/month

Jan 26.5 7.3 59 121 9.6 21 3.99 3.2 0 123.69
Feb 27.9 8.9 52 121 9.6 22.5 4.52 1.7 0 126.56
Mar 29.4 11.8 49 147 9 23 5.17 10.1 0 160.27
April 29.8 13 49 156 9.2 23.8 5.48 30.6 1.4 164.4
May 28.7 14.2 59 138 8.2 21.8 4.85 102.7 27.7 150.35
June 26.5 13.8 72 130 7 19.7 4.1 227.8 110.2 123
July 23.9 13.7 81 104 5.1 16.9 3.31 445.3 159.1 102.61
Aug 23.8 13.4 82 95 4.8 16.7 3.25 406.7 153.3 100.75
Sep 25.1 12.7 78 95 6.7 19.5 3.72 219.7 120.1 111.6
Oct 26.2 12.3 71 104 8.7 21.5 4.05 102.2 38 125.55
Nov 26.3 10.2 66 112 9.5 21.1 3.91 23 1.5 121.21
Dec 26.1 7.8 62 104 9.6 20.4 3.68 5.3 0 114.08

Run No. PIA (ha)
1 5833
2 5879
3 6104
4 6332
5 7588
6 7331
7 6143
8 6481
9 7645

10 7318
Ave 6665.4
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Table A3. Command Areas and their Sizes (Ministry of Water Resources, 2006). Total area is over 7000ha due to the addition of
Tekel Dib extension area which is planned for use in the future.

Table A4. GIWR Scenarios I-IV (Ministry of Water Resources, 2008) The gross irrigation water requirements (Mm3/month) for
each month are given for four different scenarios based off of different climate data and crop growing season lengths. Net
irrigable are and area occupied as a percentage of the whole irrigated area are also given.

Command Area Abbreviation Irrigabel Area (ha)
Kudmi KU 375
Chihona CH 648
Ambo Mesk AM 775
Adbera Mariam AD 786
Tagel Wedefit TW 612
Tekel Dib TD 850
Tekel Dib (extension) TD 590
Inguti IN 380
Lasi LA 486
Bered BE 477
Amarit AT 300
Andnet AN 490
Telata TE 803

Total 7572

Scenario I; Revised climate data and cropping pattern with short period growing varieties
Jan Feb Mar April May June July Aug Sep Oct Nov Dec Total

Area Occupied (%) 84.25 100 99.83 69.63 34 75.17 99 100 99.83 67.67 17.8 65.93
Net irrigable area (ha) 5897 7000 6988 4874 2380 5261 6930 7000 6988 4736 1246 4615
GIWR (MM3) 12.38 12.4 19.27 7.6 0.87 0 0 0 1.15 2.91 0.36 2.58 60
Scenario II; Revised climate data and cropping pattern with long period growing varieties
Area Occupied (%) 75.81 97.3 100 91 44.15 78 100 100 100 100 61.47 43.07
Net irrigable area (ha) 5306 6811 7000 6370 3090 5460 7000 7000 7000 7000 4302 3015
GIWR (MM3) 8.71 11.52 20.15 13.94 1.42 0 0 0 2.85 11.76 4.1 1.19 76
Scenario III; Revised climate data and cropping pattern with short period growing varieties using Bahir Dar wind speed data
Area Occupied (%) 84.25 100 99.83 69.63 34 75.17 99.17 100 99.83 67.67 17.8 65.93
Net irrigable area (ha) 5897 7000 6988 4874 2380 5261 6941 7000 6988 4736 1246 4615
GIWR (MM3) 11.96 11.95 18.6 7.36 0.84 0 0 0 1.08 2.85 0.36 2.5 58
Scenario IV; Revised climate data and cropping pattern with long period growing varieties using Bahir Dar wind speed data
Area Occupied (%) 81.85 100 100 91 44.15 78 100 100 100 100 61.47 43.27
Net irrigable area (ha) 5729 7000 7000 6370 3090 5460 7000 7000 7000 7000 4302 3028
GIWR (MM3) 9.08 11.41 19.44 13.51 1.36 0 0 0 2.76 11.56 4.01 1.15 74
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Table A5.Data for Crop Water Usage Calculations (Ministry of Water Resources, 2006)

Table A6.Monthly compensation flows (Ministry of Water Resources, 2006).

Table A7.Proposed cropping plan for wet and dry season (Ministry of Water Resources, 2006)

Crop Growing season length (days) ET (Kc*Eto)(in mm/day) ET (mm/season) Dry season area Wet season area
Initial Development Mid End Initial Mid End  (%)  (ha)  (%)  (ha)

Tomato 30 40 40 25 2.50 4.80 3.75 506.66 0.23 16.02 0
Maize 25 40 45 35 1.25 5.00 2.50 469.13 3.23 226.20 20 1400
Onion 5 25 40 30 2.92 4.17 4.17 395.11 1.38 96.46 0
Garlic 5 25 40 30 2.92 4.17 2.92 357.58 1.22 85.06 0
Potato 30 40 50 30 2.09 4.80 3.13 533.76 41.56 2909.12 0
Green pepper 25 35 40 20 2.50 4.38 3.75 433.16 0.60 42.07 0
Wheat 20 30 50 30 1.25 4.80 1.67 405.53 31.37 2195.88 0
Barley 20 30 50 30 1.25 4.80 1.04 386.77 19.57 1369.62 0
Beans 15 25 25 10 1.67 4.80 1.46 240.30 0.17 12.21 0
Haricot beans 15 25 25 20 1.67 4.80 2.29 271.57 0.11 7.54 0
Abish 15 25 25 20 1.67 4.80 2.29 271.57 0.01 0.74 0
Fasolia 15 25 25 20 1.67 4.80 2.29 271.57 0.00 0.34 0
Cabbage 40 60 50 15 2.92 4.38 3.96 614.03 0.55 38.53 0
Carrot 20 30 40 20 2.92 4.38 3.96 422.21 0.00 0.08 0
Beatroot 25 30 25 10 2.09 4.38 3.96 298.16 0.00 0.26 0
Teff 20 30 45 25 1.25 4.80 1.67 373.22 0.00 40 2800
Shallots 5 25 40 30 2.92 4.38 3.96 399.80 0.00 0
Noug 25 40 50 30 1.46 4.80 1.46 445.15 0.00 20 1400
Millet 20 30 55 40 1.25 4.17 1.25 385.73 20 1400

Month Volume (Mm3)
Oct 2.68
Nov 1.56
Dec 0.8
Jan 1.07
Feb 0.97
Mar 0.8
April 0.67
May 0.8

Crop Potato Maize Shallots Peppers Wheat Millet Noug Teff Total
Dry season (%) 16 47 12 7 18 100
Wet season (%) 20 20 20 40 100
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Table A8. Actual cropping pattern for dry season of 2011/2012 (Belay, 2012)

Table A9. FAO crop coefficients (Allen, 1998)

* Average value for legumes used
** Average value for cereals used

***Average value for small vegetables used
**** Average value for oil crops used

Table A10. Results of Crop Water Usage Calculations in Mm3 water required per month

Crop Wheat Barely Maize Bean Haricot bean Abish Fasolia Potato Cabbage Tomato Carrot Beatroot Garlic Onion Green Pepper
Dry season (%) 31.370 19.566 3.231 0.174 0.108 0.011 0.005 41.559 0.550 0.229 0.001 0.004 1.215 1.378 0.601

Crop Kc Kc Kc
Initial Mid End

Tomato 0.6 1.15 0.9
Maize 0.3 1.2 0.6
Onion 0.7 1 1
Garlic 0.7 1 0.7
Potato 0.5 1.15 0.75
Green pepper 0.6 1.05 0.9
Wheat 0.3 1.15 0.4
Barley 0.3 1.15 0.25
Beans 0.4 1.15 0.35
Haricot beans* 0.4 1.15 0.55
Abish* 0.4 1.15 0.55
Fasolia* 0.4 1.15 0.55
Cabbage 0.7 1.05 0.95
Carrot 0.7 1.05 0.95
Beatroot 0.5 1.05 0.95
Teff** 0.3 1.15 0.4
Shallots*** 0.7 1.05 0.95
Noug**** 0.35 1.15 0.35
Millet 0.3 1 0.3

Oct Nov Dec Jan Feb March April May June July Aug Sep
ET (Mm3) 0.00 4.14 7.72 9.95 6.72 3.44 0.00 3.89 7.08 10.03 6.07 1.61
CIWR (ET*2) 0.00 8.29 15.45 19.90 13.43 6.88 0.00 7.79 14.15 20.05 12.14 3.21
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Table A11. Crop Water Usage for each crop per month in Mm3.

Table A12.Calculated evaporation for each month.

Table A13. Monthly evapotranspiration in mm for Bahir Dar (Ministry of Water Resources, 2006)

Table A14. Model parameters for baseline conditions and Scenario A in Mm3. Evaporation was calculated separately.

Table A15.  Model parameters for Scenario B in Mm3. evaporation was calculated separately.

Table A16.  Model parameters for Scenario C in Mm3. evaporation was calculated separately.

Crop Oct Nov Dec Jan Feb March April May June July Aug Sep
Tomato 0.00000 0.02405 0.03625 0.04433 0.03969 0.01804 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Maize 0.00000 0.21223 0.43862 0.66783 0.52068 0.28298 0.00000 1.40112 2.62710 4.13330 3.43274 1.54123
Onion 0.00000 0.19911 0.24939 0.24939 0.06436 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Garlic 0.00000 0.17557 0.21991 0.17309 0.03973 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Potato 0.00000 3.63931 6.20502 7.93975 7.81238 5.45896 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Green Pepper 0.00000 0.00000 0.08763 0.11421 0.09263 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Wheat 0.00000 2.42655 4.97215 6.52880 3.14994 0.73254 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Barley 0.00000 1.51350 3.10124 4.07216 1.62201 0.28557 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Beans 0.00000 0.01795 0.03249 0.00825 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Haricot Beans 0.00000 0.01108 0.02006 0.00981 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Abish 0.00000 0.00109 0.00197 0.00096 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Fasolia 0.00000 0.00050 0.00091 0.00045 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Cabbage 0.00000 0.06748 0.08153 0.08716 0.08997 0.10427 0.00000 0.04274 0.00000 0.00000 0.00000 0.00000
Carrot 0.00000 0.00016 0.00020 0.00022 0.00012 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Beatroot 0.00000 0.00036 0.00056 0.00064 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Teff 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 3.26344 6.17077 8.32499 3.14084 0.00000
Millet 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 1.53539 2.72635 3.61956 2.14838 0.77062
Noug 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 1.54707 2.62710 3.97568 3.41523 0.89905

Month Jan Feb Mar April May June July Aug Sep Oct Nov Dec
E (mm) 137.56 141.40 173.86 178.23 156.58 123.86 98.04 95.38 114.27 137.41 131.48 129.18
E (Mm3) 3.09 2.70 2.32 1.30 0.68 0.61 0.97 1.72 2.63 3.28 3.12 3.05

Month Jan Feb Mar April May June July Aug Sep Oct Nov Dec
ETo (BD) 123.69 126.56 160.27 164.40 150.35 123.00 102.61 100.75 111.60 125.55 117.30 114.08

Oct Nov Dec Jan Feb Mar April May Jun Jul Aug Sep
Qin 9.10 4.53 3.07 2.17 1.58 1.47 1.23 1.59 5.44 24.34 36.83 21.64
P 1.79 0.40 0.09 0.06 0.03 0.18 0.54 1.80 3.99 7.79 7.12 3.84
Qout 2.68 9.85 16.25 20.97 14.40 7.68 0.67 8.59 0.06 0.00 0.00 0.00

Oct Nov Dec Jan Feb Mar April May Jun Jul Aug Sep
Qin 10.647 5.3001 3.5919 2.5389 1.8486 1.7199 1.4391 1.8603 6.3648 28.4778 43.0911 25.3188
P 2.092545 0.470925 0.108518 0.06552 0.034808 0.206798 0.626535 2.102783 4.664205 9.117518 8.327183 4.498358
Qout 2.68 9.84894 16.24791 20.96705 14.4015 7.682356 0.67 8.589761 0.0558 0 0 0

Oct Nov Dec Jan Feb Mar April May Jun Jul Aug Sep
Qin 8.83 4.39 2.98 2.10 1.53 1.43 1.19 1.54 5.28 23.61 35.73 20.99
P 1.73 0.39 0.09 0.05 0.03 0.17 0.52 1.74 3.87 7.56 6.90 3.73
Qout 2.68 9.85 16.25 20.97 14.40 7.68 0.67 8.59 0.06 0.00 0.00 0.00
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Table A17.Parameters used to calculate evaporation (E) for baseline conditions and Scenario A in Mm3. Volume changes with
Vm-1 and thus surface area (SA) and evaporation change as well.

Table A18. Parameters used to calculate evaporation (E) for Scenario B in Mm3. Volume changes with Vm-1 and thus surface
area (SA) and evaporation change as well.

Table A19. Parameters used to calculate evaporation (E) for Scenario C in Mm3. Volume changes with Vm-1 and thus surface
area (SA) and evaporation change as well.

Table A20 Growing season lengths in months and total irrigation water requirements in mm for selected crops as estimated by
Mott MacDonald (Ministry of Water Resources, 2008).

Oct Nov Dec Jan Feb Mar April May June July Aug Sep
u (m/s) 1.20 1.30 1.20 1.40 1.40 1.70 1.81 1.60 1.50 1.20 1.10 1.10
Tmax 26.20 26.30 26.10 26.50 27.90 29.40 29.80 28.70 26.50 23.90 23.80 25.10
Tmin 12.30 10.20 7.80 7.30 8.90 11.80 13.00 14.20 13.80 13.70 13.40 12.70
T calculated 20.64 19.86 18.78 18.82 20.30 22.36 23.08 22.90 21.42 19.82 19.64 20.14
Rn 248.84 244.21 236.11 243.05 260.42 266.20 275.46 252.31 228.01 195.60 193.29 225.69
RH 71.00 66.00 62.00 59.00 52.00 49.00 49.00 59.00 72.00 81.00 82.00 78.00
G calculated 1.04 0.92 0.79 0.74 0.70 0.77 0.82 0.99 1.10 1.12 1.12 1.10
Td calculated 15.19 13.32 11.34 10.63 10.12 11.12 11.78 14.45 16.16 16.46 16.48 16.18
volume 73.45 79.15 71.78 56.36 35.41 20.95 13.53 13.62 7.52 16.44 47.93 90.49
SA (m2) 18222290.25 18706900.91 18056875.01 16030449.15 11830186.49 7956478.58 5661169.38 5689136.36 3649522.32 6586995.28 14540324.68 19302879.01
E (mm/month) 137.41 131.48 129.18 137.56 141.40 173.86 178.23 156.58 123.86 98.04 95.38 114.27

Oct Nov Dec Jan Feb Mar April May June July Aug Sep
u (m/s) 1.20 1.30 1.20 1.40 1.40 1.70 1.81 1.60 1.50 1.20 1.10 1.10
Tmax 27.53 27.63 27.43 27.83 29.23 30.73 31.13 30.03 27.83 25.23 25.13 26.43
Tmin 13.63 11.53 9.13 8.63 10.23 13.13 14.33 15.53 15.13 15.03 14.73 14.03
T calculated 21.97 21.19 20.11 20.15 21.63 23.69 24.41 24.23 22.75 21.15 20.97 21.47
Rn 248.84 244.21 236.11 243.05 260.42 266.20 275.46 252.31 228.01 195.60 193.29 225.69
RH 71.00 66.00 62.00 59.00 52.00 49.00 49.00 59.00 72.00 81.00 82.00 78.00
G calculated 1.12 1.00 0.87 0.82 0.79 0.85 0.89 1.07 1.18 1.20 1.20 1.18
Td calculated 16.46 14.58 12.59 11.88 11.34 12.33 12.99 15.70 17.43 17.75 17.77 17.47
volume 73.45 80.95 74.34 59.37 38.68 24.34 17.00 17.16 11.44 21.79 58.56 108.38
SA (m2) 18222290.25 18833785.48 18305847.01 16496905.34 12595612.85 8936599.34 6759854.35 6810485.05 4977910.89 8202367.52 16374762.99 19249988.34
E (mm/month) 140.51 134.51 132.22 140.83 144.71 177.86 182.30 160.09 126.65 100.26 97.54 116.84

Oct Nov Dec Jan Feb Mar April May June July Aug Sep
u (m/s) 1.20 1.30 1.20 1.40 1.40 1.70 1.81 1.60 1.50 1.20 1.10 1.10
Tmax 27.53 27.63 27.43 27.83 29.23 30.73 31.13 30.03 27.83 25.23 25.13 26.43
Tmin 13.63 11.53 9.13 8.63 10.23 13.13 14.33 15.53 15.13 15.03 14.73 14.03
T calculated 21.97 21.19 20.11 20.15 21.63 23.69 24.41 24.23 22.75 21.15 20.97 21.47
Rn 248.84 244.21 236.11 243.05 260.42 266.20 275.46 252.31 228.01 195.60 193.29 225.69
RH 71.00 66.00 62.00 59.00 52.00 49.00 49.00 59.00 72.00 81.00 82.00 78.00
G calculated 1.12 1.00 0.87 0.82 0.79 0.85 0.89 1.07 1.18 1.20 1.20 1.18
Td calculated 16.46 14.58 12.59 11.88 11.34 12.33 12.99 15.70 17.43 17.75 17.77 17.47
volume 73.45 78.77 71.19 55.64 34.59 20.06 12.61 12.68 6.51 15.18 45.73 86.98
SA (m2) 18222290.25 18678230.79 17996586.05 15912797.91 11629800.22 7693123.67 5361564.47 5382853.49 3296009.01 6189269.99 14106615.67 19170545.94
E (mm/month) 140.51 134.51 132.22 140.83 144.71 177.86 182.30 160.09 126.65 100.26 97.54 116.84

Crop Water needed Growing season
(mm) (Months)

Wheat 450-650 4 to 5
Teff 400-600 3 to 4
Maize 600-1200 4 to 5
Barley 400-800 4 to 6
Noug 800-1100 4 to 5
Sweet potato 500-1000 4 to 5
Pepper 600-900 3 to 5
Tomato 400-600 3 to 5
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Appendix B
Irrigation Canals and Command Areas

The 7000 hectares of command areas are fed by a series of irrigation canals all stemming from
the Koga Dam. The main canal takes water from the dam at a maximum rate of 9.11m3/s. The
main canal feeds a series of 10 secondary canals which then provide water to multiple tertiary
canals (Ministry of Water Resources, 2008). Farmer dug quaternary canals carry water from the
tertiary canals to the fields (site observation).

The Koga irrigation project area can be broken into four different units. Ranging from largest to
smallest, these are command areas, blocks, units, and fields. Command areas are areas irrigated
by a secondary canal branching off of the main canal. A command area is made up of blocks and
can be anywhere from 220 ha to more than 1000 ha. Blocks are areas irrigated by tertiary canals
which draw water from the secondary canals. Blocks are made up of groups of units and their
size is variable, from>100 ha to between 20 and 65 ha in size. Units are groups of fields, and can
be multiples of 2 or 4 but are ideally made up of 8 fields and range from 8 to 16 ha in size. Fields
are the smallest unit in the project area, usually 2 ha in size. Fields are irrigated using furrow
irrigation.

All of the fields within a unit will be irrigated on a rotation cycle during which each field is
irrigated once. Irrigation occurs every 8 days. If a unit is smaller than 8 fields, irrigation water
coming into the unit will be blocked off after all fields have been irrigated and the excess water
is used elsewhere in the block until it is time for the rotation to begin again. At max crop
demand, fields operate on a schedule of 12 hours of irrigation from the irrigation stream
(Ministry of Water Resources, 2004).

Night Storage Reservoirs (NSR) are another design feature found in the project area, and
regulate how much water is available in the secondary canals, effectively doubling the amount of
water available from the main canal (Ministry of Water Resources, 2004).The discharge from the
NSR provides 50% of the maximum required discharge for the fields. The other 50% comes
directly from the main canal (Lema, 2012). There are 11 NSR, ideally located at the head of each
command area. (Ministry of Water Resources, 2008).Table A3 in Appendix A lists the different
command areas and their sizes.
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Appendix C
The Koga design reports give data relating the volume to the surface area as well as simulated
average dam volumes for each month based on climate data from 1960 to 2002. This data was
plotted to get a second order polynomial equation relating reservoir volume to reservoir surface
area so that the monthly volumes could be converted into surface areas. Evaporation was then
calculated for each month using these surface area values.

Figure A1Volume to area conversion curve used in the evaporation calculations for the reservoir. Area in km2 is calculated from
volume in Mm3.

A second order polynomial was used to estimate the relationship between the volume and surface
area. The resulting equation was

Surface Area (SA)=-0.0019xt
2+0.3749xt+0.9362

where x is the reservoir volume for month t. The R2 value was 0.9893 indicating a good fit.
Using the equation derived from Figure A1, surface area was calculated and used in the
simplified Penman equation along with the other variables whose values were given in the design
reports.

In the scenarios with changes in initial volume, new volume to surface area curves were needed
due to the fact that the same surface areas then had smaller corresponding volumes. Volume to
surface area curves and equations for 5-27% reductions in initial volume are given below.
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Figure A2. Volume to Area Conversion for a decrease in volume of 4 Mm3 or about 5%.

Figure A3. Volume to Area Conversion for a decrease in volume of 8 Mm3 or about 11%.

Figure A4.Volume to Area Conversion for a decrease in volume of 12 Mm3 or about 16%.
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Figure A5. Volume to Area Conversion for a decrease in volume of 16 Mm3 or about 22%.

Figure A6.Volume to Area Conversion for a decrease in volume of 20 Mm3 or about 27%.

Evaporation comparison

To check the accuracy of the calculated evaporation for the Koga site, the values were compared
with data from the Bahir Dar meteorological station. The yearly evaporation in mm was
calculated to be 1617.239, an equivalent of 25.458 Mm3. As a comparison, the precipitation was
estimated in the design report to be 1578.3mm annually. The month with the lowest evaporation
in Mm3 is June, with a value of 0.610. October is the month with the highest evaporation at 3.284
Mm3. These actual evaporation values for the reservoir depend not only upon the evaporation
rate in mm, but also upon the size of the reservoir during the given month. Evaporation at the
Koga site and evapotranspiration in Bahir Dar, given in mm, are compared in Figure A7.
Monthly evapotranspiration values for Bahir Dar, which are taken from the design report, are
also presented in the Appendix A in Table A13.
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Figure A7 Comparison of monthly evaporation between Bahir Dar meteorological station and the Koga site. Evaporation is
given in mm, and is presented in blue, showing values from Bahir Dar, and red, showing values from the Koga site.

Comparing the calculated evaporation for the Koga reservoir with the evapotranspiration from
Bahir Dar, it can be seen that the results are similar and follow the same monthly trend. This is
expected as Bahir Dar has a similar climate, located just 35 km away from the dam site. The
method used to calculate evaporation values is known for error but the comparison shows good
results indicating the calculations are consistent with observed values in nearby Bahir Dar.
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Appendix D
Additional research on crop water usage

The main crops grown by farmers in the command areas are wheat, barley, potato, maize,
shallots, millet, noug, and teff. Peppers, beans, haricot beans, fasolia, abish, cabbage, tomato,
carrot, beetroot, garlic and onion are also grown in smaller quantities. Crop water usage is
directly related to the yield of the crop (Wahaj, 2007). Efficient use of water is therefore essential
to getting a high crop yield and especially important for increasing food security. General
findings for water usage of some of the major crops are listed below:

Maize is one of the highest yielding crops and accordingly has one of the highest water
requirements. A study done by the World Bank in 2007 on crop water usage in Africa found that
maize requires between 500 and 800 mm of water in order to get a maximum yield (Wahaj,
2007).This is lower than the value of 600 to 1200mm given in the project reports by Mott
MacDonald.

The water requirements for beans and millet were also researched in the same study and
estimated to be between 75 and 200mm for beans and between 200 and 400mm for millet. The
millet studied was grown under rain fed conditions and evapotranspiration is higher for irrigated
crops than rain fed crops due to a higher availability of water (Wahaj, 2007).

An article on the seasonal water requirements of teff in northern Ethiopia found that the
evapotranspiration from teff ranges from 260-317mm of water. They list barley and wheat as
having an evapotranspiration of 375mm (Araya, 2011) which are also all lower than the values
from the Koga design reports.

Using furrow irrigation on potatoes in a tropical climate during the dry season required 150 to
210mm for maximum yield according to a study done by Panigrahi et. al. (Panigrahi, 2005). This
value was much lower than that listed in the design report but may be due to the fact that the
study was done in India and water usage can differ depending upon the strain of potato/crop in
general.

Discrepancies can be explained by the fact that the climates of the countries studied by the World
Bank may differ from that of Ethiopia as well as the strains of crops used. Values estimated by
Mott MacDonald in the project report are given in Appendix A in Table A20.
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Crop water use calculations

Calculated ET for each crop grown in the Koga project area is given in Figure A8.

Adding the ETc values from each day of the entire growing season gives evapotranspiration in
mm/growing season.

Figure A8 Calculated total crop evapotranspiration in mm. Total evapotranspiration for the entire length of the growing season is
given for each crop planted in the Koga project area.

The calculated evapotranspiration value for maize and peppers was slightly lower than that found
in previous studies and estimated in the Mott MacDonald design report, but only by a small
margin. The calculated value for potatoes fell within the range given in the design report but was
higher than that found in the study done in India. Again this discrepancy may be due to climate
differences or strains of potato grown. Wheat and barley calculated evapotranspiration matched
well with the findings from previous studies but were both on the low end of the range given in
the design reports. The value for teff lay between the range given in the design report and the
range given in the study by Araya et. al. Evapotranspiration for millet fell within the range given
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in previous studies. The value for noug was much lower (about half) than the estimation
presented in the design report.

It should be noted that FAO did not have crop coefficient values for noug so instead the average
Kc value for oil crops was used for the evapotranspiration calculations.

Crop water requirements for each crop for each month (Figure A9) and for the sum of all crops
for each month (Figure 12) in Mm3were then calculated to make the data compatible with the
water balance model. To get a monthly value for crop irrigation water requirements (CIWR) it
was assumed that all wet season crops were planted on the same date, and all dry season crops
were planted on the same date, at the beginning of the respective seasons. The daily
evapotranspiration from each crop was then summed for each month to get a monthly value for
evapotranspiration. Due to the 50% efficiency of the irrigation method used, the
evapotranspiration was then doubled in order to get the crop water requirements.

Figure A9 Crop specific monthly irrigation requirement using a simplified planting schedule based on the starts of the two
growing seasons. The evapotranspiration is given in Mm3 for each crop for each month. The dry season growing season begins in
November and the wet season growing season begins in May.
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Figure A10 Comparison of CIWR from the design report scenarios and calculated CIWR. Crop irrigation water requirements in
Mm3 for scenarios I-IV from the Koga project design reports are given for each month as well as the calculated CIWR based on
calculated evapotranspiration data and growing season start dates.

When compared to the four different scenarios for CIWR presented in the design reports and
described in section 3.2.2, the calculated CIWR are roughly the same terms of volume, but may
vary slightly month to month. The cropping schedule differs from that used in the design reports
by a period of about two months. This can be seen in the lag in the graph in Figure A10.  The
reason for the discrepancy in the planting dates between the calculated CIWR and the design
report scenarios is that I chose to assume all crops were planted at the beginning of the respective
growing seasons in order to maximize the efficiency of the rain-fed irrigation employed during
the wet season. There is also a difference in the planned dry season cropping schedule that the
design report scenarios were based off of and the actual dry season planting schedule in use that
my calculations are based off of.
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Appendix E
Sediment transport is the ability of water to erode channel beds, carry particles heavier than
water and deposit them in another location. Particles (sediment load) are carried in rivers in two
different ways. Bed load describes the larger particles that are transported by rolling and hopping
along the channel bed. Suspended load are the smaller particles that are transported in
suspension, held up by turbulence. Predicting sediment motion is of great importance when
planning a structure such as a dam. If not designed and managed correctly, dams may completely
fill up with sediment in a matter of a few decades, thus greatly reducing the storage volume of
the dam if not rendering it useless entirely. This has happened in many different cases around the
world. Most susceptible are catchments with insufficient land cover, intense land use and the
right climactic factors (Chanson, 1998). The Koga basin has almost no natural forest cover left,
almost all trees are planted eucalyptus, which does little to prevent erosion, and is heavily farmed
using outdated techniques (Bewket, 2005). It has undergone the most deforestation of any
catchment in the BNB since the year 1960 (Gebrehiwot, 2010). In addition to this, the climate in
the region is characterized by a dry season with little to no rainfall that causes drying of the soils
which is then followed by large amounts of rainfall under a short period during the rain season
which causes large amounts of sediment to be washed away. Bewket and Sterk (2003) found that
storm events produced large volumes of surface runoff (Bewket, 2005). The Koga area is prone
to erosion and rill and gully formation is commonplace (Bewket, 2002). Due to this, the Koga
dam is under the risk of having a large sediment load carried into it by the Koga river if the
upstream catchment and dam structure itself are not well managed. Dam siltation then occurs
when the velocity of the water is suddenly decreased at entering the reservoir and suspended
sediments precipitate out and are deposited on the reservoir bed.
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Appendix F
To explore the possibility that in order to provide the irrigation water needed to supply the entire
command area the Koga engineers may be willing to neglect the environmental compensation
releases to combat sedimentation, Scenario B was examined with different Qout inputs. First, the
reservoir volume is examined with decreasing starting volumes and under the assumption that
environmental flows will only be shut off during the months where the reservoir volume reaches
zero. Second, the reservoir volume is examined with decreased initial volumes and no
environmental flows released at all during the course of the year. Prioritizing the irrigation
release over the environmental compensation flows would benefit the farmers in the Koga
project area but would be detrimental to the downstream communities and ecosystems as the
water supply will be cut off. Stopping the environmental flows is not mentioned in the design
reports and is not likely to occur as a management practice in the future for ethical and legal
reasons. Nevertheless the possibility was examined for theoretical purposes.

Figure A11 Monthly reservoir volumes in Mm3 for decreases in initial volume assuming the environmental release is shut off
during the months when the reservoir becomes too low to use for irrigation.
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Figure A12 Monthly reservoir volumes in Mm3 for decreases in initial volume assuming no water is taken from the reservoir for
environmental release during any month of the year.

Turning off the environmental compensation flows only during the months where the reservoir
would otherwise run dry does not save enough water to irrigate the entire project area using the
current cropping pattern. It becomes just barely possible to irrigate with an 11% in maximum
reservoir volume, giving a minimum volume of 0.041Mm3 in May. However, the reservoir still
becomes depleted during May after a reduction in the maximum volume of over 11%.

Eliminating the environmental compensation flows entirely makes irrigation of the full 7000
hectares of the project area under the current cropping plan possible up to a 22% decrease in
starting reservoir volume. This method of releasing no water downstream of the project area
would improve the efficiency of the dam but only up to a certain point. This method also
becomes unable to supply enough water for irrigation after the dam is forced to start operating at
78% maximum volume.
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Appendix G
Furrow irrigation

Furrow irrigation is one of the oldest ways to irrigate, possibly the first method used by humans,
and is still widely in use today (USGS, 2000). It involves transport of water to the field through
farmer dug ditches in the case of the Koga command area (field observation). The water then
floods the field between the rows of crops and is absorbed by the plants after infiltrating the soil.
Furrow irrigation is less effective than other methods of irrigation such as drip irrigation. It is
estimated that only 50% of the water used in furrow irrigation reaches the crop. Much is lost due
to runoff, evaporation, and infiltration of uncultivated areas (USGS, 2000). In the Koga project
area, furrow irrigation is the method used due to the fact that it is relatively simple and cheap.
Previous to the construction of the Koga Dam, the command areas were all using rain fed
agriculture (Lema, 2012).

The efficiency of water use in irrigation is controlled by three rootzone processes; macropore
formation, fertilizer application methods and depth of root uptake. Formation of macropores
from root decay and wormholes increase the flow rate through the soil and channelize the flow,
and make the infiltration less uniform as the flow is channelized. Macropores called planar voids
are also created from soil expansion and contraction cycles that effect water movement. The
depth at which roots take up the most water can be quickly adjusted by plants in response to
irrigation. When the irrigation water is introduced, the near surface roots become most active
(Clothier, 1993). Gardner (1983) found that the volume of water extracted by roots is highest
near the surface and shows a decreasing trend with depth. Fertilizer use in the Koga area is
minimal.

In a study on the efficient use of irrigation water done by Clothier and Green (1993), it was
concluded that the most efficient method of irrigating crops based on the three root zone
processes stated above was to use small amounts of water and irrigate frequently. Drainage loss
from micropores presents two problems; both the loss of water from the root zone that could
otherwise have been used to irrigate crops and the increased pollution of ground- and surface-
water sources (Clothier, 1993).  If flood irrigation is used such as in the Koga catchment, then
the soil should be managed in a way that micropores are eliminated or reduced before irrigation.

Geology and Soils

The soils in the project area are mostly alisols type soils, with light to medium texture. They are
permeable, with a relatively high infiltration rate. The soils have a fixed irrigation size of 2-4l/s
(Ministry of Water Resources, 2008). Most of the soils are very fine (silt-clay classified).
Available water in the root zone was found to be 187mm per meter soil and the adopted
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management allowed depletion level is 30-60% of the available moisture in the effective root
zone, depending on the type of crop grown. Eighty seven percent of the irrigation area has been
classified as silty clay soils suitable for irrigation. While infiltration is favorable for irrigation,
the soils are low in some nutrients needed for plant growth, particularly phosphorus, and are
acidic and high in sodium which can be detrimental to crops. Fertilizers are used in small
quantities when available to counteract this (Ministry of Water Resources, 2008). Improper land
management throughout the history of the catchment has caused erosion and exposed some
bedrock (UNESCO, 2004).
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