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ABSTRACT

Predicting sediment load for ungauged catchments remains the most uncertain and complex
problem in hydrology. A clear understanding of sediment yield, transport, and deposition processes
in river basins is critical to developing efficient measures for mitigating reservoir sedimentation
and predicting reservoir lifespans. Sedimentation, a major issue, significantly affects the
sustainability and operational efficiency of reservoirs and deteriorates dam operation. Reservoir
sedimentation is heavily influenced by the supply of sediments from catchments in the upper
reaches, influencing riverbank deposition of sediments as well.

Although reliable sediment data is vital for the planning of effective dams and water resource
systems, most parts of the world, especially in developing countries like Ethiopia, lack
hydrological monitoring and sediment data. This is especially true in the highlands of the Awash
and Abbay (Blue Nile) river basins, where sediment measurements are limited. Meanwhile, these
basins are home to important water-related projects such as the Grand Ethiopian Renaissance Dam
(GERD) and several proposed irrigation and hydropower initiatives. Given this gap, there is a
pressing need to develop viable alternative models for estimating suspended sediment output.
The main objective of this study was to estimate suspended sediment yield in the ungauged Abbay
and Awash catchments. To achieve this, the research specifically aimed to (1) assess the effects of
land use and land cover changes (LULC) on sediment yield dynamics in the Upper Awash River
Basin using the QGIS-based Soil and Water Assessment Tool PLUS model (QSWATPLUS), (2)
analyze the spatial and temporal variability of suspended sediment yield in the Upper Blue Nile
Basin using QSWATPLUS, (3) develop an alternative empirical model for estimating suspended
sediment yield using conceptual model, and (4) compare different modeling approaches used for
suspended sediment yield prediction.

In this study, the Quantum Geography Information System Interference Soil and Water
Assessment Tool Plus (QSWAT-PLUS) model was used to assess the impacts of land use and land
cover (LULC) on sediment load in the Upper Awash River Basin (UARB), which is experiencing
sedimentation issues in the Koka reservoir. The Modified Universal Soil Loss Equation within the
SWAT Plus model was employed to simulate streamflow and sediment yield, thereby identifying
spatiotemporal hotspots of sediment variability across various reservoir catchments. The QSWAT
Plus model incorporated digital elevation models, climate data, land use, soil types, and slope

characteristics of the Upper Blue Nile Basin (UBNB). The calibration and validation of monthly
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streamflow and sediment yield were conducted using the Sobol tool algorithm from the SWAT
Toolbox. Furthermore, the QSWAT+ model divided the Kessie watershed into 18 sub-basins in
order to analyze each catchment's characteristics. The performance testing of the alternative model
utilized a data set spanning 11 years from six watersheds, the assessment of which was conducted
through the utilization of model statistics. Principal component analysis (PCA) was used to
identify significant variables affecting sediment yield. In addition, data reduction techniques,
including the Gamma test (GT), classification and regression trees (CART), and stepwise
regression (SR), were used to select the most influential factors on suspended sediment output.
Finally, multiple linear regression (MLR) and artificial neural networks (ANN) were used to

develop a regional model for estimating suspended sediment yield (SSY) in ungauged catchments.

Results indicated that the mean annual sediment yield entering the Koka reservoir under the 2005,
2010, and 2015 LULC scenarios was about 26.03, 26.34, and 28.33 t/ha/yr, respectively. In
general, streamflow, surface runoff, and sediment output increased by 4.5%, 12.68%, and 8.84%,
respectively, due to the rapid change of LULC from 2000 to 2015. Temporally, the sediment yield
at the upstream side of the Koka Dam watershed was 60.8% during the wet season. The upward
trend indicates that changes in LULC bring increased sediment loads, which may endanger
reservoir sustainability and watershed health. Simulation outputs revealed that filter strips, contour
farming, and terracing best management practices (BMPs) decreased sediment yield by 60%, 65%,
and 80%, respectively. Terraces were most effective in controlling erosion in the priority Sub-
basin upstream of the Koka Dam.

Spatial variability in sediment yield within the Kessie Sub-basin was observed to range extensively
from 0 to 67.6 t/ha/yr. A further analysis revealed that 42.04% of the watershed falls within the
critical erosion zone and 39.48% falls within the sub-critical zone. This spatial variability is
attributed to a combination of environmental factors and human activities. It is imperative to note
that this critical amount of sediment yield has the potential to impact the service life of the
reservoir. It is estimated that approximately 90% of the annual sediment load was transported
during the wet season. These BMPs can be effectively used to minimize sediment transport, which
controls reservoir sedimentation in the Upper Blue Nile Basin.

Out of 24 variables screened, seven were found to be the most dominant significant factors:

drainage area, stream slope, main channel length, rainfall, agricultural land cover, forest cover,
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and streamflow. Collectively, climatic, geomorphological, and hydrological variables were found
to be major drivers of suspended sediment yield (SSY). Following calibration and validation of
streamflow and suspended sediment yield data at the Kessie gauge station using the QSWATPLUS
model, a new empirical model was developed to estimate suspended sediment yield in the
ungauged catchment. The new empirical model developed was verified based on three statistical
performance metrics, proving to be highly accurate and versatile in varying environmental
conditions, even in areas where data are limited. This improves its credibility in sediment
management and watershed conservation planning.

In all the tested models, the Genetic Algorithm-based Artificial Neural Network (GT-ANN)
achieved superior performance compared to the ANN and Multiple Linear Regression (MLR)
models. GT-ANN model under calibration (R* = 99.9%, RMSE = 12,631.6 t/yr, and MAE =
10,354.9 t/yr) and under validation (R? = 82%, RMSE = 139,944 t/yr, and MAE = 136,036 t/yr)
demonstrated that this model is effective in estimating sediment yield.

Overall, determining influential SSY drivers and using Al-driven modeling can empower water
resource managers to effectively estimate SSY amounts in ungauged basins, promoting improved

sediment management and conservation plans.

Keywords: Sediment Yield, Ungauged Catchment, Empirical Model, Suspended sediment yield,
Physical Model, Artificial Niral Network, Data Reduction Technique
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1. INTRODUCTION

1.1 Background of the study

Ethiopia has twelve major river basins with an amount of 124.4 billion m? of river water and 30
billion m? of groundwater potential sources (Melesse et al., 2013). Among them, the Abbay River
is the longest river and the most utilized river in Ethiopia, which is used for irrigation, water supply,
hydropower, and other purposes. Numerous large-scale projects are being planned, designed, and
built in the Abbay River basin. The Grand Ethiopian Renaissance Dam (GERD) is one of the
largest projects that built in the Abbay River basin for hydropower generation to solve power
outages for above 65 million Ethiopian people. Proper and cost-effective design is required to
guarantee that those projects are functional for a long period. Predicting streamflow and sediment
yield variables is crucial for the economic design of reservoirs.

Sediment yield is defined as the end product of soil erosion, which is the discharge of sediment
load from the catchment or the concentration of sediment delivered to the point of interest in the
river network over a stated period of time (Melesse et al., 2011) and the net result of the soil erosion
and sediment deposition process (Haregeweyn et al., 2013). In a watershed, sediment yield
includes erosion from the land surface, slopes, gullies, streams, and mass wasting minus sediment
that is deposited after it is eroded but before it reaches the point of interest. Sediment erosion,
transport, and deposition in fluvial systems are complex processes. It is governed by topography,
hydrometeorology, catchment characteristics, channel hydraulic characteristics, sediment
characteristics, and geology and land use /cover (Arnold et al., 2018). In the planning and
designing of water-related development projects, the estimation of watershed sediment yield is
critical.

Sediment sources have conventionally been assumed to as fields, hillsides, forests, construction
sites, and so on, a range of spatially distributed sources around the river basin whose capacity to
supply sediment varies with both climate inputs and how these areas are managed. It is necessary
to identify sediment sources to implement appropriate strategies to control sediment mobilization
and subsequent siltation of river channels and reservoirs (Carter et al., 2003). Mainly,
sedimentation originates from the catchment area and the river system, then gradually settles in

the reservoir.



Sediment has a major effect on the operation of dams and reservoir capacity. It is a major problem
that affects several water resources engineering projects, such as reducing the reservoir capacity,
obstructing the inlet of the dam intakes, and decreasing the discharge capacity of channels
(Buyukyildiz and Kumcu, 2017), (Calsamiglia et al., 2018). Besides its impact on the design and
management of hydro-systems, sedimentation has undesirable effects on water quality in rivers by
decreasing the concentration of dissolved oxygen (Olyaie et al., 2015), (Shiau and Chen, 2015).
Sedimentation of reservoirs has direct and indirect effects on irrigation practices. The susceptibility
of a reservoir to sedimentation depends on the sediment delivery of the source watercourse, the
retention characteristics of the watershed, and the manner in which the flow is delivered from the
natural source to the reservoir.

Reservoir sedimentation is a gradual accumulation of the incoming sediment load from a river. It
is a universal and natural phenomenon. The eroded soil from the upper catchment area is carried
into watercourses by flood and storm waters, resulting in tremendous sediment movement.
Uncontrolled deforestation, forest fires, overgrazing, improper methods of tillage, and unwise
agricultural and land use practices accelerate soil erosion, resulting in a large increase in sediment
inflow into streams.

All reservoirs, which are manmade and natural lakes, are subjected to sediment inflow and
deposition (Duru, 2015). Sediment accumulation in a reservoir is a serious problem that threatens
the sustainability of the reservoir and has severe consequences on reservoir productivity during its
operation time. It is also a serious off-site consequence of soil erosion that threatens the
sustainability of dams built for various purposes throughout Ethiopia (N. Haregeweyn et al., 2008)
as well as in other parts of the world. Though the ultimate destiny of all reservoirs is to become
filled with sediment, the length of time that this takes depends on the sedimentation rate and how
well the problem is addressed both during the planning stage and while reservoir sedimentation is
occurring. To predict the reservoir sediment deposition pattern, evaluate its consequences on the
reservoir yield, and identify an appropriate reservoir sediment management strategy, accurate
quantification of long-term average sediment yield is needed.

Sedimentation is a problem for many dams around the world and is considered an invisible enemy.
For each year, 0.5 to 1% reservoir capacity is lost due to sediment deposition in the world
(Bachiller et al., 2019). The gradual loss of reservoir capacity reduces the effective life of dams. It

also has tremendous economic and environmental impacts.



The existing and the newly constructed reservoirs of Ethiopia are under a similar threat of
sedimentation problems (Haregeweyn et al., 2012a). Previous studies on sediment yield and
impacts, conducted mainly in the northern parts of Ethiopia, have shown that the spatial variability
of sediment yield in that region is generally high. The frequent power cuts and rationing-based
electric power distribution recently experienced in the country are partially attributed to storage
losses due to sedimentation (Haregeweyn et al., 2008). A number of efforts have been made to
estimate sediment yield throughout the world, though few in Ethiopia. (Ermias et al., 2014)
reported that the lifespan of dams in Ethiopia, specifically in two schemes, is almost five times
shorter than originally anticipated. (Tamene and Vlek, 2008) studied reservoir siltation and
siltation rate on 11 small reservoirs in the Tigray region, which is in the north of Ethiopia. He
found that the annual average rate of capacity loss varies from 0.1 to 7.4% due to the wide contrast
in environmental variables of catchments. In addition to this, his results showed that most of the

reservoirs would be filled with sediment within less than 50% of their projected service time.

Long-term sediment yield data are required for the design of reservoir life and its storage capacity.
It is important to know the problem of the design of reservoirs and dams, transport of sediment
and pollutants in rivers, lakes, and estuaries, design of stable channels and dams, protection of fish
and wildlife habitats, determination of the effects of watershed management, and environmental
impact assessment (Cigizoglu, 2004). However, observed sediment yield data for all major river
basins are limited in Ethiopia. This lack of suspended yield data has an impact on quantifying the
actual suspended sediment load to the dam reservoirs while planning new reservoirs, which leads

to the risky or non-economical design of reservoirs (Haregeweyn et al., 2013).

There are different methods that are used to predict erosion and sediment yield of the catchment.
No single catchment sediment yield prediction method can be assumed to be applicable to all
possible conditions. All methods have limitations and advantages, and the choice of the method to
apply should consider a number of influencing factors (Basson, 2009). These influencing factors
are catchment characteristics, site conditions, hydrologic, geomorphologic, and topographic
factors, dam engineering requirements, availability of time, economics, data requirements, and

data availability.



Sediment yield can be predicted using a range of approaches, from simple empirical models to
detailed process-based simulations, as well as various watershed models that estimate runoff and
other hydrological processes. Traditional regression-based methods relate sediment delivery to
catchment characteristics such as drainage area, topography, climate, and vegetation in a
straightforward manner. However, these methods have significant drawbacks: they cannot
effectively identify the dominant controls on spatial variations in suspended sediment yield, have
limited applicability beyond the regions where they were developed, and do not produce spatially
detailed outputs needed for targeted erosion control. To address these limitations, current research
integrates advanced physics-based models with machine learning techniques to achieve higher
accuracy, broader applicability, and spatially distributed results essential elements for effective

sediment management and prioritizing conservation efforts across different watersheds.

The Upper Awash and Blue Nile regions face significant challenges related to sediment
management, primarily due to increased sedimentation driven by deforestation, agricultural
practices, and urbanization. These factors contribute to decreased reservoir capacity and
deteriorating water quality, worsening water resource management problems.

The main objective of this study is to estimate suspended sediment yield in ungauged catchments
of the Abay and Awash River basins. In order to achieve this objective, the research focuses on
several key methods: The impact of land use and land cover changes (LULC) on sediment
dynamics in the Upper Awash River Basin was assessed using the QGIS-based Soil and Water
Assessment Tool PLUS (SWATPLUS) model. The spatial and temporal variability of suspended
sediment yield in the Upper Blue Nile Basin was analyzed using SWATPLUS. An alternative
empirical model for estimating suspended sediment yield was developed, and various modelling

approaches for sediment yield prediction were compared.

1.2 Statement of the problem
Sediment yield is also an immense problem that has threatened water resource development in the
river basin. An insight into soil erosion/sedimentation mechanisms and mitigation methods plays
an imperative role in the sustainable water resources development in the region. The majority of
rivers, stream reaches, and tributaries in the world are ungauged or poorly gauged, as it is a costly,

difficult, and time-consuming task, especially in remote water courses and developing countries



(M. Atieh et al., 2015). In developing countries like Ethiopia, a decreasing trend in the number of
gauges is observed. In total, there are 409 river gauging stations spread over the 12 major river
basins of the country. However, only 28 of these stations have relatively well-recorded data on
sediment concentration and runoff discharge (Haregeweyn et al., 2013).

Lack of flow and sediment records increases the difficulty of developing efficient water strategies
at different levels including: irrigation allocation and agricultural expansion (Atieh et al., 2015),
hydropower generation (Amasi et al., 2021), and (Kuma et al., 2024), dam operation (Lee and Du,
2025), and (Kuma et al., 2024), flood and drought analysis (Houghton-Carr and Matt, 2006), and
(Ward et al., 2020), climate change assessment (Ferdowsi et al., 2024), (Yasarer and Sturm, 2016),
and ecological assessment (Praskievicz and Luo, 2020), and (Zinabu et al., 2019). Accordingly,
there is a pivotal need for proper methods of sediment prediction at ungauged catchments.
Ethiopia loses 1.5 billion tons of topsoil in every year. It shows that soil erosion is a serious issue
in Ethiopia (Tamene and Vlek, 2008). As a result, some reservoirs had sediment deposition issues
and reduced their functions. Good examples of power generation and water supply reservoirs that
are affected by sediment deposition problems are Koka (Adugna and Cherie, 2023), Gilgel Gibe I
(Devi, 2008), MelkaWakena (Hayicho et al., 2019), Angreb (E. and M., 2012), and Legedadi
(Adugna and Cherie, 2023).

1.3 Gaps in current sediment yield prediction methods
Different methods are used to predict sediment yield that are applicable depending on the type and
availability of data, time frame, and availability of funds. One of the most applicable methods for
estimating sediment yield in ungauged catchments is the regionalization method, which involves
transferring information from a gauged catchment to an ungauged one (Heng and Suetsugi,
2014a);(Roth et al., 2016), (Ang et al., 2023);(MYermolaev and Mukharamova, 2023); (Jackisch
et al., 2014). Hydrological models developed for sediment yield prediction include: physical based
models (Gull and Shah, 2022); (Aga et al., 2020);(Ramsankaran et al., 2013); (Nkwasa et al.,
2022),(Roba et al., 2021)and (Anamika et al., 2021), conceptual-based models (Gwapedza et al.,
2021); (Haque et al., 2024); (Gwapedza et al., 2023), and data-driven models that may either be
linear regression-based (Keshtegar et al., 2023); (Francke et al., 2008), or more recently use

nonlinear regression-based approaches such as neural networks (Nda et al., 2023).



Data-driven models require less time for processing and have proven to give accurate estimations,
especially at locations where the underlying physical processes are not well understood (Bezak et
al., 2025). Applications of artificial neural network (ANN) models in hydrology have been
numerous and diverse, covering quality and quantity, surface water and groundwater
(Daliakopoulos et al., 2005); (Bezak et al., 2025); (Chen et al., 2020);(Susanj Cule et al., 2025).
The majority of studies using ANN models for sediment prediction have addressed forecasting
cases (M. Atieh et al., 2015); (Heng and Suetsugi, 2013a); (Cigizoglu, 2004) and (Kisi and Shiri,
2012).

Al-based models play a crucial role in estimating sediment characteristics in ungauged catchment.
This research has been developed in response to recognition of a need for models that (1) describe
key physio-climatic characteristics that influence sediment parameters using an extensive list of
characteristics and a regional dataset (2) incorporate spatial and temporal variability of suspended
sediment, (3) develop an alternative empirical model for prediction of suspended sediment yield,
and (4) compare conceptual model and data driven model artificial neural network for prediction
of suspended sediment yield. The overall intent of this research was to gain a better understanding
of sediment yield statistics at ungauged catchments. The major motivator for developing this study
was the need for simple, reliable, and comprehensive models for the prediction of sediment in

ungauged catchments.

1.4 Research questions
The output of this research will be achieved by designing this study to answer the following
major research questions.
Question 1. How do land use and land cover (LULC) changes influence sediment yield dynamics
in the Upper Awash River Basin?
Question 2. What are the spatial and temporal variations of suspended sediment yield in the Upper
Blue Nile Basin?
Question 3. How can an alternative empirical model be developed to estimate suspended sediment
yield?
Question 4. How can a regional model be developed to estimate suspended sediment yield in

ungauged catchments?



1.5 Objectives of the study
The general objective of this research is to predict suspended sediment yield in ungagged
catchments that impact reservoir development in the Ethiopian highlands.
1.5.1 Specific Objectives
To achieve the above main objective the following specific objectives were proposed:
® To evaluate the effects of land use and land cover changes (LULC) on sediment yield
dynamics in the Upper Awash River Basin using the QGIS-based Soil and Water
Assessment Tool PLUS model (QSWATPLUS)
® To analyze the spatial and temporal variability of suspended sediment yield in the Upper
Blue Nile Basin using the QSWATPLUS model
® To develop an alternative empirical model for estimating suspended sediment yield using
physical model output parameters
® To Develop an alternative regional suspended sediment yield estimation model for

ungauged Catchments



1.6 Organization and structure of the dissertation

This dissertation is organized into seven chapters, which consist of four research outputs from

chapters three to six. A brief description of the outline of the content is presented to simplify the

understanding of the connection between the chapters.

The first chapter provides a comprehensive overview of the dissertation. This includes the
research background, the problem statement, the current gaps, particularly the study area,
the research questions, and the dissertation objectives.

Chapter 2 provides a comprehensive overview of the study area, encompassing its
geographical location, climatic conditions, soil characteristics, land use patterns, and
current land cover.

The third chapter of this study focuses on the evaluation of the impact of alterations in
land use and land cover on the dynamics of sediment yield in the upper Awash basin in
Ethiopia, with particular reference to the Koka reservoir.

The fourth chapter of this study investigates the spatiotemporal variability of suspended
sediment yield in the upper Blue Nile basin.

In Chapter Five, an alternative empirical model is proposed for the estimation of
suspended sediment yield in ungauged catchments.

In Chapter Six, a comparative analysis is presented of the various modelling approaches
that have been employed to predict suspended sediment yield in ungauged catchments
located within the Ethiopian highlands.

Chapter seven offers a comprehensive conclusion and a set of recommendations for future

research.



2. DESCRIPTION OF STUDY AREA
2.1 Location and topography

There are 12 major river basins in Ethiopia: eight are perennial river basins, one is a lake basin,
and three (Danakil, Aysha, and Ogaden basins) are intermittent river basins with almost no or
insignificant flow. This study was carried out in the Awash and Blue Nile (Abbay) river basins,
with a particular focus on the Koka and Kessie watersheds.

The Blue Nile (Abbay) basin lies in the western part of Ethiopia between 7° 45'-12°45' N and 34°
05'-39° 45' E (figure 2.1). It is the largest of the 12 major river basins in Ethiopia, with an area of
about 176918 km? at the border point with Sudan. It is the largest river basin and covers about 33.2
% of the total area of the country. It contributes about 62% of the discharge to the main Nile River
(Ahmed et al., 2010). The entire Abbay basin may be partitioned into 16 sub-basins. The Blue
Nile sub-basins, which contribute to the Kessie watershed, are Tana, Jemma, Beshilo, North
Gojjam, Weleka, and Mugger. Mean streamflow at the border amounts to 1540 m>/s, which
translates to an annual runoff volume of 49 billion m>.

The Awash Basin is Ethiopia's second-largest basin, with a length of around 1200 kilometers and
a catchment area of 110,000 km?. It is located between 8°16 and 9°18’ latitude and between 37°57
and 39°17 longitude with the elevation varies between 215 to 4185 m a.m.s.l (above mean sea
level) (Daba and You, 2020). The study area is located on the upstream side of the Koka dam,
which covers 10,371.43 km? watershed area with an altitude varying between 1503 to 3388m.
Koka Dam was built in 1960 for hydropower generation on the Awash River's upstream section,
with a reservoir capacity of 1180 Mm?®. The area is recognized as a prominent location where rapid
population growth, agricultural practice, urbanization, and industry expansion occur, resulting in
changes in the LULC from time to time. The Koka Dam watershed area is bounded to the south
by the Rift Valley Basin, to the northwest by the Abbay Basin, to the west by the Omo-Gibe, and
to the east by the Middle Awash. The detailed geographical location of the research area is
presented below (Figure 2.1).
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2.2 Climate and hydrology
The climate of the Abbay basin is largely controlled by two factors: its proximity to the equator
and a wide elevation range, from about 590 meters to over 4,000 meters above sea level. The
influence of these factors determines the rich variety of local climates, ranging from hot and desert-

like along the Sudan border, to temperate on the high plateau, and cold on the mountain peaks.

Twenty-nine meteorological observation stations were used, where the stations are located within
and around the Upper Kessie Watershed Annual rainfall varies between about 665 mm to 1,645
mm, with a mean annual rainfall over the Kessie watershed of about 1,420 mm, and a mean
evapotranspiration of about 1,300 mm (Figure 2.2). The mean temperature of the basin is 18.5 °C,
with minimum and maximum average daily temperatures of 11.4 °C and 25.5°C respectively.
Temperatures generally decrease with altitude (about 0.7°C per 100 m). In contrast, rainfall tends

to increase with altitude while also being greatly affected by local rain-shadow and related effects.

Thirteen meteorological observation stations were used, where the stations are located within and
around the Koka Dam watershed. Climate data such as daily precipitation, temperature, wind,
sunlight hours, and humidity were obtained from the Ethiopian National Meteorological Institute
(ENMI) from 2000 to 2015.

The mean annual rainfall of Addis Ababa, Adama, KokaDam, Asgori, Hombole, Beshefito, Mojo,
Sendafa, Tulo Bolo, Addis Alem, Akaki, Ginchi, and Ejere meteorological stations for the period
0f 2000 to 2015 are shown below in Figure 2.3.

11
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2.3 Soil types and land use

The predominant soils of the UBNB are characterized as vertisols, luvisols, and leptisols (Easton
et al., 2010). Majorly, the main soil groups of the Kessie watershed are Lithic Leptosols, Eutric
Vertisols, and Chromic Luvisols, which cover 44%, 24%, and 14%, respectively (Figure 2.4).

Commonly, the types of LULC in the upper Awash River basin are agricultural land (rainfed and
irrigation crops), water bodies, forests, shrubs, woodland, and bare land. Crop land is the dominant
LULC in the watershed. The principal crops grown in this region include teff, maize, barley,
vegetables, wheat, beans, and sugarcane. In general, irrigation farms, sugar plants, wetlands, Addis

Abeba (Ethiopia's capital city), and other small urban regions are found in the watershed. Because
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of fast population growth, human activity in this watershed is increasing, and natural resources are
being depleted in unanticipated and unsuitable ways.

The catchment is dominated by Vertisols and Cambisols. Other prevalent soils include Calcic
Fluvisols, Lithic Leptosols, Eutric Nitisols, Calcic Xerosols, and Vertic Cambisols. The

predominant soil textures across the study area are sandy loam and silt-clay loam.
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The dominant LULC categories found within the Kessie watershed include farmland, grassland,
barren terrain, bushland, and woodland. Based on the Water and Land Resource Center (WALRC),
around half of the watershed area is covered by farmland. The dominant LULC in this watershed
was farmland, which covered 50.69% of the watershed. Following agricultural land, the grassland
and the bare land cover 12.41% and 10.50%, respectively. The area occupied by urban
development is insignificant compared to the total LULC area, accounting for only 0.39% (Figure

2.5).
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2.4 Water Resources Potential

Utilization of the water resources of the country is focused on the eight river basins, as they are
located in a climate zone favorable for human settlement. Awash and Blue Nile (Abbay) River
basins are the most widely utilized and are being developed for water resources projects, mainly
for hydropower and irrigation purposes. For instance, the Awash basin covers 70% of the irrigated
agriculture area of the country and provides hydropower with an installed power of 46 megawatt
(MW). Renewable groundwater resources are estimated to be about 2.6 billion cubic meters while
gross hydro-electric potential about 45,000 MW (160,000GWh/year) within 299 potential sites
and the potentially irrigable land in the country has been estimated at 3.7 million hectares
(Awulachew et al., 2007).

From many constructed and proposed dams in the Awash and Blue Nile basins, GERD, Megech,

Rib, and Koka are the main sources of water for irrigation and hydropower purposes. Nevertheless,
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the Koka dam has lost 40 % of its storage capacity due to sedimentation problems in the 30 years
of its service period (Hathaway, 2008). Specifically, the Ribb and Koka watersheds, which are
found in the upper Blue Nile and upper Awash River basins, are the selected area to investigate
the impact of land use/ cover changes on sediment yield dynamics and to assess the variability of
sediment yield.

In summary, Ethiopia has 124.4 billion cubic meters of surface water potential, 30 billion cubic
meters of groundwater resources, and 80 billion cubic meters of lake water. The country also has
an irrigation potential of 3.8 million hectares and a hydropower generation capacity of 45,000
MW. The Awash River Basin notably accounts for 3.95% of the total surface water potential, while
the Abbay, Baro-Akobo, Mereb, and Tekeze rivers collectively cover 69.83% of the country's

surface water resources (Melesse et al., 2013).
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3. Evaluating the Impact of Land Use and Land Cover Changes on
Sediment Yield Dynamics in the Upper Awash Basin, Ethiopia: The Case

of Koka Reservoir
ABSTRACT
Land Use and Land Cover changes (LULC) are the driving forces behind changes in the
hydrological response of the watershed. In this study, the Quantum Geography Information System
Interface Soil and Water Assessment Tool Plus (QSWAT-PLUS) model was applied to evaluate
the effects of LULC on sediment load at the Upper Awash River Basin (UARB), which is causing
sedimentation problems in the Koka reservoir. The LULC data for 2005, 2010, and 2015 were
obtained from historical satellite images using Earth Resources Observation and Science (ERDAS)
2014. The classification of LULC changes showed that the agricultural practice and the settlement
land both increased by 6.7% and 6.3%, respectively. In contrast, the forest area, woodland,
shrubland, and water bodies decreased by 5.47%,0.93%,0.96%, and 1.34% from 2000 to 2015,
respectively. The model evaluation results were satisfactory for the three LULC scenarios. The
average annual surface runoff volume for the 2005 LULC data was 182.2 mm, which increased to
193.29 mm in 2010 and 205.3 mm in 2015. Similarly, the average annual sediment yield that would
enter the Koka reservoir under the 2005, 2010, and 2015 LULC scenarios was 26.03 t/ha/yr, 26.34
t/ha/yr, and 28.33 t/ha/yr, respectively. In general, streamflow, surface runoff, and sediment output
increased by 4.55%, 12.68%, and 8.84%, respectively, due to the rapid change of LULC from 2000
to 2015. Temporarily, the sediment load at the upstream side of the Koka Dam watershed was
60.8% during the wet season. The southwest direction of the watershed was identified as the
primary erosion-prone area. Based on the simulation results, the filter strip, contour, and terraces
reduced the watershed sediment yield by up to 60%, 65%, and 80%, respectively. Therefore, the
selected best management practices are highly effective in reducing silt along the entire upstream
side of the Koka Dam watershed.
Keywords:  Hydrological Response, Koka Dam, Land Use Change, QSWATPLUS Model

3.1 INTRODUCTION

Land use and land cover changes have a great impact on global environmental dynamics. It
significantly affected the hydrological response, the hydrological cycle, and climate processes

(Welde and Gebremariam, 2017),(Aneseyee et al., 2020), and (Tamene and Vlek, 2008).
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One of the effects of altering land use and land cover changes is soil erosion, which causes more
silt to enter into dam reservoirs, reducing their capacity and endangering their performance
(Tamene and Vlek, 2007). In the World, many reservoirs have lost one-half of a percent of their
storage capacity per annum due to sedimentation problems, which is causing serious problems for
hydropower, irrigation, water supply, and flood control (Ayele et al., 2021).

In developing countries like Ethiopia, the highland areas are categorized as regions with high rates
of soil erosion and land degradation problems (Tamene et al., 2017),(Haregeweyn et al., 2015a),
and (Contador L.F.J., Schnabel S., 2009). The soil erosion and land degradation problems of the
highland areas increased due to rapid LULC change. The rapid LULC changes are the results of
expanded agricultural land, fast population growth, deforestation, and poor afforestation practices
in the sloping area which are the main factors to accelerate soil erosion and land degradation in
Ethiopia resulting in reservoir sedimentation problems (Tamene and Vlek, 2007), and (Ayele et
al., 2021). Ethiopia loses 1.5 billion tons of topsoil in every year. It shows that soil erosion is a
serious issue in Ethiopia (Tamene and Vlek, 2008). As a result, some reservoirs had sediment
deposition issues and reduced their functions. Good examples of power generation and water
supply reservoirs that are affected by sediment deposition problems are Koka (Adugna and Cherie,
2023), Gilgel Gibe I (Devi, 2008), MelkaWakena (Hayicho et al., 2019), Angreb (E. and M., 2012),
and Legedadi (Adugna and Cherie, 2023). Moreover, in downstream countries like Egypt and
Sudan, infrastructures such as Aswan, Rossier, and other storage reservoirs and irrigation canals
have experienced serious sedimentation problems due to excessive sediment loads that originate
from Ethiopian highlands (Betrie et al., 2011), and (Easton et al., 2010).

Particularly, the UARB is severely affected by poor watershed management problems due to dense
population, expansion of urbanization, poor forestation, deforestation, and overgrazing, resulting
in perceptible loss of soil fertility, and rapid degradation of natural resources (Shawul and Chakma,
2019),(Mariye et al., 2022),(Bekele et al., 2018), and (Mersha et al., 2018).

The result of soil erosion and sediment transportation into some dam reservoirs, particularly in this
area, accelerated the sediment deposition and reduced the reservoir capacity, resulting in difficulty
in using the reservoirs for hydropower, flood control, irrigation, and water supply. For example,
the Koka Dam reservoir lost 17 million cubic meters of storage capacity per year. Due to this, the
generated power capacity of the dam reservoir reduced in 2014 (Haregeweyn et al., 2012b). In

addition to this, the Awash Melkessa reservoir stopped its service due to heavy siltation problems,
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and the Methara sugar factory was also challenged due to the high siltation of the canal and
difficulty in irrigating the sugarcane plants (Tessema et al., 2021).

Land use/land cover, rainfall, topography, soil properties, and geological formation are some of
the many variables that affect the hydrological processes. Among such, the primary cause of the
hydrologic process in watersheds is human-induced LULC change (Kuma et al., 2023). Alterations
of LULC dynamics have been a major source of soil erosion and sediment yield in recent times
(Belay and Mengistu, 2019), (Abiye et al., 2023). The significant change in LULC is a cause of
surface runoff and sediment yield variation at seasonal and spatial scales. To understand this, the
change of the Angerb watershed LULC from 1985 to 2011 is an explanatory example. This
watershed changed the land use type from forest plantations to agricultural practices between 1985
to 2011. As a result, the runoff was increased by 39% (Getachew and Melesse, 2012). In the
Tekeze Dam watershed, the LULC type has changed from grass and bare land to agricultural land.
Because of this, the average annual stream flow has increased by 6.02%, while the amount of
sediment yield increased by 17.39% during the time interval from 1986 to 2008 (Welde and
Gebremariam, 2017).

Many researchers have investigated the impact of LULC change on sediment yield dynamics in
the UARB. According to their findings, the LULC changes in Ethiopia's highlands are a significant
issue that endangers natural ecosystems (Bekele et al., 2018). Therefore, understanding the effects
of LULC change in the watershed is essential for planning and managing land use and water
resources (Daba and You, 2022). According to Shawl and Chakma's findings in the upper Awash
watershed, LULC changed dramatically from shrubland to crop area (Shawul and Chakma, 2019).
This result showed how much the agricultural practice in this area has expanded from 1972 to
2014. This led to an increase in the annual sediment production in the Koka Dam reservoir.
According to the average annual sediment product entering the Koka Dam reservoir is 21.43
t/ha/yr. 106,352.59 tons of average annual sediment output entered the Merti intake structure,
which was built in the Awash River (Bishaw and Kedir, 2015). The sediment yield of the UARB
varies from time to time. During the wet season, 70.8% of the yearly sediment yield occurs in the
middle Awash catchments (Tesema et al., 2021). Even though the issue of evaluating the effects
of LULC changes on sediment yield dynamics in the UARB has been the subject of numerous
studies, it is necessary to urgently and seriously assess the impact of LULC changes on sediment

load at Koka dam reservoirs to extend reservoir life through the application of practical land use
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and watershed management techniques. Furthermore, most studies were limited to small
watersheds and landscapes, and calibration and validation were carried out at the Hombole gauge
station, which had a coverage area of around 7,000 km?. But the calibration and validation for this

study were performed at the upstream side of the dam, which covered 10,000 km? watershed area.

Unlikely the previous studies, in this study, the new version of the QSWATPLUS model was used
to evaluate the effects of land use change on sediment variation by using different years of LULC
data and to evaluate the best watershed management strategies.

The Awash River basin is the backbone of economic development in Ethiopia. Large sugar and
hydro-power plants have been found in this basin, and they are vital to the country's economy.
However, the UARB 1is currently suffering from a land degradation problem caused by
urbanization, dense population, agricultural development, and poor watershed management (Daba
and You, 2022). On top of that, the basin is environmentally vulnerable (Hailemariam,
1999),(Edossa et al., 2010), and (Mersha et al., 2018), and the river is characterized by high flash
floods, which carry a high amount of silt that significantly affects the capacity of the Koka
reservoir. Due to sediment deposition in the reservoir, Koka's power generation capability was
reduced from the expected power output. In general, most reservoirs have major sedimentation
problems (Bashar et al., 2010). Therefore, evaluating the impact of LULC change on sediment
yield dynamics in the upper Awash River basin is critical for providing useful information to water
resource and land use planners in developing subbasin management strategies and reducing
sediment deposition at Koka Reservoir using effective watershed management strategies.

Various physical-based soil erosion models have been developed worldwide to anticipate soil loss
and sediment load and to assess the impact of LULC change on watersheds (Koneti et al., 2018).
They also help to identify the erosion-prone area and to determine the optimum management
approach for the erosion-prone area in a timely and cost-effective manner. For instance,
Annualized Agricultural Non-Point Source (AnnAGNPS) (Zema et al., 2010), SWAT (Setegn et
al., 2010), Water Erosion Prediction Project (WEPP) (Singh et al., 2011), QSWATPIus (Bieger et
al., 2019), (Wuet al., 2020), and European soil erosion model (EUROSEM) (Pandey et al., 2016),
such physical models have been used in recent years to evaluate the impact of LULC change on
soil erosion and its control mechanism. Among those models, the AnnAGNPS model requires

extensive data input and no mass balance equation (Bingner et al., 2018), the WEPP model also
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requires a large number of input data and parameters, and cannot accurately simulate the process
occurring in permanent channels and streams. EUROSED is relying on a single storm and is
suitable for small catchments (Pandey et al., 2016). Whereas the SWAT model requires relatively
small input data and is used to simulate long-term hydrologic, soil erosion, and sediment yield in
large and complex watersheds using daily time steps. It is the most applicable model worldwide
to estimate sediment yield on a daily and monthly basis and to predict the long-term impact of land
use activities in complicated and large watersheds (Cooper, 2010), and (Liu et al., 2015). It was
applicable for predicting sediment load, identifying the erosion area, and evaluating the best
management strategies in Ethiopia’s watersheds under different scenarios (Zantet et al.,
2023),(Anteneh et al., 2023), and (Dibaba et al., 2021). The fundamental issue of SWAT model
over the other hydrological models is its capacity to predict sediment load if the observed
streamflow and sediment data are not sufficient and unreliable in the watershed (Zalaki-badil et
al., 2017). Therefore, the QSWATPLUS model was used in this study to assess the impacts of
LULC variations on sediment load in the Koka reservoir. It is the upgraded version of the SWAT
model, a time-continuous semi-distributed model that works on the principle of hydrologic
response units. The uniqueness of the QSWAT plus model from the previous version added the
landscape units beside to sub-catchment. The importance of using the QSWAT plus model over
other physical models is to understand the basic catchment characteristics when the data are not
accessible and to evaluate the long-term effects of LULC change on the hydrological response that
are difficult to simulate (El-Sayed and Zumwalt, 1991).
In this study, it was hypothesized that major changes in the LULC in the UARB are related to
human activities that provide for the needs of the fast-rising population in terms of food security
by utilizing improper and ill-planned natural resource management practices.
The particular aims of this study are as follows:

1) To assess the impact of land use and land cover changes on sediment yield dynamics

in the upper Koka Dam watershed using the 2000,2005,2010, and 2015 LULC maps
1) To estimate the mean annual sediment yield loading to the Koka reservoir
1i1) To evaluate the spatial and temporal variability of sediment yield and identify the

GI'OSiOIl-pI'OI’le area.
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3.2 MATERIALS AND METHODS
3.2.1 Description of the Study Area

The Awash Basin is Ethiopia's second-largest basin, with a length of around 1200 kilometers and
a catchment area of 110,000 km?. It is located between 8°16  and 9°18 latitude and between 37°57
and 39°17 longitude with altitude varying between 215 to 4185 m a.m.s.I (above mean sea level)
(Daba and You, 2020). The study area is located on the upstream side of the Koka dam, which
covers 10,371.43 km? watershed area with an altitude varying between 1503 to 3388m. Koka Dam
was built in 1960 for hydropower generation on the Awash River's upstream section, with a
reservoir capacity of 1180Mm?>. The area is recognized as a prominent location where rapid
population growth, agricultural practice, urbanization, and industry expansion occur, resulting in
changes in the LULC from time to time. The Koka Dam watershed area is bounded to the south
by the Rift Valley Basin, to the northwest by the Abbay Basin, to the west by the Omo-Gibe, and
to the east by the Middle Awash. The detailed geographical location of the research area is
presented below (Figure 3.1).

The upstream of the Koka dam catchment got an annual mean rainfall of 1199.56mm from 2000
to 2015. The maximum, minimum, and average values of temperature observed at the watershed
during the period 2000-2015 were 25 °C, 10 °C, and 17.5 °C, respectively.

Commonly, the types of LULC in the UARB are Agricultural land (rainfed and irrigation crops),
water bodies, forests, shrubs, woodland, and bare land. Crop land is the dominant LULC in the
watershed. The principal crops grown in this region include teff, maize, barley, vegetables, wheat,
beans, and sugarcane. In general, irrigation farms, sugar plants, wetlands, Addis Abeba (Ethiopia's
capital city), and other small urban regions are found in the watershed. Because of fast population
growth, human activity in this watershed is increasing, and natural resources are being depleted in
unanticipated and unsuitable ways.

The most dominant soil groups in the catchment are Vertosols and Cambisols. Calcic Fluvisols,
Lithic Leptosols, Eutric Nitosols, Calcic Xerosols, and Vertic Cambisols are the most common
types of soil in this watershed. The most common soil texture of the research area is sandy and

silt-clay loam.
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3.2.2 Model Input and Data Acquisition
The QSWATPLUS model requires spatial inputs (topography, DEM, soil, and land use maps) as
well as meteorological data (precipitation, temperature, relative humidity, wind speed, and solar
radiation). The hydrological data (streamflow and sediment concentration) were collected from
the Ministry of Water and Energy and used to calibrate and validate. The spatial, vector, climate,
and hydrological data were collected from different sources to use in this study. The following are
the model inputs that were used for the QSWATPLUS Model.

3.2.2.1 Meteorological Data
Thirteen meteorological observation stations were used, where the stations are located within and
around the Koka Dam watershed. Climate data such as daily precipitation, temperature, wind,
sunlight hours, and humidity were obtained from the Ethiopian National Meteorological Institute
(ENMI) from 2000 to 2015.
T