
water

Article

Sediment Yield and Reservoir Sedimentation in Highly
Dynamic Watersheds: The Case of Koga Reservoir, Ethiopia

Gebiaw T. Ayele 1 , Alban Kuriqi 2 , Mengistu A. Jemberrie 3, Sheila M. Saia 4,5, Ayalkibet M. Seka 6,
Engidasew Z. Teshale 7, Mekonnen H. Daba 8 , Shakeel Ahmad Bhat 9 , Solomon S. Demissie 10, Jaehak Jeong 11

and Assefa M. Melesse 12,*

����������
�������

Citation: Ayele, G.T.; Kuriqi, A.;

Jemberrie, M.A.; Saia, S.M.; Seka,

A.M.; Teshale, E.Z.; Daba, M.H.;

Ahmad Bhat, S.; Demissie, S.S.; Jeong,

J.; et al. Sediment Yield and Reservoir

Sedimentation in Highly Dynamic

Watersheds: The Case of Koga

Reservoir, Ethiopia. Water 2021, 13,

3374. https://doi.org/10.3390/

w13233374

Academic Editor: Raghavan

Srinivasan

Received: 24 October 2021

Accepted: 25 November 2021

Published: 30 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Australian River Institute and School of Engineering, Griffith University, Nathan, QLD 4111, Australia;
gebiaw.ayele@griffithuni.edu.au

2 CERIS, Instituto Superior Técnico, Universidade de Lisboa, 1649-004 Lisbon, Portugal;
alban.kuriqi@tecnico.ulisboa.pt

3 College of Architecture and Civil Engineering, Addis Ababa Science and Technology University,
Addis Ababa P.O. Box 16417, Ethiopia; mengistu.addis@astu.edu.et

4 State Climate Office of North Carolina, North Carolina State University, Raleigh, NC 27695, USA;
ssaia@ncsu.edu

5 Department of Biological and Agricultural Engineering, North Carolina State University,
Raleigh, NC 27695, USA

6 Key Laboratory of Digital Earth Science, Aerospace Information Research Institute,
Chinese Academy of Sciences, Beijing 100094, China; aabmdb.seka4@mails.ucas.edu.cn

7 Ethiopian Ministry of Water Resources, Addis Ababa P.O. Box 5744, Ethiopia; engida61@gmail.com
8 Institute of Environment and Sustainable Development in Agriculture (IEDA),

Chinese Academy of Agricultural Sciences (CAAS), Beijing 100081, China; 2018Y90100059@caas.cn
9 College of Agricultural Engineering and Technology, Sher-e-Kashmir University of Agricultural Sciences and

Technology of Kashmir, Shalimar Campus, Srinagar 190025, India; shakeelbhat@skuastkashmir.ac.in
10 Ethiopian Institute of Water Resources, Addis Ababa University, Addis Ababa P.O. Box 150461, Ethiopia;

solomon.demissie@gmail.com
11 Blackland Research & Extension Center, Texas A&M AgriLife Research, 720 East Blackland Rd,

Temple, TX 76502, USA; jaehak.jeong@brc.tamus.edu
12 Department of Earth and Environment, Institute of Environment, Florida International University,

AHC-5-390, 11200 SW 8th Street, Miami, FL 33199, USA
* Correspondence: melessea@fiu.edu

Abstract: Soil erosion is exacerbated by unsustainable land-use activities and poor management
practices, undermining reservoir storage capacity. To this effect, appropriate estimation of sediment
would help to adopt sustainable land-use activities and best management practices that lead to
efficient reservoir operations. This paper aims to investigate the spatial variability of sediment yield,
amount of sediment delivery into the reservoir, and reservoir sedimentation in the Koga Reservoir
using the Soil and Water Assessment Tool (SWAT). Sediment yield and the amount entered into the
reservoir were also estimated using a rating curve, providing an alternative approach to spatially
referenced SWAT generated suspended sediment load. SWAT was calibrated from 1991 to 2000 and
validated from 2002 to 2007 using monthly observations. Model performance indicators showed
acceptable values using Nash-Sutcliffe efficiency (NSE) correlation coefficient (R2), and percent bias
(PBIAS) for flow (NSE = 0.75, R2 = 0.78, and PBIAS = 11.83%). There was also good agreement
between measured and simulated sediment yields, with NSE, R2, and PBIAS validation values of 0.80,
0.79, and 6.4%, respectively. The measured rating curve and SWAT predictions showed comparable
mean annual sediment values of 62,610.08 ton/yr and 58,012.87 ton/yr, respectively. This study
provides an implication for the extent of management interventions required to meet sediment
load targets to a receiving reservoir, providing a better understanding of catchment processes and
responses to anthropogenic and natural stressors in mixed land use temperate climate catchments.
Findings would benefit policymakers towards land and water management decisions and serve as a
prototype for other catchments where management interventions may be implemented. Specifically,
validating SWAT for the Koga Reservoir is a first step to support policymakers, who are faced with
implementing land and water management decisions.
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1. Introduction

The construction of dams to create an artificial impounded reservoir changes the
stream’s natural conditions by reducing streamflow velocity. The reduction in flow velocity
caused by damming results in silt deposition which, in turn, may lead to a rapid decrease
in reservoir storage capacity. In practical studies, estimating sediment load for planning,
designing, operating, and maintaining water resource structures follows lengthy and costly
sediment transportation monitoring and sampling methods [1,2]. Predicting sediment
yield and estimating temporal fluctuation is necessary for various tasks, including erosion
control structure design [3], river morphological calculations, and assessment studies of
various land use management strategies [4–6]. Quantifying soil erosion and sediment
delivery that ultimately contributes to downstream reservoirs’ siltation is essential in
highly erodible watersheds [7,8], particularly with storms of extreme rainfall intensity on
agricultural land areas with distinctly unconsolidated soils [9]. Siltation creates a long-term
socio-economic concern as sediments reach reservoirs, lowering reservoir water storage
capacity [10].

Land degradation results in a high erosion process, causing elevated sediment loads
and enhanced sediment deposition in reservoirs and channels within the river system.
This, in turn, results in environmental and socio-economic losses by decreasing soil fertility,
increasing the maintenance costs in hydropower plants and irrigation schemes. Sediment
deposition along the river channel causes flooding in the surroundings [11]. Flow velocity
and transport capacity diminish when streamflow enters natural lake reservoirs, providing
a favorable environment for silt deposition. The quantity deposited in manmade lake
reservoirs with outlets, on the other hand, is determined by the detention storage period,
reservoir form, and operating methods.

In many regions of the world, global human-induced environmental changes are
generating an excessive rise in geomorphic alterations and sediment flows [12]. Water
erosion is one of the most significant land degradation problems, and poses a serious
environmental threat [13]. Soil erosion resulting from overgrazing, poor land management,
and deforestation is a significant problem in Ethiopia. Due to the undulating topography
and steep and erosive rainfall enhanced under agricultural systems that limit protective
soil cover, soil erosion is common in the Ethiopian highlands. High-intensity rainfall occurs
in most parts of Ethiopia, where cultivated land has little surface cover to reduce the
impact of high-intensity raindrops with high runoff potential. Furthermore, the basin’s
dense livestock population and rapid population expansion strain land resources, resulting
in forest clearance and overgrazing [14]. As part of the Ethiopian High Land Reclama-
tion Studies, the Abbay River Basin integrated development Master plan for irrigation
development, integrated watershed management, soil erosion status, and sediment yield
calculations were carried out in the study region [15]. The Koga watershed is one of the
watersheds plagued by significant soil erosion, according to BECEOM studies, with an
estimated suspended sediment production of 4.1 t/ha/yr [15].

Reservoir sedimentation reduces storage capacity, impede the functionality of intake
structures, and accelerates the abrasion of hydraulic machinery, which lowers efficiency
causing higher maintenance costs. The loss of storage also impacts water availability
and operation schedules [16]. Land use, climate, and various landscape characteristics
such as elevation, slope, soil type, vegetation, and drainage conditions influence sediment
supply in a watershed [17]. Soil erosion deposes sediment particles in the reservoir, thereby
decreasing the storage capacity of reservoirs. The water level variation determines delta
formation, which gradually reduces the reservoir’s usable capacity. Sediments reaching
the dam and passing through spillway and ducts causes a distinct environmental impact.
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Despite the awareness of sediment inflow issues to a reservoir from gross soil erosion
estimates, limited studies have been carried out to determine spatiotemporal variability of
sediment yield entering reservoirs [16], to evaluate offsite and on-site effects of soil erosion,
to identify critical sub-watersheds contributing high sediment for planning, and implemen-
tation of sufficient land and water management interventions. Watershed management
interventions that involve systems to manage and utilize land, water, and vegetation
resources include soil and water conservation. Physical/engineering and agronomic or
vegetative soil and water conservation methods are also widely employed [18]. Concerning
reservoir management, implementation of sluicing density current and hyper-concentrated
density current and holding clear and flushing turbid water is the primary sediment man-
agement technique for large reservoirs [19]. Sediment delivery in Ethiopia’s highlands
is influenced by outflow, rainfall, land use, and land cover that changes seasonally [20].
Sediment rating curves are complicated as a result, and sediment budgets are seldom
created [9]. Although many studies have been performed in small watersheds [4,6,17],
much less is known about sediment dynamics in a medium-scale watershed [21], which
triggers the importance of predicting long-term sediment yield on the size and life of
the reservoir.

Reservoirs appear to accumulate sediments more rapidly than what was initially
estimated. The leading possible cause could be an inaccurate representation of possible
future changes in management practices [22]. Current knowledge of catchment conditions,
soil erosion, and deposition could help to ensure the implementation of appropriate
remedial measures. In this regard, assessing catchment conditions and estimating resulting
changes in streamflow and sediment deposition into the Koga dam reservoir is a topic of
discussion to policymakers. Unlike other studies in the basin, this research combines rating
curve-based sediment yield predictions using sparse observation data in a time series and
outputs of a daily time step semi-distributed hydrological model.

Understanding the hydrological connectivity between areas of sediment mobilization
and the receiving reservoir is essential to assess the impacts of management practices on
receiving environments [23,24]. However, quantifying the complex relationships between
hydrological variables can be difficult without hydrological models [25], which are key tools
to address a wide spectrum of water resource management issues. Distributed hydrological
models with input parameters representing different land surface characteristics have been
applied to assess anthropogenic impacts on runoff and changes in sediment dynamics [25].
These models can also identify sediment source areas and prioritize catchments and sub-
catchments to make informed policy decisions regarding land use planning and future
catchment management [26].

In this study, in addition to the rating curve method, a basin-scale distributed hy-
drological model, the Soil and Water Assessment Tool (SWAT; [27]), was used to estimate
streamflow and sediment load in a medium-sized hillslope-dominated watershed. SWAT
is computationally efficient at evaluating long-term impacts, accounting for spatial het-
erogeneity within catchments, and assessing non-point source pollution and soil erosion
controls [27–29].

This paper aims to determine major sediment sources in the Ethiopian highlands by
quantifying geographic variability in sediment output from a medium-sized watershed
and assessing future environmental implications by implementing methods to estimate the
total amount of sediment yield into the reservoir and reservoir sedimentation rate. The
specific objective of the study was to (1) assess the spatial variability of sediment yield
and identify vulnerable sub-watersheds for erosion and sediment yield, (2) quantify the
amount of sediment inflow into the reservoir, and (3) predict the total amount of sediment
in the reservoir.
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2. Materials and Methods
2.1. Description of Koga Reservoir

The Koga River is located in Northwest Ethiopia (Figure 1) and rises at around 3200 m
above sea level. It feeds into the Gilgel Abay River (primary inflow source of the Blue Nile).
At the Merawi gauging station, the Koga River drains a 287 km2 watershed. The Koga
Reservoir consists of a 21.5 m high earth dam, and a 1860 m long, 18.50 m high, 1106 m wide
saddle dam about 6 km northeast. The reservoir’s storage capacity at the full supply level
(FSL, 2015.25 m above sea level) is 83.1 Mm3 or 71% of the mean annual runoff. At FSL,
18.59 km2 of land is underwater. The reservoir supplies about 7000 hectares of dry season
irrigation and 5600 ha of rainy season irrigation. The watershed draining into the Koga
dam (Figure 1) lies into about 35 km southwest of Bahir Dar, between 11◦10′ and 11◦32′ N
and 37◦04′ to 37◦17′ E, with an altitude range of 1825 m a.s.l. at the dam site to 3200 m a.s.l.
at the top hilly section of the contributing region. Studies [30–32] highlighted that the area
is typified by highly erodible contributing areas that accelerate sediment deposited into
the receiving reservoir. As a result, both the reservoir and irrigation canals’ operational
value and life duration decrease. The Ethiopian National Metrological Service Agency
provides climate data, which shows that the region has distinct wet and dry seasons [23],
with 1475 mm annual mean rainfall and mean annual temperatures ranging from 7 to
30 ◦C. The mean yearly value of 604 mm/yr was found in streamflow data acquired from
MoWE [33].
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2.2. SWAT Model

The Soil and Water Assessment Tool (SWAT)—a robust, interdisciplinary, and semi-
distributed hydrological model—is commonly used to assess land use, land cover change,
management practices, and land disturbances in the quality and quantity of water and
nutrients [34]. SWAT has been widely implemented for its computational efficiency, the
benefit of flexibility in modularizing between quantity and quality components, and its
capability to estimate long-term impacts as a continuous time step model [35]. In this study,
we used SWAT to model streamflow and sediment yield for the Koga Watershed, which
includes the Koga Reservoir, hence referred to as the Koga Reservoir Watershed.

SWAT predicts watershed hydrologic responses, such as flow, erosion, sediment
yield, and nutrient flux at varying scales, from sub-basin (0.15 km2) [36] to basin-scale
(491,700 km2) [37]. Among the criteria of SWAT model selection, we assessed the model’s
ability to account for spatial heterogeneity and land management practices [28,35], its
application in similar agro-climatic zones [38], and worldwide in general [34]. SWAT
also accounts for the influence of land management techniques on water, sediment, and
agricultural chemical yields over extended periods in complicated watersheds with variable
soils, land use, and management circumstances [39].

SWAT is used to estimate soil erosion driven by rainfall runoff processes in a continu-
ous time step using Modified Universal Soil Loss Equation (MUSLE), an inbuilt algorithm
for simulating erosion. The MUSLE method estimates sediment yield from the surface
runoff volume, peak runoff rate, and area of hydrological response units (HRUs).

2.3. Model Data

The research involves both field and laboratory work for primary data collection.
For the reservoir sedimentation and distribution of the grain size variation of bedload
sediment, samples were collected from three different reservoir locations—from upstream,
the middle, and the reservoir downstream.

Spatiotemporal landscapes datasets of 30 m by 30 m resolution Digital Elevation
Model (DEM), LULC, and soil maps taken from the Ethiopian Ministry of Water and
Energy database [33] as secondary SWAT datasets (Table 1).

Table 1. Data source and description of data used to configure SWAT model.

Data Application Data Use and Description Source

3 stations
meteorological data Meteorological forcing Daily max., and min., temperature, humidity,

radiation, wind speed, and precipitation. NMSA

DEM and digitized stream network Watershed delineation 30 m resolution to define slope classes. MoWR
Land use Defining HRUs 30 m resolution, six basic land-cover classes. MoWR

Soil characteristics Defining HRUs 30 m resolution, nine soil types. MoWR

Climate SWAT data is collected from National Metrological Service Agency [40] for
the five stations in and around the Koga watershed. The Ministry of Water and Energy,
Hydrology, and Water Quality Directorate provide daily flow statistics. The SWAT model
organizes the watershed delineation inputs so that they have spatial properties. The
watershed, sub-basins, and HRUs are the three spatial levels provided by the model. The
watershed, the model’s most comprehensive spatial level, refers to the whole region of the
model. The user can geographically reference various watershed regions by splitting the
watershed into sub-basins. The ArcSWAT program was used to delineate the watershed into
22 hydrologically connected sub-basins based on flow directions and flow accumulations
estimated from the DEM.

SWAT uses terrain topographical characteristics from DEM, soil, land use, and meteo-
rological records to define HRUs [41]. The number of HRUs was determined by eliminating
the percent slope, soil, and land use value covering a percentage of the subbasin area less
than the threshold level. Watershed water, nutrient, and sediment transport and nutrient
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transformations were projected individually for individual HRUs, then aggregated to the
subbasin scale, then routed through the stream network and to the watershed outlet [41].

2.4. SWAT Sediment Simulation

Sediment yield refers to the amount of sediment exported by a basin over time and
the amount that enters a reservoir as a result of soil erosion or wear away of the ground
surface by water, wind, ice, and gravity [42]. From the catchment source entering the
stream system, gross eroded material can be deposited on alluvial fans, river channels,
and flood plains. The quantity of sediment that enters a reservoir is determined by the
sediment output of the upstream watershed [42].

We followed resource-demanding procedures such as collecting sediment flow data,
transportation monitoring, and long-term reservoir survey information to estimate sed-
iment yield. Long-term sediment monitoring of suspended sediment loads may not
necessarily give better results [43]. In situations with limited data and resources, de-
veloping a model that can accurately estimate the suspended sediment yield from the
basin is essential [2,11]. Studies suggested that a sediment rating curve could be con-
structed from detailed short period sediment flow data sampling programs [43,44] on
watersheds where no significant landforms, land use, and sediment supply source changes
are expected [42]. The SWAT, a distributed hydrological model, has estimated suspended
sediment yield [32,45].

In SWAT, sediment transportation in the channel network is a function of two pro-
cesses, degradation, and deposition. The two processes are computed by SWAT using the
same channel dimensions throughout the experiment. The model calculates the amount
of sediment degradation in the channel using Equation (1). The net amounts of sediment
deposited in the reach segment is calculated by Equation (2):

Seddeg = (Concsed,ch,mx −Concsed,ch,i) × Vch × Kch × Cch (1)

Seddep= (Concsed,ch,i − Concsed,ch,mx)×Vch (2)

where Seddeg is the quantity of sediment re-entrained in the reach segment (metric tons),
Concsed,ch,i is the amount of initial sediment concentration in the reach (kg/L or ton/m3).
Concsed,ch,mx is the maximum sediment concentration that may be carried by water (kg/L
or ton/m3). Kch represents the channel erodability factor (cm/hr/pa), Cch represents the
channel cover factor, Vch represents the volume of water in the reach segment (m3), and
seddep represents the quantity of sediment deposited in the reach segment (metric tons).

The SWAT watershed model also includes methods for modeling watershed erosion.
In SWAT, erosion caused by rainfall and runoff is estimated for each HRU using MUSLE.
MUSLE calculates sediment yield from the surface runoff volume, the peak runoff rate,
and the area of the HRU.

On those parts of landscape profiles where erosion but no deposition occurs, the
USLE model predicts average yearly soil loss by sheet and rill. The model predicts neither
single storm event nor gully erosion [46]. In MUSLE, the rainfall energy factor is replaced
with a runoff factor that improves sediment yield prediction, allowing the equation to be
applied to individual storm events. MUSLE does not require delivery ratios, since the
runoff factor indicates the energy used in detaching and conveying sediment [39]. The
modified universal soil loss equation [47] is:

sed = 11.8 ×
(

Qsurf × qpeak × AHRU

)0.56
× KUSLE × CUSLE × PUSLE × LSUSLE × CFRG (3)

where sed is the daily sediment yield in metric tons, Qsurf is the watershed’s surface runoff
in mm/ha, qpeak is the peak runoff rate in cubic meters per second, AHRU is the HRU area,
and KUSLE is the USLE soil erodibility factor. CUSLE and PUSLE represent USLE land cover
and management and support practice components. LSUSLE and CFRG indicate USLE
topographic factor and coarse fragment factor. The soil erodibility factor, KUSLE, is the soil
loss rate per erosion index unit for a specified soil measured on a unit plot [48]. A unit
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plot is 22.1 m long, with a consistent 9% length-wise slope in continuous fallow, tilled up
and down the slope. Land tilled and kept devoid of vegetation for more than two years is
known as continuous fallow. The USLE cover and management factor, CUSLE, is the ratio
of soil loss from cropped land to the comparable loss from clean-tilled, continuous fallow
land under defined conditions [48]. Rainfall energy expended at the soil surface will be
reduced by the average fall height of drops from the canopy and the canopy density.

The support practice factor, PUSLE, is the ratio of soil loss caused by a given support
practice to the comparable loss caused by up-and-down slope culture. Contour tillage,
strip-cropping on the contour, and terrace systems are examples of support techniques.
Under otherwise identical conditions, the topographic factor, LSUSLE, is the anticipated
ratio of soil loss per unit area from a field slope to that unit plot. The coarse fragment factor
is calculated as:

CRFG = exp (−0.053 × rock) (4)

where: rock is the percent rock in the first soil layer (%). There is a tabular value for the
conservation practice and cover and management factor for USLE [48].

2.5. Model Calibration, Sensitivity, and Verification

Calibration involved fitting the average model estimate, the shape of the hydrograph,
and the timing of peak flow and nutrient predictions by altering the value of sensitive pa-
rameters within their optimum range. We implemented automatic and manual calibration
by varying each SWAT parameter to minimize the discrepancy between simulations and
observations.

Following the calibration setup from 1989 to 2000 with a two-year warm-up simulation
period (1987–1988), a detailed parameter sensitivity analysis was performed to examine
each parameter’s sensitivity and its effects on prediction outputs. Validation of sediment
yield was carried out from 1 January 2001 to 31 December 2007 with one-year initialization.
The performance of the model was evaluated by comparing observation and simulation
outputs using the Nash-Sutcliffe efficiency (ENS), coefficient of determination (R2), and
percent bias (PBIAS) [49].

The percent bias, PBIAS (Table 2), describes the simulated data’s tendency to be less
or more significant than the observed data series over the calibration or validation periods.
While a PBIAS value of 0% denotes perfect prediction, values less than 25% can indicate
satisfactory model predictions [50]. The acceptable calibration value range can be different
for different variables considered [50]. For sediment, very good, good, satisfactory, and
unsatisfactory performance ratings are indicated by PBIAS < ±15, ±15 ≤ PBIAS < ±30,
±30 ≤ PBIAS < ±55, and PBIAS ≥ ±55, respectively.
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Table 2. Classical objective functions, characteristics, function category, equatio n, and performance classification ratings.

Statistical Efficiency Criterion Model Performance Ratings

Objective
Function Characteristics Function

Category Statistic Equation Reference Value Range Performance
Classification References

ENS

Most common;
emphasize on high
flows; neglect the

low flows

Distance-
based

NSE = 1−
[

∑n
i=1 (Qm−Qs)

2

∑n
i=1 (Qm−Qm)

2

]
(5) [51,52]

0.75 < ENS ≤ 1 Very good

[50,53]
0.65 < ENS ≤ 0.75 Good
0.5 < ENS ≤ 0.65 Satisfactory
0.4 < ENS ≤ 0.5 Acceptable

ENS ≤ 0.4 Unsatisfactory

R2 Emphasize on
high flows

Weak
form-based

R2 =

 ∑n
i=1
[(

Qm, i −Qm
)(

Qs, i −Qs
)]√

∑n
i=1
(
Qm, i −Qm

)2
√

∑n
i=1
(
Qs, i −Qs

)2

2

(6) [52,54]

0.7 < R2 < 1 Very good

[50]0.6 < R2 < 0.7 Good
0.5 < R2 < 0.6 Satisfactory

R2 < 0.5 Unsatisfactory

±PBIAS Monotony;
cannot be used alone

Weak
form-based

PBIAS =

[
∑n

i=1(Yobs −Ysim)

∑n
i=1(Yobs)

]
∗ 100% (7) [55]

PBIAS < ±10 Very good

[54]
±10 ≤ PBIAS < ±15 Good
±15 ≤ PBIAS < ±25 Satisfactory

PBIAS ≥ ±25 Unsatisfactory

Note: in Equations (5)–(7), n is the number of pairs of measured and simulated variables, i is the time series of the measured and simulated pairs; s and m denote simulated and measured datasets, respectively,
and the bar stands for average.
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2.6. Sediment Rating Curve

The rating curve was developed to estimate continuous sediment concentration data
from limited observations in a time series that assisted in estimating annual average sedi-
ment delivery into the reservoir. However, the rating curve only provides lump-sum esti-
mates of sediment on the basin outlet, failing to provide the rate and magnitude of sediment
erosion for each sub-catchment. This way, it is challenging to use a rating curve to identify
erosion hot spot areas for watershed management and future intervention strategies.

The SWAT model, on the other hand, provides an efficient way to assess the spatial
variability of sediment yield across each subbasin and quantify the amount of sediment de-
livery into the reservoir. In this regard, SWAT provides an implication regarding to what ex-
tent management interventions are required to meet sediment reduction targets, providing
an improved understanding of catchment processes and responses to anthropogenic and
natural stressors in mixed land use catchments subjected to upstream land disturbances.

A continuous time step sediment load data was generated at the Koga-Merawi gauge
station from measured streamflow and a sediment rating curve (Figure 2). The sediment-
rating curve is related to the river discharge and sediment concentration or load [56]. The
sediment rating curve is plotted to show the average sediment concentration or load as
a discharge function averaged daily, monthly, or other periods. The general relationship
used to transform the records of discharges into sediment concentration or load using
rating curve is:

S = aQb (8)

S is sediment load in ton/day, Q is the discharge in m3 s −1 and, a and b are regression
constants. The measured sediment concentration data collected from the ministry of water
and energy (MoWE) hydrology and water quality directorate is converted into sediment
load by the formula:

S = 0.0864 ∗ Q ∗ C (9)

where S is sediment load in ton/day, Q is flow of the stream (m3 s−1), C is sediment concen-
tration (mg L−l) and 0.0864 is a dimensionless coefficient for unit conversion. Following
the sediment load computation, a relationship between the continuous (daily time step)
measured flow in m3 s−1 and the measured sediment load (ton/day) with 0.704 R2 value.
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2.7. Estimation of Sediment Load to the Reservoir

Using empirical trap efficiency techniques, the predicate volume of sediment for the
Koga reservoir was estimated. These techniques are based on practical field surveys that
determine sediment accumulation rates in reservoirs for many years.

The full supply level reservoir storage was used for this purpose. Since the reservoir
capacity changes with time, the trap efficiency was calculated for the beginning and end
of the reservoir’s design life with negligible difference in Koga Reservoir. Prediction of
the unit weight of the Koga reservoir deposits was estimated by the empirical equation
of Lane and Koelzer [57], which estimates sediment density based on age and grain-size
distribution of the sediment as:

Wt = W1 + K ∗ log(T) (10)

where Wt is the dry density of deposits after T years of compaction, W1 = unit weight at the
end of the first year, lb/ft3 or kg/m3, K = consolidation coefficient of the material (related
to particle size and the exposure environment of deposits), and T = age of the deposit.

A sand deposit’s unit weight was considered constant with time. However, clay and
silt deposits consolidate by over 200 percent. Based on the characteristics of the sediment
(i.e., percent of each material type), the composite unit weight (Wave) of sediment T years
after deposition was calculated by:

Wave = psWts + pmWtm + pmcWtc (11)

Ps = percentages of clay, silt, and sand, respectively, of the incoming sediment, sub-
script s, m, and c stand for sand, silt, and clay. The British Standard grain size classification
scale was used for the Koga reservoir. The laboratory analysis results for the grain size
distribution of sediments from the watershed is shown in Figure 3. The average sediment
composition for clay, silt, and sand is 52.2, 40.9, and 6.9 percent, respectively.

Apart from model watershed prioritization, primary sediment samples were col-
lected from three different locations of the reservoir. The aggregates’ size distribution
was analyzed at the river entrance (A); middle of the impounded area (B); and near the
dam axis (C). The sediment constituents at each sample location of the reservoir were
classified (British Standard) into three groups, with an average particle size diameter of
D ≤ 0.002 mm, 0.002 ≤ D ≤ 0.06 mm, and 0.06 < D ≤ 2.00 mm for clay, silt, and sand,
respectively (Figure 3). The deposited sediment’s mean particle size consisted of 52.2%
clay, 40.9% silt, and 6.9% sand.

The median grain size (D50) is the particle diameter’s value at 50% finer in the cumula-
tive distribution. The grain diameter for which half the sample (by weight) is smaller was
found to be 0.0021 mm (A), 0.00042 mm (B), and 0.0018 mm (C). A four-step procedure was
followed to determine the sediment distribution as an estimation of the amount of sediment
to be distributed, determination of the sediment distribution design curves, computation
of the dimensionless function from elevation area and capacity curves at several different
pool elevations in the deeper part of the reservoir, and distribution of the specified volume
of trapped sediment with the selected curve type (Figure 4).
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3. Results and Discussion
3.1. SWAT Flow Simulation

SWAT model sensitivity analysis (Table 3) was carried out using the SWAT-CUP
package to identify the most sensitive flow parameter for ten calibration years (1991 to
2000). This iteration identified ten sensitive parameters, and values were varied iteratively
within the allowable ranges until a satisfactory agreement between measured and simulated
streamflow was obtained.

Table 3. Initial and final calibrated flow parameter values.

Parameter Description Parameter Code Range Initial Value Adjusted Value

Available water capacity (mm water/mm soil) SOL_AWC ±25% ** 12%
Soil Depth (mm) SOL_Z ±25% ** −10%

Initial SCS CN II value CN2 ±25% * 14%
Baseflow Alpha factor (days) ALPHA_BF 0–1 0.048 0.048

Threshold water depth in shallow
aquifer for flow GWQMN 0–5000 0.0 2500

Manning’s N value for the main channel Ch_N2 0–1 0.014 0.014
Effective hydraulic conductivity

in main channel alluvium Ch_K2 0–150 0 0

Soil evaporation compensation factor ESCO 0–1 0.95 0.40
Average slope Steepness (m/m) SLOPE ±25% ** 10%

Groundwater percolation delay(day) GW_DELAY ±10% * 31

* Indicates SWAT default parameter values for each land use and soil type in each sub-basin; ** indicates initial parameter values from field
measurements and the literature review.

The model performance criteria showed good agreement between measured and
simulated monthly flows (Table 4) during calibration results with a value of 0.78, 0.82,
and 8.45% for Nash-Sutcliffe Efficiency (NSE), correlation coefficient (R2), and percent bias
(PBIAS), respectively. Similarly, validation objective functions were in the acceptance range
with NSE, R2, and PBIAS values of 0.75, 0.78, and 11.83, respectively (Table 4).

Table 4. Monthly measured and simulated streamflow calibration–validation statistics.

Monthly Simulation
Mean Annual Streamflow (m3/s) Model Performance

Observed Simulated NSE R2 PBIAS (%)

Calibration
(1991–2000) 5.31 4.86 0.78 0.82 8.45

Validation (2002–2007) 4.68 4.13 0.75 0.78 11.83

The model slightly over/underestimates some of the peak flows (Figure 5). This may
have resulted from input data uncertainty and the weather or flow data quality used to
input the model. Some stations have missing weather data, which were left to be estimated
and filled by the weather generator.

3.2. SWAT Sediment Yield Simulation

The six parameters identified as the most sensitive to affect sediment yields were the
USLE support practice factor (USLE P), linear factor for channel sediment routing (SPCON),
exponential factor for channel sediment routing (SPEXP), channel erodibility factor (CH
EROD), channel cover factor (CH CO), and USLE cover or management factor (USLE C).
The USLE support practice factor (USLE P) has been changed to 0.65, the soil loss ratio
with a given support practice to the equivalent loss with up and downslope culture. Based
on the channel parameters, the linear parameter for determining the maximum quantity of
sediment that may be re-entrained during channel sediment routing (SPCON) was set to
0.0015. The exponent value for sediment re-entrained in channel sediment routing (SPEXP)
was adjusted to 0.1.
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After adjustment of all the above parameters, the monthly simulations for calibra-
tion resulted in a coefficient of determination (R2), Nash-Sutcliffe Coefficients (ENS), and
percent bias (PBIAS) of 0.72, 0.74, and 10.34%, respectively (Table 5). The observed and
simulated sediment load monthly for the calibration period show a slight model overesti-
mate for April 1991, July 1992, and October 2000 (Figure 6). Validation of sediment yield
was carried out from 1 January 2001 to 31 December 2007 with one-year initialization.

Table 5. Calibration and validation statistics of observed and simulated average sediment load.

Monthly Simulation
Model Performance

NSE R2 PBIAS (%)

Calibration (1991–2000) 0.73 0.75 7.8
Validation (2002–2007) 0.80 0.79 6.4

Water 2021, 13, x  14 of 21 
 

 

Table 5. Calibration and validation statistics of observed and simulated average sediment load. 

Monthly simulation 
Model performance 

NSE R2 PBIAS (%) 
Calibration (1991–2000) 0.73 0.75 7.8 
Validation (2002–2007) 0.80 0.79 6.4 

 

 
Figure 6. Monthly calibration (1991–2000) and validation (2002–2007) results of measured and simulated sediment yield. 

The statistical values for the monthly sediment yield estimation in the validation pe-
riod result in R2, ENS, and PBIAS values of 0.69, 0.72, and 6.91%, respectively (Table 5). 
The observed and simulated sediment yield in the validation period shows slight model 
underestimation for the high flow periods. The model simulation and the observed sedi-
ment yield have established a good fit in low and medium flow periods. They have shown 
a good fit, under, and overestimation in some months (Figure 6). 

The analysis was made to identify the erosion hotspot area and the primary source 
of sediment yield among the 22 contributing sub-watersheds for a period of nineteen years 
(1991–2007). The nineteen-year annual average measured suspended sediment generated 
from the sediment-rating curve was 62,600 tons/yr. The simulated annual average sus-
pended sediment yield by the SWAT model was 58,010 tons/yr. The distribution of sedi-
ment yield for the Koga watershed as simulated by the model is presented in Figure 7. 
This Figure allows us to identify the sub-watersheds which are producing high sediment 
yields. It is shown that 17 SWAT sub-watersheds produce average annual sediment yields 
ranging from 0–2.0 ton/ha/yr in low land, and 2–4 ton/ha/yr in high land areas. 

 

Figure 6. Monthly calibration (1991–2000) and validation (2002–2007) results of measured and simulated sediment yield.



Water 2021, 13, 3374 14 of 20

The statistical values for the monthly sediment yield estimation in the validation
period result in R2, ENS, and PBIAS values of 0.69, 0.72, and 6.91%, respectively (Table 5).
The observed and simulated sediment yield in the validation period shows slight model
underestimation for the high flow periods. The model simulation and the observed
sediment yield have established a good fit in low and medium flow periods. They have
shown a good fit, under, and overestimation in some months (Figure 6).

The analysis was made to identify the erosion hotspot area and the primary source
of sediment yield among the 22 contributing sub-watersheds for a period of nineteen
years (1991–2007). The nineteen-year annual average measured suspended sediment
generated from the sediment-rating curve was 62,600 tons/yr. The simulated annual
average suspended sediment yield by the SWAT model was 58,010 tons/yr. The distribution
of sediment yield for the Koga watershed as simulated by the model is presented in Figure 7.
This Figure allows us to identify the sub-watersheds which are producing high sediment
yields. It is shown that 17 SWAT sub-watersheds produce average annual sediment yields
ranging from 0–2.0 ton/ha/yr in low land, and 2–4 ton/ha/yr in high land areas.
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Soil formation rates are critical for determining the rate of soil loss, the maximum
amount of soil loss that may be tolerated, and the possibility for soil regeneration once
soil erosion has been controlled [58]. A similar study on soil formation rates in Ethiopia’s
different agro-ecological zones indicates that the range of tolerable soil loss levels for
Ethiopia’s agro-ecological zones was 2 to 18 t/ha/yr [58]. Our study result supported
previous sediment yield values obtained from other studies [32]. SWAT model results
showed a variation in sediment yield from HRU to HRU as a result of spatial variation of
main landscape datasets, soil, and land use in each HRU. Sub-watersheds 3, 7, 11, 13, and
16 produced the highest sediment yield, with values ranging from 2.2–3.55 ton ha−1 yr−1

showing more exposure to erosion. The remaining sub-watersheds showed moderate
sediment yields, which may be an indication of good management practices.

To manage soil erosion, assessing the state of the watershed and adopting watershed
interventions is a key first step [58]. In the Koga watershed, farmers’ purposeful actions,
poor working conditions, rodent infestations, land occupancy by physical measures, water-
logging issues, plowing inconveniently, and free grazing were cited as the major causes of
destruction of constructed/established physical soil and water conservation measures. As
a result, the Bureau of Rural Development has implemented and erected terraces, cut-off
drains, canals, and check dams as part of assessing the state of physical soil and water
conservation measures (Figure 8).
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3.3. Empirical Reservoir Sedimentation

For the calculation of sediment accumulation into the reservoir, and sediment inflow
into the reservoir was generated using the sediment rating curve equation, which resulted
in an average annual sediment load of 62,610.08 tons/yr at the dam site. The annual average
sediment load estimated from the rating curve equation was relatively higher than the
result from the design report; a value of 57,665 tons/yr [59]. Daily discharge may compute
the sediment load when using the power function, sensitive to slight variations. Before
estimating reservoir sedimentation amounts using the empirical area reduction method
and computation of sediment distribution (Table 6), the trap efficiency (η), grain size, unit
weight, and sediment distribution were analyzed. The long-term trap efficiency (η) in
impounded reservoirs is based on the correlation between capacity and inflow ratios (C : I).
The Koga reservoir’s total capacity is 83.1 Mm3. The capacity-inflow ratio is 0.480, and the
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trap efficiency of the reservoir from the Brune curve is read as 96%. From the laboratory
analysis, the percent composition of sediment (grain Size) around the Koga watershed is a
mixture of clay (52.23), silt (40.86), and sand (9.60). The unit dry weight of Koga reservoir
sediment deposition at the end of the reservoir’s design life based on age and grain size
distribution of the sediment from the empirical equation of Lane and Koelzer [57] was
found to be 1.16 ton/m3.

Table 6. Empirical area reduction method; computation of sediment distribution at Koga reservoir.

Elevation
(m)

Original F Value Relative Computed Sed. Distribution Revised

Area
(Ha)

Volume
(m3 106)

Depth
(p)

Area
(ha)

Area
(ha)

V. incre.
(106 m3)

C. Vol.
(106 m3)

Area
(ha)

Volume
(106 m3)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

2020 2582 182.9 1.000 0.0 0.0 0.05 2.54 2582.0 180.5
2019 2400 158.0 0.944 0.736 9.8 0.11 2.37 2390.6 155.6
2018 2236 134.8 0.889 0.945 12.5 0.13 2.26 2222.2 132.5
2017 2072 113.3 0.833 1.075 14.2 0.15 2.12 2057.1 111.2
2016 1906 93.4 0.778 1.163 15.4 0.16 1.98 1890.3 91.4
2015 1724 75.2 0.722 1.222 16.2 0.16 1.82 1707.9 73.4
2014 1544 58.9 0.667 1.258 16.7 0.17 1.65 1527.9 57.2
2013 1345 44.5 0.611 1.275 16.9 0.17 1.49 1328.7 43.0
2012 1106 32.2 0.556 1.276 16.9 0.17 1.32 1089.6 30.9
2011 932 22.1 0.500 1.261 16.7 0.17 1.15 915.8 21.0
2010 683 14.0 0.444 1.231 16.3 0.16 0.98 667.2 13.0
2009 435 8.5 0.389 1.186 15.7 0.15 0.82 419.8 7.7
2008 298 4.8 0.333 1.126 14.9 0.14 0.67 283.6 4.1
2007 185 2.4 0.000 0.278 1.049 13.9 0.13 0.53 171.6 1.9
2006 94 1.1 0.077 0.222 0.952 12.6 0.12 0.39 81.8 0.7
2005 39 0.5 0.271 0.167 0.831 11.0 0.10 0.28 28.3 0.2
2004 18 0.2 0.679 0.111 0.677 9.0 0.08 0.18 9.3 0.0
2003 6.2 0.1 2.061 0.056 0.468 6.2 0.10 0.10 0.0 0.0
2002 0.0 0.0 0.000 0.000 0.0 0.0 0.0 0.0 0.0

The distribution of sediment at Koga reservoir has a moderate drawdown operation
manner with a flood plain foothill shape. The specified volume of trapped sediment was
distributed within the reservoir for the selected type ll curve. The values for relative
sediment area (an of 0.468) (Column 6) at each relative depth (p of 0.056) were determined
to compute a reduction factor (Ao/a) value of 13.25 ha estimated by dividing 6.2 to 0.468.

The area adjustment factor was multiplied by the relative sediment area (column 6) at
each level above the revised zero-capacity elevation to obtain the area occupied by sediment
at each pool height (column 7) (Table 6). The sediment pool area matches the original
pool area in the whole sediment section of the reservoir, which extends from the new
zero-capacity elevation to the original bottom. To calculate the sediment volume for each
step, the end area technique was used to increase above the new zero-capacity elevation
(column 8). By subtracting the sediment area (column 7) and cumulative sediment volume
(column 9) from the original area and capacity values, the revised area and capacity curves
(columns 10 and 11) were generated (columns 2 and 3).

In 50 years of the reservoir’s design life, the accumulation and distribution of sed-
iment in the Koga reservoir in different elevations and corresponding value are shown
in Table 6, column (1) and column (9), respectively. The cumulative volume of sediment
in the reservoir at the elevation of 2020 will be 2.54 Mm3. The original survey of Koga
reservoir stage-capacity and stage-area relationship curves (Figure 9, left) were revised
after 50 years of the design life of the reservoir, due to changes in the accumulation and
distribution of sediment Table 6, columns (1), (10) and (11). Reservoir sediment distribution
and accumulation after 50 years of design life is also presented (Figure 9, right; Table 6
column (1) and column (9)).
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Figure 9. The original and adjusted stage-capacity and stag-earea curves for Koga reservoir (left) and reservoir sediment
accumulation within fifty years design period of the dam (right).

There is only a slight shift between the curves. However, the projected change in the
reservoir capacity and water surface area due to sediment deposition during the dam’s op-
erational period is not considered significant while employing the Area Reduction Method
(ARM). This could be true if land management practices are factored in. When appropriate
and timely watershed management strategies were applied to selected sediment erosion-
prone areas (erosion hotspot areas), reservoir sedimentation did not show a substantial
change. However, this condition was strictly hinged on timely application and extent of
land use management and interventions to offset reservoir sedimentation.

4. Conclusions

Anthropogenic activity and resulting landscape disturbance have significantly en-
hanced soil erosion rates in Ethiopia. The study was conducted in a catchment characterized
by spatiotemporal variability in land use that affects the hydrological function of river
systems, mainly shifting the generation and transport of streamflow and sediment loads.
Besides SWAT model-based sediment yield predictions, we used a rating curve technique
to predict suspended sediment load. Even though gross erosion estimations and field
observations can detect soil erosion and sedimentation, quantifiable data and information
are needed to build alternative watershed management plans at the sub-watershed level.
The goal of this study was to characterize the Koga watershed, identify the factors causing
soil erosion and reservoir storage capacity loss, identify potential sediment source areas,
provide measurable data on sediment yield and reservoir sedimentation, and recommend
possible remedial measures to prevent soil erosion in the Koga Watershed.

We utilized the SWAT model to analyze the spatial variability of sediment output and
identify erosion hotspot regions for future watershed management. Standard calibration
and validation statistics were used to assess the model’s performance. Comparison of
modeled and observed monthly streamflow datasets resulted from R2, ENS, and PBIAS
values of 0.82, 0.78, and 8.45% for calibration (1992–2000) and 0.78, 0.75, 11.83% for valida-
tion periods (2002–2007), respectively. Statistical model evaluation criteria for the monthly
sediment yield simulation resulted in an R2, ENS, and PBIAS values of 0.75, 0.73, and 7.8%
for calibration and 0.80, 0.79, and 6.4% for validation periods, respectively. For both flow
and sediment simulations, model statistical performance evaluation criteria fell within the
acceptable limits. There was good agreement between simulated and measured datasets.

In conclusion, the paper assessed changes in the hydrology of a hillslope-dominated
catchment over the past decades. It highlighted the importance of soil and water conser-
vation measures to meet sediment load targets. The sediment-rating curve indicated an
annual average measured suspended sediment load of 62,610.08 tons, and 58,012.87 tons of
mean annual sediment yield prediction was indicated from SWAT model outputs. Findings
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would benefit policymakers regarding land, water management decisions, and serve as a
prototype for other catchments where land-use change may be implemented.
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