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Abstract: Sedimentation is a leading global problem that affects the environment and dams by
reducing the live storage capacity of reservoirs and the life expectance of dams. Hence, prioritizing
watersheds according to the risk of soil loss is crucial for extending the useful life of dams and
reservoirs. The objectives of this study were to assess sediment flow in the Genale Dawa-3 reservoir,
identify subbasins that are prone to soil erosion, and evaluate the impact of different management
practices on minimizing sediment yields by using the Soil and Water Assessment Tool (SWAT)
model. The SWAT model was calibrated and validated by observed streamflow and sediment
data based on the SUFI-2 algorithm by SWAT-CUP, and its performance was assessed. The model
simulated the average annual sediment yield; the input to the reservoir was 16.83 ton/ha/yr for
the period of 1990–2015. From a total of 31 subbasins, 12 were categorized from high to very
severe (11–60 ton/ha/yr) sediment-yielding subbasins and selected for sediment management. The
simulated scenarios showed that the average annual sediment reductions at critical erosion hot spots
in subbasins after the application of filter strips, soil/stone bund, terracing, and contour farming
were 35.03%, 66.54%, 80.88%, and 53.11%, respectively. Therefore, this study concluded that reducing
sediment yield by implementing terracing in critical areas at risk of soil erosion was more effective
than other soil conservation measures. Overall, this research can help planners and decision-makers
to implement appropriate soil conservation measures in the most erosive subwatersheds in order to
extend the useful life of the Genale Dawa-3 hydropower dam and reservoir.

Keywords: sediment yield; SWAT; best management practices; Genale Dawa-3 dam; Ethiopia

1. Introduction

Soil erosion is a major environmental issue on a global scale. It reduces water quality
and soil productivity, increases sediments in reservoirs, and increases the likelihood of
flooding [1]. According to [2], around 40,000 large reservoirs are impacted by siltation
worldwide, and it is expected that 0.5 to 1 percent of the total storage capacity is lost
annually. Nowadays, the problem is a serious issue all over the world since it drastically di-
minishes the reservoir’s original capacity, which has an impact on recreational, hydropower,
and drinking water supplies as well as flood control and agriculture [3]. Due to a lack of
reservoir sediment management practices, such as periodic sediment flushing, reservoir
sediment routing, and planned catchment management activities, reservoir sedimenta-
tion is an increasing problem for many nations [3,4]. By reducing the original capacity of
reservoirs, sedimentation results in the unstable operation of many dams [5].

As reported by [6–11], the effects of sedimentation are serious for developing countries
such as Ethiopia. In Ethiopia, sediment deposition in reservoirs is threatening the sustain-
ability of dams built for various purposes [12,13]. The reservoir sediment survey done
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by [13] in Ethiopia indicated that only 30% of the reservoirs were expected to last for their
entire design period. Another 50% of the studied reservoirs were losing their economic life
before half of their design period, and 20% of the reservoirs lost less than half during their
design period. Therefore, it is necessary to show the relevance of a sediment management
model to water resources projects to alleviate soil erosion and reservoir sedimentation.

The Genale Dawa-3 hydropower project comprises a large roller-compacted concrete
dam and an underground powerhouse. The 110 m high dam created a large reservoir with
a surface area of 98 km2 and a total storage capacity of 2570 million m3. The Genale River
is the major source of water for the Genale Dawa-3 dam reservoir, which has a live storage
capacity of 2310 million m3. The total installed capacity of the plant is 254 MW. However,
the storage volume of this reservoir is threatened by soil erosion and sedimentation from
the upstream Genale watershed. A vital element in reservoir design and operation is its
sedimentation problem. Sediment delivered to the reservoir comes from two principal
sources: first, the river feeding the reservoir and second, the valleys on each facets of the
reservoir [14]. Hence, an important parameter that reduces the rate of sedimentation of
a reservoir is to reduce the sediment yield of the watershed [15]. To do this, it is crucial
to evaluate the spatial variations in sediment yield in the watershed and identify key
areas that are vulnerable to erosion. Moreover, it is necessary to identify the appropriate
best management practices (BMPs) to stop the deterioration of the watershed and reduce
sedimentation problems of dams and reservoirs [16,17].

Hence, to manage the sedimentation problems of the Genale Dawa-3 hydropower dam
and its watershed, it is necessary to estimate and understand the watershed sediment yield
of the basin and identify areas of erosion susceptible parts of the watersheds. Therefore,
the main goals of this study were to estimate the sediment yield, identify soil-erosion-
susceptible subwatersheds, and evaluate the impact of different BMPs that can aid in the
sustainable use of land and water resources in the watershed.

2. Methodology
2.1. Description of the Study Area
2.1.1. Location and Topography

The Genale-Dawa River basin is the 12th drainage basins of Ethiopia and is located in
the south-eastern part of the country. It is the third-largest basin in Ethiopia after the Abbay
and Wabe Shebele River basin. The basin has a total area of 172,880 km2 or about 15.3% of
the total area of Ethiopia. The Genale Dawa-3 scheme is located within the Genale-Dawa
River basin, along the middle reach of the Genale River around 655 km from Addis Ababa.
The location of the study area lay at latitude 5◦ 38′ N and longitude 39◦ 43′ E with a
drainage area of 10,264 km2. The description of the study area is shown in (Figure 1).

The altitude of the catchment area ranges from 1039 to 3751 m above sea level (m.a.s.l).
The general topographical features of the Genale Dawa-3 dam watershed are highlands
and plateaus surrounded by a series of volcanoes, steep slopes, gently sloping lowlands at
the foot of the steep slopes, and floodplain areas.

2.1.2. Climate

The entire Genale Dawa-3 dam watershed falls under the bimodal rainfall regime
with two wet seasons. The bimodal regime is divided into two types: Type-I, where the
rainfall lasts from April to October for around 7 months with less pronounced peaks at
the beginning and end, and Type-II, when the rainfall has pronounced peaks in April and
October with little rainfall in between these peaks.

Within the study area, the highest annual rainfall corresponds to 1334.61 mm at the
Hagerselam station located in the upper region close to the Genale Dawa-3 dam watershed.
The lowest annual rainfall corresponds to 633.47 mm at the Negele station located near
the outlet of the Genale Dawa-3 dam watershed. As in other parts of the country, the
average temperature changes in the Genale Dawa-3 dam watershed are minimal over the
long run. The maximum and minimum mean monthly range of temperatures show only a
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slight change from month to month, with values ranging from 18 ◦C to 26 ◦C and 6 ◦C to
15 ◦C, respectively. The maximum and minimum mean annual temperatures are 22 ◦C and
10.5 ◦C, respectively.
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Figure 1. Map of the study area.

2.1.3. Land Use and Land Cover

The main land use/cover of the Genale Dawa-3 dam watershed is cultivated land,
shrub and grassland, forest, developed areas, water, and barren land. In the watershed, the
area covered by different land use/cover percentages during 2015 was characterized by
61.11% of cultivated land, 20.68% of shrub and grassland, 14.74% of forestland, 1.68% of
built-up area, 1.3% of water body, and 0.48% of barren land. Thus, the land use/cover of
the watershed was dominated by cultivated land, shrub, and grassland.

2.1.4. Hydrology

The upper and center parts of the Genale River drains to the GD-3 hydropower site
and it has a surface area of 10,264 km2. The upper Genale, Geberticha, and Iya are the three
main tributaries that make up the upper section’s main river drainage system. The Sidamo
Highlands separate the Genale River basin from the nearby Rift Valley Lake basins and
Wabe Shebelle river basins and are the source of these streams. At the location of the dam,
the river’s mean annual flow was calculated to be 104.04 m3/s.

2.2. Data Sources

The spatial and temporal data shown in Table 1 were used to create and set up the
SWAT model and to simulate the stream and sediment yields of the basin. The model was
calibrated and validated using streamflow and sediment data obtained at an inflow gauging
(Chenemasa) station. The missing streamflow data from the Chenemasa station were filled
by linear regression. The data quality control tests for streamflow were performed by using
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outlier and homogeneity tests (Pettit test algorithm). The analysis results showed that there
was no lower or higher outlier, and the station data were homogeneous.

Table 1. Description of spatial and temporal data used for SWAT modeling in Genale Dawa-3 dam
watershed.

Data Type Description Period/Scale Source

DEM Used for watershed delineation and
stream networks 30 m × 30 m Ethiopia Ministry of Water and

Energy (MoWE)

Land use/cover
(LULC)

The year 2015 LULC map was generated
and used to quantify the hydrological

process and soil erosion in a catchment
30 m × 30 m Land use/land cover map derived

from Landsat-8 OLI

Soil data

Include hydraulic conductivity, soil type,
texture, and available water content. In

order to match the resolution of the DEM
and the land use/cover map, the vector soil

map was reprocessed into a 30 m raster.

2018 Water Works study, Design and
Supervision Enterprises of Oromia

Weather

Daily (rainfall, max and min temperature,
wind speed, relative humidity, and solar

radiation of 5 stations were used to derive
the hydrological balance)

1987–2019 National Meteorological Agency,
Ethiopia (NMA)

Streamflow

Daily stream flow data of Chenemasa
gauging station were collected and
transposed to the GD-3 outlet for

calibration and validation purposes.

1990–2015 Ministry of Water and Energy,
Ethiopia (MoWE)

Sediment

Suspended sediment concentration data
from Chenemasa station were collected
and transposed to the GD-3 outlet for
calibration and validation purposes.

1990–2015 Ethiopia Ministry of Water and
Energy (MoWE)

Similarly, the study area land use/cover data were obtained from Landsat-8 OLI
(Operational Land Imager) (Table 1). The satellite images of the watershed with a high
resolution and free of cloud cover were downloaded from the US Geological Survey (USGS)
(https://earthexplorer.usgs.gov/, accessed on 10 January 2015). A supervised classification
method was applied, and its accuracy was assessed. As a result, its overall accuracy was
87.9% with a kappa coefficient of 0.8402.

2.3. Methodology
2.3.1. SWAT Model Description

SWAT is a semidistributed physically based model developed to assess the effects
of land management activities on water, sediment, and agricultural chemical yields over
extended periods of time in watersheds with a variety of soils, land uses, and management
practices [18].

SWAT subdivides a basin into subbasins. Each subbasin is then further subdivided
into hydrologic response units (HRUs), which are made up of homogenous land use,
management, topographical, and soil features [18]. This partitioning is especially helpful
when various basin areas are dominated by land uses or soils that are sufficiently dissimilar
to impact the hydrology and can spatially refer to one another [19]. In SWAT, runoff and
sediment movements are simulated at the HRU level, and the water and sediment are then
routed through the stream network to the basin outlet [19]. The water balance equation
(Equation (1)) is used to simulate the hydrological components at each HRU.

SWt= SW0 +
t

∑
i=1

(
Rday −Qsur f − Ea −Wseep −Qqw

)
(1)

https://earthexplorer.usgs.gov/
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where SWt is the final soil water content (mm), Rday is the amount of precipitation on day
I (mm), SW0 is the initial soil water content on day i (mm), t is the time (days), Ea is the
amount of evapotranspiration on day i (mm), Qsur f is the amount of surface runoff on day
i (mm), Qqw is the amount of return flow on day i (mm), and Wseep is the amount of water
entering the vadose zone from the soil profile on day i (mm).

In the watershed, the SWAT model simulates runoff using the curve number approach
of the Soil Conservation Services (SCS) [20]. It estimates the surface runoff based on
Equation (2).

Qsur f =

(
Rday − Ia

)2(
Rday − Ia + S

) (2)

where Qsur f is the accumulated runoff or rainfall excess (mm), S is the retention parameter
(mm), Ia is an initial abstraction that includes surface storage, interception, and infiltration
before runoff (mm), and Rday is the rainfall depth for the day (mm). The soils, land use,
management, slope, and temporary variations in soil water content all cause the retention
parameter to vary geographically. Equation (3) could be used to compute it.

S = 25.4
(

1000
CN

− 10
)

(3)

where CN is the curve number for the day. The initial abstraction, Ia, is commonly approxi-
mated as 0.2 S and Equation (2) becomes:

Qsur f =

(
Rday − 0.2 S

)2(
Rday + 0.8 S

) (4)

Using the Modified Universal Soil Loss Equation (MUSLE) [21], the SWAT model
calculates the amount of soil erosion and sediment yield caused by water for each HRU. In
MUSLE, the delivery ratios are not required, and the equation can be applied to specific
storm occurrences since the runoff factor used in USLE in place of the rainfall energy factor
improves the prediction of sediment yield. The MUSLE is

Sed = 11.8
(

Qsur f × qpeak × AHRU

)0.56
× KUSLE × CUSLE × PUSLE × LSUSLE × CFRG (5)

where Sed is the sediment amount on a given day in metric tons, Qsur f is the surface
runoff from the catchment in mm/ha, AHRU is the area of HRU, qpeak is the peak runoff
rate in (m3/s), CUSLE is the USLE land cover and management factor, KUSLE is the USLE
soil erodibility factor, LSUSLE is the USLE topographic factor, PUSLE is the USLE support
practice factor, and CFRG is the coarse fragment factor.

The sediment routing practice, which simulates the movement of sediment through the
channel network to the outlet, is made up of two parts: deposition and degradation in the
reach [19]. A deposition or degradation process will occur depending on the concentration
of sediment in the reach and the transport capacity. Once the deposition and degradation
have been estimated, the volume of sediment in the reach could be determined as follows:

Sedch = sedch,i − seddep + seddeg (6)

where Sedch is the quantity of suspended sediment in the reach (metric tons), seddep is the
quantity of sediment deposited in the reach segment (metric tons), sedch,i is the quantity
of suspended sediment in the reach at the beginning of the time period (metric tons), and
seddeg is the quantity of sediment re-entrained in the reach segment (metric tons).
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Finally, the amount of sediment moved out of the reach is then determined as:

Sedout = sedch ×
Vout

Vch
(7)

where Sedout is the amount of sediment transported out of the reach (metric tons), Vch is
the volume of water in the reach segment (m3), Vout is the volume of outflow during the
time step (m3), and sedch is the amount of suspended sediment in the reach (metric tons).

2.3.2. SWAT Model Inputs and Setup

The main input data utilized for the SWAT model involved both spatial and temporal
data. The Land use/cover information (Figure 2a), research area’s soil map (Figure 2b), and
digital elevation model (DEM) represent the spatial data. The meteorological information,
which is used in the simulation, includes precipitation, maximum and lowest temperatures,
relative humidity, wind speed, and solar radiation. The weather data used in this study
were obtained from five meteorological stations in and around the watershed (Table 2).
After collecting the necessary weather data of the representative stations to run the SWAT
model, the missing data and data quality control tests were performed. For this study,
the missing weather data were filled by using XLSTAT2019 (Excel add-ins) based on the
multiple imputation techniques (MCMC), whereas the data quality control tests were
made by using a homogeneity test (using Pettis algorithm) and a consistency test (using
double-mass curve techniques). The analysis results showed that all selected meteorological
stations were homogeneous and consistent. The main purpose of conducting a data quality
control test is to minimize the model uncertainty. For this study, the Kibremengist station
was the principal (synoptic) station. Thus, this station was used to generate weather data
for other stations. The Kibremengist meteorological station has data on the daily duration
of sunlight, and Ångström’s empirical formula [22] was used to convert solar radiation to
terrestrial radiation, whereas the duration of relative sunshine was used to estimate the
daily solar radiation to be used in the SWAT model. A 30 m × 30 m DEM (Figure 3a) was
used to delineate the watershed. Moreover, a threshold area of 17,250 ha was taken, and
the entire study area was discretized into 31 subbasins (Figure 3b). Then, the HRUs were
defined using a threshold value of 10%, 10%, 15% for land use, soil, and slope, respectively.
A total of 253 HRUs were identified, denoting unique combinations of soil type, land use,
and slope.

Table 2. Meteorological stations for the Genale Dawa-3 dam watershed (1987–2019).

No Stations Lat. (◦N) Long. (◦E) Elev. (m) Weather Elements

RF Tmax Tmin RH SS WS

1 Kibremengist 5.87 38.97 1680
√ √ √ √ √ √

2 Negele 5.42 39.57 1544
√ √ √ √

X X

3 Hagerselam 6.49 38.52 2809
√ √ √

X X X

4 Yirbamuda 6.2 38.71 2569
√ √ √

X X X

5 Dellomena 6.42 39.83 1313
√ √ √

X X
√

Note: Lat. = latitude, Long. = longitude, RF = rainfall, Tmax = maximum temperature, Tmin = minimum
temperature, RH = relative humidity, SS = sunshine, WS = wind speed,

√
= data available, Elev. = elevation, and

X = data not available.
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2.3.3. Sensitivity Analysis, Model Calibration, and Validation

SWAT CUP 2019 was used to carry out the streamflow sensitivity analysis and sed-
iment yield analysis for this project. To prioritize the subbasins on the basis of their risk
of erosion, the performance of the SWAT model was tested by calibrating and validating
the model. To calibrate and obtain the ideal model parameters, the Sequential Uncertainty
Fitting (SUFI-2) option was used. After calibration, the model was validated for both stream
and sediment flows. The meteorological data from 1987 to 2015 were used in the model
simulation. A warm-up period of three years of data was used. The warm-up period is
important to make sure that there are no effects from the initial conditions in the model.
It enables the hydrologic processes to reach an equilibrium condition and permits the
formation of the fundamental flow conditions for the simulations to take place.

Based on the length of observed stream and sediment flow data records, the calibration
and validation periods lengths were fixed. As shown in Table 1, the basin had streamflow
data for the years 1990 to 2015. For both stream and sediment flows, the observed datasets
were split into two-thirds and one-third to use for calibration and validation, respectively.
Based on this, the years from 1990 to 2006 were used for calibration, and 2007 to 2015 were
used for validation

The availability of sediment data was fragmented (Figure 4). Hence, a sediment rating
curve was developed and used to convert the sediment flow for the entire period.
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2.3.4. Model Performance Evaluation

Statistical measurements were used to assess how well the SWAT model performed.
To evaluate the model’s performance, the Nash–Sutcliffe efficiency (NSE), the percent

of bias (PBIAS), the root-mean-square error to observation standard deviation ratio (RSR),
and the coefficient of determination (R2) were used. Using the recommendations provided
by [23], it was decided whether the model’s performance was sufficient or not (Table 3).

Table 3. Model’s performance and allowable range for both calibration and validation phase.

Rating R2 NSE RSR PBIAS (%)

Streamflow Sediment

Very good 0.75–1 0.75–1 0–0.5 <±10 <±15

Good 0.65–0.75 0.65–0.75 0.5–0.6 ±10−±15 ±15−±30

Satisfactory 0.5–0.65 0.5–0.65 0.6–0.7 ±15−±25 ±30−±55

Unsatisfactory <0.5 ≤0.5 >0.7 ≥±25 ≥±55
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2.3.5. Scenarios for Best Management Practices (BMPs)

A SWAT model can be used to pinpoint regions with high sediment yields and adopt
management strategies to reduce sedimentation problems [24]. Once the model was
calibrated and validated and the results were considered acceptable, the model was ready to
be parameterized to the conditions of interest. Several management activities were utilized
in the SWAT model to reduce the sediment yield in the impacted subbasins. Implementing
sediment management techniques in the important sediment source areas has been shown
to be more effective at reducing sediment yield than randomly allocating the conservation
measures to different parts of the landscape [25]. The SWAT model has also been found
to be suitable for best management practices of the watershed and reported to be useful
for a wide range of conditions [26]. On agricultural dominant lands, the most widely used
sediment management practices are filter strips, terracing, stone/soil bund, and contour
farming [27]. Hence, by comparing those widely used sediment yield reduction options,
scenarios were developed and applied in the SWAT model. Then, the model was used
to estimate the soil loss under different scenarios of BMPs in comparison to the existing
baseline condition. The selected sediment management options were applied to sediment-
prone subbasins that generated high sediment yields. These subbasins were located using
the calibrated SWAT model’s spatial sediment yield mapping. The baseline values of the
input parameters for the evaluation of BMPs were selected through model calibration
and suggested values from previously conducted local studies [27]. Four scenarios were
performed to compare the effects of sediment reduction on the critically affected subbasins
in the Genale Dawa-3 dam watershed (Table 4).

Table 4. Description of the selected BMPs and the parameters changes in the SWAT model.

Scenarios Adjusted Parameter Value

Parameter name Calibrated Modified

Baseline * * *

Filter strip FILTERW_(.mgt) 0 1 m

Stone/soil bund

USLE_P_(.mgt) 0.56 0.32

CN2_(.mgt) A A-3

SLSUBBSN_(.hru) A 0.5 A

Terracing

USLE_P_(.mgt) 0.56 0.14 for slope (12–16%)

CN2_(.mgt) A A-3

SLSUBBSN_(.hru) A 0.5 A

Contour farming
CN2_(.mgt) A A-3

USLE_P_(.mgt) 0.56 0.6 for slope 1–2%
0.5 for slope 3–8%

Note: * stands for parameters and their calibrated values under existing conditions; A: calibrated values.

Scenario 0: Baseline Scenario

This scenario was portrayed by the actual conditions found in the watershed (without
soil conservation measures). Without changing any modeling parameters, the SWAT
model’s calibrated values were used in this simulation. To understand the implications of
various management practice scenarios on the reduction of sediment yield in the watershed,
this simulation served as a starting point.

Scenario 1: Filter Strip

The filter strip was taken into consideration since planting grasses along croplands
and pasture lands slows down runoff, reduces sheet and rill erosion, increases infiltra-
tion capacity and base flow, and increases the effectiveness of sediment trapping [28].
SWAT modeled the trapping effectiveness of the strip as a function of its width using



Quaternary 2022, 5, 39 10 of 19

Equation (8) [29]. FILTERW is an excellent model parameter for representing the impact of
filter strips (width of filter strip). The SWAT management database (.mgt) was given the
filter width value, FILTERW, of 1 m to model the effect of filter strips on sediment trapping.
The FILTERW value was modified based on previous local research experiences in the
Ethiopian watershed [27].

Trape f f = 0.367×
(

width f ilter strip

)0.2967
(8)

where Trape f f is the trapping efficiency of the filter strip and width f ilter strip is the width of
the filter strip in m.

Scenario 2: Stone/Soil Bund

The stone/soil bund practice reduces runoff and soil loss by reducing the slope length
and creating retention areas [30]. The effect of stone/soil bund practice in the Genale Dawa-
3 dam watershed was represented by adjusting the curve number (CN2), slope length
(SLSUBBSN), and management support practice (USLE_P) parameters. The modified
values of the stone/soil bund parameters were obtained from the previous local research
experience in Ethiopia [31]. To test their effects, the curve number (CN2) was reduced
by 3 units, slope length (SLSUBBSN) reduced by 50% and practice factor (USLE_P) set to
0.32. In the SWAT model, the HRU (.hru) input table was edited to adjust the value of the
SLSUBBSN; the USLE_P and CN2 values were adjusted by editing the management (.mgt)
input table.

Scenario 3: Terracing

Terracing is constructed across the slope on a contour with several regular spaces.
Runoff and soil loss increase with the increase in slope length and steepness. Hence,
by adjusting both erosion and runoff parameters, terracing was simulated in the SWAT
model. The curve number (CN2), management support practice (USLE_P), and slope
length (SLSUBBSN) were used to simulate the effect of terracing.

During simulation, the slope length (SLSUBBSN) was reduced by 50%, the curve
number (CN2) was reduced by 3 units, and the practice factor (USLE_P) was set to 0.14
for land slope class of 12–16% [18]. In the SWAT model, the HRU (.hru) input table was
edited to adjust the value of the SLSUBBSN; the CN2 and USLE_P values were adjusted by
editing the management (.mgt) input table.

Scenario 4: Contour Farming

This practice helps to reduce surface runoff by impounding water in small depressions
and through the reduction of sheet and rill erosion. Appropriate parameters used to
simulate contour farming are the curve number (CN2) and management support practice
(USLE_P) [30]. In this study, we tested their effects by reducing the curve number (CN2) by
3 units and adjusted the practice factor (USLE_P) with 0.5 and 0.6.

3. Results and Discussion
3.1. Streamflow Simulation
3.1.1. Model Parameter Sensitivity Analysis for Streamflow

A global sensitivity analysis was used to identify the most sensitive parameters. A
total of 20 parameters were initially chosen for the sensitivity analysis, and 14 parameters
had a significant impact on the streamflow simulation (based on the values of t-stat and
the p-values) (Table 5). Among the selected fourteen parameters involved in monthly
parameterization, seven parameters, ALPHA_BF, CN2, CH_K2, GW_DELAY, RCHRG_DP,
SLSUBBSN, and SOL_AWC showed relatively high sensitivity, and seven parameters,
CANMX, SOL_K, HRU_SLP, GW_REVAP, ESCO, CH_N2, and GWQMN were moderately
sensitive in the streamflow simulation (Table 5). The effect of the change of the remaining
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six parameters (OV_N, SOL_BD, SHALLST, REVAPMN, SURLAG, and LAT_TIME) were
very small or negligible.

Table 5. List of parameters used to calibrate streamflow, fitted values, parameter ranges, and
sensitivity rankings.

Parameter
Name Description of Parameter Range Fitted

Value Rank

v_ALPHA_BF Baseflow alpha factor (days) 0–1 0.939 1

r_CN2 Initial SCS CN(II) value ±25% 0.08 2

a_CH_K2 Channel effective hydraulic
conductivity (mm h−1) 0–150 96.45 3

a_GW_DELAY Groundwater delay (days) ±10 −5.95 4

v_RCHRG_DP Deep aquifer percolation fraction 0–1 0.11 5

v_SLSUBBSN Average slope length 10–150 57.69 6

r_SOL_AWC(..) Available water capacity of the soil
layer (mm mm−1) ±25% 0.23 7

r_CANMX Maximum canopy storage (mm) 0–10 4.13 8

r_SOL_K(..) Saturated hydraulic conductivity ±25% 0.11 9

r_HRU_SLP Average slope steepness 0–1 0.38 10

a_GW_REVAP Ground water revap coefficient ±0.036 −0.009 11

v_ESCO Factor for soil evaporation
compensation 0–1 0.035 12

r_CH_N2 Manning’s n value for the main canal 0–1 0.33 13

v_GWQMN Threshold water depth in the shallow
aquifer for flow (mm) 0–5000 2044.65 14

3.1.2. Model Calibration and Validation for Streamflow

Using SWAT CUP 2019 and SUFI-2, the model was automatically calibrated (Sequential
Uncertainty Fitting Version 2 program). A good agreement occurred between the observed
and simulated discharge, which was confirmed using both graphical and quantitative data.
Using the model performance evaluation criteria [23] shown in Table 3, the stream flow
calibration and validation at the inlet of the Genale Dawa-3 dam watershed demonstrated
good performance with an R2 of 0.72, NSE of 0.7, PBIAS of −2.9%, and RSR of 0.55 for the
calibration and R2 of 0.71, NSE of 0.68, PBIAS of +2.3%, and RSR of 0.56 for the validation
(Table 6).

Table 6. The statistical properties index value for monthly streamflow calibration and validation
processes and model uncertainty measurements.

Variable
Model Performance Indicators Uncertainty

Measures

R2 NSE PBIAS RSR p-Factor r-Factor

Calibration period (1990–2006) 0.72 0.7 −2.9 0.55 0.57 0.78

Validation period (2007–2015) 0.71 0.68 +2.3 0.56 0.51 0.72

The PBIAS result shows the model had a slight overestimation (negative) during the
calibration and an underestimation (positive) during the validation. Hence, the statis-
tical model performance indicators at the Genale Dawa-3 dam watershed were slightly
high in comparison to those estimated by various studies conducted in different parts of
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Ethiopia [28,30–33]. The difference may be due to the soil, land use, and slope steepness in
the study areas.

At the Genale Dawa-3 dam watershed outlet, the SUFI-2 uncertainty measure dis-
played a p-factor of 0.57 and r-factor of 0.78 for the calibration and a p-factor of 0.51 and
r-factor of 0.72 for the validation (Table 6). This indicated that about 57% of the measured
data for the calibration and 51% of the measured data for the validation were bracketed by
the 95PPU with a better strength of estimation (r-factor < 1) for both cases.

The graphical representation of the predicted and observed monthly streamflow
during the calibration and validation period indicated that the SWAT model prediction
was adequate over the studied range of streamflow (Figure 5). In conclusion, based
on streamflow modeling, all numerical model performances (Table 6) were within an
acceptable range. Moreover, the SWAT creators advised that for an appropriate hydrological
calibration, the value of R2 should be greater than 0.6, NSE > 0.5, and RSR < 0.7 [34]. Hence,
the overall result of the calibrated and validated streamflow model result was acceptable to
apply to any water-resource-related study in the basin.
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3.2. Sediment Yield Simulation
3.2.1. Model Parameter Sensitivity Analysis for Sediment Yield

The sensitivity analysis of sediment yield was conducted to pinpoint the catchment’s
most sensitive variables that have an impact on the model’s results. Initially, 11 factors were
chosen for sensitivity analysis, but only 8 parameters had a significant impact on sediment
yield based on the t-statistics and p-values (Table 7). USLE_P, USLE_K, USLE_C, LAT_SED,
CH_COV2, and ADJ_PKR were the first six parameters from that group that were very
sensitive and given high priority for the calibration. PRF_BSN and SPEXP were the next two
parameters, and they were moderately sensitive in the sediment yield simulation (Table 7).
The rest of the parameters had very low sensitivity in the sediment yield simulation
(CH_EQN, CH_COV1, and SPCON). Parameters such as USLE_P, USLE_C, USLE_K, and
LAT_SED were included in upland factors whereas SPCON, SPEXP, CH _COV1, ADJ_PKR,
PRF_BSN, and CH_COV2 were categorized under channel factors. The upland parameters
affected sediment transport at the watershed level and were mostly in line with the land
use land cover changes of the watershed. The channel factors were adjusted to increase
channel sediment transport capacity and lower the amount of sediment deposition.
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Table 7. List of parameters with parameter ranges, fitted values, and sensitivity rankings used for
sediment calibration.

Name of
Parameters Parameters Description Range Fitted Value Rank

v_USLE_P USLE support practice factor 0–1 0.56 1

v_USLE_K(..) USLE soil erodibility factor 0–0.65 0.06 2

v_USLE_C(..) Minimum value of USLE_C factor
applicable to the land cover 0.001–0.5 0.12 3

v_LAT_SED Sediment concentration in lateral and
groundwater flow (mg/L) 0–1000 697.78 4

v_CH_COV2 Channel cover factor 0.5–1 0.88 5

v_ADJ_PKR Peak rate adjustment factor for
sediment routing in the subbasin 0–2 0.74 6

v_PRF_BSN Peak rate adjustment factor for
sediment routing in main channel 0–2 0.92 7

v_SPEXP Exponent re-entrainment parameter
for channel sediment routing 1–1.5 1.49 8

3.2.2. Model Calibration and Validation Results for Sediment Yield

The model calibration and validation results for sediment yield were obtained at the
outlet of the watershed. Based on the model performance evaluation criteria [23] shown in
Table 3, the sediment yield calibration and validation at the outlet of Genale Dawa-3 dam
watershed showed a good performance with an R2 of 0.68, NSE of 0.68, PBIAS of +2.4%,
and RSR of 0.57 for the calibration and an R2 of 0.66, NSE of 0.66, PBIAS of +3.5%, and RSR
of 0.58 for the validation (Table 8).

Table 8. The statistical properties index value for sediment flow calibration and validation processes
and the uncertainty measurements.

Variable
Model Performance Indicators Uncertainty

Measures

R2 NSE PBIAS RSR p-Factor r-Factor

Calibration period (1990–2006) 0.68 0.68 +2.4 0.57 0.48 0.56

Validation period (2007–2015) 0.66 0.66 +3.5 0.58 0.36 0.53

The PBIAS result showed the model had a slightly underestimation (positive) in both
calibration and validation periods. Hence, the estimated model performance indicators at
the Genale Dawa-3 dam watershed were moderate in comparison to those estimated by
different studies conducted in various parts of Ethiopia [30]. The uncertainty measure of
SUFI-2 showed a p-factor of 0.48 and an r-factor of 0.56 for the calibration and a p-factor
of 0.36 and an r-factor of 0.53 for the validation at the outlet of the Genale Dawa-3 dam
watershed (Table 8).

The graphical representation of the predicated and measured monthly sediment yield
during calibration and validation periods indicated that the SWAT model prediction was
adequate over the range of sediment yields (Figure 6). It can be concluded that the SWAT
model was good enough to simulate the rising and falling limb during both calibration and
validation periods. The deviations between observed and simulated peaks of sediment
yields were comparable to those of peaks streamflow. The finding of this research was
consistent with other research reports [30]. According to [30], the underestimation of peak
flows by the SWAT model leads to the underestimation of sediment peaks. Furthermore,
the investigations by [35] indicated that the largest error in model estimations for sediment
yield was always associated with peak flow prediction errors. They reported that the
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second storm effects in the SWAT model may be a cause for the highest estimation errors in
peak flow, which were related to inaccuracies in sediment prediction.
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3.3. Sediment Yield Rate of Genale Dawa-3 Dam Watershed

The simulation of the annual sediment yield in the Genale Dawa-3 dam watershed
varied from 2.71 to 53.75 ton/ha/yr with an average sediment yield of the whole water-
shed estimated to be 16.83 ton/ha/yr. The corresponding mean annual sediment yield
contribution of each subbasin is shown in Table 9.

Table 9. Mean annual sediment yield of each subbasin in Genale Dawa-3 dam watershed.

Subbasins Sediment Yield
(Ton/ha/Yr) Subbasin Sediment Yield

(Ton/ha/Yr) Subbasin Sediment Yield
(Ton/ha/Yr)

1 8.37 12 41.45 23 12.77

2 7.97 13 22.12 24 2.71

3 9.17 14 9.98 25 6.70

4 9.80 15 28.82 26 6.05

5 51.17 16 7.55 27 5.15

6 53.75 17 25.84 28 7.58

7 50.49 18 11.26 29 6.11

8 38.33 19 5.54 30 9.38

9 8.01 20 17.56 31 4.32

10 5.39 21 4.43

11 12.87 22 4.37

The estimated sediment yield in the Genale Dawa-3 dam watershed was consistent
with that of other studies done in other basins in Ethiopia, including the studies by [30] in
the Finchaa catchment [33], in the Awata watershed [36], in the Bilate watershed [37], in the
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Megech reservoir catchment [38], in the Welmel watershed, and [39] in the Toba watershed
in Ethiopia.

3.4. Spatial Variability of Sediment Yield

The assessment of the spatial variability of sediment yield is useful for catchment
management planning and identifying the most erodible subwatersheds. The ranges of soil
erosion rates and their corresponding classes by [38] were used in this study as thresholds to
identify critical erosion hot spots in the subwatersheds. The sediment source map (Figure 5)
was created using the average annual sediment yield (Table 10) based on sediment yield
potential, and classes were given based on their yearly average sediment yield per coverage.

Table 10. Annual soil erosion and its severity classes of Genale Dawa-3 dam watershed.

Soil Loss
Range

(Ton/ha/Yr)

Severity
Classes Area in ha Area in

Percent Subwatersheds Severity
Rank

0–5 Low 157,709 15.36 21, 22, 24, 31 6

5–11 Moderate 489,279.7 47.67 1, 2, 3, 4, 9, 10, 14, 16,
19, 25, 26, 27, 28, 29, 30 5

11–20 High 132,184 12.88 11, 18, 20, 23 4

20–30 Very high 50,033.7 4.87 13, 15, 17 3

30–45 Severe 60,683.6 5.91 8, 12 2

45–60 Very severe 136,584 13.31 5, 6, 7 1

The watershed’s annual sediment yield was divided into six severity categories: low
(0–5 tons per acre per year), moderate (5–11 tons per hectare per year), high (11–20 tons
per hectare per year), very high (20–30 tons per hectare per year), severe (30–45 tons per
hectare per year), and very severe (45–60 tons per hectare per year) (Table 10).

As shown in Table 10, the subwatersheds 5, 6, 7, 8, 11, 12, 13, 15, 17, 18, 20, and
23 made up 36.97% of the research region’s total watershed area and were classified as
having high, very high, severe, and very severe soil loss (Figure 7). These subwatersheds
were designated as areas with high rates of erosion in the Genale Dawa-3 dam watershed
because the soil losses from them exceeded the global maximum allowable soil loss rate
(>11 tons/ha/yr). From a total of 31 subwatersheds, 15 subwatersheds (1, 2, 3, 4, 9, 10, 14,
16, 19, 25, 26, 27, 28, 29, and 30) were classified as having moderate soil losses and given
the moderate priority class. The annual soil loss from these subwatersheds ranged from 5
to 11 tons per hectare per year (Table 10) and covered a significant portion of the watershed
(47.67% from total watershed).

Land degradation, insufficient land cover, poor land management practices (lack of
soil and water conservation measures), and the cultivating of undulating slopes without
conservation could be the main causes for the high sediment yields in the study basin. The
tolerable soil loss that can maintain the economy and maintenance of crop production range
from approximately 1 to 11 ton/ha/yr [40]. However, the study area was more susceptible
to soil loss since the soil loss from these sub-watersheds exceeded this acceptable range.

Because of resource limitations, it is impossible to implement soil and water con-
servation measures or watershed management activities in the whole watershed at one
time. In this context, the subwatersheds that are at a high risk of soil erosion should be
prioritized first for treatment, to achieve the sustainable development of land and water
resources in the watershed. The watershed prioritization of subwatersheds involves the
ranking of the subwatersheds according to the sediment yield of each subbasin and their
vulnerability to the risk of soil loss severity. Hence, based on the results, subwatersheds 5, 6,
7, 8, 11, 12, 13, 15, 17, 18, 20, and 23 were identified as erosion hot spots and prioritized for
watershed management intervention (Figure 6). The total area where soil erosion exceeded
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the maximum tolerable erosion limit of 11 tons/ha/yr was 379,485.3 ha and covered 36.97%
of the total watershed area. Therefore, priorities for watershed management intervention
could be focused on high, very high, severe, and very severe soil eroded subwatersheds to
minimize the effects of sedimentation in the Genale Dawa-3 hydropower dam.
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The produced map (Figure 7) that depicts the high erosion areas can be utilized as a
tool for decision-makers to execute appropriate soil conservation measures on particular
hot spots.

3.5. Best Management Practices (BMPs) Scenario Analysis

Implementing best management practices (BMP) is a key component of watershed
management intervention because it helps to reduce soil erosion and sediment movement
by water. Table 11 shows the outcomes of the four best management practices applications
that were examined for the study area. The mean annual sediment yield reductions for
the twelve critical subbasins ranged from 30.54 tons per hectare per year to 19.84 tons per
hectare per year (35.02%) under the filter strips scenario, 30.54 tons per hectare per year
to 14.32 tons per hectare per year (53.11%) under the contour farming scenario, 30.54 tons
per hectare per year to 10.22 tons per hectare per year (66.54%) under the soil/stone bund
scenario, and 30.54 tons per hectare per year to 5.84 tons per hectare per year (80.88) under
the terracing scenario (Table 11). The above four scenarios showed that terracing was more
effective at reducing sediment yield than other scenarios with a mean annual sediment
yield reduction of up to 80.88%. On the other hand, filter strips had the least sediment
yield reduction in the selected critical subbasins, and stone/soil bund had the second-best
conservation practice in the watershed.
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Table 11. Summary of developed scenarios result for twelve critical subbasins.

Critical
Subbasins

Baseline
Scenario

Average Annual Sediment Yield (Ton/ha/Yr)

Filter Strip Stone/Soil
Bund Terracing Contouring

6 53.75 36.70 16.97 11.90 21.34

5 51.17 32.91 17.12 8.88 24.20

7 50.49 32.77 21.05 11.12 30.30

12 41.45 27.07 17.74 9.67 25.44

8 38.33 24.37 16.44 8.20 24.78

15 28.82 18.24 4.91 2.77 6.80

17 25.84 16.36 6.28 3.31 9.05

13 22.12 14.23 5.64 3.39 7.71

20 17.56 11.18 3.72 2.38 4.98

11 12.87 8.27 3.71 2.36 4.94

23 12.77 8.40 4.89 3.26 6.93

18 11.26 7.56 4.15 2.82 5.36

Average 30.54 19.84 10.22 5.84 14.32

% reduction − 35.03% 66.54% 80.88 53.11%

The findings of this research can serve as a reference for decision-makers to select the
best technique to reduce soil erosion and sediment load, particularly on the places that
have high erosion rates. On selected high erosion risk areas, the most suitable methods are
terracing followed by stone/soil bund and then contouring, and lastly the application of
filter strips.

The life span of a given reservoir is a function of sedimentation. The Genale Dawa-3
dam reservoir has a life storage capacity of 2310 million m3 and the average sediment
yield of the watershed is estimated as 16.83 tons/ha/yr (Table 9). Since the application of
filter strips on the hot spot erosion areas decreases the sediment yield by 35.02%, contour
farming by 53.11%, soil/stone bund by 66.54%, and terracing by 80.88%, they may increase
the lifespan of the dam in a similar manner.

4. Conclusions

The simulation of the average annual sediment yield in the Genale Dawa-3 dam
watershed for the period 1990–2015 was estimated to be 16.83 tons per hectare per year
with the annual sediment yield varying from 2.71 to 53.75 tons per hectare per year. The
annual soil loss rates in the Genale Dawa-3 dam watershed were classified into six soil
erosion severity classes, with the watershed area of (36.97%) being classified from high to
very severe soil erosion risks. These areas were characterized by a steep slope and highly
cultivated land in the watershed. Additionally, 63.03% of the watershed areas fell under
the category of tolerable soil loss rate for maintenance of crop production, and the areas
were characterized by good plantation covers in the watershed.

The study attempted to identify soil-erosion-susceptible subwatersheds for the priori-
tization and evaluation of best management practices in the watershed. A prioritization
map was prepared to determine the areas contributing the maximum amount of sediment
yield to apply the appropriate best management practices to manage the watershed. The
result showed that not all subwatersheds were found to be under an equal risk of soil
erosion. In this regard, prioritization enabled us to identify subwatersheds that were at
a greater risk of soil erosion. The subbasins that were predicted to face a low risk of soil
loss were considered as the least prioritized areas. The majority of the least prioritized
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areas were characterized by good plantation covers and were located in the lowlands of
the watershed.

The implementation of different BMPs showed appreciable results of sediment yield
reduction, with the highest reduction simulated by the terracing scenario and the lowest
reduction simulated by filter strips. Thus, the findings showed that in subwatersheds that
were prone to erosion, terracing was a more effective method than other soil conservation
practices. In general, the study demonstrated the need for BMPs that help foster sustainable
land and water resources management as well as improve upon the life span of the Genale
Dawa-3 hydropower reservoir. In summary, the results can be used as a guideline for
planners, decision-makers, and any other interested parties to use an appropriate tech-
nique of soil conservation practice to minimize soil erosion, especially in areas with high
erosion rates.
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