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Reservoir sedimentation is a significant issue that shortens reservoir life and
impacts operations such as irrigation, hydropower, and drinking water supply
because it significantly reduces the reservoir's initial capacity. Information
on changes in the storage capacity is required to reduce the risk of reservoir
sustainability. This study was conducted on the Angereb reservoir in the sub-
humid region of Ethiopia, in the Upper Blue Nile Basin. Bathymetric surveys and
ArcGIS 10.8 were used to estimate the sedimentation and service life of the
Angereb reservoir. A Triangulated Irregular Network (TIN) surface was developed
from the survey data to estimate the volume of the reservoir. Based on the
findings of this bathymetry a total of 2.18 Mm?* of sediment was deposited on
the reservoir bed between 2007 to 2022. Storage capacity was decreased by
62.28% in 16 years of operation and caused an average annual volume reduction
of 3.9%. The sediment yield (SY) and specific sediment yield (SSY) of the Angereb
watershed revealed 192715.5 and 170312.5 m® year~ and 3043.2 and 2689.4-
ton km=2 y~* for trap efficiencies of 70.1 and 80% calculated with two methods,
respectively. The SSY has increased by about 50.3% to the minimum and 70.1%
to the maximum indicating more degradation of the watershed in sixteen years.
The gross storage capacity loss of the reservoir was about 75% which was
5.3Mm? in 1997 and reduced to 1.32 Mm® in 2022 with an annual reduction of
2.9% in storage capacity. The reservoir will be filled up by sediment in 7years
if the incoming sediment remains the same in the future. These findings will
serve as a call for action in the watershed and a foundation for managing
the accumulated sedimentation in the Angereb reservoir and for developing
sediment control and management strategies for similar reservoirs.

KEYWORDS

Angereb reservoir, reservoir sedimentation, bathymetry, specific sediment yield (SSY),
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1 Introduction

The natural conditions of a stream or river change when a barrier
is built, thereby creating a reservoir. This lower flow velocity
encourages slow sediment deposition in the inflowing waters.
Increased sedimentation leads to a continuous deposition of sediment
in reservoirs, which results in several issues, including the degradation
of water quality, diminished storage capacity, increased flood risks,
interruptions in hydropower generation, and reduced water supply
(Dutta et al., 2016; Elsahabi et al., 2018). According to Issa et al.
(2015), sedimentation reduces reservoir capacity by 0.4-2.0% of the
world’s reservoir area per year, whereas the sediment deposition rate
varies from 0.1 to 2.3% for large dams globally (Rashid et al., 2015).
Reservoirs can serve several functions such as domestic water supply,
irrigation, flood control, and hydropower. However, it is susceptible
to sediment build-up because of erosion in upland watersheds.

Reservoir sedimentation is a process in which sediments are
delivered to a dam or reservoir by streams (Kothyari and Jain, 2000).
It is a widespread occurrence that has recently been recognized as a
significant environmental risk (Adongo et al., 2020; Ayele et al,
2021). For example, recent studies indicated sediment deposition
accounts for loss of reservoir storage of 0.22-0.68% in the USA,
0.65% in Europe, and 0.83-2.3% in China (Schleiss et al., 2016,
Panagos et al., 2024). According to Randle et al. (2021), reservoir
capacity per capita has shrunk by over 35% in the last 50 years in the
USA, likely due to both sediment buildup and population growth.
Sediment deposition in reservoirs is a critical downstream effect of
soil erosion that affects the long-term sustainability of dams
constructed for various purposes in Ethiopia (Froehlich et al., 2017;
Bachiller et al.,2019; Iradukunda and Bwambale, 2021).

To effectively manage freshwater resources, it is crucial to analyze
sediment deposition and reservoir storage capacity. Sediments that
settle on reservoir beds are always carried by surface runoff water
entering dams (Ikhar et al., 2018). To emphasize this and warn
decision-makers to take precautions in advance, it is crucial to
understand and assess the rate of deposition in reservoirs. However,
frequent sedimentation assessments and the decline in storage
capacity can be made with the aid of periodic reservoir capacity
surveys (Foteh et al., 2018). As a result of inadequate implementation
of reservoir management techniques, such as sediment routing,
regular sediment flushing, and catchment management aimed at
minimizing soil erosion, the accumulation of sediments in reservoirs
has become an inescapable issue. This problem has steadily escalated,
impacting numerous nations globally (Adongo et al., 2021; Michalec
and Cupak, 2021).

Situated in the northwestern region of Ethiopia, close to the city
of Gondar, Angereb Dam primarily serves the purpose of providing
water to the city. Gondar City relies on two primary water supply
sources: surface water from the Angerb reservoir and groundwater
from multiple wells in the Kolladiba and Angereb Valley fields.
Unfortunately, the river supply is dwindling over time due to reservoir
capacity loss, and the significant declines in yield from groundwater

Abbreviations: DBD, Dry bulk density; DEM, Digital Elevation Model; GIS, Geographic
Information System; IDW, Inverse Distance Weighting; LPI, Local Polynomial
Interpolation; OK, Ordinary Kriging; SY, Sediment yield; SSY, Specific sediment
yield; UK, Universal kriging.
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sources. The present water requirement for the city stands at
35,103 m*/day (equivalent to 406.3 L/s). Yet, the total water production
capacity from the Angereb dam and the two well fields amounts to
only 11,467 m*/day (which translates to 132.7L/s). This signifies a
shortfall of 67.4% compared to the needed water volume (MS
Consultant, 2023).By Ethiopian standards, the town is recognized for
its persistent issue of inadequate potable water supply. Sedimentation
poses a threat to the reservoir’s longevity. Thus, it is imperative to
establish a sediment management plan tailored to the unique social,
economic, environmental, and technical characteristics of Ethiopia in
general and the study area. While constructing new reservoirs,
designers have employed various strategies to address sedimentation
issues. However, the absence of a comprehensive local database on
sediment yield and adaptable sediment yield models has presented a
challenge (Haregeweyn et al., 2006). Typically, in Ethiopia designers
have relied on sediment yield estimates ranging from 800 to
1,200tkm™ year™, as reported in numerous technical publications,
though the data source remains unspecified. This has led to the
development of dams that may pose risks. Previous studies focusing
primarily on northern Ethiopia have highlighted significant spatial
variations in sediment yield within that region (Haregeweyn et al.,
2008; Tamene et al., 2006; Vanmaercke et al., 2010). Consequently, it
proves challenging to extend sediment yield statistics from one
watershed or area to another reservoir design. Additionally, there
exists no standard erosion rate for a given region, as soil erosion is
contingent on the scale of observation. The actual sediment output is
shaped by a range of environmental factors and dynamic erosion
processes (Walling, 1983; De Vente et al., 2007). This research will
narrow the gaps specified above.

The primary aim of this study was to assess sedimentation levels
in the Angereb reservoir, achieved through a bathymetric survey. In
pursuit of this objective, the analysis addressed three key research
questions: What is the quantity of sediment deposited in the past
operational year? How much does sedimentation reduce storage
capacity? What is the sediment yield in the Angereb reservoir
watershed? Consequently, by mitigating both soil erosion and the
transport of sediment from the upland watershed, it becomes feasible
to curtail the influx of sediment into reservoirs. This proves vital for
prioritizing watershed conservation efforts and minimizing the socio-
economic and environmental costs associated with sedimentation in
various water supply, irrigation, and hydropower reservoirs
(Palmieri et al., 2001; Hurni et al., 2015).

In Ethiopia, there has been limited research conducted using
bathymetric surveys to assess sediment accumulation in reservoirs.
The country’s endeavors to safeguard its land and water resources have
faced challenges (Haregeweyn et al., 2012). Consequently, soil erosion
has emerged as a significant concern, with a substantial portion of
eroded soil particles finding their way into reservoirs (Mitiku and Karl
Herweg, 2006). This has led to a notable issue: many dams constructed
in Ethiopia in recent years have become silted up with sediment,
rendering them ineffective for their intended purposes (Moges et al.,
2018). This situation implies that the future utility of small dams may
be severely compromised without established sedimentation
monitoring practices.

Bathymetric surveys offer engineers, managers, and regulators a
valuable tool for estimating reservoir quantities and surface areas,
providing them with accurate information on water availability
(Furnans and Austin, 2008). Conducting surveys of the reservoir on
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multiple dates allows for comparisons and predictions of sediment
accumulation rates (Dunbar et al., 1999; Tamene et al., 2006; Furnans
and Austin, 2008). In 2005 and 2007, bathymetric studies were carried
out to assess sedimentation levels in Angereb Reservoir. However,
there had been no prior use of the bathymetry survey method for
evaluating reservoir sedimentation in the preceding 16 years, leading
to uncertainty about the current capacity of the Angereb reservoir.
This study will quantify the sediment yield of the Angereb watershed
and estimate the remaining life of the reservoir to scientifically
understand and manage the reservoirs health. The findings will aid in
filling the gaps by identifying issues with the structures’ long-term
viability and proper operation and outline physically feasible
management options with the context of the local condition to extend
the life of the reservoir.

2 Materials and methods
2.1 Description of the study area

The Angereb earthen dam, situated on the eastern edge of Gondar
town, northwestern Ethiopia, along the Angereb River, was
constructed in 1997. At full capacity (water level at 2,135 m above sea
level), the reservoir covers a total area of 38.78 hectares. The dam crest
spans 871 meters, and initially, the reservoir is designed to hold a total
capacity of 5.28 Mm’. The intake at the reservoir is crucial for
supplying water to the treatment plant. It consists of a reinforced
concrete platform where the pumps are mounted. Previously, the
intake suction pipe was positioned 10.05 meters below the spillway
crest level in the intake tower, but sediment accumulation caused
operational issues, prompting the pumps to be raised for cleaner water
extraction. At present, the lowest point of the intake suction pipe sits
at 5.34 meters below the spillway crest level as recommended by
Haregeweyn et al. (2012). Additionally, there is a bottom outlet located
at an elevation of 2,119 meters above sea level, equipped with a
600 mm diameter pipe beneath the dam for reservoir flushing. It was
reported that sediment accumulation had buried the outlet, leading to
pipe blockage before 2007 (Haregeweyn et al., 2012). However, later
on the water supply office managed to open the bottom outlet to flush
out some water. From personal communications with the Gondar
Town Water supply office technical people, the bottom outlet is
opened when the first flush flood starts and will be stopped when the
overflow over the spill way stops. The existing spillway is an ogee type
weir 15m long with a rectangular channel of 140 m. It discharges a
design flow of 60 m*/s with 1.50 m head and 1.50 m freeboard.

The watershed of the reservoir spans between 37°25” 00”E and
37°31” 00”E longitude and 12°00°00”N and 12°34” 00”N latitude,
covering a total area of 6,757 hectares. The Angereb river originates
from Lay Armacheho area in the upper catchment of Megech river
and traverses through a varied terrain characterized by plains and
hills, forming a fan-shaped pattern. The slope of the watershed varies
between 10 and 30% across approximately 36.5% of its watershed, with
gentler gradients ranging between 3 and 10% elsewhere. Dominated
by chains of hills interspersed with steep mountainous ridges, the
primary landform of the watershed features ridges oriented east-west,
sloping towards the south (Zeleke et al., 2013). Characterized by a
dendritic drainage pattern, the watershed encompasses extensive
cultivation, with approximately 70% of the area under agricultural use
(Desta, 2010). Vegetation, comprising sparse shrubs and bushes of
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limited economic value, has been subject to prolonged
overexploitation, rendering it insufficient for erosion protection.
Underlain by Ashengi Group sedimentary rocks, dating from the
Paleocene to Miocene periods, the watershed exhibits basaltic flows
deeply eroded, with limited permeability as water primarily moves
through fractures. Soil units are eutric cambisols, except at higher
elevations, where differences occur. Human activities, such as
settlement and vegetation clearance for cultivation, have led to
substantial deforestation in most of the areas. Numerous small streams
and springs contribute to the Angereb River, eventually merging with
the Megech River. The region experiences significant rainfall, resulting
in high runoff levels during the wet season and lean flows during the

dry season (Figure 1).

2.2 Methods

2.2.1 Bathymetry data collection

Conducting a bathymetry survey involves using specialized
equipment and techniques to precisely measure the depth of a
reservoir’s bed beneath the water’s surface. In this survey, a digital
SONAR device, specifically a Garmin GPS Map 4218 single beam
echo sounder with dual-frequency 200kHz, was employed for depth
measurement and recording coordinates. A motorboat served as the
primary mode of transportation and spatial analysis was conducted
using ArcGIS 10.8 software. Measurement tools such as a flexible
meter and a graduated metal plate were utilized for accurate depth
readings, particularly in areas where the boat could not run the motor
due to shallow water depths. Safety was ensured by wearing life jackets.

The echo sounder used in this study was previously calibrated for
the bathymetric survey of Lake Tana (Kebedew et al., 2020). Therefore,
the accuracy of the readings from the echo sounder in this survey was
checked with depth measured with both the graduated metal and echo
sounder. To this end, during the bathymetric survey, approximately
twenty water depth samples were measured at shallower depths
(<4m). To assess the precision of these measurements, the root mean
square error (RMSE) was calculated using the following equation:

n
RMSE = lZ(Z,,,—ZS)2 1)
M=t

In the above equation, RMSE represents the root mean square
error of the vertical component (Z). ‘0’ stands for the number of
measured points, while Z,, and Z, denote the depth readings obtained
through the graduated metal plate and Echo sounder, respectively. As
per Eq. 1, the RMSE for the measured water depths was determined
to be 0.078 meters. Following the guidelines from National Digital
Elevation Program (NDEP) (2004), the vertical accuracy estimate at
the 95 percent confidence level was derived by multiplying the RMSE
by a factor of 1.96, resulting in a value of 0.152 meters. This level of
error was considered acceptable by both National Digital Elevation
Program (NDEP) (2004) and Sekellick and Banks (2010).

The bathymetric survey was carried out when the reservoir was at
full supply level, employing grid spacing ranging from 15 to 20 meters.
The data was collected between September 2, 2022, and September 5,
2022, and a total of 2,687 sample points were collected (refer to
Figure 2). To ensure accuracy and consistency, the spillway crest level
served as the benchmark. The water surface elevation below the
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Location map of the study area: (A) Map of Africa indicating the location map of Ethiopia, (B) Upper Blue Nile and Lake Tana Basin, super imposed on the
Ethiopian map (C) Angerb watershed super imposed in Lake Tana Basin, (D) Angerb dam and topography of the watershed.

spillway crest level was measured daily before each survey and utilized
as the reference to calculate reservoir bed elevations. To minimize the
influence of wave height on water depth assessment using the echo
sounder, the survey was conducted under calm environmental
conditions. Additional secondary data from previous bathymetric
surveys of 2004 and 2007 were acquired from Gondar city water
supply and sanitation service office.

2.2.2 Soil sample data from reservoir sediment

A total of eight undisturbed soil samples, known for their volume,
were extracted from various locations within the reservoir area. These
samples were collected during the reservoir drawdown period,
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specifically on May 17, 2023, when the water level was at its lowest. The
selection of sampling points and the number of samples taken account
spatial distribution of sediment within the reservoir. Regrettably, it was
not feasible to obtain undisturbed samples from certain central sections
of the reservoir due to the lack of necessary equipment. The soil samples
were collected to a maximum depth of 0.3 meters for subsequent analysis
of dry density in the laboratory. The spatial distribution of these soil
sample points is illustrated in Figure 3 and Table 1.

2.2.3 Interpolation of surveyed points

In this study, spatial interpolation techniques are employed to
generate continuous surfaces from point data derived from depth
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FIGURE 2
Bathymetric survey points in Angereb reservoir in 2022.

recordings (Sterling, 2003). Geo-statistical analyst tool that is available
in Arc-GIS 10.8 was utilized. Geostatistical data analysis is crucial to
maximize the utility of observed data and to estimate depth parameters
in other locations. The selected interpolation techniques, including
Kriging, Inverse Distance Weighting (IDW), Local Polynomial
Interpolation (LPI), and Radial Base Function (RBF), were chosen due
to their routine application in bathymetric data interpolation and their
widespread usage in the literature (Sterling, 2003). For each dataset, the
interpolation method demonstrating the lowest Root Mean Square
Error (RMSE) (Eq. 3) and Mean Absolute Error (MAE) (Eq. 2) was
deemed the most suitable, following the approach outlined by Sterling
(2003). The effectiveness of spatial interpolation methods was also
assessed using the coefficient of determination (R?) value.

1 n
MAE == 3" |(Dgps — Dint )| @)
Mol
I < 2
RMSE = |— Z (Dobs - Dint) (3)
Dy

where n is the number of sample points, D, is the observed
dataset, and D;, is the interpolated value.
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2.2.4 Estimating reservoir sedimentation

To estimate reservoir sedimentation, the bathymetry data from
2005 and 2007, along with the new data collected in 2022, were
imported and organized in Microsoft Excel. Subsequently, they
were processed and analyzed using the 3D analyst tool within
ArcMap. The Triangulated Irregular Network (TIN) map was
generated from the survey data to calculate the reservoir’s storage
capacity and water surface area. To determine the thickness of
accumulated sediment, two periods of depths from bathymetry
surveys in 2007 and 2022 were used. Raster layers were created
using the TINs from 2007 and 2022 to know the spatial distribution
of accumulated sediment in the reservoir. Using ArcMap’s Raster
calculator tool, the 2022 reservoir bed elevation raster was
subtracted from the 2007 reservoir bed elevation raster. The
difference in raster layers represents sediment deposits in the
reservoir during reservoir operation. The river centerline is also
used in this study to assess the change in river bed profile. To do
so, the river centerline from 2007 bathymetry surveys were
interpolated from a raster map of 2007 and a raster map of 2022.
Finally, longitudinal profiles were created using the 3D analysis
tool in Arc GIS10.8. The use of cut/fill function within the 3D
Analyst tool in Arc GIS software was used to show the net sediment
deposition and net scouring of the Angereb reservoir in the last
sixteen years.

05 frontiersin.org
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Soil sample location for estimation of dry bulk density in the Angereb reservoir.

TABLE 1 Soil sample Angereb reservoir.

Sampling location

Latitude Longitude
C1 12°36'51” 37°29'5
Cc2 12°37'3” 37°29'8”
C3 12°37'5” 37°29'13”
C4 12037'5” 37°29'17”
Cs 12°37'5” 372957
C6 12°37'57” 37°29'20”
c7 12°3749” 37°29'18”
c8 12037'52” 37°29'18”

2.2.5 Determining trap efficiency and life
expectancy

Capturing the proportion of incoming silt that becomes deposited
or trapped within the reservoir is referred to as trap efficiency (TE)
(Verstraeten and Poesen, 2000). To accurately determine the average
sediment production from contributing watersheds, it is necessary to
account for the reservoir TE when calculating the volume of
accumulated sediment. This helps prevent the underestimation of
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sediment deposition and takes into consideration material that may
exit the reservoir. Various methods exist for calculating the trap
efficiency of reservoirs (Verstraeten and Poesen, 2000). One of the
most widely used empirical-based models for small and ungagged
reservoirs is proposed by Brown (1943) and further elaborated by
Verstraeten and Poesen (2000).

TE =100 1——1 o (4)
1+0.0021D*X

In the equation, C represents the reservoir storage capacity (in cubic
meters), A stands for the catchment area (in square kilometers), and D
is a constant with values ranging from 0.046 to 1, and a mean value of
0.1. It is important to note that the value of TE is contingent on the
specific value of D, which itself is determined by sediment characteristics.
Given the challenge in objectively defining a precise value for D, and
considering the scarcity of available data, this study uses the average D
value of 0.1 to determine sediment yield based on trap efficiency with
Brown's equation, as suggested by Tamene et al. (2006).

Another method most commonly used for determining the
trap efficiency of reservoirs is Brune’s curve (Garg and Jothiprakash,
2008). Brune presented a set of envelope curves applicable to
normal ponded reservoirs using the capacity-inflow relationship.
Brune developed an empirical relationship between trap efficiency
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and the ratio of reservoir capacity to the annual inflow. Equations
are developed based on the size of the sediments trapped. Based on
visual observation of the particles of sediment taken for bulk
density analysis for Angereb reservoir, particles are small-grained.
Therefore, the equation for small-grained is selected for this
reservoir. The equation for primarily colloidal and dispersed fine-
grained sediments is shown below.

(Cf
- L (5)
C C S C s
1.02655) — | +0.02621] — | —0.133x10 — [+ 0.1x10
I I I

The initial few meters from the reservoir’s bottom to the bottom

Te =

outlet, measured from the dam’s height, are designated as dead storage.
This allocation is made during the planning stage to allow for silt
accumulation without affecting the reservoir’s operation throughout
its useful life. The determination of dead storage volume hinges on
three key factors: (1) the projected sediment input from the watershed;
(2) the intended lifespan of the reservoir; and (3) the potential for
post-dam sediment management. The space above the dead storage
level, available for utilization, is referred to as live storage. In this study,
the reservoir’s anticipated remaining life was estimated based on the
following equations:

Current total storage volume

(6)

Remaining life = -
Annual sediment volume

In these equations, remaining life represents the anticipated
lifespan of the reservoir till it gets full with sediment (in years), while
the current total storage volume stands for the remaining storage
volume computed from this bathymetric survey. Annual sediment
volume signifies the sediment deposited per year (in cubic meters per
year), which is determined using the following equation:

_sv

SR="7 (7)

Where SR is the sedimentation rate per year, SV is the sediment
volume (m®) that accumulated between two successive bathymetry
surveys, and AT is the time interval between two successive
reservoir surveys.

2.2.6 Sediment yield (SY) and specific sediment
yield (SSY)

Sediment yield encompasses the entire sediment discharge from
the watershed into the reservoir within a defined timeframe. This
comprises both the silt retained within the reservoir and the sediment
that flows out. This can be quantified in absolute measurements as
sediment yield (SY; in cubic meters per year) or in area-specific terms
as specific sediment yield (SSY; in metric tons per hectare per year)
(Haregeweyn et al., 2012). These values are determined through
calculations employing Eqs. 8, 9:

_100%SV

T TE*Y ®
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_SY*DBD

SSY %)

Where SY represents sediment yield (m? per year), SV stands for
the measured volumetric sediment silted in the reservoir (m?), TE
denotes the sediment trap efficiency of the reservoir (%), A signifies
the watershed area (km?), Y represents the time interval (years)
between two successive bathymetric reservoir surveys, and SSY
indicates the area-specific sediment yield (ton per hectare per year).
DBD refers to the dry bulk density of the sediment deposit (ton per
cubic meter). To enable a comparison of sedimentation rates across
different reservoirs, the measured sediment volume (m?®) must
be converted to sediment mass (tons) using the dry bulk density
(DBD) (Verstraeten and Poesen, 2000). The mean DBD for the
reservoir was computed using the average DBD of the samples.

2.2.7 Analysis of sediment core samples in the
reservoir

To decide the dry density of deposited sediment, eight sediment
samples were collected with a ring core and dried for 24 h at 105°C at
YOAB Soil and Material Laboratory. The average dry bulk density for
the reservoirs was 1101.87kgm™ ranging from 1017.53kg/m* to
1199.45kg/m’. By comparing the suggested dry mass density of the
reservoirs with previous studies, an equal order of magnitude of dry
mass density values were found. Haregeweyn et al. (2006) used the
recommended dry bulk density of 1010.18-1,420kg m~* for reservoirs
in northern Ethiopia.

3 Result and discussion
3.1 Raster map development

Among the four interpolation techniques examined, the Local
Polynomial Interpolation had the lowest MAE (0.222m) from Eq. 2,
RMSE (0.401 m) from (Eq. 3), and highest coefficient of correlation
(R*=0.939). Due to its effectiveness and ability to produce a fair
representation of the data, the local polynomial interpolation
approach was selected for spatial interpolation as shown in Table 2.

A raster map was created using the local polynomial interpolation
method to create TIN surface maps from bathymetry survey elevation
data. The primary input for creating a TIN surface map from a
bathymetry survey was this raster map as illustrated in Figure 4.

The reservoir area covers 21.62ha within a depth range between
4 to 6m and 16.51 ha covers 0-4m and a small area of the reservoir
has a depth of between 6 to 12.8 m covering an area of 0.66ha as
shown in Figure 4 and Table 3. The deepest depth reading within the
reservoir was 12.1 m near the dam axis around the dam outlet. 42.56%
of the reservoir covers a depth of 0-4 m.

TABLE 2 Summary of interpolation accuracy analysis.

Interpolation method MAE RMSE R?

Radial base function (RBF) 0.254 0.457 0.921
Inverse Distance Weighting (IDW) 0.267 0.466 0.918
Local Polynomial interpolation (LPI) 0.222 0.401 0.939
Ordinary Kriging (OK) 0.306 0.495 0.909
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FIGURE 4
Distribution of reservoir depth from raster map of the 2022 survey data.

TABLE 3 Summary of reservoir elevation in terms of area coverage.

No Water depth (m)  Area (ha) Coverage %
1 12.8-6 0.66 1.71

2 6-5 7.65 19.73

3 5-4 7.84 20.21

4 4-3 6.13 15.80

5 3-2 6.11 15.74

6 2-1 8.35 2153

7 1-0 2.05 5.28

Total 38.79 100.00

3.2 Tin map development

The reservoir area and volume were calculated using the TIN
surface created from the bathymetric survey points. The reservoir bed
surface is represented digitally by the TIN surface, which is composed
of randomly distributed nodes produced from contour lines and point
measurements with 3D coordinates (X, y, and z) that are organized
into a network of non-overlapping triangles (Gopal and Rao, 2016).
Raster maps of both the 2007 and 2022 bathymetric surveys are

Frontiers in Water

developed from the TIN maps and further calculations of sediment
thickness (depth) are based on it.

3.3 Elevation-area-capacity curve

Due to sediment buildup, which alters the Elevation-area-capacity
curves, reservoirs’ storage capacity steadily decreases. For those who
plan, create, and manage dams, these curves are crucial. Water surface
area and storage capacity as a function of water elevation were
calculated using the TIN for the surveys conducted in 2005, 2007, and
2022. The results are shown Figure 5.

3.4 Reservoir sediment deposit and
sedimentation rate

The volume of the reservoir sediment deposit was calculated using
the variation in reservoir capacity between the years 2005, 2007, and
2022. At full supply levels in 1997, 2005, and 2007, and 2022, the
reservoir had storage capacities of 5.3Mm’, 3.8Mm’, 3.5Mm’ and
1.32 Mm?’, respectively. The total storage loss owing to silt from 1997 to
2022 was 3.98 Mm®. A deposition of 75.1% of the entire storage during
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TABLE 4 The total capacity loss (TCL %) of the Angereb reservoir.

Time Storage (Mm?) Change in Rate of sedimentation = Annual TCL

(years) Initial Final TC (Mm?®) (m3year™) %
1 2 3 4 5=]4-3| 6=5/2 (5/(2%3))*100 (5/3)¥100
1997-2005 9 53 3.8 15 166,667 3.1 28.3
2005-2007 3 3.8 3.5 033 110,000 2.6 8.7
2007-2022 16 3.5 1.32 218 136,250 3.9 62.3
1997-2022 26 53 1.32 3.98 153,077 2.9 75.1

26years of operation, with a 2.9% annual reduction in storage capacity
that occurred due to sedimentation. The annual capacity loss (TCL %)
of the Angereb reservoir for the four periods, 1997-2005, 2005-2007,
2007-2022, and 1997-2022, were estimated as 3.1, 2.6, 3.9, and 2.9%,
respectively. The results were summarized as shown in Table 4.

The results of this study demonstrate that the sedimentation is
relatively serious when compared to the results of the majority of
studies of similar reservoirs in other regions of Ethiopia and East
Africa. Haregeweyn et al. (2006) reported annual TCL values of
0.18-4% for 13 reservoirs in northern Ethiopia. Similar studies carried
out by the Department for International Development
(Lawrence, 2004) reported that siltation rates range between 1-3% in
Zimbabwe and 1-4% in Tanzania. Lawrence, (2004) also reported that
about 15% of the surveyed dams will be filled with sediment in less
than the design period. On the other hand, the siltation problem is
more severe in our study area when compared to the world average
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annual rate of storage loss due to reservoir sedimentation for large
dams, i.e., 0.5-1% (WCD, 2000). However, our findings are in the
same order of magnitude as the reservoirs built in densely populated
areas like China (Zhang et al., 2021). Our study complements also
Kebedew et al’s work on Lake Tana, where the sedimentation rate of
the large shallow lake was found similar with the sedimentation rates
of the shallow tropical lakes in Yangtze River Basin in China (Xu et al.,
2017; Kebedew et al., 2021, Ren et al., 2021).

3.5 The thickness and distribution of
reservoir sediment

The first step was to generate raster layers using the 2007 and

2022 TIN data to define the distribution of sediment thickness
(depth) in the reservoir. The 2007 reservoir bed elevation raster
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was then deducted from the 2022 reservoir bed elevation raster
using the Raster calculator in spatial analysis tool to generate the
differenced raster. According to the results, the greatest sediment
thickness (depth) was 11.54 m, the maximum computed elevation
reduction was —1.25m, and the average computed sediment
thickness was 5.99 m. The negative 1.25m shows that this depth has
been reduced from the 2007 reservoir ground level by 1.25m,
indicating dredged sediment from the bed. Figure 6 indicates
locations in the reservoir for

sediment  deposition

sediment management.

3.6 Change in the longitudinal profile of
the dam

The longitudinal profiles were plotted along the pre-impoundment
center line of the river for both the 2007, and 2022 surveys. The
difference between the 2007-2022-year longitudinal profiles
represents the sediment deposited along the river center line in sixteen
years as shown in Figure 7. As it can be observed in the figure the
Water supply office has managed to lower the elevation near the

10.3389/frwa.2024.1387915

3.7 Reservoir trap efficiency

The trap efficiency of the reservoir is calculated by using Eqs. 4, 5.
Taking 69.66 km? watershed areas (A), D=0.1 and reservoir capacity
of 1.32 Mm’ reservoir capacities the trap efficiency was 80%. Based on
Brune’s equation with reservoir capacity (C) of 1.32Mm”’ and average
annual inflow (I) of 21.05 Mm® the corresponding trap efficiency from
Eq. 5, is 70.7% for fine-grained sediments.

3.8 Specific sediment yield

To compute the sediment yield (SY) and specific sediment yield
(SSY) of the Watershed Eqs. 8, 9 are employed. The average dry bulk
density and the above-calculated trap efficiencies from Eqs. 4, 5 were
used. The total sediment volume (SV) of the Angereb reservoir is
2.18 mm® between the years 2007-2022 and the dry bulk density is 1.1
ton m~>. Taking 16 years as the time of the reservoir sedimentation,
the sediment yield (SY) and specific sediment yield (SSY)
were computed.

Accordingly, the sediment yield (SY) for 70.7% (Brune’s) and 80%

bottom outlet pipe. (Browns) trap efficiencies are 192715.7 and 170312.5m’ y'. While the
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SSY is 3043.2 and 2689.4 ton km™ y~', respectively. Taking the two
trap efficiencies, the SSY ranges from 26.9-30.4tha™' y™".

The yearly sedimentation yield in this study was similar to that
found in different investigations conducted in Ethiopia and even
in Africa. For instance, in Ethiopia, according to Tamene et al.
(2006), the particular sediment yield value in the highlands of
northern Ethiopia ranges from 345 to 4,935-ton km™ y', and
according to Haregeweyn et al. (2012), the SSY for 2005-2007
bathymetric survey of the Angereb watershed was 1,789-ton
km™2y~'. The SSY of this study is also between the ranges found for
the highlands of Ethiopia.

Studies conducted in various regions, including the upper
Indus basin, Africa, and Italian catchments, shed light on sediment
yield values (SSY) that are pertinent to our understanding of the
Angereb reservoir. Faran Ali and de Boer (2008) observed SSY
values ranging from 194 to 3,888tkm™y~' in the upper Indus
basin. Similarly, Vanmaercke et al. (2010), after reviewing 84
publications and from measurements of 682 African catchments,
reported a wide variation in SSY values, ranging from 0.2 to
15,699 tkm™ y~', with an average of 634tkm™ y~'. Furthermore,
Epari et al. (2022) investigated sediment yield for fifty reservoirs in
Italian catchments, discovering a range of 17 to 4,398 tkm™2 y~.
These findings collectively indicate that the sediment yield
observed in the Angereb reservoir falls within the spectrum of
both global and local SSY values. This alignment with broader
trends reinforces the relevance of understanding and managing
sedimentation in the context of the Angereb reservoir.

It indicates that from 50.3-70.1% increase of the SSY is observed
in this same reservoir within 16 years based on the two trap efficiency
methods. The steep slopes, the high rainfall, and the soil type of the
catchment area, the continuous cultivation that is going on and the
lower vegetation cover make the situation more conducive for greater
erosion to take place in the Angereb watershed during rainy seasons.
As the result of high sheet, gulley and channel erosions and swift
transport of eroded materials, sediment load carried by Angereb River
is remarkably high.

Frontiers in Water

11

3.9 Estimation of remaining life of reservoir

The life of a reservoir is affected by the sedimentation rate of a
reservoir that is directly influenced by the sediment produced in
the catchment and the amount of sediment trapped by the
reservoir. In the original study document the life of the reservoir
is 26 years. The dam has already exceeded this 25 lifetime. Since the
purpose of this reservoir is for water supply and has an intake
tower, the water can be taken through the tower as long as there is
water in the reservoir. Therefore, we have to know how much this
reservoir can take to fill up to full level if the incoming sediment
continues with this trend. To estimate the remaining life of the
Angereb reservoir the yearly incoming sediment is used. Therefore,
using Eq. 6 the remaining life of the reservoir till it gets full by
sediment is 7 years.

3.10 Reservoir management options

When we are dealing with a reservoir like Angereb that has been
heavily filled with sediment, it poses quite a problem. However, there
are many ways we can manage this situation to make the reservoir
usable for a longer period. One approach involves tackling the amount
of sediment flowing into the reservoir, which can be done through a
combination of watershed management techniques and sediment
traps (Morris, 2020; Randle et al,, 2021). This includes setting up
sediment basins, check dams, and vegetative buffers, as well as
implementing erosion control methods (Dagnew et al., 2015; Zhao G.,
2017) such as planting vegetation to prevent erosion, building terraces,
regulating livestock grazing in the watershed, and constructing
barriers upstream of the reservoir to catch sediment before it settles
in the main storage area. These steps can help prolong the reservoir’s
lifespan and ensure it continues to serve its purpose effectively.

Another method that is currently impractical to put into action is
sediment routing. Given the topography around the Angereb
reservoir, constructing a bypass channel to divert sediment-laden flow
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away from the reservoir and reduce deposition within it would
be extremely challenging. However, the most cost-effective option
available is to open the bottom outlet during a high flow, allowing the
sediment to be flushed out of the reservoir and thus reducing sediment
buildup (Wang and Chunhong, 2009). It is particularly efficient to do
this during the initial high flows, as it requires minimal additional
energy and capitalizes on natural hydraulic forces to transport
sediment effectively. Moreover, during this flushing period, there is an
opportunity to agitate the settled sediment to facilitate its removal
from the reservoir.

Sediment removal through dredging and excavation during
periods of water recession is another option (Randle et al., 2021).
While there have been some minor dredging efforts in the northwest
area of the reservoir, this method remains the most feasible albeit
expensive option for implementation. However, it demands careful
consideration when selecting disposal sites for the dredged material.
Ideally, disposal sites should be located outside the reservoir’s
watershed. In cases where options are limited and disposal within the
watershed is necessary, measures such as vegetative buffers and other
protective measures should be employed to prevent the reintroduction
of the removed sediment into the reservoir. This approach requires
meticulous planning and execution to ensure its effectiveness while
minimizing environmental impacts.

Involving local communities and stakeholders in reservoir
management endeavors plays a vital role in harvesting support and
fostering collaboration. By educating residents about the significance
of sediment management and actively engaging them in conservation
efforts, we can achieve more effective outcomes. Gondar Water Supply
and Sewerage Services should collaborate closely with communities
situated in the watershed, particularly those contributing to high
sediment inflows. Working hand in hand with these communities, the
focus should be on implementing watershed conservation measures
that not only address sedimentation but also offer economic
opportunities. This could involve initiatives aimed at rehabilitating
degraded areas of the watershed while simultaneously creating
income-generating activities for the residents (Example, beekeeping).
By involving and empowering the communities directly impacted by
sedimentation, we can cultivate a sense of ownership and responsibility
toward the sustainable management of the reservoir and its
surrounding environment. This collaborative approach not only
enhances the effectiveness of sediment management efforts but also
promotes  long-term  environmental  stewardship  and
community resilience.

As a final option, if all previous attempts to address sedimentation
have proven ineffective, there is the possibility of raising the dam
height to expand the reservoir’s capacity. However, this approach
comes with substantial considerations and is often viewed as less
favorable. It constitutes a major engineering endeavor, necessitating
significant investment in design, construction, and potentially even
relocation of infrastructure affected by the rising water level. Ensuring
the safety of the dam becomes paramount in such a project.
Heightening the dam introduces new structural complexities and
demands thorough engineering assessments to guarantee the dam’s
stability under increased water pressure. It is crucial to recognize that
sedimentation in reservoirs is an ongoing process. Even with a
heightened dam, sediment accumulation will persist, necessitating
further interventions in the future. This underscores the need for a
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comprehensive, long-term strategy to manage sedimentation and
maintain the reservoir’s functionality over time.

4 Conclusion and recommendations
4.1 Conclusion

In conclusion, the present study thoroughly investigated and
compared four interpolation techniques for creating TIN surface maps
from bathymetry survey elevation data. The method of Local
Polynomial Interpolation emerged as the most effective technique,
exhibiting the lowest MAE (0.222m), RMSE (0.401 m), and the
highest coeflicient of correlation (R*=0.939) among the examined
methods. The study investigated the dynamics of the Angereb
reservoir, revealing substantial sedimentation over the years. The TIN
surfaces derived from bathymetric surveys in 2007 and 2022 were
employed to calculate reservoir volume, and sediment deposits. The
findings indicated a notable decrease in storage capacity due to
sediment buildup, with a total storage loss of 3.98 mm® over the period
from 1997 to 2022. The annual reduction in storage capacity due to
sedimentation was 2.9%.

Comparisons with similar studies in Ethiopia and East Africa
highlighted the severity of sedimentation in the Angereb reservoir.
Annual Total Capacity Loss (TCL %) values for different periods
were estimated, with the results indicating a substantial impact on
reservoir storage capacity. Spatial analyses using raster layers
demonstrated the distribution of sediment depths in the reservoir,
revealing areas with significant sediment buildup. It showed that
1.25m depth of sediment was dredged in the reservoir near the
western part of the reservoir. Longitudinal profiles along the
pre-impoundment river profile were analyzed, illustrating the
sediment deposited on the river center over sixteen years. Sediment
yield and specific sediment yield calculations further emphasized
the magnitude of sedimentation, with 50.3-70.1% increase in SSY
observed compared to previous data from 16 years.

The study also addressed the reservoir’s useful life, identifying
factors contributing to its premature decrease in storage capacity. Lack
of sufficient sediment yield data during the design stage, absence of
appropriate soil conservation methods in the upper catchment area,
and unforeseen gully erosion were identified as key reasons for the
reservoir not meeting their intended design life.

4.2 Recommendations

Rehabilitating and conserving the soils in the catchment is the
main obstacle. Without taking this measure, the reservoir will be filled
with silt, the capacity will continue to drop until they are no longer
water in the reservoir, and the long-term availability of water for the
city will be severely compromised. To address soil erosion issues
throughout the whole watershed, tailored conservation practices and
investments must be introduced in the watershed. The water supply
and sewerage office of Gondar should plan a program to reclaim a
usable storage volume from the reservoir based on the above
management options and a watershed rehabilitation program in the
watershed to extend the use of the dam.
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