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Abstract: The construction of large-scale water reservoir facilities in transboundary river basins
always arouses intense concern and controversy. The Grand Ethiopian Renaissance Dam (GERD)
under construction in Ethiopia is perceived to affect water security in Egypt and Sudan. Therefore,
this study investigated the water and sediment balance of the Blue Nile River (BNR) basin and
identified the spatio-temporal variation in sediment and water yields along with the construction of
GERD using Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) sediment and water
yield models. The BNR basin experienced increasing water and sediment yields between 1992 and
2020 and has shown a growth trend since 2020. The lion’s share of water and sediment yields come
from upstream of the GERD. Taken together, these results imply that the construction of the GERD
will serve as a water storage and silt trap for Sudan and Egypt.

Keywords: water yield; sediment yield; sustainable development; GERD; InVEST model

1. Introduction

Energy is a general condition that has a significant impact on economic development.
Economic growth is directly related to large infrastructure projects, such as hydropower
plants, to meet the increase in electricity demand that accompanies urbanization and
industrialization [1]. Hydropower is known to be renewable, clean, efficient, and harmless
compared to other non-renewable energy sources, although the construction of mega-
dams on transboundary rivers poses well-known environmental and political problems [2].
Hence, the concept of sustainable development has been a guiding principle for economic
development in all United Nations member countries [3]. In the last decade, an increasing
trend of sustainable development studies has been observed [4]. The primary goal of
sustainable development is to ensure environmental protection in the pursuit of rapid
economic growth [5]. To achieve this goal, the United Nations formulated the Millennium
Development Goals (MDGs) in 2000 and the Sustainable Development Goals (SDGs) in
2015 [6–8]. Countries are encouraged to use their natural resources to achieve the 2030 SDGs.
These include water resource management and development to eradicate poverty through
improved irrigation, renewable energy, and water supply [4].

Although Ethiopia—the most populous country in Africa, along with Nigeria—generates
more than 80% of the annual runoff from the Nile River [9], it has used very little water from
the Blue Nile River (BNR) until recently due to poor infrastructure, the rain-fed agriculture-
based farming system, the inaccessibility of the basin, and lack of funding [10]. On the other
hand, the downstream riparian countries of Egypt and Sudan are largely dependent on Blue
Nile water for domestic consumption, hydropower production, and irrigation [11]. Recently,
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Ethiopia started the construction of the Grand Ethiopian Renaissance Dam (GERD) with
the primary goal of achieving the 2030 United Nations SDGs. When completed, the GERD
will be the largest hydropower dam in Africa and one of the 10 most significant globally.
According to Ethiopian Ministry of Water and Energy, GERD is a 6450 MW hydroelectric
project on the Blue Nile River in Ethiopia, located about 30 km upstream from the border
with Sudan and nearing completion. The 145 m high gravity dam made of roller compacted
concrete will flood 1874 km2 with a normal basin height of 640 m and will have a catchment
area of 172,250 km2 (https://mowe.gov.et/en/project/grand-ethiopian-renaissance-dam-1
(accessed 18 May 2022)). The dam will boost the fast-growing economy and provide cheap
and reliable electricity for both Ethiopians and neighboring countries, promoting regional
cooperation and economic growth [12]. However, all proposed hydropower and irrigation
water resource projects in Ethiopia are considered a threat to Egypt and Sudan [9].

Several researchers have studied the potential impact of the GERD on water resources
in Sudan and Egypt. Ahmed and Helmy Elsanabary [13] assessed the ecological and
hydrological impacts of the GERD on the Nile River. They concluded that the construction
of the GERD on the Blue Nile would reduce Egypt’s water share and is a source of CO2
emissions. In contrast, Negm et al. [14] found that the GERD will significantly reduce
sediment deposition, which will increase the operating life of the Aswan High Dam (AHD).
The most controversial study was conducted by Dandrawy and Omran [15] on the GERD
reservoir, which concluded that the GERD is a curse for Egypt and Sudan. 14 water resource
experts highly criticized this study [16]. To date, there is no consensus on the potential
impacts of the GERD among scientists and riparian states. “One side claims GERD will be a
curse for downstream countries. The other side claims it will be a boon and a game-changer
for growth and prosperity” [17].

Previous studies on the impacts of the GERD have focused only on political boundaries,
rather than hydrologically defined systems [13,18–21]. Nevertheless, the Earth’s subsystems
that control geophysical processes and support the SDGs have been mostly ignored [4]. The
studies overlook the geophysical processes and spatial boundaries as the unit of analysis. If
we consider the spatial boundary as the unit of research, the impacts of the GERD may be
different [4]. In addition, no study has examined the ecosystem services, such as water and
sediment yields, provided by the BNR basin where the GERD is located. This demonstrates
the need to assess the spatio-temporal variations in water and sediment yields in the BNR
basin to understand the implication of the GERD fully. Hence, the central thesis of this
study is that the GERD will change the water and sediment balance of the BNR basin.

Researchers suggest that new SDG indicators such as a change in water production and
the sediment transport of a river basin that characterize ecological change are needed [6,22].
This work therefore aims to investigate the spatiotemporal variation in water and sediment
yields in the BNR basin between 1992 and 2020, along with the construction of the GERD.
The significance and originality of this study is that it is the first to examine the water
and sediment balance of the BNR basin with the GERD. It provides new insights into the
sustainable management of soil and water in the basin based on the intensity of the problem.
This will help conserve scarce resources by allocating labor and finance to high-risk areas
rather than distributing them evenly across the basin.

2. Materials and Methods

In the study, the Sediment Delivery Ratio (SDR) and Annual Water Yield (AWY)
models, embedded in the InVEST (Integrated Valuation of Environmental Services and
Tradeoffs) stand-alone tool collection for mapping ecosystem services, were applied to
the BNR basin and Northeast Africa using globally available remote sensing data and
geospatial technologies (ArcGIS and QGIS).

2.1. Study Site Description

The BNR basin is located between Khartoum, the capital of Sudan, and Addis Ababa,
the capital of Ethiopia, within 32.5–40◦ east and 7.5–16◦ north (Figure 1). The shapefiles for
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the watershed and sub-watersheds were provided by the Nile Basin Initiative (NBI) and the
Abay Basin Authority (ABA), respectively, upon request. It covers an area of 320,029 km2

of the Nile River Basin. Different landforms, land uses, and climates characterize the BNR
basin, reflecting the area’s complex topography. The basin has an average elevation of
1300 m a.s.l. (meters above sea level). The lowest point is in the northern part of the basin
(373 m a.s.l.), near Khartoum, and the highest point is above the Ethiopian Highlands, in
the southeastern part (4261 m a.s.l.) around Mount Dejen. The southern part of the BNR
basin is primarily dominated by rugged topography, which makes the region vulnerable to
soil erosion and runoff sources.
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Figure 1. The location map of the BNR basin.

The physiography of the BNR basin is diverse. The mean annual rainfall is 1023 mm/yr.
However, it is unevenly distributed and is primarily controlled by altitude. It has ranged
from 105 mm/yr in Sudan to 2296 mm/yr in Ethiopia during the last decades. The
average annual rainfall in the lower part of the basin, which lies in Sudan, is less than
500 mm/yr [10]. The upper BNR basin, in Ethiopia, receives more than 1000 mm of average
annual rainfall [23]. The temperature of the basin also varies from 44 ◦C in Sudan to 3 ◦C in
Ethiopia. According to Awulachew et al. [10], 90% of the BNR basin is occupied by cropland
(36%), grassland (25%), woodland (17%), and shrubland (12%). Nitisols (24%), leptosols
(19%), and vertisols (29%) are the predominant soil types occupying the BNR basin.

The BNR basin has ecological and economic impacts from the Ethiopian Highlands
to the Mediterranean Sea. This basin contributes nearly 60% of the annual average Nile
River flow [24,25]. The livelihoods of hundreds of millions of people in Ethiopia, Sudan,
and Egypt depend on the water of the BNR. However, environmental degradation such
as soil erosion, deforestation, and drought threaten the basin due to population pressure
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and climate change. The health of the GERD, which is under construction, depends on the
normal functioning of the BNR basin [26].

2.2. Description of the Models

Several models have been developed for studying ecosystem services, including
water yield and sediment retention. One of the recently developed tools that is gaining
popularity among researchers is InVEST [27,28]. InVEST is a public domain tool consisting
of 18 ecosystem service and support models [29]. It is designed to assess ecosystem
service changes due to development interventions. The ultimate goal of InVEST is to make
informed decisions about the management of natural resources such as water and soil.
The main advantages of the InVEST tool include ease of use, simple structure, acceptance
of globally available remote sensing data, generation of spatially explicit outputs, and
flexibility of data requirements. Therefore, this tool is particularly useful in Africa, where
model input data are scarce. InVEST Annual Water Yield and Sediment Delivery Ratio
models were used in this study.

2.2.1. Annual Water Yield (AWY) Model

The AWY model consists of two components: the biophysical component, which
estimates and maps the water yield of a diverse landscape, and the valuation component,
which calculates the water provisioning capacity for people. The biophysical component
adopted for this study attracts researchers in hydrology [30]. It is based on Budyko’s theory
and average annual precipitation [31]. The AWY of a landscape at the pixel level, the results
given at the watershed or sub-watershed level, is determined using annual precipitation
and actual evapotranspiration as follows [29].

y(x) =
(

1− AET(x)
p(x)

)
× p(x) (1)

where AET(x) and p(x) are the annual actual evapotranspiration (mm) and precipitation
(mm) at pixel x, respectively.

For vegetated landscapes, the InVEST AWY model uses Equation (2), formulated by
Zhang et al. [32] and Fu [33], to calculate the evapotranspiration intercept of the annual
water balance by including ω, a catchment parameter.

AET(x)
p(x)

= 1 +
PET(x)

p(x)
−

[
1 +

(
PET(x)

p(x)

)ω]1/ω

(2)

where PET(x) is the potential evapotranspiration (mm) and ω is a non-physical parameter
that depends on soil and climatic factors that determine the disentanglement of precipitation
into runoff and evapotranspiration [30]. A watershed with a large ω-value can efficiently
convert precipitation into evapotranspiration and vice versa.

PET is calculated as follows:

PET(x) = Kc(lx)× ETo(x) (3)

where Kc(lx) is the vegetation evapotranspiration coefficient at each pixel associated with
LULC and ETo is the reference evapotranspiration of pixel x.

To partition the effects of rainfall frequency, soil depth, and other hydrological factors,
the parameter ω is further calculated using the formula of Donohue et al. [34].

ω(x) = Z
AWC(x)

P(x)
+ 1.25 (4)

where Z is a seasonality factor that captures the precipitation and additional hydrogeologi-
cal characteristics of the watershed at the local scale. AWC is the available water content of
the plants (mm).
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2.2.2. Sediment Delivery Ratio (SDR) Model

The SDR model aims to quantify and map soil loss over land, sediment yield, and
retention performance of a watershed, especially in rural areas, which is essential for
water quality and reservoir management [35]. The model first estimates annual soil loss or
eroded sediment and then the amount of sediment that reaches the river before it leaves
the watershed (SDR). Finally, the model calculates sediment export by multiplying the soil
loss by the SDR that actually reaches the outlet of a given geographic area, following an
approach proposed by Borselli et al. [36] and Cavalli et al. [37].

The SDR model uses the Revised Universal Soil Loss Equation (RUSLE) proposed by
Renard et al. [38] to calculate the amount of mean annual soil loss over land or sediment at
pixel i (ton·ha−1·yr−1) as follows:

uslei = Ri × Ki × LSi × Ci × Pi (5)

where Ri is the erosivity of precipitation (MJ·mm (ha·hr)−1), Ki is the erodibility of soil
(ton·ha·hr (MJ·ha·mm)−1), LSi is a slope length–gradient factor, Ci is a factor for crop
management (unitless), and Pi is a factor for support measures (unitless).

Before calculating the SDR factor, the model calculates the index of connectivity (IC),
which is a function of the landscape above the pixel of interest (Dup) and the downslope
area between the nearest sink and the pixel (Ddn) [36]. Both IC and SDR factors are also a
function of slope and the C-factor, as shown in the following equations [39].

Ic = log10

(
Dup

Ddn

)
(6)

where (Dup) is the section of the landscape above the pixel of interest, defined as

Dup = CS
√

A (7)

where A is the uphill area (m2) determined by the D-infinity flow direction algorithm [40],
C is the average C-factor of A, and S is the average slope gradient of A (m/m).

The downhill portion of the landscape Ddn is further broken down as

Ddn = ∑i
di

CiSi
(8)

where di is the length of the flow path (m) (see Figure 2).
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Following the calculation of IC, the SDR factor can be calculated as follows:

SDRi =
SDRMax

1 + exp
(

IC0−ICi
kb

) (9)

where IC0, kb, and SDRMax are parameters of the SDR model [39,42].
The sediment yield of the landscape at the pixel level is estimated as the product of

SDR and soil loss.
sed_exporti = uslei × SDRi (10)

Finally, the total annual sediment export or yield from overland erosion (tons·ha−1·yr−1)
is the aggregation of pixel-level sediment yields across the landscape used to calibrate the
model and validate the result in combination with other available sediment sources [29].

2.3. Data Sources

The InVEST AWY and SDR models require biophysical and tabular input data. These
include climate, soil, land use, and environmental parameters.

2.3.1. AWY Model Input Parameters

The most important parameters for water yield change are precipitation and evapo-
transpiration. Climate Hazards Group InfraRed Precipitation with Station data version
two (CHIRPS—v2.0) was selected for this study [43,44]. CHIRPS v2.0 was chosen for its
best performance in the study area [45]. Ready-made, high spatio-temporal resolution and
freely available ETo data are available through the TerraClimate dataset, which was used in
this study [46]. The TerraClimate dataset is recommended for ecological and hydrological
studies [47].

Site factor input parameters are required for the AWY model, including the plant
available water content (PAWC), depth of the root-limiting layer, and root depth. The
PAWC and the depth of the root-limiting layer were calculated using a weighted average
of AWC classes and reference soil depth, respectively, from the Harmonized World Soil
Database (HWSD) version 1.2 [48,49], whereas root depth was estimated according to
Canadell et al. [50]. Parameter Z, which informs about the hydrological characteristics and
rainfall patterns of the site, is also required by the AWY model. The calibration method
was used to determine the Z parameter following Hamel and Guswa [30].

Land Use and Land Cover (LULC) raster data are essential inputs to all spatially
explicit water balance models. Annual LULC data of the BNR basin from 1992 to 2020
with a spatial resolution of 300 m were obtained from the Climate Change Initiative of the
European Space Agency [51]. The data were reclassified into 11 classes. For each LULC
class, model information such as land use code, land cover type, root depth, and plant
evapotranspiration coefficient (Kc) is required in a table. The coefficients were calculated
using the method developed by Allen et al. [52]. Root depths of the different land covers
were determined according to Canadell et al. [50].

2.3.2. SDR Model Input Parameters

RUSLE factors, Borselli parameters, maximum SDR value, Digital Elevation Model
(DEM), LULC, biophysical table, and watershed are the required input data for SDR model
simulation. The input parameters were prepared according to the format of data needed
for the SDR model.

One of the critical RUSLE factors is erosivity®, which is a function of rainfall duration
and intensity [29]. It captures the ability of rainfall to cause soil erosion [53]. Although the
original RUSLE requires rainfall intensity data recorded on the ground to estimate R, it
is unlikely that ground data would be found in the study area. Therefore, the empirical
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equation was used to calculate R based on precipitation total (p, mm) [54]. The equation
was developed for the BNR basin and used in many studies [23,27].

R = 0.562P− 8.12 (11)

Soil erodibility (K) measures the degree of erosion and transport of a soil particle
by rainwater [55]. The main factors determining K are soil texture and organic matter,
but structure and permeability also play their part [56]. In data-poor regions such as the
BNR basin, data on structure and permeability are not available. Therefore, the K-factor
was estimated using soil organic matter and texture based on the recommendation of
Sharp et al. [41].

The SDR model applied the algorithm developed by Desmet and Govers [57] to
calculate the LS factor from DEM. Although Zhu et al. [58] pointed out the sensitivity of
this algorithm to the resolution of DEM, it performed well at a resolution of 30 m [59].
Therefore, DEM data with a spatial resolution of 30 m were used and obtained from the
USGS web portal (https://earthexplorer.usgs.gov/, (accessed on 6 April 2022)).

The SDR model requires a biophysical table consisting of C and P factors corresponding
to each land use class of the LULC grid (Table S1). The P factor considers the effects of
different land use management practices (contour farming, terracing, earthen berms, etc.)
relative to upslope and downslope farming on soil loss from water erosion, whereas the C
factor considers the effects of crop management and land cover relative to bare soil on soil
erosion from surface runoff [38]. For the C and P factors, local values were obtained from
previous studies in the study area [23,60].

Before estimating the flow accumulation threshold, the flow accumulation raster of the
BNR basin was created using ArcGIS software 10.5 (Hydrology Tool). The stream map from
the Abay Basin was overlaid to determine the optimal threshold. Values between 500 and
1300 were determined for intermittent and perennial stream networks, respectively. For the
first run, we used the lower threshold because soil erosion occurs during the wet season [35].
Finally, 1100 was determined as the optimal flow accumulation threshold value.

2.4. Calibration and Validation

Although Sharp et al. [41] suggested that IC0, kb, and SDRMax are calibration pa-
rameters of the SDR model, we only used kb to calibrate the model [42] because IC0 is
site-independent and SDRMax is recommended in complex models. The relative difference
between the reference data and the estimated value (model bias) was calculated to calibrate
the model and validate the result following the work of Hamel et al. [35] for the Abay
Basin (see Figure 1), which consists of the seven sub-watersheds of the BNR basin, by using
Zonal Statistics Tool embedded in ArcGIS 10.5. After the initial calculation of the average
bias, several adjustments were made to the kb value until the optimal bias value (1.00) was
reached. The kb value (1.36) obtained through rigorous calibration gave a sediment yield
of 128.3 million tons (Mt)/year for the Abay Basin in 1992. Ali et al. [61] reported that the
measured annual sediment yield at the station El Deim, the outlet of the Abay Basin, was
128 Mt/year in 1992 and 1993. The value for the bias between the model result and the
reference data was 1.002, which is very close to the ideal value of the bias (1.00). Thus, the
model and input parameters were appropriate for the BNR basin.

Calibration of the AWY model is also critical to reducing the model’s bias on water
yield. The model bias was used to compare the model output with reference data. The
source of the reference data, calibration parameters, and more details on the calibration
processes can be found in our previous work for the Abay Basin [31].

3. Results
3.1. Spatio-Temporal Dynamics of Water Yields

Spatially explicit water yield simulations and mapping were conducted to investigate
the temporal and spatial variation of water yield in the BNR basin from 1992 to 2020. The
annual water yield at the outlet of the study basin in Khartoum was 48.26 billion cubic

https://earthexplorer.usgs.gov/


Sustainability 2022, 14, 7590 8 of 16

meters (bcm) in 1992, 52.53 bcm in 2000, 51.89 bcm in 2010, and 57.83 bcm in 2020 (Table 1).
Further analysis of the four results showed that the annual water yield has been subject
to significant interdecadal variations over the last 30 years. Linear trend analysis showed
that water yield increased by 3 bcm each year between 1992 and 2020. However, in the
second study period (2000–2010), there was a slight decrease in water yield. This could be
related either to the decrease in rainfall or to the adoption of water conservation practices
in the Ethiopian Highlands [26]. Water yield, which decreased slightly in 2010, increased
by 5.94 bcm in 2020. This implies that water yield is likely to increase in the future.

Table 1. Precipitation, potential evapotranspiration, actual evapotranspiration, and water yield of the
BNR basin.

Year Precipitation
(mm) PET (mm) AET (mm) Water Yield

(mm)
Water Yield

Volume (m3)

1992 974 1800 823 151 48,264,761,929

2000 1038 1819 874 164 52,531,853,703

2010 1024 1809 862 162 51,885,682,435

2020 1062 1810 882 180 57,833,607,276

Water yield in the BNR basin showed significant spatial variations between 1992 and
2020. A closer look at Figure 3 shows that water yield varied from 0 mm in Sudan to
1632 mm in Ethiopia. Further analysis showed that the northern part of the basin was
dry and the southern part was wet throughout the study period. The Didesa and Dabus
sub-basins, which constitute only 14% of the BNR basin, contributed 40% of the total
annual flow of the BNR (22.86 bcm) in 2020. However, the Rahad and Dindar sub-basins
contributed only 2.64 bcm in the same year, despite comprising 25% of the BNR basin. This
means that most of the water yield of the BNR basin comes from the Ethiopian highlands
in general and the southwestern part of the basin in particular.
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3.2. Spatio-Temporal Dynamics of Soil Loss and Sediment Yields

Spatially explicit estimates and mapping of soil loss and sediment yield were carried
out to quantify soil loss and sediment yield and examine their temporal and spatial changes
in the BNR basin from 1992 to 2020.

3.2.1. Dynamics of Soil Loss

Potential soil loss increased significantly from 1992 to 2020. The simulated soil loss
of the BNR basin increased from 1316 Mt in 1992 to 1413 Mt in 2020, but there was no
significant change between 2000 and 2010. It was 1393 Mt in 2000 and 1374 Mt in 2010.
These results are consistent with the findings of Moges and Bhat [62] in the upper BNR
basin. The mean annual soil loss between 1992 and 2020 was 1373 Mt/year, which is 68.4%
of the annual soil loss in Ethiopia (1900 Mt) reported by the FAO [63]. In the same report,
soil loss from cropland (11.7 million ha) was reported as 1520 Mt, which is close to our 1992
estimate (bias = 0.87). This represented 86.7% of the soil loss for all of Ethiopia (1493 Mt),
as reported by Hurni [64].

Our spatially explicit mapping showed that soil loss varied spatially in the BNR
basin. It ranged from 0 around the outlet of the basin to 284 ton·ha−1·yr−1 in the upstream
area, with an average value of 31.42 ton·ha−1·yr−1 for the whole basin. The intensity of
soil erosion decreased from south to north (Figure 4). At the country level, the largest
hotspots for soil loss were in Ethiopia, which is predominantly characterized by a steep
slope compared to Sudan. A low slope characterizes the Sudanese part of the BNR basin
(see Figure 1). We found that the major hotspots for soil loss were found in the mountains
and gorges, including Choke Mountain in Gojam, Guna Mountain in South Gondar, Molle
Mountain in South Wello, and Abay Gorge in North Shewa, West Shewa, Horo Guduru,
and Gojam administrative zones, respectively, of Amhara and Oromia regional states
in Ethiopia.
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3.2.2. Sediment Yield Dynamics

Between 1992 and 2020, there was an interdecadal variability in sediment yield. The
annual sediment yield increased from 135 Mt in 1992 to 145 Mt in 2020. Like the trend in
soil losses, sediment export also declined slightly from 143 Mt in 2000 to 142 Mt in 2010.
The result suggests that the temporal trend in sediment yield is consistent with the trend
in soil losses. These results are in agreement with those of Gebremicael et al. [65], who
also reported that sediment yield increased from 91 Mt/yr in 1980–1992 to 147 Mt/yr in
1993–2009 and did not change between 2002 and 2007 in the upper BNR basin. The average
annual sediment yield (141 Mt) was also within the range of 140 ± 20 Mt reported by
Garzanti et al. [66] for the BNR basin.

Consistent with the spatial pattern of soil erosion, the sediment yield ranged from
0 to 47 tons·ha−1·yr−1 with an average value of 3.9 for the BNR basin and 6.29 for the
Abay Basin. This means that almost 10% of the eroded soil or 128 Mt/yr and 141 Mt/yr
left Ethiopia and the BNR basin, respectively. These estimates are very close to the 10%
reported by the FAO [63] but lower than the 30% reported by Hurni [54] for Ethiopia.
The largest contribution to sediment yield was from Wollo, South Gondar, North Shewa,
West Shewa, Gojam, Horo Guduru, and East Wellega, located in the Highlands of Ethiopia
(Figure 5). The contribution of the areas in Sudan was negligible. At the sub-watershed
level, the highest sediment yield was generated from Beshilo, Tana, Jemma, Muger, Guder,
Gojam, and Welaka, which are located in the southwestern part of the BNR basin.
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3.3. Contributions of Land-Use Type for Water and Sediment Yields

There was a noticeable difference in the contribution of each land-use type to water
yield. The maximum rate of water yield was generated from mosaic cropland, ranging
from 260 mm in 2010 to 278 mm in 2020. The second-largest water yield rate was observed
in woodland or pastoral area between 1992 and 2010. However, unlike the other land-use
type, the water yield rate in woodland showed a sharp increase from 234 mm in 1992 to
280 mm in 2020. The water yield rate in 2020 from the pastoral area (280 mm) was the
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highest single result in the study period. The lowest rate of water yield was recorded
from water bodies (0.66 mm), followed by grassland (3.74 mm). Although the water yield
rate of the urban area ranged from 142 mm to 168 mm, its contribution to the total water
yield was insignificant due to its low area coverage in the basin (733 km2 in 2020). This
implies that apart from the water yield rate, the size of the land use type has a significant
effect on water yield. Therefore, cropland, mosaic natural vegetation, woodland, and
shrubland contributed to the lion’s share of the water yield in the BNR basin (Table 2). The
contribution of grassland was insignificant despite its large size, nearly 20,000 km2.

Table 2. Different land-use types and their contributions to mean annual water and sediment yields.

Year Cropland Mosaic
Cropland

Mosaic
Natural

Vegetation

Woodland
(Pastoral) Forest Shrubland Grassland Wetland Urban

Area
Bare
Area

Water
Bodies

Mean/
Total

1992

MWY 132.31 261.81 167.77 234.25 31.64 97.97 3.74 115.30 156.41 6.60 6.20 150.81
MSY 3.72 6.57 6.80 4.87 0.34 1.31 0.08 0.55 0.04 0.01 0.00 3.71
Area
(km2) 88,330 21,408 36,767 78,542 6818 60,243 18,030 440 210 4174 4468 319,434

2000

MWY 163.78 261.50 143.96 241.65 41.17 122.62 4.05 147.57 175.94 13.97 2.21 164.25
MSY 4.35 6.52 5.35 5.22 0.39 1.51 0.08 0.54 0.04 0.02 0.00 3.95
Area
(km2) 78,461 22,455 50,716 80,018 6878 53,599 18,257 465 250 3914 4416 319,434

2010

MWY 137.75 259.94 165.09 255.75 37.45 106.26 4.18 125.36 142.29 10.83 0.82 162.18
MSY 3.65 6.31 6.66 5.27 0.39 1.45 0.09 0.46 0.03 0.02 0.00 3.90
Area
(km2) 93,575 23158 37,425 81,983 6789 49,484 18,825 504 412 2931 4342 319,434

2020

MWY 151.44 278.38 192.60 280.73 51.13 124.15 3.81 136.61 168.62 19.17 0.66 180.89
MSY 3.67 6.35 6.94 5.46 0.47 1.49 0.09 0.52 0.02 0.03 0.00 4.00
Area
(km2) 93,337 22,747 36,461 83,968 7269 48,537 19,000 567 733 2453 4357 319,434

Note: MWY: annual average water yield (mm) and MSY: average annual sediment yield (ton·ha−1·yr−1).

As shown in Table 2, the sediment yield rate varied across time and land-use type.
The maximum sediment yield rate was 6.94 tons·ha−1·yr−1, recorded from mosaic natural
vegetation in 2020, but the average sediment yield rate from mosaic natural vegetation
and mosaic cropland was 6.44 tons·ha−1·yr−1 between 1992 and 2020. The second-largest
average sediment yield rate was observed in woodland or pastoral area (5.2 tons·ha−1·yr−1),
followed by cropland (3.85 tons·ha−1·yr−1) and shrubland (1.44 tons·ha−1·yr−1). The
contributions of grassland, forest, wetland, urban area, bare area, and water bodies to
sediment export were insignificant, ranging from 0.52 tons·ha−1·yr−1 over the wetland to
0 tons·ha−1·yr−1 over the water bodies. Their contribution was insignificant because of
their low sediment export and their small share of the BNR basin (3.2%).

The most unexpected aspect of the result was the low mean sediment export from
cropland compared with woodland and mosaic natural vegetation. A huge number of
studies in the study basin reported that cropland had the highest sediment yield export
rate. For example, Hurni [67] reported the highest soil loss from cropland in the Upper
BNR basin (300 tons·ha−1·yr−1). Similarly, Moges and Bhat [62] found that cropland has
the highest soil erosion in the Rib watershed (41 tons·ha−1·yr−1). Interestingly, our result
was related to the slope of land use. Nearly half of the BNR basin (44%) located in Sudan
and Ethiopia (Dinder and Rahad sub-basins) contributed only 6.7 (5%) of the total BNR
basin sediment export in 1992 due to its low elevation (<1500 m a.s.l). Although some soil
erosion occurs in the Sudanese part of the BNR basin, only a small amount of this eroded
soil reaches to the rivers [10].

4. Discussion

The clearest result of the study was that the water yield showed both spatial and
temporal variations between 1992 and 2020. Spatially, the upper part of the basin produced
the lion’s share of the water yield. In contrast, the contribution of the lower part of the basin
to the total water yield was negligible, although it covers almost half of the study area. A
comparison of the water yield map with previous studies in the BNR basin confirms that
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the Ethiopian Highlands is the major producer of water yield [10,31,68]. Moreover, the
annual water yield increased over time despite its interdecadal variations. For example,
water yield increased from 51.89 bcm in 2010 to 57.83 bcm in 2020. This result may be
explained by an increase in rainfall both in intensity and quantity. The other possible
cause could be the deterioration of land cover due to high population pressure. Therefore,
increasing land cover degradation coupled with increasing rainfall trends leads to high
runoff. This highlights the need for runoff control mechanisms.

Furthermore, the water yield of the BNR basin at the outlet, Khartoum, was much
lower than that of the Abay Basin. For instance, it was 57.83 bcm in Khartoum and 89.08 bcm
at the Ethio-Sudan border, including the Rahad and Dinder sub-catchments of the Abay
Basin. This result is in line with expectations and previous research findings [10]. The
reduction in water yield at the outlet was largely due to transmission loss. The long-term
average annual potential evapotranspiration ranges from 1294 mm in the Abay Basin to
3377 mm in Khartoum. According to Sutcliffe and Parks [69], the annual transmission
loss was estimated to be 2.5 bcm between Khartoum and Roseires Dam. This result may
help policymakers and water managers to identify the best location for water storage to
overcome water scarcity.

In terms of the main sources of sediment and delivery, the higher elevation areas
in Ethiopia were the main sources of sediment yield, consistent with the pattern of wa-
ter yield. For example, the mean sediment yield between 3300 and 4261 m a.s.l. was
9.4 tons·ha−1·yr−1, whereas areas below 1000 m a.s.l. it generated 0.27 tons·ha−1·yr−1,
mostly located in Sudan. This implies that altitude and sediment yield have a direct re-
lationship. Another important factor was land cover. The highest sediment yield was
recorded in mosaic natural vegetation and mosaic cropland. However, contrary to previous
findings [23,27], woodland contributed the most to sediment yield, followed by cropland.
This result was attributed to the size of land use. Therefore, sediment yield was a function
of land-use type and size, as well as slope characteristics. These results have important
implications for identifying priority areas for soil conservation measures.

The Abay River yielded 128.3 Mt of sediment in 1992 and 54.6 bcm of water in 2020
at the GERD site. Both sediment and water yields showed an increasing trend during
the study period, which also suggests a higher probability of a further increase in the
future. Therefore, it can be assumed that water and sediment yields will increase in the
future. Sedimentation has unprecedented consequences in Ethiopia, Sudan, and Egypt [23].
Sedimentation of water infrastructures such as reservoirs and irrigation canals is reducing
hydropower generation, drinking water, and crop production, and increasing flood risks
in Sudan. For example, Sennar Dam lost 28% of its dam capacity between 1925 and
1981 and 43% between 1981 and 1986 [70]. In total, 71% of the Sennar reservoir has been
lost. The same authors also reported that the Roseires reservoir, located near the GERD,
lost 0.427 bcm between 1985 and 1992, which is almost 14% of its original capacity. The
construction of the GERD has an obvious impact on sediment export and water flow. It
will regulate water flow and restrain sediment discharge.

The final part of this study was to assess the impact of the GERD on water flow and
sediment export in the Eastern Nile riparian countries. Countries are encouraged in the
structure of the 2030 Agenda to build hydropower plants to increase renewable energy and
water supply [4]. The construction of the GERD has indeed caused concern and controversy
among countries. The results of this study show that the annual water yield increased
over time and the transmission loss of water was much lower at the GERD site than at the
downstream sites. Since the primary objective of the GERD is to generate hydropower,
it will not consume water. Overall, the GERD will not reduce water flow except during
prolonged drought [71]. When completed, the GERD will sink nearly 90% of the annual
BNR sediment yield, which will shorten its life expectancy. This estimation is consistent
with that of Tesfa [72], who reported that the GERD will intercept 86% of the sediment
yield. Thus, the GERD could serve as a sediment trap and water storage for Sudan and
Egypt, which will protect them from flooding, pollution, and sedimentation. However, the
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fertility of the soil in Sudan is likely to decrease. Although the contribution of the GERD to
the 2030 SDGs is undisputed, the impacts of changes in water and sediment yield remain
unanswered. Further studies are needed to quantify the impact of changes in water and
sediment yield due to construction of the GERD on sustainable development beyond the
national boundary and the 2030 SDGs.

5. Conclusions

The primary objective of this study was to investigate the water and sediment balance
of the BNR basin and identify the spatio-temporal variation in sediment and water yields
along with the construction of the GERD. The results show significant spatio-temporal
variation between 1992 and 2020 in the BNR basin. The linear trend analysis showed that
the amount of water and sediment yield increased significantly. For example, the amount of
water yield increased by 3 billion m3 each year. The spatial mapping of water and sediment
yields showed that the lion’s share of both yields came from the southern part of the basin,
which is located in Ethiopia. Specifically, the highest water yield was produced in the
Didesa and Dabus sub-basins in the southwestern part of the BNR basin. Consistent with
the pattern of water yield, the main source of sediment yield was the southern part of the
BNR basin: Beshilo, Tana, Jemma, Muger, Guder, Welaka, and some parts of Gojam.

The spatial variation in water and sediment yield was largely associated with the
slope and land-use types of the basin. Elevated areas with cropland and pasture use
were the main sources of water and sediment yields. The most obvious implication of
these results is that most of the water and sediment yields are produced above the GERD
construction site. The GERD will serve as a water storage and sediment sink. For example,
our analysis showed that nearly 90% of the annual sediment yield comes from upstream of
the GERD. With the current soil erosion rate, the GERD will not serve its intended purposes.
Therefore, urgent soil and water conservation measures and proper implementation of
land-use policies in the upstream areas are needed. The GERD will have a positive impact
on the 2030 SDGs by providing clean and reliable energy. However, the impact of the
GERD on the SDGs may likely be different if we consider longer periods and different
environmental contexts.

Although the GERD will serve as a water reservoir and sediment sink for downstream
countries, the current rate of sediment yield in the Abay Basin will shorten the life of the
GERD itself. Hence, elevated areas with cropland and pasture use in the southern part of
the BNR basin, Beshilo, Tana, Jemma, Muger, Guder, Welaka, Didesa, and Dabus sub-basins,
require urgent soil and water conservation measures and proper implementation of land-
use policies to sustainably manage water and soil resources. Much more research should
also be done to understand the impact of the GERD on soil fertility and crop production in
the downstream areas.
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