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Abstract

Despite the benefits of big project dams, their reservoirs may have significant
environmental impacts. The main objective of this paper is to develop an in-
tegrated analysis framework of remotely-sensed data ad GIS techniques for
delineating surface area of the dam reservoir, simulating their capacities and
assessing associated environmental impacts with application to Grand Ethio-
pian Renaissance Dam (GERD). For this purpose, a methodology of four
main steps was applied. The methodology involved delineating the up-to-date
reservoir using remotely sensed data, simulating reservoir at full capacity, es-
timating current and potential reservoir capacity and finally assessing envi-
ronmental impacts of the reservoir. The results revealed that the up-to-date
reservoir covers a total area of 330.3 km” with a gross storage capacity of 12
billion m®. Under full capacity scenario, the reservoir is estimated to cover a
total area of 1650.9 km?, with a storage capacity of 63.4 billion m*>. The GERD
reservoir may lead to dramatic changes in the local environment with signifi-
cant implications at both regional and global scales. In this respect, it was
found that the reservoir will lead to destruction of ecosystems in a total area
of 1300 km? covered by grasslands and Savannah. Also, the GERD reservoir is
expected to have significant impacts on GHGs emissions and global warming.
Moreover, a massive quantity of water is expected to be lost by surface eva-
poration.

Keywords

Remote Sensing, GIS, Dams’ Reservoirs, GERD

1. Introduction

Big dam projects have usually a variety of benefits in terms of securing water
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supply, supporting irrigated agriculture, controlling the flood, and generating
reliable hydroelectric power. However, dams and associated reservoirs lead
usually to dramatic changes in the local site of the dam and beyond that have
significant direct and indirect environmental impacts along with economic and
cultural losses. These impacts may involve population resettlement, inundation
of faunal and flora, changing in natural landscape, distracting archaeological
and historical features, deteriorating water quality, changing in the hydrologi-
cal regime and altering micro-climate (Wang et al., 2012; Devic, 2015; Abtew &
Dessu, 2019). Knowledge of the surface area and storage capacities of dams’
reservoirs is essential not only for planning and managing water resources but
also for assessing impacts of these reservoirs in advance. In this context, re-
mote sensing and GIS techniques can assist in simulating dam reservoirs, de-
lineating their surface area, simulating their storage capacities and assessing asso-
ciated impacts.

Remotely sensed data provide synoptic, real-time, dynamic and cost-effective
information. Therefore, they are commonly used in delineating and monitor-
ing surface area of water bodies (Du et al., 2016), particularly in the case of
lack of data, inaccessible areas and insufficient financial resources required for
conventional in situ measurements (Hassaan, 2009). Generally, water bodies
have distinguished spectral behavior, which is characterized by noticeable low
reflectance in Near-infrared (NIR) and Mid-infrared (MIR) regions of the
spectrum compared to visible wavelengths. In contrast, the reflectance of var-
ious land covers in NIR and MIR is relatively higher compared to visible wa-
velengths.

Based on this notion, a wide range of methods were suggested to extract water
bodies from remotely sensed data. These methods include, for example, band
slicing or histogram thresholding, band rationing, classification and spectral in-
dices (Hassaan, 2012; Du et al., 2016). For example, classification and visual in-
terpretation were applied to delineate surface areas of water reservoirs that were
utilized in combination with ground truth data on water depth in these reser-
voirs to develop volume-area relationships and estimate their storage capacities
(Sawunyama et al., 2006; Rodrigues et al., 2012).

Among these methods, Normalized Difference Water Index (NDWI) is com-
monly employed as a more reliable, user-friendly and efficient method with low
computational cost (Du et al., 2016). Generally, NDWI ensures maximizing the
reflectance of the water body in the short visible wavelengths (blue and green)
and minimizing the reflectance of water body in the NIR wavelengths (Du et al.,
2016).

Starting from the mid-1990s, varied forms of NDWI were suggested proposed
in the past few decades. These different forms are applied to extract water bodies
in Landsat MSS, TM, ETM+ and OLI imageries (McFeeters, 1996; Xu, 2006; Xu,
2007; Du et al., 2014; Sarp & Ozcelik, 2017). More recently, Sentinel-2 imageries

provided information in fine spectral, spatial and temporal resolutions. Senti-
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nel-2 satellites acquire radiometric information through 13 spectral bands: four
bands at 10 m, six bands at 20 m and three bands at 60 m spatial resolution. The
revisit frequency of every single Sentinel-2 satellite is 10 days (Chen et al., 2018;
Lupia et al., 2018). Having such improved spectral, spatial and temporal resolu-
tions, Sentinel-2 imageries can be effectively used in mapping and monitoring
water bodies (Du et al., 2016).

Also, remote sensing techniques provide satellite imagery-based Digital Eleva-
tion Models (DEMs) including, for example, ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer) and SRTM (Shuttle Radar Topo-
graphy Mission) (Bhakar et al., 2010). Such satellite imagery-based DEMs provide
detailed synoptic elevation information. Accordingly, they were used, through
GIS, in simulating dams’ reservoirs and developing Area-Volume-Elevation
(AVE) relationship (IRVEM, 2011; Sayl et al., 2017).

It should be noted that major proportions of the previous research work on
simulating water reservoirs were based partially on ground truth data and con-
ventional data sources that are costly and time-consuming tasks [e.g.
(Sawunyama et al., 2006; Rodrigues et al., 2012)]. Also, some of previous re-
search work applied GIS to develop AVE relationship and estimate the reservoirs
storage capacity through conventional DEM interpolated from topographic maps
(IRVEM, 2011) or satellite imagery-based DEM (Ahmed et al., 2016; Sayl et al.,
2017). Accordingly, none of previous research work, up to our knowledge, em-
ployed GIS, multispectral satellite images and satellite imagery-based DEM in
simulating Dams’ reservoirs.

This paper is intended to develop an integrated analysis framework of re-
motely-sensed data and GIS techniques for delineating surface area of the dam
reservoir, simulating their capacities and assessing associated impacts envi-
ronmental impacts with application to Grand Ethiopian Renaissance Dam
(GERD).

2. Grand Ethiopian Renaissance Dam (GERD)

In 2011, Ethiopia began to construct the Grand Ethiopian Renaissance Dam
(GERD) along the Blue Nile River (Figure 1), which is the largest tributary of
the Nile River contributing about 60% of the annual water budget of the flows
received at Aswan Dam (EL Bastawesy, 2015). GERD is expected to be the larg-
est hydroelectric power generation facility in Africa and the fifth largest in the
world (Wheeler et al., 2020). GERD is planned to generate 5.1 - 6.4 gigawatts of
energy providing power to sixty-five million Ethiopians who currently lack
access to regular power (Booth, 2020). The minimum operating level of the re-
servoir water is planned to be 640 m above mean sea level (Mulat & Moges,
2014).

Regionally, the estimation of maximum storage capacity for GERD is of partic-
ular concern to downstream countries: Sudan and Egypt, due to its expected im-

pacts on their water supplies (EL Bastawesy, 2015). Filling the reservoir during
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Figure 1. Situation of GERD.

a short period and during a low flood seasons will considerably reduce the an-
nual downstream discharge and adversely affect downstream countries, particu-
larly Egypt (El Bastawesy et al., 2015; El-Nashar & Elyamany, 2018). For in-
stance, it was estimated that under the scenario of a 6-years filling period plan,
the annual energy output from High Aswan Dam (HAD) is expected to decrease
by 7 - 12 (Mulat & Moges, 2014). Moreover, GERD reservoir may lead to dra-
matic changes in the local environment with significant global and regional im-

plications.

3. Data and Methodology

For the sake of the research paper in hand, an analysis framework of four main
steps (Figure 2) was suggested as follows:

Step I: Delineating up-to-date reservoir.
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Figure 2. Methodology for simulating and assessing environmental impacts of GERD reservoir through remote sensing and GIS

techniques.

To delineate up-to-date reservoir, two Sentinel-2 image dated 10/03/2021 and
26/10/2021 were downloaded from Copernicus Open Access Hub (ESA, 2021).
The surface area of GERD reservoir from in the two points of time was deli-
neated from Sentinel-2 images through Normalized Difference Water Index
(NDWT) according to the following formula:
Blue — NIR
Blue + NIR

NDWI = (1

(Du et al., 2016).

It should be noted that the fine spatial resolution of both blue and NIR bands
(10 meters) ensures that the resulted index image reveals water bodies with sub-
tle spatial details and smoother boundaries.

Step II: Simulating reservoir at full capacity.

Based on the planned minimum operating level of the reservoir water, which
was estimated to be 640 m above mean sea level (Mulat & Moges, 2014) and the
local topography, the maximum crest height of GERD, the reservoir under full
capacity scenario was identified. For this purpose, Shuttle Radar Topography
Mission (SRTM) DEM were downloaded from Earth Explorer (USGS, 2020),
which is a Web application that enables users to find, preview, and download
digital data published by the U.S. Geological Survey. Earth Explorer provides
free worldwide coverage of satellite imagery-based DEM at a resolution of 1
arc-second (30 meters) (USGS, 2020). Four tiles of SRTM DEM (each 1-degree
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dimension) were downloaded and mosaicked to generate a DEM for the com-
plete area of GERD site and its surroundings. Thereafter, the DEM was utilized
in delineating the surface area of the reservoir under full capacity scenario
through Spatial Analyst tools (ArcGIS V. 10.8).

Step III: Estimating reservoir capacity.

The extracted surface area of up-to-date reservoir and estimated one under
full capacity scenarios were used for masking DEM. Thereafter, the masked
DEMs were employed in developing Area-Volume-Elevation (AVE) curve. Ac-
cordingly, the reservoir capacity at both cases were estimated through Spatial
Analyst tools (ArcGIS V. 10.8).

Step IV: Assessing environmental impacts.

Finally, the environmental impacts of GERD and associated reservoir were
assessed. For this purpose, data on global land cover in 2019 were downloaded
from MCD12C1 MODIS, which provides data on global land cover at 0.05 de-
gree (5600 meter) spatial resolution for the entire globe from 2001 to 2019
(Friedl & Sulla-Menashe, 2015). The downloaded land cover and reservoir under
full capacity scenario were overlaid to profile and quantify various impacts of the

reservoir.

4. Results and Discussion

Based on the surface area of GERD reservoir delineated from Sentinel-2 image
dated 10/03/2021, the reservoir had a total area of 182.3 km®. The reservoir
water surface was found to have an elevation of 565 m above mean sea level
with gross storage capacity of 6.4 billion m’ (Table 1). Meanwhile, surface area
of the most recent GERD reservoir, delineated from Sentinel-2 image dated
26/10/2021, covers a total area of 330.3 km® with a gross storage capacity of 12
billion m’.

Under full capacity scenario, it is expected that the maximum crest height of
GERD is estimated to be at 640 m above mean sea level. Accordingly, the reser-
voir is estimated to cover a total area of 1650.9 km® (Figure 3), with maximum
storage capacity of 63.4 billion m’.

To estimate surface area, storage capacity and depth of reservoir at different
elevations, the area-volume-elevation (AVE) curve of the reservoir is usually
employed (Sayl et al., 2017). Based on area-volume-elevation (AVE) curve that
was developed to visualize the relationships between elevation, surface area and

capacity of GERD reservoir (Figure 4). Generally, it was found that the maximum

Table 1. Development of surface area and capacity of GERD reservoir.

Date Surface area (km?) Reservoir capacity (billion m?)
10/03/2021 182.3 6.4
26/10/2021 330.3 12.0
Future full capacity scenario 1650.9 63.4
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Figure 3. Current and potential GERD reservoir.

depth of GERD reservoir under full capacity scenario is estimated to be 130 m. It
should be noted that the polynomial form of the relationship between elevation
on one hand and both surface area and volume on the other, indicates to in-
creasing slope with height in the site of GERD and its surrounding. Generally, it
should be noted that such an estimate is generally consistent with previous esti-
mates (EI Bastawesy et al., 2015).

Also, it was noted that 16.17% of the total area of GERD reservoir area will
have a depth less than 10 meter, while 32.65% of the total reservoir area are ex-

pected to have a depth less than 20 meter. Such considerable areas of a relatively
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Figure 4. GERD reservoir Area-Elevation (a) and Volume-Elevation (b) under full capac-
ity scenario.

shallow reservoir area are expected to have significant impacts on reducing the
capacity of the reservoir over time due to sedimentation process. Usually, as a
result of trapping of sediments and consequent sediment accumulation reduces
the storage capacity of the water in a reservoir. Due to sedimentation process,
the reservoirs lose some of the storage capacity for which they were initially de-
signed (Phyoe & Wang, 2019). For instance, it was suggested that 0.5% to 1% on
average of the storage capacity of reservoirs is lost annually worldwide due se-
dimentation (Schleiss et al., 2016).

GERD reservoir, under full capacity scenario, is expected to have a wide range
of significant environmental impacts at both local and global levels. Figure 5
provides a schematic diagram highlighting the interrelationships between GERD
reservoir and its implications. For example, a total area of about 1650.9 km? up-
stream of the dam is expected to be inundated. This means destruction of terre-
strial natural ecosystems in these inundated areas. GERD reservoir area under

full capacity and land cover in the reservoir area and it surrounding were overlaid.
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Figure 5. Schematic diagram of potential environmental impacts of GERD reservoir.

The overlay analysis revealed that 20% of the areas vulnerable to be inundated by
the reservoir are currently croplands, 18% are grasslands and 62% are Savannah.
This implies that the reservoir will lead to vanish large area of grasslands and
Savannah exceeding 1300 km®. This, consequently means, destruction of ecosys-
tems in these areas.

It should be noted that such a loss of wide areas of grass lands and Savannah
may have significant implications on GHGs emissions and global warming.
Usually, vegetation cover in general and grasslands in particular can support mi-
tigating climate change though their carbon sequestration mechanisms and act-
ing as carbon sinks (Soussana et al., 2010; Toochi, 2018). In this respect, the an-
nual average carbon sink potential of grasslands and Savannah was estimated to
be 0.14 ton carbon/ha (Grace et al., 2006). Based on such an estimate, it can be
argued that the disappearance of about 1300 km” of grasslands and savannahs as
a result of GERD reservoir will lead to increase carbon emissions by 18700 tons
year'. Additionally, the impacts of GERD on global warming can be manifested
in Hydroelectric power plants and GHGs emissions from GERD reservoir,
where the hydro plants with large reservoirs in tropical regions have usually a
much greater impact on global warming than fossil fuel plants generating equiv-
alent amounts of electricity (Devic, 2015). Therefore, there is growing concern
regarding increasing greenhouse gas emissions due to GERD reservoir.

Generally, the carbon sink potential of a reservoir is determined by a number
of factors including for example reservoir depth, and local climate, where shal-
low reservoirs in hot climates have high levels of GHGs emissions (Devic, 2015).
Therefore, it can be argued that, the impacts of GERD reservoirs on GHGs emis-
sions are expected to be exaugurated over time due to continued sedimentation
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processes and subsequent shallow reservoir. This is emphasized by the fact that
one-third of GERD reservoir is expected to have a depth of less than 20 meter,
the impact of GERD reservoir on global warming can be accelerated over time as
a result of cut-off of sediment transport by GERD dam, which leads to sediments
trapping and shallowing the reservoir. This means that the issue of GHGs emis-
sions from GERD reservoir is expected to be exaugurated over time due to sedi-
mentation that will lead, in turn, to shallowing the reservoir.

Moreover, GERD reservoir may lead to loss of water due to accelerated eva-
poration from wide surface area of the reservoir. In this context, the annual
evaporation rate in the area of GERD and its surrounding was estimated to be
1189 mm/year (Khairy et al., 2019). This suggested about 1.9 billion m*/year on
average of water will be lost due to evaporation under full capacity scenario.

5. Conclusion

The application of the proposed framework analysis in the case of GERD reser-
voir revealed that the great potentials of Geomatics not only for simulating
dams’ reservoirs and monitoring water storage for the dams’ reservoirs but also
for quantifying their potential environmental impacts. In this context, it was
found that GERD reservoir is estimated to cover a total area of 1650.9 km?’, with
a storage capacity of 63.4 billion m® under full capacity scenario. Additionally,
the proposed framework analysis can assist in quantifying the associated impacts
on the environment at both local, regional and global levels. In this respect, it
was found that the dramatic changes associated with the GERD reservoir will
have significant regional and regional implications. For example, it was esti-
mated that the reservoir will lead to the destruction of ecosystems, accelerated
GHGs emissions and loss of water due to surface evaporation. Generally, it can
be argued that the proposed analysis framework can play a crucial role not only
in supporting successful management of the Nile’s water as one of the largest
transnational river basins, but also in mitigating various adverse impacts of the

reservoir on the environment.
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