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Abstract: The Grand Ethiopian Renaissance Dam (GERD), formerly known as the Millennium Dam, 22 
is currently under construction and has been filling at a fast rate without sufficient known analysis 23 
on possible impacts on the body of the structure. The filling of GERD not only has an impact on the 24 
Blue Nile Basin hydrology, water storages and flow but also pose massive risks in case of collapse. 25 
Rosaries Dam located in Sudan at only 116 km downstream of GERD, along with the 20 million 26 
Sudanese benefiting from that dam, would be seriously threatened in case of the collapse of GERD. 27 
In this study, through the analysis of Sentinal-1 satellite imagery we show concerning deformation 28 
patterns associated with different sections of the GERD’s Main Dam (structure RCC Dam type) and 29 
the Saddle Dam (Embankment Dam type). We processed 109 descending mode scenes from Senti- 30 
nel-1 SAR imagery, from December 2016 to July 2021, using the Differential Synthetic Aperture Ra- 31 
dar Interferometry technique to demonstrate the deformation trends of both - the GERD’s Main and 32 
Saddle Dams. The time-series generated from the analysis clearly indicates different displacement 33 
trends at various sections of the GERD as well as the Saddle Dam. Results of the multi temporal 34 
data analysis on and around the project area show inconsistent subsidence at the extremities of the 35 
GERD Main Dam, especially the west side of the dam where we recorded varying displacements in 36 
the range of 10 mm to 90 mm at the crest of the dam. We conducted the current analysis after mask- 37 
ing the images with a coherence value of 0.9 and hence, the subsequent results are extremely reliable 38 
and accurate. Further decomposition of the subsiding rate has revealed higher vertical displacement 39 
over the west side of the GERD’s Main Dam as compared to the east side. The local geological struc- 40 
tures consisting of weak zones under the GERD’s accompanying Saddle Dam adds further instabil- 41 
ity to its structure. We identified seven critical nodes on the Saddle Dam that match the tectonic 42 
faults lying underneath it, and which display a varying degree of vertical displacements. In fact, the 43 
nodes located next to each other displayed varying displacement trends: one or more nodes dis- 44 
played subsidence since 2017 while the other node in the same section displayed uplift. The geolog- 45 
ical weak zones underneath and the weight of the Saddle Dam itself may somewhat explain this 46 
inconsistency and the non-uniform vertical displacements. For the most affected cells, we observed 47 
a total displacement value of ~90 mm during the whole study period (~20 mm/year) for the Main 48 
Dam while the value of the total displacement for the Saddle dam is ~380 mm during the same 49 
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period (~85 mm/year). Analysis through CoastSat tool also suggested a non-uniformity in trends of 50 
surface water-edge at the two extremities of the Main Dam. 51 

 52 

Keywords: Grand Ethiopian Renaissance Dam, Main and Saddle Dams, Ground Displacement, Sen- 53 
tinel-1, Dam Filling, Geological Structures  54 

 55 

1. Introduction 56 
The Grand Ethiopian Renaissance Dam (GERD) located on the Blue Nile River in 57 

Ethiopia, promises a massive reservoir, which has been expanding according to a series 58 
of satellite images, with a spatial extent of about 1763.3 km2 and capacity of more than 70 59 
billion cubic meters of water [1,2]. The filling process and its implications on the down- 60 
stream river hydrology has been recently monitored using Sentinel-1 Synthetic Aperture 61 
Radar (SAR) and Sentinel-2 optical imagery [3]. It is expected that the GERD filling and 62 
operation, without a full agreement between Ethiopia and, Sudan and Egypt, would not 63 
only pose a direct danger on the water, food, and energy nexus in Egypt, but also would 64 
be a major direct threat to Sudan and Egypt in case of any possible failure [4]. The lack of 65 
agreement on many issues including filling and operation processes of the GERD reser- 66 
voir as well as the safety of the GERD’s Main and Saddle Dam’s structures along with the 67 
lack of consideration of the negative future implications to riparian countries namely, 68 
Egypt and Sudan is a serious issue [5–9]. Most concerning is the possibility of a massive 69 
dam failure that can occur due to natural or man-made causes. Earthquakes, changes in 70 
temperature, precipitation and other hydrological variables are some of the natural causes 71 
of land deformation, while deforestation, mismanagement of agricultural land, building 72 
of dams are some of the man-made causes [10,11]. Scientists classify land deformations 73 
according to horizontal and vertical displacements. Weight of a structure, pressure caused 74 
by wind or water, soil erosion, are some of the reasons for subsidence or uplift, the two 75 
types of vertical displacement. These can sometimes also cause horizontal movements 76 
normal to the centreline of the dam [12,13]. Land deformation has an adverse impact on 77 
the ecosystem at large and in some cases, even loss of life. It is therefore paramount to 78 
have a regular and accurate monitoring of different land features, something that in recent 79 
years has been made possible by the introduction and development of different monitor- 80 
ing land deformation techniques, using both geodetic and non-geodetic methods. Some 81 
of the geodetic methods include photogrammetry, total station, precise levelling, Global 82 
Navigation Satellite Systems (GNSS) while some of the non-geodetic methods include pi- 83 
ezometers, inclinometers, optical fibre sensors and Interferometric Synthetic Aperture Ra- 84 
dar (InSAR). One of the most important structures requiring regular monitoring are the 85 
dams that can be classified into concrete dams (made of concrete) and embankment dams 86 
(made of earth or rock fill) [14]. There have been multiple studies conducted around dam 87 
deformation utilizing remote sensing techniques. Maltese et al. [15], in their recent study, 88 
analysed the annual displacements at the crest of the Castello dam in Italy using a syner- 89 
gistic use of Sentinel-1A images, Landsat 8 Thermal Infrared Sensor (TIRS) thermal im- 90 
ages, and Global Navigation Satellite System (GNSS). As part of the study, water surface 91 
was estimated with a high accuracy (r2 = 0.97), water and air temperatures were compared, 92 
and displacements of the dam crest were recorded using GNSS and quasi-Persistent Scat- 93 
terer (PS–InSAR). This study highlighted the usage of satellite monitoring as useful tool 94 
for detailed and accurate analysis. Another work by Wang et al. [16] studied the coastal 95 
dams along the Yellow river Delta in China and generated coastal dam digital elevation 96 
model (DEM) over the next 10, 30 and 80 years as part of flooding scenarios simulation. 97 
This was achieved by combining unmanned aerial vehicle (UAV) Light Detection and 98 
Ranging (LiDAR) with small baseline subsets (SBAS) InSAR results utilizing Sentinel-1 99 
images. The study of the deformation rate occurs specifically using the SBAS technique. 100 
Even the GERD has been looked at by analysing its vertical displacement using satellite 101 
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observations [1,17]. One of these studies by Madson and Sheng [1], compared digital sur- 102 
face models (DSM) to spatially overlapping spaceborne altimeter products as the Geosci- 103 
ence Laser Altimeter System (GLAS) instrument on board the Ice, Cloud, and land Eleva- 104 
tion Satellite (ICESat) platform. The DSMs tested in the study were generated from Shuttle 105 
Radar Topography Mission (SRTM) data, Advanced Land Observing Satellite (ALOS) 106 
data, and from the Advanced Spaceborne Thermal Emission and Reflection Radiometer 107 
(ASTER) data. These DSMs were overlaid as mosaics in order to cover the entire region, 108 
followed by projecting it to UTM Zone 36N (EPSG: 32636) using the WGS84 ellipsoid. The 109 
maximum flexural vertical response was found to be 11.99 cm while the corresponding 110 
horizontal response was 1.99 cm. Similarly, the vertical and horizontal displacements 111 
were found to be 38-55% and 34-48% of the full deformation, respectively. In the second 112 
study by Chen et al. [17], an approach was developed to predict large-scale land defor- 113 
mation using Gravity Recovery and Climate Experiment (GRACE) mission and the sub- 114 
sequent GRACE-Follow On (FO) mission. They kept the 5, 10, 15-year filling as a reference 115 
and calculated the estimated vertical displacement. The results displayed subsidence and 116 
estimated the western and eastern parts of the reservoir to move towards the center while 117 
the northern part moving in the southern direction. They further found out that the 118 
GRACE-FO mission could only detect 15% of the deformation by the GERD reservoir. 119 
Another study using the Persistent Scatterer (PS-InSAR) was performed on the rockfill, 120 
Ajuare dam in the northern part of Sweden along the Ume River that drains into the Gulf 121 
of Bothnia [14]. The results from the study stated that the structure is subsiding at the 122 
center with values up to 5 mm/year while the extremities are more stable with rates rang- 123 
ing from –0.7 to 0.9 mm/year. The downstream area displayed light uplift. The results also 124 
highlighted a horizontal movement towards the west, which is toward the reservoir with 125 
rates up to 2mm/year. The geodetic measurements were less but comparing with the avail- 126 
able ones displayed similar general trends. There are some limitations to the technique, 127 
namely, stability in atmospheric conditions and the inability to provide direct information 128 
regarding issues arising inside the dam. Yet, this also provides an added confidence in 129 
utilizing SAR satellite images in monitoring and measuring horizontal and vertical dis- 130 
placements of a dam or any other man-made structure. 131 

In this work, we analyze the deformation patterns of the GERD project, including the 132 
Main and Saddle Dams, using Differential Synthetic Aperture Radar Interferometry (DIn- 133 
SAR) technique over Sentinel-1 data for five years from December 2016 to July 2021. The 134 
DInSAR technique enables accurate satellite monitoring under all-weather conditions and 135 
even in absence of any ground equipment [18]. There ae multiple studies [19–23] that used 136 
the DInSAR methodology to monitor and analyse displacements across land and struc- 137 
tures. Moghadam et al. [23], in their study performed the DInSAR stacking method at a 138 
prominent Coal Seam Gas (CSG) site, and found that the inversion of INSAR deformation 139 
maps can help in solving the uncertainties arising out of low-resolution seismic acquisi- 140 
tions. Jiang et al. [21], in their study compared the feasibility of using PS-InSAR, stacking 141 
and 2-pass DInSAR methodologies in identifying land subsidence at the Wuda coalfield 142 
in Northern China. Their results show that the stacking analysis provided accurate results 143 
when compared with the coal fire data obtained through on-field surveys. Though it is 144 
always beneficial to have field measurements complimenting satellite measurements, the 145 
results obtained through this technique can be considered accurate [18]. In our work, wWe 146 
further investigate the deformation patterns associated with the first filling process as a 147 
baseline to show the possible impacts due to the second filling, and we observe that in- 148 
creasing the water storage in the GERD reservoir, will pose more risk to the structure. 149 
Utilizing the CoastSat tool for water edge detection, we validated the results over the 150 
GERD’s Main Dam, which shows opposing trend of water edges at two of the extremities 151 
of the Main Dam wall. Later sections in this manuscript will explain in much depth some 152 
of the statements made here. This study will provide a solid basis for current concerns on 153 
the safety of GERD.  154 

2. Data and Methods 155 
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2.1. The GERD Project (Main and Saddle Dams) 156 
The GERD location, which is the region of interest in the current work, is located 15 157 

km east of the Ethiopia-Sudan border inside Ethiopia, on the Blue Nile River (Figure 1a & 158 
1b). The GERD’s Main Dam is a gravity dam made from roller compacted concrete (RCC) 159 
with a maximum height of 175 m, length of around 2 km at the crest elevation and ex- 160 
pected to hold a volume of 10 million cubic metres (MCM). According to the construction 161 
progress, the Main Dam consists of three sections: left bank, central section and right bank. 162 
The central section is at a lower level compared to the left and right banks in order to allow 163 
good maintenance of the body of the dam, as well as natural flooding during rainy season. 164 
The downstream part of the left bank and the right bank contain the powerhouses with 165 
375 megawatt (MW) each [24]. The Saddle Dam of GERD, which is 60 m in height and 166 
approximately 5 km in length, was constructed in order to increase storage capacity, per- 167 
meability, and erosion control. It is a concrete faced rockfill (CFRD) and its embankment 168 
volume is 15 MCM. During the dry season, a river diversion system discharges up to 169 
14,700 m3/s of water using four culverts while a temporary stepped spillway structure has 170 
been constructed in the central section to prevent dam overtopping during the wet season. 171 
Further, three spillways have been constructed to protect against the Probable Maximum 172 
Flood (30,200 m3/s peak and 18,000 m3/s routed discharge) at GERD. One of them is the 173 
aforementioned crest-spillway on the Main Dam; another one is located on a saddle area 174 
and acts as the main service gated spillway, and finally, the side channel un-gated emer- 175 
gency spillway [25]. Figure 1c shows the Main and the Saddle Dams along with the left 176 
and right banks. 177 

 178 

Figure 1. Insert Figure (a) shows the Nile River basin and the sub-basins – White Nile River basin and Blue Nile River 179 
basin. The White Nile River and the Blue Nile River merge at Khartoum, Sudan , which is shown as the Junction Point in 180 
the figure. Inset Figure (b) shows the Blue Nile River basin along with the location of GERD Dam near the Ethiopian- 181 
Sudanese border. Insert Figure (c) shows the GERD project location and GERD components including the Main and Saddle 182 
Dams. Inserts (a) and (b) are adopted from [3] with permission. 183 

2.2. Data Used 184 
a. Satellite Synthetic Aperture Radar and Optical Imagery 185 

Sentinel-1A, managed by the European Space Agency (ESA), has been functional since 186 
2014 with a revisit time of 12 days, and resolution of (5-20) x (5-40) m based on the acquisi- 187 
tion mode. It is part of a constellation of two polar-orbiting satellites that perform C-band 188 
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SAR imaging [26]. In this work, we used the Interferometric Wide Swath (IW) acquisition 189 
mode, which is associated with land applications. We utilized the level-1 Single Look Com- 190 
plex (SLC) product that includes complex data of amplitude and phase necessary for inter- 191 
ferometric processing. This data product contains three sub swaths, namely IW1, IW2 and 192 
IW3 with 9 bursts. This is important for Interferogram creation when we acquire two radar 193 
images with same geometry over the same area. 194 

 195 
b. Sentinel-2 imagery for CoastSat 196 

Sentinel-2, managed by the European Space Agency as part of the Copernicus mission, 197 
is a group of two polar orbiting satellites placed in the same sun-synchronous orbit. Its wide 198 
swath width of 290 km and a higher revisit time of 10 days is very useful at monitoring land 199 
surface conditions. The 13 spectral bands of this satellite are beneficial in classifying land 200 
cover/change, atmospheric correction, cloud/snow separation and so on [27]. This manu- 201 
script utilized the Level 1C products, which provides top-of-atmosphere reflectance in car- 202 
tographic geometry. The bands that were used for processing are the red, green, blue, near 203 
infrared (NIR) and the short-wave infrared (SWIR1) [28,29]. 204 
c. Displacement Accuracy Assessment at different Coherence values  205 

In this work, we selected 15 different cross sections at different locations at the GERD’s 206 
Main and Saddle Dams to calculate possible vertical average displacement using the DIn- 207 
SAR technique. In later sections of this manuscript, we will introduce the locations upon 208 
which we conducted our analysis and presented our findings. However, displacement ac- 209 
curacy assessment is quite a crucial step to ensure the validity of our observations and re- 210 
sults. We used ~109 SAR images starting from December 2016, until July 2021, for calculat- 211 
ing average displacements at the aforementioned 15 cross sections with coherence values 212 
set to at least 0.5. Here, coherence refers to a specific relationship between two successive 213 
SAR images, in our case known as the master and the slave images [30]. The coherence factor 214 
along with the interferometric phase is key here to show strong similarities. In order to en- 215 
sure that the observed vertical displacements are accurate and to avoid misleading conclu- 216 
sions, one requires a coherence factor close to one, which would validate the usage of these 217 
images for interferometric processing. As it is well known, loss of coherence can produce 218 
poor interferometric results that can be due to different reasons. In our situation, coherence 219 
loss is due to temporal, geometric and volumetric decorrelation [30]. As such, our results 220 
presented here are quite accurate owing to the high coherence values adopted, that are > 0.9 221 
over the GERD’s Main and Saddle Dams and > 0.5 over the surrounding areas. We con- 222 
ducted a thorough statistical analysis to highlight the acceptable threshold of vertical dis- 223 
placement between each two successive images that was set to +/- 0.1 m (Figure 2).  224 
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Figure 2. Preliminary analysis of the quality of the ground displacement output of GERD for 109 Sentinel -1 SAR images 225 
during the period (December 2016 - July 2021). 226 

In Figure 2, the vertical axis represents the value of the average displacement for all 15 227 
cross sections, shown here as colored circles that might overlap hence in some cases appear 228 
as less than 15 points, while the horizontal axis represents the cumulative number of images 229 
used in the analysis covering the period from December 2016 to July 2021. In summary, each 230 
vertical column of these colored points represents the average displacement values for a 231 
single DInSAR displacement using the cumulative number of satellite images at that point 232 
for analysis. Accordingly, ten images, (falling outside the + / - 0.1 m) were discarded from 233 
the analysis as they showed unreliable results. We believe that displacements outside the 234 
highlighted window are abnormal results that are difficult to occur in nature. Displacement 235 
recalculations were undergone yet showed no enhancement; therefore, a specific buffer 236 
zone of displacement values between +/- 0.1 m was determined to evaluate the resulted im- 237 
ages. 238 

2.3. Methods  239 
SAR obtains the electrical and geometrical properties of the surfaces by using pulses at 240 

microwave frequencies. In the following, we will discuss some of the methods used in this 241 
research. 242 

a. Synthetic Aperture Radar Interferometry (InSAR) 243 
An Interferogram shows the deformation between two SAR images by calculating the 244 

phase difference of these two products. Fringes with one color cycle, which is equivalent to 245 
2π creates the phase referred to here. The coherence between these two images is also pro- 246 
vided through the cross correlation between the master and slave images at the pixel level 247 
ranging from 0 representing low coherence to 1 representing high coherence. InSAR is a 248 
technique to infer and obtain information or patterns from two sets of electromagnetic 249 
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waves that have reflected from the ground. This is a well-known and well understood math- 250 
ematical technique that uses the time difference between two set of pulses to achieve a much 251 
higher resolution than it would have been obtained with a single pulse. Thus, the technique 252 
allows the creation of a virtual antenna of size significantly larger than the actual physical 253 
antenna. From this the name of synthetic aperture. The satellite sensor and mode must be 254 
the same for all the images used in InSAR analysis. InSAR is mainly used to obtain the spa- 255 
tial vertical structure information of ground objects, reconstructing digital elevation model 256 
(DEM), detection of land deformation by natural causes like earthquakes or landslides as 257 
well as measuring the displacement rates of man-made structures like buildings and dams. 258 
The basic InSAR processing involves importing SLC images, aligning the images, complex 259 
multiplying each pixel, reconstructing the absolute phase offset and finally geocoding using 260 
DEM. This technique results in two important parameters namely, the interference phase 261 
and the coherence coefficient. Regarding the phase, it has been widely used in the research 262 
of DEM generation, earthquake/volcano/glacier/surface subsidence and marine physical pa- 263 
rameter acquisition. In recent years, the coherence coefficient, another important parameter 264 
obtained by InSAR, has been gradually recognized and applied to the basic analysis of sur- 265 
face characteristics and the inversion of surface vegetation height and biomass. The SAR 266 
interferometric technology implicitly assumes that the signal echo of each pixel in the image 267 
is scattered from a scattering center on a reference plane at a fixed height, so the measured 268 
phase difference is the same as this. The height of the reference plane is proportional. How- 269 
ever, due to the presence of ground slope, roughness and other factors, as well as the influ- 270 
ence of surface vegetation and body scattering, the actual process of electromagnetic wave 271 
scattering by ground objects is extremely complicated. There are often multiple scattering 272 
mechanisms in the resolution unit, and the phase centers of different scattering may also be 273 
located at different heights. At this time, the phase difference between the two Interferogram 274 
can only reflect the average height of all scatterers and cannot reflect the actual height of a 275 
particular scattering center. This phenomenon is particularly serious in areas covered by 276 
vegetation because the backscattering of areas covered by vegetation is mainly composed 277 
of the vegetation layer itself and the two main signal components scattered by the ground 278 
under the vegetation cover. The heights of the two scattering centers are usually different. 279 
Therefore, the current estimation of terrain height using conventional interferometric SAR 280 
systems generally includes a deviation of the vegetation layer. Atmospheric conditions, es- 281 
pecially the water vapor and clouds, at the time of image acquisitions could cause a delay 282 
in signals. Temporal and geometric decorrelation, volume scattering and processing errors 283 
could cause disruption in the interferometric phase. In such a scenario, Goldstein filter, 284 
which uses Fast Fourier Transformation (FFT), can be used to improve the signal-to-noise 285 
ratio of the image [31]. 286 

b. Differential Synthetic Aperture Radar Interferometry (DInSAR) 287 
In this section, we discuss the DInSAR methodology used here for measuring both the 288 

vertical displacement and displacement in the Line Of Sight (LOS). This takes place when 289 
we simulate and remove the phase component from the interferometric phase using the 290 
known topography and baseline information of the reference surface. A 2-Pass DInSAR cal- 291 
culates the displacement using an external DEM while a 3-Pass DInSAR does it when we 292 
estimate the topography initially. Employing this method, we calculated the difference in 293 
the corresponding phases between two images acquired at different times over the reference 294 
surface to obtain the interferometric phase by subtracting the later image from the former 295 
one. The underlying assumption in this method is that the reference surface remains stable 296 
and therefore, we can calculate actual deformation. If the deformation is positive, it indicates 297 
land subsidence as the distance between the ground and satellites increase. Some of the lim- 298 
itations of this method are the spatial-temporal decorrelation, atmospheric disturbances on 299 
the signals causing errors and the one-dimensional calculation of the movements. An im- 300 
portant precaution when using DInSAR is to only utilize pixels with low noise component 301 
[14]. In this work, we applied the DInSAR technique able to detect a displacement magni- 302 
tude of < few cm and provides vertical displacement accuracy of 1 cm and spatial resolution 303 
of 17 m per pixel is used here. [14]In this work, we utilized and co-registered Sentinel-1 304 
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images in the descending orbit mode in order to exploit the phase difference of the acquisi- 305 
tions. This involved creating a stack containing both products and then making use of the 306 
image statistics to align both products at sub-pixel accuracy. We only used a part of the sub- 307 
swath for co-registration with a size that depends on the target footprint. Following this, we 308 
performed accurate geocoding to allow the projection of SAR coordinates (azimuth, range) 309 
into a conventional cartographic system (longitude, latitude) and the projection of the DEM 310 
to the SAR coordinates. To increase the quality of the co-registration, we applied S-1 En- 311 
hanced Spectral Diversity (ESD) on the stack generated by the Back Geocoding; this applies 312 
range and azimuth shift corrections to the secondary image. [27]The equation below gives 313 
the stability of the phase measured in amplitude dispersion DA, where σA is the pixel’s stand- 314 
ard deviation and μA is the mean amplitude value [14]. 315 

𝐷𝐷𝐴𝐴 =  𝜎𝜎𝐴𝐴 / 𝜇𝜇𝐴𝐴 316 
A smaller DA denotes higher amplitude. If a pixel with a higher amplitude does not 317 

differ substantially over the acquisitions, then the pixel exhibits minor phase dispersion and 318 
hence, is more reliable. The cross-multiplication of the master image with the conjugate of 319 
the slave image leads to the formation of an Interferogram. The amplitude of both images is 320 
multiplied and the phase difference between the two images is extracted (Figure 3a). Coher- 321 
ence is calculated as a separate raster band and shows how similar each pixel is between the 322 
secondary and reference image in a scale from 0 to 1. Areas of high coherence will appear 323 
bright whereas areas with poor coherence will be darker (Figure 3b). In the image, vegeta- 324 
tion exhibits poor coherence while buildings exhibit very high coherence. To solve the issue 325 
of ambiguity arising due to the interferometric phase lying within a scale of 2π, phase un- 326 
wrapping is done by merging phase difference between neighboring pixels. Thus, the un- 327 
wrapped results give the relative vertical displacement between pixels of two images. For 328 
the unwrapped results to be considered reliable, the input coherence should be high. The 329 
suggestion by ESA in their interferometry tutorial is 0.3 whereas in our work, we have used 330 
coherence value of 0.9 [30]. These results are in the form of continuous raster and not a met- 331 
ric measure. To convert the radian units into absolute displacements, the Phase to Displace- 332 
ment operator is applied. It translates the phase into surface changes along the LOS, the line 333 
between the sensor and a pixel, in meters. Accordingly, positive values mean uplift and 334 
negative values mean subsidence of the surface. In this work, we applied the DInSAR tech- 335 
nique able to detect a displacement magnitude of < few cm and provides vertical displace- 336 
ment accuracy of 1 cm and spatial resolution of 17 m per pixel is used here.In this work, we 337 
applied the DInSAR technique able to detect a displacement magnitude of < few cm and 338 
provides vertical displacement accuracy of 1 cm and spatial resolution of 17 m per pixel is 339 
used here. 340 
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 341 
Figure 3. Processing of two Sentinel-1 acquisitions displayed over the GERD location showing (a) phase difference and (b) 342 
coherence . 343 

c. CoastSat 344 
CoastSat is an open-source tool that can retrieve Landsat and Sentinel-2 images by uti- 345 

lizing Google Earth Engine (GEE) API in Python [28]. The two main capabilities of the 346 
toolkit are shoreline detection and beach slope estimation. If measured water levels are 347 
available, the toolkit can detect shorelines after tidal correction too. Using this tool, we were 348 
able to retrieve satellite images from the Landsat 5 (TM), Landsat 7 (EMT+), Landsat 8 (OLI) 349 
Tier 1 collections, and Sentinel-2 (MSI) Level-1C products representing top-of-atmosphere 350 
(TOA) reflectance. The pre-processing steps include cloud masking, enhancing the spatial 351 
resolution using the higher resolution panchromatic band and principal component analy- 352 
sis. We utilized an algorithm for shoreline detection that follows two main steps, namely, 353 
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the image classification into four classes and the border segmentation at sub-pixel resolu- 354 
tion. As part of image classification, a neural network classifier is used to label each pixel of 355 
the image as one of four classes – ‘sand’, ‘water’, ‘white-water’ and ‘other land features’. 356 
There are 20 independent variables including multispectral bands, some common spectral 357 
indices and the variance of each multispectral band and spectral index. Following the image 358 
classification, we applied the Modified Normalized Difference Water Index (MNDWI) to 359 
each of the classified images to extract the boundary between sand and water. The equation 360 
below shows the calculation of MNDWI where SWIR1 is the pixel intensity in the SWIR1 361 
band while G is the pixel intensity in the green band [28]. 362 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1 − 𝐺𝐺
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1 + 𝐺𝐺 363 

We then generated a histogram of MNDWI values with ‘sand’ pixels having positive 364 
MNDWI values while ‘water’ pixels having negative MNDWI values. To find the 365 
‘sand’/’water’ threshold for maximizing inter-class variance between sand and water, we 366 
applied the Otsu’s threshold algorithm [32]. As a final step, we applied the Marching 367 
Squares algorithm [33,34] to compute the iso-valued contour on the MNDWI image at sub- 368 
pixel resolution. 369 

3. Results 370 
In this manuscript, we selected different cross sections across the GERD’s Main and 371 

Saddle Dams based on the proximity with each other and with the location of known ge- 372 
ological weak zones for vertical displacement analysis [35]. Thus, we identified six and 373 
nine cross sections over the Main and Saddle Dams, respectively along which we con- 374 
ducted our analysis (Figure 4). Furthermore, utilizing DInSAR technique, we performed 375 
a time series analysis over the previously mentioned fifteen individual cross sections to 376 
present vertical displacement trend lines. To maintain high and adequate accuracy we 377 
selected a coherence threshold for values ranging from 0.5 to 0.9 between successive im- 378 
ages. Using this approach, we were able to maintain data continuity for each cross section 379 
and improve our ability to detect displacement change along the time of the study. It is 380 
important to note that the images used in the analysis were obtained from the descending 381 
orbit alone, and not from the ascending orbit due to the unavailability of images in the 382 
ascending orbit of Sentinel-1 in the region of interest. The overlap between ascending and 383 
descending orbit is only until March 2017, post which there is an unavailability of ascend- 384 
ing orbit images. 385 
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 386 
Figure 4. A Base Map showing the cross sections where the vertical displacements are calculated 387 
and presented for the GERD’s (a) Main Dam and (b) Saddle Dam. 388 

3.1. The Monitoring of the Main Dam Displacement over six cross-sections 389 
Figure 5 shows the vertical displacement in meters over the six cross sections of the 390 

Main Dam highlighted in Figure 4a. Figure 5a shows the displacement for cross-sections 391 
1 and 6, Figure 5b for cross sections 2 and 5, and Figure 5c for cross sections 3 and 4. We 392 
selected specific combinations of the cross sections identified on the Main Dam to compare 393 
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them in terms of displacement rate and degree of uniformity at these different cross-sec- 394 
tions. The displacement rate was calculated for the entire period from December 2016 to 395 
July 2021 in association with the different filling periods that are identified by the red 396 
dashed dotted lines indicating the start of the GERD first and second filling periods. The 397 
results indicate substantial subsidence at every cross section since 2016 with lack of uni- 398 
formity between the sections under comparison. The alarming observation that is evident 399 
from the analysis is the fact that the intensity of subsidence for each pair of cross sections 400 
is different and lacks homogeneity. This is especially clear for the East and West abut- 401 
ments where Figure 5a shows a notable difference in rate of displacement once the first 402 
filling period started. The West abutment showed a greater rate of subsidence than the 403 
East abutment. Until that point, the rate of displacement is relatively similar compared to 404 
the rate following the beginning of first filling period. The increasing gap between both 405 
curves suggests that over time the structure might seriously suffer due to the uneven rate 406 
of displacement. Figure 5b, which shows the displacement of the Main Dam’s east and 407 
west side, does not display a considerable change in rate of displacement like the other 408 
pairs of cross sections discussed in this section. However, with acceptable uniformity, 409 
both these cross sections have undergone subsidence. Figure 5c, which shows the dis- 410 
placement of the early generation turbines and low flow outlet, displays a difference in 411 
rate of displacement that has become evident since November 2017. Since the beginning 412 
of the first filling period the difference in subsidence appears to be greater for both sides 413 
but with relatively uniform displacement rates.  414 

Due to the unavailability of data (for the same satellite Sentinel 1) before October 415 
2016, it is difficult to infer the rate of land subsidence in the area before the start of the 416 
GERD project construction. The project started mid-2011, so we focused on the sections 417 
completed since 2017, namely the Main Dam eastern and western sides as well as the en- 418 
tire Saddle Dam, in order to avoid external factors related to the construction period. Suc- 419 
cessive satellite images show the completion of the eastern and western sides and reaching 420 
the Main Dam crest level by the end of 2017. Therefore, our notable displacement pattern 421 
change has occurred on the Main Dam sides rather than the middle section where we can 422 
observe a significant delay in the construction process. It also noteworthy that our analysis 423 
shows that the observed change in displacement has a clear relationship with the rainy 424 
season, as negative displacement occurs during the dry season from April to June of each 425 
year, and positive displacement rates occur during the rainy season  starting from July 426 
each year. 427 
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Figure 5: Observed vertical dispalcementdisplacement over the GERD’s Main Dam at (a) East and West abutment, (b) 428 
west and east sides and (c) low flow outlet and early genertaiongeneration turbines. 429 
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3.2. The Monitoring of the Saddle Dam Displacement over nine cross-sections 430 
Figure 6 shows the vertical displacement (in meters) over the GERD’s Saddle Dam at 431 

the nine cross sections referenced previously in Figure 4b. The displacement for the five 432 
tunnels (cross sections 3 to 7 in Figure 4b) are shown in Figure 6a while the North and 433 
South abutments and their extensions (cross sections 1, 2, 8 and 9 in Figure 4b) are shown 434 
in Figure 6b. All the nine sections differ in their subsidence and in some instances even 435 
the rate at which the subsidence is occurring. Figure 6a shows that the five cross-sections 436 
subside at a relatively similar rate until October 2017 after which the rates start to differ.  437 

Figure 6. Observed vertical dispalcementdisplacement over the GERD’s Saddle Dam at (a) tunnels 1 to 5, (b) North and 438 
South abutment and their extensions. 439 
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Amongst the five cross sections, tunnels 3 and 4 have a relatively lower subsidence 440 
than tunnels 1, 2 and 5. Like the tunnels, the two abutments and their extensions started 441 
showing a difference in subsidence rates since October 2017 (Figure 6b). The North abut- 442 
ment and its extension have a similar rate of subsidence with each other while the South 443 
abutment and its extension show a larger variation. The South abutment exhibits a more 444 
pronounced subsidence until July 2019 after which the South abutment extension started 445 
showing greater subsidence. Like the GERD’s Main Dam, there is a lack of uniformity in 446 
subsidence across the dam and the rate of subsidence varies as time passes as observed in 447 
the subsidence at the South abutment and its extension. It is noteworthy that the observed 448 
subsidence reported here occurs in complete absence of water. Therefore, it is reasonable 449 
to believe that future water pressure will lead to greater subsidence.  450 

3.3. Spatial Representation of Displacements over GERD’s Main and Saddle Dam Locations 451 
Figure 7 exhibits the spatial representation of the vertical displacement (in meters) 452 

over the GERD’s Main and Saddle Dams utilizing the DInSAR technique for the period 453 
from December 2016 to July 2021. The minus sign in the figures represents subsidence 454 
while a positive sign represents an uplift. The displacement ranges with no color assigned 455 
is to show that the displacement exists but for clarity purpose, is not shown with color in 456 
the image. It is noteworthy that the pixels with no points highlighted does not mean zero 457 
displacement but that the displacement is very minor – not exceeding + or – 0.01 m (1 cm).  458 
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 460 
Figure 7. DInSAR displacmenetdisplacement spatially observed over the GERD’s Main Dam (a, b) and Saddle Dam (c, 461 

d). 462 

It can be observed that the Main Dam has undergone subsidence throughout its six 463 
cross sections (Figure 7a & 7b) while the Saddle Dam has undergone subsidence as well 464 
as uplifting in each of its nine cross sections (Figure 7c & 7d). We observed major subsid- 465 
ence identified by red circles ranging from -0.1 to -0.2 m over the Main Dam cross sections 466 
1, 5 and 6. On the other hand, we identified crucial displacement variability for the Saddle 467 
Dam from the figures, where each cross section displays a certain degree of subsidence 468 
and uplifting. The tunnel 1 for the Saddle Dam displays the highest subsidence observed 469 
in this analysis, with the subsidence value ranging from -0.27 m to -0.38 m. We attribute 470 
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these higher values observed for the Saddle Dam to the local geology and fault lines lo- 471 
cated directly underneath the dam. We conducted a further analysis of this issue along 472 
with the discussion of the role of local geology shared in the following section. 473 

To obtain the most accurate accumulated DInSAR displacement at the different 474 
GERD locations, we adopted a technique based on the coherence value for the interfero- 475 
metric processing of each image. We have masked out image parts with low coherence to 476 
prevent misinterpretation of patterns that resulted from phase decorrelation. Ullo et al. 477 
[36] have suggested in their study of dam monitoring that a coherence value greater than 478 
0.4 is considered reliable. Multiple other studies [37–40] have selected coherence value 479 
between 0.4 to 0.8 as a threshold to mask images in their analysis. Yet, in this specific part 480 
of our analysis, we used a coherence value of > 0.9 as our threshold to identify the most 481 
critical areas showing displacement quantitatively with high accuracy and reliability for 482 
the GERD’s Main and Saddle Dams and the landscape nearby. We clearly highlighted the 483 
most important observation from this analysis by a dotted black box that displays subsid- 484 
ence at the crest of the dam at different rates, possibly a major cause of concern (Figure 485 
7b). The different colored circles represent the difference in subsidence, in the range of 0.2 486 
m to 0.9 m, along that section of the crest. Figures 7a and 7b indicate that there is a vertical 487 
displacement in the area surrounding Main Dam East abutment with a maximum dis- 488 
placement value of -0.2 m within 4.5 years. On the other hand, the accumulated displace- 489 
ment on the concrete body of Main Dam’s West abutment shows a maximum value -0.06 490 
m within 4.5 years, which we consider as very critical results, since this part of the dam 491 
was completed in 2017 (almost the same period of DInSAR analysis). Therefore, the re- 492 
sulted displacement reflects structure reaction after loading the soil with the full weight 493 
of this part of the Main Dam. Figures 7c and 7d show the range of observed displacement 494 
that reflects clear heterogeneity and noticeable changes in the entire body of the Saddle 495 
Dam. Figure 7c shows a maximum displacement value of - 0.307 m within 4.5 years on 496 
Saddle Dam _Tunnel 1. It shows the displacement in the weak zones area that emphasize 497 
notable displacement difference in positive and negative values within short distances. 498 
Meanwhile, Figure 7d shows the displacement near the Saddle Dam South abutment, 499 
where a maximum value of -0.21 m within 4.5 years is calculated on the upstream surface, 500 
also a notable displacement difference is found on the nearby weak zone. Embankment 501 
dams usually undergo displacement, but these observations highlight that the changes 502 
are not homogenous and hence, we felt the need of further investigations. For that reason, 503 
in the following section, we will look at the local underlying geological conditions and 504 
weak zones in accordance with the observed vertical displacement over the Saddle Dam.  505 

3.4. Analysis of Local Geological Conditions and Impact on Saddle Dam 506 
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The GERD region exhibits a complex tectonic history including both compression 507 
stress regimes - orogenic cycle: (Pre-Cambrian time, 870 to 550 Ma) and tensional stress 508 
regimes - rifting (Triassic-Cretaceous and Neogene-Quaternary time) [41–45]. Previous 509 
analysis based on site visits conducted and reported by the Ethiopian government found 510 
that the maximum pressure orientation was NW-SE and in the GERD pan African area, 511 
the main lineation pattern and foliation trending are NE-SW. Moreover, the N-S trending 512 
lineaments become more crucial upstream the site (southern area), forcing the Blue Nile 513 
direction, as shown in the Blue Nile structural map (Figure 8a). A closer zoom on tectonic 514 
elements of the Blue Nile shows weak zones where the Saddle Dam is located (Figure 8b). 515 

Figure 8. Tectonic elements for the Blue Nile Valley showing (a) the structrualstructural map as obtained from the Hill- 516 
shade onstained from Shuttle DTM (b) zoom in shot over the Saddle Dam region and all weak zones. 517 

The area enclosing the elements highlighted in purple is a critical area to understand 518 
the effect of loading represented by the weight of the dam’s body on the soil. The goal of 519 
this analysis is to find out whether the data from DInSAR point to a causal link, and to 520 
monitor changes over a longer period. Ultimately, the goal is to analyze the behavior of 521 
the soil and geological layers after the establishment of the Saddle Dam.  522 

Since the very beginning of the construction of GERD, there have been many critical 523 
comments about the project location in view of its geological characteristics and technical 524 
issues. Studies have confirmed the existence of heterogeneity that may affect GERD safety 525 
particularly at Saddle Dam location, where there are a number of faults and weak zones 526 
across the Saddle Dam body [6,35,46]. The dam construction occurred upon a surface 527 
where low-metamorphic rocks are colliding with the high metamorphic zone, making it a 528 
contact zone. Moreover, the geomorphology suggests the presence of varying rock species 529 
between the two dam shoulders namely schist on the left side and meta-granite on the 530 
right (Figure 9a).  531 

 532 
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Figure 9a shows the schematic geological plan of the Saddle Dam. It shows that the 533 
foundation is composed of five main geological units assembled on top of each other by a 534 
pre-Cambrian compression regime that includes folds, faults and boudinage, and exten- 535 
sion formed structures. As observed in Figure 9a, the five main geological units from left 536 
to right bank are schist, the volcanic unit (meta-basalt and meta-gabbro), phyllite, marble 537 
and meta-granite. The left and central sections of the foundation have a presence of minor 538 
quarzitic veins as well. Thus, the dam was built on a 3.6 km stretch of residual soil, fol- 539 
lowed by a 1.6 km stretch of rock. These geological units also contain tectonic contacts, 540 
which are continuous from upstream to downstream encompassing the complete founda- 541 
tion of the dam. These show high permeability as well as a possibility of erodible material 542 
presence [46]. We have identified five critical nodes between tunnel 1 and 2 of the Saddle 543 
Dam and two critical nodes near the south abutment (Figures 9b & 9c, respectively). 544 Formatted: Font: Not Italic
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 545 

Figure 9. Saddle Dam general layout with a) schematic geological plan of the Saddle Dam adopted from [46] with permis- 546 
sion, b) Identified critical nodes 1 to 5 within weak zone with associated vertical displacement ovelaidoverlaid from this 547 
current research between tunnels 1 and 2; and c) Identified critical nodes 6 and 7 within weak zones with associated 548 
vertical displacement ovelaidoverlaid from this current research on the South abutment. 549 
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Despite their different sources, the results indicate a correspondence between the re- 550 
sults of the calculated DInSAR displacement and the geological characteristics of the Sad- 551 
dle Dam. We identified the seven critical points and closely monitored them as they rep- 552 
resented the largest vertical difference between the points, most of which are located on 553 
the geological weak zones (Figure 10). 554 
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 555 

Figure 10. Vertical displacement observed over the seven critical nodes identified on the Saddle Dam showing a) zoomed 556 
scene on critical nodes 1 to 5 and b) focused scene on critical nodes 6 and 7. 557 

Figure 10 presents a closer look of the same area in Figure 9 in order to shed light on 558 
critical nodes 1 to 5 that are located between tunnels 1 and 2. Figure 10a highlights the 559 
observed large difference in vertical displacements at the critical nodes even when located 560 
in a close proximity to each other. On the other hand, Figure 10b displays the displace- 561 
ments along critical nodes 6 and 7, which are located near the South abutment of the Sad- 562 
dle Dam. The annual displacement summation of the most critical points was identified 563 
based on the vertical displacement analysis and was found to be located on Saddle Dam’s 564 
weak zones according to the local geology (Figure 11). By reviewing the structural pro- 565 
gress of the Saddle Dam, the crest level was reached during 2017, which is in line with 566 
DInSAR results, and which indicates a subsidence in most of the critical points because of 567 
the soil response to the weight of the dam. However, the results varied between subsid- 568 
ence to uplift for the rest of the years, which could possibly be due to the rainy season and 569 
the underground water table movement beneath the Saddle Dam (Embankment Dam 570 
type). Using the same data and the same reference starting in January 2017, we observed 571 
large difference in displacement levels. Critical nodes 1 and 3 showed a maximum vertical 572 
difference by about 0.35 meters, while critical nodes 4 and 5 showed a maximum vertical 573 
displacement difference by about 0.26 m, followed by critical nodes 6 and 7 with the max- 574 
imum vertical difference of about 0.16 m. Like the previous analysis, there appears to be 575 
inconsistency in the observed vertical displacements around the same area, something 576 
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that calls for attention. Hence, we then divided the critical nodes into 3 groups based on 577 
their proximity with each other. Group one contains critical nodes 1, 2 and 3 (shades of 578 
blue), a second group contains critical nodes 4 and 5 (shades of green), while critical nodes 579 
6 and 7 form a third group (shades of orange). The results show that there is inconsistent 580 
displacement even within the same group, where one or more critical node displays sub- 581 
sidence while the other critical node in the same group displays uplift. The results from 582 
this analysis along with the previous comparison shows great consistency between the 583 
results of DInSAR analysis and the geological nature of the area. We believe this result 584 
calls for an urgent enhanced monitoring of potential construction problems at the dam 585 
site. 586 

 587 

Figure 11. Vertical displacement analysis over the seven critical nodes identified at the Saddle Dam for the period from 588 
2017 till 2021. 589 

3.5. Annual Ground Displacement over the GERD Location 590 
In order to investigate the general trend over the GERD’s Main and Saddle Dams, we 591 

used raw images, and just in this case we decided to avoid setting coherence threshold 592 
values to have a continuity in the sequence of images. Figure 12 shows the accumulated 593 
vertical displacement over the GERD’s Main and Saddle Dams from December 2016 to 594 
June 2021. Complementing the results from section 3.3, Figure 12a shows a critical change 595 
in displacement (~0.4 m) at cross section 6 marked by red color. Again, it is necessary to 596 
highlight that the subsidence observed is at different rates along the crest. On the other 597 
hand, the structure between cross sections 3 and 4 also shows critical subsidence but it is 598 
known that the construction is still ongoing at these cross sections during this study (July 599 
2021), and therefore we ignored results obtained on that section. Similarly, Figure 12b dis- 600 
plays the different rates of subsidence along the GERD’s Saddle Dam. Figures 13, displays 601 
annual change in vertical displacements from 2017 until June 2021. We have decided to 602 
keep separate scales for each year so that differences in displacement within each year can 603 
be analyzed. We observed major subsidence (~0.3 m) over the Main Dam (Figure 13 Top) 604 
in the year 2017 across all cross sections, followed by two years of uplift (~0.5 m to 0.1 m). 605 
In the year 2020, the year of the first filling period, there has been a non-homogenous 606 
displacement across all the cross sections of the Main Dam. The West abutment of the 607 
Main Dam displayed the most subsidence (~0.2 m) in that year. Since the beginning of 608 
2021, there has been some uplift (~0.02 m), observed with a slight subsidence (~0.09 m) in 609 
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some parts. Like the Main Dam, the Saddle Dam (Figure 13 bottom) displayed the most 610 
subsidence (~0.4 m) in the year 2017, followed by uplifts (~0.02 m to 0.19 m) in the follow- 611 
ing two years. The Saddle Dam displayed a slight mix of uplift (~0.02 m) and subsidence 612 
(~0.1 m) in the year 2020 while an uplift (~0.1 m) in the year 2021. This work suggests that 613 
the GERD’s Main and Saddle Dams are exhibiting varying displacements either in direc- 614 
tion or in rate across the time of this investigation.   615 

 616 
Figure 12. Accumulated vertical displacmenetdisplacement from January 2017 till July 2021 over 617 
the GERD’s (a) Main Dam and (b) Saddle Dam. 618 



Remote Sens. 2021, x, x FOR PEER REVIEW 26 of 32 

 

 619 

Figure 13. Annual accumulated vertical displacmenetsdisplacements from 2017 till 2021 over the GERD’s Main Dam (Top) 620 
and Saddle Dam (Bottom). 621 

3.6 Water Edge Analysis at different transects of the GERD’s Main Dam 622 
As it is well known, different vertical displacement will influence, as well, the water 623 

edge. Thus, in this section we are analyzing the water edge profile at different locations 624 
on the GERD’s Main Dam, to independently confirm the results we have highlighted in 625 
the previous sections. Figure 14a displays the change in water edge with respect to the 626 
GERD’s Main Dam, as well as a time-series for the change in water edge at the six transect 627 
locations as referenced earlier in Figure 4. The time period for this analysis is since the 628 
beginning of first filling period (July 2020) until June 2021. On the bottom left of the Figure 629 
14a, the water edge during different satellite acquisitions is presented along with the leg- 630 
end for the colors representing a specific acquistionacquisition on the top left. For the same 631 
color (unique timestamp), a discontinuation between transects 3 and 4 indicate the gates 632 
being closed. 633 
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 634 

Figure 14. CoastSat analysis over the GERD’s Main Dam showing the change in water edge along different locations 635 
identified from 1 to 6 following same cross sections presented in Figure 4a. . 636 

The time-series graph shows a difference in trend since April 2021 over transects 1 637 
and 6, which correspond to the cross-section pair of the East and West abutment of the 638 
Main Dam, respectively. This compliments the results obtained in section 3.1 of this man- 639 
uscript where the difference in rate of subsidence at these opposing cross-sections were 640 
highlighted, especially the cross-section pair of (1, 6). The hypothesis here is that the ac- 641 
ceptable displacements across a dam wall should be uniform, especially the opposing sec- 642 
tions. Moreover, the analysis conducted in Figure 14 can be further validated for accuracy 643 
by focusing on transect 4, which is the low flow outlet in the GERD’s Main Dam. There is 644 
a dip observed in transect 4 (shown in dotted red box), which corresponds to the same 645 
time when the bottom outlet of the Main Dam were opened in April 2021 [47,48]. As the 646 
bottom outlet (transect 4) was opened, there was a reduction in water edge because of the 647 
water being sucked out through the bottom outlets. A satellite image, numbered 4 below 648 
the time-series graph, taken in April 2021 of the water flowing through the bottom outlet 649 
presents the causality for the change in water edge observed in the time series plot of 650 
section 4. It is important to mention that we could not conduct a similar analysis for the 651 
Saddle Dam, since currently; there is no water body behind the Saddle Dam. 652 

4. Discussion 653 
This work addresses the vertical displacement associated with the ongoing construc- 654 

tion and filling of the GERD Dam. The time series graphs mentioned in sections 3.1 and 655 
3.2 (Figures 5, 6) showed a notable difference in the vertical displacement across the cross 656 
sections identified in the study, over the GERD’s Main and Saddle Dams. We observed a 657 
more pronounced difference in the vertical displacements at some cross sections of the 658 
GERD’s Main Dam after the start of the first filling period that took place during July 2020. 659 
Furthermore, a detailed analysis on the crest of the Main Dam showed varying subsidence 660 
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in the range of 0.2 m to 0.9 m on the West abutment (Figure 7b). This is a cause of concern 661 
and calls for a thorough investigation, as a dam’s crest, especially when made of concrete, 662 
should not display such varying rates of displacement. This analysis was done by keeping 663 
a threshold of coherence value at 0.9, which is much higher than the recommended thresh- 664 
old of >0.4 for reliability of results. As mentioned earlier in section 3.3, coherence value 665 
represents the level of similarity between two given satellite acquisitions. A threshold of 666 
0.9 indicates that the results obtained in this study are highly reliable and accurate. Addi- 667 
tionally, the West abutment is located close to the low flow outlets and the emergency 668 
spillway, which may cause more stress on the soil layers, and which could further lead to 669 
displacement increase. Analysis performed by CoastSat over the Main Dam also compli- 670 
mented the results obtained previously with a difference in trend observed along the wa- 671 
ter edge over the Main Dam’s East and West abutment (Cross sections 1 and 6). Even the 672 
analysis performed without setting any threshold for coherence values displayed a vary- 673 
ing displacement across the Main Dam’s crest (Figure 12). The threshold was removed 674 
only in that part of the analysis to obtain a continuity of images to observe the change in 675 
trend of annual displacement across the Main Dam (Figure 13a). The results again showed 676 
varying subsidence and uplift across different sections of the Main Dam since the begin- 677 
ning of the first filling period in July 2020. It also reflected the effect of two major factors 678 
namely the water table change according to the rainy or drought seasons, and the con- 679 
struction progress. We believe that results of the Main Dam middle section displacement 680 
are less reliable since the Main Dam was under construction at the time of the study (July 681 
2021). However, the displacement results for the Main Dam extremities and the Saddle 682 
Dam are accurate and can be depended upon for studying the local land displacement 683 
over the project location. Over time, with increase in construction and continued filling 684 
periods, these varying levels of displacements might turn into a direct threat and danger 685 
to the stability of the structure and could consequently pose a threat to downstream areas 686 
like Sudan, in case of possible failure. A recent study by Heggy et al. [49] discussed water 687 
deficit for Egypt by almost 31 BCM/year, which equaled to a third of Egypt’s then water 688 
budget. Yet another study by Kahsay et al. [50] found that there would be negative effects 689 
on Egypt’s economy until the GERD filling is completed. This is with a caveat that further 690 
major climatic changes do not disrupt any of its operations. Considering these major con- 691 
sequences to downstream countries, it is imperative that these questions around varying 692 
vertical displacements must be investigated and answered by the concerned authorities 693 
for a peaceful and productive co-operation between all the countries involved. 694 

It is noteworthy that embankment dams are generally more vulnerable to land dis- 695 
placement due to the quality of the construction materials and water impermeable items. 696 
The Saddle Dam, which is a rockfill dam, presents the most controversial component of 697 
GERD. We believe that the unusual geometric dam shape and the nature of the geological 698 
characteristics of the surrounding soil contributes to issues around the safety of the Saddle 699 
Dam. Egypt and Sudan widely and globally shared and discussed these arguments 700 
through international venues and media outlets in the light of lack of scientific documents 701 
addressing these concerns that we can rely on. A non-partisan Eastern Nile Working 702 
Group, consisting of seventeen world-renowned water resources scholars, had convened 703 
for a workshop in Massachusetts Institute of Technology, USA, to discuss the various as- 704 
pects of GERD in line of its technical design, cooperation and shared benefits. One of the 705 
four issues laid out in the report was regarding the technical issues associated with the 706 
GERD, where they discussed the long length of the Saddle Dam and its foundation, which 707 
gives rise to weak zones. They further mentioned that the risks posed by the Saddle Dam 708 
may not have been fully appreciated or analyzed [35]. Our study highlighted these weak 709 
zones, identified critical nodes over them (Figures 8, 9, 10), and the results displayed var- 710 
ying levels of non-uniform subsidence across the nine cross-sections of the Saddle Dam 711 
(Figure 6). The analysis conducted at the seven critical nodes showed varying levels of 712 
subsidence and uplift. In fact, the displacements over sections at closer proximity to each 713 
other displayed both, subsidence as well as uplift (Figure 11). These observed displace- 714 
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ments have occurred in absence of water pressure or its weight on the Saddle Dam struc- 715 
ture. We believe that these displacements over Saddle Dam coincides with the tectonic 716 
faults underneath, accompanied rain and the weight of the dam itself. We acknowledge 717 
that we can enhance our findings using higher resolution SAR height images like 718 
TeraSAR-X or COSMO. This enhancement is work in progress as part of our future inves- 719 
tigations. We believe that this study presents the most adequate source of information for 720 
the GERD dams’ construction experts and reviewers to evaluate GERD’s stability. It only 721 
lacks ground data validation and intercomparison due to the absence of such data.   722 

5. Conclusions 723 
This study presents a comprehensive monitoring of the vertical displacement of the 724 

GERD during the filling process and its implications on the downstream countries. The 725 
analysis showed the alarming differential displacement at different sections of the GERD’s 726 
Main and Saddle Dams using the Sentinel-1 SAR DInSAR technology. The uneven vertical 727 
displacement in different places, especially in the Saddle Dam weak zones, requires the 728 
development of a careful monitoring system. Based on the wide gap of displacement at 729 
the East and West abutment of the Main Dam, we believe that rapid filling of the dam 730 
may lead to major problems and irregular subsidence, which makes the safety of the dam 731 
at high risk. This study raises questions regarding the stability and consequently, the 732 
safety concerning its structure, as the consequences in event of a failure are dire. This 733 
study presents an early warning on massive risk posed on huge population in Sudan soon 734 
and calls for further appropriate scientific investigations. Additionally, there is a serious 735 
need for daily coordination and data exchange with downstream countries regarding lev- 736 
els, rainfall rates, and water incoming from the dam and its quality.  737 
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