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Figure 1. The urban study area in Alexandria City is outlined with a red border plotted on a Sen-
tinel-2 image of October 2019. The yellow dots represent the recently recorded subsidence events. 

2. Study Area 
Alexandria was chosen as a research area due to its complicated pattern of urban 

subsidence. The city lies on the Mediterranean Sea at the western edge of the Nile Delta, 
about 183 km northwest of Cairo City and encloses an area of approximately 2679 km2. It 
is Egypt’s second-largest city and a major economic center. It hosts 40% of the Egyptian 
industrial and commercial activities, as well as the largest harbor in the country [50,51]. It 
is located in a moderately tectonically stable plate in North East Africa. The periodic in-
stability has been caused by the readjustment to downwrapping (sediment compaction, 
faulting, isostatic lowering) of the sedimentary sequences (locally exceeding 4000 m) 
[52,53]. 

Generally, the low-lying region of the Nile Delta is subjected to significant differen-
tial subsidence. The reduction in annual Nile water and sediment discharge over the last 
two centuries associated with dams constructions along the Nile River has resulted in an 
environmental imbalance along the depositional zone of the Nile watershed, and thus, 
has increased the impact of sea level rise across the city [54]. 

Many subsidence events were recorded along Alexandria City in recent years [49]. 
Land subsidence in Alexandria has not been thoroughly documented in the literature; 
however, subsidence was partially studied using traditional geological measurements, 
mostly in the eastern and southern parts of the city [55,56]. The DInSAR technique has 
been used to study land subsidence in the central part of the city and its relation to sea 
level rise [57]. It is worth mentioning that the previous DInSAR studies in Alexandria 
mainly focused on the period before 2015, using a variety of radar images with different 
wavelengths and producing results with different levels of accuracy. 

3. Datasets 
In this study, a total of 11 ALOS/PALSAR-2 L-band images acquired from 8 March 

2015 to 31 March 2019, as well as 9 Sentinel-1A C-band images acquired from 7 August 
2017 to 24 January 2020 were utilized to map the ground deformation over Alexandria 
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placement affecting the study area are shown in Figure 3. Firstly, the specifications of the 
perpendicular and temporal baselines thresholds for processing were calculated based on 
the conditions of the study area and the used SAR data. If the study area is urban, the 
time baseline can be set for a longer period, as several stable points can stay without 
changing their coherence over a long time period. An interferogram can still be generated 
over an urban area, even if the temporal baseline is up to four years [59]. Based on these 
considerations, the connection graphs were produced for each group (Figure 4). A com-
parison was made between the spatial and temporal baselines of the radar images. Sub-
sequently, the links between radar images were built to show which baselines are small 
enough to be comparable [60]. 

 
Figure 3. Flowchart of SBAS-DInSAR processing steps. 
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Figure 4. The temporal and spatial baseline distributions of the SAR interferograms from the Sentinel-1A and 
ALOS/PALSAR-2 data sets (a–d), where each acquisition is represented by a diamond associated to an ID number; the 
green diamonds represent the valid acquisitions and the yellow diamonds represent the super master image of the small 
baseline subset (SBAS). (a) Time–baseline plot of SBAS interferograms generated by the Sentinel-1A data, with 27 June 
2018 as the super master image (b) time–baseline plot of SBAS interferograms generated by the ALOS/PALSAR-2 data, 
with 27 November 2016 as the super master image; (c) time–position plot generated by the Sentinel-1A and (d) time–
position plot generated by the ALOS/PALSAR-2. 

The result is a network of connections, defined as a connection graph (Figure 4a,b), 
where the yellow and green dots in these graphs represent the super master and the slave 
of the SAR images, respectively. The red lines represent the interferograms that pass the 
SBAS minimal requirements. Figure 4c,d indicate the distance between the various im-
ages, depending on the date of acquisition. These graphs make it possible to conduct a 
quick visual evaluation of the relations between the images and the time distribution of 
the SAR data being used. Consequently, pairs of images were generated and later used to 
create interferograms [61,62]. For the ALOS/PALSAR-2 data (2015–2019) about 39 pairs of 
interferograms were generated and 22 pairs for Sentinel-1A data (2017–2020). 

Each pair of compatible radar images identified in the previous step is used to gen-
erate an interferogram. In addition to the radar images and the connecting graph, this 
process requires the use of an accurate digital terrain model [61]. The digital elevation 
model SRTM 1-arcsecond provided by NASA with a resolution of 30 m was used in this 
study. During the first step of co-registration, all SAR images were geometrically ad-
justed by resampling each image with the master, which was chosen during the correla-
tion step to give them the same geometry [62,63]. During the second stage, a stack of in-
terferograms formed, followed by a process of flattening. 
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In this study, the multi-looking process was performed by setting the number of 
looks for both SAR data (ALOS/PALSAR-2 and Sentinel-1A) as 1 in the range direction 
and 4 in azimuth direction. Such multi-looking process increases Signal to Noise Ratio 
(SNR) of the interferograms and thus improves the quality of coherence estimation [64]. 
Next, interferograms were generated after meeting the temporal, geometric baseline and 
Doppler difference criteria. The formed interferograms are considered as Stripmap like 
interferograms, thus phase filtering and unwrapping were implemented. There are sev-
eral methods for unwrapping the interferograms; however, in this study, the Minimum 
Cost Flow (MCF) method was used for both ALOS/PALSAR-2 and Sentinel-1A data. The 
other methods were tested, compared visually, and were found to be less suited for the 
study area than the MCF method. 

In order to use the possible maximum number of coherent pixels a compromise 
value of 0.35 is suggested, when using the minimum cost flow method for the unwrap-
ping stage. Indeed, all areas with coherence lower than the 0.35 threshold value were 
eliminated. As low coherence values can lead to particularly noisy areas in the analysis, it 
reduces the reliability of the final results [65]. Besides unwrapping interferograms, co-
herence maps for each interferogram were generated. Therefore, the Goldstein filters 
were applied to the generated interferograms in order to minimize the amount of noise 
[66]. 

In order to re-flatten the interferograms, ground control points (GCPs) are required 
as input, which should be positioned on areas that are thought to be stable or with 
pre-known deformation values. The height values of these GCPs were estimated from the 
input DEM [67]. In this study a total number of 150 points were used and manually 
placed only on the persistent scatterers with very high coherence pixels to ensure that 
each interferogram has received the necessary amount of control points to correct any 
inconsistencies caused by orbital fluctuations and re-flattening the interferograms to 
make phase data more accurate [68]. 

Following the previous processing scheme, the first inversion step was applied to 
the generated and re-flattened interferograms in order to measure the residual height 
and the velocity of the displacement using the linear model [69]. In the same context, the 
second unwrapping process was performed to improve the SAR data for the next step. In 
addition, the second inversion step was applied to provide more accurate estimation of 
the final velocity displacement. The high and low pass atmospheric filter was applied to 
remove the noise through temporal and spatial filtering operations [70,71]. The dis-
placement observed by DInSAR is one dimensional along the Line of Sight (LOS). In or-
der to convert the LOS displacement to the vertical direction (subsidence), an additional 
equation was used [72]. This operation suggests that the displacement is primarily 
caused by the subsidence (vertical displacement) and that the horizontal displacement, 
which is in the same direction of the LOS is very small compared to the vertical subsid-
ence; thus, it can be ignored. However, it is very difficult to convert the measured phase 
change along the LOS into the perpendicular horizontal displacement. Therefore, the 
geocoding was applied to the different outputs from the previous steps to convert the 
slant range format to the geocoded images with the required coordinate system. Finally, 
the data was exported in the Geotiff format to ArcGIS, where statistics have been calcu-
lated. 

5. Results 
After assessing the accuracy of both ALOS-2 and Sentinel-1 in estimating the vertical 

displacement, the final land subsidence rate of Alexandria City and its surroundings was 
monitored from August 2017 to September 2020 by using nine Sentinel-1 SAR images 
with 5 × 20 m spatial resolution and VV polarization. A total of 22 interferometric pairs 
were generated using the image of 27 June 2018 as the super master. All slant ranges of 
the nine images were co-registered with this super master, which was used as the refer-
ence image. 
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Figure 5. Illustrates the coherence values distribution of interferograms produced from the ALOS-2 data (a) and coherent 
interferogram values produced from the Sentinel-1 data (b). 

The generated interferograms, which show strong residual phase ramps and jumps 
originated from the orbital inaccuracies, together with large atmospheric artifacts, were 
corrected by removing the residual phase frequency. Since Alexandria City lies in a 
coastal area with a dense cloud cover during the winter season, the atmospheric artifact 
was expected to cause a negative effect on the interferograms quality. The very large 
temporal or normal baseline between the two acquisitions resulted in the generation of 
wrapped interferograms with very low coherence; thus, these interferograms were dis-
carded (Figure 6). 
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Figure 6. (a) Wrapped ALOS-2 low coherent interferogram showing errors during the flattening sub-step; white arrow 
indicates systematic residual fringes that could have been caused by strong orbital inaccuracy or issues with some pa-
rameter settings, while red arrows indicate strong atmospheric artifacts and phase jumps. (b) Histogram representing the 
coherence value of interferogram with a mean coherent value of 0.15. 

However, the highest coherent Sentinel-1 wrapped interferogram (Master 15 De-
cember 2018 and Slave 10 June 2019) was considered to be acceptable. The urban areas 
have shown high coherent pixels without any phase jump, unlike the agricultural cover, 
which shows low coherent pixels (Figure 7). Wrapped interferograms were subsequently 
filtered and used together with the coherence data to calculate the phase unwrapping. 
The unwrapped interferogram were refined and re-flattened by using the residual phase 
method to estimate and remove the remaining phase constants and phase ramps, in order 
to relate the change in slant range to the deformation only (due to subsidence). A total of 
150 GCPs were selected for both Sentinel-1 and ALOS-2 data, where the unwrapped 
phase value was close to zero and the flat areas were identified. 
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velocity precision threshold value of 9 mm/y and the height precision threshold value of 
35 m were used for Sentinel-1 data, while the velocity precision threshold value used for 
ALOS-2 data was 40 mm/y and the height precision threshold of 100 m. 

 

Figure 9. (a) Statistics histograms of precision height and (b) the corresponding height precision for 
ALOS/PALSAR-2 data. (c) Representative histograms of Sentinel-1 data precision height and (d) 
the corresponding precision velocity. 
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Figure 17. Land-Subsidence map shows the locations of the affected buildings (a); samples of 
cracks on roads and ground deformations located in high subsided areas (b–d). 

The frequently occurred land subsidence events along the Alexandria City, espe-
cially along the newly urbanized areas should be carefully considered for future expan-
sion or any other developmental plans. This is to avoid any related hazards that might 
cause damages. The western desert fringes of Alexandria should be considered for future 
developmental plans instead of the southern part of the city, which is suffering from the 
high subsidence rate due to its fragile substrate soil. 

7. Conclusions 
Quantifying the vertical land displacement with high accuracy is a very important 

aspect in many applied science fields, especially those focusing on mitigating the result-
ing environmental hazards and their impact on various human driven activities and in-
frastructure. Meanwhile, the DInSAR is considered as one of the best tools to provide 
such deformation measures with very high accuracy and with good spatial coverage. In 
this study, different SAR sensors (Sentinel-1 and ALOS/PALSAR-2) were used to assess 
their relative accuracy in estimating the land subsidence along the coastal city of Alex-
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