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Abstract

:

Ground deformation is one of the crucial issues threatening many cities in both societal and economic aspects. Interferometric synthetic aperture radar (InSAR) has been widely used for deformation monitoring. Recently, there has been an increasing availability of massive archives of SAR images from various satellites or sensors. This paper introduces Multi-Satellite SBAS that exploits complementary information from different SAR data to generate integrated long-term ground displacement time series. The proposed method is employed to create the vertical displacement maps of Almokattam City in Egypt from 2000 to 2020. The experimental results are promising using ERS, ENVISAT ASAR, and Sentinel-1A displacement integration. There is a remarkable deformation in the vertical direction along the west area while the mean deformation velocity is −2.32 mm/year. Cross-validation confirms that the root mean square error (RMSE) did not exceed 2.8 mm/year. In addition, the research findings are comparable to those of the previous research in the study area. Consequently, the proposed integration method has great potential to generate displacement time series based on multi-satellite SAR data; however, it still requires further evaluation using field measurements.
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1. Introduction


In recent years, megacities have encountered challenges due to ground subsidence which substantially affects human lives and economic expansion. Thus, frequent deformation monitoring is crucial [1]. Interferometric synthetic aperture radar (InSAR) has revolutionized ground deformation monitoring due to high-resolution measurements over large areas in a cost-effective and timely manner. Though traditional techniques (e.g., GPS and leveling) provide precise measurements, they are often limited in their spatial resolution and prohibitively costly for widespread monitoring [2]. On the one hand, differential interferometric synthetic aperture radar (DInSAR) has been shown a powerful tool for monitoring land displacement fields [3] because of day-night and all-weather operation, large-scale coverage, spatial continuity, and high-accuracy measurements [4]. Accordingly, DInSAR has been widely utilized in various disciplines such as volcanology, tectonics, and studies of deformation in urban areas and subsurface utilities [5]. On the other hand, DInSAR, however, has limitations in monitoring long-term time series of Earth’s surface deformation [6]. Therefore, various researchers have developed Multi-Temporal DInSAR techniques to study the temporal growth of land deformation and map ground deformation. This reduced space-time decorrelation in traditional DInSAR techniques [7]. Three main classes were proposed: the persistent scatterer (PS), the distributed scatterer (DS), and combining both approaches [8]. Initially, the PS class utilizes the pixels of the highest resolution while focusing on points containing a single dominant scatterer [9]. Examples of PS class include persistent Scatterer approach [10,11], Stanford Method for Persistent Scatterers Network (StaMPS) [12], Interferometric Point Target Analysis (IPTA) [13], and Spatio-Temporal Unwrapping Network [14]. Secondly, the DS class employs the Small BAseline Subset (SBAS) technique [15], the Coherent Point Target Analysis (CPTA) [16], and the combined technique [17]. These techniques are enhanced for pixel resolution based on scatterer distribution. Finally, the third class combines approaches from PS and DS. Examples of this class include the Enhanced Spatial Differences (ESD) [18], StaMPS, and SqueeSAR.



In the past decade, several SAR satellites have been deployed which enriched the accessibility of data characterizing different wavelengths, angle geometries, and acquisition modes. Consequently, integrating such multi-satellite SAR data with complement characteristics would provide a vast amount of information [19]; however, such integration over non-overlapping periods is challenging [20]. Earlier integration attempts focused only on computing the three-dimensional (3D) ground deformation by either five categories: (1) a combination of at least three DInSAR sensors or track algorithms [4,21,22,23,24,25,26]; (2) fusion of DInSAR and multiple aperture interferometry (MAI) which measures the north-south (NS) components of the average deformation velocity, which cannot be detected from radar satellites of near-polar orbits. In addition, the fusion of MAI and standard DInSAR provides 3D displacement components across broad areas [27,28]; (3) a combination of DInSAR and Pixel Offset (PO) tracking. Such a combination addressed the poor sensitivity of line-of-sight (LOS) measurements to NS displacements [29,30]; (4) InSAR and global navigation satellite system (GNSS) data integration [9,31,32]; (5) Using DInSAR in conjunction with an a priori deformation model [33,34,35].



These approaches have been extended to generate 3D time series displacement such as Pixel-Offset SBAS (PO-SBAS) technology [36]. In addition, Pepe et al. [19] introduced the Minimum Acceleration integration system to augment PO-SBAS; however, it requires appropriate time-overlapped ascending and descending SAR data. Moreover, Hu et al. [23] integrated DInSAR based on the Kalman filter. Therefore, multi-satellite interferograms have been integrated from different orbital positions to retrieve East-West (EW) and Up-Down displacement time series. It is worth noting that such strategies neglected the NS deformation whereas the temporal changeable components of the deformation field have been retained. Further, Samsonov and d’Oreye [37] proposed Multidimensional SBAS (MSBAS) that involved processing a huge number of multi-satellite differential SAR interferograms. Another update of MSBAS integrated the LOS displacement time series from an individual set of SAR data frames [38]. MSBAS does not inherently necessitate simultaneous processing of multi-satellite SAR data. Additionally, MSBAS does not impose any constraints related to recovering the LOS DInSAR time series. Samsonov and Blais-Stevens [39] applied the MSBAS-2D and MSBAS-3D techniques to map two areas in northern Canada where multiple large slow-moving deep-seated landslides were reported using freely—available Sentinel-1 SAR data collected between 2017 and 2022. Tao et al. [40] constructed and solved the Tikhonov regularized 2D deformation models of MSBAS InSAR with three different orders and three different parameters, processed a large number of ascending and descending Sentinel-1A/B SAR images covering a mine, and examined the sensitivity and reliability of the MSBAS regularization methods for estimating vertical and east-west surface deformation time series over the mine by comparing with leveling-monitoring results. Zhao et al. [20] developed modified quantile-quantile adjustment (MQQA) which conducts time-overlapped ground time series deformation while the non-overlapped data were integrated based on an exterior time-dependent model [19]. Furthermore, a modified quantile-quantile adjustment was developed by [20]. In this study, the time-overlapped ground time series deformation was included in the MQQA process whereas an exterior time-dependent model was employed to integrate the non-overlapping data [19]. Tang et al. [41] proposed a method to retrieve the full three-dimensional (3D) displacement field over the oilfield. Specifically, they retrieved the north-south component based on the assumption of a physical relationship between the horizontal and vertical displacement, and they retrieved the vertical and east-west displacement components by combining the multiple-geometry InSAR line-of-sight (LOS) observations. Consistent displacement rate maps and displacement time series in the LOS direction were produced by processing two ascending and two descending datasets from the Sentinel-1 satellite covering the region using an InSAR time series analysis conducted between 2017 and 2021.



From the aforementioned, two key challenges are associated with deriving ground displacement based on multi-satellite SAR data. The first is employing an external time-dependent model to predict the deformation of non-overlapping data. The other is the simultaneous processing of hundreds of differential SAR interferograms. This research presents Multi-Satellite SBAS which is an adaptation of the traditional SBAS. The long-term deformation time series has been generated based on the extended sequences of time-overlapped and time-gapped SAR data without any external deformation model. Additionally, Multi-Satellite SBAS exploits the complementary nature of multi-satellite SAR data with a small number of SAR images. This is expected to perform in areas with moderate-to-low coherence and low-to-no temporal overlapping datasets.



The remainder of this paper is structured as follows: Section 2 explains the study area, dataset, and the proposed research methodology. Section 3 presents the research findings and results. Section 4 discusses the relevant research and the method’s performance. Finally, the conclusions are summarized in Section 5.




2. Materials and Methods


2.1. Materials


2.1.1. Study Area


Almokattam City, located in the Arab Republic of Egypt, is the study area of this research as shown in Figure 1a. The city lies on the upper plateau of the Almokattam mountain in east Cairo. The city has a plateau-like structure with an approximate surface area of 14 km2. The heights above the mean sea level extend from 60 m to roughly 140 m to the east. Layers of the city are convex in the immediate vicinity and heights continue rising to ≈240 m near the castle lowering to the north until ending at the Mountain of Al Amir near Abbasiyah. Notably, Almokattam City has witnessed sustained urbanization over the last decade as shown in Figure 1b–d. The city has seen continuous population growth despite frequent collapses in the Zbaleen, the southwestern scarp of the high plateau, and Manshiat Nasser. Consequently, the rocks in Almokattam City exhibit instability and are continually prone to potential collapses [42,43,44].




2.1.2. Dataset


This research has proposed a method to integrate multi-satellite SAR data from three independent datasets to retrieve the ground displacement. Set I: ENVISAT ASAR data covering the period from 2008 to 2012. Set II: European Remote Sensing satellite (ERS) SAR images acquired from 2000 to 2010. Lastly, set III: European Union Sentinel-1A (S1) images collected from 2014 to 2020. Table 1 lists the characteristics of each dataset. Also, Figure 1b shows the spatial coverage of the datasets over the study area.





2.2. Methods


The proposed methodology comprised a three-stage approach to integrate both temporally overlapping and temporally-gapped multi-satellite SAR data. The first stage aimed to process the three SAR data tracks individually. Next, the unwrapped phases were geocoded and resampled at selected high coherent points. Finally, the vertical time series displacement was retrieved based on the Multi-satellite SBAS integration. The method integrated SAR data based on truncated Singular Value Decomposition (TSVD) and least square. The flowchart of the proposed methodology is shown in Figure 2.



2.2.1. Surface Displacement Using Multi-Baseline DInSAR


Multi-baseline DInSAR technique employed the appropriate selection of SAR image pairs satisfying short temporal and spatial baselines. Therefore, temporal and spatial phase decorrelation components were minimized to enhance the phase quality of the processed pixels. Multi-baseline DInSAR processing chain entailed a set of processes for each image pair. Initially, the SAR image pair was co-registered. Next, the phase interferogram was generated. After that, the flat-earth phase, and the topographical phase were eliminated. Then, the multi-looking in the range and azimuth directions was employed to suppress speckle noise and increase the signal-to-noise ratio. Finally, phase filtering and unwrapping. Notably, orbital errors were eliminated based on a linear empirical function whereas atmospheric delays were minimized using atmospheric filtering.




2.2.2. Selection of High Coherent Points


To integrate multi-satellite displacement, it was crucial to retrieve a significant number of high-coherence points. To this target, both PS and DS measurements were fundamentally utilized [45]. In the case of PS, temporal amplitude stability approximated the phase stability based on the Amplitude Dispersion Index    D A  =   σ A   μ A     where the   σ A   and   μ A   were the mean and standard deviation of the amplitudes for a specific pixel, respectively. Initial consideration for PS candidates was given to pixels with    D A  < 0.4  . Unlike PS, DS preserved a moderate level of coherence during one or more SAR acquisition periods. The value of complex coherence at a specific pixel in an interferometric pair was calculated as follows:


   τ  m , n   =    ∑  t = 1  L   s m   ( t )   s n   ( t )      ∑  t = 1  L    |  s m   ( t )  |  2   ∑  t = 1  L    |  s n   ( t )  |  2     =  γ  m , n    e  i  ϕ  m , n     ,  



(1)




where L was the number of statistically homogeneous pixels (SHPs) surrounding the central pixel,    s m   ( t )    and    s n   ( t )    represented the complex phase values of the SAR image pair, the coherence magnitude   γ  m , n    defined the degree of coherence and   ϕ  m , n    represents the spatially averaged interferometric phase.



Using statistical similarity tests based on time series amplitudes, such as the Kolmogorov–Smirnov (KS) and Anderson–Darlington (AD) tests, the SHPs for the central pixel can be determined. Initially, DS candidates were chosen from points with average temporal coherence of more than 0.5 and more than 20 SHPs. The spatially averaged phases replaced the original phases of a subset of DS locations. The DS points that correspond with PS points were eliminated to preserve the phases of point-wise PSs. It is worth noting that in every interferogram, PS coherence was always equal to one. The chosen PSs and DSs were then integrated for joint processing in the subsequent analysis. The unwrapped phase   d ϕ   was converted into displacements   d  l o s    at the high-coherence points in terms of the wavelength  λ  as follows:


   d  l o s   =   λ d ϕ   4 π    



(2)







At each selected high-coherence point, the vertical component of displacement   d u   was obtained using Equation (3) based on the incidence angle  θ  as follows:


   d u  =   d  l o s    c o s θ    



(3)







The vertical displacement values resulting from interferograms were geocoded to provide a common grid of high-coherent points on which the multi-satellite SBAS integration step was employed.




2.2.3. Multi-Satellite SBAS Integration


To adapt traditional SBAS for multi-satellite SAR data integration, consider  M  was the number of interferograms formed by   N + 1   multi-satellite SAR images spanning a period from    t o  , . . . ,  t N    where   t o   was the reference starting date. Consequently, the vertical displacement time series was reconstructed according to [15] as follows:


  A  V u  =  d u  ,  



(4)




where   A  M × N    was similar to an incidence matrix formed using the time intervals between successive SAR images, while     d u    M × 1    was the vector of vertical displacements. Also,   V u  N × 1    represented the unknown vertical velocities time series.



Because this system of equation was under-determined, and in turn, did not admit a unique solution that represents a canonical example of a linear discrete ill-posed problem, replacing the “original” linear system with a nearby system (less sensitive to perturbations of the right-hand side of the system) will provide a meaningful solution for this system [19]. This operation is called regularization which was formed using TSVD [46] as stated in Equation (5), such that  A  be decomposed into three matrices   U , S   and  V .


  A = U  S   V T  ,  



(5)




where  U  and  V  are orthogonal, and  S  was a diagonal matrix formed using Equation (6) where r was the rank of  A .


  S =  d i a g  (  σ 1  ,  σ 2  , … ,  σ n  )  ,   σ 1  >  σ 2  > … >  σ r  >  σ  r + 1   =  σ  r + 2   = . . . =  σ n  = 0  



(6)







The main principle of TSVD and standard form regularization was to define a well-posed problem for the ill-posed problem. In the case of TSVD, one approximates the matrix  A  with one   A K   of lower rank k and ignores components of the right-hand side corresponding to the ignored components of  A . The matrix   A K   used in TSVD was defined as the rank-k matrix.


   A K  = U   S K    V T  ,   S K  =  d i a g  (  σ 1  , … ,  σ k  , … , 0 , 0 )  ,  



(7)




where,   k < r   and   S k   equal S with the smallest   n − k   singular values replaced by zeros. The solution of Equation (4) based on TSVD is defined by:


   V u  =  A k +   d u  ,  



(8)




The matrix   A k +   is the pseudoinverse of   A K  :


   A K +  = V   S K +    U T  ,  



(9)







According to the TSVD method we obtain    V u  =  [  V u 1  ,   V u 2  , … ,   V u N  ]    with respect to   t 0  . The TSVD solves the unknown parameters   V u   for each pixel, and numerical integration reconstructed the displacement time series from the computed displacement velocities. We also obtained a combined multi-satellite surface displacement time series using this method, which was relevant to the first acquisition date.




2.2.4. Evaluation Criteria


Due to the lack of field measurements, cross-validation was employed to evaluate the integration results. Two consistency assessments were utilized [5,8]. First, the mean vertical displacement velocity from stacking all interferograms (involved in the integration process) was compared to the mean displacement velocity from integration. Reasonable results of this comparison should confirm the consistency between the two maps. The second assessment compares the average displacement velocity from applying the SBAS to each dataset with their time counterparts from integration. This criterion investigated whether the two maps exhibit a similar behavior. Therefore, standard deviations of the differences were computed.






3. Results and Analysis


The experimental design has involved three sets of SAR data as explained in Section 2.1.2. Cross-validation has been employed to assess the validity of the proposed procedure. To the best of our knowledge, the proposed methodology represents a pioneering approach that integrates 20 years of multi-satellite SAR datasets over Almokattam city. To generate the long-term displacement time series, the LOS displacements were calculated for all interferograms within each dataset to generate the long-term displacement time series. It is worth noting that these displacements have been computed at a set of high-coherence points based on a specific threshold. Next, all interferograms have been geocoded to the WGS84 geographic coordinate system. Then, the combined vertical displacement time series for the ENVISAT, ERS, and S1 datasets have been gained using the TSVD inversion. This corresponds to the ERS dataset’s earliest acquisition date   t 0   of (i.e., the image acquired on 20 January 2000).



3.1. Multi-Baseline DInSAR Displacement


SAR image pairs were chosen based on strict criteria: a perpendicular baseline of less than 500 m for ENVISAT and ERS data, and less than 180 m for Sentinel-1 data. Additionally, all image pairs have a temporal baseline of less than 365 days. Figure 3 presents the distribution of SAR images in the temporal/perpendicular baseline plane, along with connecting lines for the data acquisition points.



Building upon step 1, the DInSAR technique was implemented on the co-registered SAR image pairs by applying a high-resolution 1 arc-second SRTM3 Digital Elevation Model (DEM) to account for topographic phase removal. Additionally, a multi-look was applied for every interferogram (with 1 × 5, and 10 × 2 looks, in the range × azimuth direction for ENVISAT, ERS, and S1, respectively). Then, the noise was filtered from single interferograms using the Goldstein filter [47] while the unwrapped phase was obtained using the statistical-cost network-flow algorithm [48]. After that, a two-dimensional quadratic model was employed to remove baseline residual errors and long-wavelength atmospheric artifacts.



The LOS displacement was then retrieved for high-coherence pixels in each interferogram using a coherence threshold of 0.50. Finally, the geocoded LOS displacements from all interferograms were referenced to the WGS84 system for subsequent analysis. Figure 4a presents the mean vertical displacement velocity from 20 January 2000 to 15 July 2020. This velocity was calculated by stacking the vertical displacements derived from all interferograms used in the analysis. Areas experiencing subsidence (negative velocity) were depicted in shades of red in the western part of the city with a maximum of −5.26 mm/year.




3.2. Multi-Satellite SBAS Displacement


Leveraging the proposed methodology, we successfully integrated temporally overlapped and gapped ENVISAT, ERS, and S1 DInSAR-derived displacement values. This process generated a long-term displacement time series spanning over two decades (2000–2020). Figure 4b presents the mean displacement velocity map for the combined ERS, ENVISAT, and Sentinel-1 data. This map, generated using the set of high-coherence points common across all three datasets, reveals a maximum subsidence velocity of −2.32 mm/year in the western part of the city. As shown in Figure 4, consistent spatial patterns of displacement rates are observed across pre- and post-integration results, validating the proposed method’s efficacy.




3.3. Displacement from Individual Datasets


Mean vertical displacement velocity maps were generated using the SBAS method on the ERS, ENVISAT, and Sentinel-1 datasets, respectively, as shown in Figure 5a,c,e. The displacement velocities derived from each dataset were then compared to their corresponding temporal counterparts obtained from the integration process.



The results from the ERS data (2000–2010) exhibit a wider displacement range (from −59.57 to 19.19 mm/year) compared to both the ENVISAT data (2004–2012; −13.39 to 7.66 mm/year) and Sentinel-1 data (2014–2020; −15.53 to 17.21 mm/year). Despite these variations, a similar overall displacement pattern is evident across all three datasets, as illustrated in Figure 5a,c,e. However, it is important to acknowledge that the different time intervals and image acquisition geometries, including resolution, azimuth, and incidence angle contribute to some discrepancies observed in the displacement rate maps.



Following the generation of the integrated vertical displacement time series from the three datasets, the mean displacement velocity for each dataset’s corresponding period was extracted individually from the combined time series. These extracted velocities are presented in Figure 5b,d,f, respectively. These extracted velocities were then compared to their counterparts computed using the SBAS method. The spatial distribution of displacement for each dataset exhibited minimal variation between the pre-integration and post-integration results, with only insignificant differences in magnitude. This consistency signifies the successful integration achieved by the Multi-Satellite SBAS-based method. The displacement range observed in the ERS and ENVISAT maps exhibits a greater magnitude difference compared to the Sentinel-1 map. This can be attributed to the fewer ERS and ENVISAT interferograms included in the integration process compared to the larger number of Sentinel-1 interferograms.




3.4. Evaluation


The evaluation has adhered to the criteria outlined in Section 2.2.4. First, the pre-integration displacements from all interferograms were compared to their counterparts after integration. Second, the differences between pre and post-integration displacements using interferograms of the individual datasets were compared. The numeric and visualized analysis of results is shown in the upcoming subsections.



3.4.1. Displacement Based on All Interferograms


The statistical analysis signifies the effectiveness of the integration approach, as evidenced by the mean difference of   2.87 ± 0.21   mm with   R M S E   of 2.88 mm/year. Additionally, the correlation coefficients between results were determined. The scatter plot of results is shown in Figure 6a, with a correlation coefficient of 0.97, demonstrating that the two results had a consistent deformation pattern and a high level of agreement. A histogram was established for the displacement differences as shown in Figure 6b.




3.4.2. Displacement from Individual Datasets


Mean displacement velocities from ENVISAT, ERS, and Sentinel-1 data based on the SBAS method were determined and compared to their counterparts from the proposed method. The differences were summarized in Table 2 with a mean difference of 1.87, 1.5, and 1.04 mm for ERS, ENVISAT, and Sentinel-1 data, respectively. This finding denotes the significance of the proposed method for retrieving the long-term multi-satellite vertical displacement time series. A histogram of differences was established as shown in Figure 7a–c. The differences yielded a median of 1.85, 1.49, and 1.08 mm/year for ERS, ENVISAT, and S1, respectively, indicating that S1-derived displacements were more reasonable than those from ERS and ENVISAT. The correlation coefficients were computed separately for the mean displacement velocity pre and post-integration as presented in Figure 8. It was found that the correlation coefficients for the ERS, ENVISAT, and sentential-1 datasets were 0.92, 0.97, and 0.99, respectively. Such findings demonstrated a highly consistent deformation pattern between the results. The   R M S E   of the ERS, ENVISAT, and sentential-1 datasets were 1.92, 1.66, and 1.19 mm, respectively. Therefore, the proposed integration approach (i.e., Multi-satellite SBAS) is efficient as seen by the cross-validation (i.e.,   R M S E  ), particularly the S1 dataset that outperformed ERS and ENVISAT datasets.






4. Discussion


The research methodology proposed Multi-Satellite SBAS to retrieve long-term ground displacement. In this section, several key aspects have been investigated to measure the potential of the proposed method. These aspects encompass the geological characteristics of the study area, Multi-Satellite SBAS, and comparison with previous methods.



4.1. Displacement in Almokattam City, Causes and Implications


The geological composition of Almokattam Mountain has been comprehensively investigated in the literature research. It was reported that the Upper Eocene rocks (Maadi Formation) are composed of brown-colored cracked limestone, marl, and claystone. Also, the Middle Eocene rocks (Almokattam Formation) consist of white to gray limestone with less abundant clay and marl. This structure was reported as one of the major causes of the steep slopes [49]. Therefore, the Almokattam Formation exhibits greater solidity and durability than the Maadi Formation [42]. Small-scale folds sloping downwards in a southeast or east direction were identified. These folds were affiliated with block faulting [50], characterized by a space from 5 to 8 m. Also, they are predominantly steep and characterized by slabs of less than 20 m to 110 m in length, deep corners, and angles between 60 and 70 degrees [51].



The experimental results showed significant subsidence from 2000 to 2010, as shown in Figure 5a. It is worth noting that these findings are consistent with the well-known historical rock failures in 1994, 2004, and 2008. The main causes of the deformation of Almokattam city include (1) the rugged topography ranging from 11 to 220 m; (2) the existence of possible active faults; (3) the heterogeneous nature of the Mountain’s rocks; (4) the environmental issues such as leakage of sewage water; (5) the angle of the slope is proportional to the likelihood of rock failure. The steeper the terrain, the higher the slope angle value. In Almokattam city, where slopes reach 70 degrees, the slope is one of the most critical elements impacting slope stability; (6) the natural ability of the Almokattam mountain ramp is corrosion and instability, and the instability has worsened due to human activity. The deterioration of the situation observed in recent decades was likely attributed to the increasing population as shown in Figure 1b,c,d which increased water infiltration, as well as unregulated building construction; (7) the removal and replacement of vegetation in the built-up region.



Figure 4b, illustrates irregular deformation at several locations. The most vulnerable place to landslides was the western part of Almokattam city where the displacement value reached −2.32 mm/year. This is also in line with the continuous disastrous subsidence at the western part Almokattam Plateau that occurred during the period of study. The validation results demonstrated that the proposed method has potentially provided valuable subsidence information.




4.2. Multi-Satellite SBAS for SAR Data Integration


InSAR has proven to be one of the most powerful techniques for monitoring ground subsidence. However, a single sensor and single platform InSAR analysis face particular obstacles in the urban setting. Therefore, leveraging the increasing availability of SAR satellites with diverse temporal and spatial resolutions was sought to derive a multi-platform InSAR time series. Such integration is anticipated to mitigate the limitations of single-sensor or single-platform data. This was the inspiration for our post-processing integration method. Additionally, the characteristics of the proposed method compared to literature research include: (1) no external deformation model is required to link the time-gaped data; (2) LOS ground displacement is generated independently of a pre-definition of a displacement model; (3) a relatively small number of SAR scenes are utilized; (4) Exploiting the advantages of both PS and DS to increase the density of high-coherence points.




4.3. Comparison with Previous Studies


The field measurements were not available to perform evaluation and cross-validation was employed. Consequently, the major research findings were compared to the previous research in the study area. Two literature research were involved [52,53] because their investigations utilized InSAR data within our study period. Poscolieri et al. [52] detected ground deformation in the Greater Cairo Metropolitan Region from 2003 to 2009 using ASAR Single Look Complex VV-polarization scenes in descending mode. They employed Interferometric Stacking and Persistent Scatterers Interferometry to retrieve the displacement. They have reported a subsidence rate of −2 to −5 mm/year in the west and −5 to −7 mm/year in the west-south areas of the city. In addition, numerous normal faults have been mapped with an NW-SE direction [51]. They also demonstrated a sinking phenomenon between these structures, particularly at the point targets located on the down-thrown side of the normal faults.



Further, Aly et al. [53] utilized a permanent scatterer interferometric technique to quantify Greater Cairo’s subsidence with its spatial and temporal variability. The dataset comprised 34 InSAR images from the ERS-1 and ERS-2 from 1993 to 2000. The largest subsidence was reported for the west side of Almokattam Hill with a rate of −4 to −7 mm/year. Then, this rate continued to drop progressively to the middle of the hill by −1 to −3 mm/year. In addition, certain uplifts were recorded in various places of the hill particularly in the east. Lastly, they highlighted insignificant differences in vertical displacement between their findings and previous research within the study area. They attributed such differences to diverse methodologies, SAR datasets, and time intervals.



Compared to the aforementioned, our proposed methodology has achieved sub-millimeter accuracy in estimating both subsidence and its trend. Sentinel-1 results outperformed those from ENVISAT and ERS. With a few minor exceptions, the results were generally consistent. Sentinel-1 results exhibited a high degree of consistency. On the other hand, the findings from the other datasets which encompassed the earliest time frames displayed the lowest correlations. This could be attributed to the larger number and small temporal resolution of Sentinel-1 images that were utilized in the integration process compared to ENVISAT and ERS images. Sentinel-1’s data were highly consistent, which promotes our hypothesis that vertical displacement accounts for the majority of the displacement. Finally, our study demonstrated the significance of integrating multi-sensor and multi-track SAR data to retrieve long-term displacement. Further, the integration of InSAR data from multiple satellites and tracks optimizes the potential of these datasets, such as the comprehensive coverage for deformation monitoring.





5. Conclusions


This paper introduced multi-satellite DInSAR data integration based on TSVD. The developed method integrated both temporal-overlapped and temporal-gaped systems of vertical displacement time series. The experiments were conducted using 20 years of SAR data from Almokattam City in Egypt. According to the cross-validation, the integration allowed for a better interpretation of the deformation behavior within the study area. It is believed that the integration results are anticipated to support the decision-making authorities for risk mitigation and sustainability. It can be concluded that the proposed method has a potential performance on multi-satellite DInSAR integration, however, it should be assessed, adjusted, and validated by extra types of measurements (GPS, leveling, etc). An essential outlook of this research is to extend the Multi-Satellite SBAS to combine DInSAR-driven 3D displacement time series. Such an extension is subject to the validity of some additional ground deformation signal constraints, and the accessibility of SAR ascending/descending flight passes over the same scene on Earth.
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Figure 1. Study area and data distribution. (a) Location of the Almokattam city on Egypt map. (b) SAR data distribution. (c–e): Urban growth from 2000 to 2017. 
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Figure 2. Research workflow. 
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Figure 3. Distribution of SAR data in the temporal and perpendicular baseline domain. (a) ERS. (b) ENVISAT. (c) sentinel-1. 
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Figure 4. Mean displacement velocity map. (a) Pre-integration (b) Post integration. 
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Figure 5. Mean displacement velocity map. ERS (20 January 2000 to 17 February 2005), ENVISAT (13 May 2004 to 6 March 2012), and Sentinel-1 (9 October 2014 to 15 July 2020). (a,c,e): mean displacement pre-integration. (b,d,f): mean displacement pre-integration. 
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Figure 6. Scatterplot and comparison of mean displacement velocity at high-coherence points pre and post-integration. (a) Correlation between mean displacement velocity pre- and post-integration. (b) Histogram of differences between mean displacement velocity pre- and post-integration. 
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Figure 7. Histograms of the displacement differences. (a) ERS. (b) ENVISAT. (c) Sentinel-1. 
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Figure 8. Scatterplots of the mean displacement velocities using the SBAS method at high-coherence points. (a) ERS. (b) ENVISAT. (c) Sentinel-1. 
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Table 1. SAR dataset.






Table 1. SAR dataset.





	
Satellite

	
ENVISAT

	
ERS

	
Sentinel-1






	
Orbit

	
Ascending

	
Descending

	
Ascending

	
Descending

	
Ascending

	
Descending




	
Period

	
21 March 2008–16 March 2009

	
13 May 2004–06 March 2012

	
09 February 2009–27 September 2010

	
20 January 2000–17 February 2005

	
9 October 2014–15 July 2020

	
30 September 2016–29 June 2020




	
No. of images

	
3

	
22

	
4

	
23

	
21

	
17











 





Table 2. Differences between the mean displacement velocity values of each dataset before and after integration (mm/year).
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	Satellite
	ERS
	ENVISAT
	Sentinel-1





	Min. Difference
	0.97
	0.002
	0.0003



	Max. Difference
	3.11
	3.02
	2.5



	Mean. Difference
	1.87
	1.5
	1.04



	   R M S E   
	1.92
	1.66
	1.19



	STD
	0.42
	0.72
	0.57
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