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Abstract

:

Urban areas are subject to subsidence due to varying natural and anthropogenic causes. Often, subsidence is interpreted and correlated to a single causal factor; however, subsidence is usually more complex. In this study, we adopt a new model to distinguish different causes of subsidence in urban areas based on complexity. Ascending and descending Sentinel-1 data were analyzed using permanent scatterer interferometry (PS-InSAR) and decomposed to estimate vertical velocity. The estimated velocity is correlated to potential causes of subsidence, and modeled using different weights, to extract the model with the highest correlations among subsidence. The model was tested in Alexandria City, Egypt, based on three potential causes of subsidence: rock type, former lakes and lagoons dewatering (FLLD), and built-up load (BL). Results of experiments on the tested area reveal singular patterns of causal factors of subsidence distributed across the northeast, northwest, central south, and parts of the city center, reflecting the rock type of those areas. Dual causes of subsidence are found in the southwest and some parts of the southeast as a contribution of rock type and FLLD, whereas the most complex causes of subsidence are found in the southeast of the city, as the newly built-up areas interact with the rock type and FLLD to form a complex subsidence regime. Those areas also show the highest subsidence values among all other parts of the city. The accuracy of the final model was confirmed using linear regression analysis, with an R2 value of 0.88.
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1. Introduction


Monitoring and analyzing subsidence in urban areas provides actionable intelligence for the prevention of potential loss of life and property, given the high rates of urbanization in many parts of the world. A variety of factors could produce urban subsidence including natural and anthropogenic causes such as lithology [1,2,3,4], dewatering [4,5], tectonic activities [6,7], building loads [3,6,8], Mining activities [9], and groundwater consumption [6,10,11,12]. One of those factors could individually influence the surface subsidence. Thus, the causes of urban subsidence within a study area are normally interpreted individually, but subsidence may be caused by interaction of several factors acting together in the same area and, normally, the interaction between several subsidence causes increases potential subsidence-related hazards in urban areas such as building collapse, and could influence the inhabitants living in these urban areas.



The interaction between causal factors is clear in many cases [13]. Nevertheless, the interaction between different factors is normally treated descriptively in large areas as in Seleem et al. [8], or mathematically in very small areas such as at building scale [13], and relatively few studies integrate spatially two or more causes when interpreting a pattern of subsidence in a city scale or larger areas of interest [14]. Hence, in this study, we propose a new model to interpret and map the complex subsidence causality (CSC) based on the number of spatially dependent factors that contribute to subsidence in a given area of interest. This interpretation is helpful in defining potentially hazardous areas, for better management in existing urban areas, and planning new expansion. Since factors causing surface subsidence are varied in each area, this model was designed to be flexible in the matter of subsidence inputs based on the unique characteristics of a study area. The causes of subsidence and the integration and interaction and correlations between these causal factors, therefore, need to be analyzed in detail to reach this goal.



Accurate surface velocity estimations can reduce the uncertainty in models of subsidence phenomena. Microwave remote-sensing data gives the opportunity to measure surface motion precisely. This model depends on the permanent scatterer interferometric synthetic aperture radar (PS-InSAR) technique [15], to detect subsidence in the study area. PS-InSAR is a SAR based deformation monitoring technique designed to overcome temporal and geometrical decorrelation problems of differential interferometric SAR (D-InSAR), by identifying and exploiting stable targets in a temporal series of interferograms as permanent scatterers. This technique has the capability to detect surface deformation in wide area coverage at millimeter-level precision [16]. The reliability of results derived from the PS-InSAR technique was confirmed by continuous global positioning system (GPS) data measurements [17]. In this study, ascending and descending data of Sentinel-1 [18], were used to estimate surface motion in the line of sight (LOS) in Alexandria, Egypt. The two results of LOS were integrated to decompose the surface vertical velocity of Alexandria.



Alexandria was selected as a test area due to its location in a deltaic margin. Cities in delta margins are well known for their complex patterns of urban subsidence. The decrease in the Nile annual water and sediment discharge over the last two centuries related to barrages and dam construction on the lower River Nile has resulted in a subsidence rate increase across the city [4]. Subsidence and sea-level rise make this city vulnerable to coastal flooding, potentially exposing a large urban population to risk [19]. Subsidence in Alexandria has not been fully reported in literature; however, subsidence was partially studied using traditional geological measurements mainly in the eastern and southern parts of the city [4,7,19,20] and interferometric synthetic aperture radar (InSAR) techniques were used to study the central part of the city to measure sea level rise [17]. In our work, we tested several factors linked to subsidence, irrelevant causes of subsidence were eliminated; and the remaining were then modeled to map the CSC of Alexandria.




2. Materials and Methods


The CSC model consists of three main parts as illustrated in the red dashed boxes in Figure 1. The first part is the vertical motion estimation that depends on PS-InSAR surface velocity estimation. The second part is the subsidence causality inputs, which are varied based on the characteristics of the study area. The third part is the spatial integration of vertical velocity and subsidence causality factors. In this part, different ranks and weights are given to extract the best-fitting model to map the complex subsidence causality in the study area.



Surface velocity is estimated in the LOS direction for ascending and descending geometries. Two LOS measures are integrated to decompose the vertical velocity. Potential subsidence causes are assessed based on literature and initial field investigations. Once confirmed, these spatially distributed factors are used as subsidence causality inputs. Potential causal factors for subsidence are correlated to the vertical velocity map in order to define weights for their classes, based on the mean vertical displacement. Different models are initiated with ranked causality factors, and correlated to a vertical motion map, to extract a best-fit model for CSC mapping in the study area. Detailed steps of the CSC model and subsidence causality inputs for Alexandria illustrated by the blue shapes in Figure 1, the details are presented in the following sub-sections.



2.1. Vertical Motion Estimation


2.1.1. Permanent Scatterer Interferometry Synthetic Aperture Radar (PS-InSAR) Processing


We used Sentinel 1A/B (S-1) data for PS-InSAR processing over Alexandria City. S-1 is a two-satellite constellation C-band radar sensor launched and managed by the European Space Agency (ESA) as a part of the Global Monitoring for Environment and Security (GMES) Space Component programme. The first S1 sensor (S-1A) was launched in 2014. The second sensor (S-1B) was launched in 2016. S-1 as a microwave satellite constellation has a short temporal resolution with revisits up to six days in Europe and its surrounding regions. This sensor has wide swath data (250 km) and geometric resolution of 5 m in range and 20 m in azimuth, to serve medium to high-resolution applications [21,22]. In this study, we used ascending and descending orbits for deformation interpretation over the city area; 124 images were collected from an ascending orbit, and 129 images from a descending orbit. Data were acquired between January 2015 and May 2019, with a temporal baseline average of 12 days.



The standard PS-InSAR technique was applied to detect surface deformation using SARPROZ [23]. In the interferometric analysis, the differential interferometric phase Δфdiff consists of deformation Δфdefo, topographic residuals Δфtopo, atmospheric delay Δфatmo, and residual noise Δфnoise signals as shown in e following formula:


Δфdiff = Δфdefo + Δфtopo + Δфatmo + Δфnoise



(1)







PS-InSAR analysis depends on creating a network between permanent scatterers to separate the topographic residuals and the atmospheric delay from the deformation signal [15]. It requires a coregistration of all so-called slave images to a master image. With terrain observation by progressive scans (TOPS) mode as the standard acquisition mode for S-1 data, a very precise coregistration accuracy of about 0.009 of a pixel is required [22]. We limited the estimation of the linear trend between ±160 mm and the estimation of the residual topographic error between ±220 m to include the high-rise buildings in the area.



PS-InSAR depends on a stable reference point to estimate relative velocity in respect to that reference point. Therefore, for a combined PS-InSAR analysis from different orbits, special care in selecting the reference points is required. Reference points for the two geometries were selected in a relatively stable area and close to each other within one kilometer between the two geometries reference points. Finally, we only selected PS points with a temporal coherence of 0.8 or higher.




2.1.2. Vertical Velocity Decomposition


After obtaining the line-of-sight (LOS) velocity of the ascending and descending geometries, the surface deformation in the whole study area was predicted via an interpolation, to create a continuous surface of deformation over the whole study area for the vertical velocity decomposition process. Several equations were used to calculate two-dimensional (2D), and 3D displacement for InSAR results [24,25,26,27]. In this study, vertical deformation was retrieved by using the matrix presented in Equations (2) and (3) [28]:


(dascddesc)= A (dvertdhoriz)



(2)




where


A=(cosθascsinθasccosθΔacosθdescsinθdesc)



(3)




d is the deformation along LOS for ascending dasc and descending ddesc, and dvert is the vertical motion. The term dhoriz refers to the projection of horizontal deformation in descending azimuth look direction, θ is the incident angle, and ∆α is the satellite heading difference between ascending and descending mode. The estimated horizontal motion in this matrix is in the east-west direction. The north-south horizontal motion is considered negligible because of the near-polar orbit of Sentinel-1 sensors that does not allow an accurate estimation of north-south displacement [29]. Negative values of the estimated vertical velocities represent surface subsidence in the study area. However, in this study we considered areas with vertical velocity less than −2 mm/y as subsidence areas in the further analysis.





2.2. Subsidence Causality Inputs


The spatial and temporal context in an area of interest should be considered when defining the CSC causality inputs that could explain surface motion. Alexandria is one of the oldest cities in Africa and the Mediterranean Sea. It is the second largest city in Egypt and the main harbor city of the country. Located in a semi-arid area, Alexandria has only two climatic seasons: a moderate winter with very little rainfall from November to April, and a hot dry summer from May to October. The population of the city is more than five million with a population density of about 1800/km2, based on Egyptian Statistical Office (CAPMS) data [8]. It was built by Alexander the Great on the site of Rhakotis village in 331 BC [30]. The present city is located between 30°50′ to 31°40′ North and 29°40′ to 32°35′ East, Alexandria extends from Abu Qir Bay in the East to Sidi Krier in the West with a waterfront of about 70 km. This city has a commercial, industrial, business, and cultural importance in the country as almost 40% of Egyptian industry is located in or surrounding the city [8].



Alexandria is located in a tectonically stable area. Geologically, it is based on a cemented Pleistocene sandstone ridge, and covered by a thin layer of Nile Delta’s Holocene sediments, except for the sandy tombolo that connects the paleo-island to the mainland. The carbonate sandstone ridge appears in some parts of the west in Alagami and east in Abu Qir. Geomorphologically, it consists of a low, near-horizontal topography within one meter above the mean sea level [31]. Most of the city lies on a long natural bay between the sea and Lake Mareotis at the western edge of the Nile Delta. Alexandria consists of three segments: beach resorts in the southwest, watersheds in the city center, and cape Abu Qir in the northeast [8,30]. The southern parts of the city were formerly wetlands [6,7].



This city experienced severe subsidence rates caused by short-term catastrophic events such as powerful earthquakes and tsunamis in the years 365 AD, 1303, and 1323 that resulted in a sudden failure of some parts of the city such as the eastern harbor [32]. In the last three decades, the city area has expanded rapidly. However, the major part of the urban expansion is unplanned with a lack of basic services and infrastructure for a large part of the population in those areas [8]. Figure 2 presents the study area of Alexandria city and its important features.



The literature and field investigation controlled the subsidence causality factors selection in Alexandria. Our model-test-study started with a hypothesis of eight subsidence causality factors in Alexandria: rock type, former lakes and lagoon dewatering (FLLD) in dried and reclaimed lands, active faults, seismic activities, building load (BL), groundwater extraction, mining activities, and underground infrastructure. Field investigations revealed no large underground infrastructure in Alexandria that could influence surface subsidence due to its sensitive nature, nor mining activities which may influence surface motion of the city. Field investigations also revealed no groundwater extraction for irrigation in the study area due to the high salinity of the subsurface water (see also [17]). In addition, the seismic activities in the city have only a small influence on surface deformation as no earthquakes with a magnitude above five or six have been measured during the last century. No active faults at less than the century-scale, that could have influenced the surface, were detected in the study area [17]. Hence, this study considered only three potential causes of surface subsidence in the city: rock type, FLLD, and BL. Rock type and FLLD data were collected from secondary data sources [20,30], as shown in Figure 3, on a true color image of S-2 of 24 October 2018. Figure 3a shows lithological map of the study area modified after the geological map produced by Egyptian geological survey in 1992 and Warne and Stanley [20]. While, Figure 3b presents former lakes and lagoon in Alexandria modified after Warne and Stanley [20], and Abdel-Salam [30]. However, BL needed to be developed as no existing data for this factor were available in Alexandria.



To map the BL of Alexandria, we used the highest resolution data from Sentinel-2. Bands 2, 3, 4, and 8 (10m) are used to map land cover by using an un-supervised K-means classification method. Different classes were defined and combined to five land cover types: water, vegetation, soil, moderate impervious surfaces (IS), and dense IS, as illustrated in Figure 4. This figure shows the high density of built-up areas in Alexandria, with less vegetated spaces within urban blocks, and areas of cultivated crops present in the northeast and southeastern parts of the city.



We isolated the water surface land cover from further analysis and combined bare soil with vegetation land cover in a single class and gave it a rank of 1. Moderate IS land cover had a rank of 2; while, dense IS was ranked 3, as illustrated in Figure 5a. In turn, we used the extracted height values of the PS points in the PS-InSAR result of the ascending data to interpolate a digital surface model (DSM) for Alexandria, as a reference for relative building heights average in the study area. Since the extracted height in the PS-InSAR process is a relative height, heights were classified without considering the exact value of each PS point height. Five classes were extracted from very low to very high DSM by using the quantile method as presented in Figure 5b, and ranked from 1 to 5. The last step when producing the BL integrated the ranked land cover map with the ranked DSM to finalize the BL map presented in Figure 5c. The DSM ranks were double weighted before integration because building height affects subsidence much more land-cover classification.



As illustrated in Figure 5c, high BL is spatially distributed in the historical built-up area in the city center, in the Alagami neighborhood in southwest Alexandria, in the densely built-up areas in Abu-Qir, and around new buildings in the southern parts of the city. The BL map of the city was used in combination with maps of the rock type and FLL to determine the spatial correlation of each potential subsidence causality factor and the vertical motion in the area of interest.




2.3. Best-Fit Model Extraction


Weights were assigned for classes of each factor depending on the vertical velocity average, based on the spatial distribution of potential subsidence causality factors, as the sum of weights for all classes is equal to 100. We designed a number of models tested for a correlation between the models and vertical velocity. Each model had a different set of input factor ranks as in our test area in Alexandria, as shown in Table 1.



Because we have only three potential subsidence causality factors in Alexandria, we designed seven models; the first one has equal ranks for the three factors. Factors had different ranks to distinguish their influence on surface vertical velocity. Models were calculated based on the formula presented in Equation (4):


Lw*R + Fw*R + Bw*R



(4)




where, L is the rock type factor, F is the FLLD factor, and B is BL factor. The value R is the rank for each factor in the model as presented in Table 1, and w is the weights of classes in each subsidence causality factor, based on the surface deformation detected within each discrete class.



This formula has three variables based on the three subsidence causality factors in Alexandria; however, this equation is flexible, and different variables can be added or removed, based on the number and type of subsidence causality factors in the area of study. The model results can now be correlated to the vertical surface motion in the study area. We suggest using two different methods to measure correlation: Pearson’s correlation coefficient, and Spearman’s rho. The model with highest correlation coefficient of those two methods is used to map the CSC in the area of interest.





3. Model Results for the Tested Area


3.1. PS-InSAR Line of Sight (LOS) Displacement Results


The relative deformation in the ascending orbit LOS varied between 6.07 mm/yr and −35.4 mm/yr, with an average velocity of −0.29 mm/yr; the descending LOS velocity was between 6.3 mm/yr and −37.4 mm/yr, with an average of −1.8 mm/yr as shown in Figure 6. Figure 6a presents motion in the LOS of the ascending orbit and 6b shows motion in the LOS of the descending orbit. The graduated blue colour in Figure 6 shows areas of stable to slight motion towards the sensor, as we considered stable areas as those having an annual average motion of ±2 mm. Areas of motion away from the sensor are shown as points on a spectrum ranging from light green, yellow, orange, to red, based on the deformation velocity.



Figure 6 also indicates locations in the pink colour rectangles including representative PS points used in time series analysis as presented in Figure 7. Cumulative displacement in ascending LOS during the study area from January 2015 to May 2019, reached 156 mm away from the sensor. The highest cumulative displacement in the descending LOS was estimated to be −164 mm. High velocities away from the sensor in ascending and descending geometries are described as subsidence areas.



Figure 7a,d represent subsidence in Former Lake Mareotis with liner deformation away of the sensor in ascending and descending geometries respectively, with a cumulative displacement of −155.6 mm in ascending and −153.2 mm in descending. This velocity average results in an overall displacement away from the ascending orbit of −156 mm during the study period between January 2015 and May 2019; whereas, the cumulative displacement in the descending LOS reached −164 mm during the study period. Figure 7b,c show cumulative displacement time series of two representative points of the former Abu-Qir Lagoon in the ascending geometry, and Figure 7e,f show the other two representative PS points for identical areas in the descending geometry. Linear displacement was observed at the four points with a cumulative displacement of −151.7 mm, −111.1 mm, −132.6 mm, and −93.1 mm at the points shown in Figure 7b,c,e,f respectively. Overall, subsidence was found to be the main surface deformation feature in Alexandria as negative values were observed in high deformation areas, and no remarkable opposite deformation away from one sensor and towards the other sensor.




3.2. Vertical Velocity Map of Alexandria


Figure 8 shows the vertical displacement map decomposed from ascending and descending LOS geometries, Negative values indicate subsidence, and positive values indicate a stable to slight uplift motion. The average of the vertical velocity in the study area is −2.3 mm/yr. The surface of Alexandria is stable in the main city center, but with two small spots of subsidence in the historical sandy tombolo. The highest estimated subsidence value is −31.7 mm/yr; high subsidence areas are distributed mainly in the former Abu Qir Lagoon, the former Mareotis Lake’s dried and reclaimed area, and parts of the northeast Alagami area. Subsidence in Alexandria occurs mostly in the new urbanized areas. Hence, the evolution of Alexandria City was mapped as presented in the sub-data frame of Figure 8 valuate the correlation between urbanization processes and urban subsidence in the city.



The insert map in Figure 8 presents the study area of Alexandria city, showing the evolution of the area’s extent from 332 B.C to 2018. The city extent from the era of Alexander the Great until 1917 was mapped according to [30]. The city extents in 1972 and 2018 were extracted from Landsat MSS data captured on 19 September 1972, and an S-2 image acquired on 24 October 2018. City areas that were constructed before 1917 were found to be relatively stable, relative to areas of urban expansion, starting at the beginning of the twentieth century as shown in Figure 9.



The historical part of the city, built between 332~30 BC, has vertical velocity average of 0.56 mm/yr, as compared to −0.37 mm/yr and −0.21 mm/yr in built-up areas constructed between 30 BC~1766, and 1766~1917. Areas built between 1917 and 1972 have a relatively unstable surface with average subsidence of −2.44 mm/yr. The subsidence average increased in newly urbanized areas after 1972 to −3.07 mm/yr.




3.3. Interpretation of Subsidence Causality Factors


To model complex subsidence causality, each subsidence factor is studied individually, and spatially correlated to the vertical velocity. This section summarizes the spatial correlation results of those factors and vertical velocities. Based on these correlations, the average vertical velocity is used as a reference to weight potential subsidence causality classes when modelling the spatial complexity of it in the City.



3.3.1. Rock Type


The type of rocks is found to have an influence on Alexandria’s surface deformation due to the city location on the North Western margin of the Nile Delta. Table 2 presents the highest, lowest, mean, and standard deviation values of deformation based on each lithological type. Artificial reclaimed surfaces on the Mediterranean Cost, carbonate ridges, and gravel in the west show stable surfaces compared to other city parts. Hence, those types of rock was assigned the lowest weight among other rock types combined with reclaimed sand with an average annual vertical velocity of −0.29 mm. Stabilized sand dunes (−0.46 mm/yr), and oolitic beach and beach ridge (−0.69 mm/yr), were given a slightly higher weights of 7 and 8 respectively, given their relative low annual subsidence average.



Sabkha deposits in the South Western part of Alexandria had the highest mean subsidence among all lithological types with a mean subsidence of −3.51 mm/yr. This high subsidence average value resulted in a high weight for Sabkha deposits of 35. The Nile silt in the eastern and central parts of the city has the second subsidence average with value of −3.09 mm/yr. Therefore, a relatively lower weight of 30 was given to this lithological type in contrast to the sabkha deposit.




3.3.2. Former Lakes and Lagoon Dewatering


In this study area, there are three dried and reclaimed areas from former lakes and lagoon. These include the former Alharda Lake, a part of the former Mareotis Lake in the South Western section of the study area, and a part of former Abu-Qir Lagoon in southeast Alexandria. Table 3 shows the minimum, maximum, mean, and standard deviation values of each of the former lakes and lagoons (FLL) in Alexandria, as well as these values for the overall area dried or reclaimed from former lakes and lagoons, alongside the same values for non-FLL areas in the study area. In contrast to other parts of the city, dried and reclaimed areas from FLL have a high average subsidence, about −4.69 mm/yr, as compared to −0.53 mm/yr in non-FLL areas as revealed in Table 3.



The dried and reclaimed areas from Abu-Qir Lagoon in the southeast of the study area have the highest average subsidence when compared to other dried and reclaimed FLL areas, about −6.7 mm/yr. Based on this average; those areas were given the highest weight, 45. These were followed by the dried and reclaimed areas of the former Lake Mareotis, with mean subsidence of −3.5 mm/yr, and a weight of 30. The remaining dried and reclaimed areas of the former Lake Alhadra showed the lowest annual average subsidence among dried and reclaimed FLL areas, −2.45 mm/yr, with a weight of 45. Areas with no dried or reclaimed FLL were given a weight of 5.




3.3.3. Building Load Impact


However, the highest subsidence value is located in a high building load area as shown in Table 4. The average of the estimated building load has a negative correlation to the vertical velocity as shown in Figure 10. Areas with no building in the study area have the highest annual average subsidence of −2.99 mm/yr. Mean subsidence gradually decreased to −2.62 mm/yr, and −1.8 mm/yr, for low and moderate building densities, respectively. A slight increase in average subsidence by about −1.86 mm/yr was detected. The mean subsidence values support our finding discussed in Section 3.2 that newly urbanized areas have the highest deformation.



We assumed that the BL weighting based on mean subsidence would not support BL weighting in Alexandria as most of the subsidence occurs in an area with high building loads. Hence, an exception was made in this study area, the weights were ascending, based on literature that correlates building density to surface subsidence in urban areas as shown in Table 4. Weights of 40, 30, 20, and 10 were given to BL classes of high, moderate, low, and no building loads on the surface, respectively.





3.4. Complexity of Subsidence Causality in Alexandria


Figure 10 illustrates the correlation coefficients for the seven models, as well as coefficients for the three potential subsidence causality factors presented in this study. The three potential causes and seven models were correlated to subsidence in the city, at the 0.01 level of significance. All showed positive correlation except the BL, which showed a negative correlation to subsidence with a Pearson’s correlation coefficient of −0.121, and a Spearman’s rho of −0.205. For the two other individual causal factors of subsidence, FLLD had the highest positive correlation with subsidence in Alexandria, with a Pearson’s correlation coefficient of 0.563 and a Spearman’s rho of 0.616. The correlation coefficients for rock type show a positive correlation to subsidence with relatively lower correlation in comparison to FLLD, with a Pearson’s correlation coefficient of 0.337, and a Spearman’s rho of 0.361.



Among all the processed models, the models with the highest BL rank, M5 (L*2+F*1+B*3), and M6 (L*1+F*2+B*3) show the lowest correlation coefficients. Additionally, low correlation coefficients were observed for models with low FLLD ranks, M5(L*2+F*1+B*3), and M3 (L*3+F*1+B*2). The models M1 (L*1+F*1+B*1), M2 (L*3+F*2+B*1), M4 (L*2+F*3+B*2), and M7 (L*2+F*3+B*1), had higher vertical deformation correlation coefficient values. We selected M4 (L*2+F*3+B*1), to model the final CSC for Alexandria, because M4 had highest correlation to subsidence, the Pearson’s correlation coefficient was 0.552 in and Spearman’s rho was 0.566 in.



Linear regression analysis was used to correlate the model results to average vertical deformation of the city to ensure the accuracy of M4 when mapping the CSC, as shown in Figure 11, a high R2 value of 0.88. confirms the applicability of this model when mapping the final CSC in Alexandria.



We considered areas as stable if they did not exceed two millimeters of subsidence per year. All pixels with velocity of less than −2 mm/yr represent areas with different degrees of subsidence, as shown in the small-data-frame of Figure 12. Subsidence areas were mainly distributed in the southern newly urbanized areas of the city, dried or reclaimed from former lakes and lagoons. Only subsidence areas with velocity less than −2 mm/yr were extracted from the M4 result. This was classified to tertiles by singular, dual, and complex causes of subsidence, illustrated in Figure 12.



Singular reasons for subsidence are found in parts of the northwest (Alagami), newly reclaimed areas in the northeast of palaeo-island of Farous, the sandy tombolo of the old city, some parts of stabilized sand dunes in the eastern part of the city, and newly reclaimed areas in the far eastern side of Abu-Qir area. These all correspond with the rock type as discussed in Section 3.3.1.



Dual subsidence factors are present in the south of the city as the rock type interacts with the Nile silt and Sabkha deposits in dewatered FLL areas. An interaction between the three causal factors of subsidence mainly appear in the newly urbanized southeastern areas of the city that have newly dense building loads resting on Nile Silt soil and dewatered former lagoons. Additionally, the highest surface subsidence was spatially related to the complex casualty areas as shown in the small data frame of Figure 12.





4. Discussion


4.1. Quality of PS-InSAR Measurements


PS-InSAR results are relative to the reference point; hence, the absolute surface deformation is uncertain, as we were unable to obtain a record of the stable GPS station of the Centre d’Etudes Alexandrines during our study period. A previous PS-InSAR study conducted in Alexandria used GPS station data to validate its results in the period between 2003 and 2010 [17]. That study applied the PS-InSAR technique over the city center of Alexandria and validated the PS-InSAR results based on the vertical velocity of a continuous GPS station at the Centre d’Etudes Alexandrines; in this study, the vertical velocity was estimated to be 0.05 ± 0.29 mm/yr with respect to the global international terrestrial reference frame. Their validation results indicated a mean ground motion of −0.39 mm/y in their study area. We in turn used this mean deformation value to validate our results. We found that the average vertical deformation of the same study area was −1.4 mm/yr. Therefore, we adopted a potential error range of ±1~2 mm in our study vertical displacement results.




4.2. Sentinel-1 PS Density in Alexandria


The overall density of the PS-InSAR points in the images from the ascending orbit was 191 points per square kilometer within the Alexandria study area, increasing to 345 points/km2 in the denser parts of the city. In images from the descending orbit, the point density was 184 points/km2 within the study area increasing up to 319 points/km2 in denser built-up areas in comparison to the few attempts in the literature to use the PS-InSAR technique in Alexandria [8,17], this density of extracted PS-INSAR points in our study is significantly higher than any previous study. Only 14 points per square kilometer were obtained in [8], by utilizing 40 Advanced Synthetic Aperture Radar (ASAR) images between 2003–2010. In addition, our findings in results of vertical motion decomposition is considered much precise than the estimated surface deformation in the descending line-of-sight concluded in previous PS-InSAR studies in Alexandria [8,17]. Because, InSAR measurements from one particular imaging geometry (ascending or descending), needs to be interpreted with caution, as vertical motion, horizontal displacement, and tilt can introduce large errors in the final deformation results.




4.3. Subsidence Markers in Alexandria


Different levels of subsidence in various locations in the study area left visual marks on the city surface, since a field investigation confirmed the empirical results presented in this study. Figure 13 shows samples of visual cracks on buildings and roads captured at sites of subsidence as identified in our vertical displacement results. Different subsidence degrees can be easily inferred from road cracks shown in pictures shown in Figure 13b,c,h as subsidence varied between −3~−4 mm/yr in the first area and −10~−23 mm/yr in the other two areas. Moreover, the severity of subsidence in Alexandria is also evident in Figure 13d showing the tilt of a high building, marked by the purple arrow. Visible cracks appear on many buildings in subsidence areas as shown in Figure 13a,f,g,i.




4.4. Subsidence Causes Interaction


This study was designed to interpret the complexity of subsidence causalities spatially based on spatial and statistical correlations. The conclusion of Seleem et al. [8] about the integration between geology, topography, and urban expansion in Alexandria was descriptive, without any spatial distribution or statistical correlation; the results of our study however, confirmed the existence of such interaction in subsidence causality in Alexandria City. of the findings of our study was also confirmed by a comparison with results reported in the literature [19,20,22,32,33].



Subsidence due to the Quaternary water-saturated substrate in the southeast of the city was reported in [22], which supports the outcome of our study regarding the role of FLLD in this area of the city. In addition, geological field measurements in the literature [20,33], confirm our findings, as their results showed subsidence in the southwestern part of the city due to surface dewatering in the area. Additionally, human activities in the western margin of the Nile Delta under the pressure of population increase and urbanization development [19,32] (East of Alexandria) increased the subsidence ratio by increasing build-up in vulnerable areas.





5. Conclusions


In this study, we presented a new model to interpret the interaction of different subsidence causes in cities and map their complexity within a study area. Alexandria was selected as a test site for this model. Three different causes of subsidence were examined: rock type, former lakes and lagoons (FLLD), and building load (BL). Ranks are given to the different types of causes based on their corresponding subsidence average, a combination of the three causes were modeled in different weights to select the best-fitting model.



FLLD were found to be more correlated to subsidence followed by rock type. Meanwhile, BL was found to have a negative correlation to subsidence in the city. The highest correlated model to subsidence has a high FLLD rank, a moderate rock type rank, and a low BL rank. This model showed a high linear regression to subsidence average with R2 of 0.88.



The method presented here is applicable to any urban area. It is flexible as changes can be made to the type of subsidence causality factors and their number depending on the specific history and attributes of an urban area. Removing irrelevant subsidence causes or adding new ones are expected to work effectively in this model. The limitation of this model, however, is that it could only explain the complex causality of subsidence and its spatial distribution, but it cannot tell us why subsidence occurred in those areas and not in others with same spatial characteristics.
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Figure 1. The workflow of the complex subsidence causality (CSC) model. 
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Figure 2. Study area. Based on a background of a Sentinel-2 (S-2) infrared false color image acquired on 24 October 2018 (R: band 8, G: band 4, B: band 2), Figure 2 presents the study area with blue border, and main city areas names wrote in yellow color font. The S-2 infrared false color image shows vegetation in reddish colors, built-up areas in grayish colors, and salty swamps in greenish colors. 
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Figure 3. Rock type and former lakes and lagoons (FLL) in the study area, (a) rock type and surface structure of the city, (b) former lakes and lagoons in Alexandria. 
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Figure 4. Land cover classification of S-2 image of 24 October 2018 presented on its true color image. 
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Figure 5. Building load map presented on the Sentinel-2 true color image of 24 October 2018; (a) aggregated land cover map, (b) extracted building heights, and (c) the final building load map. 
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Figure 6. Displacement in the line of sight (LOS) presented on the Sentinel-2 gray image of 24 October 2018 blue band; (a) velocity in the LOS of ascending geometry and (b) is motion in the LOS of descending geometry. 
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Figure 7. Time series of selected permanent scatterers (PS) points: (a–c) are presenting displacement in the ascending LOS, (d–f) are showing displacement in the descending orbit LOS). 
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Figure 8. Vertical displacement in Alexandria presented on the Sentinel-2 gray image of 24 October 2018 blue band, with the city area evolution along the history presented in the sub-data frame. 
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Figure 9. Average of recent vertical motion based on the city area over history. 
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Figure 10. Correlation coefficient values of rock type (RT), former lakes and lagoon (FLLD), building load (BL), and calculated models that described in Table 1. 
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Figure 11. Liner regression of M4 result compared to relative average PS-InSAR deformation. Vertical axis shows deformation in millimeters per year, and horizontal axis shows M4 result. 
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Figure 12. Complex subsidence causality map of Alexandria presented on the Sentinel-2 gray image of 24 October 2018 blue band; the insert map shows corresponding annual subsidence velocity during the study period. 
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Figure 13. Samples of cracks on buildings and roads in high subsidence areas of Alexandria: The subsidence map shows locations of sub-figures; Figures (a,e,f,g) represent building and fences cracks, Figures (b,c,h) illustrate roads cracks, and (d) shows an example of high building tilts in subsidence areas. 
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Table 1. Examined model parameters for causes probability.






Table 1. Examined model parameters for causes probability.





	
Model

	
Ranks




	
Rock Type

	
FLLD

	
BL






	
M1

	
1

	
1

	
1




	
M2

	
3

	
2

	
1




	
M3

	
3

	
1

	
2




	
M4

	
2

	
3

	
1




	
M5

	
2

	
1

	
3




	
M6

	
1

	
2

	
3




	
M7

	
1

	
3

	
2
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Table 2. Deformation characteristics of each lithological type in Alexandria.
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	Rock Type
	Highest Deformation (mm/yr)
	Lowest Deformation (mm/yr)
	Mean Deformation (mm/yr)
	Standard

Deviation
	Weight





	Artificial reclaimed surfaces
	2.13
	−1.57
	0.89
	0.58
	5



	Carbonate ridge
	3.26
	−6.82
	0.50
	0.83
	5



	Gravel
	2.16
	−2.62
	0.02
	0.74
	5



	Reclaimed sand
	2.19
	−4.12
	−0.29
	1.40
	5



	Stabilized sand dunes
	2.01
	−6.39
	−0.46
	1.13
	7



	Oolitic beach and beach ridge
	2.54
	−14.52
	−0.69
	1.77
	8



	Nile silt
	3.77
	−31.70
	−3.09
	4.45
	30



	Sabkha deposits
	3.55
	−28.15
	−3.51
	4.44
	35
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Table 3. Deformation in former lakes and lagoons dewatering (FLLD) areas of Alexandria.
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	Former Lake/Lagoon
	Highest Deformation (mm/yr)
	Lowest Deformation (mm/yr)
	Mean Deformation (mm/yr)
	Standard Deviation
	Weight





	Lake Alhadra
	0.65
	−7.65
	−2.45
	2.08
	20



	Lake Mareotis
	3.55
	−28.15
	−3.50
	3.78
	30



	Abu-Qir Lagoon
	2.37
	−31.70
	−6.70
	5.05
	45



	All FLL
	3.55
	−31.70
	−4.69
	4.56
	−



	No FLL
	3.77
	−24.39
	−0.53
	2.36
	5
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Table 4. Deformation in FLLD areas of Alexandria.
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	Former Lake/Lagoon
	Highest Deformation (mm/yr)
	Lowest Deformation (mm/yr)
	Mean Deformation (mm/yr)
	Standard Deviation
	Weight





	No building
	3.55
	−26.58
	−2.99
	3.78
	10



	Low building load
	3.66
	−25.93
	−2.62
	4.07
	20



	Moderate building load
	3.34
	−27.01
	−1.80
	3.77
	30



	High building load
	3.77
	−31.70
	−1.86
	4.16
	40
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