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Abstract

:

The island of Cyprus is characterised by a complex geological environment as it overlies a boundary zone of three tectonic plates, leading to high seismicity and intensive tectonism. It consists highly of Neogene marls, exhibiting serious geotechnical problems due to their high content of clay minerals. Along with strong, destructive earthquakes, various geohazards have been identified in Cyprus, including landslides, swelling/shrinking phenomena and land subsidence etc. Pedoulas is a village in Cyprus experiencing ground deformation due to landslide phenomena. Conversely, Pyrgos and Parekklisia villages in Limassol, Cyprus are experiencing a long-term swelling/shrinking phenomenon. To further investigate this surface deformation, a time-series InSAR analysis of Sentinel-1 SLC images of ascending satellite passes was performed, with a parallelised version of PSI (Persistent Scatterers Interferometry), along with field investigation, for the time period of 2016 to 2021. Negative vertical displacements with maximum rates of −10 mm/y, were identified in Pedoulas village, while positive vertical displacements with a maximum rate of 10 mm/y, dominated in Pyrgos and Parekklisia villages. The analysis of precipitation data from 2017 to 2021, presented a correlation between annual fluctuations in precipitation in the affected areas and changes in the InSAR time-series deformation trends. In Pedoulas village, landslide movements sped up during spring and summer, when the infiltration of waste water in the ground intensified due to the increase in the tourist population. In Pyrgos-Parekklisia villages, higher positive deformation rates were identified in winter months, while during summer, when the formations dried out, uplifting phenomena stopped evolving. The integration of InSAR displacements with field investigation provided validation of the observed ground failures and added valuable insights into the driving mechanisms of the deformation phenomena. Finally, the assessment of the impact of the triggering factor in the evolution of the deformation phenomena, can serve as a valuable tool for risk mitigation.
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1. Introduction


Cyprus suffers intensively from the occurrence of numerous active landslides. As reported in the European landslide susceptibility map ELSUS V2, released through the European Soil Data Centre, up to 375 sites have been reported to be affected by slope movements since 2018 [1]. The majority of the slope damage involves the clayey or the marly Neogene formations, mainly at the Paphos and Limassol regional districts [2], located at the southwest of the island.



Several geohazards, mainly rockfalls or slides along the weathering mantle, occur at the rock formations of the Troodos Mountain [3]. Nevertheless, during field investigation, ground deformations affecting building and linear infrastructure have also been identified in flat areas of very low to zero steepness, occupied by Neogene or Quaternary formations. As those areas cannot be affected by landslides, alternative driving mechanisms such as swelling/shrinking phenomena or subsidence due to the overexploitation of the aquifers should be investigated for their proper mitigation.



SAR interferometry, based on the ability to detect deformation on the Earth’s surface through successive observations of the same area on the ground with different spatial and temporal baselines, is widely applied in a variety of geophysical applications. InSAR data were analysed to estimate co-seismic deformation [4,5,6]. The combination of InSAR and GPS data is also exploited to model seismic sources [7]. Wang et al. [8] employed InSAR co-seismic and multi-temporal InSAR post-seismic deformation to assess the seismic deformation mechanism. InSAR time-series techniques were also implemented [9,10] to achieve a more accurate earthquake modelling. Finally, owing to the global coverage and the large archive of Sentinel-1 data, Li et al. [11] developed an earthquake monitoring service using SAR interferometry. Volcano monitoring [12,13,14], glaciology [15], subsidence due to mining activities [16,17] and landslide monitoring [18] were also included in differential InSAR studies. Advances in SAR interferometry and the launch of new SAR satellites, enabled the use of multiple SAR acquisitions for monitoring long-term, slow-moving deformation phenomena. Specifically, the constellation of the Copernicus Sentine-1 A and B satellites, with the short revisit time and the wide spatial coverage, set a new era in remote sensing applications. Many techniques have been developed for InSAR time-series analysis. These techniques aim to identify coherent stable scatterers over long time periods. Based on the type of the identified scatterers, these techniques are divided in two main categories. The Permanent Scatterers Interferometry [19,20,21] and the Small Baselines Subset technique [22,23].



Multi-temporal InSAR techniques can provide valuable insights into historical and ongoing deformation phenomena, serving as a tool for identifying, monitoring and mapping a plethora of geohazards globally. InSAR techniques are widely applied in landslide monitoring [24,25,26]. Landslides can be detected using SBAS [27] and PSI techniques [28,29]. Furthermore, volcanic monitoring [30,31], tectonic activity [32,33,34], mining activities [35], monitoring deformation in dams [36], ground water level changes [37,38,39,40,41] and natural compaction [42,43] are some types of deformation geohazards where multi-temporal SAR interferometry is widely applied. During the last decade, the plethora of SAR data, especially the short revisit time of Sentinel-1 constellation combined with the wide spatial coverage, has enabled the monitoring of slow-moving, long-term deformation phenomena. InSAR time-series analysis provides diachronic insights on a wide variety of surface deformation phenomena, some of them previously unknown. In Cyprus, radar interferometry is used to monitor various types of ground instabilities or displacements, in combination with complementary satellite-based techniques and ground-based data [44,45,46]. However, many surface deformation phenomena in Cyprus are unidentified or require further investigation. Pedoulas and Pyrgos-Parekklisia villages in Cyprus are three areas that experience long-term surface displacement phenomena. Specifically, landslides are detected in Pedoulas village and swelling/shrinking phenomena exist in Pyrgos-Parekklisia villages.



To further investigate surface deformation in the above-mentioned villages, line of sight (LOS) surface displacements were estimated using Sentinel-1 images from 2016 to 2021. Furthermore, vertical displacements were estimated from the LOS deformation field. Field visits in the affected areas were performed to verify the observed ground damage. Failures in constructions were recorded on buildings in all three areas. Specifically, deforming permanent scatterers that derived from the InSAR time-series analysis were located on top of the building failures. To further investigate the triggering mechanism of the deformation phenomena, an analysis of precipitations data was performed. A correlation between high annual precipitation rates and surface deformation was identified by analysing ERA-5 [47] land precipitation data covering the same time period as the LOS displacements. To assess the level of impact of extreme precipitation events on the initiation and evolution of deformation phenomena in Pedoulas, Pyrgos and Parekklisia villages, additional analysis of InSAR ground displacements and precipitation time-series analysis was performed. The assessment of the time lag between extreme precipitation events and the initiation of surface displacements, provided a deformation pattern and provided valuable insights into the driving mechanisms of the identified deformation phenomena.



In the present study, for the first-time, ground deformation phenomena in Pedoulas and Pyrgos-Parekklisia villages in Cyprus were mapped and monitored with the use of SAR interferometry techniques. Moreover, the investigation of the driving mechanisms of the identified LOS displacements provided added value in understanding the triggering factors of the observed surface deformation. Based on the InSAR measurements and the ERA-5 land weather data, a detailed analysis of the correlation between extreme precipitation rates and changes in the ground deformation patterns in the examined regions, was performed. An innovative aspect was the estimation of the time lag between the initiation of the deformation phenomena and fluctuations in precipitation rates. The knowledge of the impact of the triggering factor on the initiation of a geohazard, is of importance to risk mitigation. Therefore, early detection of geohazards and their triggering factors in Cyprus, by employing multi-disciplinary approaches can play a key role in risk assessment and risk reduction and serve as a valuable tool in monitoring geohazards in Cyprus.




2. Study Area: Geomorphology and Geological Setting


The present study aimed to investigate surface deformation in Cyprus by exploiting both satellite and ground truth observations to add valuable insights regarding the kinematic behaviour of the deforming areas of Pedoulas and Pyrgos-Parekklisia (Figure 1). Pedoulas, a popular summer resort, is located at an altitude of 1100 m on the northern flanks of the Troodos Mountain and at the highest planes of the Marathasa valley. It was founded on the weathering mantle of the gabbro rock of the Troodos ophiolite sequence, (mainly unlayered gabbro rocks, characterised by the lack of evidence for solid-state deformation [48,49]). The weathering mantle extends down to a depth of 10 to 15 m. This zone is susceptible to successive shallow rotational slides, with retrogressive characteristics. The villages of Pyrgos and Parekklisia are located at an altitude of 75 and 120 m, respectively, approximately 15 km east of Limassol. Both villages were founded on weathered pillow lavas alternating to the zeolitic phase (bentonitic clays with silt and radiolarite intercalations) and are susceptible to swelling/shrinking phenomena.




3. Materials and Methods


3.1. Materials


To investigate surface deformation phenomena in Cyprus, three data sources were employed. Initially, SAR data from the Sentinel-1 sensor were analysed with the Stanford method of Persistent Scatterers Interferometry [20]. The generation of the interferometric stack was performed with ISCE v2 software [50,51]. LOS displacements were estimated for a 6 year time period from 2016 to 2021. The results of the PSI analysis were validated via ground truth investigations. Field visits were performed in the study areas in Cyprus to identify ground instabilities. Damage to many buildings in all three villages was detected. However, in the present study, only field observations that coincided with deforming scatterers, derived from the PSI analysis, were included. Finally, ERA-5 land precipitation data were analysed to investigate the correlation between extreme precipitation events and the observed surface deformation phenomena.



SAR Data


For InSAR time-series analysis in Cyprus, Sentinel-1 images covering the study areas of Pedoulas, Pyrgos and Parekklisia villages were selected. Sentinel-1 SLC images of ascending satellite pass no.160 (Figure 2) were processed with the Persistent Scatterers Interferometry technique to estimate LOS surface displacements. The short revisit time of the Sentinel-1 sensor enabled the exploitation of a quite dense archive of satellite data for InSAR time-series analysis in Cyprus. A set of 136 Sentinel-1 SLC images from an ascending satellite pass covering Cyprus from 2016 to 2021 were selected and processed. The primary image from 10 June 2019 was selected based on the minimization of temporal and spatial baselines. Table 1 summarises all information about the Sentinel-1 data employed for InSAR time-series analysis in the study areas in Cyprus.





3.2. Methods


To investigate ground deformation phenomena in Pedoulas, Pyrgos and Parekklisia villages, remote sensing techniques validated via ground truth investigations and monthly precipitation data were employed. Specifically, multi-temporal InSAR was implemented on Sentinel-1 images to extract LOS surface displacements. Since SAR measurements refer to a direction towards or away from the satellite, to better interpret surface motion, further investigation of LOS displacements is required. Therefore, LOS displacements were projected to vertical surface displacements, using Equation (1)


    v   v e r t   =     v   L O S     c o s ⁡ ( θ )    



(1)




where for each permanent scatterer     v   v e r t     represents the vertical displacement,     v   L O S     the LOS displacement and θ the incidence angle. The incidence angle is formed between the radar beam and the perpendicular to the Earth’s surface, where the permanent scatterer is located.



The locations of ground truth investigations were mapped along with the results of the Persistent Scatterers Interferometry analysis. The deforming permanent scatterers nearby or on the identified deforming constructions were selected for further analysis. Time-series plots of annual precipitation data were generated along with time-series plots of vertical surface displacements. Finally, a correlation of the highest cumulative precipitation with the initiation and progress of surface deformation phenomena in the investigated areas was performed. Figure 3 provides a detailed workflow of the methodology followed.



Persistent Scatterers Interferometry


The large amount of Earth observation (EO) data dictates the need for faster and more efficient processing. The global coverage of Sentinel-1 sensor combined with the short revisit time, provides a rich archive of satellite data, tailored for monitoring timeless slow-moving deformation phenomena. Despite the unique advantages that the plethora of SAR data provides for geohazards monitoring, the exploitation of big volumes of Sentinel-1 data comprises several challenges. Sufficient storage and computational efficiency are some of the aspects that need to be seriously taken into consideration for PSI processing. A typical InSAR time-series analysis can be particularly time-consuming, especially, when analysing many years of surface deformation. Another serious aspect is the computational time that can be seriously increased when processing large volumes of Earth observation data.



In an attempt to manage the demands of big data geohazards monitoring, processing chains, services and tools have been developed to support the users and promote geohazards applications using big EO data. Furthermore, interventions in existing algorithms were performed to minimise the processing time. Some typical examples are the parallel small baseline subset (P-SBAS) processing chain [52,53,54], LiCSBAS [55,56,57], a tool for multi-temporal SAR interferometry with big volumes of Sentinel-1 data and SNAPPING [58], a surface displacements mapping tool using Sentinel-1 data that operates on the GEP platform. Finally, the European Ground Motion Service (EGMS) [59,60] provides a unique product of InSAR ground displacements in Europe with Sentinel-1 data.



Similarly, the Operational Unit, BEYOND Center for Earth Observation Research and Satellite Remote Sensing of the Institute for Astronomy, Astrophysics, Space Applications and Remote Sensing (IAASARS) of the National Observatory of Athens (NOA), developed an automated parallelised processing chain for PSI analysis of multi-sensor SAR data. InSAR time-series analysis was implemented on Sentinel-1 images covering the island of Cyprus with the parallelised PSI (P-PSI) processing chain [61]. The P-PSI is a parallelised version of the Stanford method for Persistent Scatterers Interferometry (PSI) [20] for the estimation of LOS displacements using big volumes of multi-sensor SAR satellite data, e.g., Sentinel-1, ERS, ENVISAT, TerraSAR-X, COSMO-SkyMed and ALOS data. The generation of the interferometric stack was performed with ISCE software [50,51]. The PSI was applied with StaMPS v4 software [62]. The P-PSI performed algorithmic interventions in both ISCE and StaMPS to speed-up the total process time. The LOS displacements were calibrated for atmospheric contributions that may affect the quality of the final SAR product using the open-source Toolbox for Reducing Atmospheric InSAR Noise (TRAIN) [63].






4. Results


4.1. LOS and Vertical Surface Displacements


The estimated LOS displacements in Pyrgos and Parekklisia villages revealed 5785 distinct locations on the ground, some of them related to noticeable ground deformation phenomena and others indicating surface stability. Similarly, 341 permanent scatterers were identified in Pedoulas village. Figure 4 presents LOS displacements for the affected areas as estimated with the P-PSI processing chain of the BEYOND centre (NOA, IAASARS).



By analysing the LOS displacements in Pedoulas village, negative displacements of a maximum rate of −10 mm/y are presented. The deforming scatterers with the maximum velocity rates were identified to the southwest and east of the village, while negative velocities of a smaller scale were also identified all over the village. In Pyrgos and Parekklisia villages, the LOS displacements presented positive displacements with a maximum rate of 8 mm/y.



To project the LOS signals observed in Pedoulas, Pyrgos and Parekklisia villages, vertical displacements were calculated by dividing the LOS velocity with the cosine of the look angle value of each scatterer. Figure 5 presents the vertical components of LOS ground motion in the deforming villages.



Evaluating the above-described spatial distribution of the deformations, in Figure 6a, areas A and B seemed to indicate that the heads of two shallow landslides were active at the higher SW parts of the village, while in area C, the head of a third landslide was at the lower NE part of the village. The first two landslides are also presented in the 3D view of Pedoulas village in Figure 6b, and affected the core of the village, while the third extended downhill towards the base of the cleft bearing the village. These landslide movements can cause nearly the entire village to slide with various velocities. In Figure 6c, lower displacements and positive deformation rates were identified in Parekklisia, which increased while moving closer to Pyrgos village, thus forming two contours of vertical displacements in Pyrgos-Parekklisia areas.




4.2. Ground Truth Investigations


The observed InSAR time-series analysis results, were validated via ground truth observations in the affected areas. Field visits were performed in Pedoulas and Pyrgos-Parekklisia allowing damage to be identified. Although extensive damage was recorded in both case studies, only the damage to buildings that coincided with deforming PS scatterers were included in the present manuscript. For this purpose, in each mapped deforming site, an identification of PSI points that were either situated on the same deforming constructions or in the narrow area around the deforming construction was performed. The locations of ground truth observations and the closer identified PS points are presented in Figure 7. To select the PS scatterers that corresponded to ground truth observations, extended photointerpretation was performed in a GIS environment to identify the buildings that presented evidence of surface deformation based on the location of the ground truth observations. Similarly, the scatterers located on these buildings were eliminated from the initial PSI analysis for further investigation. An additional analysis of the kinematic behaviour of the scatterers coinciding with ground truth observations was performed to investigate and define the driving mechanisms of the observed ground deformation phenomena.



Ground truth observations, including typical examples of deformation on construction sites, are induced by landslides and swelling/shrinking phenomena. In the present study, indicative examples are presented along with time-series analysis of the closer to the affected construction PS points. Figure 8 presents indicative examples of deformation in the areas of interest that are depicted and marked with red arrows.



LOS displacements provide evidence of ground deformation phenomena and the spatial sampling of PSs gives insights into the deformation mechanism. However, the interpretation of surface deformation phenomena requires additional observations. In the absence of geodetic measurements, field observations in Pedoulas, Pyrgos and Parekklisia villages provided a unique advantage to validate the identified InSAR displacements.





5. Discussion


InSAR analysis, validated via ground truth investigations, revealed rainfall-induced surface displacements in Pedoulas and Pyrgos-Parekklisia villages. To further investigate the impact of precipitation on the observed ground deformation phenomena, time-series analysis of vertical displacements and precipitation data was conducted. Time-series plots from 2017 to 2021 were generated from the vertical displacements of the selected scatterers situated on the deforming constructions. LOS displacements from 2016 were excluded from the time-series analysis plots due to the absence of an adequate number of observations before 2017; therefore, the addition of 2016 would lead to a large gap in the time-series plots and misinterpreted conclusions.



Swelling/shrinking phenomena or subsidence due to the overexploitation of the aquifers cannot be excluded from the deformation mechanisms due to the geomorphology of the affected areas. However, for a better interpretation of the surface deformation phenomena and in the absence of previous related research on the specific AOIs, the possible correlation of surface displacements with high precipitation rates was also investigated. Many studies have been conducted to analyse the correlation between rainfall and surface deformation phenomena. A time-series analysis of InSAR and precipitation data [64,65,66] is usually performed to investigate the existence of a correlation between extreme rainfall and surface deformation phenomena. Furthermore, Liu et al. [67] proposed a wavelet analysis for assessing the quantitative relationship between precipitation and landslides.



In Pedoulas and Pyrgos-Parekklisia villages, precipitation time-series analysis from 2017 to 2021 was performed, using an ERA-5 Land [47] hourly precipitation re-analysis dataset. Since two images per month of Sentinel-1 data were employed in the InSAR time-series analysis, in order to correlate the precipitation rates with the InSAR vertical surface displacements, the total maximum monthly precipitation rate was estimated and plotted along with InSAR vertical surface displacements. To assist the data processing, linear time series interpolation was applied to assign a ground displacement value on the precipitation dates at the end of each month. Furthermore, for each of the PS time series, the months with the minimum and the maximum precipitation during the summer and the winter respectively were identified. Between successive minimum-maximum and maximum-minimum month pairs for each year, trend lines for the displacement values were calculated via the least squares polynomial fit method and plotted.



By analysing the time-series plots in Figure 9 and Figure 10, a pattern can be observed. As expected, the highest precipitation rates were recorded during the winter months between December and until March of the next year, while during the summer months, precipitation rates were low to zero.



For the investigation of the phenomena taking place at Pedoulas village, the vertical deformation rates were correlated with the precipitation rates. As presented in the time-series plot of the permanent scatterer no. 1 (Figure 9) and identified in Pedoulas village (Figure 7a), the deformation rates appeared to be stable during the rainy season while increasing during the summer.



For the Pyrgos-Parekklisia villages, Figure 10 shows the time-series plots for selected scatterers indicating that uplifting vertical displacements start to increase when precipitation reaches the maximum values and continue evolving during the summer until the formations dry out.



Aiming to provide a generalised conclusion about the deformation regime of the study areas in Cyprus and the impact of high precipitation rates in the existing deformation, additional analysis of the vertical displacements and precipitation rates was conducted. A correlation of the highest cumulative annual precipitation with the initiation and the extent of ground deformation phenomena was conducted. By using the identified minimum and maximum precipitation months, the accumulated precipitation and accumulated deformation from each one of the summer minimum precipitation months through the following year’s summer minimum were calculated. Similar to the plots in Figure 9 and Figure 10, between successive minimum-maximum and maximum-minimum month pairs for each year, trend lines for the accumulated displacement are plotted.



In accordance to the results acquired from the correlation of the deformation and precipitation rates (Figure 9), the accumulated precipitation at the Pedoulas village during winter (Figure 11) did not affect the accumulated deformation rate. Therefore, the winter rains were not enough to speed up the landslide movements, which keep moving at a steady rate. On the contrary, the increase in the deformations during the spring and summer can be justified by the fact that during these months, the population of the village steadily increases as most of the houses operate as cottages. The lack of a sewerage system and the use of absolving pits increase the ground water level, speeding up the landslide movements.



Respectively, in accordance to the results acquired from the correlation of the deformation and precipitation rates (Figure 10), the accumulated precipitation at the Pyrgos-Parekklisia villages during the winter (Figure 12) started to increase the uplifting deformation since the middle of the winter (December–January). As witnessed in Figure 10 and Figure 12, the uplifting phenomena stop evolving when the formations dry out during the summer.




6. Conclusions


As a result of our research, we have established that Pedoulas and Pyrgos-Parekklisia villages in Cyprus are exposed to rainfall-induced surface deformation phenomena. The estimated LOS and vertical displacements revealed negative vertical movements in Pedoulas village, with maximum displacement rates of −10 mm/y due to landslide phenomena. Furthermore, positive surface displacements were identified in Pyrgos-Parekklisia villages attributed to the swelling phenomena. The estimated LOS displacements were validated via ground truth observations that presented characteristic deformation in buildings at all three sites. A precipitation analysis from 2017 to 2021 provided data to examine the correlation between surface displacement rates and intense precipitation events, especially during the winter months. The analysis showed that at the Pedoulas village, the landslide movements were most intensively affected during the spring and summer months where the village receives many tourists yet, due to the lack of sewerage system, there is an infiltration of waste water in the ground, rather than from the increased precipitation during the winter. At the Pyrgos-Parekklisia villages, it was shown that there is a time lag between the beginning of the rain season and the start of the swelling phenomena as the moisture of the ground formations takes time to accumulate, as suggested by the swelling phenomena that takes place between December and January.



InSAR results, validated via ground truth observations and a precipitation analysis, proved to be very efficient in the identification of the driving mechanisms of surface deformation phenomena in Pedoulas and Pyrgos-Parekklisia villages. The knowledge of the deformation regime, not only in the specific villages, but also in additional areas in Cyprus with similar ground displacement trends, will contribute to their proper mitigation and prevention. In future work, the further investigation of the identified displacements with additional remote sensing techniques as well as ground-based methods will complement and support the findings of the present study and highlight the efficiency of multidisciplinary and complementary methods for mapping and monitoring various ground displacement phenomena.
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Figure 1. Pedoulas and Pyrgos-Parekklisia deforming sites in Cyprus. 
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Figure 2. Study areas in Cyprus and the footprint of the Sentinel-1 images of ascending satellite pass 160 covering Cyprus and employed in the PSI analysis. 
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Figure 3. Workflow of the methodology followed. 
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Figure 4. LOS displacements from the ascending satellite pass of Sentinel-1 sensor for (a) Pedoulas and (b) Pyrgos-Parekklisia deforming sites in Cyprus. 
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Figure 5. Vertical displacements estimated from Sentinel-1 LOS displacements for (a) Pedoulas village and (b) Pyrgos-Parekklisia villages in Cyprus. 
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Figure 6. Contours based on the variations of vertical InSAR displacements of the ascending satellite pass (a) for Pedoulas village (b) for Pedoulas village with a 3D view and (c) Pyrgos-Parekklisia villages in Cyprus. In Figure (a), white arrows depict the orientation of movement of the existing landslide. 
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Figure 7. Locations of ground truth observations and PSI of ascending Sentinel-1 satellite pass in (a) Pedoulas village, (b) Pyrgos village, (c) and (d) Parekklisia village in Cyprus. Capital letters present the locations of ground truth observations. Red numbers indicate the permanent scatterers, located on the deforming constructions or in the narrow area around the deforming constructions. 
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Figure 8. Observed deformation in constructions in (a,b) Pedoulas and (c–f) Pyrgos-Parekklisia villages in Cyprus. At the top left of each image, the letter of the ground truth observation at each site, as presented in Figure 7, is added. Red arrows depict areas with differential displacements. 
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Figure 9. Vertical InSAR displacements along with precipitation rates for PS point no.1 in Pedoulas village in Cyprus. Red vertical dashed lines represent the maximum precipitation rates while brown vertical dashed lines represent the minimum precipitation rates. 
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Figure 10. Vertical InSAR displacements along with precipitation rates for selected PS points in Pyrgos-Parekklisia villages in Cyprus. Red vertical dashed lines represent the maximum precipitation rates while brown vertical dashed lines represent the minimum precipitation rates. 
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Figure 11. Plot of cumulative vertical displacements and cumulative precipitation rates for scatterer 1 in Pedoulas village in Cyprus. The grey dashed vertical lines represent the beginning and the end of the increase in precipitation. 
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Figure 12. Plot of cumulative vertical displacements and cumulative precipitation rates for scatterer 6 in Pyrgos village in Cyprus. The grey dashed vertical lines represent the beginning and the end of the increase in precipitation. 
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Table 1. Information about the Sentinel-1 SAR data for PSI analysis in the study areas.
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Satellite Sensor

	
Satellite Pass

	
Time Period

	
No. of SLCs

	
Primary Image






	
Sentinel-1

	
160

	
20 February 2016

	
20 December 2021

	
136

	
10 June 2019
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