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Abstract

:

A methodology for the remotely sensed monitoring, measurement and quantification of littoral zone platform downwearing has been developed and is demonstrated, using Persistent Scatterer Interferometric Synthetic Aperture Radar data and analysis. The research area is a 30 km section of coast in East Sussex, UK. This area combines a range of coastal environments and is characterised by the exposure of chalk along the cliffs and coastal platform. Persistent Scatterer Interferometry (PSI) has been employed, using 3.5 years of Sentinel-1 SAR data. The results demonstrate an average ground level change of −0.36 mm a−1 across the research area, caused by platform downwearing. Protected sections of coast are downwearing at an average of −0.33 mm a−1 compared to unprotected sections, which are downwearing more rapidly at an average rate of −1.10 mm a−1. The material properties of the chalk formations in the platform were considered, and in unprotected areas the weakest chalk types eroded at higher rates (−0.66 mm a−1) than the more resistant formations (−0.53 mm a−1). At a local scale, results were achieved in three studies to demonstrate variations between urban and rural environments. Individual persistent scatterer point values provided a near-continuous sequence of measurements, which allowed the effects of processes to be evaluated. The results of this investigation show an effective way of retrospective and ongoing monitoring of platform downwearing, erosion and other littoral zone processes, at regional, local and point-specific scales.
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1. Introduction


Approximately 10% of the world’s population lives in coastal zones [1], and, as a result of weather patterns, climate change, rising sea levels and anthropological activities, many coastal communities are at risk of the effects of erosion and flooding. Climate change models predict that the risks in coastal environments will only increase, and a climate report by Howard and Palmer [2] suggests that global sea levels may rise between 0.6–1.7 m by the year 2300. Identifying reliable and repeatable methods of monitoring the state of littoral zones is vital if we are to understand and calculate the impact of coastal processes and climate change on our coastal environments and communities. Platform downwearing has been used as a proxy for understanding the evolution of the littoral zone in a number of areas and could therefore potentially form a very useful coastal planning tool, especially for coastal communities. It has been studied extensively, and results have been published in multiple papers, including Dornbusch and Moses [3], Moses and Robinson [4], Cullen and Verma [5] or Swantesson [6].



This study focused on the chalk cliffs and platform of East Sussex because chalk is considered a very weak to weak rock (of a strength between 1–25 MPa) which is susceptible to rapid erosion and weathering [7] and is therefore an ideal target for monitoring coastal erosion and processes that are quantifiable over relatively short time periods and can then be used as analogues for other coastal environments. This particular section of chalk coast has been the subject of multiple studies of shore platform erosion over many years, and thus forms the most suitable site for this research.



Interferometric Synthetic Aperture Radar (InSAR) is a remote sensing technique that provides reliable ground surface measurements over relatively long time periods with millimetre precision (when used to create multitemporal long time series methods) along the sensor’s ‘line-of-sight’ (LOS) ([8]). InSAR has been actively used since the early nineties (e.g., [9,10]) to monitor geological processes and has been continuously employed to analyse processes like tectonic movements [11] and landslides [12,13,14] or been used to monitor salt mines and ground deformation [15]. The European Space Agency’s (ESA) satellites, Sentinel-1A and -1B, have been operating since 2014 and 2016, respectively, and provide freely available SAR data. Each satellite acquires data with a 12-day repeat, but, since -1A and -1B are on synchronous orbits separated by 180 degrees, they provide information with a six-day repeat period. This routine image acquisition frequency provides an unparalleled ability for long-term monitoring, accuracy and data accessibility. The use of long time series (multitemporal) InSAR analysis provides a tool for monitoring small-scale ground deformation and change in a range of different environments, such as for tunnelling projects in urban environments [16,17,18,19,20,21], building subsidence monitoring [22], surface deformation detection [23], mapping interactions between geology and urban development [24], monitoring CO2 storage [25], or monitoring agricultural areas [26]. Being an active sensing system, SAR imaging operates independently of the sun and weather, giving continuous information without disturbances of rain or lack of sunlight. Recent methods of data processing can provide information on the ground movements on a millimetre scale, which is within the expected resolution of platform downwearing rates. Persistent Scatterer Interferometry (PSI) can provide precise and frequent measurements over long time periods, over large areas of interest, and with a relatively short revisit period, none of which has yet been achievable in conventional studies of platform erosion. This work investigates the effectiveness of the PSI analysis of coastal chalk platforms and compares it to current methods to establish its effectiveness as a coastal monitoring tool.




2. Study Region


This study is focused on a 30 km stretch of chalk littoral zone between Brighton (TQ 31272 0418) and Eastbourne (TV 60749 98791) in East Sussex (Figure 1). It is well known for its prominent cliffs, which dominate this coastline. Chalk is a soft rock prone to rapid erosion and weathering within short time frames (e.g., over 2–5 years), making it an excellent analogue that can be compared to other more resistant rock types that erode less easily and where coastal processes operate over much longer time scales. In addition, a range of urban-protected and rural-unprotected littoral zone environments exist and can be studied in this area [27]. Moses [28] estimates that about half the British Isles’ coastline is formed of rocks that are particularly prone to cliff retreat and shore platform downwearing. The coast of East Sussex is known to have a large tidal range of more than 6 m, leading to the development of a large and vulnerable intertidal zone.



Chalk crops out over extensive areas of the UK and northwest Europe and can be observed in large parts of southern and northeastern England from Yorkshire in the North East to Dorset in the South [29]. Chalk can be described as a micritic limestone or fine-grained calcareous mudstone. In reality, it is much more complex, consisting of various sediments, including marls, flint bands, marly chalks, shell-rich sediments and many others [30]. Pure, white chalk is often made of up to 98% calcium carbonate, which is mostly a submicroscopic skeletal debris—coccolithic algae—but some chalk layers can contain only about 20–30% of carbonate and are known as marly chalks [29]. Chalk is a soft rock that is easily weathered in multiple ways, by saturation weakening in water or oil, by frost, by chemical dissolution or by salt weakening [31,32].



In the UK, southern province chalk has been divided into several formations based on lithostratigraphy (Figure 2). The chalk formations exposed at the coast between Brighton and Eastbourne, which are the focus of this investigation, are the Newhaven, Seaford and Lewes Nodular Chalk (Figure 3). Newhaven Chalk contains the highest amount of sheet flints with common marl seams [30]. It is usually low- to medium-density, very weak to weak and with a high-porosity [33]. Seaford Chalk is considered to be low-density, with a medium porosity and weak formation that is easily susceptible to frost and quite easy to erode, with laterally continuous nodular flints commonly forming prominent marker beds [34]. Lewes Nodular Chalk is stronger than the other two and not as easy to break apart; it is, however, more brittle [30], with a higher porosity and with nodular flints within its structure [34,35].




3. Existing Platform Downwearing Measuring Methods


A wide range of methods have been developed to monitor and measure platform downwearing, including both direct and indirect measurements. Direct methods are heavily focused on point scale information over a set period of time, particularly the Micro-Erosion Metre (MEM) developed by Robinson [36]. MEMs are small triangular instruments (Figure 4A (reprinted from Stephenson and Finlayson, 2009: p.55 [37])) that are securely fixed to a rock platform surface, and the height is recorded by lowering a probe onto the rock surface [38]. The rate of downwearing is measured by calculating the difference between two consecutive measurements in time. Whilst the instrument is accurate, with a dial gauge resolution of down to 0.001 mm, the MEM can only record data at this one point-position. In addition, the equipment must remain in situ with the potential of being damaged, the recording of measurements is time consuming and therefore costly, and the MEM must be operated by a trained individual. Lastly, the MEM can monitor neither continuously nor in inclement weather conditions.



Noncontact measurement methods are achievable using a portable, tripod-mounted, Terrestrial Laser Scanner (TLS) [6] (Figure 4B (reprinted from Swantesson, 2005: p.16 [39])). Swantesson and Moses [37] used this technique to measure downwearing on small platform surface areas of 40 × 40 cm, to a height resolution of 0.025 mm. The laser probe moves and scans in the x- and y-directions 10–15 cm above the rock surface. Unlike the MEM, the TLS can generate micromaps from multiple (up to 100 million) measurement points and can measure and quantify the surface roughness [4]. One limitation to the TLS approach is that the instrument is not fixed into the rock surface, leading to repeat measurement accuracy errors of up to 2 mm when compared to MEM techniques [37]. There are many portable TLS instruments available, but those which are most suitable can be quite heavy (ca. 30 kg) and often require two operators to carry and set them up. In addition, the TLS can measure only a limited area in each survey before the point density and dataset volume become prohibitive.



The TLS technique has similar limitations and risks as the MEM. It cannot easily monitor continually over a period, a trained operator is required on-site at all times, measurement surveys are time-consuming and therefore costly, and they are weather-dependent.



Laser scanning (LS) tools can also be mounted on aircraft and drones; airborne Light Detection and Ranging (LiDAR) surveys can provide detailed information on platform downwearing over large areas and can be repeated at regular intervals, but they often lack the accuracy of TLS and MEM. Airborne LS accuracy depends mainly on the flying height and speed, and data need to be calibrated precisely with prior surveys [4]. These limitations, combined with the need for trained operators, mobilisation logistics and regulations, make them prohibitively expensive.



Dornbusch and Moses [3] used 1:5000 scale aerial photography and photogrammetric methods to calculate the rates of platform downwearing. Two photographic aerial surveys were compared, one from 1973 and the other from 2001. These air photographs were taken as part of an Annual Beach Monitoring survey with a ground resolution of ~7 cm and 11 cm for the photo from 1973 and 2001, respectively. The Ground Control Points (GCPs) were collected with a differential GPS, with a horizontal and vertical accuracy of ±0.2 m. A comparison of features in the photographic sets was difficult in some areas because of cliff erosion, the construction of new coastal defences since 1973 and groyne-deterioration since 1973. Their method compared high-resolution stereo photographs of the area of interest to extract a Digital Elevation Model (DEM) with a horizontal ground resolution of 0.1 m (to present a small-scale topographic variation of the platforms) and with a ±0.2 m vertical accuracy, which came from a set of elevation points provided by the Environment Agency. This method was cost-effective, but it required high-accuracy GCPs and archived sets of photographs for analysis, in addition to regular repeated surveys. Rarely are there suitable archived photographs that allow for the required retrospective comparison, so continuous information about the erosion rates can only be performed from the present time onwards. Such low-altitude, high-accuracy, high-detail aerial photographic surveys are also costly to undertake.



These platform downwearing methods have all been used along the coast of East Sussex; studies have been focused on a stretch of coast east of Brighton and Hove. At this site, MEM measurements have been recorded since the 1980s and have been used to estimate platform downwearing, especially adjacent to ‘groynes’. Ellis [40] calculated an average downwearing of 3.5 mm a−1, based on their research performed between 1981–1983 The work of Dornbusch and Robinson [41] employed two photographic surveys (based on photographs from 1973 and 2001) and calculated an overall platform downwearing rate of 0.1–0.9 mm a−1 near Roedean (TQ 34667 03136) and 3.00–25.4 mm a−1 near Hope Gap (TV 51041 97373). They also identified a significant variation and the stochastic nature in downwearing between sites (Table 1). Swantesson and Moses [37] compared MEM- and TLS-derived downwearing rates at several sites, including some in East Sussex; erosion was observed to operate at irregular rates across the platforms, and the greatest downwearing rates were observed in closest proximity to the cliffs. Even within the very small survey areas (of 200 × 200 mm or 240 × 240 mm), variations in the downwearing rate were observed. Swantesson and Moses [37] also discussed the differences in the downwearing rate over time, citing an example of very small changes at Peacehaven (TQ 41207 01477) between the summers of 1999 and 2000, while in the year 2001 an almost ten times greater erosion was measured using a TLS survey, although the authors do not provide quantitative values.




4. Methods


4.1. InSAR Methodology


The SAR data used in this study have been processed with the SARScape PS module, which implements a PSI methodology, previously described in numerous publications [43,44,45,46]. The SAR data were acquired by two European Space Agency (ESA) satellites, Sentinel-1A and Sentinel-1B, which have been in orbit since 2014 and 2016, respectively. These two satellites orbit the Earth and acquire images routinely, each with a frequency of 12 days but separated by 180°, resulting in a six day return period for any one area of interest. The satellites use a C-band frequency of 5.404 GHz and a central wavelength of 5.54 cm. Together, Sentinel-1A and -1B have the potential to detect surface deformation with millimetre accuracy when processed using multitemporal, long-time-series approaches such as PSI. Interferometric Wide swath data, which is the main acquisition mode over land, are used here and have a spatial resolution of 5 × 20 m across a 250 km swath. Data used in this project come from track 132, in ascending orbit.



PSI requires the processing of at least 33 scenes to produce a time series of ground deformation measurements with acceptable coherence and precision [43]. By processing a large number of scenes, the error and noise are reduced, producing clearer and more accurate results. Persistent or permanent scatterers (PS) represent strong reflectors, are usually seen in a SAR image as bright points and are pixels of the image that are coherent over a long time [45]. They are typically produced by structures such as buildings (and other artificial structures) or rocky surfaces that are stable or only gradually moving over a long period of time. When the dimension of the PS is smaller than the resolution cell, the coherence is good, even with interferograms with baselines greater than the decorrelation length. For these pixels, a submetre DEM accuracy can be reached, even if the coherence is low in the adjacent areas [45]. The data used in this study were processed with SARscape software (SARMap/Harris Geospatial) using a minimum coherence value of 0.65, which provided a reasonable point density. Master image (reference image) is selected automatically during the first step of the SARScape PS processing procedure, and it is an image from 24/06/2017. PS points computed during the processing are referred to the reference point at the coordinates of TQ 52586 01174 (see Figure 1).



Sentinel-1A and -1B acquire images at approximately the same local time each day, one in the morning and the other in the evening, but these imaging times do not always coincide with the same tide conditions. Since the shore platform is fully submerged at high tide, it is desirable to select only those SAR scenes acquired at or near times of low tide to ensure platform exposure. In this study, only scenes acquired within a two-hour window around low tide were selected for PSI processing. From the entire stack of 184 SAR scenes acquired in the 3.5 years of Sentinel-1A and -1B operations (07/03/2015 to 02/02/2019), 93 low-tide scenes were selected. The difference between low- and high-tide data (Figure 5, presenting the Flagstaff Point research site) led to an increase of PS points for the study area. Figure 5 shows an example of a fourfold increase from 233 PS points to 935 PS points generated for the same coherence threshold and data quality. This improved PS data quantity enabled the measurement and interpretation of ground level change across the entire shore platform.



Data from SARScape (ENVI software/Harris Geospatial) was exported into Excel, and a moving average with a step of seven scenes was used to smooth the data, show trends and improve the visual analysis, as well as to discard the noise from the results and present the data clearly. Maps of the average velocity were created in ArcGIS, using Inverse Distance Weighted (IDW) average interpolation, with a fixed search radius of 200 m and a power of 2. The results for the case study discussion are displayed on ArcGIS images, with the PS data points presented as the time series that were created in Excel for the selected areas.



When analysing the PS time series, it is noticeable that fewer scenes are available for the year 2015 since only one satellite was in orbit at this time, causing longer gaps between acquisitions as well as when using scenes only acquired during low tide; this means that the results over that year would be less useful for monitoring the platform downwearing.



The research area covers both urban and rural environments, since the former include engineered coastal platform defences such as groynes, seawalls and splash-walls, and since in general the latter have no defences. This division assists in the understanding of the spatial variations in the detected ground level change and in gaining an appreciation of the effectiveness of the coastal defences.




4.2. Research Sites Chosen for Demonstration of Platform Downwearing


Three research sites were chosen to demonstrate the measured ground level on the Sussex coast, which we have interpreted as being caused by platform downwearing (Figure 1). These sites include Roedean (TQ 34731 02984) and Saltdean (TQ 37758 01964), which represent urban environments where coastal defences are in place and where other platform downwearing investigations have been undertaken (Table 1). The third site is at Flagstaff point (TV 53844 96674), which lies on the coastal stretch known as ‘Seven Sisters’; this was selected to represent an unprotected rural coast and shore platform where natural erosional processes occur unhindered.



The Roedean site (Figure 6) covers an area of 140 × 520 m and lies adjacent to the Brighton Marina. Defences installed here include a concrete undercliff walkway and seawall, a splash-wall, six groynes and a ‘rip-rap’ protection beyond the groyne area. The shore platform between the groynes is only exposed at low-tide times. The undercliff walkway is heavily used by walkers, cyclists and for recreational purposes, especially during the summer months.



The Saltdean site is 35 × 335 m in size and is also characterised by a concrete undercliff seawall and undercliff walkway, splash-wall and four ‘rip-rap’ groynes (Figure 7). This is another popular area used by residents and tourists throughout the year.



The Flagstaff Point site represents a rural, unprotected shore platform and covers an area of 250 × 320 m (Figure 8). The rocky shore platform below the cliff face is only fully exposed at the lowest low tide and is covered by very little shingle, which characterises it as a good source of PS points.





5. Results and Discussion


The results are presented as time series plots, with the period of time over which the analysis was performed on the horizontal axis and the amount of ground movement in the line of sight (LoS) towards the satellite on the vertical axis.



5.1. Regional Overview of the Results


The PSI ground level change results for the littoral zone over the research area (Brighton—Eastbourne) are presented as an interpolated map of average LoS ground velocities per annum in Figure 9, as discussed previously in Section 4.1 on the InSAR Methodology. Figure 9A–C focuses on the area around the three research sites, providing local site-level detail. The maps plot interpolated PS data, which are irregularly distributed along the coastal zone in order to show the spatial patterns along the littoral zone.



Average movements are presented in Figure 9, where yellow to red colours show downward ground movement (LoS movement away from the sensor) in mm a−1 and blue colours show upward ground movement (LoS movement towards the sensor) in mm a−1. Ground level changes are spatially variable across the study area and not random, with changes occurring in spatially clustered patterns. Several areas are characterised by pronounced upward movements and others by similarly pronounced downward movements.



Across the region, a downward trend can be observed at an average rate of −0.36 mm a−1. The downward movement, which we interpret as platform downwearing, is much slower in urban areas (−0.33 mm a−1) than in unprotected sections (−1.10 mm a−1). Along the urban sections, the various man-made coastal protections could be slowing the platform downwearing. There are clearly defined zones where the ground level change occurs at a higher rate than elsewhere. Such areas occur at several locations near Brighton, Peacehaven and Saltdean. These regions are identified in the PSI ground movement map, suggesting that further investigation or maintenance work may be required. Stable regions with little ground level change are visible around Newhaven and Saltdean, suggesting that coastal defences are effective here or perhaps that these areas are less susceptible to downwearing.



The platform lithostratigraphy along the coast was been considered as a potential control on ground level change and platform downwearing (see Figure 3). The spatial average ground level change was calculated for each of the three formations exposed on the platform (Table 2). As expected, the more resistant Lewes Nodular Chalk (−0.53 mm a−1) erodes more slowly than the softer Seaford Chalk (−0.66 mm a−1) However, the Newhaven Chalk erodes more slowly (-0.40 mm a−1) but has similar material properties to the Seaford Chalk [34]. The Newhaven erodes −0.25 mm a−1 slower than the Seaford, and 0.13 mm a−1 slower than the Lewes Nodular Chalk Formation. However, the Newhaven Chalk only occurs along urban sections of cliff, whereas the Lewes Nodular Chalk and Seaford Chalk occur predominantly along rural settings, suggesting that coastal engineering has a greater influence on downwearing than rock formation does. While these results are close to the accuracy limits for PSI, they are based on a long time series (3.5 years of data) of continuous ground movement with a consistent downward trend and are hence considered reliable estimates (see Section 5.2).



Comparison with Previous Work


Established methods for monitoring platform downwearing (Section 3) are compared to PSI in Table 3. The averaged PS points are comparable with established monitoring studies for the areas. The results for Roedean show a velocity of −1.0 mm a−1. Peacehaven is calculated at −1.27 mm a−1. Hope Gap has an average of −0.61 mm a−1. All the results are within the magnitude of previous studies and confirm the validity of the PSI processing methodology.



The results for Roedean are at the high end of the range measured with photogrammetry methods and lower than MEM. Peacehaven results using PSI are within the lower end of the photogrammetry results and compare well to the MEM measurements, but are higher than for laser scanning. At Hope Gap, the results are at the lower range of the Dornbusch and Robinson [42] photogrammetry results. The photogrammetry measurements in the paper discuss three areas for Hope Gap, which have downwearing rates that vary significantly between each other.





5.2. Analysis of Ground Level Change at the Research Sites


The advantage of a point-based PSI dataset is that, in addition to being able to monitor the average ground velocity values over large areas, the ground level change in time can be viewed and extracted for each PS point, so that a point-specific pattern of ground level change can be viewed as a time series at the research sites. This allows for a very detailed analysis and interpretation of the spatiotemporal patterns of ground level change. The three chosen research sites display complex patterns of change (Figure 10, Figure 11 and Figure 12). The time series plots have been adjusted so that they all correspond to the Master Image from 24/06/2017, with a displacement equal to zero at the reference date.



5.2.1. Roedean, East of Brighton Marina, Platform by Undercliff Walk


The Roedean research site produced a good PS density and coverage (~450 points) on the platform between the groynes (Figure 10). The average annual ground level change (LoS velocity) for the entire platform in this area is −1.0 mm a−1, which is at the limit of accuracy of this technique, but the trends in the time series consistently show erosion during the analysed period of time (2015–2019), with about 4 mm of ground movement away from the satellite over the 3.5 years, which is well above the uncertainty level in the data. The fact that the trend is consistent over time demonstrates that the averages are realistic and reliable. All data for PS points displayed in Figure 10 have been averaged with a moving average to remove noise from the data and focus on the trend of the time series. The standard deviation has been calculated for the data and is also displayed to present the data variability. The whole area presents downward (away from the satellite) movement with time, starting in March 2015 until the end of the analysed period, January 2019. Small variations within the time series are visible; this is to be expected as a result of the heterogeneity of the platform, given that sediment is brought in and out of it and limited vegetation grows over the rocks.



The results for this area, showing an average ground movement of 0.98 mm a−1 (at R2 = 0.89), are comparable with results from previous studies presented in Table 1, where photogrammetry showed ground movements for Roedean between 0.1 and 0.9 mm a−1 and MEM measurements showed movements of 3.5 mm a−1.




5.2.2. Saltdean


The Saltdean platform is entirely covered in medium-to-coarse-sized gravel shingle that shifts constantly and randomly, causing a total loss of coherence between SAR observations; thus, very few PS are extracted directly on the platform in front of the undercliff walk. There are only PS points with a good coherence on the undercliff walkway, against the seawall and on the exposed chalk at the base of the seawall. Across the shore platform and on concrete defences, the average ground level change is −0.86 mm a−1 (at R2 = 0.59). The undercliff walk is a man-made structure with a 3 m high seawall; it is located right in front, with cemented steps ahead of it, and is followed by a platform covered with gravel (see Figure 6).



The Saltdean time series plot (Figure 11) shows considerable variation, but the dominant trend is of downward movement. The combined effects of the shingle platform covering, 30 m ground (spatial) resolution of the SAR data, the direction of SAR illumination (with respect to the bearing of the shoreline) and the vertical angle of the shore (with respect to the seawall) means that all the PS points are likely to be located on the seawall; this area is the brightest scatterer in the SAR imagery (see Figure 6B). The studied area of the Undercliff Walk shows a small variation in the ground movement, and the fastest movement is seen within the year 2017 until mid-2018. Downward movement in this case could be connected to the downwearing and undercutting of the chalk against the seawall, which is visible in Figure 6B, where a concave notch is developing.




5.2.3. Seven Sisters Platform


Seven Sisters are a series of chalk cliffs between Seaford and Eastbourne. Counting from west to east, the fifth of the Sisters Flagstaff Point, along with the following Flagstaff Bottom (Figure 12), is an area that is notable as being the most extensive part of the platform visible at low tide; as such, it has the highest PS point density of the unprotected coastal zone. The average velocity of ground level change here is −1.03 mm a−1. As with the other research sites, a moving average is applied to the time series data to reduce the noise level, and the standard deviation is calculated and displayed on the averaged time plot to show the variation present in the data. The area is divided into two zones, A and B (Figure 12), to show the PS data in front of the hill (Flagstaff Point) and in front of the valley (Flagstaff Bottom). Zone A, in front of the hill, moves downwards slightly faster, at −1.21 mm a−1 (at R2 = 0.90), than zone B, which is downwearing at an average velocity of −0.94 mm a−1 (at R2 = 0.83). Similarly, this can be seen on the time series plot, where zone B has slightly lower ground movements than zone A. A possible explanation for these differences is the hydrodynamic regime and the longshore drift from west to east; in zone A, the extended platform and pronounced hill may be protecting zone B from platform downwearing. This will change over time as the platform in zone A and the cliff line are eroded, exposing zone B to more erosion.






6. Conclusions


This research presents a novel and complementary methodology using satellite-borne Earth Observation data to monitor, measure and quantify littoral zone platform downwearing. PSI processing was performed using 3.5 years of Sentinel-1 SAR data (acquired at low-tide times between 2015 and 2019). The results demonstrate that accurate, detailed and quantitative results can be produced on regional and local scales, over extensive areas, retrospectively and continuously over extended periods of time, to reveal the rates and patterns of ground level change across the littoral zone.



These results reveal an average ground movement of −0.36 mm a−1 across the entire research area, which is interpreted as being caused by platform erosion and downwearing. Variations in the rate of downwearing are attributable mainly to the presence or lack of engineered coastal defences on urban and rural coastal sections, respectively. Urban sections of the coast are downwearing at an average of −0.33 mm a−1 compared to rural sections, which are downwearing more rapidly at an average rate of −1.10 mm a−1. The material properties of the chalk formations in the platform were considered, and in unprotected areas the weakest chalk types (Seaford Chalk Formation) eroded at higher rates (−0.66 mm a−1) than the more resistant Lewes Nodular Chalk Formation (−0.53 mm a−1).



While the platform directly next to the cliff face would intuitively be expected to be eroding faster than the platform area further away from the cliffs, this signal was not detected in the data and must therefore, if present, have been below the detection limits of ca. 1 mm a−1.



At local scales, the detailed results for three research sites chosen to represent a range of different environments and settings show small but consistent trends of ground level change. These results are consistent with prior point-based studies and reveal that, despite the presence of coastal defences (urban sections), all areas still experience measurable and steady downwearing.



The use of PSI offers a new, cost-effective methodology for coastal monitoring that is complementary to more conventional in situ methods, provides a synoptic perspective and can reveal spatial and temporal patterns of change.



Only using SAR data acquired at low-tide times reduces the number of available scenes by 50% but allows the number of generated high-coherence PS points to nearly quadruple.



The spatial variations in the platform downwearing rates and amounts at the research sites show that coastal defences are, in general, successful in limiting erosion, but they also show that undercutting of seawall foundations may be occurring at certain key sites.



Conventional direct and indirect methods for measuring downwearing are considered extremely valuable and, if used effectively in conjunction with PSI, could provide a powerful and cost-effective solution to the need to quantify and characterise coastal zone change over large areas. PSI monitoring offers a continuous, noninvasive and near-real-time solution, which is as useful in densely populated areas as in rural ones and could prove an invaluable tool for coastal researchers, engineers and planners.
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Figure 1. Map of the study area. Location of research sites marked with red stars. Purple circle represents the location of the reference point that has been used for PS processing in this study. Overlain onto ArcGIS Online National Geographic World Map (Sources: National Geographic, Esri, Garmin, HERE, UNEP-WCMC, NASA, ESA, METI, NRCAN, GEBCO, NOAA, increment P Corp.). 






Figure 1. Map of the study area. Location of research sites marked with red stars. Purple circle represents the location of the reference point that has been used for PS processing in this study. Overlain onto ArcGIS Online National Geographic World Map (Sources: National Geographic, Esri, Garmin, HERE, UNEP-WCMC, NASA, ESA, METI, NRCAN, GEBCO, NOAA, increment P Corp.).



[image: Remotesensing 12 03243 g001]







[image: Remotesensing 12 03243 g002 550] 





Figure 2. Lithostratigraphic column of the Chalk Group, adapted from Mortimore et al., 2004 [34]. 
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Figure 3. Bedrock geology of East Sussex, available on Edina DigiMap online (updated 2013 by BGS) with the protected areas of the shore marked in red (Service Layer Credits: Esri, HERE, Garmin, ©OpenStreetMap contributors and the GIS User Community). 
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Figure 4. Current existing tools for platform downwearing. Photograph (A): MEM tool attached to the platform (image reprinted from Stephenson and Finlayson, 2009: p.55 [37]), photograph (B): laser scanning equipment (image reprinted from Swantesson, 2005: p.16 [39]). 
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Figure 5. Flagstaff Point research site showing an example of the difference in the point density between processed data from every scene recorded within the time period of interest (yellow circles) and processed data filtered to only include scenes when the tide was low (orange triangles). In this example, the unfiltered data produced only 233 PS points, whilst the data filtered to include the low tide produced 935 PS points. Data overlain on ArcGIS Online World Imagery (Service Layer Credits: Esri, HERE, Garmin, ©OpenStreetMap contributors and GIS user community. Source: Esri, DitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, Aero GRID, IGN and GIS User Community). 
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Figure 6. Roedean site at low tide. Photograph (A) showing the view looking east, visible groynes in the distance and sediment accumulating in between, with a chalk platform in front of the sediment. Photograph (B) looking southwest, showing the end of the Marina and a rip-rap shore protection in front. 
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Figure 7. Undercliff Walk in Saltdean. Photograph (A) shows the splash wall, undercliff walk, seawall with small steps and the shingle beach in front of the steps. Photograph (B) presents part of the seawall directly on the shingle beach. Downwearing and erosion at the seawall steps have exposed the base of the seawall foundations and the underlying chalk. The bottom step has a slightly concave shape from continuous wave erosion. 
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Figure 8. Flagstaff Point platform at low tide. Photograph (A) shows the spread of the platform in front of the cliff face, extending 200 m into the sea. Photograph (B) shows large chalk boulders spread on the platform, providing a good stable response to the radar waves. 
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Figure 9. Regional map, presenting the average velocity for the research area from Brighton in the west to Eastbourne in the east, overlain on the ArcGIS Online World Imagery. Red colour indicates moving in the downward direction (away from the satellite), blue moving upwards (towards the satellite). Images (A), (B) and (C) present the area around the research site outlined in Section 3. (Service Layer Credits: Esri, HERE, Garmin, ©OpenStreetMap contributors and GIS user community. Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community). 
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Figure 10. (A) Aerial view results for the Roedean research site, showing platform-engineered protection (seawall, splash wall, groynes and rip-rap) and the cliff line in the top image. The average velocity of the PS points is displayed on the ground in mm a−1, coloured to show the general direction of the movement: red colours represent movement away from the satellite (downward), and blue colours mean movement towards the satellite (upwards). The bottom image (B) shows the average ground movement with the time for the whole area, the vertical axis displaying the ground movement in mm, and the horizontal axis showing the time (from March 2015 until January 2019). Error bars on the plot show the standard deviation calculated for the data, presented to visualise the variability. Top image created in ArcGIS with georeferenced Google Earth Image (04/01/2019). 
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Figure 11. (A) Aerial view results for the Saltdean Undercliff Walk research site. The platform-engineered protection (seawall, groynes and rip-rap) and the cliff line, presented in the top image, show an aerial view of the area of interest, with groynes as well as the cliff line being marked. On top of the map, the average velocity of the PS points on the ground is shown in mm a−1, coloured adequately to the direction of the ground movement: red colours represent movement away from the satellite (downward), and blue colours mean movement towards the satellite (upwards). The bottom image (B) shows the average ground movement with the time for the whole area, the vertical axis displaying the ground movement in mm, and the horizontal axis showing the time frame during which the analysis was conducted (from March 2015 until January 2019). Error bars on the plot show the standard deviation calculated for the data, presented to visualise the variability. (Service Layer Credits: Esri, HERE, Garmin, ©OpenStreetMap contributors and GIS user community. Source: Esri, DitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, Aero GRID, IGN and GIS User Community). 
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Figure 12. Results for the Flagstaff research site. (A) shows an aerial view of the research site, with the cliff line being marked. On top of the map, the average velocity of the PS points on the ground is shown in mm/yr, coloured adequately to the direction of the ground movement: red colours represent movement away from the satellite (downward), and blue colours mean movement towards the satellite (upwards). (B) shows the average ground movement with the time for the whole area, the vertical axis displaying the ground movement in mm, and the horizontal axis showing the time frame during which the analysis was done (from March 2015 until January 2019). Error bars on the plots (B1 and B2) show the standard deviation calculated for the data, presented to visualise the variability. (Service Layer Credits: Esri, HERE, Garmin, ©OpenStreetMap contributors and GIS user community. Source: Esri, DitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, Aero GRID, IGN and GIS User Community). 
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Table 1. Surface erosion comparison between different measurement methods. Data in the table collated in Dornbusch and Robinson [42].
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	Location
	Grid Reference
	Photogrammetry [mm a−1]
	MEM Measurements

[mm a−1]
	Laser Scanning

[mm a−1]





	Roedean
	TQ 34667 03136
	−0.9 to −0.1
	−3.5
	



	Peacehaven
	TQ 41207 01477
	−4.9 to −1.0
	−1.5
	−0.3



	Hope Gap
	TV 51041 97373
	−20 to −6
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Table 2. Average velocity per annum for chalk formations exposed on the shore platform.
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	Formation Name
	Average Velocity [mm a−1]
	Number of Points Analysed
	Type of Area





	Newhaven Chalk
	−0.40
	36,824
	Protected



	Seaford Chalk
	−0.66
	3788
	Unprotected



	Lewes Nodular Chalk
	−0.53
	1811
	Unprotected
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Table 3. Surface erosion comparison between different measurement methods, updated with the results from the processing of InSAR data. Previous data table collated in Dornbusch and Robinson [42]. It should be noted that the exact position of the terrestrial measurement methods is not known.






Table 3. Surface erosion comparison between different measurement methods, updated with the results from the processing of InSAR data. Previous data table collated in Dornbusch and Robinson [42]. It should be noted that the exact position of the terrestrial measurement methods is not known.













	Location
	Grid Reference
	Photogrammetry [mm a−1]
	MEM Measurements

[mm a−1]
	Laser Scanning

[mm a−1]
	InSAR

[mm a−1]





	Roedean
	TQ 34667 03136
	−0.9 to −0.1
	−3.5
	
	−1.0



	Peacehaven
	TQ 41207 01477
	−4.9 to −1.0
	−1.5
	−0.3
	−1.27



	Hope Gap
	TV 51041 97373
	−20 to −6
	
	
	−0.61
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