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In this study, we demonstrate how freely available satellite images can be used to understand large-scale coastline developments along the coast of Mecklenburg-Western Pomerania (MWP). By validating the resulting dataset with an independent Light Detection and Ranging (LIDAR) dataset, we achieved a high level of accuracy for the calculation of rates of change (ROC) with a root mean square error (RMSE) of up to 0.91 m, highlighting the reliability of Earth observation data for this purpose. The study assessed the coastal system’s natural evolution from 1984 to 1990, prior to significant human interventions, and examined the period from 1996 to 2022, which was characterized by regular sand nourishments amounting to approximately 16 million m³. The results reveal notable changes in the study area, with a significant decline in erosive trends and an increase in the number of stable and accreting transects. However, it is important to note that the regular sand nourishments may be masking the true ROC along the coastline. Furthermore, the future supply of sand raises concerns about the sustainability of coastal developments, particularly in the context of future sea level rise (SLR). The study provides valuable insights for coastal authorities and policymakers, informing decisions on sand resource allocation and highlighting the need for appropriate adaptation strategies to address future SLR and ensure long-term coastal resilience.
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1 Introduction

Coastal zones are vital resources for humans due to their abundance of marine resources, tourism, recreational activities, and coastal infrastructures. These areas also provide crucial ecosystem services (Barbier et al., 2011; Temmerman et al., 2013). However, projections of an increase in the frequency of storms, sea level rise (SLR), and land subsidence threaten the global coastal zone, potentially leading to erosion and flooding (Oppenheimer et al., 2019). Although conventional coastal engineering methods such as methods, such as dikes, seawalls, and embankments, are the default solution for protecting most coastal communities, they are costly and have negative impacts on existing ecosystems. As sea levels rise, a conventional strategy will constantly require the heightening and widening of dikes, which is unsustainable eventually. Hinkel et al. (2014) and Nicholls et al. (2019) assessed the resulting costs of adapting to SLR and protecting the coast until the end of the 21st century focusing on coastal zones worldwide. The model-based approach by Hinkel et al. (2014) produces cost estimates as high as 1.9 to 4.2 trillion USD until the end of the 21st century, while Nicholls et al. (2019) arrives at 18.3 trillion USD for a comparable SLR scenario, emphasizing the challenge as well as the uncertainty SLR poses to communities worldwide. Furthermore, conventional structures also do not provide ecosystem services, nor do they benefit existing ecosystems.

In contrast to conventional structures, Nature-based solutions (NbS) provide the chance to reduce the costs needed for protecting the coast (van Zelst et al., 2021). According to the International Union for the Conservation of Nature (IUCN), the definition of NbS is as follows: “Nature-based Solutions are actions to protect, sustainably manage, and restore natural and modified ecosystems that address societal challenges effectively and adaptively, simultaneously benefiting people and nature.” (Cohen-Shacham et al., 2016, p. 5). With respect to the challenges at the coast arising through SLR, NbS provide protection from floods and erosion by utilizing natural systems, such as wetlands, mangroves, and sand dunes (Temmerman et al., 2013; Schoonees et al., 2019). NbS are not limited to natural systems but also include ecologically enhanced conventional engineering structures, for instance, vegetated revetments (Schoonees et al., 2019). Especially submerged breakwaters were found to provide several services for the ecology in their surroundings (Saengsupavanich et al., 2022). For instance, they were observed to provide a habitat for corals (Burt et al., 2009) and other benthic communities when engineered with a suitable material (Scyphers et al., 2015). By working with nature rather than against it, these measures benefit existing or emerging ecosystems by improving their health and functioning. While it is vital to transition to these NbS for the sustainable preservation of our coastal zones, it is equally important to address the critical research that highlights potential negative impacts associated with these solutions. While nourishments, an example of a widely used NbS, are generally considered ecosystem-friendly (Salman et al., 2004), there is critical research indicating potential negative impacts on marine life at both extraction and placements sites (Saengsupavanich et al., 2023).

In general, coastal protection aims to prevent flooding and mitigate coastal erosion to maintain the available coastal habitats and infrastructures. The driving factors of erosion and deposition vary depending on the observed spatial and temporal scales. Long-term changes, occurring over inter-centennial timescales, are mostly driven by SLR (Ranasinghe et al., 2012) and the availability of sediment (Carter et al., 1987). Short-term changes, occurring over inter-seasonal and inter-annual timescales, are influenced by variations in wave conditions (Dodet et al., 2019), nourishments, and extreme events (Stive et al., 2002). Man-made interventions, such as coastal protection structures, can also affect coastal morphology (Turner, 2006). To effectively understand and manage the drivers of coastal erosion and deposition, monitoring approaches need to provide an appropriate temporal and spatial resolution. This allows for a comprehensive understanding of the roles played by both short- and long-term drivers. By incorporating this knowledge into coastal management strategies, it is possible to ensure the sustainable protection of coastal habitats and infrastructures.

Suitable coastal protection strategies can be highly variable depending on the stresses affecting the coast (i.e., coastal erosion and flooding) and local conditions (e.g., financial resources and the type of coast). Mecklenburg-Western Pomerania (MWP), a German federal state located along the Baltic Sea coastline spanning about 377 km, has relied on sand nourishments for over 50 years as a crucial aspect of its coastal protection strategy. This approach is necessary due to the state's dependence on the foreshore, beaches, and dunes (StALU, 2021). However, the assessment of the efficiency, effectiveness, and lifetime of these nourishments is complicated by the combination of natural coastal developments and anthropogenic influences. The current practice is to monitor and react to changes seen on the beaches and regularly replace the sand that was washed away by local metocean conditions (StALU, 2021). A long-term protection strategy that incorporates the uncertainties arising from climate change, particularly SLR, is necessary to manage the coast in the future, emphasizing the importance of understanding the coastal dynamics and the impact of current protection practices. Long-term and high-resolution datasets of coastal development achieved through continuous monitoring are needed for this understanding.

Beach surveying by global navigation satellite systems (Baptista et al., 2008), laser scanning (Kaehler et al., 2022), and photogrammetry (Talavera et al., 2020) are state-of-the-art means for accurate and precise monitoring of local coastal developments and the assessment of coastal protection safety levels. However, due to their limited spatial and temporal coverage, they are not suitable for assessing large-scale coastal morphology. Publicly accessible geospatial data on coastal topography and bathymetry usually combine data from different years into a single dataset to cover extensive areas (Lehfeldt and Melles, 2014), which limits their usefulness for analyzing morphological processes.

According to Staudt et al. (2021), monitoring of the development and overall effectiveness of sand nourishments is a rarely conducted practice. They studied the practices in a number of countries and observed that the long-term impact of sand nourishments and sediment extraction is not fully understood. The lack of monitoring makes it challenging to assess the development and effects of nourishments beyond the nourishment site itself. The monitoring strategies range from quarterly beach profiles (Denmark) to biannual beach profiles (Belgium) to monitor the development and actual lifetime of the conducted nourishments.

In recent years, researchers have turned to Earth observation to overcome the limitations of traditional monitoring approaches. Several studies have used spaceborne and airborne sensors with different characteristics to analyze shoreline dynamics (Toure et al., 2019). The Google Earth Engine (GEE) provides a cloud computing platform with free access to many remotely sensed datasets, including images from satellite missions, namely Landsat (5, 7 and 8) and Sentinel-2 (Amani et al., 2020). However, uncertainties, such as water levels due to tidal forcings, cloud coverages, registration errors, and difficulties in detecting the interface between wet and dry sand, make it challenging to derive shorelines from these images (Castelle et al., 2021).

Despite these uncertainties, satellite-derived shorelines (SDS) can be useful for analyzing inter-annual and seasonal processes (Vos et al., 2019a). Castelle et al. (2022) used satellite imagery to assess shoreline dynamics over 269 km of a high-energy macro tidal coast in France and compared their results to field data from 41 transects. Nanson et al. (2022) successfully identified local to regional scale coastal changes dominated by either wave or tide by using observations from Landsat missions (5,7, and 8). Other studies have used a time-series of yearly composite images to depict regional and global shoreline developments (Luijendijk et al., 2018; Bishop-Taylor et al., 2021). Luijendijk et al. (2018) validated their global SDS at four study sites by comparing satellite-derived shoreline positions to in-situ measurements along 277 transects. Bishop-Taylor et al. (2021) applied their annually generated SDS from Landsat imagery with a validation dataset comprising different sources, reporting an accuracy matching that of Vos et al. (2019b) and improving on the accuracy reported by Luijendijk et al. (2018). Their tide modeling and pixel-based correction of tidal fluctuations resulted in a dataset with a root mean square error (RMSE) of 0.70 m/yr when compared to validation data for a specific set of 330 validation transects.

Using 2D images in the form of satellite images to observe coastal change has its limitations. Coastal morphodynamics are characterized by volumetric changes, meaning that erosion and deposition of the shore are not always equivalent to a seaward or landward displacement of the shoreline. For instance, the sand eroding from a dune might be deposited on the beach or in the foreshore, resulting in a perceived accumulation of sand in this segment. This limits the usability of satellite images for the observation of short-term processes, for instance, redistribution processes shortly after a nourishment. These limitations must be considered when assessing coastal change with satellite images.

In this study, we assess the coastline change over the last 30+ years along the coast of the federal state of MWP at the Baltic Sea. We suggest that nourishments have significantly changed the distribution of erosive and accreting segments. Furthermore, we provide a regional-scale accuracy for the detection of coastline changes using remote sensing techniques by comparing them with multi-temporal LIDAR datasets. Unlike the focus of other studies (Bishop-Taylor et al., 2021; Castelle et al., 2022; Nanson et al., 2022), the micro-tidal coast of MWP is heavily nourished and depends on the presence and services of adjacent natural dunes for coastal protection. Due to the complex dynamic equilibrium between erosion and accretion, which depends on several external factors, such as storms, precipitation, river discharge, protection strategy, and infrastructure measures, the coast of MWP is highly dynamic.




2 Materials and methods



2.1 Baltic Sea coast

The outer coastline of MWP in the southwestern Baltic Sea spans 377 km, with 237 km being flat coast and 140 km consisting of cliffs. Based on historical map data analyzed by state authorities, 65% of the coastline is receding, 13% is advancing into the sea, and 22% is in balance (StALU, 2021). The average rate of erosion along the entire coastline over a 100-year time span is 0.35 m/yr, but locally erosion rates can reach up to 2.1 m/yr. However, there are also areas with a growth rate of up to 4.0 m/yr. The study area, located in the north-east of Germany, is depicted in Figure 1. The cliffs, which account for about one third of the coastline, act as a natural source of sediment, leading to accumulation in neighboring areas. Some attempts to protect these cliffs for tourism and agriculture have negatively affected neighboring flat coasts. Consequently, the cliffs remain largely unprotected, conducive to their role as sediment suppliers (StALU, 2021). The Baltic Sea coast can be characterized as self-balancing, with exposed areas experiencing erosion, while sheltered areas accumulate sediment. Large bays are located behind the outer coastline, partially connected to the sea. Coastal protection measures in these bays tend to be lower due to the absence of significant wave activity, thus protection at the outer coastline is crucial in preventing breaches and flooding. However, little is known about how seasonal changes affected this balance in the past and for how long these evenly distributed budgets of erosion and accretion patterns are going to last in the coming decades.




Figure 1 | Overview of the study area of MWP. Red dots mark major cities and locations of wave/water level measurements (stations at Ahrenshoop and Darßer Schwelle). Background map sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.



To further compound the challenges faced by the coastal protection measures, the effects of climate change and SLR cannot be ignored. According to Kelln et al. (2022), the southwestern Baltic Sea has experienced a rise in sea level of 1.23 ± 0.11 mm/yr between 1900 and 2015 based on tidal gauge data. Figure 2 illustrates the trend of SLR at Warnemünde from 1855 to 2015, supporting their findings. Recent studies have also shown that the rate of SLR has accelerated significantly. Madsen et al. (2019) found a rise in the absolute sea level change for the Baltic Sea of 3.4 ± 0.7 mm/yr between 1993 to 2014 based on reconstructed tide gauge data and 4.0 ± 1.3 mm/yr between 1993 to 2015 based on satellite imagery.




Figure 2 | Monthly values of mean SLR in Warnemünde over the years 1850 to 2015. mNHN is the German height reference system and refers to elevation above sea level (Kelln et al., 2019).



The major coastal protection measures in the study area, measured by their share of the total protected shoreline, are dunes (40.9%) and dikes (17.5%). Seawalls and detached breakwaters are only used in small segments. The large share of dunes is in contrast to the coastal protection strategy along the German North Sea coastline. Notably, in the German North Sea only three barrier islands (Sylt, Norderney, and Langeoog) receive significant nourishments, with an approximate volume of 1.8 million m3/yr. As the major element of the coastal protection strategy at the Baltic Sea, dunes cover approximately 106 km of protected shoreline (StALU, 2021). However, as sand-based protection measures, they are subject to erosion from waves, particularly during storm surges. At locations where sediment deficiencies exist, coastal authorities regularly nourish the dunes to prevent complete erosion of the dunes (StALU, 2021).

Apart from long-term changes, short-term sea level extremes caused by storm surges, wind waves, and wind surges before a storm are also significant factors affecting coastal protection measures (Suursaar et al., 2006; Madsen et al., 2015). Storm surges in the Western Baltic Sea region, where the study area is located, typically reach a height of 1.0 to 1.5 m, with storm surges exceeding 1.0 m occurring 1.2 to 2.1 times per year depending on the location (Weisse et al., 2021). The height of waves in the Baltic Sea follows a seasonal cycle of wind speeds, which are higher during the winter (Björkqvist et al., 2018). Figure 3 summarizes the development of significant wave heights and wave directions at Ahrenshoop and Darßer Schwelle between 1955 and 2017, revealing a moderate positive trend in the significant wave height over the modeled timespan. The yearly significant wave height fluctuates around 0.52 m at the median, while the yearly 99th percentile ranges between 2.3 to 3.6 m in the studied time frame. Additionally, a wave rose from a wave buoy at Darßer Schwelle and a water level time series from a gauge at Warnemünde are supplied in Supplementary Figure 2 for more details on the wave heights and water level fluctuations. The linear regression of wave direction also suggests an increase of waves from a westerly direction, which could potentially cause changes to the coastal system, such as the reversal of longshore drift direction in some locations. These findings demonstrate the increasing pressure on coastal protection measures.




Figure 3 | Times series of significant wave heights (m) and wave directions (°) from a hind cast (unpublished dataset by Groll N. as part of the coastDat project). Significant wave heights at (A) Ahrenshoop and (B) Darßer Schwelle. Wave directions at (C) Ahrenshoop and (D) Darßer Schwelle.






2.2 Management practices

The current management practice, written down in the “Coastal Protection Rules Mecklenburg-West Pomerania”, has been in place since 1995. Since then, the level of coastal protection has been heightened and extended. The financial investment for the implementation of the coastal protection strategy of MWP has been approx. 15.5 million €/yr in the period from 1990 to 2008 (StALU, 2021). Of this investment, only 11% are spent on dykes, while the share of measures aimed primarily at limiting the erosion of sand-based coastal protection measures is as high as 85.1%. Included in this percentage are nourishments (45.6%), groins (19.6%), seawalls (7.7%), revetments (7.6%), and detached breakwaters (4.6%) (StALU, 2021).

Generally, understanding the dynamics of the shoreline is crucial when planning the distribution of sand supplies along the coast. This is particularly important considering the challenges posed by SLR in the coming years. By investing in coastal protection measures, such as nourishments and groins, authorities can help to mitigate the effects of erosion and storm surges, which threaten the stability of the coastline and the communities that depend on it.

Of the 106 km of coastline protected by dunes, around 69 km are regularly nourished, with individual nourishments ranging from 10,000 to 600,000 m³ of sand. The intervals for the nourishments typically range from 5 to 10 years depending on the site-specific sand deficits. According to datasets produced by the StALU, which describe the nourishing practice in MWP, approximately 6 million m3 of sand have been installed between 1964 and 1995 and approximately 12 million m³ of sand were installed for beach and dune replenishment between 1995 and 2018 (Figure 4). This volume of sand emphasizes the scale of the challenge in safeguarding the coast against the damaging effects of erosion. The primary objective of the nourishment practice is to protect inhabited areas (StALU, 2021). However, it must be noted that nourishments are also deployed to widen the beach for touristic needs by local initiatives.




Figure 4 | (A) Money in million € spent on coastal protection measures at the coast in MWP between 1990 and 2018. (B) Nourished sand volume in thousand cubic meters (TCM) per year between 1964 and 2018. Note that for the years before 1990 and after 2017 no data is available for the cost of nourishments.



Beach nourishments may be directed towards the shoreface, beach, or dune parts of the coastline, depending on the specific requirements of each location. However, this information is not always recorded in the data. In practice, the nourishments involve the introduction of sand into the system, which is then transported seaward by incoming waves, resulting in a longshore drift along the coast. The sand continues to move until it reaches areas where the longshore drift slows down, allowing the sand to settle and form dunes and beaches.

It is also worth noting that the effects of nourishment are not confined to the coastal segments downdrift of the nourishment sites. Rather, stretches updrift from the nourishments are also affected, as the sand introduced into the system impacts the longshore drift and ultimately affects the entire coastline (Silva et al., 2021). Moreover, changing dune toe positions and the subsequent establishment of the beach profile impact the shoreline, which is the interface between land and water at mean sea level (MSL). As the dune toe shifts, the shoreline moves either seaward (accretion) or landward (erosion), making nourishments a crucial component of coastal protection efforts.




2.3 Methods

To create a comprehensive dataset of long-term shoreline changes and evaluate the efficacy of local beach nourishment projects along the coast of MWP, this study utilized the python-based CoastSat toolkit (Vos et al., 2019b). As noted earlier, several potential sources of errors and uncertainties are inherent to the method of establishing shoreline positions from satellite images. To accurately assess the precision of the space-borne measurement of the shoreline change, a multi-temporal LIDAR dataset from 2014 and 2018 was utilized as an independent, but valuable dataset to calculate rates of change (ROC), which were then compared to the ROC derived from the SDS. Supplementary Figure 1 gives an overview of the necessary computation steps for both datasets.



2.3.1 Remote sensing

The CoastSat toolkit (Vos et al., 2019b) allows for easy extraction of subpixel resolution shorelines from satellite images using the GEE. Landsat missions (5, 7, and 8) from 1984 to 2022 were used in this analysis, with details presented in Supplementary Table 1. The instantaneously derived shorelines have an accuracy of approximately 10 m, as reported by Vos et al. (2019b), allowing for assessment of inter-annual and seasonal processes in coastal environments. The main errors in the detection are caused by white water from breaking waves and offset errors in orthorectification from data providers. For a more detailed introduction and validation of the CoastSat toolbox, see Vos et al. (2019b).

To identify the boundary between water and sand, CoastSat utilizes a processing method centered around the Modified Normalized Difference Water Index (MNDWI). This technique is based on analyzing the shortwave infrared (SWIR1) and green (G) channels of remote sensing imagery. The MNDWI is given by Xu (2006) as follows:

	

The extraction process with CoastSat can be refined by selecting images with a cloud cover of less than 10%, using a buffer of 300 m around cloud edges in which shoreline extraction is prohibited, and setting a minimum shoreline length of 800 m to avoid including short shorelines derived from clouds or other errors. These options balance the accuracy of the shoreline information with the number of images excluded.




2.3.2 Shoreline extraction

For the analysis with CoastSat, 231 polygons along the coast (Figure 5) were derived, which delineate the coast into boxes of 1000 m length and 500 m width. For each of the created boxes, the available Landsat images between 1984 and 2022 were identified and subsequently downloaded from the GEE. In the timeframe and with the predefined threshold for the cloud cover, approx. 100 000 images were available and downloaded. In the next step, the shorelines were extracted from the images using CoastSat.




Figure 5 | Delineation of the sandy shoreline segments into boxes for the SDS analysis with CoastSat. Zoomed area of  (B) is marked as green outline in (A). Background map sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.



To analyze and evaluate the dynamics of the shoreline, transects perpendicular to the coastline were defined at 100 m intervals along the coast, incrementally numbered from east to west (Figure 5). The chosen interval allows the detection of shoreline change due to nourishments, which range in length from 200 m to 4300 m, while still facilitating a large-scale assessment of the coastal development. A total number of 2264 transects are generated in this manner and used to evaluate the shoreline change in the study area. After extraction of the shorelines from the satellite images, the intersection with the transects was computed. In consequence, both the temporal dynamics and relative spatial changes of the chainage (position of shoreline along each transect) along the coast are determined, deducing a valuable insight into the processes of eroding and accreting segments along the coast.




2.3.3 Rates of change

To establish a yearly mean location from the extracted shorelines, the absolute location of all shoreline locations per year was computed and averaged. Then, linear regression was performed on the data points of the horizontal location of the shoreline between 1984 and 2022 to obtain reliable estimates of the ROC in each transect. The ROC indicates whether a coastal section experiences erosion or deposition in reference to the entire coastal stretch over the available timespan. This assessment includes both the natural drivers of coastal change, e.g., storms, storm surges, and SLR, and the execution of nourishments to counteract coastal erosion. To systematize and adequately categorize the observed ROC, we followed and extended the approach proposed by Esteves and Finkl (1998), which groups change rates into different categories ranging from severely eroding (< -1.5 m/yr) to severely accreting (> 1.5 m/yr).




2.3.4 Tidal correction

To account for the displacement of shorelines due to significant tidal changes, particularly noticeable in areas with gradual beach slopes, where minor tidal shifts can cause substantial horizontal shoreline movement, the following approach was adopted:

First, the corresponding water level from the nearest tide stations along the coast (Rostock or Sassnitz) was ascertained from a measured time series whenever a satellite image was taken. To exclude images impacted by excessive water levels, specific thresholds were established, limiting the water level to a range of -0.2 and +0.2 m below or above the MSL. This range encompasses the prevailing tidal range in the study area. By employing this technique, as described in Bishop-Taylor et al. (2021), an impartial dataset was created, which remains unaffected by extreme water levels resulting from tidal forces or storm surges.




2.3.5 Validation

To validate the accuracy of our approach following the objective to depict long-term morphological changes at the coast of MWP using remote sensing techniques, we worked with yearly ROC derived from the SDS and LIDAR data. Unlike other approaches (Luijendijk et al., 2018; Bishop-Taylor et al., 2021; Castelle et al., 2022), we validated the yearly ROC for virtually all transects between 2014 and 2018. To achieve this, we used multi-temporal LIDAR datasets of the entire coast, which are commissioned to third party companies by the state authorities on a yearly basis. However, due to limitations in the LIDAR data’s availability and reliability near mean sea level height, we compared the ROC computed from both data sources instead of comparing the absolute location of the shoreline.

To accomplish the computation of the geospatial data for the entire coast on an off-the-shelf machine, we used a workflow involving LAStools, QGIS, and Python scripts. The data was initially given in ASCII-XYZ format. We converted the data to the LAS format, merged it into one data file, thinned it to a 1 m grid, and extracted isolines in 0.1 m increments.

We used the 1.0 m isoline for the computation of yearly change rates, as it corresponded to the dune toe in this region, providing a reliable proxy for coastal change. Additionally, the 1 m isoline offered good coverage between the datasets being compared. Isolines from lower increments were affected by nourishments forming cusps, hindering the extraction of reliable ROC. We applied the same method which was used for the computation of shoreline change from the SDS to the isolines, resulting in values for the ROC in the same transects along the coast (Figure 6).




Figure 6 | ROC along the coast, computed from LIDAR datasets from 2014 and 2018. Each dot represents a moving average of 5 adjacent transects, representing a balance between high resolution and clarity. Background: Esri–Source: Esri, i-cubed, USDA, USGS, AEX, GeoExe, Getmapping, Aerogrid, IGN, IGP, UPR-EGP, and the GIS User Community.








3 Results



3.1 Validation

The present study conducted a validation of the results by comparing the ROC derived from LIDAR and SDS data. The validation results are presented in Figure 7, with Panel (A) highlighting a comprehensive but precise comparison of the ROC between the two independent datasets. Specifically, the comparison revealed that the RMSE from the raw data is 1.65 m per year (B), indicating a significant level of variability between the datasets. Though this variability is expected, due to the specific limitations of each data source, it nevertheless indicates reasonable agreement between the LIDAR and SDS data. However, to further refine the validation process and to obtain a higher accuracy, a moving average filter with a window width of 2500 m was applied to both datasets allowing to blur boundaries of the artificially set interrogation boxes/cells. This window width was chosen to approximate the shortest coastal length scale over which nourishments are typically executed. The moving average filter yielded an enhanced accuracy of the validation as it helped to reduce local variabilities, such as the presence of beach cusps or the uneven accumulation of sand in a groin field due to the alongshore transport direction. This filtering process was necessary to obtain a comprehensive understanding of the ROC in the coastal regions and to ensure that the data obtained is reliable and accurate. This filtering led to an improvement of the RMSE to 0.91 m.




Figure 7 | ROC derived from LIDAR and SDS plotted against each other. (A) ROC along the coast. Markers (blue = SDS, orange = LIDAR) depicting the long-term ROC in each transect where LIDAR and SDS were available. (B) Scatter plot of ROC from LIDAR and SDS against each other. (C) Scatter plot of ROC from LIDAR and SDS with a moving average filter (2500 m). The calculation of p-values<0.001 demonstrate the statistical significance of the obtained validation.



The results obtained from the validation process provide valuable insights into the efficacy of using LIDAR and SDS data for assessing the ROC in coastal regions. The application of a moving average filter with a window width of 2500 m proved to be a critical step in refining the validation process, reducing the RMSE, and ensuring the accuracy and reliability of the results. This methodology may prove useful in future studies examining coastal changes and the efficacy of different data sources in assessing these changes.




3.2 Natural system (1984 to 1995)

The study period of 1984 to 1995 was chosen to assess the natural evolution of the coastal system, with minimal volumes of nourishments conducted during this time and the master plan for coastal protection (StALU, 2021) not yet being in place. Due to the limited availability of SDS for the years 1990 and 1995, we excluded the SDS from these years from the analysis and based the computation of the changes for the natural period on the robust SDS data from the years 1984 to 1990. The results showed a heterogeneous development of the coast over this six-year period, with some hotspots exhibiting high erosion and accretion rates of up to 4.5 m/yr (Figures 8, 9). Additionally, the dataset reveals a heterogeneous development of the coast over these six years, with 33% of the transects exhibiting erosion, 49% remaining stable, and 18% experiencing accretion (Supplementary Table 2). The accreting segments are largely located near transect 2000 facing east and appear to accrete due to their sheltered position from the primary wave attack direction, which occurs from approximately 200-220°.




Figure 8 | Yearly ROC along the coast from 1984 to 1990. Each dot represents a moving average of 5 adjacent transects, representing a balance between high resolution and clarity. Background Sources: Esri, DeLorme, HERE, MapmyIndia.






Figure 9 | (A) Line plot of the ROC along the coast during the years 1984 to 1990. (B) Number of transects experiencing erosion (red), accretion (blue), and balance (green) for each year. (C) Histogram of the distribution of the ROC per number of transects. Note that transects, which experience erosion and deposition roughly equally over the years and are displayed as such in (B), could fall in the stable category in (C) when considering the linear regression over the entire period.






3.3 Nourished period (1996 to 2022)

Figure 10 provides a comprehensive overview of the evolution of the coastline between 1996 and 2022, revealing the position of each detected shoreline in each transect relative to the mean position of the coastline in that transect. This approach allowed for a more nuanced understanding of the changes occurring along the coastline, enabling the observation of sudden changes either caused by severe storm impacts or nourishments more easily than when using a fixed reference point, such as a specific year. It is important to note that the study period was characterized by regular nourishments, with an estimated volume of approximately 16 million m³ of sand (~0.5 million m3/yr) added to the coastline during the entire timeframe (StALU, 2021).




Figure 10 | ROC along the coast from 1997 to 2020. Each dot represents a moving average of 5 adjacent transects, representing a balance between high resolution and clarity. Background Sources: Esri, DeLorme, HERE, MapmyIndia.



The results of our study reveal that the observed coast has demonstrated an accreting tendency over the study period, as depicted in Figure 11. Specifically, 23% of transects exhibited accretion rates of over 0.5 m/yr (Supplementary Table 3). The majority of transects (66%) remained stable, with change rates between -0.5 and 0.5 m/yr. A smaller share of transects (11%) exhibited erosive tendencies (<-0.5 m/yr).




Figure 11 | (A) Shoreline change compared to the mean of each transect over the years 1995 to 2022. (B) Line plot of the ROC along the coast. (C) Number of transects experiencing erosion (red), accretion (blue), and balance (green) for each year. (D) Histogram of the distribution of the ROC per number of transects. Note that transects, which experience erosion and deposition roughly equally over the years and are displayed as such in (C), could fall in the stable category in (D) when considering the linear regression over the entire period.







4 Discussion

In this study, the CoastSat toolkit was utilized to assess coastline change over the Baltic Sea spanning a 38-year period (1984-2022). The integration of CoastSat with GEE allowed for a streamlined workflow, automating crucial and time-consuming processes, such as data acquisition, pre-processing, and analysis of long-term Landsat satellite images. This approach offers advantages in terms of automation, time-saving, consistency, and coverage compared to the StALU maps, which are generated through a time-consuming empirical approach based on manual digitization of historic maps (StALU, 2021) depicting the ROC in coastal areas over the past two centuries. The inclusion of a pre-trained Neural Network (NN) classifier (Civco, 1993) within the CoastSat processing framework enables accurate and fast detection of costal classes like ‘sand’, ‘water’, ‘white-water’, and ‘other land features’. The utilization of the Otsu algorithm (Otsu, 1979), based on the MNDWI, also provides an efficient solution for differentiating water from sand during coastline detection. However, it is important to acknowledge certain limitations. Inaccurate class detection may occur, resulting in misclassification or incomplete identification of coastal features. Additionally, generalizing the CoastSat approach to diverse coastal environments with varying geomorphological and ecological characteristics may pose challenges.

While we believe that the limitations we encountered did not have a significant impact on the main findings of our study, future research should consider implementing additional controls. Fine-tuning the pre-trained NN classifier or incorporating Artificial Intelligent (AI)/Deep Learning (DL) techniques can help mitigate the limitations associated with the CoastSat tool. It is worth noting that recent advancements in AI technology have greatly enhanced the accuracy of coastline extraction methods, leading to improved precision in coastal analysis and monitoring (Vitousek et al., 2023). However, these methods often require extensive training data and parameter settings, which can be time-consuming. Furthermore, the need for calibration in different geographical areas should be taken into account. In response to these challenges, researchers like Seale et al. (2022) have made valuable efforts in building global datasets for coastline extraction, aiming to enhance the applicability and generalization of AI-based approaches in coastal studies. Integrating such strategies into CoastSat has the potential to yield even more reliable and robust results.



4.1 Coastal change

The StALU has produced maps that illustrate the ROC that have occurred in the past two centuries on a purely empirical basis (StALU, 2021). These maps, which are based on manually digitized historic maps, provide a valuable reference point for studying the natural dynamics of the coastal system before significant human interventions, such as nourishments, were carried out. Although the manual digitization process may introduce some errors and uncertainties, the resulting maps offer a reliable comparison to the current anthropogenically influenced system. Yet, our analysis and subsequent evaluation rely on the assumption that the coastal system during the period from 1984 to 1990 (Figure 9) had neither yet been heavily influenced nor modified by human activities. Our findings indicate that approximately 33% of the coast experienced erosion, while 18% accreted, and 49% remained stable, which is consistent with the patterns observed in the historic maps.

In contrast to the undisturbed period, the analysis of the period from 1996 to 2022 revealed a highly managed and maintained coastal system, where approximately half of the sandy transects were nourished regularly, and new groins were constructed, refurbished, or reconstructed. Our results show that in this period, 11% of the transects experienced erosion, 23% fell into the accreting category, and 66% showed a stable development. Between the more natural period to the nourished period, the share of stable or accreting transects rose from 67% to 89%, while the share of eroding segments fell by 20%.

The change from the historical ROC shown in the maps by the authorities and in our assessment of the natural period cannot be attributed to specific human interventions (e.g., port and jetty construction, river dredging, coastal protection infrastructure, and sand nourishments). Nevertheless, single sand nourishment events are evident in the dataset (Figure 11A) and nourishments are the prominent form of coastal protection measures in the area. We therefore suggest that the nourishments are indeed the single most dominant driver of coastal change in this area. Interpreting this change as part of the coastal protection strategy, the nourishments halt the erosion and are effective in prohibiting the loss of land.

Still, though the strategy seems to have halted erosion, nourishments are not able to reverse erosive trends in most instances, instead the erosion is concealed by continuous replenishing of the sand resources on the beach and dune. The same large-scale masking of the erosive trends by continuous nourishing of a coast was found in case of the Atlantic coastline of the US (Armstrong and Lazarus, 2019). They also identified the possibility of a system trap, indicating that by masking the erosion the underlying causes are not approached, instead the system becomes dependent on continuous manipulation. The perceived reduced coastal hazard then leads to increased construction of infrastructure and a further concentration of population in the area. Due to the system trap, the underlying increasing hazard due to SLR and a possible increase in storm frequency and severeness is not taken into consideration. The same development could hold true for the Baltic Sea and a careful assessment of the underlying coastal hazard is necessary.

The drivers of coastal changes on short-term time scales, e.g., storm impacts and nourishments, and long-term time scales, e.g., SLR and sediment availability, are not readily discernible in the dataset. Instead, the naturally induced changes are often superimposed by the counteractive effects of nourishment activities. Nonetheless, the empirical StALU maps and the present study provide crucial insights into the natural and anthropogenic processes that shape the coastal system, which can inform future management strategies for coastal resilience. The data also revealed a clear turning point in 1997, after which the coast predominantly accreted rather than eroded. These findings suggest that the practical measures taken by state authorities to stabilize the coast, such as nourishments and coastal protection infrastructure, have had a positive impact on the coastline’s long-term evolution. However, some areas still experience erosion. For instance, the Huckemauer (Figure 1) is a human-made structure that contributed to erosive spots in the adjacent segments. Additionally, there are gaps in the groins that lead to the creation of erosion hotspots, such as the one found at km 73 along the coast (Kloster/Dierhagen). These recessive coastal areas are hotspots for further attention and possible action.




4.2 Comparison to other monitoring efforts

Nowadays, coastal monitoring predominantly employs GPS or UAVs for data collection when surveying post nourishments changes, evidenced by numerous studies (Muzirafuti et al., 2022; Pinto et al., 2022; Tadić et al., 2022). However, these investigations are often limited to the period directly following nourishments and confined to nourished areas, excluding adjacent regions due to temporal and financial constraints. As such, while they provide insights into short-term morphological sand redistribution post-nourishment, long-term impacts on neighboring coastal regions and the broader coastline remain unexplored. A notable exception from these techniques are LIDAR-based studies such as the study by Nicolae Lerma et al. (2022), who observed a large 230 km coastal strip annually for 11 years. Such studies, while highly informative, are scarce, recent, and costly, limiting their widespread availability. In contrast, Earth observation-derived products offer a more accessible alternative, providing the extensive temporal scales necessary for comprehensive coastal monitoring.




4.3 Accuracy and validation

We aimed to demonstrate the potential of satellite-based Earth observation for shoreline extraction with minimal human intervention. To achieve this, we did not manually discard satellite images with a poor representation of the shoreline, which may have introduced outliers and bias to the data. Nevertheless, our validation showed the utility of satellite images for this task. However, the available validation dataset is limited in its temporal extent and biased towards more recent coastal developments. Therefore, the accuracy of the SDS in the 1990s and 2000s may be overestimated. Additionally, the validation and resulting SDS are limited to sandy parts of the coast and exclude the cliffed parts, where CoastSat in its current implementation cannot be reliably used due to small sandy areas in front of cliffs, which are otherwise mostly composed of gravel. Another limitation of this study is the absence of a tidal correction of the results, which may not be feasible in meso- to macro-tidal environments where tidal fluctuations can induce large horizontal offsets. The validation approach compared ROC derived from SDS at MSL with ROC obtained from isolines located 1.0 m above MSL derived from LIDAR data. As a result, the computed accuracy of the ROC is likely too conservative. LIDAR surveys that map the beach near and below MSL would reduce this uncertainty. The comparison was intentionally conducted with the ROC values instead of using the absolute position. In this way, we could robustly compare the raw yearly ROC instead of relying on a reprojection of either SDS or isolines to the same height, possibly introducing bias into the data.

Overall, our study demonstrates the potential of satellite-based Earth observation for shoreline extraction, but these limitations must be considered when interpreting the results and applying them to other coastal environments. Future studies may explore ways to address these limitations and improve the accuracy and applicability of satellite-based methods for coastal monitoring.




4.4 Image availability

The availability of Landsat images for the study area between 1990 and 1997 was limited (Supplementary Figure 3), which may have introduced an error in the computed ROC. The limited availability is due to budgetary constraints and operational issues that affected the acquisition of satellite images (Goward et al., 2006). The comparatively recent launch of Sentinel-2 with its higher revisit time (5 days) and extensive coverage of the European continent offers promising opportunities to improve the accuracy of future datasets derived with the proposed method. This will allow for a more comprehensive assessment of coastal dynamics, especially in areas with limited Landsat coverage.





5 Conclusions

In this study, we demonstrated how freely available satellite images can be used to understand large-scale coastline developments along the coast of MWP. By validating the resulting dataset with an independent LIDAR dataset, we achieved a RMSE of up to 0.91 m, highlighting the accuracy of freely available satellite images for mapping long-term changes. The method effectively handles a wide array of conditions in sandy environments as proven by the validation of virtually all transects encompassing the entire study area. By mapping the coastal evolution from a natural state (1984-1990) to a managed period (1996-2022), which was characterized by the addition of 16 million m3 of sand to the coastline, we gained valuable insights into long-term coastal dynamics. Our dataset of coastal change for MWP is the first that provides information about the changes in the coastline stretching back to 1984, or any data that encompasses extensive portions of the coast, much less the entire coastline. The transition between the natural and the managed period is marked by a significant shift in coastal dynamics, as erosive trends were reduced and the number of stable and accreting transects increased – a change potentially attributed to decades of sand nourishments. While determining the exact impact of sediment supply, SLR, or climate drivers requires future work, this dataset offers vital insights for coastal authorities. It enhances understanding of past sand nourishments and supports decisions on allocating sand resources in the future. In absence of any drastic changes to the protection strategy, the coast of MWP will remain dependent on further sand supply to avoid loss of land and floodings, raising the question of how long the available sand will last and if NbS or a return to hard structures are the answer in the long-term.
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