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Figure 1: Study areas. A: Overview map of the German Baltic Sea coast. Locations of the subsets
B and C are outlined in black. B: Study area “Angeln”. C: Study area “Moénchgut”. CRS: in A
WGS84, in B: UTM32N, in C: UTM33N. Background maps in B and C are Sentinel-2 True Colour
RGB:s.

In the second half of October 2023, prolonged north-east to easterly gale-force winds over
the Baltic Sea caused a severe storm surge along the German Baltic Sea coast (Kiesel et al.
2024). The duration of the event and peak water levels increased from east to west. At
Thiessow (study area Monchgut), the tide gauge recorded a surge duration of 22 hours and
a peak water level of 130 cm above mean sea level (MSL), which is categorised as moderate
storm surge in the German Baltic Sea (Figure 2A). The tide gauge at Schleimiinde (study
area Angeln) registered a peak water level of 207 cm above MSL, the highest recorded at
this station since 1904 (MELUND 2022). The surge duration at this station was 45 hours,
of which 16 hours were a severe storm surge (> 150 cm above MSL).
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Figure 2: Water level measurements and modelled wave heights during the 2023 storm surge. A:
Water levels at the tide gauges of Schleimiinde (study area Angeln) and Thiessow (study area Mon-
chgut). The timeseries are smoothed to hourly means for better readability. Indicated storm surge
categories follow the definitions of the Federal Maritime and Hydrographic Agency (BSH). Tide
gauge data were provided by the Federal Waterways and Shipping Administration (WSV), made
available by the Federal Institute of Hydrology (BfG). B: Significant wave height data for locations
off Schleimtnde (study area Angeln) and Géhren (Ménchgut). C and D show the distribution of
wave heights since 1980 off Schleimiinde and Gohren, respectively. Wave height distributions of
the 19. and 20.10.2023 are shown in black. Note the logarithmic scale on the y axis. See Lindgren
et al. (20024) for more details on the wave model.

The gale-force winds from north-easterly and easterly directions generated large waves in
the south-western Baltic Sea. Figure 2B-D present modelled wave height data for both
study areas from a hindcast model (Lindgren et al. 2024). While the maximum significant
wave height near the shore during the storm surge were similar in both study areas
(~ 3.3 m, Figure 2B), this was the highest wave height modelled in the Angeln study area
since 1980 (Figure 2C), exceeding previous events by about 70 cm. Generally, the
Monchgut study area experiences a higher-energy wave climate than in Angeln. Although
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similar and even stronger wave events have been observed on a decadal timescale, wave
heights during the October 2023 storm surge partially exceeded the 99.9 percentile and can
thus still be categorized as extreme (Figure 2C and D).

2.2 SEaCAT

We developed SEaCAT for fast semi-automatic monitoring of shoreline changes based on
satellite imagery. SEaCAT includes a multi-step workflow for shoreline delineation includ-
ing selection of suitable satellite images for a given region and time range of interest and
subsequent extraction of the land-water boundary based on spectral indices, achieving sub-
pixel accuracy of about one-third of the satellite’s spatial resolution in microtidal environ-
ments (Schutt 2022). Subpixel co-registration of satellite images can be achieved using
AROSICS (Scheffler et al. 2017). Multiple quality screening and filtering steps ensure reli-
able results. Shoreline change can then be quantified by a set of traditional and newly de-
veloped algorithms. SEaCAT is implemented in Python and builds on the xcube data cube
toolkit (xcube developers, n.d.) and its Sentinel Hub API integration for accessing satellite
image archives in the cloud, while also allowing to easily analyse raster datasets from other
sources. Extensive sensitivity analysis and validation of this tool was conducted in Schiitt
(2022).

Here we used SEaCAT to derive SDS from the entire Sentinel-2 archive (August 2015
to June 2024) for both regions of interest, respectively.

Initially, we selected all Sentinel-2 scenes with less than 20% cloud cover along the
coastline and water levels within + 30 cm of mean sea level (MSL) at acquisition time using
local gauge data. The gauge data were provided by the Federal Waterways and Shipping
Administration (WSV), made available by the Federal Institute of Hydrology (BfG). The
scene selection based on the water level ensures to capture longer-term shoreline change
and avoid outliers caused by extreme water level events. The influence of residual water
level-related biases on individual SDS and derived trends will be discussed later.

A manual quality screening excluded scenes with residual cloud contamination along
the shoreline and those with breaking waves, which introduce bias to SDS positions
(Hagenaars et al. 2018).

SEaCAT extracts shorelines from the selected scenes by first emphasizing the contrast
between land and water using a spectral water index and then generating the land-water
boundary line using the marching squares algorithm (Cipolletti et al. 2012) in combination
with Otsu’s adaptive thresholding (Otsu 1979). Previous validation efforts of SEaCAT
tested six water indices (NDWI (McFeeters 1996), MNDWI (Xu 2006), AWEInsh (Feyisa
et al. 2014), MuWI (Wang et al. 2018), ANDWI (Rad et al. 2021) and the NIR-Blue Nor-
malized Index, NBNI) at six validation sites in the Baltic Sea and the North Sea against
reference shorelines from laser scans and orthophotos (Schutt 2022). In the Baltic Sea,
NBNI performed best and was selected as spectral water index in this study. It utilizes the
strong contrast of water reflectance in different parts of the electromagnetic spectrum and
is defined as:

NBNI = Blue—NIR (1)

Blue+NIR
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The marching squares algorithm is used to generate contour lines from a two-dimensional
grid of scalar values along a provided threshold. It iterates over the grid and linearily inter-
polates the position of the contour line within each cell based on the values at the cell
corners. For example, if two adjacent cell corners, cl and ¢2, have values of 0.0 and 1.0,
and the threshold is set to 0.8, the contour line would be placed at 80% of the distance
between c1 and c¢2. This interpolation enables the extraction of contour lines with sub-pixel
precision and results in a smooth representation of the shoreline (Bishop-Taylor et al. 2019,
Vos et al. 2019). For each image we determined the optimal NBNI threshold for shoreline
detection using Otsu’s adaptive thresholding. At validation sites most similar to our study
areas, a sandy beach and a cliff coast close to the city of Kiel, the mean absolute error of
this setup was 2.9 and 3.5 m and the bias 0.7 and 2.5 m, respectively, compared to shorelines
derived from LiDAR data and orthophotos (Schiitt 2022).

We quantify shoreline change with our proposed Directional Buffer Overlay method
(DBO). This approach combines the strengths of traditional methods like the transect-
from-baseline (TFB) and the buffer overlay (BO; Heo et al. 2009) methods while mitigating
their respective weaknesses, including TFBs sensitivity to baseline and transect definition
(Khallaghi and Pontius 2022) or BOs inability to specify the change direction (Heo et al.
2009). DBO first divides the coast into small segments. In this study, we used a spacing of
100 m between the transects. In each segment, a series of buffers is used to determine the
average shoreline shift between consecutive shoreline observations, creating a time series
of a shorelines’ cross-shore position. These time series are then analysed statistically to
quantify shoreline change. The segmentation of the coastline is broadly based on Jackson
et al. (2012) but optimised for automation (Figure 3). Alternatively, user-defined baselines
and transects can be used for the analysis.
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Figure 3: Automatic baseline and transect generation in SEaCAT. A: Seaward and landward base-
lines are generated around the buffered shoreline change envelope (SCE). B: Baselines are
smoothed with a Gaussian filter and transects are generated perpendicular from the seaward to the
landward baseline. C: Smoothing of the transects azimuth and filtering removes crossing transects.

After segmenting the coastline, a modification of the BO method (Heo et al. 2009) is used
within each segment to estimate the average shoreline displacement between consecutive
SDS. A single-sided buffer is created on the seaward side of the first observation with a
width much smaller than the satellites pixel resolution (Figure 4). In this study, we used an
increment of 1 m. We then determine the length of the new shoreline inside the buffer and
store this value. This procedure repeats iteratively as the buffer moves away from the first
shoreline observation until no parts of the new shoreline are within the buffer. The proce-
dure is mirrored on the inshore side of the first shoreline observation with erosional shifts
stored as negative values. This iterative buffering derives the probability density function
(PDF) of distances between the two lines, accounting for the shift direction.
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Figure 4: Schematic diagram of the distance measurements with DBO. In this example, we measure
the distance from SDS,y and SDS,;. A-F show the moving buffer from SDS, in each iteration 1.
The part of SDSy in the buffer is indicated in bright. G shows the histogram of the distances
between SDS and SDS,1. The dashed line indicates the weighted average distance (u*).

We derive the average shoreline shift between the two lines by calculating the weighted
average of this distribution:
o _ I xio;

W= e ?
where p* is the weighted mean distance, N the number of bins in the distance distribution,
x the centre distance of a bin and w the proportion of the new shoreline observation within
a bin.

Sensitivity analysis of DBO have proven the robustness of this method (Schiitt 2022).
In contrast to the TFB method, DBO is not sensitive to the definition of baselines, which
is a prerequisite for automatic SCA. Moreover, the increment in the buffer analysis has
insignificant influence on derived distances if it is < 20% of the pixel resolution.

To estimate shoreline changes over time, SEaCAT runs DBO iteratively for each con-
secutive pair of observations in the time series to generate a time series of cross-shore
positions. To quantify shoreline change, we derive five key measures, including Net Shore-
line Movement (NSM), Shoreline Change Envelope (SCE), end-point rate (EPR) and linear
regression rate (LRR; see Burningham and Fernandez-Nunez (2020) for definition and dis-
cussion).

In this study, we focus on the LRR, which reflects the time averaged linear trend of
shoreline change. To ensure the reliability of LRR calculations for any subset of the dataset,
we verify that the distribution of water levels in the subset is consistent with that of the
entire timeseries by performing a Kolmogorov—Smirnov test (p > 0.05).
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3 Results

3.1 Angeln

After filtering for water level, cloud cover, and completing the final manual quality control,
we retained 125 SDS observations in the Angeln study area from the Sentinel-2 archive,
from which the change of the coastline was determined. In three small areas, shadows from
tall trees near the shoreline were misclassified as land by our water index. These areas were
masked to exclude erroneous SDS from further analysis.
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Figure 5: Linear shoreline change rates (linear regression rate, LRR) in the Angeln study area de-
rived with SEaCAT for different periods (left to right): baseline period, immediate post-storm
surge, stabilization phase and post-storm recovery phase. Negative (positive) trends, i.e. erosion
(accretion) are shown in red (blue). Black boxes show the locations of the cross-shore shoreline
subsets in Figure 6.

Our SCA reveals distinct patterns of gradual erosion and accretion in the baseline period
prior to the October 2023 surge event (Figure 5). Average absolute change during the eight
years before the surge were lower than one m al. Since the surge, morphological change
has accelerated. In the post-storm recovery phase between September 2023 and June 2024,
64% of the studied coastline showed a shoreline retreat. Erosion hotspots are the Schlei-
minde sand spit and the coastline between Haffskoppel and Geltinger Birk. The centre of
the study area, i.e. the Haffskoppel cliff and adjacent beaches, shows complex patterns of
erosion and accretion.

In the immediate post-storm period, i.e. the initial three months after the surge until
December 2023, significant erosion especially in the northern and southern part of the
study area can be observed, while at the Haffskoppel cliff we registered shoreline advance
(Figure 5 and Figure 6B). In the following stabilization phase between December 2023 and
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June 2024, trends reversed in most places, indicating a beginning shoreline recovery. At
Schleimiinde, however, erosion continued at fast rates until May 2024 (Figure 6D).
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Figure 6: Cross-shore shoreline positions in selected segments of the Angeln study area. Locations
of each segment are indicated in Figure 5. The left column shows delineated shorelines, the right
column provides cross-shore positions of each shoreline observation. Colour coding indicates the
time of a shoreline observation. The vertical grey line in the right column indicates the October
2023 storm surge.

3.2 Monchgut

After our quality control, 118 SDS since July 2015 remained in our dataset, including 9
observations collected after the October 2023 storm surge. We masked two sections of the
coast were shadow confusion along north-facing cliffs impaired our SDS results.
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The baseline period in Figure 7 highlights long-term erosion patterns at the Lobbe cliff
and the southernmost point at Thiessow before the October 2023 surge (see also Figure
8D). Our SCA also reveals positive shoreline change rates along the beaches between
Gohren and Thiessow. However, a closer inspection reveals that these positive change rates
can be attributed to single shoreline advancements in 2017 (Figure 8C) and 2021 (Fig-
ure 8B).
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Figure 7: Linear shoreline change rates at Monchgut derived with SEaCAT for different periods
(eft to right): baseline period, immediate post-storm surge, stabilization phase and post-storm re-
covery phase. Black boxes in A show the locations of the cross-shore shoreline subsets in Figure 8.

After the surge, our SCA reveals net shoreline retreat along half of Ménchguts coastline in
the post-storm recovery phase until June 2024 (Figure 7). Erosion is especially evident at
the beach between Géhren and Lobbe (Figure 8B), while we observe net accumulation at
beaches north of Gohren and north of Thiessow. However, initial changes after the surge
until December 2023 show an almost reversed pattern with erosion north and accumula-
tion south of G6hren. This suggests that the October 2023 storm surge had only a short-
term impact on coastal morphology, with most changes being reversed over the following
months. This is further supported by the cross-shore positions in Figure 8, which suggest
that effects of this event were within the range of longer-term variability.
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Figure 8: Cross-shore shoreline positions in selected segments of the Monchgut study area. Loca-
tions of each segment are indicated in Figure 7. The vertical grey line indicates the October 2023
storm surge. The figure follows the same format as Figure 6.

4 Discussion
4.1 Effects of the storm surge on coastal morphodynamics

The degree of impact of the October 2023 storm surge differs considerably between our
two study sites. It is significantly larger in the more westerly Angeln study area than at
Moénchgut, where morphological changes caused by this event are within the range of mot-
phodynamics observed since 2015. This pattern cannot be attributed solely to wave heights,
as these were comparable in both study regions (Figure 2B). However, given Ménchgut’s
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higher-energy wave climate, it is plausible that its beaches feature an adapted sediment dis-
tribution and slope, which may have contributed to a greater resilience to the storm surge
(Angnuureng et al. 2017). Furthermore, both longer surge duration and peak water levels
created a higher morphodynamic potential in Angeln (Figure 2, Y.abuz and Kowalewska-
Kalkowska 2011). In Angeln, water levels exceeded those of a 200-year event by approxi-
mately 10 cm, while in Monchgut, they were about 30 cm lower than a 200-year event
(Kiesel et al. 2024).

In the Angeln study area, the Schleimiinde sand spit showed the most significant mor-
phological changes, characterized by an accelerated shoreline retreat lasting until approxi-
mately six months after the event. This can likely be attributed to drastic changes in the
horizontal profile of the spit, which were reported by early on-site investigations (pers.
comm. Christian Winter, 23.08.2024). Wind and waves destabilized beach ridges in the east
of the spit, moving a considerable volume of material from the beach ridges westward,
burying vegetation underneath (Figure 9). Therefore, the profile at the shoreline to the
open Baltic Sea flattened, causing a westward movement of the shoreline. Three minor
storm surges in January and February 2024 (highest water level 116 cm above MSL) likely
contributed to further shoreline retreat. True colour satellite images suggest that the spit
profile is not reverting to its pre-surge shape, indicating a lasting change of the spit’s moz-
phology (Figure 9C). A more in-depth analysis of this area with altimetry data is needed to
verify this hypothesis, quantify volumetric change and investigate potential implications for
the spits mid- and long-term structural resistance.

566000 567000 566000 567000 566000 567000

Figure 9: True Colour RGB Planet SuperDove images of the Schleimiinde sand spit (Planet Labs
2024). A: Before the surge (18.10.2023). B: Immediately after the surge (23.10.2023). C: 8 months
after the storm surge (25.06.2024). CRS: UTM32N/WGS84 (EPSG:32632).

The centre of the Angeln study area shows a complex pattern of erosion and accretion
directly after the storm surge. This is likely an effect of local cliff collapses at Haffskoppel,
which released new material into the system and may initially move the shoreline seaward
(Brooks and Spencer 2010). This effect can also be observed in previous years: notable
shoreline advancements in April 2018, November 2020, and May/June 2023 follow storm
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surges or wind storms from easterly directions shortly before the shoreline observation
(BSH 2018, 2020, 2023).

The eroded cliff material initially deposited in front of the cliff toe is redistributed ac-
cording to its grain size and transport capacity in both cross-shore and long-shore sediment
transport directions (Averes et al. 2021). The long-shore sediment transport splits at Haff-
skoppel, allowing the redistribution of material to both northerly and southerly directions
(Eiben 1992). The material deposits in sink areas such as the sand spit at Geltinger Birk or
the groin field in Figure 6C. This highlights the importance of cliffs as sediment source for
this sediment-starved environment (Averes et al. 2021).

The widespread shoreline recovery along the sandy beaches in the months following
the surge (Figure 5) is further supported by a reduction of average wave energy during
spring and summer. This seasonal effect causes a beach profile transition from a narrower
beach during winter to a wider beach during summer, as net onshore transport of material
stored in nearshore bar systems increases (Schwarzer et al. 2003, Senechal and Ruiz de
Alegria-Arzaburu 2020). Evidence for this seasonal effect along sandy beaches in the Angeln
study area can be seen in the years before the 2023 surge in subsets A, C and D of Figure 6.

In the Monchgut study area, linear change rates observed in the shorter periods follow-
ing the storm surge deviate considerably from the long-term changes since 2015 (Figure 7).
However, cross-shore positions in Figure 8 do not indicate a substantial or only a short-
lived impact of the storm surge on the shoreline. Considering the comparably low intensity
of the storm surge and the likely higher resilience of beaches in the Ménchgut study region
to wave events of this magnitude, it is not surprising that the shoreline changes induced by
the October 2023 storm surge fall within the range of observed long-term morphodynam-
ics. The higher change rates seen after the surge in Figure 7 can be attributed to the brief
assessments periods, which capture short-term, event-driven alterations leading to exagger-
ated rates of shift when extrapolated to annual rates. Among these events is, despite the
October 2023 surge, one other storm surge in January 2024 (103 cm above MSL) and 14
events with elevated water levels (50 cm < water level < 100 cm). Other likely contributing
elements include seasonal changes in wave patterns (Siewert et al. 2015) or precipitation-
driven cliff collapses, which often have a phase lag after triggering events (Dietze et al.
2020).

Although the morphodynamic effects of the October 2023 surge were low in the
Monchgut study area, our data reveals other distinct morphodynamic patterns. Specifically,
along many parts of the exposed beaches between Gohren and Thiessow, we observed
short-term accretionary events of large magnitude, which temporarily offset otherwise neg-
ative shoreline trends. These can be attributed to single beach nourishments in 2017 (Fig-
ure 8C) and 2021 (Figure 8B). Nourishments of these beaches are carried out regulatly to
compensate sediment deficits in this area (StALU 2021). The nourishments shifted the
shoreline seaward by approximately 20-35 meters. These single events mask the longer-
term trend of erosion, which can be observed after the nourishments at both beaches. That
coastal morphodynamics in this area are dominated by nourishments is typical for soft
coasts of Mecklenburg-Vorpommern, where annual nourishment volumes amount to
about 0.5 million m®/a (StALU 2021, Tiede et al. 2023). The trends of erosion after the
nourishments further underscore the need for regular nourishments for preserving the
beach. At the same time, regular nourishments can create a misleading sense of security

regarding coastal hazards, possibly inflating property values (Gopalakishnan et al. 2011)
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and encouraging both investments and relocations into the coastal zone, which in turn
increases coastal risks (Tiede et al. 2023).

154 cliff

_ beach
E 101
"
o
o 5_ /\
g ,\«,
o
5 o
(%))
3
5 51

_10_

2016 2017 2018 2019 2020 2021 2022 2023 2024

Figure 10: Mean monthly shoreline position of a cliff segment (north-west corner of the study
area) and the beach segment from Figure 8A.

The beach between Gohren and Sellin is not nourished, however, it shows no major trends
since 2015 (Figure 7, Figure 8A). Material eroded at the unprotected Granitz cliff at Sellin
supplies this beach and compensates losses (pers. comm. Ulrich Floth, 23.07.2024). In fact,
the significant negative correlation between shoreline positions of the Granitz cliff and the
beach, support this interpretation (Figure 10, Pearson R = —0.51, p << 0.005 at two
months lag).

The peninsular at Thiessow is well protected against coastal erosion by rigrags, break-
waters and groins. Low long-term erosion rates (2015 to 2023) suggest that this concept
works well. Only exception is the unprotected beach in Figure 8D, which erodes since at
least 2016. It appears that a reduced sediment supply from the nearby protected cliffs cause
this shoreline retreat.

4.2 Considerations of EO-based shoreline monitoring at regional scales

We presented the potential of earth observation for describing, analysing and interpreting
morphological changes in the coastal zone by using the semi-automated toolkit SEaCAT.
SEaCAT enables to monitor largescale trends as well as identify hotspots of short-term
shoreline change. The analyses are based on the water-land boundary lines depicted from
individual satellite images and in combination with information on water level at the time
of acquisition, morphological processes can be described. Thus, the detection of seasonal
and long-term dynamics can supplement existing monitoring data, although the often high
cloud coverage in northern Germany limits available observations. Nevertheless, we de-
rived, on average, more than 13 shoreline observations per year in both study areas, which
allows to evaluate the impact of, for instance, a storm season or even a single event.

We achieve these frequent observations by tolerating water levels of MSL £30 cm at
satellite acquisition. This range introduces potential water level-related biases in individual
shoreline positions. Therefore individual measurements should be treated with caution.
However, aggregating multiple observations in trend analysis helps to average out these
biases, enabling increasingly robust change analysis as the number of observations grows
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(Xu 2018). While this approach is particularly suited to micro-tidal environments, strict
water level filtering in a macro-tidal environment would drastically reduce the number of
available observations (Schutt 2022), or require a tidal correction of the shoreline position
using beach slope data (Vos et al. 2020).

Although a manual quality screening of all shorelines is still required, the availability of
Sentinel-2 data for low or no costs (depending on the data source), high automation level
and robustness of SEaCATs shoreline extraction and change analysis make it a fast and
cost-effective tool for shoreline monitoring. Even more accurate SDS could potentially be
derived from commercial very-high resolution data, although regular acquisitions with
VHR satellites would significantly increase costs of our approach (Burningham and
Fernandez-Nunez 2020, Smith et al. 2021).

SDS accuracy from Sentinel-2 is not as high as methods currently employed for shore-
line monitoring (LIDAR/ALB scans or manual delineation in high-resolution aerial im-
agery; Christiansen 2016, Smith et al. 2021). It also lacks information in the vertical dimen-
sion, which LiDAR offers. EO-based shoreline monitoring can thus not replace those tra-
ditional methods but can help to use them more efficiently by identifying priority areas for
monitoring and defining optimal revisit times for flight campaigns. Especially its compara-
bly frequent observations at low costs makes it a reasonable addition to existing monitoring
methods.

We have shown that access to the Sentinel-2 archive (since 2015) allows to retrospec-
tively derive baselines and assess longer-term dynamics and trends of coastal development.
The high availability of data combined with an accuracy suitable for trend and change anal-
ysis provides additional information that closes temporal data gaps of local or large-scale
aerial surveys. Particularly in areas with relatively minor morphological changes, such as the
Baltic Sea coast, the coastal protection administrations, the waterway and shipping admin-
istrations and the Federal Maritime and Hydrographic Agency have correspondingly little
coastal data at their disposal. The availability of EO-based information is even more im-
portant in remote regions where no monitoring of coastal changes took place in the past.

The observation period of Sentinel-2 can be enlarged with other satellite missions such
as the Landsat archive, which goes back to 1982 (Wulder et al. 2019). However, the spatial
resolution of 30 m, lower temporal coverage, and higher noise especially in the data from
early Landsat sensors provide a lower accuracy of the derived SDS (Apostolopoulos and
Nikolakopoulos 2020, Sunny et al. 2022). Nevertheless, larger changes in coastline posi-
tions can be derived.

Essentially, SEaCAT provides robust methods to monitor land-water boundaries and
quantify their change over time. This offers opportunities for related applications. Notably,
SEaCAT is currently also being used to monitor morphodynamics of tidal creek systems in
the German Wadden Sea. This demonstrates the method’s capability to derive information
in remote or inaccessible regions where data is scarce. With small adaptations, the toolkit
could also be applied to monitor other linear features, such as dune base lines or even
glaciers. Looking ahead, advancements in sensor technology and data analysis will enhance
our capabilities for EO-based coastal monitoring. For example, integrating space-born op-
tical and LiDAR sensors like IceSAT-2 now allows to derive near-shore bathymetry and
monitor its dynamics without in-situ calibration data (Thomas et al. 2021).
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