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Sammanfattning

Rapporten ar en sammanfattning av ett antal utvecklings- och tillampningsuppdrag som
huvudsakligen genomférdes under 2022 for SGls rakning. Ursprunget till uppdragen ar ett tidigare
arbete for SGI av Brockmann som visade pa fjarranalysens potential for kustzonsforvaltning for
ett flertal tillampningar (Philipson et al. 2021). | det arbetet beskrevs bland annat potentialen for
kustlinjekartering baserat pa Sentinel-2 data. Resultaten bedémdes som lovande av SGI, men att
ytterligare analys kring hur 6vergangen mellan land och vatten ska identifieras krévdes for att 6ka
metodens traffsakerhet och anvandbarhet.

Den forsta delen av uppdraget omfattade alltsa fortsatt utveckling av anvandandet av ett eller
flera index for att identifiera kustlinjen. Malet var att metoden ska kunna hantera varierande
geologiska forhallanden sdsom stenstrander, sandstrander, och varierande forekomst av flytande
eller fast vattenvegetation i de grundaste omradena. Det gjordes dven ett antal tester med
avseende pa formatet for den efterféljande férandringsanalysen baserat pd de identifierade
kustlinjerna.

Efter utvecklingsfasen tillampades metoden pa samtliga Sentinel-2-bilder registrerade mellan
2015 och 2022 over Ystad kommun, Helsingborg och Laholmsbukten. Resultatet inkluderade
identifiering av strandlinjen samt en forandringsanalys for transekter vinkelratta mot kustlinjerna
med 100 meters avstand.

Summary

The report is a summary of several development and application assignments that were mainly
carried out during 2022 on behalf of SGI. The origin of the assignments is a previous work for SGlI
by Brockmann, which showed the potential of remote sensing for coastal zone management for
several applications (Philipson et al. 2021). In that work, among other things, the potential for
coastline mapping based on Sentinel-2 data was described. The results were assessed as
promising by SGI, but that further analysis of how the transition between land and water should
be identified was required to increase the accuracy and usability of the method.

The first part of the assignment therefore included continued development of the use of one or
more indexes to identify the coastline. The goal was that the method should be able to handle
varying geological conditions such as rocky beaches, sandy beaches, and varying occurrence of
floating or attached water vegetation in the shallowest areas. Several tests were also made
regarding the format of the subsequent change analysis based on the identified coastlines.

After the development phase, the method was applied to all Sentinel-2 images registered
between 2015 and 2022 over Ystad municipality, Helsingborg and Laholmsbukten. The result
included identification of the shoreline as well as a change analysis for transects perpendicular to
the coastlines with 100 meters distance.
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1 Introduction

Within a study performed in 2021, several coastal products derived from satellite data were
presented to SGI. Coastline detection and the coastline change was one of the topics raising high
interest. Coastlines are derived from spectral band indices which behave differently for water and
for land surface types, and different indices perform differently for different (coastal) surface
types. The delivered test products from the above mentioned study performed well for most of
the coastal environments, especially for sandy beaches. But they also showed discrepancies for
other geological areas, such as very narrow beaches, beaches with macro algae in shallow waters,
stony coastal protection constructions.

The municipality of Ystad was selected as study area to further evaluate the accuracy of the
coastlines derived from Sentinel-2 data and to find a good solution for different coastal
environments.

In detail, the following questions were raised and discussed in this report:
e How to select the most suitable index for Ystad coastline?
e |s a separation of the coastline into several sub-sections suitable and useful?
e How does the geolocation accuracy influence the coastline extraction?
e What is the accuracy of a derived coastline along the Ystad coastline?

In the second phase, after successfully answering the above questions, the shorelines for all
suitable satellite acquisitions between 2016 and 2021 were extracted and a shoreline change
analyses was performed.

This report provides the information about the selected algorithms to derive the shorelines from
satellited data and the accuracy of the applied approach (phase 1) and it provides an overview
of the processed data for the longer time series and derived results of shoreline change
detection (phase 2). This report comes with the delivery of several shapefiles containing the
shoreline extractions and the shoreline change analysis statistics.

A supplement to the 2 phases has been added in September 2022. This third delivery included
the coastline extraction for 2015 and 2022. In addition, the distances of transects were reduced
to 100m.

2 Algorithms

2.1 Coastline Extraction

2.1.1 Land-Water Indices

Shoreline positions can be delineated manually from satellite images, but this process is
inefficient, and the accuracy depends on the experience of the operator (Apostolopoulos and
Nikolakopoulos, 2021). For this reason, various different methods have been developed to
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automize this process over the last decades (Toure et al., 2019). Among the approaches which
have successfully been applied for land-sea segmentation are, for instance, Principal Component
Analysis (PCA), K-means and ISODATA clustering or complex neural networks. A rather simple
approach which has been used for decades, are band ratio or index thresholding that increase the
contrast between land and water. They take advantage of the low reflectance of water in the Near
Infrared (NIR) and/or in the Short-Wave Infrared (SWIR) compared to most land surfaces and have
proven to be as reliable as machine learning approaches (Li et al. 2022).

Within this study, we tested different spectral indices along the shoreline of Ystad Municipality
and assessed their performance for the different coastal shapes and material. It was also
investigated if the detection of the shoreline improves when the shoreline is separated in natural
sections in order to optimize the thresholding of the respective indices. The tests showed that a
modified version of the Normalized Difference Water Index (NDWI; McFeeters 1996) performed
best along the coasts of Ystad municipality. The index is derived by a combination of the blue and
the near Infrared band:

Blue — NIR
Blue + NIR

The difference between the original NDWI and the Normalized Blue Nir Index (NBNI) is that the
Green band is replaced by the Blue band, which increases the contrast between the relatively dark
Baltic Sea and the different shore types. The NBNI is particularly suited for Sentinel-2 MSI as it
exploits the highest possible spatial resolution of the sensors. Both Blue and NIR bands are
sampled in the finest spatial resolution (10 m).

NBNI =

However, NBNI has problems to supress effects of certain surface types in urban environments.
In such regions, the Automated Water Extraction Index for non-shadow surfaces (AWEI; Feyisa et
al. 2014) performs significantly better:

AWEI = 4 - (Green — SWIR1) — (0.25 - NIR + 2.75 - SWIR2)

By including both short-wave infrared (SWIR) bands, non-water low albedo surfaces can be
differentiated from water. However, the pixel resolution of Sentinel-2 MSl in these bands is 20 m
and therefore a resampling of the SWIR bands to the higher resolution of the green band is
necessary for further processing. Bilinear interpolation was used for this task.

2.1.2 From Index to Coastline

The water indices discussed in the previous section provide a raster of index values. In the case of
NBNI, the normalized form of the equation constraints values to the range from -1 to 1, whereas
AWEI can produce larger values. In both cases, they will vary around zero. Positive values indicate
water, while negative values are associated with land surfaces. From a theoretical point of view,
a fixed threshold of 0 can be used to divide the image into the two classes (McFeeters, 1996).
However, several studies have shown that the classification is more accurate, if the threshold is
adapted to the local brightness and contrast conditions of the surface environment and the
atmosphere (Feyisa et al., 2014; Toure et al., 2019; Bishop-Taylor et al., 2019). Different global
image thresholding algorithms can automate this process. We deployed Otsu’s algorithm, which
finds the threshold that maximises the variance between the classes (i.e. water and land) in the
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bi-modal distribution and minimizes the variance within both classes. Several studies have shown
excellent results of this algorithm in the context of shoreline detection (e.g. Bishop-Tylor et al.
2019, Sekertekin 2021).

For this study, we investigated both - a fixed threshold as well as the Otsu derived thresholds for
different geological subsections of Ystad coastline. The best result was derived by the Otsu
derived thresholds applied to five sub-sections (see below).

Water index and Otsu thresholding yield a “water” — “land” raster image. Along the coastline are
pixels, which are partly water and partly land. To account for these mixed pixels, the marching-
squares algorithm has been applied, which considers the water index values of the vicinity around
each pixel to linearly interpolate the border between water and land (Cipolletti et al. 2012). With
this method, it is possible to locate the position of the shoreline at sub-pixel precision (Vos et al.
2019).

2.1.3 Identification of regional subsections and merging at transition zones

Coasts consists of several different types, including sandy beaches, cliffs, stony beaches with large
boulders in the foreshore, vegetated coast and manmade structures such as harbours and groins.
Due to the strong differences in reflectance characteristics of e.g. bright sandy beaches and
relatively dark rocky shores, the optimal threshold between water and land may vary for a study
area. For this reason, a shoreline can be split into several sections and analysed separately. For
Ystad, a test was performed to separate the coast into five different areas: The area west of Ystad,
which mainly consist of rocky beaches and vegetated shorelines with few sandy beaches, the
harbour of Ystad, the sandy beach between Ystad and Margretevall, the rocky coast between
Kaseberga and Loderups Strandbad and the bright beach of Sandhammaren further east (Figure

IM

1). It has already been mentioned that NBNI performs well along “natural” parts of the coast,
whereas shorelines in urban areas are subject to false classifications of certain surface types. For
this reason, shorelines at the harbour of Ystad were delineated with AWEI, whereas NBNI was

deployed along the other parts of the coast of Ystad municipality.
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Figure 1: The five processing tiles along the coast of Ystad municipality. Background image is a true color
rendering of Sentinel-2B MSI from 2021-07-20.

Within each subsection, separate thresholds were calculated with Otsu’s algorithm, which adapts
to the local brightness conditions. However, this procedure yields unconnected pieces of the
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shoreline, which therefore have to be merged. To solve this, adjacent tiles, and thus also the
derived shorelines, were generated with an overlap of approximately 100 m. The individual
shoreline segments were then smoothly connected with a dynamic segmentation approach: both
overlapping shoreline parts are divided into 100 points. Next, the (linearly) weighted average
between the coordinates of two corresponding points is calculated. Connecting the average
positions smoothly blends from one shoreline segment to the segment in the adjacent tile (Figure
2). In the transition areas between the different tiles, only the merged shoreline is retained. With
this procedure, a single continuous shoreline along the whole coast of Ystad municipality could
be produced, henceforth called Satellite Derived Shoreline, SDS.

444400 444500
. —

i

—— SDS segments
~ transition between

Figure 2: lllustration of the smooth transition between different segments of the satellite derived
shoreline (SDS).

2.1.4 Improvement of Geolocation of input satellite data

A major source of SDS positional uncertainty is georeferencing errors of the satellite sensors. For
Sentinel-2, the long-term absolute geolocation uncertainty is appr. 11 m (95 % circular error; ESA,
2022). The introduction of a new Global Reference Image (GRI) in August 2021 reduced the errors
to appr. 6 m. The full archive of data will be reprocessed with the new baseline and become
available around mid-2023. Until then, some Sentinel-2 scenes are subject to significant mis-
registrations which impair the quality of SDS.

Therefore, we tested the ability of the Automated and Robust Open-Source Image Co-Registration
Software (AROSICS, version 1.7.6) to reduce georeferencing errors. AROSICS estimates the
displacement between two images using phase correlation based on a single band (red band) in
a subset of the images (global co-registration; Scheffler et al., 2017). It is robust against different
atmospheric conditions, changes of land cover and illumination geometries. All satellite scenes
were co-registered with the Sentinel-2 B MSI scene from 20.07.2021 as reference. This scene has
been geolocated with the new GRI and a visual inspection proved a high agreement between this
scene and reference orthophotos.
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2.1.5 Validation of the satellite derived coastline against high-resolution orthophotos

To quantify the accuracy of our approach, offsets between SDS and reference shorelines were
calculated. Reference shorelines were manually digitized at the land-water boundary in high-
resolution orthophotos provided by the Swedish Land Survey. Since the launch of the first
Sentinel-2, three orthophotos were acquired (2016, 2018, 2020). Unfortunately, the 2018
orthophoto has been made during a period with a relatively low water level, which hinders a
comparison with SDS derived at mean water levels. For this reason, only the reference shorelines
from 2016 and 2020 were used for validation.

SDS were derived from satellite scenes close to the acquisition date of the orthophotos (+ 3
weeks). This ensures that morphological changes of the coast between the two images are small.
For both reference shorelines, four almost cloud free scenes were identified (Table ). To estimate
the effect of additional co-registration on SDS accuracy, SDS were delineated with and without
co-registration.

Table 1: Reference and Sentinel-2 data used for validation

Orthophoto date Sentinel-2 date Days difference
12.-13.05.2016 02.05.2016 10

09.05.2016 -3

12.05.2016 0

21.05.2016 8
03.06.2020 21.05.2020 -13

31.05.2020 -3

07.06.2020 4

25.06.2020 22

Distances between reference shorelines and each SDS were derived using the Directional Buffer
Overlay method (DBO; extension of Heo et al. 2009), which uses transects to separate the coast
into smaller zones of about 100 m width. Within each of the zones, the average distance between
the two lines is derived by creating a small buffer of 1 m width around the reference shoreline.
The length of the SDS within the buffer is calculated and stored. Next, the buffer distance is
increased by one meter and the process is repeated, until the buffer does not include any part of
the SDS. The average distance between the lines is estimated from the distance distribution by
calculating the weighted average.

The Mean Absolute Error (MAE) has been calculated to estimate the average distance between
SDS and reference shoreline. It must be noted that the zones between consecutive transects do
not have a constant size, as the shoreline continuously bends. For this reason, the derived offsets
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in each zone were weighted according to the size of the corresponding zone when calculating the
MAE.

n
1
MAE = Z—W;wi x [l

where o; is the offset between reference shoreline and SDS in the i — th zone and w; is the area
of this zone.

Systematic offsets of SDS are estimated with the (area-weighted) bias:

n
bas = 5>
ias = o— ) w; Xo;
Lw i=1
where negative/positive values indicate a landward/seaward offset of the SDS.

The standard deviation (std) of the errors is used to assess how closely the SDS follows the shape
of the reference shoreline, even if it is systematically offset:

1 < :
std = <Z_WZ w; X 0; — bias)
i=1

2.2 Shoreline Change

After extraction of all shorelines, the change analysis was conducted and statistical measures
were calculated. Shoreline change is mainly expressed with four measures, which are also the
core analytics in the tools AMBUR and DSAS (Jackson et al., 2012; Himmelstoss et al., 2021): Net
shoreline movement (NSM), shoreline change envelope (SCE), end point rate (EPR) and linear
regression rate (LRR).

NSM is defined as the distance between the first and the latest shoreline measurement along a
transect and thus quantifies the net effect of shoreline change (Khallaghi and Pontius, 2021).
Changes that occurred between the start and end of the observational period are not considered
by this metric, but it serves as an indicator for magnitude and direction of net shoreline change.

SCE is the total distance between the most seaward and most landward shorelines and quantifies
the overall dynamics of the shoreline along the transects. This measure is sensitive to outliers of
shorelines, e.g. from acquisitions during very low or high water level or undetected errors caused
by haze.

EPR divides the NSM by the time between first and last shoreline.

LRR is the slope of the fitted linear model to the time-dependent shoreline positions, where the
slope of regression is the rate of trend (LRR) (Burningham and Fernandez-Nunez, 2020).
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All above listed indicators have been calculated for all transects perpendicular to the shorelines.
The transects were derived by an automated method that first defines one outer and one inner
baseline by generating a buffer around all extracted shorelines and then performs a subsequent
smoothing. The starting point of each transect are then positioned with a user defined distance
along the outer baseline. The end point of each transect is then defined as the point where the
transect meets the inner baseline and the position of a shoreline is determined as the distance to
the landside baseline along the transect.

le6

6.144
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inner baseline
outer Basislinie

6142
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415000 420000 425000 430000 435000 440000 445000 450000

Figure 3. Baselines and transects along the coastline of municipality of Ystad.

3 Validation Results

3.1 Accuracy of generated Coastlines

Figure 4 shows two sections of the Ystad coast and the derived coastlines from satellite
acquisitions that were close to the acquisition of the orthophoto in 2016 (upper panel) and 2020
(lower panel). The background image is the orthophoto acquired on 12*" and 13* May and on 3™
June 2020. Not much change is expected during this three week period and the derived coastlines
show very good agreement. Only the coastlines in the second example of 2020 (Léderup, Figure
4D) shows larger differences. We investigated if this is due to real change of the beach orif itis a
failure of the coastline detection. The results showed that in fact, the shape of the beach was
changing within this period and that the coastlines are captured well from the satellite data.
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433800

6142950 —m .

Figure 4: Example of derived coastlines with short time differences for 2016 (above) and 2020 (below) for
two different coastal areas. Numbers in brackets after the date of the satellite acquisition indicates the
number of days before (-) and after the acquisition of the orthophoto.

444500 444750
6137700

6137550

Figure 5: Satellite images and derived coastlines from 2020 showing the potential change of the beach
within the three-weeks period (Figure 4D)
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Table Table 2 shows the statistical results of the validation. Without co-registration, MAE ranges
between 3.6 and 11 m with an average of 6.4 m. Additional co-registration reduces average errors
by more than 2 m to 4.2 m MAE. Moreover, errors are more constant and range between 3.1 and
5.0 m. The same applies to bias and std, which are 1.2 m (i.e. slight seaward offset) and 6.6 m,
respectively.

Table 2 Error statistics of SDS comapred to the reference shorelines.

date No co-registration Co-registered
MAE [m] Bias[m] std[m] | MAE[m] Bias[m] std[m]

02.05.2016 | 7.5 4.4 10.3 4.1 -0.1 7.8
09.05.2016 | 7.1 -3.8 8.0 4.3 2.2 5.8
12.05.2016 | 7.3 5.5 6.8 4.5 2.3 6.3
22.05.2016 | 4.3 0.4 7.9 4.1 -1.8 6.9
21.05.2020 | 3.6 -0.6 5.3 3.8 1.6 5.3
31.05.2020 | 3.7 1.2 6.2 3.1 -0.5 5.7
07.06.2020 | 6.6 4.5 8.1 4.5 2.3 7.0
25.06.2020 | 11 8.8 9.9 5.0 3.6 6.0
average 6.4 2.6 8.8 4.2 1.2 6.6

The accuracy of shorelines derived with the presented method reaches sub-pixel precision as it is
higher than the finest pixel resolution of Sentinel-2 (10 m). Moreover, our approach performs
better than, to our best knowledge, any published methods. For instance, Hagenaars et al. (2018)
reached an average offset of 9.5 m and a std of 12 min a case study at a beach in the Netherlands,
whereas Vos et al. (2019) reported a bias of 1.2 m and an RMSE (equivalent to the std in this study)
of about 8 m in a validation at five beaches around the world. Costantina et al. (2020) reached
biases of 4.5, -5.2 and 8.7 and stds of 9.4, 8.2 and 6.4 m along three stretches of the Italian coast.

Figure 6 clearly shows that errors are not randomly distributed across the study area. Error
hotspots include the coast west of Ystad, the harbour of Ystad, parts of the cliffs south of
Kaseberga and the beach of Sandhammaren.
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Figure 6: Spatial distribution of MAE for the co-registered SDS along the coast of Ystad municipality.
Yellow boxes in A show the positions of subsets B and C. B: Differences of MAE at the sandy and rocky
parts of the beach near Svarte. C: MAE south of Kaseberga. Background image in A is the Sentinel-2 MSI
RGB from 20.07.2021, whereas the orthophoto from 2020 provided by Swedish Land Survey was used as
background in B and C.

The shoreline west of Ystad is characterized by a frequent change of the coastal type. For beaches,
rocky and densely vegetated coasts, the optimal threshold between water and land differs. This
results in coastal type-dependent offsets of the SDS. For instance, in Figure 6b, MAE is smaller at
the beach, whereas at the rocky part of the coast, the coastline is usually offset seawards by
several meters. As the different coastal types are in a close succession, they were grouped in one
tile during the shoreline generation in order to prevent that regions get too small for a reliable
estimation of the threshold. Another source of errors at the rocky parts of the coast, are irregular
observations of rocks in the foreshore related to water level fluctuations. This also explains the
local error hotspot south of Kaseberga (Figure 6¢), which relates well to a zone of shallow water
depths. In such areas, the land-water boundary strongly depends on the water level. Different
water levels at acquisition times of the orthophoto and satellite overpass may thus explain parts
of the errors in these regions.

Elevated MAEs in the harbour of Ystad can be related to observations of ferries and boats, which
are identified by our algorithms as land. Compared to the reference shoreline, the SDS are offset
seawards where a ship is berthed.

At Sandhammaren, both relatively low and high MAEs can be observed. The periodicity indicates
that this is no systematic error, but rather related to uncertainties to define “the” shoreline in
both satellite image and orthophoto. Our algorithms identify the boundary between land and
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water. At beaches with a low beach face slope, the position of this boundary is subject to short-
term fluctuations on the order of several meters caused by wave run-up (Castelle et al. 2021). It
is thus likely that parts of the errors visible in Figure 6 are related to the fact that the run-up state
at orthophoto acquisition and satellite overpass are not the same. Additionally, the maximum
run-up depends on the wave height and thus on meteorological conditions, which may differ
between the different acquisition dates.

3.2 Known issues

With the help of the marching squares algorithm, SDS achieve a sub-pixel precision. However,
Sentinel-2 MSlI’s resolution of 10 m limits the ability to identify small and thin coastal
constructions such as groins or piers. An example is provided in Figure 2, where both SDS indicate
the position of the groin with a tip to the south but fail to accurately map its course. However,
most of such structures are man-made, constant in their position and therefore potentially of
limited interest in the context of shoreline monitoring.

Figure 7 illustrates the influence of fluctuating water levels on shoreline position at a shallow part
of the coast close to Lillesko, directly west of Ystad. The results have also shown problems of SDS
accuracy caused by wave run-up during on-shore wind conditions at beaches. This area also shows
rocks that are only partly water covered and influence the signal towards land signal, and which
are more or less exposed depending on the water level. This effect is enforced by macroalgae
growing in shallow waters. Macro algae may cause errors in the coastline even if the water level
is not extremely low. The advantage of satellite data is the relatively high number of data sets
acquired during different conditions. Increasing the numbers of observations reduces the
stochastic effect of water level and wave run-up at acquisition time of an individual scene and
improves confidence in derived products such as change statistics.

422000 424000
e B =

6142000

Figure 7 SDS of three different dates close to Lillesko, west of Ystad. The images were likely acquired at
different water levels. Background image is an orthophoto from 13.04.2018, which was taken during a
low water level.
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Figure 8: Extracted coastline in Halmstad (Laholmsbukten) for a satellite acquisition during low waters
(red line in the left image). The corresponding Sentinel-2 image (right side) shows dry fallen sandy areas
(pink) outside the beach areas.

Moreover, if water level and wave data are available, observations with unusual environmental
conditions, which do not represent the mean state of the coastal system, can be excluded from
the dataset.

The influence of ships and shadows of buildings in harbour areas often cause artefacts in the
derived coastlines. Figure 9 shows an example from Ystad harbour, in which the coastlines change
depending on if ships are present or not. The artefacts retrieved for harbour areas led to the
decision to exclude harbour areas from the data sets. Either directly in the extracted shorelines
or at least for the change detection as they are not representing real changes. This decision was
supported by the fact that the changes of artificial coastlines are not the main interest for the
coastal erosion investigations.

Figure 9: Influence of ships in harbours on the extraction of coastlines.
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Additional tests have also shown problems of SDS accuracy in low illumination conditions during
winter. Shadows cause coastlines that are shifted towards the land as the shadowed areas are
seen as water by the indices. Figure 10 shows an example in Laholmsbukten. These parts were
excluded from the final data set to avoid a bias in coastline change estimation.

Figure 10: Shadows caused by elevated coasts in winter months (Area: west of Kattvik, Laholmsbukten)

The number of observations is lower along the coast west of Ystad, which is covered by only one
orbit of Sentinel-2. The revisit time of five days limits the number of usable shoreline observations
(4 in 2021) more than in the eastern part of the study area, which is covered by two orbits and is
thus sensed every two to three days.

4 Shoreline extraction

4.1 Ystad

According to above findings, the shorelines at the harbour of Ystad were delineated with AWEI,
whereas NBNI was deployed along the other parts of the coast of Ystad municipality. This
approach was applied to all suitable Sentinel-2 images. In order to increase the number of
acquisitions, the area was divided into 5 different sub-regions according to Figure 1. For each
acquisition, the regions with good retrieval conditions were specified. The information about the
processed region is stored in the attribute table of the vectorfiles of the derived shorelines.

DATE REGIONS

2016-05-02T10:20:27 ("W Ystad', 'Ystad', 'E Ystad', 'kaseberga’, 'Sandhammae')
2016-05-09T10:10:30 ('W Ystad', 'Ystad', 'E Ystad', 'kaseberga', 'Sandhammae’)
2016-05-12T10:20:29 ('Ystad', 'E Ystad', 'kaseberga’, 'Sandhammae’)
2016-05-22710:20:29 ('W Ystad', 'Ystad', 'E Ystad', 'kaseberga', 'Sandhammae’)
2016-07-21T10:20:59 ("W Ystad', 'Ystad', 'E Ystad', 'kaseberga’, 'Sandhammae')
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In total, the shorelines from 133 Sentinel-2 acquisitions were extracted, while the number of valid
shorelines differs from region to region due to the individual selection per region. No regions hold
the shorelines from all acquisitions, so that the number of acquisitions per region is slightly lower
as itis shown in Figure 11. Here, it needs to be noted that “WYstad” is covered fully only 42 times
out of 103 overpasses, because the western part of this sub-region is not covered by all orbits.

Number of valid acquisitions per region
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Figure 11: Number of valid sentinel-2 images per sub-region.

For a few shorelines, a manual cleaning was performed, as they were affected by small or thin
clouds. In order not to lose them for the full sub-regions, the affected parts were removed from
the shoreline data set.

The final shoreline data set is depicted in Figure 12, which shows the extracted coastlines along
the full extent of the Ystad area as well as three examples of more detailed subsets. The date of
each coastline is following the colour scheme at the right. Dark, violet lines are from 2016, while
bright yellow lines are derived for satellite acquisitions in 2021.

In the subsequent figures, more detailed examples are shown comparing the extracted shoreline
from all acquisitions with the orthophoto 2016 and 2020, respectively. The colours of the
shorelines follow the same colour scheme as in Figure 12. However, the best way to look at the
data is in a GIS system with the delivered shapefiles. The examples show areas of accretion and
erosion, shifts in river inflow and the construction work in Ystad harbour during this period.
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Figure 12: Maps showing the extracted coastlines for the years 2016-2021 for the whole municipality (A),
as well as three subsets as examples of accretion (B) and erosion (C, D) areas. The background image is

the orthophoto from 2016.
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Figure 13: Examples of detailed subsets showing the extracted shorelines from all years at different
locations. The left images show the shorelines overlaying the orthophoto acquired in 2016, while the
images on the right show the shorelines overlaying the orthophoto acquired in 2020.

4.2 Helsingborg

For Helsingborg, the area was initially divided into four regions (Helsingborg north,
Helsingborg_south, Helsingborg_centre, Helsingborg harbour). Similar as for Ystad, the NBNI was
applied to all areas except the harbour region. However, for the harbour area none of the
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indicators turned out to work well enough. Therefore, the section corresponding to the harbour
was cut from the derived coastlines afterwards.

Figure 15 and Figure 14 show two subsets of the area north and south of Helsingborg harbour.
Especially in the northern part, it occurs that the coastline is influenced by low water and macro
algae growing in shallow waters (Figure 14). This effect is most dominant in May and June 2018,

but also occurs in other years and months.

Figure 14: Shorelines 2015-2022 for Helsingborg north of the harbour area. Background image:
Orthophoto 2020
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Figure 15: Shorelines 2015-2022 for Helsingborg south of the harbour area. Background image:
Orthophoto 2020

4.3 Laholmsbukten

Laholmsbukten was the largest of the three areas for which the shorelines were extracted. Figure
16 is showing the extracted shorelines of the full area. The full region was processed with the
NBNI indicator and no further separation of coastal parts were conducted. The harbour area is
kept in the shoreline data set but is not included in the shoreline change analysis.
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Figure 16: Shoreline extraction Area Laholmbukten 2015 — 2022

Low water levels in some areas of Laholmsbukten can shift the coastlines towards the water. The
false colour images of the respective acquisitions demonstrate that in those cases sediment areas
seem to be dry fallen. This is visible in Figure 17 in the left image, where pink areas in the foreshore
indicate dry fallen areas. The image at the right shows the extracted shoreline for that day in red
(15.04.2019). Those lines were kept in the data set as they show the shoreline at that day during
the time of acquisition.
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Figure 17: shoreline position for low water level (acquisition 15.04.2019)

Special cases for Laholmsbukten, which have been corrected in a subsequent manual step were
coastline acquired during strong winds and for which the NBNI was influenced by waves and white
caps as well as shadowed areas in winter months (see Helsingborg section). Those lines were
erased from the data set. Also, the area of the harbour is excluded from the data set.

Figure 18: Acquisition during strong winds (left, RGB S2 image) leads to wrong shoreline extraction (red
line in the right image)



Coastline Extraction and Change Analysis

5 Shoreline Change Detection

When reliable coastlines have been derived, the shoreline change can be calculated. This step was
performed as described Ch. 2.2. In the final delivery, transects generated perpendicular to the
baseline and with a distance of 100 m was used to calculate the shoreline change.

5.1 Ystad

For Ystad, two versions of change detection were delivered. The first one covering 2016-2021, the
second 2015-2022. The following description relates to the first delivery, but is transferable to the
second delivery as well. However, in the second delivery, the change detection was not conducted
for the harbour region as the influence of shadowing buildings and ships at the landing stages
were too strong and caused to many artefacts in the coastlines. Besides this, the following
observations are true to both versions.

The area between Loderups strandbad and Sandhammaren havsbad is relatively dynamic (see
map in Figure 19). The south-western coast of Sandhammaren is subject to statistically significant
positive change rates (i.e. erosion), while the south-eastern stretch of the coast shows
(statistically not significant) negative change rates (i.e. accretion). Accretion in this area is likely
caused by the eastward longshore sediment transport, which advects sediments from the eroding
coast further west.

LRR (m/year)
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Figure 19: Maps showing the LRR along the coast of Ystad Municipality (A). The small maps in the second
row show detailed views of three example regions: Ystad harbour (B), Léderups strandbad (C) and
Sandhammaren havsbad (D). The individual shorelines as well as the change rates are shown in more
detail.

The following figures show the three subsets from Figure 19 in more detail as well as the time
series plots of the shoreline position for one selected transect within the respective region. They
showcase the harbour of Ystad (Figure 20), the area of erosion at Loderups strandbad (Figure 21)
and an area of accretion at Sandhammaren havsbad (Figure 22). The respective time series plots
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show the overall trends of shoreline positions and that there are temporal differences and

oscillating evolution of the shoreline positions.
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Figure 20: Results of the Shoreline Change Analysis at the harbour of Ystad showing the shorelines for
the different years, the Linear Regression Rates (LRR) along the transects. Positive LRRs indicate erosion,
while negative values indicate accretion. The scatterplot shows the intersection points of each coastline
with transect 63 and the linear regression. The construction period in 2020 can be clearly seen.
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Figure 21: Results of the Shoreline Change Analysis at the east of Loderups strandbad showing the
shorelines for the different years, the Linear Regression Rates (LRR) along transects used in this analysis.

Positive LRRs indicate accretion, while negative values indicate erosion. The scatterplot shows the

intersection points of each coastline with transect 18 and the linear regression.
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Figure 22: Results of the Shoreline Change Analysis at the at Sandhammaren havsbad showing the
shorelines for the different years, the Linear Regression Rates (LRR) along transects used in this analysis.
Positive LRRs indicate accretion, while negative values indicate erosion. The scatterplot shows the
intersection points of each coastline with transect 10 and the linear regression.

It should be noted that a shoreline that is crossing the transect several times is only registered the
first time of crossing. This can lead to misinterpretations in complex shoreline movements as it
happens in transect 64 and 69 (harbour construction) and it can happen at river inlets.

5.2 Helsingborg

The changes of the shoreline around Helsingborg are less strong than in Ystad. The LRR ranges
from -4 m to 3 m but is mainly between -1 and 1m (Figure 23). The shorelines that are influenced
by submerged vegetation or stones during low water occur as outliers in the transect plots as
shown for transect 26 in Figure 24. Also, the trend of the shoreline may stay stable over time, but
there can be changes in the shoreline position which alter seasonally or irregularly as can be seen
in transect 187 (Figure 25).
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Figure 23: Change detection for northern and southern parts of the Helsingborg area. Colours indicate
the LRR for each transect position in meters.
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Figure 24: Distance from baseline for Transect 26
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Figure 25: Distance from baseline for Transect 187

5.3 Laholmsbukten

The shoreline change per transect for Laholmsbukten is shown in Figure 26 and Figure 27. Two
areas seem to have clear trends, one in the south part of the large bay and one in the northern-
central part. Figure 28 and Figure 29 show the transect positions and LRR for two selected
transects within the eroded and accreted areas.

Figure 26: Change Detection (LRR) for Laholmsbukten.
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Figure 27: zoom into the coastline change (LRR) for northern and southern part of Laholmsbukten.
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Figure 28: shoreline positions for transect 447
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Figure 29: shoreline positions for transect 536

6 Deliverables

With this report, we provide the extracted coastlines and shoreline change analysis for the areas
Ystad, Helsingborg and Laholmsbukten. The coastlines are extracted for the years 2015 to 2022
and the shoreline change analysis has been applied for transects every 100m across the coastlines.
Each shoreline change analysis data set comes with two vector datasets. One is providing the
distance of each single shoreline to the onshore baseline (_position ) and the other holds the
different statistics for each transect (_results ). For the _results_ shapefiles, two files are
provided: one as point vector data set (points located in the middle of each transect), the other
as line data set showing the exact position of transects. Both come with the same attributes, to
give more options in displaying the results. The coastlines and change information are stored in
geojson files. QGIS styles are provided for the shoreline positions and the shoreline change results.

The attribute table of the _position_ data set holds the position of each shoreline crossing the
different transects in meters from the onshore baseline.
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The attribute table of the _results data sets hold all SCA measures and statistics. The single

attributes are as follows:

NSM Net Shoreline Movement [m]

SCE Shoreline Change Envelope [m]

EPR End Point Rate [m/year]

LRN number of shorelines used in LRR

LRR Linear Regression Rate [m/year]

LRI Intersect of the Linear Regression [m]
LR2 R2 of Linear Regression

LCI 95%-confidence interval of LRR [m/year]
LRP P-value of test linear regression

LSE standard error of linear regression

In addition to the geojson files, an html page is provided, which shows the results in an easy way
so that no GIS system is needed.

6.1 Ystad

The final delivery for Ystad included the following files provided in the given folder structure:
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|- satellite_dervided_shorelines = extracted shorelines from every suitable satellite overpass
- Ystad_201508-202208 _satellite_derived_shorelines.geojson
|- shoreline_change_analysis = all results from change analysis
|- 100m
|- positions = position of shoreline for each date for each transect (every 100m)
- Ystad_2015-2022_shoreline_change_analysis_positions_100m_points.geojson
- Ystad_2015-2022_shoreline_change_analysis_positions_100m_transects.geojson
|- results - statistical measures for each transect (every 100m)
- Ystad_2015-2022_shoreline_change_analysis_results_100m_points.geojson
- Ystad_2015-2022_shoreline_change_analysis_results_100m_transects.geojson
- Ystad_2015-2022_shoreline_change_analysis_results_100m.html
- legend_shoreline_change_points.qml

- legend_shoreline_change_transects.qml

6.2 Helsingborg
The structure of the delivered data sets for Helsingorg is as follows:
|- satellite_dervided_shorelines = extracted shorelines from every suitable satellite overpass
- Helsingborg_201508-2022_satellite_derived_shorelines.geojson
|- shoreline_change_analysis = all results from change analysis
|- positions = position of shoreline for each date for each transect (every 100m)
- Helsingborg_2015-2022_shoreline_change_analysis_positions_100m_points.geojson
- Helsingborg_2015-2022_shoreline_change_analysis_positions_100m_transects.geojson
|- results = statistical measures for each transect (every 100m)
- Helsingborg_2015-2022_shoreline_change_analysis_results_100m_points.geojson
- Helsingborg_2015-2022_shoreline_change_analysis_results_100m_transects.geojson
- Helsingborg_2015-2022_shoreline_change_analysis_results_100m.html
- legend_shoreline_change_points.qgml

- legend_shoreline_change_transects.gqml
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6.3 Laholmsbukten

The structure of the delivered data sets for Laholmsbukten is as follows:

|- satellite_dervided_shorelines = extracted shorelines from every suitable satellite overpass
- Laholmsbukten_201508-2022_satellite_derived_shorelines.geojson
|- shoreline_change_analysis = all results from change analysis
|- positions = position of shoreline for each date for each transect (every 100m)
- Laholmsbukten_2015-2022_shoreline_change_analysis_positions_100m_points.geojson
- Laholmsbukten_2015-2022_shoreline_change_analysis_positions_100m_transects.geojson
|- results = statistical measures for each transect (every 100m)
- Laholmsbukten_2015-2022_shoreline_change_analysis_results_100m_points.geojson
- Laholmsbukten_2015-2022_shoreline_change_analysis_results_100m_transects.geojson
- Laholmsbukten_2015-2022_shoreline_change_analysis_results_100m.html|
- legend_shoreline_change_points.gml

- legend_shoreline_change_transects.qml
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