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Evolution of beach profiles at
the German Baltic Sea during
and after large-scale beach
nourishment: bar formation
and sand redistribution
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Coastal zones, critical for their ecological and economic significance, are
increasingly vulnerable to storm surges, sea-level rise, and land subsidence.
Traditional defense mechanisms, such as dikes and seawalls, are often costly and
environmentally taxing. This research highlights how beach and dune systems,
key components of coastal protection in the Baltic Sea region, evolve following
sand nourishment. Dunes, sustained by periodic sand replenishments, play a
critical role in shielding the coast from storm surges, high water levels, and
erosion. High-resolution data from Unmanned Aerial Vehicle surveys, alongside
terrestrial field observations, provide insights into the morphological changes
post-nourishment, including the formation and dynamics of sandbars.
Additionally, we demonstrate how UAV photogrammetry can achieve
significantly improved change detection through advanced co-alignment
techniques, resulting in enhanced precision and reliability of the data. The
study underscores the importance of dunes and sandbars in mitigating erosion
and advocates for their continued inclusion in coastal protection strategies. The
results emphasize the need for long-term monitoring and adaptive management
to optimize nourishment effectiveness, supporting sustainable coastal
development and resilience against future challenges.
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Introduction

Being at the interface between water and land, coastal zones
host marine resources, infrastructure, and potential for tourism
while also providing ecosystem services (European Commission,
2022). However, these areas are increasingly threatened by storm
surges, sea-level rise (SLR), and land subsidence, which can lead to
erosion and flooding (Oppenheimer et al., 2019). Traditional coastal
defenses, such as dikes, seawalls, and embankments, are commonly
used but come with high costs and environmental drawbacks
(Schoonees et al., 2019). As sea levels rise, these methods require
continuous re-enforcing, becoming unsustainable over time. In
contrast, dunes offer a more adaptive solution, providing critical
ecosystem services (Everard et al., 2010) and the ability to adjust
naturally in response to changing conditions (Barbier et al., 2011).
However, dunes require regular replenishment to counteract sand
loss caused by metocean forces, a necessity that is particularly
pronounced in highly erosive regions. In this context, sand
nourishments stand out as a central element of a sustainable and
flexible coastal protection strategy. This approach focuses on
replenishing coastal zones experiencing erosion with
nourishments, while also installing additional structures to
stabilize the sand. As Staudt et al. (2021) pointed out, beach
nourishments are a widely used method to mitigate erosion along
sandy shorelines and are considered soft engineering. The
adaptability of nourished beach-dune systems to the varying
scenarios of SLR, as outlined by Oppenheimer et al. (2019),
reinforces their reputation as flexible, beneficial to ecosystems,
and reliable.

Since the cumulative, long-term environmental impacts of
marine sediment extraction and nourishment activities are not yet
fully understood, efforts have been made to understand the drivers
behind the long-term and large-scale behavior of coasts (Mentaschi
et al., 2018). It is hypothesized that so called large-scale coastal
behavior regions (LSCB-regions) exist, which are controlled by the
same drivers (e.g. hydrodynamic or morphological). For example,
such LSCB-regions were successfully identified along the Dutch
coast, though clear signals in the long-term development of sub-
aqueous profiles could not be observed (Wijnberg and Terwindt,
1995). However, it was shown that (sub)decadal shoreline
fluctuations may be connected to the large-scale dynamics of
multiple bar systems. It is also commonly inferred that SLR and
altered wave action due to climate change contribute to long-term
coastal erosion and development. However, establishing a clear link
between these phenomena and field or hindcast data has proven
challenging. Ghanavati et al. (2023), for example, attempted to
address this issue but did not achieve conclusive results.

SLR will also lead to a future increase in sand volumes needed
for beach nourishments. In line with this, previous studies have
estimated the future sand volumes required for beach nourishment
to mitigate the effects of SLR. In line with this, Aguilera-Vidal et al.
(2022) used the Bruun Rule to estimate shoreline retreat due to SLR
and subsequently calculated the sand volume necessary to renourish
the beach and counteract this retreat. Their findings indicate that,
under the most pessimistic SLR projections, the annual sand
volume needed for nourishment at Victoria Beach in the Gulf of
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Cadiz could double, underscoring the substantial challenges that
future SLR could impose on coastal management strategies.

In general, the evolution of a nourishment is intricately tied to a
multitude of factors. Primarily, the incoming wave energy forces a
nourishment to transition towards a more natural state i.e. the so-
called equilibrium beach profile (Bruun, 1954; Dean, 1977). The
transition is forced by longshore and cross-shore redistribution of
the sediment, both of which are predominantly dependent on the
dynamics of incoming wave energy. For a more detailed assessment
of the intricate changes, the angle of wave attack, coastal
topography, sediment composition, profile specifications, and
engineered structures must be included (Leach et al., 2023). The
singular most prominent feature of the nearshore morphology is
sandbars; their interaction with the subaerial beach takes place by
several mechanisms and on a multitude of time scales. Several
researchers have studied the different mechanisms by which the
development of the sand bars and of the subaerial beach and
foredune are linked to each other. They investigated the
correlation between short-term and mid-term variations in
shoreline and sediment volume on subaerial beaches and the
cyclic fluctuations in sandbar systems during net offshore
migration (Shand, 2003; Yuhi and Umeda, 2018; Melito et al,
2018). They also observed the supply of beach sediment from
sandbar welding (Aagaard et al., 2006; Cohn et al., 2015) and the
interplay between shoreline and sandbar behavior (Gijsman et al.,
2021). Despite significant research efforts in this area, our
understanding of the connections between subaerial beaches and
subaqueous sandbars continues to evolve.

Recent studies on the development of freshly nourished beaches
and dunes under wave impact have shed light on the planform and
cross-shore adaption of the beach profile (Dean, 2002). The
planform adaption results in sediment accumulation in the
beaches adjacent to the nourishment. Though this process is
largely symmetrical, Ludka et al. (2023) showed that it can also
be an asymmetrical process with the wave direction being the
controlling factor. The other redistribution process happens in
the cross-shore profile. Elko and Wang (2007) identified the
initial occurrence of cross-shore redistribution to be primarily
governed by high-energy wave activity. The consensus is that the
redistribution happens largely in the first months or year after the
completion of the nourishment (Browder and Dean, 2000). Initially,
the redistribution will be seawards, with sediment from the
subaerial beach moving downslope. In the past, researchers have
employed a combination of field measurements (McGill et al,
2022), remote sensing techniques (Vos et al., 2019), and
numerical modeling (Luijendijk et al., 2017) to analyze the
behavior of these nourishments over time, observing the
evolution of coastal profiles, sediment transport, and
erosion patterns.

A significant area of research about beach nourishments has
focused on the application of Empirical Orthogonal Function (EOF)
analysis to understand beach dynamics. Larson et al. (1999) utilized
EOF analysis to study the short- and long-term responses of beach
fills, finding that the time required for a beach to stabilize after
nourishment is heavily influenced by the placement of the fill
material within the active profile, with faster stabilization
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occurring when the material is placed within this zone. Mufioz-
Perez et al. (2001) also applied the EOF method to analyze
longshore variations in sediment transport and shoreline changes.
Their research demonstrated the method’s effectiveness in
capturing key patterns of variability along coastlines, contributing
to more informed and precise beach nourishment designs by better
understanding the underlying coastal processes.

In addition to analytical techniques like EOF, advancements in
monitoring techniques have significantly improved the assessment
of beach nourishment projects. Ojeda and Guillen (2006) employed
video monitoring to track the evolution of nourished beaches,
providing continuous, detailed observations of shoreline changes.
This method offered a dynamic understanding of sediment
movement and beach morphology, particularly valuable in
capturing rapid changes that traditional survey methods might
miss. Gares et al. (2006) further advanced monitoring efforts by
using LIDAR technology in a beach nourishment project. The high-
resolution data from LIDAR provided precise measurements of
beach topography before and after nourishment, showcasing the
advantages of such technology for large-scale, repeatable
coastal monitoring.

While these technological advancements have enhanced the
monitoring and analysis of beach nourishment projects,
understanding the environmental impacts of these interventions
remains crucial. Peterson and Bishop (2005) assessed the ecological
effects of beach nourishments, noting that while they can effectively
combat erosion and protect coastal infrastructure, they may also
disrupt local ecosystems. Changes in sediment composition and
habitat conditions can have significant consequences for local flora
and fauna (Saengsupavanich et al., 2023), underscoring the need to
carefully consider ecological impacts during the planning and
execution of nourishment projects. In estuarine environments,
where natural processes and ecosystems are particularly sensitive,
Jackson et al. (2010) also found that nourishment projects can
significantly alter beach profiles and sediment characteristics,
affecting habitat suitability and natural processes like aeolian
transport. This research highlights the complex trade-offs
involved in using nourishment as a shore protection strategy in
sensitive environments.

China’s experience with beach nourishment provides valuable
insights into the large-scale implementation of these projects. Cai
et al. (2011) offered a comprehensive review of the history and
current status of beach nourishment in China, categorizing the
development of these projects into three stages. Their study
illustrates how China has progressively adopted and adapted
international best practices to suit its unique coastal conditions.
The authors emphasized the need for a national strategy to ensure
the long-term sustainability of beach nourishment efforts in China,
suggesting that future projects will need to be larger and more
systematically planned.

In this study, we focus on a section of the German Baltic Sea
coast and the evolution of local beach profiles after a large-scale
beach nourishment (Figure 1). Due to the reliance on dunes, sand
nourishments are a vital part of the coastal protection strategy of the
state of Mecklenburg-Western-Pomerania (MWP) including the
study area. In the past, the combination of natural coastal
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development, coastal infrastructure, and protection measures has
complicated the assessment of the effect of these nourishments. The
current strategy is to react to the changes seen on the beach and
replace the sand that was washed away by the usual sea state and
storm impacts. To improve these practices, a deeper understanding
of the shoreline dynamics is fundamental for planning the
commitment of sand supplies along the coast, especially
considering the challenges in the form of SLR lying ahead.

This paper presents a high-resolution analysis of the transient
evolution of subaqueous and subaerial beach profiles following a
beach and dune nourishment event, focusing on how the
nourishment enhances the dune’s ability to protect the hinterland.
The study explores the generation and influence of sandbars, which
induce wave-breaking and potentially mitigate storm-related
erosion. To thoroughly assess the effectiveness of the
nourishment, a multi-faceted data collection approach was
employed, examining both short-term changes during the
nourishment and mid-term developments of the beach and dune
over the following 25 months. During the nourishment process,
detailed measurements of both subaqueous and subaerial beach
profiles, as well as the dune, were conducted using a combination of
GPS and echo sounder systems. These instruments allowed for
accurate assessment of the immediate morphological changes,
capturing the role of sandbars in sediment redistribution and the
overall impact of the nourishment on the coastal system.

Following the completion of the nourishment, Unmanned
Aerial Vehicle (UAV) surveys were conducted over 25 months to
monitor the mid-term evolution of the nourished area. The UAV
data provided high-resolution insights into how the dune evolved,
allowing for an assessment of both its short-term reshaping and
mid-term stability, as well as its effectiveness in serving as a barrier
against coastal threats. By integrating data from both the
nourishment phase and the post-nourishment monitoring, this
study offers a comprehensive understanding of how the
nourishment enhanced the dune’s protective capacity, its
effectiveness in mitigating coastal erosion, and its role in
safeguarding the hinterland.

Materials and Methods
Study site

The study site lies at the southwestern Baltic Sea, where the
predominant coastal protection measure are nourishments. The
southwestern Baltic Sea’s outer coastline of the federal state of
MWP extends over 377 km, with a composition of 237 km of flat
coast and 140 km of cliffs. Historical cartographic analyses by
governmental bodies reveal that 65% of the coastline is
undergoing erosion, 13% is expanding seaward, and 22% remains
stable (StALU, 2021). Over a century, the rate of coastal erosion
averages 0.35 m per year, though, in certain areas, this rate escalates
to as much as 2.1 m annually. Conversely, some regions exhibit
accretion rates reaching 4.0 m per year. Cliffs, constituting about
one-third of the coastal length, serve as significant sediment
sources, enhancing deposition in adjacent zones. For example, the
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FIGURE 1

(A) Overview of the study area, red rectangle marks the zoomed-in map. (B) Aerial view of the nourishment site in Ahrenshoop during the process of
nourishing sand to the study area on the 13" of February 2021. (C) Aerial view of the completed nourishment on the 1% of March 2021. A small
amount of the nourished sand was taken from the tombolo behind the breakwater adjacent to the nourishment, while the bulk marine aggregate
was sourced from the extraction site at Graal-Mueritz [see green polygon in (A)]. The graphically indicated red areas in (B, C) mark the nourished
foreshore and beaches. Background map source for panel (A): Map data © OpenStreetMap contributors. For (B, C): Esri, DigitalGlobe, GeoEye, i-
cubed, USDA FSA, USGS, AEX, Getmapping, 471 Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.

cliff at Ahrenshoop, known as “Hohes Ufer”, is experiencing erosion
at a rate of approximately 0.55 m per year. Efforts to conserve these
cliffs for tourism and agricultural purposes have inadvertently
impacted the adjacent flat coastlines negatively. As a result, most
cliffs are left without protection, facilitating their role in sediment
provision (StALU, 2021). As of today, the coast of the Baltic Sea is
known to demonstrate a natural equilibrium, with erosion
predominating in exposed locales and sediment accumulation in
protected ones. Behind the primary coastline lie extensive bays,
which are only partly open to the sea, where coastal defense
measures are reduced in scale due to lower wave height,
emphasizing the importance of safeguarding the outer coast
against breaches and inundations. Nonetheless, the impact of
seasonal variations on this equilibrium and the future
sustainability of these erosion and accretion dynamics remain
largely unexplored.

Frontiers in Marine Science

The challenges associated with coastal defense efforts due to
erosion are strongly believed to be exacerbated by the impacts of
climate change and sea level rise (SLR) (Leatherman et al., 2000;
Monioudi et al., 2017). Kelln et al. (2022) reported that the sea level
in the southwestern Baltic Sea has increased by 1.23 + 0.11 mm/year
from 1900 to 2015, as indicated by tide gauge records. Moreover,
recent research indicates a significant acceleration in the rate of
SLR. For instance, Madsen et al. (2019) observed an increase in the
absolute sea level for the Baltic Sea at a rate of 3.4 £ 0.7 mm/year
from 1993 to 2014, based on reconstructed tide gauge data, and a
rate of 4.0 + 1.3 mm/year from 1993 to 2015, utilizing satellite data.

In the area under study, the predominant coastal defense
mechanisms, as determined by their proportion of the overall
protected coastline, consist of dunes (40.9%) and dikes (17.5%),
with seawalls and breakwaters being employed over relatively minor
stretches. This heavy reliance on dunes marks a departure from the
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coastal defense tactics observed along the German North Sea coast,
where mainly three barrier islands (Sylt, Norderney, and Langeoog)
are significantly augmented with approximately 1.8 million m* of
sand annually (see e.g. Staudt et al. (2021)). Dunes, serving as the
principal form of coastal defense on the Baltic Sea, span roughly
106 km of the protected coastline (StALU, 2021). Nonetheless, these
sand-based defenses are vulnerable to wave-induced erosion,
especially during storm surge events. In areas facing a shortage of
sediment, coastal management authorities engage in periodic dune
nourishment to mitigate the risk of total dune erosion
(StALU, 2021).

In addition to long-term trends, the impact of short-term sea
level extremes, such as storm surges and wind waves, plays a crucial
role in influencing coastal defense strategies (Suursaar et al., 2006;
Madsen et al., 2015). In the Western Baltic Sea area, where the
research is focused, storm surges typically rise to heights between
1.0 and 1.5 m, with surges over 1.0 m occurring between 1.2 and 2.1
times annually, varying by location (Weisse et al., 2021). Wave
heights in the Baltic Sea exhibit a seasonal pattern, aligning with the
winter’s increased wind speeds (Bjorkqvist et al., 2018).

The studied coastal stretch lies in front of the village
Ahrenshoop, situated at the Southwestern Baltic Sea close to the
city of Rostock. The settlement lies on a land spit between the Baltic
Sea and an inland lake (Bodden) known for its brackish waters. The
strip of land here has a width of approx. 1000 m. It is protected by a
5.500 m long dune in combination with a 3.741 m long dyke,
located behind the dune. Figure 2 illustrates an average beach
profile, highlighting key measurements such as dune toe
elevation, berm height, and the lowest low water level (LLWL).
Additionally, a breakwater is located in the south of the study area
and groynes are installed along the coast over the length of the dune.
To the south of the dune there is a cliffed coast, while to the north,
the flat coast continues into a nature protection area and ends in a
sand spit (Darfler Ort). To protect the hinterland, the area north of
the dunes is protected by a dike. The study area stretches over
approximately 4 km and has a NE-SW orientation.

The transport directions of marine aggregates in the area are
evident from other studies. Frohle and Dimke (2008) evaluated the
sediment transport directions and transport capacities using a
numerical model called Genesis, which incorporates the widely
used Coastal Engineering Research Centre (CERC) equation
(Komar and Inman, 1970). For the studied area between Rostock

10.3389/fmars.2024.1473237

and Zingst, they found transport capacities of up to 275 000 m® per
year, directed from the west to the east. They based their studies on
the angle of wave attack, characteristics of the coastline, sediment
characteristics, profile parameters, and structures.

The coastal region between Warnemiinde and Ahrenshoop,
facing NNW-WNW, is a fetch-limited coastline sheltered from
waves originating from the Baltic Sea to the east. Kortekaas et al.
(2010) utilized wave climate data recorded continuously over a five-
year period (1998-2002) from a measuring station near
Ahrenshoop. During this time, over 65% of the waves came from
the W-WNW direction, with large storm waves typically arriving
from WNW. The typical long-term wave conditions are
summarized in Table 1 for five different load cases modelled by
Kortekaas. Most commonly waves arrive at the beach with a
significant wave height of 0.68 m and a period of 4.64 s and a
direction of 276°. During 1-yearly storms, the direction stays the
same while significant wave height and period increase to 1.29 m,
respectively 5.77 s. In 5-yearly storms, the direction again stays the
same though wave height increases to 1.4 m and the period
increases to 6 s. Longer period swell waves were also simulated
and came in from a direction of 347° with a significant wave height
of 0.31m and a period of 6.09s. Additionally, Figure 3 provides a
wave rose and water level series from a wave buoy at Ahrenshoop,
showcasing the typical yearly variation in wave heights and water
level. The coast here is regularly nourished every 3-6 years
depending on the eroded volume of sand. Dunes are perceived as
dynamic landforms subjected to erosion and deposition processes,
necessitating regular maintenance to sustain their structural
integrity. Since 1990, nine nourishments have been conducted
ranging in volume from 15 221 m® to 600 000 m’, while the
mean volume amounts to approximately 350 000 m® over an
average length of 3 km. The typical volume of sand used for
nourishment is 121 m® per meter of coastline, while maintaining
the dune and beach requires approximately 500,000 m® of sand
every 5 years. The nourishments counterbalance the continuing
erosion of approximately 0.6 m/yr (StALU, 2021) eroded from the
shoreline. The effect of a nourishment on neighboring locations and
the interplay with the supply of sand from the cliff coast is
important to optimize the use of sand. The supply of sand from
marine sources is limited and complicated by the need to investigate
the seabed for Unexploded Ordinance (UXO) and filter the dredged
sand for UXO (Reckermann et al., 2022). Furthermore, animal and
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Average beach profile from transect 3 after nourishment. The sketch suggests wave breaking and shoaling through decreasing wave height, though

it does not accurately depict these processes over the sandbar.
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TABLE 1 Typical wave conditions for Ahrenshoop (Kortekaas
et al.,, 2010).

Waves cases Hs (m) Tm (s) Dir (°)
Local waves 0.68 4.64 276
Swell 0.31 6.09 347
Storm (1y) 1.29 5.77 276
Storm (5y) 1.40 6.00 276

nature protection concerns limit the areas where sand can
be extracted.

Data collection and processing

Two data sources were exploited to evaluate the evolution of the
nourishment project in Ahrenshoop. Subaqueous single-beam echo
soundings cover the subaqueous part of the beach profile, while GPS
measurements were used on the subaerial part. The data captures the
progression of the nourishment from its inception through
construction, as well as before and after its completion. This method,
boasting high-frequency measurements and the capacity to encompass
both terrestrial and subaqueous zones, facilitates a thorough
assessment of the entire beach profile, spanning from the dune crest
along the beach and foreshore profile up to a water depth of
approximately 4.5 m.

The echo sounder and GPS surveying were commissioned by
StALU MM to the surveying company Geogroup GmbH. The
measurements were conducted using a Teledyne Reson E20 single
beam and a Leica GPS. The accuracy of the system used for
subaqueous measurements, as specified by the manufacturer, is +2
cm * 0.1% of the depth. For a maximum water depth of 10 meters,

10.3389/fmars.2024.1473237

this results in an accuracy of approximately 3 cm. When
accounting for the inaccuracy of the GPS, the total accuracy
amounts to about 8 cm. Conversely, the subaerial
measurements, which were conducted with a GPS probe, have
an accuracy of 5 cm. Furthermore, the subaerial profile was
monitored using an unmanned aerial vehicle (UAV), from
October 2021 to November 2023. The UAV captured images
that were processed using the photogrammetric software
Metashape, resulting in the generation of digital surface models
(DSM) and orthophotos. A summary of the measurement timeline
is presented in Figure 4.

DSMs were acquired using UAV (DJI Phantom P4 RTK), which
provides high-precision topographic data (Forlani et al., 2018).
Typically, a standard UAV without a RTK receiver can only
reproduce its precise location with an error margin of several
meters, resulting in substantial errors. The planar accuracy is
reliable within a few centimeters, while the vertical error can be
far more substantial (Manfreda et al, 2019). To mitigate these
inaccuracies, Ground Control Points (GCPs) can be deployed.
GCPs are identifiable targets on the ground, surveyed with RTK
GPS receivers, that are incorporated into the photogrammetric
computation as fixed points, thereby generating DSMs with a
precision of few centimeters (étroner et al., 2020).

When using GCPs, attention must be given to their placement
and flight parameters. UAV photogrammetry for beach leveling
presents challenges due to difficulties in identifying common points
in visually uniform areas. Jeong et al. (2018) showed that accuracy
improves with lower flight altitudes, high image overlap, and a
sufficient number of GCPs. Contreras-de-Villar et al. (2021) also
emphasized that GCP placement, flight timing, and environmental
conditions play a significant role in maintaining accuracy. High side
overlap is crucial to prevent substantial increases in error rates

when overlap is reduced.
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Timeline of the available complementary survey data. The surveys were conducted by a contractor at five transects inside the nourishment area.
UAV: Photogrammetric surveys of the nourished area and adjacent beach segments. The green rectangle marks the period during which the

nourishment was conducted.

Various studies highlight key factors affecting the vertical
accuracy of digital elevation models (DEMs), digital terrain
models (DTMs), and digital surface models (DSMs) derived from
UAV imagery. Hugenholtz et al. (2013) found that the vertical
accuracy of UAV-derived DTMs was comparable to LiDAR, with
errors mainly due to vegetation. They suggest using LiDAR or
minimizing vegetation in surveyed areas to improve accuracy.
Gabara and Sawicki (2019) noted that increasing GCP density
enhances vertical accuracy, but the benefits plateau beyond a
certain threshold, recommending optimized GCP placement and
UAV flight parameters. Contreras-de-Villar et al. (2021) observed
that UAV-derived models’ vertical accuracy is sensitive to
environmental factors, recommending calm conditions and stable
flight for better results. Fisher and Tate (2006) emphasized that
robust interpolation techniques and error analysis are crucial for
improving vertical accuracy in DEMs. Finally, Gindraux et al.
(2017) highlighted the importance of GCP density and optimal
flight parameters in achieving high vertical accuracy, especially in
challenging terrains. Overall, these studies suggest careful planning
and advanced techniques to enhance vertical accuracy across
various applications.

However, in challenging or inaccessible terrains, using GCPs
can be time-intensive and occasionally unfeasible. These issues can
be mitigated by using RTK-enabled UAVs, which feature a build-in
RTK enabled GPS receiver that can reproduce the location of the
aircraft with an accuracy of a few centimeters (Stroner et al., 2021).
This technology reduces reliance on GCPs for accurate positioning
of the resulting DSMs. However, even with RTK enabled UAVs the
vertical error can still amount to more than one meter (Nota et al.,
2022), which can render the acquired DSMs not usable for change
detection. To counter this, additional flights with an oblique camera
angle can be used to reduce the vertical error (James and
Robson, 2014).

An additional processing step that can enhance accuracy is a
technique known as co-alignment. Cook and Dietze (2019)
suggested that a high comparative accuracy between repeat UAV-
surveys of the same study area can be achieved by aligning the
images of different surveys together instead of processing them
separately. After this alignment, the images are then divided by their
respective survey date and processed further. This approach allows
the forced alignment of poorly aligned surveys. A prerequisite for
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this to work is the presence of common elements in the surveys. In
the case of the study at hand, common elements like the groins,
infrastructure for access to the beach, or coastal view platforms
make it suitable for this approach. As the groynes and coastal view
platforms on the dune form the natural boundaries for the
measured area, the alignments should be very reliable in contrast
to a case where the only features available for alignment are in the
center of the study area, leaving degrees of freedom open to the
alignment process.

Nonetheless, Cook and Dietze (2019) cautioned that 3D models
generated through co-alignment without GCPs might still contain
absolute errors and distortions, such as doming (James and Robson,
2014; David et al., 2021). Furthermore, the absolute location
accuracy of models created without GCPs is typically low,
limiting comparisons with external sources like lidar topography
(Neugirg, 2016).

We choose to use an RTK-enabled UAV for the image
acquisition and incorporated oblique imagery as well as the so-
called co-alignment in our workflow. The selection of flight and
camera parameters was based on the methodologies outlined in the
referenced literature. A detailed summary of these parameters,
along with the corresponding accuracy achieved, is provided in
Supplementary Table 1. After image acquisition Metashape was
employed to process aerial images, generating high-resolution
orthomosaics, DEMs, and 3D point clouds via the Structure-
from-Motion (SfM) technique. Real-time kinematic GPS data was
incorporated into the processing workflow to enhance spatial
accuracy, resulting in horizontal accuracy within a few
centimeters. However, vertical accuracy remained a challenge,
with deviations of several decimeters. To address this, flight
patterns were adjusted, introducing oblique imagery in March
2022 and conducting additional repeat flights utilizing 60° oblique
camera angles from October 2022 onwards.

We employed four distinct processing workflows to compare
their accuracy (Figure 5). The first two workflows utilized direct
georeferencing from the RTK UAV: one using only nadir images
and the other incorporating both nadir and oblique images. The
remaining two workflows followed a co-alignment approach: one
using only nadir images and the other incorporating both nadir and
oblique images, where all images were initially aligned together and
then segmented into the respective surveys.
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Different workflow processes in Metashape. DSM generation consists of building the dense point cloud and computing DSMs and orthophotos from
it. The resulting models (digital surface models) capture the Earth's surface elevations, including all structures and vegetation.

Volumetric change

We conducted a comprehensive analysis to examine sediment
volume changes following nourishment efforts. Utilizing the survey
data spanning from October 2021 to March 2022, covering the
nourishment construction period, and UAV data extending from
October 2021 to November 2023, encompassing the post-
nourishment period, we scrutinized profiles along each of the five
transects within the project area. The transects are distributed over the
study area and displayed in Figure 1B. The transects in this study were
spaced at an average distance of 650 meters, a spacing determined by
logistical constraints but recognized as a potential source of significant
error in volumetric calculations. This wide spacing raises concerns
about the accuracy of estimating beach-wide volumetric changes, as it
is likely to miss critical morphological features that exist between the
widely spaced transects. According to the findings of Mufoz-Pérez
et al. (2012), errors in volumetric estimation increase substantially as
transect spacing widens, particularly beyond 300 meters. With a
spacing of 650 meters, the error in estimating total volumetric
changes across the entire beach could exceed 100%. This high error
margin stems from the likelihood that significant profile variations—
such as dunes, erosional features, or other critical changes—are not
captured, leading to substantial under- or over-estimations of the
beach’s volume.

Given these limitations, the methodology applied here focuses
on estimating volumetric changes within each individual transect,
rather than attempting to extrapolate these measurements to
represent the entire beach. While this approach reduces some of
the potential error introduced by wide spacing, it is important to
acknowledge that any broader generalizations based on these
transect-specific estimates are likely to be unreliable. The
conclusions drawn from these volumetric calculations should,
therefore, be treated with caution, especially when considering the
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beach as a whole. Further refinement of the methodology, possibly
through additional data collection or alternative analytical
techniques, would be necessary to achieve more accurate and
reliable volumetric estimates across the entire beach.
Subsequently, we applied a straightforward volume calculation
method to measure alterations in sediment volume between
adjacent profiles. To evaluate the volume change, we applied the
trapezoidal rule to integrate the areas between consecutive beach
profiles. For a single interval, the trapezoidal rule is expressed as:

b b _
/ f@dx~ 5= [f(a) + £ (B)

Uncertainty estimation

The data collected from both terrestrial and UAV
measurements inherently carries a degree of uncertainty due to
the errors of the sensors and computation themselves and also the
GPS accuracy. Additionally, the process of computing volumes
introduces further uncertainty, which compounds as the
measurement error propagates through the trapezoidal
integration method. The integration with the trapezoidal rule
introduces an error to the computed volumes as the curves of the
beach profiles can only be approximated by the straight lines in the
trapezoid. However, if the interval between adjacent points is small
enough the error can be kept to a minimum. The measurement
uncertainty for terrestrial monitoring, provided by the device
manufacturer and the surveying company, was 0.08 m, while the
uncertainty for UAV-based measurements, derived from our own
analysis, was 0.14 m. Although these values are conservative and, in
some cases, may be much better, they were chosen to ensure a
robust assessment of the validity of the results. We computed the
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combined error and give an error estimate for the volumes and
changes for each of the measurement systems.
The uncertainty due to the measurement error is given as:

GMeas=Ay*A-x’k\/’7

Where Ax =(b—a) is the distance between the measurement
stations, Ay is the measurement error, and n is the number
of subintervals.

The error due to the approximation of the curves by straight
lines in the trapezoids is given by Cheney and Kincaid (1998) as:

(b-a)’

T 12

'

E Trapez

Where n is the number of subintervals, & is the point in the
interval an /(&) is the second derivative of f(x) evaluated at &.

To reduce the error introduced by the trapezoidal integration, we
applied cubic interpolation to the 3 m resolution transects, refining
them toa 0.5 m resolution. This approach improved the accuracy of the
volume calculations. Further increasing the resolution beyond 0.5 m
did not result in significant changes to the computed volumes, leading
us to select 0.5 m as the optimal resolution for this analysis.

To estimate the uncertainty in the volume assessments, the
individual sources of uncertainty, including measurement and
trapezoidal rule errors, are combined. These uncertainties are
summed using the quadrature method, which accounts for the
independent contributions of each uncertainty source (Lane et al.,
2003; Wheaton et al., 2010):

2 2
O-Meas +E

Oiotal = Trapez

Then the cumulative uncertainty in volume change for each
transects is propagated across the surveys using a quadrature sum of
the uncertainties in each time step:

/ 2
0 =\/ > 1Ctotai

Drivers

To assess the underlying drivers and impacts leading to
documented morphological changes on site, we coupled the
erosion and deposition trends of the nourishment to data from a
wave buoy off the coast. As the main drivers, we calculated the
cumulative wave energy between the survey time steps, total water
level, including the wave runup, and wave direction.

The wave parameters were obtained from two offshore wave
buoys, FINO2 and Arkona, operated by the Federal Maritime and
Hydrographic Agency (BSH). The buoys lie approximately 40 km
offshore of the beach and deliver quality-controlled in situ wave
parameters, which is available from the BSH open Data portal
(BSH - Seegang, 2024).
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From this data, the total water level (TWL) was calculated using
the equation by Sallenger (2000) as:

TWL = n+R,y

With n being the mean sea level (MSL) and R,¢, being the
wave runup. The data for m was obtained from water gauge
measurements at the closest gauge in Warnemiinde, located at a
distance of 25 km from Ahrenshoop. For the wave runup, we used
the approach outlined by Stockdon et al. (2006). Their approach
relies on offshore wave buoys to provide significant wave height
and wave period. Using these offshore wave conditions, their
empirical equation predicts the wave runup height on sandy
shorelines. The beach slope at Ahrenshoop is initially 0.04 [-]
following nourishment and gradually steepens to approximately
0.08 [-] over the course of the three-month survey period.
According to the widely accepted Iribarren Number (Battjes,
1974), this places Ahrenshoop at the boundary between a
dissipative and an intermediate beach, with the potential to
become fully reflective as the slope increases. Given that the
beach slope is expected to exceed 0.04, we have chosen to use a
higher slope value in our calculations to avoid underestimating
wave runup. Additionally, the equilibrium beach profile was
determined. After a nourishment, the artificially crafted beach
profile is usually too steep and far from mimicking a sort of
natural profile. Over the course of days and weeks, the forcing by
waves redistributes the sand volumes to form a gentler profile that
reflects less of the waves and changes the beach towards a more
dissipative characteristic. This profile is called the equilibrium
profile and it is commonly estimated from the equations as given
by Bruun-Dean (Bruun, 1954; Dean, 1977):

h=Ax*?

The parameter A refers to the so-called profile scale that can be
estimated from the sediment size. The parameter signifies the
steepness of the profile. The variables x and h represent the
horizontal distance and height along the profile, respectively. For
the Baltic Sea with a mean grain size of d5o = 0.33 mm the parameter
A is given by Dean (1987) as follows:

A =041 d500'94

Additionally, the wave energy per unit area was calculated using
the significant wave height (Hs) following the methodology
outlined by Holthuijsen (2007). The wave energy (E) was
computed using the equation:

1
E:g*p*g*Hs2

Where E is the wave energy (J/m?), p is the density of seawater
in the Baltic Sea (1005 kg/m®) (Feistel et al., 2010), g is the
acceleration due to gravity (9.81 m/s?), and Hs the significant
wave height.
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Results

Accuracy assessment of
UAV photogrammetry

We used stable areas for calculating the accuracy of the DSMs.
Three validation points were identified, each corresponding to the
southern, northern, and central parts of the study area (Figure 6).
The evaluation of direct georeferencing performance revealed
substantial variability in vertical accuracy, which is inadequate for
most precision-dependent applications. The results show that the
standard deviation of vertical accuracy for direct georeferencing
without oblique imagery was measured at 0.25 m, 0.24 m, and
0.23 m in the South, Mid, and North, respectively. Additionally, the
maximal differences in these regions were 0.64 m, 0.66 m, and
0.66 m, respectively, indicating considerable inconsistency in the
elevation data. This variability poses a significant challenge for
applications requiring high accuracy, such as detailed topographical
mapping and precise construction projects.

The introduction of oblique imagery to the direct
georeferencing workflow, which was anticipated to enhance the
vertical accuracy, did not yield the expected improvements. On the
contrary, the inclusion of oblique images resulted in a deterioration
of accuracy. The standard deviations increased to 0.29 m, 0.32 m,
and 0.35 m in the South, Mid and North, respectively. Similarly, the
maximal differences escalated to 1.01 m, 1.12 m, and 1.26 m in the
respective regions. This decline suggests that simply adding oblique
imagery to direct georeferencing, without additional corrective
measures, may introduce errors that exacerbate the variability
rather than reduce it. We speculate that the different lighting
conditions during the repeat flight offset the accuracy of the
photogrammetric reconstructing.

12.40°0

10.3389/fmars.2024.1473237

In response to the limitations observed with direct georeferencing,
a co-alignment step was incorporated into the data processing
workflow. This adjustment significantly enhanced the vertical
accuracy, bringing about nearly an order of magnitude improvement
in the standard deviation, which was reduced to 0.04 m across all
surveyed regions, with corresponding maximal differences of 0.11 m,
0.12 m, and 0.16 m in the South, Mid, and North, respectively. This
considerable improvement highlights the efficacy of the co-alignment
step in correcting the inaccuracies and inconsistencies inherent in
direct georeferencing methods. The co-alignment process likely aids in
refining the alignment of imagery, thereby reducing discrepancies and
enhancing the overall fidelity of the elevation data.

Further refinement was pursued by integrating oblique imagery
into the co-alignment workflow, a strategy aimed at leveraging the
additional perspective provided by oblique views to enhance vertical
accuracy further. This integration resulted in a noteworthy reduction
in the standard deviation to 0.02 m, 0.03 m, and 0.05 m in the South,
Mid and North, respectively, surpassing the improvements achieved by
co-alignment alone. The maximal differences were concurrently
reduced to 0.06 m, 0.14 m, and 0.12 m in the South, Mid, and North,
respectively. These results underscore the benefit of combining oblique
imagery with co-alignment, as the additional perspectives obtained
from oblique angles appear to facilitate a more precise alignment and
correction process, thereby delivering superior vertical accuracy. The
results of the different workflows are displayed in Figure 7.

Morphological development during
the nourishment

Profile changes
Figure 8 illustrates the locations of the transects, which are
incrementally numbered from southeast to northwest,

12.42°0 12.44°0

FIGURE 6

(A) Overview of study area, (B) Check point South, (C) Check point Mid, (D) Check point North. Background Panel (A) Bing Satellite.
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Bar plots illustrating the performance of four workflows across three check points, as depicted in Figure 6. The workflows include separate
processing with and without oblique images, co-alignment with and without oblique images. The oblique images, acquired for three surveys, were
incorporated into the respective processing workflows. Performance metrics are presented by the standard deviation and maximum differences

calculated across surveys.

corresponding to the direction of net sediment transport. Each
transect is approx. 250 m in length, encompassing the dune, beach,
and foreshore, extending to a depth of approx. 4.5 m below MSL. To
the south of the study area, a breakwater restricts longshore
sediment transport. Further south, the coastline transitions to a
cliffed coast. Notably, the shoreline angle relative to the wave
direction becomes steeper moving northward, with a significant
directional change occurring between transects 2 and 3. All
transects, except for transect 5, are located in areas equipped with
groynes. The satellite imagery reveals a system of two sandbars
extending across most of the transects, with notable switching
episodes between transects 2 and 3, where the inner and outer
bars switch positions or merge to form a single bar.

Figure 9 presents a comprehensive overview of the outcomes
derived from terrestrial-monitoring efforts. The measured
elevations range from approximately -4 to 5.5 m, encapsulating
the subaqueous beach profile up to the forefront of the dune system.
Across various transects, discernible responses to both nourishment
initiatives and metocean influences are observed. Transects 1 and 2,
being more sheltered due to their directional orientation, exhibit
minor dune recession, concurrent with erosion affecting the beach
and foreshore regions. In transect 1, a nourishment of 77.32 m*/m

was conducted. Following the nourishment, a positive change of
10.50 + 0.63 m*/m was observed. The process has led to the
formation of a solitary sandbar, while transect 2, which received
47.55 m’/m of nourishment, experienced a negative change of
-15.78 + 0.87 m*/m after the nourishment, along with the
emergence of two distinct sandbars.

In contrast, transects 3 through 5, being more exposed,
experience more distinct responses compared to transects 1 and
2. Transect 3 experiences moderate dune accretion and
corresponding beach erosion, with minor foreshore erosion. A
total nourishment of 76.66 m*/m was carried out, resulting in a
positive change of 3.95 + 0.31 m*/m. Notably, the pre-existing
sandbar undergoes offshore migration while concurrently
augmenting in elevation. Transect 4 shows minimal dune and
beach erosion, juxtaposed with strong foreshore accretion,
following a nourishment of 54.49 m?®/m. Post-nourishment
observations revealed a positive change of 2327 + 0.70 m*/m.
The seaward displacement of the existent sandbar leads to the
development of a terrace. The resulting profile looks very similar to
the pre-nourishment profile, though moved further seaward.

In all transects besides 5, the presence of groynes is noted,
contributing to localized variations in sediment dynamics and
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Overview map of the transects. Transect 1 is located close to the breakwater, while transect 5 marks the transition to the adjacent national park.

Note the absence of groynes in transect 5. Background: Bing Satellite.
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Beach profiles of the five transects (labeled as panel A—E). The first measured profiles before the beginning of the nourishment are marked in dashed
black lines, the post-nourishment profiles are plotted in green, while the last measured profiles are plotted in orange. The shaded areas indicate the

changes in sand volume between the post-nourishment
blue indicating deposition across each transect.

coastal morphodynamics. Transect 5 showcases

erosion but pronounced beach erosion, coupled with strong
foreshore accretion. Despite receiving a total nourishment of
75.58 m’/m, a negative change of -14.93 + 0.48 m*/m was
observed. In the foreshore, a longshore bar seems to develop,
though very small in height in the measured timeframe. Notably,
indications within the profile hint at the oftshore migration of the

profile (green) and the last measured profile (orange), with orange representing erosion and

limited dune  extrapolation into the future seems to suggest that transects 4 and 5
are on the verge of developing a new bar close to the shore. In
transect 5 the bar at the end of the terrace is already showing a small
indentation. The bars in transects 4 to 5 seem to mitigate erosion in
the nearshore area by inducing wave breaking and allowing a
terrace to form. Table 2 provides a detailed summary of the
characteristics observed across each transect, including time since

nourishment, bar formation and movement, offshore bar distance,

existing oftshore sandbar, although the bar seemed to have moved
into uncharted territory in the last time steps. This also explains  and patterns of erosion or accretion on t
why the fifth profile experiences a negative change after
nourishment. Note that the uncertainty in these volume changes
is given as the propagated error between the two time steps that are Beach slope
being compared and is therefore lower than the propagated error
when including all time steps. Figure 10 shows a line plot (A) and a
All the transects experience either the emergence of bars in  slope development in each transect over
previously unbarred profiles or if existing bars were present, their ~ out with a fairly gentle slope of 0.08 to 0.1

offshore movement and vertical growth after the nourishment. An

Frontiers in Marine Science 12

he terrace and beach.

heatmap (B) of the beach
time. Each transect starts
[-]. Transect 4 stands out

with the highest beach slope of approx. 0.1 [-]. The impact of the
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TABLE 2 Characteristics of each transect post-nourishment, detailing time since nourishment, bar formation and movement, bar distance offshore,
and observed erosion or accretion on the terrace and beach.

Time since nourishment  Existing Bar Bar Bar Terrace

in month bar formation movement = distance
1 2,5 No 1 bar No 60 Erosion Erosion
2 3 No 2 bars No 75, 105 Strong erosion Strong erosion
3 4 Yes No Offshore 95 Erosion Strong erosion
4 5 Yes No Offshore 135 Accretion Erosion
5 45 Yes 1 bar (nearshore) | Offshore 175 Accretion Erosion

nourishment is clearly visible in each transect, manifesting in a
strong decrease of the steepness to a value of approx. 0.04 [-]. After
nourishment, all transects generally show a trend towards a steeper
beach slope. Transects 3 and 5 notably reach their initial steepness
approximately 3.5 and 4 months after nourishment, respectively.

Bar migration

The migration of sandbars in transects 3 and 5 follows well-
established mechanisms where large waves cause offshore sediment
movement. When large waves break over the sandbar, they generate
strong offshore-directed currents near the bar crest, pushing sediment
seaward (Wright and Short, 1984; Leont’ev, 2011). In contrast, during
calmer conditions with smaller waves, sandbars migrate shoreward as
the waves shoal without breaking, creating onshore-directed
forces that transport sediment landward, especially near the crest
(Quartel et al., 2008). The position of the sandbar and the TWL also
play critical roles, as higher TWL during storms allows more wave
energy to pass over the bar, potentially causing overwash and
increasing erosion (Fontan-Bouzas et al., 2022).

The location of sandbars for transects 3 (red) and 4 (blue)
fluctuates significantly (Figure 11A). During high wave energy
periods, such as at the end of January and the end of February
2022, there are notable changes in bar location. For instance,
transect 3 exhibits considerable movement during these peaks,
indicating that strong wave action displaces the sandbar offshore.
Conversely, during periods of lower wave energy, such as in the
middle of February 2022, the bar moves further onshore by approx.
2 m in transect 4 and 1 m in transect 3. In general, reduced wave
action allows the sandbars to remain stationary with only minor
adjustments in position.

The height of the bar crest for both transects exhibits variations
influenced by wave energy. During high-energy wave events, such
as those observed in January and February 2022, significant changes
in bar crest height occur (Figure 11B). For instance, at the end of
January 2022, the crest height of the bar in transects 3 and 4
decreased markedly by 0.25 m in transect 3 and 0.5 m in transect 4.
Additionally, the bar shifted oftshore by 3 m in transect 3 and 4
meters in transect 4. In the calmer period in the first half of
February, the bar in transect 3 grew in height by more than 1 m,
while the bar in transect 4 recovered to its pre-storm height of
1.2 m. The following storm at the end of February 2022 decreases
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the height of the bar crest in transect 3 again to pre-storm levels,
though the bar crest height in transect 4 only slightly decreases.

The two storms appear to force the morphology of the beach
profile with similar levels of wave energy, though a marked
difference between the characteristics of the two storms lies in the
TWL (Figure 11C). A specific feature of the Baltic Sea is the
coincident occurrence of low water due to the water being pushed
out of the basin by the wind and storm waves. This behavior is
evident at the end of January 2022 (Figure 11C), where the
combination of these two phenomena causes the most significant
decrease in the height of the sand bar in transects 3 and 4. Other
storm events are not able to change the bar position and height in
such a manner.

During periods of lower wave energy, such as December 2021
and March 2022, the bar crest height tends to stabilize or exhibit
gradual changes. These conditions promote sediment deposition
and accumulation, resulting in a slow but steady increase in crest
height. During periods of increasing bar crest height, the bar
location shifts onshore, whereas, during periods of decreasing bar
crest height, it moves offshore.

Notably, the profiles in adjacent transects 1 and 2 behave
similarly to transect 4 in terms of beach slope development but
differ from transect 3 (Figure 11D). Transects 1 and 2 share the
same orientation, as do transects 3 and 4. Consequently, the
incident direction of the waves does not appear to be the deciding
factor. The differing bar heights could be related to the switching
periods in the sand bars observed in satellite images. Bar switching
behavior is not entirely understood but is linked to alongshore
differences in the position and depth of the outer bar (Shand, 2003).

Volumetric change

Figure 12 illustrates the volumetric changes across each
transect. The most significant alterations to the subaerial section
of the profile can be attributed to the nourishment process. Each
profile exhibits a substantial increase in volume up to February
2022, when nourishment is completed. Thereafter, all transects
develop in a similar pattern. Notably, after an initial significant
variation in changes over the time steps, the cumulative volume
trends converge for all transects. The bottom panel shows the
changes occurring below MSL to a depth of approximately 4 m.
Alterations in the subaerial section partially align with changes in
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the subaqueous portion. For instance, nourishment in transect 3
enhances the volume across all subaqueous transects. The
subaqueous transects correlate with nourishment in the subaerial
transects, which is particularly evident in transect 1, where
subaqueous volume markedly increases following nourishment in
that transect. In the final few time steps, beginning in mid-February,
subaqueous volume decreases in transects 2 and 5, while the other
three transects show an increase in volume.

These underwater changes are closely related to low water
levels, as the subaqueous profile becomes more exposed to wave
action, which intensifies erosion. This is highlighted by historical
sea level data for Warnemiinde, where the most extreme Lowest
Low Water Level (LLWL) of -170 cm below MSL was recorded on
October 18, 1967 (Wolski et al., 2014). During the monitoring of the
beach profile, the LLWL observed was -0.59 m below MSL on the
19.02.2022, followed by low water of -0.38 m below MSL
on 21.02.2022.

In transect 1, located to the south, a nourishment of 77.32 m?
per meter was conducted. After nourishment, the net change was a
loss of 2.36 m® per meter above MSL, while below MSL, transect 1
experienced a gain of 12.86 m® per meter. The combined net change
for transect 1 is a total gain of 10.50 m® per meter. The presence of a
breakwater near transect 1 limits the across-shore sediment
transport that would typically replenish this area, particularly
above MSL. Moving northward to transect 2, which received
47.55 m® per meter of nourishment, the net volume change was a
loss of 8.31 m® per meter above MSL, coupled with a loss of 7.47 m?
per meter below MSL. The combined net change for transect 2 is a
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total loss of 15.78 m® per meter. This transect shows a decrease in
sediment volume both above and below MSL, with significant losses
overall. In transect 3, further north, a nourishment of 76.66 m? per
meter was carried out. Above MSL, the transect experienced a net
loss of 8.88 m?® per meter, while below MSL, transect 3 showed a
gain of 12.83 m® per meter, leading to a combined net gain of 3.95
m® per meter. Transect 4, positioned further north, received 54.49
m® per meter of nourishment. It exhibited a net loss of 3.29 m® per
meter above MSL and a gain of 26.56 m® per meter below MSL. The
combined net change for transect 4 is a total gain of 23.27 m® per
meter, representing a significant positive change. Finally, transect 5,
the northernmost transect, was nourished with 75.58 m® per meter.
After nourishment, it showed a net loss of 6.74 m® per meter above
MSL, while below MSL, transect 5 recorded a gain of 8.17 m?® per
meter, resulting in a combined net loss of 14.90 m® per meter.

In summary, the data reveals a consistent pattern of sediment
loss above MSL across all transects, while below MSL, the transects
generally show positive changes, particularly in the more northern
areas. The presence of the breakwater near transect 1 influences the
sediment dynamics, limiting sediment supply to the southern
transects, contributing to the observed patterns of erosion and
deposition along the beach profiles.

Medium-term monitoring

Medium-term monitoring of the coastal transects reveals distinct
patterns in erosion rates and the effectiveness of sand nourishments
(Figure 13). Transects 1 and 2 exhibited the highest erosion rates on
the beach and dune. Following the completion of the nourishment
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project, the volume per meter decreased by 17.58 m*/m and 12.04 m?/
m, respectively. These significant decreases suggest that the sandbars
generated during the nourishment were ineffective in providing
adequate protection against wave energy. As a result, these
transects experienced considerable erosion, indicating that the
protective function of the newly formed sandbars was suboptimal.

In contrast, transects 3 and 4 experienced minimal erosion rates,
with volumetric changes of -6.94 m*/m and -4.24 m*/m, respectively.
The presence of existing offshore sandbars, which increased in height
and distance from the shore after the nourishment, provided
substantial protection. These sandbars effectively dissipated wave
energy, causing the waves to break before reaching the beach and
dune. This pre-breaking of waves reduced the energy impacting the
shore, thus minimizing erosion and demonstrating the protective
benefits of well-positioned offshore sandbars.

Transect 5 showed a significant erosion rate of 7.49 m*/m. This
suggests that the associated offshore sandbar was positioned too far
from the shore. Although the sandbar induced initial wave
breaking, the waves seemingly had enough distance to reform and
regain energy before impacting the beach and dune. This re-

Frontiers in Marine Science

15

energization of waves between the offshore sandbar and the
shoreline likely contributed to the observed erosion at transect 5.

The differential performance of the transects underscores the
critical importance of optimal sandbar positioning in coastal
nourishment projects. Transects 1 and 2, with less effective
nearshore sandbars, exhibited higher erosion rates, whereas
transects 3 and 4 benefited from strategically positioned offshore
sandbars that provided significant protection. However, it must be
noted that the cross-shore transport in the region is directed from
transect 1 to transect 5, indicating that cross-shore processes could
also contribute to the lower erosion rates observed towards transect
5. The situation at transect 5 highlights a crucial consideration in
nourishment design: sandbars located too far offshore may fail to
protect the coast adequately due to wave reformation.

Discussion

Sandbars are essential for coastal protection, as they dissipate
wave energy before it reaches the shore. However, if sandbars are
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Volumetric change above MSL (A), below MSL (B), and cumulative uncertainty (C). Errorbars mark the cumulative uncertainty in (A, B). Depicted is

the volumetric change in each transect.

located too far offshore, waves may reform and break on the beach,
reducing the protective effect. The impact of sand nourishments on
the development of subaqueous sandbars and their interactions
with coastal processes remains relatively understudied. This gap
persists despite using advanced monitoring systems such as
subaqueous echo sounding and UAVs. The complexity arises
from the diverse range of sand nourishment techniques,
variability in coastal metocean conditions, and the heterogeneous
nature of coastal environments.

de Schipper et al. (2016) investigated the initial response of the
Sand Engine, a major nourishment project that used 21 million m?
of sand. They observed the formation, vertical growth, and
downslope migration of a subtidal sandbar within months of
construction, with the sandbar forming approximately 300 m
offshore. In our study at Ahrenshoop, we observed similar
phenomena but with notable differences. The newly formed
sandbar at Ahrenshoop was much closer to the shoreline,
approximately 60 m offshore, compared to the Sand Engine’s
300 m. Additionally, the metocean conditions in the Baltic Sea at
Ahrenshoop, which lack significant tidal influence, differ markedly
from the tidal conditions of the North Sea at the Sand Engine. This
difference in conditions influenced the formation and evolution of
the sandbars. Before nourishment, Ahrenshoop had a non-barred
profile, unlike the barred profile observed at the Sand Engine site.
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Along transect 2 the nourishment led to the formation of
multiple sandbars, with two prominent bars emerging at distances
of 75 m and 105 m from the shoreline. These bars were sustained by
the erosion of the beach below a height of 1.0 m and the
subtidal terrace.

Comparing our findings with Radermacher et al. (2018), several
key differences and similarities emerge. Radermacher et al. (2018)
found that beach nourishments typically lead to subtidal sandbar
formation within three years, while shoreface nourishments result
in rapid onshore migration of sandbars at rates of 20-60 m/year,
often causing pre-existing sandbars to merge with the beach. Mega-
nourishments, such as the Sand Engine, induced the formation of
new, shallow sandbars with significant alongshore variability. Our
study corroborates some of these findings but highlights faster
sandbar formation within two months and their closer proximity
to the shore. These differences likely stem from the differing
metocean conditions and nourishment techniques employed.

Gijsman et al. (2021) observed significant and systematic
alongshore differences in sandbar geometry along the curved
coastline of Sylt, with the northern half featuring less pronounced
sandbars closer to the shoreline and the southern half displaying
more pronounced sandbars further oftshore. The coastline at
Ahrenshoop is also curved, though it is concave rather than
convex as seen on Sylt. In our observations, sandbars are closer to
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Medium-term monitoring of the aerial beach profile development in each transect from the UAV monitoring.

the shoreline in the southern part of the shoreline and found further
offshore in the northern part, near the national park. This difference
in coastal curvature and local metocean conditions likely influences
the sandbar dynamics and their responses to nourishment.

In particular, the rapid development of sandbars in our study
underscores the need for ongoing research into the effects of various
nourishment strategies on coastal morphodynamics. While our
findings demonstrate quicker sandbar development, further
investigation is required to understand the protective role and
long-term stability of these sandbars. This understanding is
crucial for optimizing coastal protection strategies. Our study
provides valuable insights into the diverse responses of sandbars
to nourishment projects, emphasizing the importance of context-
specific approaches in coastal engineering.

Due to the limited frequency of surveys, particularly the UAV
surveys, establishing a direct relationship between beach changes
and metocean forcing remains challenging. Additionally, the
variability in survey timing, especially in relation to storm events,
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complicates assessments of storm impact on the beach, as surveys
were not consistently conducted immediately before and after
storm occurrences. Nevertheless, our surveys, which cover
approx. two years, provide valuable insights into the seasonal and
long-term development of the nourishment. To capture beach
changes in response to metocean forcing with high temporal
resolution, continuous monitoring, such as a fixed laser station,
would be necessary. However, such an approach would also restrict
beach access and entail funding as well as regulatory approvals.

In summary, our observations at Ahrenshoop reveal a faster and
closer formation of sandbars post-nourishment compared to both de
Schipper et al. (2016) and Radermacher et al. (2018). The development
of a non-barred profile at Ahrenshoop contrasts with the barred
profile at the Sand Engine, highlighting how different coastal and
nourishment conditions can influence sandbar dynamics. The findings
suggest that while the general principles of sand nourishment’s impact
on sandbar formation hold true, the specifics can vary significantly
based on local conditions and implementation methods.
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Accuracy

In recent years, UAV photogrammetry has emerged as a
powerful tool for acquiring high-resolution geospatial data,
offering unprecedented accuracy in mapping and 3D modeling.
However, achieving consistently high precision in UAV
photogrammetric applications requires careful consideration of
various factors, including flight parameters, image acquisition
techniques, and processing methodologies. However, it is
important to note that the inclusion of oblique imagery did not
uniformly enhance accuracy across all instances. For one
measurement station, the deviation increased slightly by 0.01 m,
indicating that while the general trend showed improved accuracy,
there were isolated cases where oblique imagery introduced minor
inconsistencies. This phenomenon suggests that while oblique
imagery generally contributes positively to the accuracy, it may
also introduce complexities that necessitate careful management to
avoid introducing new errors.

Overall, these findings highlight the critical importance of
advanced processing techniques in achieving high-precision
geospatial data. The initial results from direct georeferencing
underscore the need for enhanced processing methodologies to
meet the stringent accuracy requirements of modern applications.
The significant improvements brought by co-alignment and further
augmented by oblique imagery integration demonstrate a robust
approach for achieving precise vertical accuracy. Future
applications and methodologies should continue to explore the
optimization of these processes, particularly focusing on mitigating
the minor inconsistencies observed when incorporating oblique
imagery, to ensure consistently high-quality geospatial data.

It must be noted that in comparison to other studies, the study
area is not shaped like a square but instead has a challenging
elongated geometry. Also, the number of tie points in the area is
much lower than found in other studies due to the high variability
on the sandy beach, which occupies a major part of all the images.
The difficulties in reproducing the height accurately can be referred
to a miscalculation of the focal length of the camera as was also
found in other studies (Benassi et al., 2017; Forlani et al., 2018).

Figuress 12A-C highlights key insights into the uncertainty of
the measurements, particularly towards the end of the survey
period. In both Figures 12A, B, the error bars representing
uncertainty in volume change above and below MSL become
notably larger as the survey progresses. This increase in
uncertainty, especially towards the later stages, indicates a
diminishing accuracy in the measurements.

Figure 12C, which shows the cumulative uncertainty for each
transect, further emphasizes this issue. As uncertainties from each
time step accumulate, the total uncertainty steadily increases. While
the cumulative uncertainty remains manageable in the early stages,
it becomes more significant by the end of the survey period. This
compounding of errors highlights the growing challenge in
accurately interpreting the results, as the cumulative uncertainty
near the end makes the data less reliable.
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In conclusion, while the early stages of the survey (as shown in
Figures 12A, B) maintain reasonable accuracy, the steadily
increasing cumulative uncertainty in Figure 12C, suggest that the
results in the latter part of the survey should be interpreted with
caution. The diminishing accuracy leaves the final measurements
more uncertain, limiting the robustness of conclusions drawn from
this period.

Conclusion

In conclusion, this study has provided a most valuable dataset of
the evolution of nourishment over longer time spans. Key insights
are provided by means of observation and evaluation of the
morphological changes following beach nourishment. The
seaward movement of the breaking point and sandbar, and the
transformation of non-barred profiles into barred ones, highlight
the dynamic response of the beach to sediment addition.

Connecting short-term terrestrial monitoring with medium-
term UAV monitoring reveals the extended effects of sandbars on
coastal dynamics. The data underscores that sandbars play a
significant role in volumetric changes and overall beach
dynamics. It is essential to closely monitor and understand
sandbar dynamics when planning and implementing beach
nourishment projects. Assessing whether nourishment
interventions can positively influence sandbar development
should be a standard consideration.

Methodologically, we demonstrated that co-alignment in
photogrammetric processing is highly effective, enabling us to
generate high-quality survey data even in a dynamic coastal
environment, where deploying GCPs is impractical. By applying
this approach, UAV surveys can efficiently cover extensive areas,
which is particularly advantageous in such variable coastal settings.
While other studies have successfully utilized co-alignment for river
systems (de Haas et al, 2021) or for wetland areas (Lopez and
Cellone, 2022), our research demonstrates its applicability in coastal
environments prone to constant morphological change. However,
careful consideration of regulatory approvals is essential,
particularly when conducting surveys over inhabited regions or
protected natural areas.

Combining short-term monitoring of detailed changes in the
subaqueous and subaerial segments of the beach profile with
medium-term monitoring of the overall beach and dune system
has proven essential for understanding the enduring impacts of
nourishment activities. These insights are crucial for guiding future
beach nourishment projects, demonstrating the value of integrating
both high-resolution short-term observations and sustained
monitoring. The strategic focus must be on optimizing the use of
sand resources to ensure the best return on investment, thereby
supporting sustainable coastal development and resilience. Such an
approach supports sustainable coastal development while bolstering
the adaptive capacity of these environments against future
climate change.
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