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In the context of climate change and associated sea level rise, coastal dunes

can provide an essential contribution to coastal protection against wave attack

and flooding. Since dunes are highly dynamic systems, their potential safety

levels are related to their long-term development, varying in time and space,

however pertinent research that ties those aspects together are generally

scarce. The objective of this study is to analyze the long-term development

of a young coastal foredune at the Eiderstedt peninsula, Germany and assess its

coastal protection potential. This research presents (i) a novel semi-automated

Dune Toe Tracking (DTT) method to systematically extract dune toes from

cross-shore elevation profiles; (ii) established tools to derive the extraction of

characteristic dune parameters and (iii) a newly defined Critical Storm Surge

Level (CSSL) to relate spatio-temporal dune growth with coastal storm surge

protection. Based on geospatial survey data, initial dune formation was

identified in the 1980s. By 2015, the foredune had developed over a 6.5 km

coastal stretch with a mean annual growth of 7.4m³/m. During the course of

dune evolution, the seaward dune toe shifted seaward by an average of 2.3m/

yr, while simultaneously increasing in height by an average of 1.1 cm/yr. Overall,

the foredune formation established a new line of defense in front of an existing

dike/dune line that provides spatially varying protection against a mean CSSL of

3.4m + NHN and can serve as an additional buffer against wave attack during

severe storm events.

KEYWORDS
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1 Introduction

Vegetated coastal dunes are characteristic morphological

landforms prevalent along sandy, low-sloped coastlines around

the world (Goldstein et al., 2017). Naturally formed on top of the

backshore as shore-parallel aligned dune ridges (Hesp, 2002;

Durán and Moore, 2013), they contribute various ecosystem

services such as biodiversity (Nehren et al., 2016), freshwater

provision (Barbier et al., 2011) and recreation (Heslenfeld et al.,

2008). In addition, coastal dunes are of vital importance for

coastal protection. Low lying dunes provide a first buffer against

storm surges and reduce the height of near-shore wave attack

(Temmerman et al., 2013). This is caused by increased wave

breaking as a result of eroded sand that nourishes the foreshore

bathymetry during storm action. In contrast, higher elevated

dunes form a barrier to potentially shield the adjacent hinterland

from elevated water level and flooding (Keijsers et al., 2015;

Maximiliano-Cordova et al., 2021; Van IJzendoorn et al., 2021;

Figlus, 2022; Miocic et al., 2022). Furthermore, coastal dunes

show a natural capacity for self-repair and post-storm recovery

under favorable conditions (Gracia et al., 2018). Several

countries apply dune management strategies through sand

fences to stimulate dune growth caused by aeolian sand

transport (Eichmanns et al., 2021). Therefore, coastal dunes

offer multiple adaptive and sustainable benefits compared to

traditional hard engineering structures like sea dikes, which

require regular maintenance. However, the dynamic

development of coastal dunes regarding their geometry and

volume (Goldstein et al., 2017) has been shown to result in

varying protection levels in time (De Vries et al., 2012) and space

(Zarnetske et al., 2015). Meanwhile, climate change and its

associated drivers (Wong et al., 2014) such as sea level rise

(SLR) (Vousdoukas et al., 2017), intensifying storm surges (Arns

et al., 2015) and wave climates (Grabemann et al., 2015; Bell

et al., 2017) increase the pressure on coasts (Hallin et al., 2019).

These influences are expected to have a major impact on the

development of coastal dunes (Van IJzendoorn et al., 2021) and

their coastal protection function in the future (Zarnetske

et al., 2015).

Coastal dunes develop as a result of erosion and accretion of

sand, with the residual aeolian-hydrodynamic transport

determining whether dunes are eroding or growing long-term

(De Vries et al., 2012; Strypsteen et al., 2019; Gao et al., 2020).

Their formation and evolution are driven by complex

biophysical feedbacks between vegetation and sediment

transport (Hesp, 2002; Durán and Moore, 2013; Zarnetske

et al., 2015; Goldstein and Moore, 2016). Incipient foredunes

arise due to a continuous supply of aeolian sand-transport,

which is trapped and deposited in the vicinity of dune-

building vegetation (Durán and Moore, 2013; Goldstein and

Moore, 2016) or stimulated by large woody debris (Grilliot et al.,

2019; Falkenrich et al., 2021). These foredunes, also called

embryonic dunes, can grow up to two meters in height
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(Montreuil et al., 2013) and characterize the first stage in dune

succession (Hesp, 2002; Van Puijenbroek et al., 2017).

Depending on the cross-shore width of the beach (Corbau

et al., 2015), wind and wave characteristics (Hesp, 1988; He

et al., 2022), sediment supply (Davidson-Arnott and Law, 1996;

Bauer et al., 2009; Delgado-Fernandez and Davidson-Arnott,

2011) as well as prevailing vegetation (Arens, 1996; Miot da Silva

et al., 2008), incipient foredunes can grow further in volume and

height, developing into established foredune systems reaching

up to 35 m in height (Hesp, 2002; Castelle et al., 2017; Brodie

et al., 2019). However, several studies demonstrated that storm

events during the formation process can cause major dune

erosion and interrupt the growth, with a phase from years to

decades to recover pre-storm states (e.g. Houser et al., 2015;

Goldstein and Moore, 2016; Castelle et al., 2017). In contrast,

Harley et al. (2022) recently revealed that for embayed

(protected) coastal sections, extreme storms can result in

massive sediment accretion, in turn resulting in an offset of

SLR related erosion. Accordingly, the type of coastal system

appears to have an impact on the overall feedback between

extreme storms and coastal accretion and erosion.

Over the past decades, a wide range of research has been

carried out to investigate the impact of extreme storms on beach-

dune systems worldwide, focusing on both erosion behavior (e.g.

Gencarelli et al., 2008; Maximiliano-Cordova et al., 2021) and

ensuing post-storm recovery (e.g. Brantley et al., 2014).

Correspondingly, the response of beach-dune systems to

storms is usually not spatially uniform, forming alongshore

variability during erosion (Tylkowski, 2017; Héquette et al.,

2019) and recovery (Castelle et al., 2017).

Complimentary research has been conducted on the

development of coastal dunes, spanning different spatial and

temporal scales (Brodie et al., 2019). Brodie et al. (2019)

mentioned that only few studies examined coastal dune

growth on small spatial scales ranging from sub-meters to tens

of meters (McLean and Shen, 2006), where local features such as

vegetation or buried driftwood might trap wind-blown sand and

influence dune growth (Grilliot et al., 2019). Short-time

measurements on a scale of hours to months primarily

consider the contribution of aeolian sediment transport to

dune growth (Dingler et al., 1992; Nordstrom et al., 1996;

Arens, 1997; Jackson et al., 2006; Delgado-Fernandez and

Davidson-Arnott, 2011; Splinter et al., 2018). However,

Strypsteen et al. (2019) suggested that on a decadal timescale

short-term fluctuations due to erosion and accretion might

average out, potentially rendering annual differences of

negligible relevance. So far, numerous studies examined the

long-term development of coastal dunes at various locations

around the world (e.g. Seeliger et al., 2000; Pye and Blott, 2008;

Miot da Silva and Hesp, 2010; Ollerhead et al., 2013; Cohn et al.,

2018; Rader et al., 2018). Extensive studies on the development

of existing coastal dune stretches covering several kilometers

have been conducted by De Vries et al. (2012) on the Dutch
frontiersin.org
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coast and Strypsteen et al. (2019) on the Belgian coast, both

revealing linear increases of dune volume in time at a constant

rate. Hesp (2013) carried out a study on the development of

several separate incipient foredunes over a period of more than

three decades. Furthermore, Levin et al. (2017) investigated the

formation and establishment of a foredune system over 70 years

and related dune activity to local wind and wave conditions.

In order to examine the long-term development of a coastal

dune, it is crucial to reliably identify the dune extent, establishing

a clear, applicable and accepted definition of its spatial features.

Here, the location of the dune toe, also called dune foot, is a key

parameter to define the dune profile and derive its

morphological development in time and space (Van

IJzendoorn et al., 2021). A fact that has been neglected in the

past, as the dune toe was commonly defined by a fixed threshold

vertical elevation, e.g. at: the Dutch coast at 3 m above the Dutch

reference level NAP (De Vries et al., 2012; Donker et al., 2018);

the north coast of SW England at 5 m (Masselink et al., 2022);

the southwest coast of France at 6 m NGF (official levelling

network in mainland France) (Nicolae Lerma et al., 2022); the

East Frisian islands in Germany at 3 m above the German

reference level NHN (standard elevation zero) (Eichmanns et al.,

2021) and the German North Sea at St. Peter-Ording at 2 m +

NHN (Hofstede, 1997). Since this definition does not take into

account the individual profile of a dune, it is difficult to draw

conclusions about long-term dune shifting and ultimately about

coastal protection potential. Alternatively, other approaches

define the dune toe based on the seaward limit of dune

vegetation (Miot da Silva and Hesp, 2010; Hesp, 2013) or on

the maximum slope change landward of the shoreline (Splinter

et al., 2018; Pellón et al., 2020).

Some authors have already developed different automated

analysis approaches to systematically extract characteristic beach

and dune parameters from various coastal profiles to facilitate a

more objective analysis (e.g. Wernette et al., 2016; Diamantidou

et al., 2020). These consistent methods provide a more generic

derivation of the dune toe that can be deployed to monitor

spatial and temporal dune shifting. Recently, Van IJzendoorn

et al. (2021) applied this technique to track cross-shore dune toe

positions along the Dutch coast and compared their decadal

development to local SLR. They demonstrated a seaward

movement of the dune toe of 1 m/yr as well as a linear vertical

dune toe translation in the order of 13mm/yr–15mm/yr. While

the horizontal shifting indicated an overall accretive dune

growth, it was found that the rate of vertical elevation

significantly exceeded examined SLR. To capture this

correlation, they defined the Dune Translation Index (DTI) by

dividing the rate of dune toe change by mean SLR. These

findings might influence both the impact of projected climate

change on coastal dunes and their coastal protection function.

However, none of the referenced works have yet established

a practical way to compute a correlation between dune growth

and associated storm surge protection potential due to a lack of
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(i) feature-based, repeatable and established dune analysis

procedures; (ii) evaluation of long-term data covering a newly

arisen coastal foredune and (iii) widespread, established tools to

reliably predict and quantify a protective capacity of coastal

dunes. Existing methods for assessing coastal flood risk and

protection of coastal dunes rely on various modelling

approaches, varying in their complexity as well as

their applicability.

Various dune erosion models have been developed and

applied in the past, ranging from analytical and empirical

models (Bruun, 1962; Kriebel and Dean, 1993; Larson et al.,

2004; Van Rijn, 2009; Mull and Ruggiero, 2014) to complex

process-based numerical models (Kobayashi et al., 2007;

Roelvink et al., 2009) in order to quantify dune retreat and

overtopping during storms. Although established numerical

models such as XBeach are useful and widely applied tools for

simulating beach and dune erosion (e.g. Santos et al., 2019;

Dissanayake et al., 2021; Elsayed et al., 2022), Janssen and Miller

(2022) pointed out some limitations regarding their widespread

implementation in real-time forecasting, concerning the high

effort in model initialization, calibration and computational run

times. In contrast, existing analytical models typically require

significant simplifications in the description of physical

processes and certain boundary conditions (e.g. neglecting

specific wave characteristics or storm duration effects) (Janssen

and Miller, 2022).

However, since their simplicity and limited data

requirements make them easy to apply, analytical models are

useful engineering tools when long-term, approximate

estimations over large areas are required (Larson et al., 2004).

Sallenger (2000) defined a widespread conceptual model with

four scale regimes to categorize different storm impacts on

barrier islands. Although this Storm Impact Scale is a useful

tool to classify and potentially forecast different processes and

magnitudes of impact, it does not consider specific dune

volumes and expected volume losses due to erosion (Janssen

and Miller, 2022). The significance of dune volume in assessing

the vulnerability of coastal dunes was recently pointed out by

Itzkin et al. (2021), demonstrating the decisive influence of dune

width on erosion behavior during long storm events. Other

guidelines such as the FEMA 540-rule consider specific dune

volume and can be applied for dune construction and the

assessment of dune retreat or removal under storm events

(FEMA, 2011). This first-order size criteria evaluates the

amount of sand stored within a specific dune section in

relation to a 100-year stillwater elevation and neglects other

influencing factors such as storm surge duration and wave

energy at the seaward dune face. Therefore, this approach is

not directed to consider storm events with varying return

periods, quantify dune erosion and derive probabilities of

failure (Janssen and Miller, 2022).

In order to provide a first analytical approach to relate long-

term coastal dune development to coastal protection, this study
frontiersin.org
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investigates a spatio-temporal dune evolution based on field data

covering a recently arisen foredune system at the North Sea coast

of Schleswig-Holstein, Germany. The investigation has three

specific objectives: (1) to develop a semi-automated procedure

for objective analysis of key dune parameters based on digital

elevation data; (2) to assess the foredune development in the

study area and derive specific dune characteristics and (3) to

correlate dune formation results with coastal protection

potential based on appropriate standards.
2 Materials and methods

2.1 Study area

The coastal foredune system investigated in this study is

located along the west coast of the Eiderstedt peninsula,

Germany (see Figure 1). This region is situated in the mid-
Frontiers in Marine Science 04
latitudes in Northern Europe, where the North Sea forms a

continental shelf sea with the German Bight in the south-eastern

area, harboring a diurnal meso-tidal regime with an average tidal

range of approximately 3.0 m near the coast (Jänicke et al.,

2021). As reported by MELUR (2013), local sea level in the

region has risen by an average of 0.18 cm/yr from 1940 to 2007.

The foredune is oriented along a north-south axis and

extends over 6.5 km, mostly parallel to the North Sea coast.

Seaward in front of the dune stretches a wide sandy beach (with

a beach width up to 1.5 km) covering a total area of

approximately 7 km2 (Hofstede, 1997). A sea dike with a

mean crest height of 8.0 m + NHN runs landward of the

foredune to protect the adjacent hinterland from flooding

(MELUR, 2013). However, the dike line is separated along a

1.3 km stretch by an older, established dune system.

Furthermore, a natural system of salt marshes and tideways

extends in the mid and southern areas between the foredune

and the dike/dune line (see Figure 1C).
FIGURE 1

Overview map of the study area, with (A) location at the North Sea coast; (B) location of the Eiderstedt peninsula; (C) focus area map with areal
characteristics (beach, foredune, salt marsh, dike/dune line). EPSG used is 25382 for all panels; Elevation data obtained through EMODnet
Bathymetry Consortium (2020) and Sievers et al. (2020).
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This site and its coastal foredune were first addressed by

Hofstede (1997), who identified the initial formation of a narrow

dune line in the early 1980s. By 1994, the foredune had

developed over a length of 4 km at a growth rate of 36 km3/yr

reaching a maximum crest height of 8.7 m + NHN.

Simultaneously, the study highlighted the dynamic

morphological development of the sandy beach over the

period from 1949 to 1994. This process followed several

successive erosion and sedimentation phases, with the dry

beach area above mean high water growing wider overall and

increasing vertically by an average of 0.3 m. According to

Hofstede (1997), the expansion of the dry beach was most

likely caused by increased sediment supply from the coastal

foreshore, potentially exposing a larger area to aeolian sediment

transport over the years and promoting the initial

foredune growth.
2.2 Data

Geospatial survey data required for the coastal foredune

analysis were provided by the Agency for Coastal Protection,

National Parks, and Ocean Protection Schleswig-Holstein

(LKN.SH) for a total of 13 years from 1949 to 2015, covering

more than six decades of coastal development. Except for the

first survey in 1949, all data collections have been conducted at

similar times over the years (see Table 1). Each geodata survey

was consistently performed along several parallel aligned

transects (at a constant spacing of 50 m) with oblique

orientation to the shoreline over a varying coverage. Until
Frontiers in Marine Science 05
1988, geospatial data collections were based on terrestrial

surveys with similar average resolutions (see Table 1) and

vertical inaccuracies of approximately ± 3.0 cm (Hofstede,

1997). In subsequent years, terrestrial survey methods were

replaced by Lidar measurements, providing significantly

increased resolutions (see Table 1). To analyze local SLR, long-

term water level records at several nearby coastal stations were

provided by the German Federal Institute of Hydrology (BfG). A

total of 5 gauging stations were considered, with the majority

covering the entire study period from 1949 to 2015 (see Table 2).

In addition, further pre-processed geospatial raster data were

obtained from the Federal Waterways Engineering and Research

Institute (BAW) EasyGSH-DB portal for the year 2016 with a

resolution of 10 m x 10 m (Sievers et al., 2020).
2.3 Methodology

The workflow of our methods is structured in several steps,

starting with the analysis of local SLR. Secondly, the preparation

and processing of geospatial data is outlined. Based on this, the

following sections provide a detailed description concerning

the analysis of the shoreline and the foredune. As a final step

in the workflow, the storm surge protection analysis of the

foredune is outlined.

2.3.1 SLR analysis
In order to assess local SLR at the Eiderstedt peninsula (cp.

Figure 1B), the provided water level records (see Table 2) were

analyzed over the period from 1949 to 2015, extracting temporal
TABLE 1 Overview of available geospatial data covering the study area.

No. Date Coverage Mean resolution Median resolution Source Data type

1 15-01-1949 8.6 km2 39.0 m 23.9 m LKN.SH Terrestrial survey

2 15-07-1958 9.1 km2 38.5 m 23.4 m LKN.SH Terrestrial survey

3 15-07-1964 11.3 km2 38.5 m 22.6 m LKN.SH Terrestrial survey

4 15-07-1971 12.1 km2 39.1 m 24.1 m LKN.SH Terrestrial survey

5 15-07-1980 12.3 km2 38.9 m 23.7 m LKN.SH Terrestrial survey

6 15-07-1981 12.2 km2 38.9 m 23.6 m LKN.SH Terrestrial survey

7 15-07-1984 11.3 km2 38.7 m 23.3 m LKN.SH Terrestrial survey

8 30-06-1985 11.9 km2 38.9 m 23.7 m LKN.SH Terrestrial survey

9 15-07-1987 14.2 km2 38.1 m 22.5 m LKN.SH Terrestrial survey

10 15-07-1988 13.7 km2 38.7 m 23.0 m LKN.SH Terrestrial survey

11 15-05-2005 12.0 km2 5.0 m 2.4 m LKN.SH Lidar survey

12 20-05-2010 11.1 km2 5.3 m 2.0 m LKN.SH Lidar survey

13 13-07-2015 11.4 km2 8.4 m 2.6 m LKN.SH Lidar survey

14 2016 21.6 km2 10.0 m 10.0 m BAW Synoptic raster data
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trends at an annual resolution. First, average annual water levels

were determined for each coastal station by averaging the

respective high and low tide values. Thereby, only those years

were considered in which at least 95% of the tidal data was

reliably recorded. Subsequently, mean annual water levels were

calculated using 5 coastal stations and applied to perform a

linear regression. In addition, the high tide values were also used

for a trend analysis of mean high water (MHW).

2.3.2 Geodata processing
Digital elevation models (DEMs) form the basis of our

analysis. The geospatial survey data sets from 1949 to 2015

were provided as xyz-point data format and processed using

Quantum Geo Information System (QGIS), Version 3.10 and

Mathworks Matrix Laboratory (MatLab), Version R2020a.

Initially, the data was screened regarding the coverage of our

study area, including the sandy beach, the foredune as well as the

landward dike/dune line. Only if data coverage was sufficient and

all three areas were at least partially covered by an individual

data set for a given year, the data was considered and evaluated.

Subsequently, a regular grid was generated, spanning the focus

area 2.55 km east-west and 6.66 km north-south, with a regular

grid raster cell size of 1.0 m (similar to Donker et al., 2018;

Nicolae Lerma et al., 2022), resulting in 169 830 cells per DEM.

Elevation data was then interpolated onto the regular grid cells

using a Delaunay triangulation. Excess data outside the defined

regular gridded area was discarded for further processing.

A total of 13 annual surveys were processed to yield

homogeneous DEMs for subsequent analyses. Resulting DEMs

were checked for vertical deviation by means of inverse-

triangulation, querying the interpolated surface elevation of an

individual DEM for a given year at the available surveyed

coordinates provided by the LKN.SH for that year. Elevation

values have been compared on a point-by-point basis. A

cumulative distribution function was evaluated for both, the

raw survey data and corresponding triangulated DEM. Finally,

the least squares method has been applied to calculate the

absolute elevation error per data set.

Within the gridded area, a 6.4 km long geotransect was

defined using QGIS, following the curvature of the foredune

crests along its north-south axis. From this transect, orthogonal

evaluation profiles were constructed numerically with a profile
Frontiers in Marine Science 06
length of 1.4 km, crossing the foredune and the beach before

ending around the 3.0m iso-depth contours (see Figure 2B). All

evaluation profiles were constructed 1.0m apart, resulting in a

total of 6394 profiles, with consecutive numbering starting in the

south. Finally, the horizontal elevation distances of the

individual profiles were consistently interpolated to 1.0m.

2.3.3 Shoreline analysis
The processed elevation profiles were used to analyze the

shoreline in order to relate its development to the analysis of the

foredune growth. In this study, the shoreline location was defined

as the furthest landward intersection seaward of the dune crest

between an elevation profile and mean high water. For this

purpose, the previously analyzed mean high water trend from

1949 to 2015 provided year-specific high water levels taking sea

level rise into account. The cross-shore position of the shoreline

was analyzed for each elevation profile using year-specific mean

water level over the study period from 1949 to 2015.

2.3.4 Dune analysis
In order to reliably extract the foredune location along an

elevation profile, it is primarily important to identify the dune

extent. As mentioned in the introduction, dune toe positions in

the study area have previously been defined at a fixed vertical

elevation at 2.0m above NHN (Hofstede, 1997), although this

limits the ability to track their long-term horizontal and vertical

movement. Therefore, a novel semi-automated dune toe

tracking (DTT) method was developed to detect seaward and

landward dune toes based on specially defined criteria.

The detection procedure consists of several steps and specific

criteria (see Figure 3) that were tested and defined within the

framework of this study. In the first step, the dune crest was

defined as the maximum peak along an elevation profile. To

avoid uncertainties and deviations in the detection of shallow

peaks, we thereby specified a minimum threshold of 0.5m above

mean high water. Although the initial formation of small embryo

dunes (< 2m) can thus not be exactly identified, this fact was

negligible in the context of this study and the subsequent

derivation of coastal protection potential. If no dune crest was

found along a profile, the detection procedure stopped after the

first step and returned a “no-dune”-statement for the

corresponding profile.
TABLE 2 Overview of water level records measured at 5 nearby coastal stations.

No. Coastal station Year Source Data type

1 Wittdün 1935 to 2021 BfG High tides; Low tides

2 Pellworm 1977 to 2021 BfG High tides; Low tides

3 Husum 1935 to 2021 BfG High tides; Low tides

4 Eider storm surge barrier 1972 to 2021 BfG High tides; Low tides

5 Büsum 1935 to 2021 BfG High tides; Low tides
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Secondly, we developed an iterative search algorithm to

consistently find the position of the seaward dune toe along a

profile. Starting from the dune crest, the first position seaward of

the crest that fulfills the following criteria (a–c) was defined as

the seaward dune toe: (a) the elevation at the position must

exceed the calculated mean high water in order to neglect

potential offshore sandbars below the dry beach level; (b) the

deviation from mean elevation over a specific cross-shore

distance Dx must not exceed 0.1% of the corresponding

distance; (c) the sum of all identified elevation deviations over

the specific cross-shore distance Dx must not exceed 0.1% of the

corresponding distance. To select the best fitting specific
Frontiers in Marine Science 07
distance Dx for our study area, we performed several test runs

with distance values of 25m, 50m, 75m, 100m, 150m and 200m.

After each test run, we calculated the respective number of

elevation profiles in which no dune toe was detected. Afterwards,

the detected dune toes were further examined to identify

potential outliers where dune toes were detected at deviating

locations (e.g. due to multiple dune ridges along a profile).

Similar to the first step, we defined a dune absence if no toe

was properly detected and terminated the procedure for the

corresponding profile.

Thirdly, the landward dune toe was defined as the first

location landward of the dune crest that intersects the previously
FIGURE 2

Overview of geospatial processing and the foredune analysis with (A) Analyzed FEMA-540 rule related critical storm surge level protection;
(B) overview map with constructed normal elevation profiles along the foredune; (C–E) Hovmoeller-diagrams of 3 selected profiles.
Geolocations are highlighted in (B).
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detected seaward dune toe elevation. This simplified assumption

was made since the detection algorithm from step two was not

suitable for finding accurate landward dune toes due to the

bordering salt marsh as well as the dike/dune line (cp.

Figure 1C). If no landward dune toe was detected due to an

elevated landward profile above the height of the seaward dune

toe, this parameter was neglected.

Building on the dune toe detection applied for each elevation

profile, characteristic trigonometric dune parameters were

determined to identify the spatio-temporal development of the

foredune. As shown in Figure 4A, the dune height equals the

vertical difference between the dune crest and the seaward dune

toe. The dune volume per elevation profile results from a

numerical integration of the cross-section area above the

corresponding toes. If no landward dune toe existed, the dune

volume was not determined. Furthermore, a simplified seaward

dune slope (also called upwind slope) was determined according

to the respective spatial gradient between the seaward dune toe

and the dune crest. Finally, evolution trends were derived for

various parameters. First, each elevation profile was considered

individually by calculating the trend of each individual

parameter between the earliest and latest detected values in

time. Subsequently, a median value, a mean value as well as the

mean 95% confidence interval was calculated for the

corresponding parameter from all available profiles.

2.3.5 Storm surge protection analysis
We applied an analysis for the coastal protection potential

that was based on the FEMA-540 rule, the established size

criterion for coastal dunes provided by the Federal Emergency
Frontiers in Marine Science 08
Management Agency (FEMA, 2011). This criterion defines the

amount of sand stored within the cross-sectional area of the

frontal half of a dune above the 100-year stillwater elevation

(SWEL) as the critical parameter for protection against a 100-

year storm event. As long as this critical area contains at least 540

cubic feet of sand per linear foot (approximately 50m3/m), the

coastal dune is expected to withstand a 100-year storm.

Otherwise, if the required amount of sand in the cross-

sectional area is insufficient, the dune erodes and forms a low,

gently sloped profile that subsequently fails to provide significant

coastal protection (Wootton et al., 2016).

In this study, the FEMA-540 rule was applied for the first

time, to our knowledge, to scientifically examine how the

protection potential of a coastal dune evolves depending on its

spatio-temporal growth. The FEMA approach was chosen as, in

contrast to the other analytical and numerical models mentioned

earlier, it allowed a relatively quick and straightforward

protection assessment by considering only the cross-sectional

profile of a dune and neglecting other influencing factors such as

wind and wave characteristics. This enabled the respective

protection potential to be determined along the previously

defined elevation profiles for all years considered in this study.

Using the previously analyzed dune characteristics, the first

step of the FEMA-540 procedure is to set a vertical line starting

from the identified dune crest. This line marks the fixed vertical

limit of the frontal half of the dune (see Figure 4B). In the next

step, the standard FEMA-540 rule was partially modified and

extended to not exclusively consider 100-year storm events.

Instead, the criterion was applied to calculate the

corresponding frontal dune area above different storm surge
FIGURE 3

Structure diagram of the semi-automated DTT method.
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levels (SSLs). This was done to iteratively deduce at which water

level the minimum required threshold of 50m3/m is fulfilled or

undercut. The first SSL during the iteration always equals the

detected height of the dune crest. Subsequently, the SSL is

reduced with an increment of 0.01m and the corresponding

frontal dune area is determined. This iterative process continues

until the minimum required threshold of 50m3/m is reached for

a certain SSL or the water level equals the seaward dune toe

elevation and the iteration is automatically stopped. If the

threshold of 50m3/m is reached, the corresponding SSL is

subsequently defined as the critical storm surge level (CSSL)

(see Figure 4B). Accordingly, the CSSL defines the maximum

SSL up to which a sufficient amount of sand is stored within the

frontal half area to provide a verified storm surge protection. In

contrast, for SSLs exceeding the CSSL, the corresponding

amount of sand in the area would not assure adequate

protection. If no CSSL is determined throughout the iteration,

the dune contains insufficient sand volume between the seaward

dune toe and the vertical line at the dune crest to offer protection

against minimum water level (defined here as no protection).
3 Results

3.1 Local sea level rise

Figure 5 shows the trend analyses of mean sea level and

mean high water along the coast of the Eiderstedt peninsula

determined from 5 different coastal stations (cp. Figure 1B) from

1949 to 2015. Although average annual water levels show

considerable fluctuation throughout the years, both linear
Frontiers in Marine Science
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regressions reveal significant trends. Over the period from 1949

to 2015, local sea level has risen linearly at an overall rate of 0.25

cm/yr, while mean high water shows an increased positive trend

of 0.38 cm/yr. These trends are consistent with findings by

Jänicke et al. (2021), who demonstrated tidal range increases of

approximately −0.05 cm/yr to 0.5 cm/yr in the study area

(coastal stations: Wittdün, Husum, Büsum) from 1958 to

2014. Furthermore, Jensen (2020) reported a lower mean sea

level increase of 0.15 cm/yr at the coastal stations Husum and

Büsum from 1934 to 1983, indicating potentially accelerated SLR

in recent decades.
3.2 Foreshore evolution

Figures 6A–D present the spatio-temporal evolution of the

shoreline. Over the period from 1949 to 2015, the shoreline

experienced a highly dynamic development, characterized by

various phases of retreat and progradation. Despite a slight

tendency of retreat in earlier years, the shoreline tended to

prograde seaward by an average of 2.3m/yr from 1949 to 1981.

This coincides with findings by Hofstede (1997), who observed a

distinct beach width growth during this period, potentially

caused by periodic sandbar migration promoting an increased

sediment supply to the foreshore. In the following decades until

2015, this development reversed and the shoreline retreated

landward, resulting in an overall mean shoreline retreat of

1.5m/yr from 1949 to 2015. Apart from potential changes in

sandbar migration, local SLR is a potential driver for increased

shoreline erosion (Mariotti and Hein, 2022).
B

A

FIGURE 4

Definition of (A) specific dune parameters and (B) the determination of the CSSL using the adapted FEMA 540-rule.
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3.3 Seaward dune toe detection

The semi-automated DTT method has been executed several

times using different cross-shore distances Dx to evaluate which

distance is most applicable for the study area. Figures 7A, B

contain all detected seaward dune toe positions and elevation

heights in 2015 for the tested distances Dx of 25m, 50m, 75m,

100m, 150m and 200m. For all distances examined, the detection
Frontiers in Marine Science 10
algorithm identified dune toes in a majority of the 6394 elevation

profiles (see Figure 7E). Thereby, the longest cross-shore

distance Dx of 200m resulted in the highest number of

elevation profiles with undetected dune toes. Furthermore, the

spatial comparison in Figures 7A, B as well as the exemplary

elevation profile in Figure 7C demonstrate that the dune toes

tend to be detected further seaward and accordingly lower for

shorter distances Dx.
BA

FIGURE 5

Trend analysis of annual average values of five coastal stations (Wittdün, Pellworm, Husum, Eider storm surge barrier, Büsum) for (A) mean sea
level and (B) mean high water.
FIGURE 6

Subdivision of the study area (A) and spatio-temporal development of (B–D) the shoreline location and (E–G) the seaward dune toe position.
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Particularly in the central and northern regions of the study

area, numerous dune toes were detected further landward at

elevation heights above 2.5m + NHN and considerably

deviating from identified dune toes in the surrounding

profiles. These deviating dune toes (referred as dune toe

outliers) increasingly occurred for specific distances of less

than 150m (see Figure 7E). As shown in the exemplary profile

in Figure 7D, the foredune shape in this region is partially

characterized by an elevated seaward dune slope with several

small dune ridges. As a consequence, for shorter distances Dx
dune toes were already located at these sections, whereas for

longer distances dune toes were properly detected in the beach-

dune transition area. Overall, the specific cross-shore distance

Dx of 150m resulted in the lowest total number of undetected

dune toes and outliers (see Figure 7E). In addition, Figure 7F

demonstrates that the mean and median distances between the

located dune toes and dune crests along all elevation profiles

had a comparable high agreement at a distance Dx of 150m.

Therefore, a cross-shore distance Dx of 150m was applied for

the entire dune toe tracking.

In order to compare the applied DTT method with existing

procedures, two additional detection algorithms were applied

and analyzed for the study area. Besides the commonly used
Frontiers in Marine Science 11
method with a fixed threshold elevation at 2.0m + NHN

(Hofstede, 1997), dune toes were also extracted applying the

second derivative method by Diamantidou et al. (2020). Figure 8

compiles all detected dune toe positions and heights in 2015 for

the three applied methods, including two exemplary profiles. A

comparison of the DTT method with the fixed vertical threshold

method shows that the detected dune toe positions were often

located relatively close to each other (see Figure 8A). Since the

beach system has an approximate height of 2.0m + NHN in wide

areas, dune toes were often extracted at similar positions (see

exemplary profile in Figure 8C). However, since the method

defines all dune toes at a specified threshold height of 2.0m +

NHN (see Figure 8B) regardless of the shape of the beach-dune

profile, significant deviations occurred in areas with elevated

beach profiles as dune toes were detected at large distances from

the foredune (see exemplary profile in Figure 8D). In contrast,

the dune toes extracted by the second derivative method featured

large spatial variations (see Figure 8A) as the detected toes were

often located directly at the shoreline or at shallow peaks along

the wide beach system (see Figure 8D). As shown in Figure 8C,

the algorithm identified a dune toe at the beach-dune transition

only when the cross-shore profile contained a relatively smooth

beach section.
B

C

D

E F

A

FIGURE 7

Performance evaluation of different specific cross-shore distances Dx in 2015 with (A) the positions of all detected seaward dune toes; (B) the
heights of all detected seaward dune toes; (C, D) two exemplary elevation profiles; (E) a statistic of undetected and deviant dune toes per Dx;
(F) mean and median distances between the seaward dune toe and the dune crest per Dx.
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3.4 Foredune development

Building on the detected seaward dune toes (using the DTT

method with a cross-shore distance Dx of 150m) and the

subsequent analysis of characteristic dune parameters over the

years, a first dune formation was identified in 1984, extending

over 16% of the considered elevation profiles (see Table 3) and

predominantly located along the central and northern sections

of the study area (see Figures 6E, F). The initial formation

process also becomes apparent when considering the three

exemplary profiles T1–T3 shown in the Hovmoeller diagrams

(see Figures 2C–E) as well as in Figures 9A–C and Table 4.

Whereas the foredune initially developed along the profile T3 in

1984 (see Figures 2E, 9A), Figures 2C, 9C show a delayed

foredune formation in the more southern profile T1. This

coincides with findings by Hofstede (1997), who observed an
Frontiers in Marine Science 12
incipient foredune formation in front of the established dune

system in the early 1980s. Temporally, the dune formation

occurred directly after the analyzed period of shoreline

progradation and beach growth, potentially increasing the

fetch length for aeolian sediment transport and promoting

foredune development.

In subsequent years until 1988, the foredune expanded

northward and southward along the interface between the

beach and the salt marsh covering 47.2% of the analyzed

profiles (see Table 3), while reaching a mean dune height of

1.7m and mean dune volume of 81.0m3/m (see Figure 10). As

shown in Figure 10, no storm surge events occurred during this

period, potentially causing major dune erosion and interrupting

the initial dune growth. The dune growth progressed until the

end of the study period in 2015, resulting in a widely developed

foredune system covering 95.2% of the examined 6394 elevation
B

C

D

A

FIGURE 8

Comparison of detected seaward dune toes in 2015 using three different detection procedures with (A) the positions of all detected seaward
dune toes; (B) the heights of all detected seaward dune toes; (C, D) two exemplary elevation profiles.
TABLE 3 Percentage of elevation profiles for which dune parameters were identified by the applied detection algorithm for each study year
(given in % relative to the total number of 6394 elevation profiles).

Coastal parameter 1949-1981 1984 1985 1987 1988 2005 2010 2015

Dune crest 0.0 16.0 27.3 45.9 47.2 94.5 95.8 95.2

Seaward dune toe 0.0 16.0 27.3 45.9 47.2 94.5 95.8 95.2

Dune height 0.0 16.0 27.3 45.9 47.2 94.5 95.8 95.2

Landward dune toe 0.0 7.7 13.6 21.1 20.2 59.9 60.5 62.9

Dune volume 0.0 7.7 13.6 21.1 20.2 59.9 60.5 62.9

CSSL 0.0 5.4 6.9 23.1 25.2 66.2 77.7 85.5
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profiles (see Table 3). In 2015, the foredune reached a mean crest

elevation of 6.2m + NHN (or a mean dune height of 4.2m) and

gained a mean dune volume of 256.8m3/m (see Figure 10). As

Figure 10 also illustrates, both parameters increased largely

linear (with a correlation coefficient R of 0.98), although the

percentage of identified values differed from each other (e.g. in

2015 with 95.2% dune crests compared to 62.9% volumes) due to

less detected landward dune toes (see Table 3). Over the period

from 1984 to 2015, the foredune has grown with a mean dune

crest increase of 12.5 cm/yr and a mean volume increase of

7.4m3/m/yr (see Table 5).

Furthermore, the detected seaward dune toes were

investigated with respect to their spatial development.

Figures 6E–G demonstrate the seaward dune toe movement

over the years. Overall, the dune toes prograded towards the

sea by a mean of 2.3m/yr (see Table 5). Simultaneously, the

mean dune toe elevation increased over the years from 1.8m +
Frontiers in Marine Science 13
NHN in 1984 (or 1.7m + NHN in 1985) to 2.0m + NHN in

2015 (see Figure 10). This result matches precisely the

conventional fixed vertical threshold elevation in St. Peter-

Ording at 2.0m + NHN (Hofstede, 1997). On average, the

seaward dune toe elevation increased by 1.1 cm/yr over the

period from 1984 to 2015 (see Table 5). Since the landward

dune toe was determined in a simplified approximation based

on the seaward dune toe, its development was neglected during

the evaluation.

As illustrated in Table 5, the foredune development

featured large spatial variations, ranging from scattered

dune recessions to large growth rates above-average. The

detected dune crest ranges from 11.2m + NHN in 2010 (see

profile T3 in Figures 9A, 2E) to sections with maximum peak

heights less than 0.5m above mean high water (see profile T2

in Figures 9B, 2D). Consequently, several gaps (mainly

blowouts and passages) split the foredune line over a
A

B
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F

FIGURE 9

(A–C) Foredune development along the selected elevation profiles T1–T3; (D–F) identified CSSLs in 2015 at the selected elevation profiles T1–T3.
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combined total length of 307m in 2015 (according to 4.8% of

the elevation profiles).

The final results of the dune analysis compromise the

temporal formation of the seaward dune slope, defined as the

gradient between the seaward dune toe and the dune crest.

Table 5 demonstrates that the average dune slope steepened

during the progressive dune growth. Thereby, the initial average

slope of 0.57° increased by a mean of 0.02°/yr. In 2015, the

foredune reached a mean seaward dune slope of 2.5° (95%

confidence interval between 2.47° and 2.53°), which is within

the characteristic range (1°–8°) of a foredune (Sloss et al., 2012).
Frontiers in Marine Science 14
3.5 Storm surge protection potential

The dune analysis results enabled an assessment of the

spatio-temporal coastal protection potential of the foredune by

applying the previously outlined FEMA procedure. As shown in

Figure 2A, the analysis has been conducted for all elevation

profiles over the study period from 1949 to 2015 by determining

the respective CSSLs. The results demonstrate an overall increase

in CSSL over the years revealing enhanced protection against

storm surges along the foredune. In earlier decades, no

protective effect particularly against the attack of storm waves
TABLE 4 Analyzed dune parameters for the selected elevation profiles T1–T3 from 1949 to 2015.

Elevation profile T1

Coastal parameter 1949-1981 1984 1985 1987 1988 2005 2010 2015

Dune crest (m +NHN) – – – – – 3.8 4.7 5.8

Seaward dune toe location (m) – – – – – 1038 1025 1017

Seaward dune toe height (m +NHN) – – – – – 1.7 1.8 1.9

Dune height (m) – – – – – 2.1 2.9 3.9

Landward dune toe location (m) – – – – – 1158 1158 1156

Landward dune toe height (m +NHN) – – – – – 1.7 1.8 1.9

Dune volume (m3/m) – – – – – 92.8 124.4 148.1

CSSL (m +NHN) – – – – – – – 2.0

Elevation profile T2

Coastal parameter 1949-1981 1984 1985 1987 1988 2005 2010 2015

Dune crest (m +NHN) – – – – – – – –

Seaward dune toe location (m) – – – – – – – –

Seaward dune toe height (m +NHN) – – – – – – – –

Landward dune toe location (m) – – – – – – – –

Landward dune toe height (m +NHN) – – – – – – – –

Dune volume (m3/m) – – – – – – – –

CSSL (m +NHN) – – – – – – – –

Elevation profile T3

Coastal parameter 1949-1981 1984 1985 1987 1988 2005 2010 2015

Dune crest (m +NHN) – 2.9 – 3.9 3.8 10.6 11.2 10.0

Seaward dune toe location (m) – 1011 – 1031 1030 981 935 939

Seaward dune toe height (m +NHN) – 1.9 – 1.8 1.8 2.1 2.1 2.1

Dune height (m) – 1.0 – 2.1 2.0 8.5 9.2 7.9

Landward dune toe location (m) – 1150 – 1151 1148 1157 1157 1165

Landward dune toe height (m +NHN) – 1.9 – 1.8 1.8 2.1 2.1 2.1

Dune volume (m3/m) – 70.1 – 85.5 86.6 327.8 411.2 447.2

CSSL (m +NHN) – – – – – 5.8 6.3 6.0
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existed yet, as the initial dune formation appeared in 1984 (see

Table 3). In 1985, only 6.9% of the elevation profiles (441 of 6394

profiles) provided an identifiable initial protection against a

mean CSSL of 1.5m + NHN (see Figure 10). This is caused by

predominantly insufficient dune volume in most elevation

profiles at this time. In subsequent years, the spatially limited

protection against relatively low CSSLs expanded northward

along the foredune, as a direct consequence of dune growth and

the associated increase in frontal dune area (see Figure 2A).

Due to further successive dune growth, this progression

continued during the subsequent years and decades. In 2015,

85.5% of the 6394 elevation profiles (see Table 3) offered a

verifiable protection against a mean CSSL of 3.4m + NHN (see

Figure 10). Storm surge protection tends to be highest in the
Frontiers in Marine Science 15
middle and northern part of the study area, mainly caused by the

earlier dune evolution seaward of the established dune system

(see Figure 2A). Due to the dune formation and volume increase,

some profiles provide a potential protection against CSSLs up to

6.0m + NHN (see profile T3 in Table 4, Figure 9D). In contrast,

the foredune offers less protection in the south of the study area.

Thus, in profile T1, a first protective effect was observed in 2015

against a relatively low CSSL in the range of the seaward dune

toe elevation (see Table 4 and Figure 9F).

Overall, the mean CSSL increased largely linearly (see

Figure 10) in elevation at a mean rate of 7.8 cm/yr (see

Table 5), enhancing storm surge protection over time. Since

this trend directly depended on the dune volume growth, both

average parameter increases featured a high correlation R of
TABLE 5 Overview of analyzed parameter trends over the period from 1984 to 2015, including median values, mean values, the range of each
data set and the mean 95% confidence interval.

Period 1984 to 2015

Coastal parameter Median Mean Range 95% confidence interval

Shoreline retreat (m/yr) 2.8 1.5 −5.7 to 11.2 1.4 to 1.5

Dune crest (cm/yr) 12.9 12.5 −9.0 to 31.5 12.3 to 12.6

Dune height (cm/yr) 11.7 11.3 −12.0 to 31.4 11.2 to 11.5

Dune volume (m3/m/yr) 8.2 7.4 −22.8 to 24.5 7.3 to 7.6

Seaward dune toe elevation (cm/yr) 1.1 1.3 −2.6 to 11.1 1.1 to 1.2

Seaward dune toe progradation (m/yr) 2.1 2.3 −6.0 to 20.0 2.3 to 2.4

Seaward dune slope (°/yr) 0.03 0.02 −0.50 to 0.25 0.02 to 0.03

CSSL (cm/yr) 7.0 7.8 −15.5 to 38.8 7.6 to 8.0
FIGURE 10

Development of average specific dune parameters compared to typical storm surge classes at the German North Sea coast, historical severe
storm surge events in the study area and the local 100-year SSL with a defined increase in 1998.
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0.95. However, consistent with the previously identified spatial

variations in dune height and volume along the foredune, the

system does not offer a continuous protection over all 6394

elevation profiles (Figure 9E). In 2015, 14.5% of the analyzed

profiles provided no verified protection against a specific CSSL

(see Table 3). Figure 2A demonstrates that these discontinuities

mainly occur alongside several gaps with widths up to 191m

(elevation profile 2114 to 2305).

Finally, Figure 10 illustrates the development of the mean

CSSL in comparison to maximum water levels of historical

severe storm surge events as well as typical storm surge classes

defined at the North Sea coast. According to Jensen and Müller-

Navarra (2008), a storm surge ranges from 1.5m to 2.5m above

mean high water, a severe storm surge from 2.5m to 3.5m above

mean high water and a very severe storm surge over 3.5m above

mean high water. Furthermore, the local 100-year SSL of

5.05m + NHN with a minor increase in 1998 (according to

MLR, 2001; MELUR, 2013) is also inserted. In 2015 the mean

CSSL ranges within the defined storm surge range. As already

mentioned, some sections in the study area also provide

protection against CSSLs higher than 5.0m + NHN (see

exemplary profile T3 in Figure 9D), reaching the 100-year SSL

as well as the very severe storm surge class and realistic storm

surge scenarios historically encountered. However, due to less

developed dune sections and several gaps through which water

can flow behind the foredune to the adjacent dike/dune line, the

system does not offer a continuous flood protection line.

Nevertheless, the foredune provides a certain safety level

against wave attack and serves as an additional protective

buffer during more severe storm events, potentially relieving

the established coastal structures.
4 Discussion

This study investigated the spatio-temporal growth of a

geologically young 6.5 km coastal foredune with a decadal

perspective and attributed storm surge protection potential based

on the FEMA-540 rule by establishing a newly defined CSSL

parameter. For clarity, discussion topics are grouped following (1)

the new semi-automated dune toe detection procedure; (2) the

spatio-temporal investigation of the foredune development and (3)

the correlation between identified dune formation and provided

coastal storm surge protection.
4.1 Semi-automated dune
toe detection

This study presents a new semi-automated DTT method to

systematically extract spatial dune toe positions along coastal

cross-shore profiles based on specially defined inclination angles,

gradients and thresholds. In contrast to conventional methods
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based on fixed vertical elevations (e.g. applied by Hofstede, 1997;

De Vries et al., 2012; Donker et al., 2018; Eichmanns et al., 2021;

Masselink et al., 2022; Nicolae Lerma et al., 2022), the approach

derives a generic toe determination that considers individual

dune profile characteristics and adjacent foreshore elevations. As

a result, the proposed method omits the problem of defining a

fixed geodetic datum, making comparisons between different

coastlines and countries accessible, as the detection relies on

physically defined criteria. Moreover, as demonstrated in this

study, the application enables a long-term temporal tracking of

lateral dune toe shifting as well as vertical dune toe translation

over large areas and long periods of dune evolution. This

composition of continuous dune toe tracking evolution allows

correlation with other external drivers such as SLR, shoreline

change and storm surges to dune system responses. In addition,

as recently pointed out by Diamantidou et al. (2020), precise

dune toe detection can also serve as a useful tool for coastal

management when it comes to nourishments or the definition of

safety levels against flooding.

The detection method in combination with the defined

criteria proved to be spatio-temporally robust with few dune toe

outliers (approximately 2% outliers in 2015 using the applied

configuration with a cross-shore distance Dx of 150m) over the

entire study area. As mentioned by Diamantidou et al. (2020) and

demonstrated by applying their second derivative method for the

study area, potential outliers can occur due to cross-shore profile

anomalies (e.g. sandbars or shallow peaks) along the foreshore

leading to major lateral deviations in dune toe tracking seaward

from the beach-dune intersection. This was counteracted by

defining a minimum dune toe elevation above mean high water,

establishing a minimum dune crest elevation of 0.5m above mean

high water and starting the dune toe detection from the dune crest

in seaward direction. In order to counteract anomalies in the dune

profile (multiple dune ridges or shallow peaks at the seaward dune

slope), different cross-shore distances Dx were tested and

statistically evaluated to apply the best fitting distance for the

study area. Therefore, the application of these defined criteria

enabled a consistent dune toe tracking for different types of beach-

dune profiles (e.g. completely smooth beach profiles, varying

beach-dune profiles with multiple shallow peaks).

However, it should be noted that the search algorithm includes

no automated filter yet to distinguish between beach-dune systems

and other natural (e.g. salt marshes) or artificial elevation (e.g. sea

dikes). Therefore, upcoming analyses in other locations also need to

be situated in clear beach-dune systems to ensure robust dune toe

detection. Depending on local conditions as well as geospatial data

coverage and resolution, different configuration adjustments can be

applied to enhance specific detection by: (i) changing the minimum

peak elevation threshold depending on the seaward beach

uniformity; (ii) adaptation of the cross-shore distance Dx related

to the size, width and shape of the dune profile and (iii) adjustment

of the defined height deviation of 0.1% depending on the seaward

dune slope.
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4.2 Identified foredune development

The dune analysis procedure outlined in this study has

proven to be suitable to systematically analyze vast quantities

of geospatial survey data covering extended time periods. The

method can be successfully used to track the spatio-temporal

development of characteristic geometric dune parameters

describing the formation and dynamic growth of a newly

arisen foredune system. As demonstrated, the foredune at the

Eiderstedt peninsula grew with a mean annual volume increase

of 7.4m3/m over the past decades. A similar long-term dune

growth rate along the North Sea has recently been observed at

the Belgian coast by Strypsteen et al. (2019) with 6.2m3/m/yr

(range between 0-12.3m3/m/yr) over a period of 39 years.

Furthermore, De Vries et al. (2012) reported on linear dune

growth rates at the Holland Coast in the order of 0-40m3/m/yr

over 45 years. Similar to findings by Van IJzendoorn et al. (2021)

along the Dutch coast, the analyzed dune toe elevation of 1.1 cm/

yr was approximately 4 to 5 times higher compared to local SLR

of 0.25 cm/yr, resulting in a Dune Translation Index (DTI) of 4.4

and therefore likely outpacing SLR. However, it is noted that

mean wind directions and sediment supply at those locations

may not easily be compared and further research is warranted

into these correlations.

A precise analysis of the landward dune toe was not feasible

due to the landward bordering salt marsh and the dike/dune line,

resulting in a reduced number of identified and evaluated dune

volumes. However, the observed ongoing increase in dune

height and volume as well as the progradation of the seaward

dune toe indicate that the dune development is not yet complete

and that the dune will continue to grow in the near future,

depending on sediment supply from the beach and storm

surge history.

The geospatial processing of the survey data resulted in very

small elevation deviations (see inverse-triangulations in

Supplementary Material). The calculated least square error

increases for more recent data sets, as the foredune developed

over time and a less homogeneous surface elevation has evolved.

Least square errors range from 0m to 8.6 × 10−14 m from the

initial to the latest data set respectively. Given the small

deviation errors for later data sets on a magnitude of ≤1%

compared to the absolute dune heights, the authors regard this

influence to be negligible on the overall results. Similar to studies

by Donker et al. (2018) and Nicolae Lerma et al. (2022), the high

spatial resolution with a generated grid cell size of 1.0m enabled

a robust dune analysis and the identification of high spatial

alongshore variability in foredune growth over the years.

According to Corbau et al. (2015), who also observed

alongshore dune variations along the Italian coast, the

variability is primarily controlled by sediment budget, wind-

wave orientation to the beach and potential human impacts. In

the course of geodata processing, a 6.4 km long geotransect was
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defined, following the overall convex shaped curvature of the

foredune crest line along its north-south axis, in order to

numerically construct normal elevation profiles covering the

entire study area. In this regard, it should be noted that the

proposed geotransect definition is only suitable for normal and

convex shaped coasts, as normal profiles constructed along

concave shaped coastlines such as bays could intersect within

the area of interest, potentially doubling the analysis of specific

data points and skewing results.

Due to the overall low and also unevenly distributed

temporal resolution of available geospatial data over the years,

a reliable correlation between observed dune growth and

potential consequences of encountered storm surge events was

not yet possible. As shown by Castelle et al. (2017), who analyzed

survey data sampled every 2 to 4 weeks over a time span of

approximately 10 years, high temporal resolution involving

multiple annual measurements enables a comprehensive

investigation of beach-dune erosion and post-storm recovery.

In addition, Nicolae Lerma et al. (2022) recently demonstrated

that even annual geodata collections can be sufficient to highlight

insights into beach-dune recovery after an erosive winter season.

Furthermore, this study does not primarily focus on potential

drivers of dune development, which opens some scientific gaps for

further research. Besides correlating dune formation and growth

with local SLR (e.g. Van IJzendoorn et al., 2021; Masselink et al.,

2022), additional influencing factors such as changing wave and

wind conditions (e.g. Corbau et al., 2015; He et al., 2022) can be

examined in more detail. Building on a finding by Strypsteen et al.

(2019) that natural dune growth is primarily caused by aeolian

sediment transport from the beach, local wind data can be utilized

to correlate aeolian transport rates with dune growth. In parallel to

this study, ongoing research concerns the historical evolution of

sandbar migration in the extended area around the Eiderstedt

peninsula and highlights significant beach growth over the past

half century (Soares et al., 2022), possibly increasing the aeolian

fetch length and enhancing aeolian sediment transport. In this

context, further focus can be directed towards biophysical

feedback between sand supply and local vegetation changes

influencing the foredune development (similar to Zarnetske

et al., 2015).
4.3 Foredune correlated storm
surge protection

Building on a comprehensive foredune analysis, this study

provides a first analytical method to relate coastal protection

potential to spatio-temporal dune development. To enable an

adequate assessment, the approach requires considerable

simplifications compared to established numerical models by

neglecting physical processes (e.g. wave characteristics and

storm duration) as well as specific boundary conditions (e.g.
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fronting beach profile). Furthermore, the iterative determination

of CSSLs along different cross-shore elevation profiles does not

consider specific dune forms (e.g. varying seaward dune slope

inclinations or presence of shallow dune ridges seaward from the

crest), as the definition of the vertical boundary line depends

exclusively on the lateral position of the dune crest. According to

Wootton et al. (2016), it should also be noted that new post-storm

survey observations indicate the need for an increased minimum

cross-sectional frontal dune area to (a) withstand significant dune

erosion under future conditions and (b) account for cumulative

effects of sequential storm events during short time periods

(FEMA, 2011). Despite an outlined recommendation to increase

the area to 1100 cubic feet per linear foot (approximately 100m3/

m), this study still applies the existing rule with a minimum

threshold of 540 cubic feet per linear foot (approximately 50m3/

m). However, within the framework of upcoming studies, this

recommendation can simply be inserted into the procedure by

adjusting the threshold value.

Although the adapted FEMA-540 rule is not suitable to

investigate dune erosion processes and quantify erosion rates,

the new defined CSSL parameter facilitates a straightforward

approach to systematically estimate storm surge protection

levels for coastal dunes in large coastal areas. Besides the

previously highlighted correlation to coastal dune evolution,

the approach can be a valuable tool in (i) forecasting

vulnerable alongshore dune sections (shallow dune ridges,

gaps); (ii) identifying dune sections with a need for

reinforcement [e.g. additional sand nourishment (Brand et al.,

2022), sand fencing (Eichmanns et al., 2021), hybrid dune core

strengthening (Nordstrom, 2019)] and (iii) tracking post-storm

related vulnerable sections.

As recently reported by Figlus (2022), the dynamic nature of

coastal dunes is the most important aspect when discussing

dunes in coastal flood-risk reduction schemes. In this context,

one significant factor is the non-uniform spatio-temporal dune

growth demonstrated in this study, which leads to alongshore

variations in dune height and volume. As a consequence, size

discontinuities along the foredune have a major influence on the

provided storm surge protection potential. Thereby, it is

essential to distinguish between protection against wave attack

and protection against flooding. Although a substantial part of

the developed foredune provides verifiable protection against

wave attack during storm surges, the dune does not offer a

continuous barrier against flooding. Since several shallow dune

ridges and gaps interrupt the foredune line, water can flow

through these sections during storm events and reach the

adjacent dike/dune line. In this context, further research can

be conducted to investigate the development of blowouts and

simulate wave-induced water flow through existing dune gaps.

Furthermore, Figlus (2022) pointed out that some countries

(e.g. the United States and the Netherlands) already incorporate

sand dunes into the design of coastal risk reduction projects.
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Against the background of climate change, coastal squeeze and

an increasing demand for nature based solutions, the introduced

CSSL enables the possibility to include foredunes in existing

protection policies and guidelines as initial barrier lines against

moderate storm surges or additional buffers against more severe

storm events. In addition, the CSSL parameter offers an

approach to compare storm surge protection of coastal dunes

and sea dikes against specific SSLs, a fact that has mostly been

neglected by coastal protection authorities in the past.
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Santa catarina island, Brazil. Earth Surf. Process. Landforms 33, 1557–1573.
doi: 10.1002/esp.1633

MLR (2001). Generalplan küstenschutz integriertes küstenschutzmanagement in
schleswig-Holstein (Kiel, Germany:Ministerium für ländliche Räume, Landesplanung,
Landwirtschaft und Tourismus des Landes Schleswig-Holstein). MLR.

Montreuil, A.-L., Bullard, J. E., Chandler, J. H., and Millett, J. (2013). Decadal
and seasonal development of embryo dunes on an accreting macrotidal beach:
North Lincolnshire, UK. Earth Surf. Process. Landforms 38, 1851–1868.
doi: 10.1002/esp.3432

Mull, J., and Ruggiero, P. (2014). Estimating storm-induced dune erosion and
overtopping along U.S. West coast beaches. J. Coast. Res. 298, 1173–1187.
doi: 10.2112/JCOASTRES-D-13-00178.1

Nehren, U., Thai, H. H. D., Marfai, M. A., Raedig, C., Alfonso, S., Sartohadi, J.,
et al. (2016). “Ecosystem services of coastal dune systems for hazard mitigation:
Case studies from vietnam, indonesia, and chile,” in Ecosystem-based disaster risk
reduction and adaptation in practice. Eds. F. G. Renaud, K. Sudmeier-Rieux, M.
Estrella and U. Nehren (Cham: Springer International Publishing), 401–433.
doi: 10.1007/978-3-319-43633-3_18

Nicolae Lerma, A., Castelle, B., Marieu, V., Robinet, A., Bulteau, T., Bernon, N.,
et al. (2022). Decadal beach-dune profile monitoring along a 230-km high-energy
sandy coast: Aquitaine, southwest France. Appl. Geogr. 139, 102645. doi: 10.1016/
j.apgeog.2022.102645

Nordstrom, K. F. (2019). Coastal dunes with resistant cores. J. Coast. Conserv.
23, 227–237. doi: 10.1007/s11852-018-0653-6

Nordstrom, K. F., Bauer, B. O., Davidson-Arnott, R. G. D., Gares, P. A., Carter,
R. W. G., Jackson, D. W. T., et al. (1996). Offshore aeolian transport across a beach:
Carrick Finn strand, Ireland. J. Coast. Res. 12, 664–672.

Ollerhead, J., Davidson-Arnott, R., Walker, I. J., and Mathew, S. (2013). Annual
to decadal morphodynamics of the foredune system at Greenwich dunes, prince
Edward island, Canada. Earth Surface Processes Landforms 38, 284–298.
doi: 10.1002/esp.3327
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