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Earth Surface Processes and Landforms

ABSTRACT: Nearshore sandbars are characteristic features of sandy surf zones and have been observed with a variety of geome-
tries in cross-shore (e.g. location) and longshore direction (e.g. planform). Although the behaviour of sandbars has been studied
extensively on spatial scales up to kilometres and timescales up to years, it remains challenging to observe and explain their behav-
iour on larger spatial and temporal scales, especially in locations where coastline curvature can be prominent. In this paper, we study
a data set with 38 years of coastal profiles, collected with alongshore intervals of 50 m, along the 34 km-long curved sandy shoreline
of Sylt island, Germany. Sylt’s shoreline has an orientation difference of ~20° between the northern and southern half of the island.
We found that the decadal coastal profiles on the southern half show features of a low-tide terrace and a sandbar located further from
the shoreline (~441 m). On the nothern half, the sandbar was located closer to the shoreline (~267 m) and was less pronounced,
while the profiles show transverse bar and rip features. The alongshore planform also differed systematically and significantly along
the two island sides. The sandbar on the southern island half, with alongshore periodicity on a larger length scale (~2240 m), was
coupled out-of-phase to the shoreline, while no phase coupling was observed for the sandbar with periodicity on a shorter length
scale (~670 m) on the northern half. We related the observed geometric differences of the sandbars to the difference in the local wave
climate along Sylt, imposed by the shoreline shape. Our observations imply that small alongshore variations in wave climate, due to
the increasing shoreline curvature on larger spatial scales, can lead to significant alongshore differences in the decadal evolution of
coastal profiles, sandbars and shorelines. © 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley &
Sons Ltd
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Introduction

Shoreline parallel sand ridges, or nearshore sandbars, often
frame as crescentic plan shapes with alongshore periodicity
in cross-shore location and depth. These crescentic sandbars
are characteristic of many surf zones of wave-dominated sandy
beaches and their alongshore periodicity, three-dimensionality,
or 3D length scale has been observed to vary from
100 to 3000 m along different individual stretches of shoreline
worldwide (Van Enckevort and Ruessink, 2003; Van Enckevort
et al., 2004; Ribas et al., 2017).

These sandbars are often coupled to the shoreline. This cou-
pling is also highly site-specific and has been observed out-of-
phase (i.e. shoreward-directed shoals face offshore shoreline
perturbation) and in-phase (i.e. shoreward-directed shoals face
onshore shoreline perturbations) on timescales up to years

(Ruessink et al., 2007; Quartel et al., 2008; Van de Lageweg
et al., 2013; Athanasiou et al., 2018).

The large-scale and long-term evolution of nearshore sand-
bars is important for coastal management because sandbars
induce depth-limited wave breaking, while sandbar—shoreline
coupling can result in alongshore variability in dune erosion
(Thornton et al., 2007; Galal and Takewaka, 2011;
Castelle et al, 2015). Most existing sandbar (Wright and
Short, 1984; Lipmann and Holman, 1990; Van Enckevort and
Ruessink, 2003; Splinter et al., 2011) and sandbar—shoreline
coupling (Ruessink et al., 2007; Castelle et al., 2010a,b; Price
and Ruessink, 2013; Van de Lageweg et al., 2013) studies were,
however, limited to individual shorelines, with spatial scales up
to kilometres and timescales up to years.

On larger spatial scales, shorelines typically increase in cur-
vature, resulting in an increasing alongshore variability in wave
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climate (e.g. wave height and angle of incidence), which can
systematically affect the behaviour of sandbars and shorelines
on the timescale of years (Rutten et al, 2018, 2019). A
systematic difference in the interaction between the sandbar,
shoreline, hydrodynamic and morphological processes could
thus result in significant alongshore variations in the sandbar
geometry on longer timescales.

In these previous studies the three-dimensionality of sand-
bars was generally shown to increase (i.e. from 2D to 3D)
during calm conditions with near-zero wave angles, and to
decrease (i.e. bar straightening) during energetic wave condi-
tions with higher wave heights (Wright and Short, 1984), or
larger wave angles of incidence (Price and Ruessink, 2013),
which force a stronger alongshore current and sediment
transport rate. With near-zero angles or moderately oblique
waves, the wave angle of incidence was also found able to
cause growth of the sandbar three-dimensionality (Calvete
et al., 2005; Rutten et al., 2018). Moreover, along the curved
coastline of the Sand Engine in the Netherlands, the
three-dimensionality of the sandbar increased gradually during
calm conditions with near-zero wave angle on the northern
side, but on the western side the sandbar three-dimensionality

North Sea

grew rapidly during more energetic conditions with a larger
wave angle of incidence (Rutten et al., 2018).

The degree of phase coupling between sandbar and shore-
line is, according to the beach state model of Wright and
Short (1984), dependent on their separation distance. This
suggestion was confirmed with field observations (Van de
Lageweg et al., 2013; Athanasiou et al., 2018; amongst others).
An out-of-phase coupled sandbar-shoreline was typically
explained by the dominant effect of the cross-shore wave-
breaking location induced by the water depth variability along
the sandbar (Coco and Murray, 2007; Castelle et al., 2010a;
Coco et al., 2020). The resulting alongshore varying wave
height and wave setup provoke a horizontal recirculation cell
at the shoreline. The morphological evolution of the sandbar
and shoreline is then governed by the positive feedback
between hydrodynamic and sediment transport processes as
well as evolving morphology (Falques et al., 2000). Further-
more, wave angles also affect the phase of the coupling
between sandbar and shoreline (Price and Ruessink, 2013;
Price et al., 2014), since increased angles of wave incidence
can create meandering longshore currents between the shore-
line and the sandbar. This process, in turn, affects the horizontal
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Figure 1. The island of Sylt in Germany (inset left). Coastal structures (thick blue lines) and sand nourishments on beach (black lines) and in the
shoreface (blue lines) have been constructed in the last century to mitigate the effects of coastal erosion (distance from the shoreline indicates timing
of the nourishment). From aerial images it can already be observed that the sandbar geometry differs along Sylt (inset right). Aerial images of August
2019 were extracted from planet.com. [Colour figure can be viewed at wileyonlinelibrary.com]
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recirculation cells and leads to the in-phase coupling of the
sandbar and the shoreline.

Although the complex morphological evolution and cou-
pling of sandbars and shorelines has been studied extensively,
it remains challenging to explain the considerable variations
in observed sandbar geometry and how these result from inter-
actions between hydrodynamic and morphological processes.
In this study, we analyse a data set with 38 years of beach pro-
files measured along the 34 km-long island of Sylt. Sylt's west
coast has an orientation difference of approximately 20°
between the northern and southern half (Figure 1). We describe
and compare the decadal evolution of the sandbars along both
sides in relation to the small difference in local wave climate
that is imposed by the shoreline curvature. In this way, we
aim to gain more insight in the sensitivity of sandbar and shore-
line behaviour to shoreline curvature.

This paper is organized as follows. We first describe the field
study site, the characteristics of the data set and the analysis
procedure. Thereafter, we present the decadal behaviour of
both shoreline and sandbar, including their coupling and the
sandbars’ response to an engineering intervention (shoreface
nourishment). In the discussion, we hypothesize how the
observed behaviour of the sandbar has been affected by the
interaction between the sandbar, the shoreline, hydrodynamic
and morphological processes along the two island sides, before
we present the main conclusions of this work.

Methodology
Study site and data

Sylt, an iconic tourist destination in Germany, is the country’s
northernmost Wadden Sea barrier island and was the field site
of this study (Figure 1). The shoreline of Sylt suffers from severe
coastal erosion and is heavily engineered by means of coastal
structures and artificial sand nourishments on its beaches (i.e.
beach nourishments) and in the shoreface (i.e. shoreface
nourishments), see Figure 1 (Gijsman et al., 2019; Staudt
et al., 2019). Sylt's west coast consists of medium sand with a
Dsq of approximately 360 um (Mielck, 2017) and has an along-
shore length of approximately 34 km. With respect to the north,
its orientation ranges from 2° (in the south) to 22° (in the north).
The convex shape of the island resulted in time-averaged
southward (northward) longshore sediment transport rates on
the southern (northern) half. Based on shoreline retreat rates
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between 1876 and 1997, approximately 0.5 and 1Mm®
were lost yearly on the southern and northern half of
Sylt, respectively (Dette, 1998; Ahrendt, 20071; Kroon
et al., 2007).

To counteract the severe erosion, seawalls were constructed
in Westerland and List, and a tetrapod groin in Hornum
(Figure T1). Thereafter, nourishments were placed regularly
since 1972 and on an annual basis since 1983. On average,
3.34 nourishments were placed per year with a total yearly
volume of approximately 1.0 Mm?® (average of 316 000 m> per
nourishment). The nourishment focus was specifically on the
erosion hotspots in the centre (Westerland and Kampen) and
at both ends (Hornum and List) of the island. Due to the larger
erosion volumes, the nourished volumes on the northern half
exceed those on the southern half.

A tidal gauge and a directional wave buoy (LKN.SH, 2016b)
were located at 2 and 5 km offshore Westerland in water depths
of 10 and 13 m, respectively (Figure 1). Mean tidal ranges vary
between 2.0 and 1.8 m during a spring-neap tidal cycle
(Ahrendt and Koester, 1996; Blossier et al., 2016). Tidal cur-
rents typically vary between 0.1 and 0.3 ms™' and sometimes
increase up to Tms ' in the nearshore (LKN.SH, 2016b).
Median wave direction in Sylt is 273° relative to the north
(Figure 2a). Between 1998 and 2018, the 50th percentile and
90th percentile of the recorded spectral wave height (H,,0)
were 0.83 and 1.91 m. For the recorded peak wave period
(T,) these values were 6.1 and 10.8 s, respectively. During win-
ter, more energetic waves generally approach from a westerly
to south-westerly direction (Figure 2¢). During summer, moder-
ate waves approach from a westerly to north-westerly direction
(Figure 2b).

Bathymetric measurements were carried out along the
shoreline of Sylt by means of beach profiles. The emerged
part of the beach profile was measured with RTK-GPS and
LiDAR measurements [O(1 cm) accuracy], the submerged part
with echo-sounding measurements [O(10 cm) accuracy]. In
Westerland, regular surveys started after the first nourishment
campaign of 1972. In the 1980s, measurements initiated along
the complete shoreline, with a total of 691 transects. The tran-
sects were evenly distributed with mean spatial intervals Ay of
50 m. Coordinate y was defined along the shoreline, increased
from south to north and was equal to Om in front of
Westerland. Between 1980 and 2018, an average of 53.9 mea-
surements (¢ = 16.6) were collected per transect. Timing and
location of the measurements were related to the nourishment
activities. The data set therefore consisted of measurements

Winter Season (September-February)

— ~from North_

irnn_LSuuﬂf"{( - rﬁm_Suurh’"M
—r (C) i

Figure 2. Wave roses from the Westerland wave buoy between 1988 and 2018 during (a) the full year, (b) the summer season and (c) the winter
season. The grey and blue lines indicate the shoreline angles of the southern and northern half of Sylt. [Colour figure can be viewed at

wileyonlinelibrary.com]
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Table 1.
(y < 0) and northern half (y > 0) of Sylt

Definition of coastal profile areas and mean and standard deviation slope of the reference topography/bathymetry for the southern half

Area name Cross-shore distance Slope south Slope north
Dune Xpeg < X < Xpogyg 1:4.6 (1:0.9) 1:5.4 (1:1.0)
Beach Xpeq < X < Xy— 1:12 (1:1.2) 1:19 (1:1.7)
Upper shoreface Xm0 < X < Xpe3 1:67 (1:5.7) 1:55 (1:4.7)
Middle shoreface Xpe 3 < X< Xpe5 1:175 (1:10) 1:140 (1:20)
Lower shoreface Xpe5 < X< Xp—_g 1:67 (1:6.7) 1:100 (1:19)

with irregular temporal intervals (Af), cross-shore extents (0x)
and spatial intervals in cross-shore (Ax) and alongshore (Ay)
directions.

Cross-shore location x was defined relative to a
time-averaged reference topography/bathymetry, based on the
measurements between 1980 and 2018. In the reference, the
vertical elevation was equal to zero (z=0m) at x = 0m, and
x increased in the offshore direction. The horizontal location
of the z = 0m depth contour was determined with individual
measurements that covered the part of the profile between
z = —0.5 and 0.5m and had a maximum spatial interval Ax
of 5m within that area (an average of 18.8 measurements per
transect).

The z = 4 and 8 m height contours of the reference topogra-
phy were determined similarly (average of 26.1 and 21.5
measurements per transect). A larger spatial resolution Ax of
10 m was allowed to determine the z= —3, —5 and —8 m depth

15 (a)

contours (average of 14.0, 12.9 and 9.3 measurements per
transect). A moving-average filter (bin width ~500m) was
applied to reduce the alongshore variability of the depth
contours due to differences in amount and timing of measure-
ments between neighbouring transects. The cross-shore areas
between the reference depth contours were defined as charac-
teristic parts of the profile, as presented in Table 1 and Figure 3.

Focus areas

To quantify the behaviour of sandbar and shoreline, the focus
was on two shoreline stretches in particular: Kampen, 3.5 km
long and located on the northern half of Sylt (y = 4.5 to 8.0
km) and Puan Klent, 6.0 km long and located on the southern
half of Sylt (y= —14.1 to —8.1 km), Figure 1. With shoreline ori-
entations of 22 and 2°, respectively relative to the north,
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Figure 3.

Profile measurements and time-averaged profile (black line) of (a) Puan Klent and (b) Kampen. (c) The time-averaged depth/elevation con-

tours along Sylt, indicating the cross-shore profile areas on the right. A filter was used (thick lines) to reduce the alongshore variability (thin lines).

[Colour figure can be viewed at wileyonlinelibrary.com]
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Kampen and Puan Klent represent the differences between the
northern and southern halves of Sylt (indicated in Figures 3, 4
and 6 by the grey and blue boxes). The temporal evolution of
the shoreline and sandbar was assessed for these stretches.
Additionally, the monitored response of the sandbars to one
of the engineering interventions, a shoreface nourishment,
was studied in detail to gain more insight into the short-term
behaviour of the sandbars.

In Kampen, the response to the shoreface nourishment
placed between 27 April and 11 June 1996 was studied. The
shoreface nourishment had a volume of 239000 m* and was
constructed at the location of the sandbar. The nourishment
had an alongshore length of 1152 m (average 208 m*> m™).
The nourishment was monitored frequently within the first year
after construction, with conducted surveys before (7 April
1996) and after (22 July 1996/19 August 1996/20 September
1996/15 November 1996/20 December 1996/15 March
1997/17 April 1997/1 June 1997/15 August 1997) the nourish-
ment (LKN.SH, 2016a).

In Puan Klent, the response to a double nourishment was
studied, which was placed between 15 July and 2 October
2006. The nourishments were placed on the seaside of the sand-
bar. The nourishments had volumes of 135000 m? (southern)
and 391 000 m? (northern) (i.e. total of 526 000 m?) and along-
shore lengths of 900 and 1001 m, respectively (i.e. an average
of 150 and 391 m®> m™"). Bathymetric surveys were conducted
1 year before (7 July 2005), during (13 September 2006) and
with half-yearly intervals after the construction (13 October
2006/29 March 2007/23 October 2007/15 April 2008/19
January 2010/16 June 2010) (LKN.SH, 2016a).

Studied parameters

The data set was analysed by means of the following
parameters:

e sand volumes in different parts of the cross-shore profile (see
Table 1);

cross-shore bar crest locations, depth and amplitude;
bathymetric measurements;

wave height and direction;

longshore sediment transport rate.

Sand volumes in each part of the beach profile were inte-
grated between two horizontal limits and a vertical limit at
z = —10m. The horizontal limits depended on the considered
part of the profile and were based on depth contours (see
Figures 3a and b). Before this calculation, profiles were linearly
interpolated on a cross-shore grid with a resolution of 1m,
while profiles with larger cross-shore intervals than 20 m in
the relative part of the profile were omitted from the analysis.
To determine individual alongshore beach volumes, a
moving-average filter (bin width ~400 m) was applied to these
volumes in the beach part of the profile.

To determine the cross-shore location of the sandbar crest,
the location in the middle shoreface part of the profile with
the maximum elevation above a linear fit between the refer-
ence z = 0 and —8 m depth contours was detected. In this
way, an approach as described by Athanasiou et al. (2018)
was followed. Profiles with maximum horizontal interval Ax
of 20m in the middle shoreface part of the profile were
included (average of 19.6 measurements per transect). Contin-
uous alongshore bar crest locations were computed with a
moving-average filter (bin width ~400 m).

Alongshore beach volumes and bar crest lines were analysed
by their mean and temporal variability. For Kampen and Puan

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

Klent, the alongshore mean and standard deviation of the along-
shore beach volumes and bar crest locations were calculated
(following Rutten et al, 2018). Length scales of
three-dimensionality were determined with a standardized “find
peaks’ algorithm based on a threshold amplitude. The algorithm
detected the alongshore location of the peak beach volumes
and the horns of the bar crest locations. Surveys that covered
more than 60% of the coastal transects in the particular stretch
were considered in the computation. Shoreline-sandbar cou-
pling was qualitatively assessed by visually comparing the
long-term evolution of alongshore beach volumes and bar crest
locations. The measurements from which beach volumes and
bar crest locations were calculated were mostly not sampled
at the same time. The longshore interval and frequency of these
measurements also limited a quantitative assessment.

To quantify the response of the sandbars to the shoreface
nourishments, measured profiles were linearly interpolated on
a grid with longshore grid size of 10 m and cross-shore grid size
of T m and compared to pre-nourishment conditions. Long- and
cross-shore mean differences were analysed to determine long-
and cross-shore changes induced by the nourishment (follow-
ing Huisman et al., 2019). The long- and cross-shore variability
were studied with the long- and cross-shore standard deviation.
The mean and standard deviation in longshore direction were
applied to the complete coastal stretches. Cross-shore limits
were set at x = 0 and 800 m.

The wave conditions were evaluated by means of hourly
spectral wave height (H,013) and wave direction (©13) from
the Westerland buoy, located in a water depth of 13 m. To
obtain an indication of potential alongshore transport rates,
these conditions also served as input for the CERC formulation
(CERC, 1984):

oK [E
’b

= . 5/, i
160, — p,)- (1 — p) Hpmo 13 /2 -sin(2013) (1)

Qy

with sand density p, = 2650 kg m™>, water density p,, = 1030
kg m~3, gravitational acceleration coefficient g = 9.81 ms™",
empirical coefficient K = 1, breaker coefficient y, = 0.78,
porosity p = 0.4, wave height H;3 (in metres) and wave angle
O13 (in degrees). Additionally, wave height near the shoreline
was calculated assuming full refraction (towards 0°), while

shoaling was disregarded:

cos(613)

Hy = Hys -y |23
" B\ cos(6,)

(2)

Here, H,, is the wave height near the shoreline and ©,, the wave
angle near the shoreline (= 0°). The long-term wave climate
was evaluated with half-year averaged values using a
moving-average filter (window of ~182.6 days).

Results
Decadal profile characteristics

The time-averaged depth contours along the island of Sylt var-
ied considerably and, corresponding to the shoreline orienta-
tion, a clear separation point was present in the centre of the
island (Figure 3c). On the decadal timescale, beach slopes
(between the z =0 and 4 m contours) were significantly milder
on the northern half of the island (1:19) than on the southern
half (1:12). In the middle shoreface (between the z= -3 and
—5m contours) the slope was steeper on the northern half
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(1:140) than on the southern half (1:175). Table 1 provides
more details on the profile slopes and their time-averaged
alongshore variability.

The measured profiles in Puan Klent (Figure 3a), on the
southern half of Sylt, presented initial erosion on the beach
(retreating green lines), which reduced over time. More recent
profiles (yellow lines) approached the long-term averaged pro-
file of the coastal section (black line). The profiles showed the
decadal presence of a low-tide terrace, in combination with a
dynamic Gaussian-shaped nearshore sandbar located further
from the shoreline in a larger water depth. In Kampen
(Figure 3b), on the northern half of Sylt, the measured profiles
also showed initial erosion, especially in the nearshore area.
The profiles then approached the time-averaged profile in the
coastal section. While the spatial variability on the beach
remained larger than in Puan Klent, the nearshore presented a
less dynamic and less-pronounced sandbar. The larger variabil-
ity in the beach part of the profiles resulted from, amongst
others, the frequent implementation of beach nourishments.

The time-averaged profiles of Puan Klent and Kampen can
be described with an intermediate beach state according to
Price and Ruessink (2011). However, the profiles in Puan Klent
showed characteristics described by the ‘Ridge-Runnel or
Low-Tide Terrace’ state in combination with an
offshore-located ‘Rhythmic Bar’. The Kampen profile showed
features of the ‘Transverse Bar and Rip’ state with a wider beach
and a less pronounced sandbar. These observations highlight
the significant difference in decadal profile characteristics
along the curved coast that may affect the morphological
behaviour of the sandbar and shoreline, and vice versa.

Large-scale variability in shoreline and sandbar
evolution

To illustrate the large-scale evolution of shoreline and sandbar
along Sylt, we present the temporal variability of the beach vol-
ume (Figure 4), a typical sandbar configuration (Figure 5) and
the temporal variability of the bar crest location (Figure 6).
The observed alongshore variability in beach width reflected

directly on the alongshore variability in beach volume: mean
beach volumes on the northern half were significantly larger
(895 m’) than on the southern half (672 m’).

Figure 4b shows the temporal variability in beach volume at
each transect relative to the mean. Increased beach volumes
(warm colours in Figure 4b) were present as a result of the
beach nourishments that restored eroded profiles (cold colours
in Figure 4b), especially in Hornum (y = —17.6 to —14.1 km),
Westerland (y = —1.0 to —1.5 km), Kampen (y = 4.5 to 8.0
km) and List (y = —13.0 to —16.8 km) (see Figure 4b). For more
details on the temporal variability in beach volume at
Westerland, we refer to Gijsman et al. (2019). Furthermore,
the variability in beach volumes on the northern and southern
half of Sylt differed, with larger variability on the northern half.
A closer visual inspection of the data reveals shoreline undula-
tions of O(100 m) on the northern half, for instance between
y = 1.5 to 4.5km and 2000-2010. On the southern half, the
data shows shoreline undulations of O(1000 m), for instance
between y = —17.6 to —8.1 km and 2000-2018 (Figure 4b).
These observations suggest a difference in dominating length
of morphological evolution along the curved coastline of Sylt.

A similar difference was present in the subtidal bathymetries,
measured on 25 May 1999 and 15 May 2000 (Figures 5a
and b). On the northern half, the sandbar planform varied
significantly, with smaller length scale of alongshore variability
compared to the southern half. On the southern half, Sylt was
characterized by a large-scale crescentic sandbar, with wave-
length on a larger spatial scale O(1000 m). Figure 5¢ shows that
the morphological changes on the northern half exceeded
those of the southern half. Please note that no nourishments
were placed between these measurements and bathymetric
changes resulted from almost 1year of hydrodynamic and
morphological interactions. In this period, the hydrodynamics
were characterized by a relatively stormy winter season, with
five events of daily wave height exceeding 3 m (increased up
to 4.32m in January 2000). Time-averaged wave angles of
incidence were 3° (southward) on the southern half and —15°
(northward) on the northern half in this period.

The cross-shore location of the sandbar crest also differed
significantly between the two island sides (Figure 6a). The
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ishments. Boxes to indicate Puan Klent (blue), Kampen (grey) and areas for closer visual inspection (black) are included. [Colour figure can be viewed

at wileyonlinelibrary.com]
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Figure 5.

Bathymetry with bar crest location (red line in a, black line in b) of (a) 25 May 1999 and (b) 15 May 2000 and (c) their difference. The

yellow (warm) colour indicates an increase in bed level, the blue (cold) colour a bed-level decrease in panel c. Light blue, cyan, blue and black lines
in all panels indicate the —8, —5, —3 and 4 m depth contours of the reference bathymetry/topography. [Colour figure can be viewed at

wileyonlinelibrary.com]
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shoreface nourishment

(a) Time-averaged cross-shore bar line location along Sylt and (b) spatiotemporal variability of cross-shore bar line relative to the mean.

Measurements are linearly spatiotemporally interpolated up to 8 weeks in time and 200 m in space for visualization purposes. Red lines show timing
and location of shoreface nourishments. Puan Klent (blue) and Kampen (grey) beach sections are indicated. [Colour figure can be viewed at

wileyonlinelibrary.com]

average bar crest location was smaller on the northern half
(268 m) compared to the southern half (357 m). Corresponding
time-averaged bar crest depth and amplitude were also smaller,
at 3.16m (compared to 3.37m) and 0.20m (compared to
0.97 m). Similar to the observations for the beach volume, the
variability in bar crest locations differed between the northern
and southern half of Sylt. Their length scales also seem similar
to those observed for the beach volumes.

Decadal shoreline — shoreline behaviour

Figures 7a and b show the temporal variations in beach volume
and bar crest location for Kampen and Puan Klent specifically.
Mean beach volume, cross-shore bar crest location and bar
crest depth were 941 m?, 276 m and 3.3 m in Kampen, com-
pared to 587 m®, 441 m and 3.7 m in Puan Klent. Along both

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

sides of the island, the time-averaged standard deviation in
beach volume was relatively large, at ~10% of the mean. The
alongshore variability in the sandbar location was larger in
Kampen (57 m) than in Puan Klent (37 m), but please keep the
difference in length of both shorelines in mind.

On the decadal timescale, no influence of the nourishments
on the beach volume or sandbar crest location was observed,
although responses to nourishments occurred on shorter time-
scales. For instance, the beach volume in Kampen (Figure 7a)
increased notably after the beach nourishment of 1 000 000
m> in 1990. Thereafter, however, the beach volume was kept
relatively constant with a nourishment in 2000 (460 000 m?),
followed by smaller nourishments (average of 140000 m>).
We observed a high alongshore variability in beach volume
in 1999 and 2000. A closer inspection of the data revealed
that this was caused by the shoreface nourishment placed in
1996. After this shoreface nourishment, the sandbar initially
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Temporal variability in mean and standard deviation of (a) beach volume, (b) bar line location and (c) bar line depth; (d) wavelength of

alongshore variability in shoreline and bar line, seasonally varying; (e) spectral wave height at Westerland buoy (H13, black), nearshore Puan Klent
(Hn, grey) and nearshore Kampen (Hn, blue); (f) wave angle of incidence; and (g) potential alongshore transport rates in Puan Klent and Kampen. Red
dashed lines indicate the two studied shoreface nourishments. [Colour figure can be viewed at wileyonlinelibrary.com]

presented a more offshore and deeper location (Figures 7b
and c). Thereafter, the sandbar quickly migrated onshore with
significantly increased alongshore variability in the depth of
the bar crest.

The bar crest location in front of Puan Klent presented a sim-
ilar response to the shoreface nourishment of 2006, with a
more offshore (439 m) and deeper location (—3.8m). In the
years that followed, however, the bar crest location remained
relatively constant while the bar crest depth decreased at first
and then remained constant. In the next subsection, we
describe the response of the sandbars to these shoreface
nourishments in more detail to gain more insight into the
short-term behaviour of the sandbars on both island sides.

Figure 7d shows the smaller 3D length scale of the along-
shore bar crest location in Kampen (mean of 670 m) compared
to Puan Klent (mean of 2240 m). Furthermore, the 3D length
scale in Puan Klent increased from approximately 2500 m to
approximately 3000 m between 2000 and 2016 (Figures 8a
and b). On average, the sandbar migrated with a speed of

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

approximately 80 myear™' in the southern direction. Since

the two seaward-directed shoreline perturbations remained
attached to the shoreward-directed sandbar horns, they were
systematically coupled out-of-phase. The 3D length scale of
the bar alongshore crest location in Kampen was generally
smaller than the 3D length scale of the alongshore beach
volume (mean of 1025 m). No phase coupling between the
shoreline and the sandbar was thus observed in Kampen
(Figures 8c and d). Figure 7e presents the seasonality in wave
height, with more energetic waves during winter (maximum
half-yearly H,,o between 0.96 and 1.52 m) and less energetic
waves during summer (minimum half-yearly H,, between
0.55 and 0.93 m). The seasonality in the wave climate also
reflected on the wave angle of incidence. Figure 7f shows the
seasonality and the difference in wave angle of incidence
between Kampen and Puan Klent. In general, no clear seasonal
effect of refraction was observed (Figure 7e). However, during
storm events approaching from a south-westerly direction,
wave heights could decrease significantly towards the northern
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(a) Shorelines and (b) bar lines of Puan Klent. (c) Shorelines and (d) bar lines of Kampen. Red lines indicate beach nourishments in panels a
and ¢, and shoreface nourishments in panels b and d. The dashed lines indicate shoreline and bar line migration of 80 myear

"in Puan Klent, with

separation distance of 2500 m. [Colour figure can be viewed at wileyonlinelibrary.com]

shoreline. Lastly, due to the combined effect of the seasonally
varying wave height and angle, longshore transport rates
[following Equation (1)] varied strongly between the
seasons. Especially in Kampen, the combined effect of
more energetic waves and larger southerly wave angles
resulted in relatively large northward-directed transport rates
of O(1 000 000 m* year™") in the winter season. In Puan Klent,
a seasonal pattern was observed but magnitudes were signifi-
cantly smaller at O(100 000 m* year™').

pre-nourishment (7-9-2005)

Short-term sandbar behaviour

This subsection presents short-term responses of the sandbars to
the shoreface nourishments of 2006 and 1996 in Puan Klent
and Kampen. This comparison indicates characteristic differ-
ences in the short-term behaviour of the sandbar systems. We
describe the cross-shore (Figure 9) and longshore (Figure 10)
response of the sandbars. Please note that the nourishments
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Figure 9.

The cross-shore response of the sandbar in Puan Klent (a~h) and Kampen (i—q). Panels a and i show the pre- and post-nourishment profiles;

panels b—-h and j—q present the difference in the pre-nourishment profile. Alongshore standard deviation is shown by the dashed lines (--). The sandbar
crest and trough are shown by the upward triangle (A) and downward triangle (V). Grey shading indicates the initial nourishment location. [Colour

figure can be viewed at wileyonlinelibrary.com]
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Figure 10.

The longshore response of the sandbar in Puan Klent (a~h) and Kampen (i-q). Panels a and i show the pre- and post-nourishment profiles,

panels b-h and j-q present the difference in the pre-nourishment profile. Cross-shore standard deviation is shown by the dashed lines (--). Grey
shading indicates the initial nourishment location. [Colour figure can be viewed at wileyonlinelibrary.com]

were placed at different cross-shore locations (500-700 m
in Puan Klent and 200-400 m in Kampen) and water depths
(5-8 m in Puan Klent and 3.5-5 m in Kampen) (Figure 10).

The nourishment in Puan Klent attached to the existing sand-
bar after construction. The maximum alongshore-averaged
amplitude increase was 0.45 m, 560 m from the shoreline (in
October 2006, see Figure 9a). In Kampen, the nourishment
formed into a new sandbar with maximum amplitude increase
of 0.60m, 250m from the shoreline (in July 1996, see
Figure 9i). Despite the differences in sandbar geometry and
nourishment design, the sandbar amplified in combination with
landward trough formation and shoreline advance (i.e. the
breaker effect; Van Duin et al.,, 2004). While the effect first
showed in the winter season in Puan Klent, when mean daily
wave heights became 1.52 m (Figure 9¢), the effect occurred
directly after construction in Kampen, when mean daily wave
heights were 0.77m (Figure 9i). Each winter season, the
breaker effect was observed, while the shoreline eroded in
the summer season in combination with onshore sandbar
migration. Hence, the cross-shore breaker effect was observed
for both sandbars, but the timing of the response depended
on the depth of the sandbar and the wave height. We also
observed a second landward trough forming in Puan Klent,
thereby indicating two cross-shore locations with energetic
wave breaking during winter (see Figures 9c and e).

In contrast to the cross-shore response, morphological
changes in the longshore direction first showed in a later phase
after the implementation of the nourishments. In Figures 10c
(March 2007) and k (September 1996), for instance, the
cross-shore mean differences in Puan Klent and Kampen were
still coupled to the cross-shore standard deviation, thereby indi-
cating that the cross-shore changes remained restricted to the
initial nourishment location. In Kampen, cross-shore changes
started occurring downstream of the nourishment location after
a first period of energetic waves (mean daily wave height of

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

1.32m) in November 1996. The observed behaviour can be
identified as the leeside effect (Van Duin et al., 2004). Leeside
erosion was caused by the larger waves in combination with
the larger wave angle (mean daily wave angle of —19°). The
initiated morphological changes thereafter amplified and
migrated in the downstream direction during the following win-
ter (until March 1997). Limited changes were observed during
the subsequent summer season. In Puan Klent, the first signifi-
cant cross-shore changes outside the nourishment locations
were observed after the winter of 2007-2008 (in April 2008).
Energetic waves (mean daily wave height of 1.30 m) were mea-
sured in this period, but with near-zero wave angles (mean
daily wave height of 2°). The observed changes were not
resulting from the leeside effect but seemed related to the
longshore migration of the sandbar.

In summary, while the nourishments did not affect the
decadal behaviour of the sandbars, the analysis revealed
short-term responses to shoreface nourishments in combination
with events of larger waves and/or wave angles. These
responses were dependent on the shoreface nourishment and
on the varying wave conditions. The analysis also revealed that
a second bar was present during winter in Puan Klent, while the
Kampen sandbar, located in a shallower water depth, is more
sensitive to causing leeside erosion during winter wave
conditions.

Difference in wave climate between Sylt north and
south

In general, the following differences in wave climate were
observed between the northern and southern half of Sylt. The
long-term average wave angle of incidence was Oy = 11.2°
(northward) and ©s = —10.4° (southward), respectively. A
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seasonality was present in the wave climate, with moderate
conditions (H,o = ~0.80 m) during the summer season (March
to September) and energetic conditions (H,,,o = ~1.30 m) during
the winter season (October to February). The seasonality also
reflected on the wave angle, with waves mainly from a
north-westerly direction during summer and mainly from a
south-westerly direction during winter (Figure 7f). Hence, the
moderate summer waves approached the northern side with a
near-zero angle (Oy ~ —10 to 10°) and the southern side with
a larger wave angle from a northerly direction (O5 = 20-30°),
while the energetic winter waves approached the southern side
with a near-zero angle (©s ~ —10 to 10°) and the northern side
with a larger wave angle from a southerly direction (O = —20
to —30°).

Discussion

The geometry of the sandbar on the northern and southern
halves of Sylt differed systematically and continuously on a
decadal timescale. The difference was quantified for two coastal
sections in particular, Kampen and Puan Klent. Kampen and
Puan Klent represented the significant north—south differences
in time-averaged beach slope (1:21 and 1:12), upper shoreface
slope (1:30 and 1:45), cross-shore sandbar crest location (276
and 441 m), depth of sandbar crest (3.3 and 3.7 m), length scale
of three-dimensionality of the sandbar crest (670 and 2240 m)
and sandbar coupling to the shoreline (no coupling and out-
of-phase coupling). In this section, we evaluate these differences
and hypothesize how they are related to the difference in shore-
line orientation along the curved shoreline, thereby focusing on
the role of the local wave climate. Figure 11 provides a concep-
tual overview of the expected relations.

Sandbar behaviour on the northern half of Sylt

Due to refraction of the energetic winter waves towards the
shoreline of the northern half of Sylt, we expected that this side
of the island was more sheltered from energetic conditions from

Summer Winter

=

>

n

=

g Q Q

=

+~

o

=}

Z

Barline Shoreline Duneline Barline Shoreline Duneline

> {
n ] }
=
g Qf |
~ N
= |
= N
o /
n

Figure 11.  Schematic of observed differences in sandbar and shore-
line behaviour and expected relation to wave climate, indicated by
the longshore sediment transport rate Q. Not to scale. [Colour figure
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a south-westerly direction. On a seasonal scale, however, the
data did not present this effect (Figure 7f). The steeper upper
shoreface slope and the perhaps less energetic waves could
explain the shorter sandbar distance from the shoreline and
lower bar crest depth on the northern side. The shorter 3D
length scales of the sandbar on the northern side furthermore
suggest that its three-dimensionality formed during lower ener-
getic conditions in summer, when wave angles were near zero.
The formation of 3D sandbars during wave conditions with
near-zero angles has been discussed extensively in the litera-
ture, thereby relating hydrodynamic forcing and sandbar char-
acteristics in the same order of magnitude as observed on the
northern half of Sylt (Van Enckevort et al., 2004; Coco and
Murray, 2007; Drenen and Deigaard, 2007; Thornton
et al., 2007; Price and Ruessink, 2011; Splinter et al., 2011;
Van de Lageweg et al., 2013; Athanasiou et al., 2018). Bar
straightening, or a decrease in three-dimensionality of the sand-
bar, is often related to large rates of longshore sediment trans-
port, when energetic waves approach with larger wave angles
(Garnier et al.,, 2013; Price et al., 2014; Contardo and
Symonds, 2015). On the northern side of Sylt, the transport
rates become significant during winter (Figure 7g). These con-
ditions can reduce the three-dimensionality of the sandbars as
well as affect the coupling mechanisms to the shoreline (Rutten
etal., 2018). The fact that the sandbar was located closer to the
shoreline and less pronounced suggests a lower transport rate
necessary to be straightened. The observations therefore sug-
gest that bar straightening of the sandbar, which forms during
moderate summer conditions, occurs during energetic winter
conditions. This dynamic may, in turn, lead to a too weak cell
circulation to force sandbar—shoreline coupling. On the
decadal timescale, the dynamics related to the sandbar can
affect the longer-term evolution of the coastal profile, since
the sandbar more effectively reduces incoming wave energy,
which could explain the wider beach with milder slope on
the northern side.

Sandbar behaviour on the southern half of Sylt

On the southern half, the moderate summer waves approach
with a larger wave angle, from a northerly direction. The
sandbar, however, located in a larger water depth, remained
unaffected by these waves, which mainly affect the
swash-backwash patterns on the low-tide terrace (Castelle
et al., 2007; Ruessink et al., 2007). This dynamic was also
observed in the sandbar response in Puan Klent to the
shoreface nourishment in 2006, when the sandbar was persis-
tent during the moderate summer conditions, while the
morphology on the low-tide terrace was affected. The dynamic
also explains the seasonal variation of the low-tide terrace char-
acteristics, which has features of a ‘Ridge-Runnel’ state during
winter and a ‘Low-Tide Terrace’ state during summer (see figure
6.3 in Lange, 2019). While the mild summer waves,
approaching  from the north, force the observed
southward-directed skewness of the ‘Ridge-Runnel’ state, the
near-zero-angle winter waves force the change towards the
‘Low-Tide Terrace’ state (Lipmann and Holman, 1990; Price
and Ruessink, 2011).

The larger 3D length scales of the sandbar on the southern
half, located more offshore and in a larger water depth, can
be related to the milder upper shoreface slope, in combination
with the more energetic conditions. Since the sandbar was per-
sistent to the summer waves, it only became morphologically
active during winter, as was identified during the two winter
seasons after the shoreface nourishment in Puan Klent in
2006. The three-dimensionality of the sandbar therefore forms
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during energetic conditions. An increasing sandbar
three-dimensionality during energetic conditions has been
observed previously (Rutten et al., 2018). On the southern half
of Sylt, these types of conditions occur during winter with
near-zero angles, and occasionally during summer/autumn
from larger wave angles from a northerly direction. Hence,
the 3D patterns either form during the occasional
summer/autumn storm conditions with larger wave angle of
incidence (Calvete et al., 2005), or the energetic winter waves
with near-zero angles explain the relatively large 3D length
scales of the sandbar compared to previous observations (Van
Enckevort et al., 2004).

Since the longshore sediment transport rates were generally
significantly smaller on the southern half of Sylt, annual
bar-straightening events did not occur. The energetic winter
waves with near-zero angles do explain the out-of-phase cou-
pling between the sandbar and the shoreline by means of a hor-
izontal circulation cell (Castelle et al., 2010a). Time-averaged
sediment transport rates on the southern half were directed
southward and could explain the observed southward migra-
tion of the coupled sandbar and shoreline (Figure 8a). Either
the shoreline migrates southward during summer and the sand-
bar couples during winter, or the sandbar migrates southward
during northerly summer/autumn storm events and is followed
by the coupled shoreline during winter. The migration speed
of the sandbar was observed to be approximately 80 myear™ ',
which is in the same order of magnitude as for sand wave
migration (Ashton and Murray, 2006b; Van Den Berg
et al., 2012). However, shoreline sand waves form during very
large wave angles of incidence (Ashton and Murray, 2006a),
while the observed shoreline migration is related to nearshore
circulation processes. The persistent sandbar may affect the
decadal evolution of the coastal profiles. Not only does the
sandbar affect the alongshore variability of the shoreline, but
the deeper-located sandbar is less effective in reducing wave
energy, which can explain the narrower and steeper sloped
beach on the southern half.

Applicability

While monitoring data sets of coastal profiles have been
increasing over the last decades, their spatial and temporal res-
olution is often insufficient to study the morphological evolu-
tion of the sandbar in response to hydrodynamic events, such
as storms. On Sylt, the coastal profiles were collected with
alongshore intervals of 50 m, and the alongshore variability of
the sandbar could be studied on decadal timescales. We
observed significant and systematic differences in the decadal
beach profiles and the behaviour of the sandbar along the
curved coastline. While the present shape of Sylt has formed
during the last centuries and was kept constant during the last
decades (Ahrendt, 2001), we expect that the shoreline orienta-
tion in relation to the seasonality of the wave climate governs
the nearshore morphology. We therefore expect that the
observed differences remain as long as the island shape
remains. The study implies that the local wave climate, in
particular the combination of wave height and wave angle of
incidence, is decisive for the decadal morphological evolution
of nearshore sandbars and their effect on shorelines.

Conclusions

We studied 38 years of coastal profile measurements along the
34 km-long curved shoreline of Sylt in Germany. It was
observed that, analogous to the shoreline curvature along Sylt,
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systematic and significant alongshore differences were present
in the decadal coastal profile characteristics (i.e. the beach
state). With an intermediate beach state, the profiles on the
southern half presented features of the ridge-runnel (in summer)
or low-tide terrace state (in winter), in combination with a
rhythmic Gaussian-shaped sandbar further from the shoreline
(on average 441 m). On the northern half, the beach profiles
showed features of the transverse bar and rip state with a wider
beach and a less pronounced sandbar, located closer to the
shoreline (on average 276 m). A systematic difference in sand-
bar geometry was observed as well, with time-averaged 3D
length scales of 2240 and 670 m on the southern and northern
half, respectively. While the sandbar was coupled out-of-phase
on the southern island half, no sandbar—shoreline coupling was
observed on the northern island half.

We imply that the moderate summer waves, approaching the
northern half of Sylt with near-zero angles, are responsible for
the shorter 3D length scales of the sandbar. We found that the
sandbar on the southern half of Sylt was persistent during these
conditions, which did affect the low-tide terrace morphology.
On the southern half, we therefore hold the energetic winter
waves responsible for the formation of the larger sandbar dis-
tance, larger 3D length scales and observed out-of-phase cou-
pling between sandbar and shoreline. Furthermore, we expect
that during winter, when longshore transport rates are large
on the northern half, the less-persistent sandbar straightened.
On the southern half, the sandbar did not straighten because
either waves were moderate (in summer) or wave angles were
near zero (in winter). On the whole, our study has shown that
small alongshore variations in wave climates, caused by the
curvature of a coastline, may already affect the interaction
between the hydrodynamic and morphological processes such
that this leads to systematic and significant differences in the
sandbar geometry on a decadal timescale.
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