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A B S T R A C T

Storm-induced sediment transport across a barrier island can lead to vertical accretion and onshore migra-
tion of the barrier island. Many barrier islands either have high dunes that prevent inundation, or are so
low-lying that they are inundated several times a year. The Wadden Islands in the Netherlands, Germany
and Denmark typically have alongshore-varying topography, where high dunes alternate with low-lying
washover openings. The effects of the geometry of the washover openings on hydrodynamics and sediment
transport are still unknown and are the main focus of this research. First, we present data on width and
for some cases also vertical elevation of bed level for all washover openings along the Wadden Islands. The
mean width is 200 m but the actual width ranges from 35 to 1100 m, and the elevation is between 1.5 and
2.1 m above MSL. Further, we present results of an XBeach model study to investigate how the washover
opening geometry affects sediment transport during storm-induced inundation. We identify two impor-
tant effects of washover width: firstly, for narrow openings flow contraction is important, causing relatively
larger sediment exchange rates per unit width; secondly, in a wider opening sediment is transported over a
larger width, resulting in larger sediment mass exchange rates. Furthermore, the elevation of the washover
opening is of high importance: washover openings that are 30 cm higher than the reference case signifi-
cantly decrease currents and sediment transport across the island. Divergence of sediment transport occurs
in the washover opening, which leads to erosional patterns. Landward from the opening, sediment trans-
port converges which leads to depositional patterns. The pressure gradient between North Sea and Wadden
Sea across the Wadden Islands is an important forcing parameter: higher water levels in the back-barrier
reduce onshore-directed currents and sediment transport.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Barrier islands are known for their dynamic behaviour, especially
under storm conditions. Depending on the circumstances, high water
levels and strong waves can erode or even breach dunes and beaches
(van de Graaff, 1977; Vellinga, 1982; Nielsen and Nielsen, 2006;
McCall et al., 2010; Houser et al., 2015; de Winter et al., 2015), but
they can also result in deposition of sediment in the overwash or
inundation regime (Leatherman, 1976; Donnelly et al., 2004; Don-
nelly et al., 2006; Masetti et al., 2008; Lorenzo-Trueba and Ashton,
2014). Ignoring other processes such as eolian transport, the eleva-
tion of the barrier can on the long term be in equilibrium with mean
sea level (Leatherman, 1979; Lazarus, 2016), because inundation fre-
quency increases for increasing sea level. In a situation with enough
sediment supply barrier islands can increase their elevation at the
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same rate as sea-level rise (Masetti et al., 2008; Lorenzo-Trueba and
Ashton, 2014).

The potential for barrier islands to be inundated during storms is
largely determined by the profile height (e.g. the existence of dunes)
and storm-induced water levels and waves. As described by Durán
Vinent and Moore (2015), barrier islands do either include dunes
when dune recovery dominates, or are low-lying when the effects of
overwash and inundation are more important. Barrier islands of the
first category are not inundated on a regular basis because typical
high water levels are lower than the dune crest (Sallenger, 2000).
Instead, severe and rare storms are required to first erode and lower
the dunes in the collision phase (i.e. waves hit but do not overtop the
dunes) and overwash phase (i.e. individual waves overtop the dunes),
before inundation can occur. The second category consists of barrier
islands without dunes. For example, the beach crest of the island
tail of the Wadden Island of Schiermonnikoog, the Netherlands, is
lower than 2 m above MSL and it is therefore inundated several times
a year, even with relatively weak storms (Engelstad et al., 2017).
Some parts of the islands of the Wadden Area (Fig. 1) demonstrate a
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Fig. 1. Overview of the Wadden Sea region and overview of tidal range (in m) and locations of the various barrier islands discussed in the text. From W to E: Tx = Texel;
Vl = Vlieland; Te = Terschelling; Al = Ameland; Sc = Schiermonnikoog; Rp = Rottumerplaat; Ro = Rottumeroog; Bo = Borkum; No = Norderney; Sp = Spiekeroog. From S to
N: Am = Amrum; Rm = Romo; Sk = Skallingen peninsula. (based on: Ehlers, 1988, courtesy Balkema Books; map courtesy of the Common Wadden Sea Secretariat).

mixed character and show an alternating pattern of high dunes and
low-lying areas, also known as washover openings, that are flooded
regularly (de Groot et al., 2011; Tillmann and Wunderlich, 2013).

The influence of the washover opening on storm-induced sedi-
mentation has not been studied extensively. Some studies show for
example the importance of the volume of the washover opening
(Lazarus, 2016), but a quantitative analysis and comparison of dif-
ferent factors that can influence washover processes is lacking. The
Wadden Islands are examples of barrier islands where the important
processes and dominant topographic characteristics during inunda-
tion are not yet identified. Engelstad et al. (2017) and Wesselman et al.
(2017) show that at the island tail of Schiermonnikoog (i.e. no dunes
and alongshore uniform), cross-shore currents are largely influenced
by the pressure gradient from the North Sea to the Wadden Sea,
which is the product of tidal effects, storm surge and wave set-up.
It is, however, unknown how these currents are affected by differ-
ent washover opening dimensions and how they lead to sediment
transport patterns and morphological change.

The aim of this study is to get a better understanding of the
role of washover opening geometry of the Wadden Islands on the
short-term, storm-induced hydrodynamics and sediment transport.
Factors that will be analyzed and compared are the washover open-
ing width and height, beach slope and width, and different storm

types. Therefore, in the first part of the study we describe the typical
properties of the openings along the Wadden Sea area, such as
elevation and width. Subsequently, we use these results to simulate
storm-induced inundation for typical washover topography with the
model XBeach, to determine the implications of the washover open-
ings for sediment transport and sediment erosion and deposition
patterns.

2. Topography of the Wadden Islands

2.1. Wadden Island description and data gathering

The Wadden Islands are a chain of barrier islands, separated by
tidal inlets, and are located in the North Sea along the coast of the
Netherlands, Germany and Denmark (Fig. 1). They are exposed to a
mesotidal to macrotidal environment. The islands are separated from
the mainland by shallow tidal basins, called the Wadden Sea. Many
Wadden Islands have a typical “drumstick shape” with the wider
part at the updrift side, which is the side where tidal and the domi-
nant wave-induced currents are coming from and where shoals and
sand merge from the ebb-tidal delta (Hayes, 1979; Ridderinkhof et
al., 2016). The tails are relatively narrow and dynamic and alternately
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grow or erode over time. The islands are often characterized by fore-
dunes that separate the beach from the hinterland, but these are
sometimes interrupted by low-lying washover openings. Two differ-
ent types of washover openings can be observed: washover openings
that are restricted to the dunes and washover openings that con-
nect to the Wadden Sea. We take both types into account for this
overview. Blowouts are not taken into account, because they are too
high to be inundated during storms (Abhar et al., 2015).

We gathered data on washover opening geometries in two differ-
ent ways. Firstly, we made an inventory of all present-day washover
openings for the Wadden Islands and determined the width of
these openings based on the most recent Google Earth images by
estimating the distance from dune to dune, parallel to the coast.
Islands characterized by the presence of washover openings are Texel,
Vlieland, Terschelling, Ameland, Schiermonnikoog, Rottumerplaat,
Rottumeroog (the Netherlands), Borkum, Norderney, Spiekeroog,
Amrum (Germany), Rømø and Skallingen (Denmark). Details on the
locations of these washover openings can be found in Appendix A.
Secondly, we used LIDAR-derived elevation maps of Schiermonnikoog
and Spiekeroog to determine the elevation and to check the val-
ues of the width of the openings obtained with the Google Earth
images (Fig. 2). The average elevation was calculated along the entire
washover opening. However, the first 10 m on both sides of the open-
ingwereomitted.Here, theprofileelevationalreadyincreasestowards
the dune and this would lead to an overestimation of the average ele-
vation of the opening. For Schiermonnikoog, annual LIDAR data from
Rijkswaterstaat (Dutch Ministry of Infrastructure and Water Manage-
ment) for the period 2000–2011 were used with a cross-shore and
alongshore grid size of 5 m. For Spiekeroog, we used data of 2014
from airborne Laserscanning and a hydrographic survey in Germany,
with a grid size of 2 m. In 2014, there was only one washover opening
present.

2.2. Washover opening dimensions

The washover opening width at Schiermonnikoog, based on the
LIDAR data, ranges between 35 and 220 m depending on the year and
the specific location (Fig. 3a). Two important trends can be deduced
from these results. Firstly, the washover openings get narrower in the
downdrift direction. Secondly, the width is fairly constant in time,
which suggests that storms do not significantly widen the openings
and also that aeolian transport does not significantly influence the
width, at least for the last 15 years. The washover elevation ranges
between 1.5 and 2.1 m above MSL, which means that for normal tidal
conditions they will not submerge but they can easily be inundated
during storms, with peak water levels during storms that can reach
3 m. The 380 m-wide and 1.8 m-high opening at Spiekeroog is wider
than the current openings at Schiermonnikoog, but the elevation is
in the same range. When all recent washover openings are taken
into account, a wide range of widths is observed. Most washover
openings are relatively narrow (i.e. 400 m or less) but much wider
openings are found as well (Fig. 3b).

3. Design of XBeach simulations

We used the Kings Day release of the process-based and depth-
averaged model XBeach (Roelvink et al., 2009) to investigate the
effectofwashoveropeningcharacteristicsonhydrodynamicprocesses
and sediment transport during inundation for typical Wadden Island
storm conditions. The short waves (Hs), infragravity waves (Hig), water
depths (h) and cross-shore currents (u) were validated for Wadden
Island inundation during storm conditions in Wesselman et al. (2017).
They compared model results with hydrodynamic field data from the
island tail of Schiermonnikoog. This validation was for the 1D mode of
XBeach, while this study used the 2D mode. The model can also predict

Fig. 2. LIDAR images of a) Schiermonnikoog, 2002 and b) Spiekeroog, 2014. The white lines show the positions of the washover openings.
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Fig. 3. a) Washover opening width versus elevation at Schiermonnikoog for the period 2000-2011. Washover opening 1 is the most updrift opening. b) Distribution of washover
widths from all Wadden Islands based on the most recent geometries. The total sample number is 35.

2D patterns in bed level change reasonably well, for example at the
western coast of the Netherlands (de Winter et al., 2015), Santa Rosa
Island, Florida (McCall et al., 2010) and Follet’s Island, Texas (Harter
and Figlus, 2017). Therefore, the XBeach model is suitable to simulate
2D hydrodynamics and sediment transport for Wadden Islands with
overwash and inundation conditions. We have no data to validate the
model specifically for the washover openings.

The input profiles for XBeach were created to represent the
washover openings observed on the islands of the Wadden Sea area
(Fig. 4). It consisted, from offshore to onshore, of a few individual but
interconnected parts: the offshore profile, the beach profile, the dune
or washover profile and the Wadden Sea or hinterland profile. The bed
profile from 10 to 1 m below MSL was constant for all simulations and

was based on a bed profile from 2013 called “Vaklodingen” (gridsize of
20 m) and measured by Rijkswaterstaat. This profile was located off-
shore from the most updrift washover opening at Schiermonnikoog
and contains a subtidal sandbar. The beach of Schiermonnikoog typ-
ically consists of a gentle sloping part (from 1 m below MSL to the
washover opening elevation) and a flat part, with a total width of
approximately 600 m. This is implemented in the input profiles, where
the sloping part of the beach was varied between 0.01 and 0.1 m/m
and the flat part between 10 and 300 m. The washover opening dimen-
sions were taken from the analysis presented in the previous section.
Onshore from the beach, the profile either continues with a washover
opening or a dune, depending on the alongshore location. We stud-
ied the influence of the washover elevation from 1.7 to 2.3 m above

Fig. 4. a) The profile of reference simulation A0. b) 1D profile of reference simulation A0. Two cross-shore transects are shown, one in the dunes and one in the washover opening.
The blue solid line is mean sea level, the blue dashed line is a water level of 2.5 m above MSL, used for the simulations with constant water level.
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Table 1
Series of simulations. A0 is the reference simulation, performed with tidal curves. For Series A, the profile of A0 is always used but the hydrodynamics vary. The waves used here
are shown in Table 2 and the tidal curves are shown in Fig. 5. Series B is performed with constant wave and water levels, but varying topography.

Series Washover elevation (m) Washover width (m) Beach slope (m/m) Beach width (m) Water level (m)

A0 2.0 200 0.01 300 Inundation class 5
A 2.0 200 0.01 300 Inundation class 3-6
B1 1.7–2.3 50–2000 0.01 300 2.5
B2 2.0 200 0.01–0.1 10–300 2.5

MSL and the width from 50 to 2000 m. Although a washover opening
width of 2000 m is greater than observed, it provides more insight in
the importance of 2D processes in the opening and how these depend
on width.

All simulations are summarized in Table 1. In Series A the sensi-
tivity of the reference profile A0 (i.e. a washover opening width and
height of 200 m and 2.0 m above MSL) to time-varying water levels
and varying wave boundary conditions was studied. The boundary
conditions were the same as defined in Wesselman et al. (2017),
where class 1 represents inundation under mild storm conditions
and class 6 represents severe storms (Fig. 5). The methods to cre-
ate these classes are summarized in Appendix B. For this study only
storm classes 3–6 were taken into account because class 1 and 2
did not result in inundation. The wave forcing per inundation class
is shown in Table 2. This wave forcing was based on an offshore
wave buoy where the profile is 20 m below MSL while the input pro-
files started at 10 m below MSL. Therefore, a correction was made
to account for the wave dissipation that already occurs between -20
and -10 m. Series B had constant water levels (2.5 m at the two open
boundaries of the model) and wave forcing (Class 5). Series B1 is a
sensitivity analysis of the influence of the washover opening topog-
raphy on sediment transport. Series B2 describes the influence of the
beach slope and width. Constant water levels were used for the sen-
sitivity analyses in Series B because it resulted in similar patterns of

hydrodynamics and sediment transport as in the simulations with
tide. This will be shown in more detail in the results section.

All simulations were performed in morphostatic mode. The sedi-
ment had a d50 of 200 lm and a d90 of 300 lm, respectively. Sediment
transport was calculated with an advection-diffusion equation, where
the equilibrium sediment concentration was obtained from the Van
Thiel-Van Rijn equation (van Rijn, 2007; Van Thiel de Vries, 2009).
The wave breaking parameter c in the wave breaking formulation
“Roelvink2” (Roelvink, 1993) was set to 0.45 instead of the default
value of 0.55, which is in line with the study of Hoonhout and van
Thiel de Vries (2012). For other model parameters the default val-
ues were used. Sediment transport is mostly expressed in kg/m/h
or kg/h. For the tide simulations in series A, this means that the
total sediment transport (kg or kg/m) is divided by the total inunda-
tion time during the tidal cycle to get averaged values. For Series B
we focused on the hydrodynamics and resulting sediment transport,
but for Series A we also calculated the divergence of the sediment
transport, by using Eq. (1),

Sdiv =
∂Sx

∂x
+

∂Sy

∂y
(1)

where Sx and Sy are sediment transport in cross-shore and alongshore
direction, respectively, and Sdiv is the divergence of the sediment

Fig. 5. Boundary conditions at North Sea and Wadden Sea side as used in the model (Series A). Water levels are above MSL. For more information see Wesselman et al. (2017) and
Appendix B.
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Table 2
Inundation classes based on Wesselman et al. (2017) and explained in Appendix B. Class 1 and 2 are not taken into account, because they do not lead to inundation at the reference
profile. The wave forcing is used for Series A, but for Series B only class 5 is used.

Class Wave height (m) Wave period (m) Wave angle of incidence (◦) Constant water level (m)

Class 3 3.98 7.34 44 2.0
Class 4 4.33 7.69 43 2.25
Class 5 5.38 8.53 36 2.5
Class 6 5.61 9.08 33 2.75

transport, which indicates erosion or deposition patterns. Positive
values indicate sediment transport divergence which leads to ero-
sion, while negative values indicate convergence which leads to
deposition.

The grid size in cross-shore direction gradually changed from 20
to 5 m from deep water to the region of interest. In the alongshore
direction, the grid size was 30 m at the side-boundaries and gradually
decreased to 10 m in the region of the washover opening. The grid
covered approximately 5500×4000 m in cross-shore and alongshore
directions respectively. The simulation time depended on the type
of simulation. The simulations including the tide described two tidal
cycles of 12.5 h each. The first tidal cycle was used as spin-up and the
second tidal cycle was analyzed. For the stationary runs (i.e. no tide),
the simulation time was 5 h, where the first 4 h were used as spin-up
and the fifth hour was analyzed.

4. Results

4.1. Patterns of flow, sediment transport and sediment transport
divergence

In the reference simulation A0, Hs decreases in the onshore direc-
tion during maximum onshore-directed flow, typically 1.5 h before

high water (Fig. 6a). The first location of significant wave dissipa-
tion is the sub-tidal sandbar with the crest at approximately 2 m
below MSL (Fig. 6b). The wave energy decreases further at the
foreshore and beach in shallow water, and as a result the wave
height is smaller than 0.5 m at the beach and in the washover open-
ing. The breaking waves cause higher water levels in the washover
opening, while landward of the washover the wave-induced set-up
decreases. This leads to a pressure gradient from washover opening
to Wadden Sea. Currents are alongshore-dominated at the foreshore,
caused by oblique waves (Fig. 6c). However, at the beach the along-
shore currents gradually disappear and the cross-shore component
becomes dominant. Through the washover opening, the currents are
in the cross-shore direction. Furthermore, they increase through the
opening due to flow contraction, which results in currents with a
magnitude of almost 1 m/s. Onshore from the washover opening,
cross-shore currents gradually decrease. The patterns in the sedi-
ment transport are similar to the patterns of the currents (Fig. 6d).
The alongshore transport at the foreshore is relatively small, and sed-
iment transport is relatively large through the washover opening and
its surroundings. This sediment transport is largely dominated by
suspended load transport (i.e. 95–100 %).

We investigate the influence of the tide by adding the tidal curves
of Fig. 5 (i.e. a higher class means higher water levels and larger

Fig. 6. Results of the reference simulation A0. a) Significant wave height and water level as function of cross-shore distance through the centre of the washover opening. b) 1D
profile. c–d) Flow velocity and sediment transport averaged over 15 min and during maximum flow, approximately 1.5 h before high water. The red dot marks the center of the
opening in both directions.
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waves) as offshore and onshore boundary conditions to the refer-
ence profile. All these inundation classes are characterized by higher
water levels in the Wadden Sea than in the North Sea. The result-
ing cross-shore currents and sediment transport in the middle of the
washover opening show positive values during rising tide (Fig. 7).
However, during falling tide currents and sediment transport disap-
pear or even become negative when the pressure gradient between
North Sea and Wadden Sea reverses. The total flux in kg/h (i.e. the
onshore minus the offshore directed transport, divided by the total
inundation period) is still positive (Fig. 7c).

The resulting sediment transport divergence and convergence
patterns are shown in Fig. 8 a–d. Erosion occurs in regions with diver-
gent sediment transport (red colours), while deposition takes place
when sediment transport converges (blue colours). The deposition
and erosion patterns are in line with the observed hydrodynamics and
sediment transport, and patterns are similar for all inundation classes
but magnitudes differ. At the beach, divergence of sediment trans-
port is negligible as currents and sediment transport are minor here.
Approximately 50 m offshore from the washover opening, where
currents accelerate due to flow convergence, the beach has an erod-
ing trend. This continues in the washover opening, where the net
erosion trend reaches its maximum. Landward from the opening,
erosion rapidly changes into a deposition trend because of decel-
erating currents. Although the trends are similar for all inundation
classes with constant water levels, the magnitude of sediment trans-
port divergence and convergence depends on the water levels and
waves. Higher mean water levels and waves tend to increase the sed-
iment transport divergence and convergence, however, higher water
levels in the Wadden Sea than in the North Sea tend to decrease
these values. The net effect is that sediment transport divergence
and convergence hardly increase from inundation classes 4 to 6.

4.2. Sensitivity of currents and sediment transport to washover
opening geometry

In order to analyze the impact of the elevation of the washover, we
varied the elevation between 1.7 and 2.3 m in Series B1. These sim-
ulations were performed with a constant water level of 2.5 m in the
North Sea and Wadden Sea. It appears that flow velocity and sediment
transport are very sensitive to the elevation of the opening, especially
for narrow openings (Fig. 9a–b). A washover elevation that is only
30 cm higher leads to significant smaller flow velocities and sediment
transport in onshore direction. Furthermore, the importance of the
opening width is visible. For narrow openings cross-shore currents
and sediment transport both decrease when they become wider, but
from approximately 1200 m both currents and sediment transport
remain almost constant. Fig. 9c shows the sediment exchange rate,
which is the width-integrated sediment transport through the whole
opening for every combination of opening width and elevation. We
identify two relevant and counteracting effects. On the one hand, the
effect of flow contraction reduces for wider openings and results in
less sediment transport per meter alongshore (kg/m/h). On the other
hand, in a wider opening sediment is transported over a larger width,
resulting in sediment mass exchange rates (kg/h) that tend to be
larger. The combined result is that the net sediment transport (kg/h)
steadily increases for wider openings. However, this rate of increase
slowly diminishes. The sediment exchange rate increases by 800%
for a width from 50 to 1000 m (i.e. the maximum width measured
along the islands). Furthermore, also for the total sediment transport
the washover elevation appears to play a crucial role during storm
conditions. A 30 cm higher washover opening clearly reduces the
sediment transport in the onshore direction, while washover open-
ings with a lower bed level result in much more sediment transport.

Fig. 7. a) Flow velocity and b) sediment transport in the middle of the washover opening (in both directions) for inundation classes 3-6. Positive values mean in onshore direction,
while negative values are offshore directed. c) Net sediment exchange during the full tidal cycle for inundation classes 3–6. This is calculated as the onshore minus the offshore
directed transport and averaged over the total inundation period.
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Fig. 8. Sediment transport divergence and convergence for Series A. Blue colours mean sediment transport convergence (deposition) and red means sediment transport
divergence (erosion). The area enclosed by the brown box is the location of the washover opening.

From 2.3 to 1.7 m, the sediment exchange rate increases with 400%.
Fig. 9c also demonstrates that the trends in sediment exchange rates
for simulations with constant water levels and tidal curves are simi-
lar. This indicates that the application of constant water levels, which
requires less computational effort than tidal curves, can be used to
perform the sensitivity analyses from Series B.

The influence of the width of the washover opening is shown in
more detail in Fig. 10 (part of Series B). The flow velocity in the 100 m-
wide opening peaks in the middle and decreases towards the dunes.
However, for openings wider than 200 m the effect of flow contraction
is the greatest near the dunes and it loses part of its effect towards
the middle of the opening. The effect of flow convergence is always
substantial and visible in the results, even for the widest opening of
2000 m. The flow velocity near the dunes is only slightly dependent
on washover width, but the velocity magnitude in the middle is more
sensitive to width. This flow velocity asymptotically reaches the value
that would occur in an alongshore uniform case, and simulations
showed that this value is approximately 0.92 m/s. Again, the sediment
transport patterns correlate strongly with the currents. This suggests
that sediment stirring by currents (that are partly wave-induced) is
dominant and the impact of Hs and Hig on sediment stirring is of minor
importance. Because currents are larger at the edges of the washover
opening, sediment transport is also maximal at those locations.

4.3. Sensitivity of currents and sediment transport to beach
characteristics

In series B2 we varied the beach slope between 0.01 and 0.1 m/m
and the width of the flat part of the beach between 10 and 300 m. The

beach slope has an effect on the sediment exchange rate (Fig. 11a).
Steeper slopes lead to more intense wave set-up, higher water lev-
els, a larger pressure gradient between the North Sea and Wadden
Sea, larger currents and more sediment transport. In the range 0.01 –
0.03 m/m, which is assumed to be realistic for the Wadden Sea coast,
the sediment exchange rate increases by 25%. This effect is signif-
icantly smaller than the effect of the washover opening width and
height. The beach width has hardly any effect (Fig. 11b). The pressure
gradient between the North Sea and Wadden Sea, and thereby the
other processes, remain unaltered when the beach width increases.

5. Discussion

5.1. Implications of XBeach simulations

As illustrated by the data from Schiermonnikoog, the dunes (i.e.
remnants of the former sand drift dike) and washover openings are
rather stable since the first LIDAR measurements in 2000. Further-
more, landward deposition of sediment behind the dunes is limited,
which is also supported by ten Haaf and Buijs (2008). The XBeach
simulations suggest that there are a number of reasons to explain
these observations. Firstly, there is limited sand supply. Although
the wide beach of Schiermonnikoog provides significant amounts
of sediment, the currents and waves at the beach are too small
to effectively pick up this sand and transport it landward (Fig. 6).
Only at the location just before and at the opening are the currents
large enough to stir, resuspend and transport sediment. The lim-
ited width of the opening further decreases the landward transport.
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Fig. 9. Series B1: a) Cross-shore flow velocity, b) cross-shore sediment transport at the position of the red dot in Fig. 6. This is the middle of the opening in both directions. c)
Sediment exchange rate through the whole opening. The filled dots were performed with constant water levels and belong to the left y-axis, while the open dots (belonging to
the right y-axis) were performed with the tidal curves. Different colours represent different washover opening elevations for the filled dots. The red dot in this figure is reference
simulation A0.

In addition, the pressure gradient during storm surges creates an
opposing mechanism and results in limited deposition behind the
dunes (Fig. 7).

The patterns of the currents, sediment transport and sediment
transport convergence and divergence depend on the width of the
washover opening in the model simulations. The currents acceler-
ate through the washover opening and are in a cross-shore direction,
which was also found by van Dongeren and van Ormondt (2007) and
by Hoekstra et al. (2009), and decelerate onshore from the opening.
These velocity gradients lead to erosion in the opening. The smaller
the opening, the larger the sediment transport divergence. Therefore
it seems logical to assume that on average smaller washover open-
ings will also be characterized by lower elevations. The results from
Fig. 3a do not contain enough washover openings to confirm this and
more research is needed to investigate this hypothesis.

5.2. Factors influencing washover processes

Previous studies observed a large role for the cross-shore currents
when inundation depths are large (Sherwood et al., 2014; Engelstad
et al., 2017) or a large role for the waves when inundation dephts are
small (e.g. Figlus et al., 2010; Matias et al., 2017; Phillips et al., 2017).
The Wadden Islands are often exposed to large inundation depths,
and therefore results show that storm-induced sediment transport

through washover openings for the Wadden Islands is almost entirely
caused by the cross-shore currents that are the net product of tidal
water levels, storm surge levels and local wave set-up upon the bar-
rier (e.g. Fig. 10). Although (breaking) waves are responsible for this
local wave set-up they appear to be too small and insignificant to
locally and effectively stir the bed and resuspend sediment. This
means that topographic factors that influence these currents domi-
nate washover sedimentation. Therefore, the height of the washover
opening is one of the crucial parameters that leads to an increase in
sediment transport of 400% when it decreases from 2.3 to 1.7 m above
MSL (Fig. 9). The beach characteristics are less important. Steeper
beach slopes result in slightly more wave set-up, but this leads to only
25% more sediment transport through the opening when the slope
increases from 0.01 to 0.03 m/s. The beach width is not capable of
influencing the pressure gradient and therefore has no influence on
the cross-shore currents (Fig. 11). Wider openings decrease the mag-
nitude of the currents and thereby the sediment transport per meter
width, however, wider openings lead to more capacity for transport.
This results in an increase of 800% in sediment transport through
the opening and is thereby the most important factor investigated
in this study. The magnitude of the storms, represented as inunda-
tion classes, is less important than the washover opening geometry:
higher water levels in general and larger waves are counteracted by
higher water levels in the Wadden Sea than in the North Sea.
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Fig. 10. a) Cross-shore flow velocities and b) cross-shore sediment transport along the washover opening for different opening widths for Series B. The washover opening
elevation is 2.0 m. The arrows indicate wave direction.

The significant role of the pressure gradient between North Sea
and Wadden Sea through the washover openings suggests that the
hydrodynamic processes and the resulting sediment transport are
different for barrier islands where offshore waters and landward
tidal basins are not connected during storms, which was also recog-
nized by Lazarus (2016). This is illustrated in Figs. 12 and 13, where

a secondary dune system is added to the reference simulation that
blocks the North Sea from the Wadden Sea. When the inundation
phase starts after approximately 3.5 h, currents start increasing until
0.5 m/s. However, after one hour the washover basin is filled, the
pressure gradient disappears and currents slow down. As a result,
sediment transport is negligible throughout the whole tidal cycle,

Fig. 11. Series B2: Sediment exchange rate for a) varying beach slope and b) varying beach width. This is the middle of the opening in both directions. Different colours represent
different washover opening elevations. The red dot in this figure is reference simulation A0.



38 D. Wesselman et al. / Geomorphology 327 (2019) 28–47

Fig. 12. Profile with a secondary dune system, based on reference simulation A0, that
blocks the North Sea from the Wadden Sea.

compared to a situation where the North Sea and Wadden Sea are
connected.

6. Conclusions

In this paper we studied the influence of several topographic
characteristics of Wadden Islands on the hydrodynamics and
sediment transport during storm-induced inundation, with a focus
on natural gaps in the foredunes known as washover openings. The

washover opening geometries used for the XBeach simulations were
based on the ones that are present across the Wadden Islands. The
mean width was 200 m but the actual width ranged from 35 to
1100 m, and the elevation was between 1.5 and 2.1 m above MSL.
The simulations show that cross-shore currents are for a large part
responsible for the sediment transport patterns, which are signifi-
cantly affected by the elevation and width of the washover opening.
Differences in opening height investigated in this study demon-
strate a decrease in sediment transport by 400% for higher openings.
Narrower openings result in stronger flow convergence and larger
currents, but on the other hand, wider openings have more capac-
ity to transport sediment. Both effects combined results in increasing
sediment transport for wider openings, up to 800% for the range that
is analyzed. The beach slope leads to a 25% change in sediment trans-
port and is less important than the washover opening dimensions.
The patterns of sediment transport convergence and divergence,
which are a measure for morphological change, show that during
inundation the washover opening erodes, and the area just onshore
from there receives sediment, resulting in deposition. Lower and
smaller openings lead to larger erosion depths, however, the total
area of deposition increases for wider openings. The higher water
levels in the Wadden Sea at the location of Schiermonnikoog during
storm surges significantly decrease the potential for large currents
and high deposition rates for the washovers, however, it is still much
greater than in a system without a connection between the North
Sea and Wadden Sea. This indicates that the regional hydrodynamic
forcing must be taken into account under all circumstances.
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Fig. 13. a) Flow velocity and b) sediment transport for the default simulation A0 and the simulation with a secondary dune system.
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Appendix A

Google Earth was used to investigate the range of widths of the washover openings at all Wadden Islands where these openings exist, which
are Texel, Vlieland, Terschelling, Ameland, Schiermonnikoog, Rottumerplaat, Rottumeroog, Borkum, Norderney, Spiekeroog, Amrum, Rømø and
Skallingen (Fig. 1). If possible, the width was calculated parallel to the coast and the location of the vegetation was used, as this often indicates
the dune position. In this Appendix, an overview is given of all the washover openings at these islands, including a brief description of the local
situation. Based on personal communication and field observations, we know that some of the openings in the dunes are blowouts instead of
washover openings, which are consequently never inundated. These blowouts are not taken into account. Furthermore, many variations are
found along the Wadden Islands. For example, some washover openings connect the North Sea and Wadden Sea during storms, while others
are (partly) backed by a secondary dune row. Furthermore, some openings contain an active channel (e.g. the Slufter at the island of Texel)
while the majority is completely dry during calm weather conditions. For the goal of this study, they were all considered as washover openings
and described below.

A.1. Texel

Texel contains two washover openings. The first one is located at the Hors, a wide beach plain at the South Western part of the island and is
40 m wide (Fig. A1). This one is different from most other openings because it is not orientated towards the North Sea. Instead, it is attached to
the Marsdiep, the deep tidal inlet between Texel and the mainland. The second one is also known as the Slufter (Fig. A2) with an opening that
is 420 m wide. The Slufter contains a large and fast-migrating channel and this area is completely backed by dikes that prevent the inhabited
part of Texel from flooding (van der Vegt and Hoekstra, 2012).

A.2. Vlieland

The western part of Vlieland, called the Vliehors, was a low-lying beach plain without dunes for a long time (Fig. A3). Recently, a small dune
complex formed so that nowadays a washover opening of 1040 m can be defined.

A.3. Terschelling

At Terschelling, three narrow washover openings of less than 100 m in width can be found (Fig. A4). They are not connected with the
hinterland of Terschelling, because a large and artificial sand-drift dike is in between. In January 2017, a large storm breached the upper end of
the sand-drift dike, which is probably caused by the eroding island tail that makes this area more vulnerable to storms. This created the fourth
washover opening of 380 m wide.

A.4. Ameland

Ameland contains, similar to Terschelling, a large sand-drift dike that made an end to the majority of previously existing washover openings.
Nevertheless, three openings narrower than 100 m can still be found at the island tail (Fig. A5).

A.5. Schiermonnikoog

Schiermonnikoog is the island where nowadays most washover openings can be found (Fig. A6). However, they are relatively young: in
the sixties, a large sand-drift dike was created that closed several wide washover openings (ten Haaf and Buijs, 2008). A large storm in 1973
breached this sand-drift dike at several locations, which enhanced the formation of new but smaller washover openings. Nowadays, they are
between 40 m and 210 m wide.

A.6. Rottumerplaat and Rottumeroog

Rottumerplaat and Rottumeroog are two uninhabited islands in the Netherlands which both contain a washover opening (Figs. A7 and A8).
Although the coasts of these islands are no longer maintained, still remnants of artificial measures can be observed. For example, a large sand-
drift dike in the middle of Rottumerplaat separates the islands into two parts. This results in the fact that the North Sea and Wadden Sea are
not connected here during storms through the 860 m wide opening. At Rottumeroog, the washover opening of 590 m wide only exists since a
large storm in 2013 breached part of the dunes, also known as the Sinterklaasstorm.

A.7. Borkum

Borkum is the first German Wadden Island from west to east (Fig. A9). The most updrift part of Borkum is protected by concrete structures
and sand-drift dikes, however at the island tail three washover openings are present, ranging in width from 30 m to 260 m.

A.8. Norderney

The island tail of Norderney (Fig. A10) never experienced the existence of a sand-drift dike and therefore it contains several washover
openings. The most updrift opening is the widest one (270 m) and contains a channel. The other washover openings are between 50 m and 210 m.

A.9. Spiekeroog

Similar to Norderney, the island tail of Spiekeroog was not closed off by artificial sand-drift dikes in the past (Fig. A11). The most updrift
washover opening is 380 m wide. Spiekeroog used to have more washover openings, but nowadays they have almost disappeared due to the
formation of natural dunes in the openings. Therefore, only the most updrift washover opening of Spiekeroog was taken into account in this
study.
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A.10. Amrum

Amrum contains one washover opening of 170 m wide that is in front of a sand drift dike dike (Fig. A12).

A.11. Rømø

Rømø, one of the Wadden Islands in Denmark, contains three washover openings ranging from 60 to 100 m wide (Fig. A13). They arose in a
new, young series of foredunes onshore from the old beach plain, which is now partly enclosed.

A.12. Skallingen

Skallingen is a barrier spit that is partly separated from the mainland of Denmark with a tidal basin (Fig. A14). Two washover openings exist
here of 140 and 200 m wide. The latter exists since a breach during a storm in 1990 (Nielsen and Nielsen, 2006).

Fig. A1. Washover opening one at Texel, the Netherlands.

Fig. A2. the Slufter, washover opening two at Texel, the Netherlands.
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Fig. A3. Washover opening at Vlieland, the Netherlands.

Fig. A4. Washover openings at Terschelling, the Netherlands.



42 D. Wesselman et al. / Geomorphology 327 (2019) 28–47

Fig. A5. Washover openings at Ameland, the Netherlands.

Fig. A6. Washover openings at Schiermonnikoog, the Netherlands.
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Fig. A7. Washover opening at Rottumerplaat, the Netherlands.

Fig. A8. Washover opening at Rottumeroog, the Netherlands.
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Fig. A9. Washover openings at Borkum, Germany.

Fig. A10. Washover opening at Norderney, Germany.
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Fig. A11. Washover opening at Spiekeroog, Germany.

Fig. A12. Washover openings at Amrum, Germany.
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Fig. A13. Washover openings at Rømø Denmark.

Fig. A14. Washover openings at Skallingen, Denmark.

Appendix B

The inundation classes used in the simulations of this paper were created in Wesselman et al. (2017). This appendix summarizes how these
inundation classes were defined. It should be noted that for this paper only classes 3–6 were used, because classes 1 and 2 do not lead to
inundation for most profiles in this paper, in contrast to the profiles used in Wesselman et al. (2017).

The classes consist of water levels in the North Sea and Wadden Sea (measured every 10 min) and offshore wave forcing (measured every
hour), based on the period 1990–2014. The first step was to collect all individual tidal cycles where the peak offshore water level (a combination
of tide and storm surge) is higher than 1.5 m, which would cause inundation on the profile used in Wesselman et al. (2017). Then, all these
tidal cycles were sorted into classes, with a separation of 0.25 m per class. Thus, for class 1 all tidal cycles with an offshore peak water level
between 1.50 and 1.75 m were collected, etc. Averaging all these tidal cycles within one class led to an average tidal cycle which represented
the specific class.
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The same averaging of all tidal cycles within one class was performed for the Wadden Sea, however, the moment of peak water level was
still based on the North Sea. The reason to define the tidal curves in the Wadden Sea based on the peak water level in the North Sea was that
there is often a time lag between the North Sea and Wadden Sea, which can be demonstrated more easily by following this method. Fig. 5
shows the resulting representative tidal curves for inundation classes 3–6, demonstrating that besides the time lag, water levels in the Wadden
Sea during storms are also higher than in the North Sea.

The offshore wave forcing (height, period and direction) is also averaged for all tidal cycles within one class, which leads to constant wave
forcing per class (Table 2). The wave height and period increases for larger storms and the wave direction becomes more northwest, which
means more perpendicular to the shore.
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