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A B S T R A C T

The behaviour of subtidal sandbars can be strongly influenced by the introduction of sand nourishments in
the coastal system. This study focuses on the impact of nourishments on subtidal bar behaviour at spatio-
temporal scales beyond a single nourishment project. It aims to determine the long-term behaviour of
subtidal sandbars along an entire coastal cell, taking into account both the unnourished and nourished
regime, and covering various types of nourishments. The analysis is based on over 50 years of sandbar evo-
lution along the Delfland coast, a 17-km long coastal cell at the Dutch North Sea coastline protected by
groynes and maintained with frequent sand nourishments. Observations reveal clearly different sandbar
behaviour during the unnourished (first 20 years) and nourished periods of the dataset. Introduction of the
first beach nourishments (nourished sand primarily placed at the subaerial beach) was found to stimulate
sandbar development along previously unbarred sections of the coast. Shoreface nourishments (nourished
sand placed at the seaward face of the pre-existing subtidal sandbar) tended to migrate shoreward rapidly at
a rate of 20 to 60 m/year at this coast, thereby forcing the pre-existing sandbar to weld to the dry beach. An
abrupt transition of sandbar dynamics was observed following a major nourishment operation (∼37.5 Mm3

of nourished sand) that covered the entire coastal cell. A new, shallow sandbar formed with a degree of
alongshore variability that was unprecedented at the Delfland coast over the full study period. These results
imply that individual nourishments can influence the formation and migration of individual sandbars, while
continued nourishments can fundamentally change long-term sandbar dynamics along an entire coastal cell.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Sand nourishments are commonly used as a ‘soft’ engineering
strategy to mitigate coastal erosion problems (Hamm et al., 2002).
Nourishments are constructed in a wide variety of sizes and shapes,
and in contrast to ‘hard’ engineering measures (e.g. groynes or break-
waters) they are eventually absorbed by surrounding morphology.
Notably, the development of nearshore sandbars can be influenced
by the presence of a sand nourishment (Grunnet and Ruessink,
2005; Ojeda et al., 2008). Sandbars can be found along many sandy
coastlines worldwide. Their presence plays an important role in
the morphodynamic evolution of a beach, as wave breaking and
associated wave-driven sediment transport typically occurs at or

* Corresponding author at: Department of Hydraulic Engineering, Faculty of Civil
Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands.

E-mail address: m.radermacher@tudelft.nl (M. Radermacher).

near a submerged sandbar (Ruessink et al., 2001; Mil-Homens et al.,
2013).

The natural behaviour of nearshore sandbars, in the absence
of nourishments, has been studied for many decades based on
field observations and various modelling frameworks. Typically, the
behaviour of sandbars is described in terms of (1) their cross-
shore migration and (2) alongshore variability. Cross-shore migra-
tion refers to the temporal evolution of cross-shore sandbar position
and secondary characteristics such as sandbar volume, amplitude
and crest level. At timescales from months to decades, sandbars
are found to exhibit a net offshore migration (NOM; Ruessink and
Kroon, 1994; Plant et al., 1999; Shand and Bailey, 1999; Ruessink et
al., 2003; Tătui et al., 2016; Walstra et al., 2016). NOM can either
occur at a relatively constant rate over time (mainly in wind-sea
climates), or occur rapidly in response to storm events (episodic
NOM, mainly in swell wave climates; Ruessink et al., 2009). Off-
shore migrating bars are typically found to originate near to the
shoreline, migrate offshore and finally diminish outside the surfzone.

https://doi.org/10.1016/j.geomorph.2018.04.005
0169-555X/© 2018 Elsevier B.V. All rights reserved.
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The return timescale associated with this cyclic behaviour varies
strongly between different sites and has been linked to the steep-
ness of the cross-shore profile (Walstra et al., 2016). Net onshore
migration has been reported less frequently (Aagaard and Kroon,
2007).

Alongshore sandbar variability is associated with the develop-
ment of three-dimensional patterns in the sandbar at length scales
ranging between O(100 m) and O(1 km) (Holman, 2001). Short-scale
sandbar variability is typically observed as an alongshore alterna-
tion of shoals and rip channels, which can be found along many
open ocean coastlines (e.g. Wright and Short, 1984; Holman et al.,
2006). At marginal sea coasts with predominantly wind-sea climates,
alongshore variability is characterised by subtle crescentic bar crest
shapes (Van Enckevort and Ruessink, 2003) or sudden discontinuities
in the bar crest (Grunnet and Ruessink, 2005; Ruessink et al., 2012).
This kilometre-scale sandbar variability is often attributed to along-
shore differences in the phase of the NOM cycle (Walstra et al., 2015;
Aleman et al., 2017), as opposed to surfzone flow circulation pat-
terns that govern the generation of short-scale alongshore variability
(Reniers et al., 2004; Coco and Murray, 2007). Eventually, differential
NOM may lead to rupture of the bar crest. If this occurs in a multiple
bar system, bars may reattach to another bar crest at the location of
the rupture, referred to as bar switching (Wijnberg and Wolf, 1994;
Shand, 2003; Walstra et al., 2015).

Sand nourishments impact nearshore sandbar evolution, depend-
ing on the location, size and shape of the nourishment. Nourishments
can roughly be subdivided into three different categories (Fig. 1). In
beach and dune nourishment operations (first category) the sand is
placed at or adjacent to the dry beach and dune, directly leading
to a larger volume and subaerial width of the beach (Dean, 2002).
Beach and dune nourishments are often designed with a relatively
steep cross-shore beach slope near the waterline. If the nourish-
ment covers pre-existing sub-tidal bars, a barless profile remains.
The first high wave energy events following execution of the nourish-
ment will flatten the profile, thereby moving sand from the waterline
towards deeper water. This typically results in the creation of a

Fig. 1. Different types of sand nourishments, after Stive et al. (2013).

subtidal bar, as observed by Elko and Wang (2007), Yates et al.
(2009), Roberts and Wang (2012) and De Schipper et al. (2013) at
individual nourishment projects.

Shoreface nourishments (second category) are placed lower in the
cross-shore profile, mostly at the seaward face of the subtidal bar
(Kroon et al., 1994). The nourished sand may redistribute over the
active beach profile, thereby indirectly nourishing the dry beach. Fur-
thermore, the presence of a shoreface nourishment might directly
contribute to offshore dissipation of incoming storm wave energy.
At the multi-barred Dutch North Sea coast, shoreface nourishments
have been applied in coastal maintenance since the 1990’s (Hamm
et al., 2002). Here, the effect of shoreface nourishments on subtidal
sandbars has been studied at the beaches of Noordwijk, Egmond and
Terschelling. The NOM cycles that characterise the natural dynamics
at these three sites were disturbed by the presence of the nourish-
ment for a period of several years. Instead of offshore migration, bars
were observed to stop migrating (Grunnet and Ruessink, 2005; Ojeda
et al., 2008; Ruessink et al., 2012) or even migrate slightly onshore
(Kroon et al., 1994; Van Duin et al., 2004; Lodder and Sørensen, 2015)
for periods of multiple years following execution of the shoreface
nourishment.

While beach and shoreface nourishments primarily strengthen
the coastline locally, mega-nourishments (third category) are
intended to act as a long-term (decades) source of sediment for a
larger stretch of coast through naturally occurring alongshore sed-
iment transport. To date, only very few mega-nourishments have
been executed, one of them being the Sand Motor (Stive et al., 2013)
in the focus area of the present study (further discussed in Section 2).

The impact of sand nourishments (of any type) on alongshore
sandbar variability has only been addressed by a few studies. The
emergence of large-scale three-dimensional sandbar patterns was
reported following a shoreface nourishment at Terschelling (Grunnet
and Ruessink, 2005). The presence of the shoreface nourishment
along part of the beach induced spatial differences in cross-shore
bar migration rate, as offshore bar migration was halted along the
nourished section of the beach. This resulted in bar crest ruptures,
yielding alongshore variability of the subtidal sandbars. A similar
evolution was observed after a shoreface nourishment at Egmond
and Noordwijk (Van Duin et al., 2004; Ojeda et al., 2008; Ruessink et
al., 2012). At the Sand Motor mega-nourishment, highly pronounced
sandbar patterns and clear alongshore differences in the response
of sandbars were reported (Rutten et al., 2017c), which contrast
common sandbar behaviour at the Dutch coast.

Existing studies into the effect of nourishments on sandbar
dynamics focussed either on one single nourishment project over
the first years after its construction or on a limited alongshore
extent. While this yields valuable insights into the joint morpho-
logic development of nourishments and sandbars at relatively short
and small scales, it remains unclear how repeated nourishments
and implementation of different nourishment types affect the natu-
ral, unnourished behaviour of the system. The present study focuses
on spatio-temporal scales beyond a single nourishment project and
aims to determine the long-term behaviour of subtidal sandbars
along an entire coastal cell, taking into account both the unnourished
and nourished regime, and covering various types of nourishments.

The analysis makes use of a 52-year bathymetric dataset of the
17-km long Delfland coast, a coastal cell at the Dutch North Sea
coastline that has received a wide range of sand nourishments over
the last decades. Having a low-lying hinterland that represents a
large economic value, the Delfland coast plays an important role
in the coastal flood protection system of The Netherlands. The
construction of the Sand Motor mega-nourishment in 2011 has
drawn large scientific attention to the Delfland coast, adding to the
importance of an adequate understanding of its long-term sandbar
dynamics. Firstly, the field site and methodology are introduced
(Sections 2 and 3). Subsequently, fifty years of observations of



M. Radermacher et al. / Geomorphology 313 (2018) 1–12 3

Fig. 2. Setting of the Delfland coast. The Sand Motor is visible as a seaward perturba-
tion in the middle of the coastal cell.

sandbar dynamics at the Delfland coast are presented in Section 4.
Finally, these observations are analysed and discussed (Section 5).

2. Field site

Sandbar dynamics are analysed here for the Delfland coast, a
17 km-long sandy beach at the Dutch North Sea coastline. It is con-
strained by the long harbour breakwater (3.5 km) of Rotterdam in
the southwest and the relatively short harbour breakwaters (0.5 km)

of The Hague in the northeast (Fig. 2). The cross-shore profile slope
of the Delfland coast typically is around 1:80 in the upper part of
the profile (between 0 and 7 m depth with respect to Mean Sea Level
(MSL)) and 1:400 in the lower part of the profile (below −11 m MSL).
The average shore-normal orientation of the coast is 310◦ North,
which deviates locally around the harbour breakwaters in Rotter-
dam and The Hague. The wave climate at the south-eastern North
Sea is bimodal, with energetic waves arriving from the South-West
or from the North. The annual mean significant wave height is 1.3 m,
with typical wave periods around 5 to 6 s (Wijnberg, 2002). Sed-
iment at the Delfland coast consists of medium-sized sand in the
surf and swash zone, with the median sediment diameter ranging
between approximately 200 and 400 l m (Huisman et al., 2016).
The tidal range varies between 1.4 m and 1.8 m over a spring-neap
cycle (Wijnberg, 2002) and drives an alongshore directed tidal cur-
rent with peak flow velocities in the order of 0.7 m/s depth-averaged
at a water depth of 9 m (Radermacher et al., 2017a).

Similar to other parts of the Dutch coastline, the Delfland coast
has been subject to structural erosion for the last 2000 years (Beets
and Van der Spek, 2000) in response to Holocene sea-level-rise and
changing sediment supply. In order to protect coastal towns and
their low-lying hinterland, humans have made attempts to stop
coastal erosion or mitigate its adverse effects. First, this was done
by the creation of artificial dykes. Later, wooden and stone groynes
were built perpendicular to the beach in order to obstruct the along-
shore sediment transport, which are still in place nowadays. At the
Dutch coast, beach and dune nourishments have been a standard
coastal maintenance practice since the 1970s. The Dutch national
government has actively increased sand volumes at the Delfland
coast (Hillen and Roelse, 1995) by the execution of over 20 different
sand nourishments in the area (Fig. 3). While early sand nourish-
ments were placed directly onto the beach and the dunes (beach and
dune nourishment), from the late 1990s onwards it became more
common to place the nourished sand in the subtidal part of the beach
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profile (shoreface nourishment). A large-scale human intervention
took place in 2011, when an experimental mega-scale nourishment
(the Sand Motor, Stive et al., 2013) of 17 Mm3 (9000 m3/m along-
shore) was implemented at the Delfland coast. The Sand Motor,
which originally formed a hook-shaped sandy peninsula, does not
only strengthen the beach and dune system locally (Hoonhout and
De Vries, 2017; Nolet et al., in press), but also feeds sand to adjacent
beaches along the Delfland coast (De Schipper et al., 2016; Luijendijk
et al., 2017; Arriaga et al., 2017).

Most of these nourishments were placed at the southern and cen-
tral parts of the coastal cell, while the northern part (alongshore
coordinate >2000 m, Fig. 3) only received its first nourishments after
2010. Several small, localised nourishments near the southern end of
the coastal cell are related to sediments dredged from the Rotterdam
harbour entrance channel for navigability purposes. Their repetitive
character, very limited spatial extent and proximity to the Rotter-
dam harbour mole obscure the morphodynamic development of the
individual nourishments. These nourishments are therefore omitted
from further analysis.

3. Methodology

Bathymetric data of the Delfland coast were obtained from the
JARKUS dataset. Since 1965, the Dutch Ministry of Infrastructure and
Water Management (Rijkswaterstaat) has collected annual cross-
shore beach elevation profiles over the full length of the Dutch
coastline at fixed intervals of 150–250 m in alongshore direction
(Southgate, 2011). The annual surveys are always collected in spring
in order to create a consistent dataset and avoid the influence of
seasonal fluctuations. An overview of sandbar evolution was cre-
ated by detecting the crest level and location of subtidal sandbars in
the cross-shore profiles. Downward zero crossings of the smoothed
first derivative of cross-shore beach elevation were identified as bar
crests (Fig. 4, smoothing length scale of 50 m). Only bar crests sit-
uated at a water depth between −1.5 m and −7 m with respect to
mean sea level (MSL) were accepted for analysis. Subsequently, bar
crests identified in individual profiles were linked to nearby bar
crests in adjacent profiles to define coherent sandbars with a certain
alongshore coverage. Every bar crest was linked to a neighbouring
bar crest in alongshore direction, provided that both were <150 m
apart and the line connecting the two bar crests made an angle of
< 40◦ with the average coastline orientation. Sandbars with limited
alongshore size (i.e. covering < 3 adjacent profiles) were omitted. As
an example, the results for five different years are shown in Fig. 5. The
bar detection algorithm is able to detect natural sandbars as well as
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Fig. 4. Demonstration of the bar crest detection method, based on downward zero
crossings of the smoothed cross-shore beach slope.

shoreface nourishments appearing in the profile as an artificial sand-
bar (e.g. the double bar crests in 2006 and 2012, see Fig. 5 panels D
and E).

Additionally, alongshore sandbar variability and cross-shore
migration rates were determined. Alongshore sandbar variability s is
computed as the root-mean-squared cross-shore bar position within
an alongshore window of 1500 m, reading

s( y) =

√√√√
∑
w

x2
b,u

nw
(1)

where xb denotes the cross-shore bar crest position (subscript u indi-
cates linear trend removal), w is a sliding 1500 m window in y and nw

is the number of bar crests within w. If a double sandbar is present,
which occasionally occurs due to the placement of a shoreface nour-
ishment, values are shown for the inner bar only (the outer bar
being the nourishment). Finally, year-to-year bar migration rates
were calculated as the difference between the subsequent (in time)
cross-shore barcrest positions, a positive migration rate indicating
offshore migration. Earlier work in this coastal cell based on monthly
surveys showed that sandbar characteristics change relatively slowly
(De Schipper et al., 2013), such that surveys of subsequent years can
safely be used to follow individual bar development without the risk
of aliasing.

4. Observations of sandbar evolution

4.1. Cross-shore evolution

An overview of bar crests detected in the full JARKUS dataset
reveals large variations in the presence of sandbars in space and time
along the Delfland coast (Fig. 6). The unnourished evolution, which
can be observed until 1986, was characterised by the absence of
subtidal sandbars along a large part of the coastal cell. At the start
of the study period, a subtidal sandbar was only present along the
northern half of the coast (y > −2000 m). Between 1968 and 1987,
the alongshore length of the sandbar gradually decreased from 6 km
to 3 km, while the crest level lowered approximately from −3 m to
−4 m and the bar moved further offshore (Figs. 7 and 8). The average
offshore migration rate of the bar section between y = 2000 m and
y = 3000 m over this period was 5.0 m/year. Although the observed
offshore migration did not describe a full cycle including the genera-
tion of a new bar near the shoreline, it indicates that the unnourished
bar behaviour along the northern part of the Delfland coast was char-
acterised by net offshore migration. This is in line with observations
further north along the Dutch coastline at Noordwijk and Egmond
(Ruessink et al., 2003; Walstra et al., 2016).

The nourished evolution of subtidal sandbars can be observed
from 1987 onwards. Following execution of the first nourishment
at the central part of the Delfland coast (nourishment number 4 in
Fig. 3), an 8 km-long sandbar was established. This bar expanded
3 km along the coast towards y = −6000 m until 1997, coinciding
with subsequent beach nourishments in the same area (nourish-
ments 6 and 7). Meanwhile, the sandbar migrated steadily offshore
at a rate of approximately 15 m/year. A series of shoreface nour-
ishments between 1998 and 2008 (nourishments 9, 10 and 13)
locally and temporarily created double bar systems, one of the bars
being the (remnant of the) nourishment. All shoreface nourish-
ments rapidly migrated shoreward at rates ranging between 20 and
60 m/year, thereby forcing the inner sandbar to weld to the beach
in the nourished area (an example is presented in Fig. 9). Both ends
of the nourishment connected to the adjacent sandbar, effectively
taking over the position of the pre-existing bar.
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Fig. 5. Five JARKUS surveys including detected sandbars. The shading indicates bed level with respect to the local datum (≈ mean sea level). Detected bar crests, the shoreline
and the locations of rubble-mound groynes are indicated with markers and lines (see legend). The local coordinate system is aligned with the average coastline orientation and
has its origin at the tip of the Sand Motor.

After 2000, a shallow bar with a crest level around −2.5 m formed
in the northernmost part of the coastal cell (y > 2000 m). The cross-
shore position of this bar was very stable and its crest level persisted
around −2.5 m. The first nourishment in the northern part of the
domain was only executed in 2010, but the evolution of this sand-
bar might have been influenced by potential alongshore spreading
of nourished sand from the central part of the domain. Therefore its
evolution cannot be regarded as strictly unnourished behaviour.

The southern end of the domain was characterised by shallow,
dynamic, sandbars with a lifetime of several years, that typically
formed after the execution of beach nourishments in the area.
Shoreface nourishments (numbers 14 and 23) temporarily created
double bar systems for a period of 1–2 years. Similar to the evolu-
tion of shoreface nourishments 9, 10 and 13, nourishment 23 rapidly
moved onshore.

Between 2009 and 2012, a very large amount of sediment
(37.5 Mm3) was added to the Delfland coast. First, a relatively small
land reclamation project was executed between −7000 < y <
−4000 (nourishment 15), which effectively straightened the local
coastline (De Schipper et al., 2013). Shoreface nourishment num-
ber 14 was covered by the reclamation project and ceased to exist
as a separate sandbar. Subsequently, three large beach (and dune)
nourishments were placed, covering a large part of the coastal cell

(nourishments 16 through 19). In 2011 the Sand Motor was con-
structed (nourishment 20, showing in 2012 as construction finished
in the second half of 2011), along with two adjacent shoreface nour-
ishments (nourishments 21 and 22). The relatively deep sandbar
that had existed in the central part of the domain since the 1987
beach nourishment and the shallower bars at the southern and
northern end of the domain were almost entirely covered by the
nourished sand. A new, shallow sandbar formed along almost the
entire Delfland coast. The cross-shore migration rate of this bar was
highly variable in space and time. Shoreface nourishment number 22
migrated landward, albeit at a slower rate (around 20 m/year) than
observed previously in that area. The other shoreface nourishment
(number 21) was covered soon after its construction by massive sand
deposition due to the presence of the Sand Motor. This situation, with
a shallow sandbar along the full Delfland coast and onshore migra-
tion of shoreface nourishments 22 and 23, persisted until the end of
the dataset in 2016.

4.2. Alongshore variability of sandbars

Although most of the subtidal sandbars that were present at
the Delfland coast between 1965 and 2016 were relatively straight,
alongshore perturbations can be observed at several instances in
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the dataset (Fig. 10, notably the last years). In the mid-1970s, prior
to the implementation of nourishments at the central part of the
Delfland coast, three-dimensional bar patterns developed at 2000 m
< y < 4000 m (s ∼ 50 m). The initially straight sandbar attained a

crescentic shape in 1974, subsequently broke up in two obliquely ori-
ented sections in 1975 (Fig. 5, panel B) and finally straightened again.
Until 2009, alongshore sandbar variability remained fairly limited.
Only near the alongshore ends of sandbars and during the onshore
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merging sequence of shoreface nourishments, moderate variabil-
ity was observed over a period of several years (e.g. 2004–2006,
y = 1000 m).

Following the extensive nourishment operations between 2009
and 2012, the system changed drastically. As mentioned before, a
shallow nearshore bar was formed along the full Delfland coast,
fronted by shoreface nourishments at several locations. This shal-
low sandbar exhibited a degree of alongshore variability in bar crest
position (s between 20 and 50 m along large parts of the Delfland
coast) that was significantly higher than elsewhere in the dataset
analysed here (disregarding the mid-1970s event described above,
which had a very limited spatial extent). In 2012 several sections of
the newly formed sandbar attained an oblique orientation (see Fig. 5,
panel E), attaching to the shoreline on one end while creating a gap
in the bar crest on the other end at intervals in the order of 1 km.
This pattern slightly resembles the discontinuous sandbar observed
in 1975, although extending along a much larger part of the coast.
Around the connections of the Sand Motor to the adjacent coast-
line (y = −1500 m and y = 1500 m), discontinuities were found
between the newly formed sandbars at the mega-nourishment and
the pre-existing shallow sandbar that borders it. Along the north-
ern half of the Sand Motor, short-scale bar patterns developed with

moderate alongshore variability (Radermacher et al., 2017b; Rutten
et al., 2017c). Finally, in 2015, the subtidal bar attained a highly pro-
nounced crescentic shape (25 < s < 60 m) at −4000 < y < −500 m.
Based on data obtained from coastal imagery, Rutten et al. (2017b,c)
showed that this pattern formed during several weeks of weakly-
oblique incidence of energetic waves in the 2014/2015 winter. From
high-resolution bathymetric surveys of the Sand Motor (De Schip-
per et al., 2016), it was confirmed that the dominant scale of these
patterns was around 400–500 m. This length scale is adequately rep-
resented in the JARKUS dataset, given the relatively dense spacing of
survey profiles along that section of the Delfland coast (150–200 m).
The presence of such repetitive, pronounced crescentic bar patterns
at the Delfland coast did not occur elsewhere in the 50-year analysis
period.

5. Discussion

5.1. Unnourished cross-shore sandbar behaviour

The unnourished sandbar behaviour at the Delfland coast was
inferred from the observations between 1965 and 1986. A sandbar
was only present along a limited section of the coastal cell over this
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Fig. 10. Alongshore variability of subtidal sandbars at the Delfland coast, represented by the shaded markers.
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Fig. 11. Schematic overview of the observed impact of different types of nourishments on subtidal sandbar dynamics at the Delfland coast.

period (Fig. 6). These data suggest that the central part of the Delfland
coast has a different equilibrium profile shape (unbarred) than the
northern part (barred) over this period. While it remains difficult to

determine the actual cause of this difference, one potential mecha-
nism can be identified. The harbour of Rotterdam, which protrudes
> 4 km into the sea, partly blocks south-westerly waves (Fig. 2).
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This sheltering effect is strongest at the southern end of the Delfland
coast and progressively weakens towards the North. The amount
of incoming wave energy and the wave obliqueness influence the
delicate balance of cross-shore forcing terms that governs sandbar
growth and cross-shore migration (Walstra et al., 2012). Therefore,
alongshore differences in local wave climate caused by the harbour
of Rotterdam may induce alongshore differences in equilibrium pro-
file shape. Similar alongshore differences in sandbar behaviour have
been observed at beaches with strong alongshore variations in wave
climate due to sheltering by headlands (Wright and Short, 1984;
Thornton et al., 2007; Blossier et al., 2016). Alternatively, alongshore
differences in cross-shore beach slope can lead to varying sandbar
behaviour along a coastline (Tătui et al., 2016). However, alongshore
differences in cross-shore beach slope are minor at the Delfland coast
and are therefore unlikely to cause the observed differences in sand-
bar presence. Finally, it may seem plausible that the structurally
eroding character of the Delfland coast leads to the occurrence of
unbarred profiles in the absence of nourishments. Yet no evidence
for such relation was found in scientific literature.

The unnourished bar in the northern half of the Delfland coast
was observed to migrate offshore at a very slow rate (Fig. 8). Within
the 20-year observation window of unnourished sandbar develop-
ment, less than one full offshore migration cycle is completed. The
offshore migration rate at this part of the coastline is low compared
to locations further north along the Dutch coastline. Faster offshore
migration has been observed at Noordwijk (period of ∼4 years) and
Egmond (∼15 years) by Ruessink et al. (2003). According to Walstra
et al. (2016), the offshore bar migration cycle period is primarily gov-
erned by the cross-shore beach slope. A steep profile is characterised
by fast initial migration, which slows down drastically as the bar
migrates offshore, eventually resulting in a relatively long migration
cycle period. The slope of the upper shoreface around y = 3000 m
is slightly steeper (1 : 80) than the slope at Egmond (1 : 110), which
may explain the longer migration cycle period.

5.2. Influence of beach nourishments on cross-shore sandbar behaviour

Over the full period analysed in the present study, 13 beach
nourishments were executed. Beach nourishments were found to
stimulate the formation of subtidal sandbars (Fig. 11, top row), which
is reflected in statistics of sandbar presence in the years surround-
ing execution of a beach nourishment. When an unbarred profile
was nourished, a new bar developed within 3 years in 84% of all
cases (Fig. 12, middle panel). If profiles are included that already
had a subtidal sandbar before the nourishment, the share of pro-
files with a sandbar 3 years after the nourishment even rises to
93% (left panel). The formation of a sandbar following execution of
a beach nourishment is in line with earlier observations (Benedet
et al., 2004; Elko and Wang, 2007; Yates et al., 2009; Roberts and
Wang, 2012). In general, beach nourishments are placed around

the waterline and typically have a steeper cross-shore slope than
the pre-nourishment profile. After execution of the nourishment
the beach slope is restored towards the equilibrium situation. The
surplus of (nourished) sediment in the upper part of the profile is
redistributed in cross-shore direction, leading to sandbar formation.

The crest depth of newly formed bars was variable. The bar in the
central part of the domain that formed after nourishment 4 was situ-
ated in relatively deep water (bar crest around z = −4 m; Fig. 6). The
large-scale nourishment scheme carried out between 2009 and 2012
buried the groyne field and the pre-existing subtidal bar, followed by
the formation of a relatively shallow sandbar along the entire coastal
cell from 2012 onwards (bar crest around z = −2.5 m; Fig. 6).

The Sand Motor mega-nourishment (nourishment number 20 in
Fig. 3) behaved as a regular beach nourishment in terms of its profile
development. A sandbar formed along the entire contour within one
year after completion of construction and remained in place until the
end of the analysis period.

5.3. Influence of shoreface nourishment on cross-shore sandbar
behaviour

In total, 7 shoreface nourishments were placed at the Delfland
coast within the study period. The first shoreface nourishments
(numbers 9, 10 and 13), as well as the last two (numbers 22 and 23)
migrated onshore (Table 1), thereby forcing the pre-existing sand-
bar to move shoreward and weld to the beach in most cases (Fig. 11,
middle row). The onshore migration rates of nourishments 9, 13 and
23 were very high (−62, −39 and −47 m/year respectively in the first
year after execution), while the migration rates of nourishments 10
and 22 were lower (−16 and −24 m/year respectively in the first year
after execution). Based on these observations alone the cause of this
difference cannot be identified, although such spatial differences in
cross-shore migration rate and direction of shoreface nourishments
have been observed before (Wilmink et al., 2017).

Table 1
Cross-shore migration rates (m/year, positive offshore) of shoreface nourishments
over the first years after their implementation; n/a values indicate that sandbar evo-
lution was disturbed by subsequent nourishments or extended beyond the end of the
dataset.

Nourishment Year 1 Year 2 Year 3 Year 4

#9 −62 −58 −28 −32
#10 −16 −12 −20 n/a
#13 −39 −29 −7 −21
#14 n/a n/a n/a n/a
#21 n/a n/a n/a n/a
#22 −24 −17 −25 n/a
#23 −47 −44 n/a n/a
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The observed rapid onshore migration of shoreface nourishments
contrasts with reported shoreface nourishment evolution at Noord-
wijk, Egmond and Terschelling. At these locations, the nourishment
and the natural sandbar(s) were found to keep their position or
slightly migrate shoreward (Kroon et al., 1994; Van Duin et al.,
2004; Grunnet and Ruessink, 2005; Ojeda et al., 2008). Rapid onshore
migration of the nourishment was only reported at Bloemendaal
in The Netherlands (Lodder and Sørensen, 2015), while onshore
welding of the pre-existing bar after implementation of a shoreface
nourishment has not been reported before in scientific literature.

The evolution of the other two shoreface nourishments (num-
bers 14 and 21) was strongly influenced by subsequent large-scale
nourishments. The trough landward of nourishment 14 was filled
up by the 2009 land reclamation, effectively covering the shoreface
nourishment and thereby halting its evolution. Nourishment 21 was
placed close to the pre-existing bar at a section of the coastline that
was rapidly covered by deposits from the nearby Sand Motor.

The final beach profiles shown in the last column of Fig. 11 are
very similar, regardless of the type of the implemented nourishment.
This supports the common view that it does not matter where nour-
ished sediment is placed, as long as it stays within the active part
of the beach profile (Hamm et al., 2002). Nevertheless, the initial
phase following construction of the nourishment may be charac-
terised by different nearshore hydrodynamics and morphodynamics
depending on the nourishment type.

5.4. Influence of nourishments on alongshore sandbar variability

The alongshore variability of natural and human-influenced sand-
bars at the Delfland coast was derived in the previous section
(Fig. 10). The unnourished and nourished bar systems between 1965
and 2011 were both largely characterised by straight bars (s ≈
5–10 m). Local increases were only observed around the edges of
shoreface nourishments, where discontinuities developed between
the nourishment and the adjacent sandbar (Wijnberg and Wolf,
1994; Ojeda et al., 2008). This is in agreement with earlier observa-
tions of subtidal sandbars at the Dutch North Sea coastline, which all
indicate that bar crest variability is relatively low compared to the
distinct, rhythmic, three-dimensional bar patterns that are found at
open ocean beaches (Short and Aagaard, 1993; Van Enckevort and
Ruessink, 2003; Ojeda et al., 2008; Ruessink et al., 2012; De Schip-
per et al., 2013; Walstra et al., 2015). After the implementation of
extensive beach and shoreface nourishments along almost the entire
coastal cell between 2009 and 2012, a degree of alongshore vari-
ability arose that was unprecedented in the 50-year study period
(Radermacher et al., 2017b).

These results are reflected in a direct comparison of bar crest
depth and alongshore variability (Fig. 13). Sandbars were more
variable in general from 2011 onwards (stars in Fig. 13), while
before that year alongshore variability mainly occurred near the end
points of shoreface nourishments (triangles in Fig. 13). If data points
obtained near the end points of shoreface nourishments are ignored,
it appears that variable sandbars on average had a relatively shallow
bar crest depth, while deeper bar crests had low alongshore vari-
ability (reflected by the lines in Fig. 13). A possible cause for the
emergence of shallow, variable sandbars after 2011 is the burial of
groynes by the 2009–2012 beach nourishment operation. Groynes
impact hydrodynamics (Scott et al., 2016) and morphodynamics
(Short, 1992) in the inner surfzone. Their presence may prevent the
formation and evolution of nearshore sandbars, which could lead to
the observed differences in sandbar dynamics before and after 2011.
The alongshore variable, obliquely oriented bar crests that arose after
2011 resemble observations along the French Mediterranean coast
(Aleman et al., 2017). There, this particular bar pattern was linked to
alongshore variations in the phase of net offshore sandbar migration.
Whether such variations in NOM phase also caused the observed
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Fig. 13. Comparison of sand bar variability (horizontal axis) and bar crest depth (ver-
tical axis). Data points obtained around the end points of shoreface nourishments have
been marked with triangles, while data points obtained after 2011 have been marked
with stars. The solid line represents a window-averaged variability in a sliding depth
window of 0.25 m (excluding shoreface nourishment data points). The windowed
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variability at the Delfland coast remains difficult to determine due to
the short observation period of these recent bar patterns.

Finally, the formation of crescentic sandbars at the Sand Motor
is remarkable. During the first 3 years after construction of the Sand
Motor, the alongshore variability of these sandbars remained mod-
erate. However, the patterns that emerged in early 2015 are unique
for the Dutch North Sea coastline in terms of their rhythmicity and
amplitude. This is confirmed by the fact that these patterns are asso-
ciated with the highest s in the entire dataset analysed here (Fig. 10).
Rutten et al. (2017a) and Rutten et al. (2017c) found that the Sand
Motor mega-nourishment plays an important role in the formation of
these patterns. Very large nourishments are associated with changes
in the local coastline angle, changing the orientation of the coast with
respect to the local wave climate. The wave climate at the Dutch
North Sea coast is dominated by southwesterly and northerly waves,
both of which correspond with highly oblique wave incidence given
the overall orientation of the Delfland coast. In contrast, the curved
coastline at the Sand Motor received more normally-incident wave
energy, associated with a higher probability of three-dimensional bar
pattern generation (Calvete et al., 2005; Price and Ruessink, 2011;
Thiébot et al., 2012). As such, very large nourishments may give rise
to unprecedented sandbar morphodynamics by locally changing the
coastline orientation (Fig. 11, bottom row).

6. Conclusions

The behaviour of sandbars at the Delfland coast has been stud-
ied at spatio-temporal scales beyond a single nourishment project,
revealing the long-term behaviour of subtidal sandbars along an
entire coastal cell, taking into account both the unnourished and
nourished regime, and covering various types of nourishments. The
results presented in this study imply that individual nourishments
can influence the formation and cross-shore migration of individual
sandbars, while continued nourishments can fundamentally change
long-term presence, cross-shore migration and alongshore variabil-
ity of sandbars over an entire coastal cell.

It was found that in the unnourished system (first 20 years of the
study period), a subtidal sandbar was present in only a part of the
coastal cell. This sandbar exhibited net offshore migration at a low
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average rate. The initial migration rate was high, but slowed down
several years after formation of the sandbar. Alongshore variability
of unnourished sandbars along the Delfland coast was very low. The
unnourished sandbar behaviour at the Delfland coast is consistent
with earlier observations further north along the Dutch coastline.

Clearly different sandbar behaviour was observed in the nour-
ished system. Placing nourished sediment at the subaerial beach,
as done with regular beach nourishments and mega-nourishments,
resulted in the formation of subtidal sandbars. Shoreface nourish-
ments on the other hand, which are typically placed on the seaward
face of the pre-existing sandbar, quickly migrated onshore at rates
up to 60 m/year, thereby pushing the pre-existing bar onto the inter-
tidal beach. This behaviour is different from most observations of
shoreface nourishment development along other parts of the Dutch
North Sea coastline, where onshore migration of the nourishment is
typically slow or absent.

The alongshore variability of sandbars at the Delfland coast in part
depended on the bar crest depth. Sandbars in shallow water were
more likely to exhibit three-dimensionality than sandbars in deep
water. At the only mega-nourishment in the dataset considered here,
subtidal sandbars were found to exhibit high alongshore variability
and clear alongshore differences in behaviour. Due to its large size,
the mega-nourishment changed the local coastline orientation with
respect to the wave climate, leading to different sandbar dynamics
compared to the adjacent parts of the Delfland coast.

Acknowledgements

MR was supported by STW Grant 12686: Nature-driven Nour-
ishments of Coastal Systems (NatureCoast), S1: Coastal safety. BH
was supported by ERC Advanced Grant 291206: Nearshore Moni-
toring and Modeling (NEMO). MdS was supported by NWO Grant
15058: Feeding Starved Coasts By Natural Morphological Diffusiv-
ity. TP was funded by the Dutch Organisation for Scientific Research
(NWO) under contract 016.Veni.171.101: Spawning sand from sea to
land. The authors acknowledge Jantien Rutten and Dirk-Jan Walstra
for their contributions to this work.

References

Aagaard, T., Kroon, A., 2007. Mesoscale behaviour of longshore bars - net onshore
or net offshore migration. Coastal Sediments 07. https://doi.org/10.1061/
40926(239)167.

Aleman, N., Certain, R., Robin, N., Barusseau, J.P., 2017. Morphodynamics of slightly
oblique nearshore bars and their relationship with the cycle of net offshore
migration. Mar. Geol. 392, 41–52. http://www.sciencedirect.com/science/article/
pii/S0025322717303079. https://doi.org/10.1016/j.margeo.2017.08.014.

Arriaga, J., Rutten, J., Ribas, F., Falqués, A., Ruessink, G., 2017. Modeling the long-term
diffusion and feeding capability of a mega-nourishment. Coast. Eng. 121, 1–13.
http://www.sciencedirect.com/science/article/pii/S0378383916303659. https://
doi.org/10.1016/j.coastaleng.2016.11.011.

Beets, D.J., Van der Spek, A.J.F., 2000. The Holocene evolution of the barrier and the
back-barrier basins of Belgium and the Netherlands as a function of late Weich-
selian morphology, relative sea-level rise and sediment supply. Neth. J. Geosci.
Geol. Mijnb. 79, 3–16. https://doi.org/10.1017/S0016774600021533.

Benedet, L., Finkl, C.W., Campbell, T., Klein, A., 2004. Predicting the effect of beach
nourishment and cross-shore sediment variation on beach morphodynamic
assessment. Coast. Eng. 51, 839–861. http://www.sciencedirect.com/science/
article/pii/S0378383904000857. https://doi.org/10.1016/j.coastaleng.2004.07.
012.

Blossier, B., Bryan, K.R., Daly, C.J., Winter, C., 2016. Nearshore sandbar rotation at
single-barred embayed beaches. J. Geophys. Res. Oceans 121, 2286–2313. https://
doi.org/10.1002/2015JC011031.

Calvete, D., Dodd, N., Falqués, A., van Leeuwen, S.M., 2005. Morphological development
of rip channel systems: normal and near-normal wave incidence. J. Geophys. Res.
Oceans 110, https://doi.org/10.1029/2004JC002803. n/a–n/a, C10006.

Coco, G., Murray, A.B., 2007. Patterns in the sand: from forcing templates to self-
organization. Geomorphology 91, 271–290.

De Schipper, M., De Vries, S., Ranasinghe, R., Reniers, A., Stive, M., 2013. Alongshore
topographic variability at a nourished beach. Proceedings of Coastal Dynamics.
pp. 499–510. Arcachon, France.

De Schipper, M.A., De Vries, S., Ruessink, B.G., De Zeeuw, R.C., Rutten, J., Van Gelder-
Maas, C., Stive, M.J.F., 2016. Initial spreading of a mega feeder nourishment:
observations of the Sand Engine pilot project. Coast. Eng. 111, 23–38.

Dean, R.G., 2002. Beach Nourishment: Theory and Practice. World Scientific.
Elko, N.A., Wang, P., 2007. Immediate profile and planform evolution of a

beach nourishment project with hurricane influences. Coast. Eng. 54, 49–66.
http://www.sciencedirect.com/science/article/pii/S037838390600113X. https://
doi.org/10.1016/j.coastaleng.2006.08.001.

Grunnet, N.M., Ruessink, B., 2005. Morphodynamic response of nearshore bars to a
shoreface nourishment. Coast. Eng. 52, 119–137. http://www.sciencedirect.com/
science/article/pii/S0378383904001358. https://doi.org/10.1016/j.coastaleng.
2004.09.006.

Hamm, L., Capobianco, M., Dette, H., Lechuga, A., Spanhoff, R., Stive, M., 2002. A sum-
mary of European experience with shore nourishment. Coast. Eng. 47, 237–264.
http://www.sciencedirect.com/science/article/pii/S0378383902001278. https://
doi.org/10.1016/S0378-3839(02)00127-8.

Hillen, R., Roelse, P., 1995. Dynamic preservation of the coastline in the Netherlands. J.
Coast. Conserv. 1, 17–28. https://doi.org/10.1007/BF02835558.

Holman, R., 2001. Pattern Formation in the Nearshore. Springer Berlin Heidelberg,
Berlin, Heidelberg., pp. 141–162. https://doi.org/10.1007/978-3-662-04571-8_7.

Holman, R.A., Symonds, G., Thornton, E.B., Ranasinghe, R., 2006. Rip spacing and
pesistence on an embayed beach. J. Geophys. Res. Oceans 111,

Hoonhout, B., De Vries, S., 2017. Aeolian sediment supply at a mega nourish-
ment. Coast. Eng. 123, 11–20. http://www.sciencedirect.com/science/article/pii/
S0378383916304458. https://doi.org/10.1016/j.coastaleng.2017.03.001.

Huisman, B., de Schipper, M., Ruessink, B., 2016. Sediment sorting at the
Sand Motor at storm and annual time scales. Mar. Geol. 381, 209–226.
http://www.sciencedirect.com/science/article/pii/S0025322716301918. https://
doi.org/10.1016/j.margeo.2016.09.005.

Kroon, A., Hoekstra, P., Houwman, K., Ruessink, G., 1994. Morphological monitoring of
a shoreface nourishment, NOURTEC experiment at Terschelling, The Netherlands.
Proceedings of ICCE 1994.

Lodder, Q.J., Sørensen, P., 2015. Comparing the morphological behaviour of Dutch–
Danish shoreface nourishments. Coastal Management: Changing coast, changing
climate, changing minds.

Luijendijk, A.P., Ranasinghe, R., de Schipper, M.A., Huisman, B.A., Swinkels, C.M.,
Walstra, D.J., Stive, M.J., 2017. The initial morphological response of the
Sand Engine: a process-based modelling study. Coast. Eng. 119, 1–14.
http://www.sciencedirect.com/science/article/pii/S0378383916302563. https://
doi.org/10.1016/j.coastaleng.2016.09.005.

Mil-Homens, J., Ranasinghe, R., Van Thiel de Vries, J.S.M., Stive, M.J.F., 2013. Influ-
ence of profile features on longshore sediment transport. Proceedings of Coastal
Dynamics 2013. Arcachon, France.

Nolet, C., van Puijenbroek, M., Suomalainen, J., Limpens, J., Riksen, M., 2018. Uav-
imaging to model growth response of marram grass to sand burial: implications
for coastal dune development. Aeolian Res. 31 (A), 50–61. https://doi.org/10.
1016/j.aeolia.2017.08.006.

Ojeda, E., Ruessink, B., Guillen, J., 2008. Morphodynamic response of a two-
barred beach to a shoreface nourishment. Coast. Eng. 55, 1185–1196.
http://www.sciencedirect.com/science/article/pii/S0378383908000987. https://
doi.org/10.1016/j.coastaleng.2008.05.006.

Plant, N.G., Holman, R.A., Freilich, M.H., Birkemeier, W.A., 1999. A simple model
for interannual sandbar behavior. J. Geophys. Res. Oceans 104, 15755–15776.
https://doi.org/10.1029/1999JC900112.

Price, T.D., Ruessink, B.G., 2011. State dynamics of a double sandbar system. Cont. Shelf
Res. 31, 659–674.

Radermacher, M., De Schipper, M.A., Swinkels, C., MacMahan, J.H., Reniers, A.J.H.M.,
2017a. Tidal flow separation at protruding beach nourishments. J. Geophys. Res.
Oceans 122, 63–79.

Radermacher, M., Geerlof, W., De Schipper, M., Huisman, B., Aarninkhof, S., Reniers,
A., 2017b. Evolution of alongshore bathymetric variability around a mega-scale
beach nourishment. Proceedings of Coastal Dynamics 2017. Helsingør, Denmark.

Reniers, A.J.H.M., Roelvink, J.A., Thornton, E.B., 2004. Morphodynamic modeling of an
embayed beach under wave group forcing. J. Geophys. Res. Oceans 109, https://
doi.org/10.1029/2002JC001586. n/a–n/a, C01030.

Roberts, T.M., Wang, P., 2012. Four-year performance and associated con-
trolling factors of several beach nourishment projects along three adja-
cent barrier islands, west-central Florida, USA. Coast. Eng. 70, 21–39.
http://www.sciencedirect.com/science/article/pii/S037838391200110X. https://
doi.org/10.1016/j.coastaleng.2012.06.003.

Ruessink, B., Kroon, A., 1994. The behaviour of a multiple bar system in the
nearshore zone of Terschelling, the Netherlands: 1965–1993. Mar. Geol. 121,
187–197. http://www.sciencedirect.com/science/article/pii/0025322794900302.
https://doi.org/10.1016/0025-3227(94)90030-2.

Ruessink, B., Pape, L., Turner, I., 2009. Daily to interannual cross-shore sand-
bar migration: observations from a multiple sandbar system. Cont. Shelf
Res. 29, 1663–1677. http://www.sciencedirect.com/science/article/pii/
S0278434309001800. https://doi.org/10.1016/j.csr.2009.05.011.

Ruessink, B., Van der Grinten, R., Vonhögen-Peeters, L., Ramaekers, G., Lodder, Q., 2012.
Nearshore evolution at Noordwijk (NL) in response to nourishments, as inferred
from Argus video imagery. Jubilee Conference Proceedings, NCK-Days 2012.

Ruessink, B.G., Miles, J.R., Feddersen, F., Guza, R.T., Elgar, S., 2001. Modeling the
alongshore current on barred beaches. J. Geophys. Res. 106, 22451–22463.

Ruessink, B.G., Wijnberg, K.M., Holman, R.A., Kuriyama, Y., van Enckevort, I.M.J., 2003.
Intersite comparison of interannual nearshore bar behavior. J. Geophys. Res.
Oceans 108, https://doi.org/10.1029/2002JC001505. n/a–n/a, 3249.

https://doi.org/10.1061/40926(239)167
https://doi.org/10.1061/40926(239)167
http://www.sciencedirect.com/science/article/pii/S0025322717303079
http://www.sciencedirect.com/science/article/pii/S0025322717303079
https://doi.org/10.1016/j.margeo.2017.08.014
http://www.sciencedirect.com/science/article/pii/S0378383916303659
https://doi.org/10.1016/j.coastaleng.2016.11.011
https://doi.org/10.1016/j.coastaleng.2016.11.011
https://doi.org/10.1017/S0016774600021533
http://www.sciencedirect.com/science/article/pii/S0378383904000857
http://www.sciencedirect.com/science/article/pii/S0378383904000857
https://doi.org/10.1016/j.coastaleng.2004.07.012
https://doi.org/10.1016/j.coastaleng.2004.07.012
https://doi.org/10.1002/2015JC011031
https://doi.org/10.1002/2015JC011031
https://doi.org/10.1029/2004JC002803
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0040
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0045
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0045
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0050
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0055
http://www.sciencedirect.com/science/article/pii/S037838390600113X
https://doi.org/10.1016/j.coastaleng.2006.08.001
https://doi.org/10.1016/j.coastaleng.2006.08.001
http://www.sciencedirect.com/science/article/pii/S0378383904001358
http://www.sciencedirect.com/science/article/pii/S0378383904001358
https://doi.org/10.1016/j.coastaleng.2004.09.006
https://doi.org/10.1016/j.coastaleng.2004.09.006
http://www.sciencedirect.com/science/article/pii/S0378383902001278
https://doi.org/10.1016/S0378-3839(02)00127-8
https://doi.org/10.1016/S0378-3839(02)00127-8
https://doi.org/10.1007/BF02835558
https://doi.org/10.1007/978-3-662-04571-8_7
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0085
http://www.sciencedirect.com/science/article/pii/S0378383916304458
http://www.sciencedirect.com/science/article/pii/S0378383916304458
https://doi.org/10.1016/j.coastaleng.2017.03.001
http://www.sciencedirect.com/science/article/pii/S0025322716301918
https://doi.org/10.1016/j.margeo.2016.09.005
https://doi.org/10.1016/j.margeo.2016.09.005
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0100
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0105
http://www.sciencedirect.com/science/article/pii/S0378383916302563
https://doi.org/10.1016/j.coastaleng.2016.09.005
https://doi.org/10.1016/j.coastaleng.2016.09.005
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0115
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0115
https://doi.org/10.1016/j.aeolia.2017.08.006
https://doi.org/10.1016/j.aeolia.2017.08.006
http://www.sciencedirect.com/science/article/pii/S0378383908000987
https://doi.org/10.1016/j.coastaleng.2008.05.006
https://doi.org/10.1016/j.coastaleng.2008.05.006
https://doi.org/10.1029/1999JC900112
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0135
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0140
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0145
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0145
https://doi.org/10.1029/2002JC001586
https://doi.org/10.1029/2002JC001586
http://www.sciencedirect.com/science/article/pii/S037838391200110X
https://doi.org/10.1016/j.coastaleng.2012.06.003
https://doi.org/10.1016/j.coastaleng.2012.06.003
http://www.sciencedirect.com/science/article/pii/0025322794900302
https://doi.org/10.1016/0025-3227(94)90030-2
http://www.sciencedirect.com/science/article/pii/S0278434309001800
http://www.sciencedirect.com/science/article/pii/S0278434309001800
https://doi.org/10.1016/j.csr.2009.05.011
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0170
http://refhub.elsevier.com/S0169-555X(18)30154-5/rf0175
https://doi.org/10.1029/2002JC001505


12 M. Radermacher et al. / Geomorphology 313 (2018) 1–12

Rutten, J., De Jong, S.M., Ruessink, G., 2017a. Accuracy of nearshore bathymetry
inverted from X-band radar and optical video data. IEEE Trans. Geosci. Remote
Sens. 55, 1106–1116.

Rutten, J., Dubarbier, B., Price, T., Castelle, B., Ruessink, G., 2017b. Crescentic bar pat-
terns along curved coasts: observations and modelling. Proceedings of Coastal
Dynamics 2017. Helsingør, Denmark.

Rutten, J., Ruessink, B.G., Price, T.D., 2017c. Observations on sandbar behaviour along
a man-made curved coast. Earth Surf. Process. Landf. https://doi.org/10.1002/esp.
4158. esp.4158.

Scott, T., Austin, M., Masselink, G., Russell, P., 2016. Dynamics of rip currents associ-
ated with groynes – field measurements, modelling and implications for beach
safety. Coast. Eng. 107, 53–69. http://www.sciencedirect.com/science/article/pii/
S0378383915001702. https://doi.org/10.1016/j.coastaleng.2015.09.013.

Shand, R., Bailey, D., 1999. A review of net offshore bar migration with photographic
illustrations from Wanganui, New Zealand. J. Coast. Res. 15, 365–378.

Shand, R.D., 2003. Relationships between episodes of bar switching, cross-shore bar
migration and outer bar degeneration at Wanganui, New Zealand. J. Coast. Res.
19, 157–170. http://www.jstor.org/stable/4299154.

Short, A.D., 1992. Beach systems of the central netherlands coast: processes, morphol-
ogy and structural impacts in a storm driven multi-bar system. Mar. Geol. 107,
103–137. http://www.sciencedirect.com/science/article/pii/002532279290071O.
https://doi.org/10.1016/0025-3227(92)90071-O.

Short, A.D., Aagaard, T., 1993. Single and multi-barred beach change models. J. Coast.
Res. SI 15, 141–157.

Southgate, H.N., 2011. Data-based yearly forecasting of beach volumes along the
Dutch North Sea coast. Coast. Eng. 58, 749–760. http://www.sciencedirect.com/
science/article/pii/S0378383911000469. https://doi.org/10.1016/j.coastaleng.
2011.03.011.

Stive, M.J.F., De Schipper, M.A., Luijendijk, A.P., Aarninkhof, S.G.J., Van Gelder-maas,
C., Van Thiel de Vries, J.S.M., De Vries, S., Henriquez, M., Marx, S., Ranasinghe,
R., 2013. A new alternative to saving our beaches from sea-level rise: the Sand
Engine. J. Coast. Res. 29, 1001–1008. https://doi.org/10.2112/JCOASTRES-D-13-
00070.1.

Thiébot, J., Idier, D., Garnier, R., Falqués, A., Ruessink, B., 2012. The influence of
wave direction on the morphological response of a double sandbar system.
Cont. Shelf Res. 32, 71–85. http://www.sciencedirect.com/science/article/pii/
S0278434311003347. https://doi.org/10.1016/j.csr.2011.10.014.

Thornton, E., MacMahan, J., Sallenger, A., 2007. Rip currents, mega-cusps, and eroding
dunes. Mar. Geol. 240, 151–167. http://www.sciencedirect.com/science/article/
pii/S0025322707000539. https://doi.org/10.1016/j.margeo.2007.02.018.
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