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ABSTRACT: Subtidal nearshore sandbars may exhibit cyclic net offshore migration during their multi-annual lifetime along many
sandy coasts. Although this type of behavior can extend continuously for several kilometers, alongshore variations in cross-shore bar
position and bar amplitude are commonly observed. Alongshore variability is greatest when bars display km-scale disruptions,
indicative of a distinct alongshore phase shift in the bar cycle. An outer bar is then attached to an inner bar, forming a phenomenon
known as a bar switch. Here, we investigate such large-scale alongshore variability using a process-based numerical profile model
and observations at 24 transects along a 6 km section of the barred beach at Noordwijk, The Netherlands. When alongshore
variability is limited, the model predicts that the bars migrate offshore at approximately the same rate (i.e. the bars remain in phase).
Only under specific bar configurations with high wave-energy levels is an increase in the alongshore variability predicted. This
suggests that cross-shore processes may trigger a switch in the case of specific antecedent morphological configurations combined
with storm conditions. It is expected that three-dimensional (3D) flow patterns augment the alongshore variability in such instances.
In contrast to the observed bar behaviour, predicted bar morphologies on either side of a switch remain in different phases, even
though the bars are occasionally located at a similar cross-shore position. In short, the 1D model is not able to remove a bar switch.
This data-model mismatch suggests that 3D flow patterns are key to the dissipation of bar switches. Copyright © 2014 John Wiley &
Sons, Ltd.
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Introduction

Subtidal sandbars are ubiquitous features in the nearshore
zone; their number can range from one (Lippmann and
Holman, 1990), mostly on swell-dominated coasts, to three or
four on storm-dominated coasts (Van Enckevort and Ruessink,
2003a; Castelle et al., 2007; Ruggiero et al., 2009). In general,
the individual bars in a multiple-barred system have a multi-
annual lifetime, during which they can behave in a gradual
cyclic, offshore directed manner (Ruessink and Kroon, 1994;
Plant et al., 1999; Shand et al., 1999; Kuriyama, 2002; Ruessink
et al., 2003a; Ruggiero et al., 2009; Aagaard et al., 2010). Bars
have also been observed to migrate offshore in a rather abrupt
manner in response to extreme storm events (Ruessink et al.,
2009) as well as net onshore (Aagaard et al., 2004). Here, we
focus on the more typical gradual offshore migration. Offshore
cycle periods vary worldwide between approximately 1 and
15 years (Shand et al., 1999). The net offshore bar migration is
the result of gradual onshore movement during calm periods
combined with episodic strong offshore movement during
storms (Van Enckevort and Ruessink, 2003a; Walstra et al.,
2012). Bars are generated in the intertidal or uppermost
subtidal zone. Storm events typically cause the bars to grow,
whereas calm conditions lead to bar decay, especially when
waves are shore-normally incident (Ruessink et al., 2007; Pape
et al., 2010). However, the net bar amplitude response depends
on the cross-shore position (Walstra et al., 2012). As a bar
moves offshore towards the middle of the surf zone, it increases
in height and width. Bar decay sets in when it approaches the
seaward limits of the surf zone. Due to the larger water depth
the net offshore migration rate gradually decreases and also
causes a reduction in the strength of the breaking wave
induced longshore currents. As demonstrated in Walstra et al.
(2012), this results in cross-shore sediment transport gradients
that promote bar decay.

Cyclic bar behavior often shows strong alongshore coherence
(Ruessink and Kroon, 1994; Wijnberg and Terwindt, 1995;
Shand et al., 1999; Kuriyama, 2002), indicating that this
phenomenon is not the result of alongshore propagating
shore oblique bars (Ruessink et al., 2003a; Walstra et al., 2012).
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This implies that transport gradients induced by cross-shore
hydrodynamics are dominant over gradients originating
from longshore processes where this cyclic bar behavior is
concerned. Using a process-based profile model (i.e. assuming
alongshore uniformity), Walstra et al. (2012) showed that the
transient inter-annual bar amplitude response is primarily
governed by the water depth above the bar crest, hXb, and the
incident wave angle, θ.
Although the alongshore coherent net offshore migration

dominates bar behavior at inter-annual time scales, bars also
display alongshore non-uniformities on temporal scales of days
to years and spatial scales of 100m to 2 km (Shand and Bailey,
1999). Processes governing the initiation and evolution of
small-scale alongshore non-uniformities such as rip cells and
crescentic plan shapes, O(100m, days to weeks) are now quite
well understood (Ranasinghe et al., 2004; Reniers et al., 2004a;
Holman et al., 2006; Garnier et al., 2013). On the other hand,
the physics governing larger scale alongshore non-uniformities,
such as bar switching, are less well known. Bar switching is
typically an indication of a distinct phase shift in the bar cycle
(Wijnberg and Wolf, 1994; Wijnberg and Terwindt, 1995;
Shand, 2003) where an outer bar is attached to an inner bar
(Figure 1(a)) or where bars are detached completely, resulting
in a fork-like configuration (Figure 1(b)). Although bars can switch
under natural conditions, shoreface nourishments may also
trigger switches. For example at Noordwijk, The Netherlands,
the net offshore bar migration was delayed immediately land-
ward of a shoreface nourishment, while elsewhere net offshore
bar migration continued. This spatially discontinuous offshore
migration resulted in bar switches that lasted about one year
(Ojeda et al., 2008). Under natural conditions bar switching
has a relatively large inter-site variation in the associated
temporal scales (months to years; Shand et al., 2001) while the
alongshore length of the transition zones can differ at least one
order of magnitude (100 s of m versus km). Bar switches initiate
at the seaward limit of the surf zone, and once established,
show limited cross-shore migration (Shand et al., 2001).
However, their alongshore migration can be several kilometers
during their lifetime (Ruessink and Kroon, 1994; Wijnberg and
Terwindt, 1995).
Although natural and nourishment-induced bar switching

events are largely similar, little is known about the physical
processes that govern this type of morphological response
under natural conditions. Shand et al. (2001) found that
only shore oblique energetic wave conditions triggered bar
switching events. However, as not all high energy events
resulted in bar switching, Shand et al. (2001) concluded that
other factors such as the antecedent morphology could play a
controlling role too. Furthermore, Shand et al. (2001) suggested
that the observed regularity in the alongshore bar switching
locations (both at Wanganui and the Dutch coast) could be
Figure 1. Schematic overview of two bar switch configurations: (a)
bar switch where the outer bar is attached to the inner bar of alongshore
uniform bars; and (b) fork-like bar switch configuration with a complete
alongshore separation of the bars. The colors specify depth in a relative
sense; the thin blue lines in the yellow bands indicate the bar
crests. This figure is available in colour online at wileyonlinelibrary.
com/journal/espl

Copyright © 2014 John Wiley & Sons, Ltd.
an indication of regional hydrodynamic controls or a link to
alongshore changes in cross-shore slope or the number of bars.

Because cross-shore processes dominate the cyclic bar
behavior (Walstra et al., 2012), it is likely that this also applies
to the local bar morphology on either side of a bar switch.
For example, small variability in water depth along an initially
coherent bar could trigger different migration rates that
ultimately result in a switch. Therefore, the objective of the
present paper is (1) to establish to what extent cross-shore
processes can initiate, amplify or dampen alongshore sandbar
variability at the km-scale, and (2) to identify the relative
importance of wave forcing and antecedent morphology on
the predicted large-scale alongshore variability. This study
focuses on a double barred beach located along the storm
dominated Dutch coast during a time it was unaffected by
nourishments.

To reach our aims, we apply a process based cross-shore
profile model (Ruessink et al., 2007; Walstra et al., 2012) on
24 transects with an alongshore spacing of 250m at a 6 km
coastal section near Noordwijk in The Netherlands (Figure 2).
During the period considered, continuous alongshore bars are
followed by natural bar switching events which in time
transform back to continuous alongshore bars. In the model
the (bar) morphology evolves because of the cross-shore
feedback between the hydrodynamics (waves and currents),
sediment transport and the morphology itself (Van Rijn et al.,
2013). We selected this model for two reasons: (1) to our
knowledge process-based area models have not been able to
predict accurately inter-annual bar morphology behavior
(Grunnet et al., 2004; Van Duin et al., 2004; Ruggiero et al.,
2009); and (2) detailed evaluation of the wave forcing would
not be possible as acceptable run times require a significant re-
duction in the number of wave conditions (Walstra et al., 2013).

To identify the importance of cross-shore processes, model
predictions initialized with a relatively alongshore uniform set
of profiles are compared with predictions starting in a year
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igure 2. The Noordwijk coast with the beachpoles representing the
longshore coordinate system. The location of the ARGUS video
ystem and the wave station MPN are also indicated. This figure is
vailable in colour online at wileyonlinelibrary.com/journal/espl
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when a bar switch was present. Next, the relative importance of
the wave forcing and the initial morphology are investigated for
nine simulation periods. For each period, hindcast simulations
act as a reference for simulations in which either the wave
forcing or the initial profiles were modified.
Observations

Study site

Noordwijk is located within the central part of the 120-km-long
uninterrupted Dutch coast, faces northwest (298°N) and is
more than 20 km away from the most nearby harbor moles
(Figure 2). Offshore wave recordings, available from 1979 to
2002 in 18m water depth (Meetpost Noordwijk –MPN – about
5 km offshore, see Figure 2), indicate an average offshore root-
mean-square wave height (Hrms) of 0.7m and a corresponding
peak wave period of 6 s. Waves are mainly incident from
south-west to north-west. Storm waves are primarily obliquely
incident and occur throughout the year, although autumn and
winter are usually slightly more energetic (storms with offshore
wave heights of about 3–4m typically occur two to three times
in the autumn–winter season). The tide at Noordwijk is semi-
diurnal with a 1m and a 1.8m range at neap and spring tide,
respectively. Storm surges can raise the water level by more
than 1m above the astronomical tide level. Because bar
dynamics are, in part, governed by the water depth above
the bar, hXb, measured water levels at IJmuiden are directly
imposed as boundary conditions.
Using annual depth surveys with a 250m longshore resolu-

tion spanning nearly three decades, Wijnberg and Terwindt
(1995) showed that the site is characterized by a shore-parallel
double subtidal bar system that experiences inter-annual net
offshore migration with occasional bar switches. The bar cycle,
marked by the period between two bar decay events, takes
about 3 to 4 years to complete. During storms, the outer bar
decays and the inner bar migrates offshore to become the
new outer bar. Also an intertidal bar is usually present, but with
a substantial shorter lifetime (weeks to one month), which at
first glance suggests no correlation with the subtidal bar cycle
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Figure 3. (a) Time stack of alongshore-averaged depth deviations (y = [78:84
averaged shoreline (z = 0m) position (x = 0m is at the 2005 dune foot pos
positions. (b) Time series of cross-shore averaged profile perturbations from F
com/journal/espl

Copyright © 2014 John Wiley & Sons, Ltd.
(Quartel et al., 2007). However, the decay of the outer bar
initiates a cascaded response which also causes the intertidal
bar to migrate offshore towards the subtidal region and to be-
come the new inner bar, thus perpetuating the cycle (Walstra
et al., 2012). The residual inter-annual offshore bar migration
at Noordwijk was confirmed by Van Enckevort and Ruessink
(2003a, 2003b) based on daily observations of the inner and
outer bar crest positions from 1995 to 1998 derived from video
imagery between y=79 km and y=81.75 km (distances are de-
fined in a local longshore coordinate system, see also Figure 2).
Although on shorter time scales small alongshore non-uniform
features such as rip channels were observed, these did not
appear to affect the inner and outer bar behavior on inter-annual
time scales. Detailed comparisons of the alongshore variability
of the bar crest locations based on the annual Jarkus surveys
and the daily Argus surveys clearly showed that the annual
surveys were sufficient to capture the inter-annual bar morphol-
ogy (not shown). In the following, we consider a 6 km section at
the coast of Noordwijk from y=78 km to y=84 km.
Site-averaged sandbar behavior

Following Plant et al. (1999), we summarize the observed deve-
lopment of the 6 km coastal section at Noordwijk in Figure 3(a)
with a time stackof the alongshore averagedprofile perturbations,
Z ′

y x; tð Þ, from the start of the surveys in 1965 to 2010:

Z ′
y x; tð Þ ¼ ∑

y¼83:75

y¼78
Z ′

t x; y ; tð Þ=NY (1)

The perturbationsZ ′
t x; y ; tð Þwere determined by subtracting the

time-averaged bathymetry from the surveyed bathymetries, Z, as:

Z ′
t x; y ; tð Þ ¼ Z x; y ; tð Þ � ∑

t¼1998

t¼1965
Z x; y ; tð Þ=Nt (2)

HereNY is the number of cross-shore profile locations, Nt is the
number survey dates between 1965 and 1998, x is the (equidistant)
cross-shore coordinate, y the longshore coordinate and t denotes
time. The surveys from 1999 onwards were not considered in the
time-averaged bathymetry as the shoreface at Noordwijk was
regularly nourished since that time (Ojeda et al., 2008).
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The distinct signature of the alongshore averaged cyclic
offshore bar migration visible in Figure 3(a) confirms previ-
ous observations (Wijnberg and Terwindt, 1995; Walstra
et al., 2012) and highlights that bar migration is alongshore
coherent and dominates the long-term morphology through-
out the 1965 to 1998 period. Nourishments have a profound
impact on the bar morphology from 1999 onwards. Consis-
tent with observations elsewhere along the Dutch coast (Van
Duin et al., 2004; Grunnet and Ruessink, 2005), the bars
have migrated somewhat shoreward and the net offshore
migration has been absent since 1999 (see also Ojeda
et al., 2008).
Cross-shore averaging of Z ′

y x; tð Þ allows us to determine

the degree to which mass was conserved in the study area
(Figure 3(b)). Although a small increasing trend is present,
changes in mean elevation are limited and seem to be within,
or close to, the ranges of the measurement accuracy (Wijnberg
and Terwindt, 1995) until 1998. From 1999 onwards, the
nourishments clearly induce an increasing mean elevation. The
local mean elevation minima in 1975–1976 and 1994–1996
(Figure 3(b)) are correlated with periods when the outer bar
had migrated beyond the seaward limit of the surveys (at
approximately 8m water depth) and the new outer bar had
not yet reached its maximum amplitude. The local maxima in
mean elevations (e.g. 1979, 1981, 1984, 1987 and 1992)
coincided primarily with periods when the middle bar was most
pronounced and the outer bar had not yet decayed and/or
migrated offshore. Therefore, the inter-annual fluctuations of
the mean elevation within the survey area are correlated with
the alongshore averaged phase of the bar cycle. The life cycle
(i.e. bar initiation near the water line followed by gradual
growth and offshore migration and finally the decay at the
seaward limit of the surf zone) of 7 bars was fully captured. As
can be seen in Figure 3(a), each bar life cycle was approxi-
mately 10 years. Overall, prior to the nourishments, the
bars had fairly similar amplitude response and migration
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characteristics. The bar crest, indicated by the gray lines, run
more or less parallel in Figure 3(a) and the bars amplitude grow
and decay in approximately the same cross-shore regions.
Intra-site variability in sandbar behavior

From here onwards, only the period from 1987 to 1998 is
considered in detail as this period encompassed the full life
cycle of the two most recent bars unaffected by nourishments
(i.e. bars that were present in the years 1986–1995 and
1989–1998, respectively, see also Figure 3). Furthermore, this
period encompassed two distinct episodes of bar switching
alternating with periods of more alongshore coherent behavior
(Figure 4). The first bar switch occurred from 1988 to 1989.
Because the outer bar in 1987 was fairly alongshore uniform,
this bar switch originated from a distinct alongshore difference
in net offshore migration rates or bar amplitude response
between 1987 and 1988. The outer bar in the southern section
(y=82 km to y=84 km) experienced a relatively large bar am-
plitude decay compared with the northern section (y=78 km
to y=82 km, Figure 4(b)). In 1988 some remains of the outer
bar can still be distinguished in the northern section, which
suggests that the offshore migration was approximately similar
for the entire section. However, when considering the bar crest
location, the 1988 morphology resembles the schematic bar
switch configuration in Figure 1(a). The outer bar amplitude
decay at the southern section enhanced the offshore migration
of the inner bar, which by 1989 (Figure 4(c)) resulted in a breakup
of the 1988 inner bar that resembles the fork-like bar switch con-
figuration shown schematically in Figure 1(b). One year later a
similar kind of response can be observed for the northern section
(y=78km to y=81.25 km, Figure 4(d)): the decay of the outer bar
caused a rapid offshore migration of the inner bar in this region.
As a consequence it attached to the outer bar in the southern
section, which marked the end of the bar switch period.
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(g) - 1993 (h) - 1994

787980818283
Y (km)

(k) - 1997
787980818283

Y (km)

(l) - 1998

ation (m)

0 1

and grey crosses indicate the outer and inner bar respectively. In 1989
he inner bar in the previous year. This figure is available in colour online
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The 1988–1989 bar switch period resulted in an outer bar
with a relatively large alongshore variation in bar amplitude
(and hXb) in 1990 (Figure 4(d)). As a consequence there was a
substantial alongshore variation in offshore bar migration from
1990 to 1991. By 1992 this enhanced alongshore outer bar
variability caused a similar response to the inner bar causing
it to break up at y=83 km (Figure 4(f)). We did not specifically
consider this bar switch because it was less pronounced and
did not seem to indicate a clear shift in the bar cycle. However,
during both bar switching periods, the outer bar response
clearly controlled the inner bar development to a large extent.
From 1994 to 1998 the outer bars were relatively alongshore

uniform or coherent (Figure 4(h)–(l)). By 1995 a new cycle was
initiated as the outer bar by this time had decayed consider-
ably, the new outer bar migrated gradually offshore and was
still present in 1998. No bar switching events on intra-annual
time scales were observed in the daily video images collected
between 1995 and 1998 (Van Enckevort and Ruessink, 2003b).
Model Approach

The first objective (can cross-shore processes initiate, amplify
and dampen alongshore sandbar variability on km scale?) was
addressed by considering two analysis periods. As the lifespan
of the bar switches at Noordwijk were less than the bar cycle
period of about 3 years, the analysis interval (and model period)
was restricted to this period. The first period comprised the
1987 to 1990 period which is characterized by an initially
alongshore uniform morphology from which in the two follow-
ing years a distinct bar switch evolved, but by 1990 the bar
switch had decayed resulting in a relatively alongshore uniform
morphology again (see also Figure 4). The second period
started in 1989 when the bar switch was most pronounced,
followed by 2 years when the bars were alongshore continu-
ous, but in the last year (1992) a bar switch was present again
in the middle bar. The first period was used to investigate
whether the model was able to develop a bar switch from
relatively alongshore uniform profiles. The second period is
primarily used to test the ability of the model to dampen a bar
switch.
The second objective (establish the relative importance of

the wave forcing and the antecedent morphology on the
predicted alongshore variability) was addressed by considering
nine periods of 3-year hindcast predictions that started with the
annually surveyed profiles between 1987 and 1995. These
acted as a reference for sets of 3-year simulations in which
either the wave forcing or the initial profiles were modified.
Model description

Unibest-TC is a cross-shore profile model and comprises
coupled, wave-averaged equations of hydrodynamics (waves
and mean currents), sediment transport, and bed level evolu-
tion. Straight, parallel depth contours are assumed. Starting
with an initial, measured cross-shore depth profile and bound-
ary conditions offshore, the cross-shore distribution of the
hydrodynamics and sediment transport are computed. Trans-
port divergence yields bathymetric changes, which feed back
to the hydrodynamic model at the subsequent time step,
forming a coupled model for bed level evolution. The phase-
averaged wave model is based on Battjes and Janssen (1978)
extended with the roller model according to Nairn et al.
(1990) and the breaker delay concept (Roelvink et al., 1995)
to have an accurate cross-shore distribution of the wave
forcing. The cross-shore varying wave height to depth ratio, γ,
Copyright © 2014 John Wiley & Sons, Ltd.
of Ruessink et al. (2003b) was used in the breaking wave
dissipation formulation as it results in more accurate estimates
of the wave height across bar–trough systems than a cross-
shore constant γ. The vertical distribution of the flow velocities
is determined with the Reniers et al. (2004b) 1DV current
model. Based on the local wave forcing, mass flux, tide and
wind forcing a vertical distribution of the longshore and cross-
shore wave-averaged horizontal velocities are calculated.
These advective currents are combined with the instantaneous
oscillatory wave motion in such a way that the resulting
velocity signal has the same characteristics of short-wave
velocity skewness, amplitude modulation, bound infragravity
waves, and mean flow as a natural random wave field
(Roelvink and Stive, 1989). The transport formulations distin-
guish between bed load and suspended load transport. The
bed load formulations (Ribberink, 1998) are driven by the
instantaneous velocity signal. The suspended transports are
based on an integration over the water column of the sediment
flux. The wave-averaged near-bed sediment concentration is
prescribed according to Van Rijn (1993), which among other
factors, is driven by a time-averaged bed shear stress based
on the instantaneous velocity signal. A detailed description of
the Unibest-TC model can be found in Ruessink et al. (2007).

The model was forced with wave data measured in about
18m depth, 5 km offshore. The initial profiles were taken from
the Jarkus database (Wijnberg and Terwindt, 1995) and interpo-
lated onto the computational grid with a resolution of 200m
offshore, gradually decreasing to 2m across the active part of
the profile (above 10m water depth) without any alongshore
averaging.
Model simulations

The objectives are addressed through a combined analysis of
the observed and the predicted barred cross-shore profile
development at the surveyed transects within the 6 km study
area. The exact period was defined by the survey dates of the
Jarkus profiles 3 years apart. The measured wave and water
level data corresponding to the simulation periods were
directly imposed on the seaward model boundary. Given the
alongshore uniform offshore bathymetry (Figure 2), we as-
sumed no alongshore variation in the wave conditions. This
allowed us to force the models at the considered transects with
identical wave forcing time series. These reference simulations
were carried out for all (24) survey transects within the 6 km
study area.

The effect of modified initial profiles and wave forcing was
investigated for three periods in which again all 24 survey
transects were included:

A. 1987–1990: besides the presence of the bar switch, it was
also selected because it was the most energetic period
(Figure 5);

B. 1989–1992: because of the bar switch that was present in
the 1989 morphology;

C. 1995–1998: during this period no bar switch was present
and it had the least energetic wave forcing (Figure 5).

For each of these periods we performed simulations in which
either (1) the starting profiles were kept at 1987 or 1989, but
forced with the time series of all the considered periods of the
reference simulations, or (2) the wave forcing time series was
kept at the 1987–1990, 1989–1991 or 1995–1998 periods,
but the profiles from 1987 to 1995 were used to initialize the
model (see Table I for an overview).
Earth Surf. Process. Landforms, Vol. 40, 995–1005 (2015)
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Table I. Overview of the model simulation scenarios

Scenario Profile initialization yeara Wave forcing start yearb Number of simulationsc

Reference 1987, 1988, 1989, 1990, 1991, 1992,
1993, 1994, 1995

1987, 1988, 1989, 1990, 1991, 1992,
1993, 1994, 1995

216

WF1987d 1988, 1989, 1990, 1991, 1992, 1993,
1994, 1995

1987 192

DP1987e 1987 1988, 1989, 1990, 1991, 1992, 1993,
1994, 1995

192

WF1989d 1987, 1988, 1990, 1991, 1992, 1993,
1994, 1995

1989 192

DP1989e 1989 1987, 1988, 1990, 1991, 1992, 1993,
1994, 1995

192

WF1995d 1987, 1988, 1989, 1990, 1991, 1992,
1993, 1994

1995 192

aAll simulations cover the 3-year period between the corresponding survey dates (e.g. 1987 profile initialization represents the
simulation from 3-10-1987 to 6-5-1990).
bFor scenarios indicated by WF, the length of the simulations is determined by the period of wave forcing time series (e.g. WF1995
was initialized with the 1987 to 1994 profiles, but were always run from 3-7-1995 to 10-8-1998).
cAll 24 (Δy = 250m) survey transects between y = 78 and 83.75 km were considered.
dWF stands for simulations in which a single wave forcing time series was combined with all the considered profiles.
eDP stands for simulations in which the profiles of a specific year were combined with all considered wave forcing time series.
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The resulting 1176 3-year simulations (Table I) are ana-
lyzed in a later section by inter-comparing the morpho-
logical development and indicators, introduced in the
following section, that describe alongshore variability.
First, the reference simulations covering the 1987–1990
and 1989–1992 periods are evaluated; next, the relative
influence of the profile initializations and the wave forcing
is investigated by comparing the predicted inter-annual bar
morphology for the profile and wave forcing scenarios
listed in Table I.
Prior to the steps outlined above we first validated the

model for the 1995 to 1998 period (during which bars were
alongshore continuous) for which all 24 transects were
considered. The model’s free parameters were set to the values
determined in Walstra et al. (2012) based on a calibration on
the 1984–1987 data for a single transect (y=80 km) at
Noordwijk. The 1995–1998 simulation at the same transect
yielded a slightly better performance than was achieved by
the original calibration, also classifying the validation result
for this transect as ‘reasonable’ according to Van Rijn et al.
(2003). Furthermore, application of the model on all transects
for the 1995–1998 period resulted in ‘reasonable’ to ‘good’
agreement according to the Van Rijn et al. (2003) classification
with, on average, the highest skill in the northern section of
the study area.
Copyright © 2014 John Wiley & Sons, Ltd.
Indicators of alongshore variability

To evaluate the temporal evolution of the alongshore variabil-
ity, the alongshore averaged values of the bar crest location,
hXbi and the water depth above the bar crest, hhXbi were
considered. In the case of discontinuous alongshore bars, these
indicators may become unreliable or do not fully capture the
morphological variability. Therefore, we also utilized the
alongshore variability ratio, hF3Di, which is based on the vari-
ance of the profile perturbations (Plant et al., 1999):

F3Dh i ¼ 1� 1
Nx

∑
x¼xNx

x¼x1
F2D xð Þ½ � (3)

inwhichNx is the number of cross-shore grid points (assuming an
equidistant cross-shore distance x). hF3Di is the ratio between
alongshore non-uniform and total bathymetric variability. Avalue
of 1 implies a fully 3D bathymetry without any alongshore
coherence, whereas a value of 0 represent an alongshore uniform
bathymetry. In Equation (3) F2D (x) is the cross-shore distribution
of the alongshore variability ratio:

F2D xð Þ ¼ sy ;t xð Þ
Sy ;t xð Þ

� �2
(4)

in which s2y ;t xð Þ is the temporal variance of alongshore uniform

component
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s2y ;t xð Þ ¼ 1
3

∑
t¼T iþ3

t¼T i

Z ′
y x; tð Þ

h i2
(5)

and S2y ;t xð Þ is the variance of the profile perturbation averaged in

both time and alongshore

S2y ;t xð Þ ¼ 1
3Ny

∑
y¼83:75

y¼78
∑

t¼T iþ3

t¼T i

Z ′
t x; y ; tð Þ� �2

(6)

Ti + 3 reflects the 3-year duration of the simulations.
Results

Initiation and decay of bar switches (1987–1990 vs.
1989–1992)

We discuss two periods (1987–1990 and 1989–1992) during
which a bar switch was initiated (1988) that had vanished
2 years later. First, the simulations starting in 1987 (and ending
in 1990) are discussed. Since the bar switch is not present in the
1987bar morphology, we can investigate whether the cross-
shore processes can initiate a bar switch from relatively
alongshore uniform bars. The opposite (i.e. can the model
predict the end of a bar switch when it is present in the initial
bar morphology) is tested with the simulations starting in
1989. The basis of the analysis is a comparison of the observed
and predicted profile perturbations. Although the simulations at
each transect were independent, we combined the predicted
profile development into a top view of the perturbations of
the 6 km study area.
The initial (1987) and predicted morphological development

from 1988 to 1990 are compared with the observations in
Figure 6. The offshore migration and amplitude growth of the
inner bar coincided reasonably well after 1 year (year 1988,
compare Figure 6(b) and (e)). However, the offshore migration
of the outer bar was significantly over-estimated. Besides the
over-estimated offshore migration of both bars in the following
years, Xb (and also hXb) remained alongshore coherent, in
contrast to the observations. In the southern section the outer
bar is interpreted as being no longer present as it has decayed
considerably, resulting in a relict feature without alongshore co-
herence. From1989 to 1990, the former inner bar (whichby now
had become the outer bar) was predicted to gradually migrate
further offshore. The predicted alongshore variability remained
approximately constant. As the bar switch had disappeared by
Figure 6. Observed (top row) and predicted (bottom row) profile perturba
starting from 1987. This figure is available in colour online at wileyonlinelib

Copyright © 2014 John Wiley & Sons, Ltd.
1990 (Figure6(d)), the final prediction (Figure 6(g)) resembled
the observations (Figure 6(d)) fairly well. However, the model
completely failed to predict the observed initiation and decay
of the bar switch.

Interestingly, similar to the observations, the initial 1989
inner bar switch was almost removed in the predictions
(compare Figure 7(b) and (e)). The transformation of the
concave shape of the inner bar at y=81 to 84 km in 1989 to
a convex shape in 1990 qualitatively agrees with the observa-
tions. In the model this change in planshape was caused by
the alongshore variability in the water depth above the
1989 bar crest, hx,b. At the center of the convex shape
(y=82.25 km) the bar was most pronounced (i.e. small hx,b)
whereas at the distal ends hx,b was initially larger and therefore
limited the offshore migration from 1989 to 1990. The along-
shore variability of the inner bar was, however, significantly
over-estimated. The alongshore variability was predicted to
increase with time as the southern section of the bar migrated
further offshore and decayed more than the northern section.
The enhanced offshore migration in the southern section
created accommodation space for a new inner bar, which
in 1991 nearly attached to the outer bar at y=80.5 km
(Figure 7(f)). However, probably due to the absence of along-
shore interaction, this connection did not occur during the
following year. By 1992 a new bar switch was present in
the observations which showed some similarities with the
final predicted morphology.

A common finding from both simulation periods is that the
model largely maintains the initial alongshore variability
throughout the simulations. As a consequence the model fails
to predict the observed generation and decay of bar switches.
This is investigated further in the following section.
Relative importance of the wave forcing and the
antecedent morphology

The predicted alongshore variability for the 1989–1992 period
(Figure 7) was significantly larger than for the 1987–1990
period (Figure 6). Apparently, specific wave forcing combined
with the alongshore fluctuations in hXb present in the initial
profiles, amplified the alongshore variability of the bar migra-
tion response for the 1989–1992 period, whereas for the
1987–1990 period such a non-linear response appeared to be
largely absent. Given the observed variability in both the wave
climate (Figure 5) and the observed morphology (Figure 4), we
tions from 1987 to 1990, black (grey) line tracks the outer (inner) bar
rary.com/journal/espl
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investigate their relative influence on the predicted alongshore
variability in this section.
We first analyze the alongshore variability hF3Di for the

reference cases and all the profile and wave forcing scenarios
outlined earlier. Next, the relative importance of the profile
initialization and wave forcing is further investigated by
considering the bar morphology in greater detail for a number
of specific scenarios.
Comparison with the observed hF3Di clearly shows that the

reference simulations initialized with profiles that contained
bar switches (years of initialization: 1988, 1989 and 1992)
persistently over-estimated the alongshore variability (com-
pare black and red lines in Figure 8(a)). In contrast, periods
that were initially relative alongshore uniform, but during
which a bar switch developed within the 3-year simulation
period, under-estimated hF3Di (e.g. years of initialization:
1987 and 1991). For periods where the observed alongshore
uniformity was approximately constant, there was mostly
good agreement in hF3Di (e.g. years of initialization: 1990,
1993 and 1994).
Figure 8. (a) Comparison of the alongshore non-uniform variance with obse
and the DP1989 scenario (green, see also Table I for overview of scenarios). (b
(black), reference predictions (red), the WF1987 scenario (blue), WF1989 sce
wave energy ratios relative to the overall average. This figure is available in

Copyright © 2014 John Wiley & Sons, Ltd.
The hF3Di values resulting from the DP1987 and DP1989
scenarios (i.e. respectively initialized with the 1987 or the
1989 profiles) were approximately constant with time (blue
and green lines in Figure 8(a)) and similar to their respective
1987 and 1989 reference simulations. In contrast, hF3Di
resulting from the WF-scenarios showed more agreement with
the reference simulations (Figure 8(b)). From this we infer that
the initial alongshore variability was the primary source of
changes in the predicted hF3Di whereas the natural temporal
fluctuations in wave energy (Figure 8(c)) were of secondary
importance.

These findings are investigated further by considering the bar
morphology in more detail for a selected number of simulations.
To this end, we compare the temporal evolution of the along-
shore averaged values of Xb and hXb (hΔXbi and hΔhXbi) for four
simulations of the WF1989 and WF1995 scenarios: the 1989
and 1995 starting profiles both forced with the 1989–1992 and
1995–1998 wave time series. The predicted hΔXbi and hΔhXbi
evolved very similarly for identical wave forcing during
the first 200days of the simulations (Figure 9(a), (b)). However,
rvations (black), reference predictions (red), the DP1987 scenario (blue)
) Comparison of the alongshore non-uniform variance with observations
nario (green) and the WF1995 scenario (cyan). (c) The 3-year averaged
colour online at wileyonlinelibrary.com/journal/espl
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hΔXbi gradually diverged after about 300days, and even more so
after 500days. The temporal evolution of hΔhXbi remained very
similar throughout the simulations with identical wave forcing.
As the influence of the modified forcing on the bar amplitude
development (not shown) was relatively small compared with
the changes in hXb, the morphological response appears to
be dominated by the bars migrating towards a common hXb. As
a consequence, the gradually diverging hΔXbi (Figure 9(a))
originated from differences in the lower regions of the 1989 and
1995 bed profiles. The more energetic 1989–1991 wave forcing
time series result in a further seaward migration and increased
hΔhXbi. Consistent with Ruggiero et al. (2009) and Walstra et al.
(2012), this underlines the importance of hXb in the bar response.
Despite the clear effect of wave forcing on the alongshore

averaged bar morphology, the alongshore variability of the
bar crest positions appeared to be relatively unaffected for
alongshore uniform initial profiles (Figure 10(a)–(c)). If a bar
switch is present in the initial profiles, the alongshore variability
was comparable for the bar sections on either side of the bar
switch (e.g. north and south of y=81.50 km Figure 10(d)–(f)).
However, the alongshore averaged bar morphology at each
Figure 10. Perturbations of the final predicted morphological development
series. Starting from the 1987 (top row) and 1988 (bottom row) profiles imp
1995–1998 (right column) wave time series. This figure is available in colou

Copyright © 2014 John Wiley & Sons, Ltd.
side of the bar switch responded differently to the modified
wave forcing. This is further investigated in Figure 11, where
the offshore bar migration at both sides of the bar switch had
a dissimilar response to the modified wave forcing. The
southern area experienced an accelerated offshore migration
relative to the northern area in the case of the more energetic
wave forcing (WF1987 andWF1989), whereas such a response
was absent for the less energetic wave forcing (WF1995).
Discussion

Because our model is reasonably accurate in the absence of bar
switches, we infer that the increased model-error in the pres-
ence of bar switches (Figures 6 and 7) is primarily caused by
three-dimensional processes, such as flow patterns induced
by the alongshore variable morphology which are not
accounted for by the model. It is fair to say, however, cross-
shore processes also influenced the alongshore variability even
to the extent that bar switches were nearly removed when bars
at either side of the switch were temporary in a similar phase
(Figure 10(d)–(f)). The water depth above the bar crest, hXb,
was found to be of primary importance as, for a given wave
forcing, it largely controlled the bar amplitude and bar migra-
tion response. For example, the alongshore variations in hXb
in the 1989 profiles resulted in a non-linear morphological
response that considerably increased the alongshore variability
of the southern section (y>81 km, see Figure 7).

The increased phase differences at either side of the bar
switch in the 1988 bathymetry predicted by the WF1987 and
WF1989 scenarios were both induced during periods with
increased wave action (Figure 11). However, during later pe-
riods with similar wave forcing such a response was absent.
These outcomes show that a specific state of the morphology
subjected to a period with energetic wave forcing can result
in an alongshore varying response also when only cross-shore
processes are considered. Furthermore, taking into consider-
ation that 3D effects (such as rip currents) could further en-
hance the alongshore variability, we suspect that the
generation of bar switches, similar to the findings of Shand
et al. (2001), is the outcome of a particular morphological state
and wave forcing combination.

Interestingly, the bar growth in the surf zone and bar decay
further offshore deviated for identical wave forcing but different
initial profiles. This was especially clear for the WF1995
scenario as the alongshore averaged temporal evolution of
for different combinations of profile initialization and wave forcing time
osed with 1987–1990 (left column), 1989–1992 (middle column) and
r online at wileyonlinelibrary.com/journal/espl
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the outer bar amplitude (Ab) as a function of hXb clearly
depended on the initial profiles (Figure 12(c)). For the reference
situation (i.e. initialization of the model with the 1995 profiles)
the width of the barred profile was significantly smaller as the
bar decayed at smaller hXb, whereas the 1987 and 1989 profile
initialisations resulted in a very similar behaviour. Also the
maximum bar amplitude was about 0.5m less for the reference
case. For other wave forcing time series the differences were
less pronounced, but also in these cases the bar morphology
was affected for the entire simulation duration (Figure 12(a),
(b)). From these results it is very clear that the initial profiles
in combination with specific wave forcing can result in
significantly different bar migration characteristics throughout
the 3-year simulation period. It is these differences in bar
migration that enhance or decrease the migration characteris-
tics at each side of a bar switch and consequently amplify or
dissipate the bar switch feature.
Conclusions

When alongshore variability is limited, the model predicts
offshore migration of the bars at approximately the same rate
(i.e. the bars remain in phase). Only under specific bar
configurations and high wave-energy levels is an increase in
alongshore variability predicted. This suggests that cross-shore
processes may trigger a switch in the case of specific anteced-
ent morphological configurations combined with storm
conditions. However, the model is not able to predict the
dissipation of a bar switch, as in contrast to the observed bar
behavior, predicted bar morphologies on either side of the
switch remain in a different phase. The alongshore variability
is only temporarily reduced when the bars on either side are
Copyright © 2014 John Wiley & Sons, Ltd.
occasionally located in a similar cross-shore position. The
data–model mismatch suggests that 3D processes play a key
role in the generation and decay of bar switches. Potentially
3D flow patterns are responsible for: (1) removing a switch by
merging the bars when they were at a similar cross-shore
position; or (2) generating a switch after the alongshore vari-
ability was amplified under a specific combination of the bar
morphology and energetic wave forcing.
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