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ABSTRACT: Double sandbar systems are common morphological features along sandy, wave-dominated, micro- to meso-tidal
coastlines. In the companion paper, we demonstrated how various alongshore inner-bar rip-channel patterns can develop through
morphological coupling to an alongshore-variable outer bar. The simulated coupling patterns are, however, scarcely observed in
the field. Instead, inner-bar rip channels more often possess remarkably smaller and more variable alongshore length scales, sug-
gesting that coupling mechanisms do not play a substantial role in the overall double-sandbar dynamics. Here we use a numerical
model to show that the relative importance of self-organization and morphological coupling changes in favour of the latter with
an increase in waterdepth variability along the outer-bar crest. Furthermore, we find that the typical alongshore variability in
inner-bar rip-channel scale is indicative of a mixture of self-organization and morphological coupling rather than self-organization
alone. Morphological coupling may thus be more important to understanding and predicting the evolution of inner-bar rip chan-

nels than previously envisaged. Copyright © 2010 John Wiley and Sons, Ltd.
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1 Introduction

Surf zone sandbars protect beaches from wave attack by dis-
sipating wave energy offshore through depth-induced wave
breaking. Their morphology guides and constrains nearshore
wave-induced currents such as rip current circulations
(MacMahan et al., 2005), resulting in erosion features known
as mega-cusps (Short and Hesp, 1982; Thornton et al., 2007).
Therefore, understanding and predicting rip channel dynamics
is relevant for shoreline evolution, localized beach and dune
erosion during storms and safety implications. Sometimes, the
alongshore variability of the sandbar geometry is low
(Greenwood and Davidson-Arnott, 1979; Short, 1991). This
alongshore-uniform shape is often observed during a storm
event when the three-dimensional (3D) bar is rapidly reshaped
into a shore-parallel linear bar (Wright and Short, 1984;
Lippmann and Holman, 1990; Van Enckevort et al., 2004).
Most of the time, surfzone sandbars exhibit striking 3D pat-
terns which can be described in the convenient morphody-
namic framework of Wright and Short (1984). The rhythmic
or quasi-rhythmic 3D patterns can be viewed as an alongshore
sequence of horns (shoals) and bays (cross-shore troughs)
where horns extend landward and bays seaward (Van
Enckevort et al., 2004) with a wavelength on the order of
several times the surf zone width. The resulting patterns are

the so-called crescentic sandbars and rip channels. Recently,
in the framework of the recent paradigm shift from template
forcing theory to self-organization mechanisms (Coco and
Murray, 2007), both linear stability models (Deigaard et al.,
1999; Falqués et al., 2000; Damgaard et al., 2002; Calvete et
al., 2005) and nonlinear morphodynamic models (Damgaard
et al., 2002; Reniers et al., 2004; Castelle et al., 2006; Klein
and Schuttelaars, 2006; Drenen and Deigaard, 2007; Garnier
et al., 2008; Smit et al., 2008) have established that these 3D
surfzone sandbars can be formed through self-organization
mechanisms alone, and do not require a template in the
hydrodynamics, as was previously proposed with the edge
wave theory (Bowen and Inman, 1971; Holman and Bowen,
1982).

Double sandbar systems are common morphological fea-
tures along sandy, wave-dominated, micro- to meso-tidal
coastlines (Lippmann et al.,, 1993; Barusseau et al., 1994;
Ruessink et al., 2003; Van Enckevort et al., 2004; Castelle et
al.,, 2007). In the cross-shore direction, the interactions
between bars in multiple-barred settings have been recently
touched upon. The observations of Ruessink and Terwindt
(2000) and numerical modelling of Aarninkhof et al. (1998)
and Masselink (2004) indicated that the morphodynamic feed-
back, driven for example by the position and geometry of one
sandbar with respect to a second, might be a critical parameter



772 B. CASTELLE ET AL.

governing the behaviour of the whole system. Surprisingly,
both the inner- and outer-bar rip channels and crescentic
planshapes are nowadays believed to be free instabilities of
the nearshore system arising through self-organization mecha-
nisms alone, with the interaction of a given bar with respect
to another barely touched upon until very recently. In double
sandbar systems, the inner bar has been observed to possess
remarkably smaller and more variable alongshore scales than
the outer bar (e.g. Bowman and Goldsmith, 1983; Van
Enckevort et al., 2004), suggesting the absence of interaction
and a self-organization at the scale of the individual bar
(Houser and Greenwood, 2005). In the companion paper
(Castelle et al., 2010, noted as Part 1 below), we showed that
the dynamics of inner-bar rip channels are potentially more
complicated than they would be if they were governed by
self-organization mechanisms alone. The authors showed that
alongshore variability in outer-bar depth, and the relative
importance of wave breaking versus wave focusing by refrac-
tion across the outer bar is crucial to the inner-bar rip channel
development. A new mechanism that blurs the distinction
between self-organization and template forcing theories (Coco
and Murray, 2007) was proposed to explain the formation of
previously observed coupling patterns in the field (Van
Enckevort and Wijnberg, 1999; Castelle et al., 2007). The
simulated coupling patterns, emerging from morphological
coupling mechanisms, were essentially similar to the existing
observations.

Clear coupling patterns in double sandbar systems, such as
those presented in Van Enckevort and Wijnberg, 1999;
Castelle et al., 2007; Quartel, 2009 and Part 1), are however
rarely observed in the field (Hom-ma and Sonu, 1962;
Goldsmith et al., 1982; Bowman and Goldsmith, 1983). More
often, inner-bar rip channels possess remarkably smaller and
more variable alongshore scales than the outer bar (Barusseau
et al., 1994; Van Enckevort et al., 2004; Lafon et al., 2004,
2005). Figure 1 shows a typical double sandbar system geom-
etry with an outer bar exhibiting crescentic patterns at a
narrow range of wavelength, which contrasts with highly
alongshore-variable inner-bar rip channels. This widely
observed characteristic would suggest that morphological
coupling does not play a substantial role in the overall double-
sandbar dynamics. Ruessink et al. (2007) recently examined
an eight-week dataset of daily time-exposure video images,
starting from an alongshore-uniform double sandbar configu-
ration following a storm event. Using a wavelet analysis, the
authors showed that the initial inner bar and outer bar 3D
pattern developments were spatially non-coupled. However,
over time, the inner-bar morphology appeared to couple with
that of the outer bar, with the inner bar patterns developing
in response to the increasingly three-dimensional, onshore

Figure 1. Aerial photograph of a double sandbar system on the
French Aquitanian Coast displaying alongshore regularly spaced
outer-bar crescentic patterns which contrast with highly alongshore-
variable inner-bar rip channels.

Copyright © 2010 John Wiley & Sons, Ltd.

propagating outer bar. This suggests that the outer-bar geom-
etry is a critical parameter governing the morphological evolu-
tion of the composite double sandbar system.

This is Part 2 of a two-part paper on morphological coupling
in the nearshore. In Part 1, we introduced and explored mor-
phological coupling. Here, we examine the relative impor-
tance of morphological coupling and self-organization to the
generation of inner-bar rip channels. We use the same numeri-
cal model as in Part 1, but now add small initial perturbations
to the seabed to allow for the growth of inner-bar rip channels
through self-organization mechanisms. Our model results and
a wavelet analysis (next section) demonstrate that, as sug-
gested by the observations of Ruessink et al. (2007), the vari-
ability in mean water depth along the outer bar controls the
relative importance of self-organization mechanisms versus
morphological coupling mechanisms and, hence, is crucial to
the evolution of inner-bar rip channels (Results section).

2 Method

2.1 Model set-up, initial bathymetries and grid

The modelling strategy used in this study is essentially similar
to that detailed in Part 1: a nonlinear morphodynamic model
that couples a spectral wave model (Booij et al., 1999), a
time- and depth-averaged flow model (Castelle et al., 2006),
an energetic-type sediment transport model (Bailard, 1981),
and the bed level continuity equation to compute bed level
changes.

We ran the model for three different double sandbar geom-
etries on a computational grid with an alongshore length of
4200 m, 20 x 20 m grid cells, and periodic lateral boundary
conditions. In each geometry, we implemented an along-
shore-uniform inner bar, 100 m from the mean-sea-level
shoreline and with its crest in 1T m water depth. The three dif-
ferent outer-bar geometries were an alongshore-uniform outer
bar, a well-developed outer crescentic bar, and a weakly
developed outer crescentic bar. For the alongshore-uniform
geometry, the outer bar was located 250 m from the mean-
sea-level shoreline with its crest in 3 m water depth. In the
two non-uniform geometries, crescentic patterns with a wave-
length of 600 m were superimposed on the alongshore-
uniform configuration as an alongshore sequence of horns and
bays alternating shoreward and seaward of the outer bar crest.
In both geometries, the cross-shore distance between a horn
and a bay amounted to 60 m. For the weakly developed
geometry, the vertical amplitude of the bay/horn sequence
was 0-2 m, which we increased to 1-5 m for the well-
developed geometry. The bars are superimposed on a 1:50
planar sloping depth profile, with its offshore extent in 10-5 m
water depth. In contrast with the simulations in Part 1, we
superimposed random perturbations with a magnitude of a
few centimetres in the seabed to investigate the relative impor-
tance of self-organization at the scale of the individual bar
versus coupling mechanisms. We note that the alongshore-
uniform geometry is essentially similar to previous modelling
experiments (Klein and Schuttelaars, 2006; Drgnen and
Deigaard, 2007; Smit et al., 2008), who all examined the
initial growth of crescentic patterns in double sandbars but did
not investigate the potential importance of morphological
coupling to inner-bar patterns in case of pre-existing outer-bar
crescentic patterns.

We ran all the simulations for offshore significant wave
heights Hy of 0-8 m and 1 m, a peak period of 8 s, shore-
normal incidence and time-invariant mean water level (no
tide). These offshore wave conditions were motivated by the
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simulations in Part 1, which showed that coupling patterns
arise from horizontal circulation patterns driven by alongshore
variations in wave set-up enforced by wave refraction and
depth-induced breaking over the outer bar. The relative
importance of wave focusing by refraction versus wave break-
ing across the outer bar was proven to control the inner-bar
patterns morphologically forced by the outer bar. The authors
additionally showed that, when wave breaking overwhelms
wave focusing by refraction across the outer bar, 180° out-of-
phase coupling emerges regardless of the outer-bar wave-
length. When wave focusing by refraction overwhelms wave
breaking, coupling at half of the outer-bar wavelength (in
phase) is observed for larger (smaller) outer-bar wavelength
and larger (smaller) vertical amplitude of the horn and bay
sequence. According to Part 1, for the given outer-bar wave-
length 2=600 m and when investigating coupling mechanism
alone (i.e. without initial superimposed perturbations of the
seabed), waves with H; = 0-8 m (1 m) are likely to favour
coupling at half of the outer-bar wavelength (180° out-of-
phase coupling). In this paper we ran, as mentioned in section
3, an additional simulation with an outer-bar crest in 2 m
water depth and H, = 1-6 m for the alongshore-uniform case
to investigate the change of the double sandbar system behav-
iour from non-coupled to coupled, as observed in Ruessink et
al. (2007). As we will see below, both H,;=0-8 and 1-0 m are
too low to modify the initial outer-bar morphology. The larger
H, in the non-coupled to coupled run was invoked to cause
the initially alongshore-uniform outer bar to develop 3D pat-
terns in time, which may potentially cause the inner-bar rip
channels to change from self-organized into morphologically
coupled features. As detailed in Part 1, there is no bed diffu-
sion or bedslope transport in our model to damp the seabed
instabilities. Continuing the simulations over a long duration
would make the bed slope locally too large and the sandbar
morphology unrealistic. Accordingly, when investigating the
relative importance of self-organization mechanisms versus
morphological coupling, we analysed the double sandbar
morphology when the mean alongshore height variation of the
alongshore depth line Z,,.. (Figure 2), representative of the
inner-bar morphology, reached about 0-5 m. This means that
here we do not consider any steady state of the double sandbar
system. Given that we ran the model for different wave condi-
tions and initial alongshore non-uniformities (outer-bar geom-
etry), the run durations given below ranged from 4 to 12 days.

2.2 Wavelet Analysis

To examine inner-bar rip channels and their potential cou-
pling to the outer-bar crescents in more detail, we used a
wavelet analysis. We applied the continuous wavelet trans-
forms Wy (s) defined as the convolution of a discrete sequence

z,(n=0,..., N—1) with a scaled and normalized mother
wavelet function
dz\"*& (n’—n)dz
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where dz is the uniform spacing in z, n is the alongshore
coordinate, s is the alongshore scale (Torrence and Compo,
1998) and * is the complex conjugate. In addition, we used
normalized bivariate extension of the continuous wavelet
transform for two discrete sequences z, (n =0, ..., N —1)
andy, (n=0, ..., N-1), wavelet-squared coherency, R;(s)
(Jevrejeva et al., 2003; Grinsted et al., 2004):
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where S is a smoothing operator detailed in Torrence and
Webster (1999) and Grinsted et al. (2004).

The wavelet analysis was on two alongshore lines of sea
bed level (Figure 2), denoted Z;yne(n) and Zyue(n) in the fol-
lowing. We chose the cross-shore location of Z(n) and
Zoue(n) to be representative of the inner-bar evolution and
outer-bar morphology, respectively. The Wy (s) is used to
decompose Zie and Z,e; into energy at a given alongshore
scale and at a given alongshore distance. This enables both
the detection of the dominant spatial modes of variability and
how these modes vary in space. RZ(s) is used to measure the
linear relationship between Zi,,.(n) and Z,,(n) as a function
of alongshore location and scale. A wavelet squared-
coherency of 1 means a perfect linear relationship between
Zinnen) and Z,e(n) at a specific scale and alongshore dis-
tance, whereas a value of 0 is approached for vanishing linear
correlation. As in a previous wavelet application to sandbar
data (Ruessink et al., 2007), we used the Morlet wavelet as
the mother wavelet y, because of its good localization char-
acteristics in both the space and frequency domains. Its scale
is almost identical to the corresponding Fourier wavelength A
= 1-03 s (Torrence and Compo, 1998). In all results below,
the term wavelength refers to the Fourier wavelength 4 equiva-
lent to the wavelet scale s. We determined the statistical sig-
nificance of W,/ (s) and R3(s) against synthetic red noise
series, as detailed in Torrence and Compo (1998). The edge-
affected part of W/ (s) and R:(s) is termed the cone of influ-
ence (COIl). The COI progressively reduces the useful
alongshore region of analysis as the wavelength scale
increases. The spatial averages (outside of the COIl) of W (s)
and R%(s) are denoted W?#(s) and R%(s).

3 Results

Figure 2 shows the bathymetry after a 12-day simulation start-
ing from the alongshore-uniform geometry with Hy = 0-8 m.
The inner bar developed rip channels. The outer bar remained
alongshore uniform as waves were too small with respect to
the water depth above the outer-bar crest to drive sufficiently
intense horizontal circulations likely to form 3D patterns. The
inner-bar rip spacing is weakly alongshore variable. This
alongshore variability is detailed in Figure 3 through the
wavelet analysis. The alongshore non-uniform variabity of the
seabed along Zi,... has a typical amplitude on the order of one

1500 2000 2500
Alongshore distance (m)

3000 3500 4000

Figure 2. Evolution of the double sandbar morphology after a 12-day simulation period with constant shore-normal waves with H, = 0-8 m and
T, = 8 s starting from the alongshore-uniform bathymetry, together with locations of Zi,..(n) and Z,,e(n). The key indicates elevation in m.

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 3.

(@) Alongshore depth line Z,. for the morphology given in Figure 2 and (b) the corresponding inner-bar local wavelet spectrum

W (s) normalized by the variance (shading), with the 5% significance level against red noise (bold solid contours) and the cone of influence

(bold dotted curves).
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Figure 4. Alongshore-averaged wavelet spectra W7 (s) for Z;,qe nor-
malized with the variance in Z,., excluding local wavelet values
within the COI, for the morphology given in Figure 2 and Z. in
Figure 3. A, denotes the self-organization inner-bar emerging
wavelength.

metre (Figure 3a). The local wavelet spectrum for this simula-
tion indicates that Z;,, contains statistically significant power
at the alongshore wavelengths A between about 300 and
500 m, with slightly larger wavelengths at x = 0-2000 m than
at x = 2500-4200 m, as is readily apparent in Figure 2. At x
= 2000-2500 m, two less-developed inner-bar rip channels
are observed. This alongshore variability in the inner-bar rip
channel spacing is expected to be due to edge effects resulting
from the periodic lateral boundary conditions imposed by the
flow model. Given this restriction, the strong nonlinear behav-
jour of the inner-bar dynamics tends to self-organize into a
more uniform spacing through mergings and splittings. The
alongshore-averaged local wave spectrum of Zi,., (Figure 4)
shows that the inner bar contains statistically high power at 4

Copyright © 2010 John Wiley & Sons, Ltd.

=420 m. This corresponds to the self-organization mechanism
emerging wavelength at the inner bar and is hence denoted
A in Figure 4. It is to be noted that a similar A, is observed for
Hy =1 m, with a similar weak alongshore variability.

In Figure 5, the bathymetries of the four situations (weakly
and well-developed outer-bar crescents, both with H;=0-8 m
and 1-0 m) after a few-day simulation period show remarkable
differences (Figures 5b, c, e, f) in comparison with the inner-
bar variability when self-organization mechanisms prevail
(Figure 2). When the outer bar was initially well-developed
(Figure 5a), regular features developed for H, = 0-8 m with
two inner-bar rip channels within one outer-bar crescent (cou-
pling at half of the outer-bar wavelength; Figure 5b), reminis-
cent of the observations in Castelle et al. (2007). For a similar
initial outer-bar geometry, with H, =1 m, regular features also
developed, in this case with one rip channel facing one outer-
bar horn (180° out-of-phase coupling; Figure 5c), like the
patterns observed by Van Enckevort and Wijnberg (1999),
Castelle et al. (2007) and Quartel (2009). For both H, = 0-8
and 1 m, coupling mechanisms readily overwhelm self-
organization mechanisms at the scale of the individual inner
bar, as the inner-bar morphology is fully coupled to the outer-
bar geometry. In contrast, when the outer bar was initially
weakly developed (Figure 5d), highly irregular inner-bar fea-
tures formed for both H, = 0-8 m (Figure 5€) and H, = 1T m
(Figure 5f). Neither of the three regular length scales observed
in the other three simulations (Figures 2, 5b and 5c) are readily
apparent.

Alongshore-averaged local wave spectra and wavelet
coherency-squared are shown in Figure 6 for the four final
situations shown in Figure 5. When the outer crescentic bar
is well-developed, Zi,...(n) contains statistically significant
high wavelet power at 4 = 300 m (Figure 6a, denoted A./2)
and 1= 600 m (Figure 6b, denoted A.) for the H; = 0-8 m and
1 m simulation, respectively, with A the coupling wavelength
(outer-bar wavelength). Both the 2 =300 m and 600 m peaks
result from morphological coupling, as indicated by the high
wavelet-squared coherency values for A= 600 m in Figure 6b.
Note that bivariate wavelet transforms cannot capture the
coupling at 300 m by definition; this is equally true for other

Earth Surf. Process. Landforms, Vol. 35, 771-781 (2010)



COUPLING MECHANISMS IN DOUBLE SANDBAR SYSTEMS, PART 2 775

Cross-shore
distance (m)

Cross-shore
distance (m

Cross-shore
distance (m)

0 500 1000 1500 2000 2500 3000 3500 4000
Alongshore distance (m)

Figure 5. Evolution of the double sandbar morphology with constant shore-normal waves and T, = 8 s: (a) initial well-developed outer crescentic
bar, (b) evolution of (a) after a 6-day simulation period with H, = 0-8 m, (c) evolution of (a) after a 4-day simulation period with H, =1 m, (d)
initial weakly-developed outer crescentic bar, (e) evolution of (d) after an 8-day simulation period with H, = 0-8 m, and (f) evolution of (d) after
a 6-day simulation period with H; =1 m. The key indicates elevation in m.

R’ R’ R’
0 0.5 1 1 0 0.5 1
(| R N O
E A
= 600 ; X -
"g) L. P
& 500 ;
= R LA
z 400R § ) :
o I ! . AS2
S 300} :
=
w
£ 200
S : 4 :
< : ¢ : :
100  a | S , , L c , _ - d
% 2 46 810120 2 4 6 810120 2 4 6 8 10120 2 4 6 8 10 12
W W W W

Figure 6. Alongshore-averaged wavelet spectra W7”(s) for Z. (bold solid line) and Z,.. (bold dashed line) and wavelet-coherency
squared R*(s) between Zi,... and Z,e (thin solid line). (a), (b), (c) and (d) correspond to the alongshore depth lines in Figures 5b, 5¢, 5e and 5f,
respectively. In each panel the wavelet power has been normalized with the variance in Z;,... and Z. respectively. We excluded local wavelet
and coherency-squared values within the COI, the region of (n,s) space influenced by wavelet edge effects, in the computation of W”(s) and
R*(s). The horizontal grey lines are explained in the text.

techniques potentially suitable to detect morphological cou- power at A = 300 m and 420 m (Figure 6c). For A = 300 m,
pling, such as cross-correlation and cross-spectral analysis. the statistically high power for the inner bar is indicative of
For the H, = 0-8 m run with weakly-developed crescentic coupling at half of the outer-bar wavelength, reminiscent of
outer-bar patterns, Z,.(n) contains statistically significant the coupling patterns in Figure 5b. In contrast, the A = 420 m

Copyright © 2010 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 35, 771-781 (2010)
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is most likely due to self-organization mechanisms, as indi-
cated by both the low R*(s) values (Figure 6¢) and the
wavelet results for the simulation with prevailing self-
organization mechanism (Figure 4). For the H;=1 m run with
weakly-developed crescentic outer-bar patterns, Z;,.(n) con-
tains statistically significant power at A = 600 m and in the
range of 300-420 m (Figure 6d). For A = 600 m the R*(s) is
large (Figure 6d), which, together with statistically high
wavelet power for both inner and outer bars, is indicative of
morphological coupling reminiscent of the 180° out-of-phase
coupling observed in Figure 5c. The A = 300-420 m statisti-
cally high power is most likely due to self-organization mech-
anisms with a significant contribution of coupling at A/2
reminiscent of the weak statistical power at 1/2 observed in
Figure 6b for the well-developed situation. It is to be noted
that the 300 m and 420 m peaks are distinct during the first
hours of the simulation and eventually tend to merge. For both
the Hy=0-8 m and H, = 1 m runs, the superposition of both
self-organized and morphological features results in the rather
irregular inner-bar rip spacing observed in Figures 5e and 5f.
The general field observation of highly alongshore-variable
inner-bar rip channels contrasting with the more regular outer-
bar crescents, previously thought to be a proof of no morpho-
logical coupling, is actually indicative of a mixture of
self-organization and morphological coupling mechanisms. In
addition, the superimposition of the two mechanisms results
in smaller alongshore-averaged inner-bar rip spacing than
with self-organization mechanisms alone as shown for the H
=1 m run (Figure 5f) and particularly the H; = 0-8 m run
(Figure 5e).

The alongshore variations of the relative importance of self-
organization mechanism versus morphological coupling is
assessed through the non-averaged local spectra. The non-
averaged local spectra for the H, = T m and well-developed
outer-bar crescent run (Figure 7) show that inner-bar power at
the coupling wavelength A. and local coherency-squared
diagram are alongshore uniform, as expected from the regular
spacing of the inner-bar rip channels in Figure 5c. A similar
alongshore uniformity is observed for the H;=0-8 m and well-
developed outer-bar crescent run. In contrast, the wavelet
analysis for the weakly-developed outer-bar crescent run with
H, =1 m (H; = 0-8 m) given in Figure 8 (Figure 9) indicates
that, when there is a mixture of both mechanisms, the relative
importance of self-organization mechanisms versus morpho-
logical coupling is alongshore variable. For instance, in Figure
8, at alongshore distance x = 1500-4000 m, high power can
be found at A, while high power at /2 < A < A, is restricted
at x = 1000-2000 m. The alongshore variability in the relative
importance of self-organization versus morphological cou-
pling enforces the apparent highly alongshore-variable inner-
bar rip channels that are observed in Figures 5e and f. Initially
we suspected that the alongshore variability of the respective
contributions of the two mechanisms was a lateral-boundary
effect. However, when we ran an additional simulation with
the alongshore domain extended to 8400 m, we found (not
shown) the relative importance of self-organization mecha-
nism versus morphological coupling to still be strongly along-
shore variable, even in the (alongshore) centre of the
computational domain. At this stage we do not know why the
relative importance of self-organization mechanism versus
morphological coupling is alongshore variable.

We also examined the ability of the model to simulate the
observed double sandbar behaviour change from non-
coupled to coupled (Ruessink et al., 2007). To investigate this
potential change, we ran an additional simulation with an
initial alongshore-uniform outer bar with its crest in 2 m water
depth and H; = 1-6 m. The temporal evolution of the double

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 7. Wavelet analysis corresponding to Figure 5c: (a) along-
shore depth line Ziye, (b) inner-bar local wavelet spectrum W (s),
(c) alongshore depth line Z,., (d) outer-bar local wavelet spectrum
Wi (s) and (e) wavelet coherency-squared diagram R (s). In each
wavelet panel, the wavelet power has been normalized with the vari-
ance in Zie and Z,,. respectively, with the 5% significance level
against red noise shown as the bold solid contours and the bold dotted
curves depicting the COI beyond which edge effects become
important. The horizontal black dash-dotted lines in (b) are explained
in the text.

sandbar system morphology is given in Figure 10 with cor-
responding evolution of the non-averaged local spectra and
local coherency-squared diagrams in Figure 11. Results show
that after a 2-day simulation period (Figure 10a), a wide range
of wavelengths is present at the beginning of inner-bar rip
channel and outer-crescentic sandbar formation (Figures 11a
and b). Small statistically significant coherency-squared values
are observed in the whole (n,s) space, with only occasionally
large statistically significant coherency-squared values for
some narrow wavelength bands (for instance in Figure 11c, at
x =3200-3500 m for A= 120 m) in which, however, both the
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Figure 8. Wavelet analysis corresponding to Figure 5f: (a) alongshore
depth line Zpne, (b) inner-bar local wavelet spectrum W (s),
(c) alongshore depth line Z,., (d) outer-bar local wavelet spectrum
W (s) and (e) wavelet coherency-squared diagram R2(s). In each
wavelet panel, the wavelet power has been normalized with the vari-
ance in Ziye and Z,,e respectively with the 5% significance level
against red noise shown as the bold solid contours and the bold dotted
curves depicting the COI beyond which edge effects become
important. The horizontal black dash-dotted lines in (b) are explained
in the text.

local wavelet power for the inner and outer bar were not
significant, which is indicative of non-coupling. This suggests
that the development of inner bar and outer bar 3D patterns
are initially spatially non-coupled. However, over time the
inner-bar morphology appears to couple with that of the outer
bar. After a 4-day simulation period (Figure 10b), such cou-
pling becomes apparent at x = 2000-3500 m for 4 = 350 m
(Figure 11f) in which, however, the inner-bar local wavelet
power is reasonably weak. After a 6-day simulation period
(Figure 10c), the alongshore extent of coupling is significantly
larger together with higher power for the local coherency-

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 9. Wavelet analysis corresponding to Figure 5e: (a) along-
shore depth line Zie, (b) inner-bar local wavelet spectrum W, (s),
(c) alongshore depth line Z,e, (d) outer-bar local wavelet spectrum
W (s) and (e) wavelet coherency-squared diagram R3(s). In each
wavelet panel, the wavelet power has been normalized with the vari-
ance in Zie and Z,,e respectively, with the 5% significance level
against red noise shown as the bold solid contours and the bold dotted
curves depicting the COIl beyond which edge effects become
important. The horizontal black dash-dotted lines in (b) are explained
in the text.

squared diagram (Figure 11i) and statistically higher wavelet
power in both the inner-bar (Figure 11g) and outer-bar (Figure
11h) local wavelet spectra. After an 8-day simulation period,
the band with large coherency-squared values increased to
lower wavelengths (Figure 11i), also encompassing regions
with high inner-bar (Figure 11j) and outer-bar (Figure 11k)
local wavelet power. Furthermore, statistically significant
linear coupling can now be found all along the computational
domain (Figure 11i). This results in the striking coupling
patterns observed in Figure 10d with inner-bar rip channels
systematically facing outer-bar horns (180° out-of-phase
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Figure 10. Evolution of the double sandbar morphology for constant shore-normal waves with H; = 1:6 m and T, = 8 s showing the temporal
development of alongshore variability in the inner and outer bars from non-coupled to coupled. (a) t = 2 days, (b) t = 4 days, (c) t = 6 days,
(d) t = 8 days. At the end of the simulation, the inner-bar rip channels systematically face the outer-bar horn (180° out-of-phase coupling).

coupling). The alongshore wavelength of the inner and outer
bars are reasonably alongshore non-uniform.

4 Discussion and Conclusions

With our numerical simulations we have established that the
relative importance of self-organization mechanisms and mor-
phological coupling to the generation of inner-bar morpho-
logical variability is governed by the magnitude of the depth
variations along the outer-bar crest. When the outer bar is
alongshore uniform, self-organization mechanisms are pre-
dominant and the inner bar develops a rhythmicity arising
from this mechanism of instability alone. This rhythmicity is
found to be reasonably alongshore uniform. The small along-
shore variations in the inner-bar wavelength are supposed to
be due to the combination of edge effects resulting from the
periodic lateral boundary conditions of the depth-averaged
flow model and the strong nonlinear behaviour of the inner-
bar dynamics, which tend to self-organize into a more uniform
spacing through mergings and splittings (the equilibrium state
is not reached). In contrast, when the outer-bar crescents
are well-developed, self-organization mechanisms are over-
whelmed by coupling mechanisms. In this case, inner-bar rip
channels arise from horizontal circulation patterns driven by
alongshore variations in wave set-up enforced by wave refrac-
tion and wave breaking across the outer bar. The relative
importance of wave focusing by refraction versus wave break-
ing across the outer bar controls the inner-bar patterns mor-
phologically forced by the outer bar (Part 1).

For the weakly-developed crescents, both mechanisms co-
exist as shown by the wavelet analysis, resulting in highly
alongshore-variable inner-bar rip channel spacing. Although
such irregular variability is generally considered as proof of
no morphological coupling, our work demonstrates that this
variability actually arises from a mixture of self-organization
and morphological coupling mechanisms. The superimposi-
tion of the two mechanisms also results in smaller spatially
averaged inner-bar rip spacing than when self-organization
mechanism or morphological coupling prevails. The general

Copyright © 2010 John Wiley & Sons, Ltd.

field observation that inner-bar rip channels are more irregu-
larly spaced and with smaller alongshore scales than outer-bar
crescents suggests that morphological coupling may be more
important to understanding and predicting the evolution of
inner-bar rip channels than previously envisaged. In addition,
the fact that the relative importance of each mechanism is
strongly alongshore variable enforces the highly irregular
alongshore variability in the inner bar.

Our model also successfully simulated the main character-
istics of the coupled-noncoupled nature of double sandbar
systems observed by Ruessink et al. (2007) under continued
low-energy wave conditions following a morphological reset
event (alongshore-uniform double sandbar system). A wide
range of wavelengths is observed at the beginning of the 3D
pattern development (for both the inner bar and outer bar),
with alongshore non-uniformity development at the scale of
the individual bar. A temporal change from non-coupled to
coupled behaviour occurs in response to the increasingly
three-dimensional outer bar. At the end of the simulation,
statistically significant linear coupling can now be found along
the entire computational area with inner-bar rip channels
systematically facing outer-bar horns (180° out-of-phase cou-
pling). These numerical results are essentially similar to the
observations of Ruessink et al. (2007), despite the fact that they
are highly idealized with time-invariant offshore wave condi-
tions and mean water level. We note that, without the pres-
ence of the inner bar and with the same wave forcing, the
outer bar develops reasonably similar alongshore scales as in
Figure 10, confirming that in the double-bar case the inner bar
couples to the outer bar, and not the other way around.

This change from non-coupled to coupled behaviour,
together with the realistic coupling patterns simulated in Part
1 starting from idealized double sandbar geometry, enforce
the confidence we can have in the numerical model. The
nonlinear morphodynamic models used in the nearshore com-
munity (Damgaard et al., 2002; Reniers et al., 2004; Klein and
Schuttelaars, 2006; Castelle et al., 2006; Drgnen and Deigaard,
2007; Smit et al., 2008; Garnier et al., 2008) contain the
essential physics to examine the initial growth and subsequent
nonlinear evolution of 3D surfzone sandbars. Limitations of
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the modelling study undertaken in this paper for the assess-
ment of the relative importance of self-organization mecha-
nisms versus morphological coupling must be pointed out.
The contribution of self-organization mechanisms is strongly
dependent on the initial random perturbation height initially
superimposed on the double sandbar geometry. For instance,
for a given offshore wave height H; and a given vertical ampli-
tude of the horn/bay sequence D,, decreasing the initial per-
turbation height favours a change from a mixture of both
mechanisms to morphological coupling mechanisms over-
whelming self-organization mechanisms. However, the initial
random perturbation height does not have any physical sense.
Therefore, the simulations and study outcomes presented in
this paper constitute a proof of concept rather than a compre-
hensive extensive modelling exercise. The model will have to
be confronted with further field data starting from an accu-
rately surveyed bathymetry and comprising time-varying off-
shore wave conditions and tidal elevation.

All the simulations were run with time-invariant mean water
level (no tide). However, the role of continuously changing

Copyright © 2010 John Wiley & Sons, Ltd.

tidal elevation in the field may be significant to the develop-
ment of inner-bar rip channels. A slight variation in mean water
level results in a change of the balance between wave breaking
and refraction across the outer bar. This induces a change in
the driven inshore horizontal circulation patterns which are
crucial tothe developmentofinner-barrip channels. Emergence
of coupling patterns in meso- to macro-tidal environments is
potentially more complicated than in the idealized simulations
presented in both this paper and the companion paper, despite
the fact that they were observed in such tidal settings (Ruessink
et al., 2007; Castelle et al., 2007; Quartel, 2009). Even more
importantly, tide-induced continuously changing balance
between breaking and refraction across the 3D outer bar can
be hypothesized to enforce the inner-bar rip channel along-
shore variability. Further simulations with tides are required to
examine the effects of tidal range on the alongshore variability
of inner-bar rip-channel scale and how it mixes with self-
organization and coupling mechanisms.

Our simulations showed that coupling mechanisms are
important for understanding and predicting the evolution of
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inner-bar rip channels, and the whole system, during down-
state transitions (post-storm periods). Conversely, the potential
role of coupling during up-state transitions is poorly docu-
mented. For instance, Wijnberg and Holman (2007) observed
at a single-barred beach (Duck, USA) that, during storm
events, a crescentic bar may shed a bar-like feature that later
transits the trough and merges with the subaerial beach within
a few days. The authors named this spatially isolated feature
a Shoreward Propagating Accretionary Wave (SPAW). Almar
et al. (in press) observed a similar SPAW event on the double-
barred meso- to macro-tidal Truc Vert Beach, southwest
France, during a 10-year return storm. They showed that the
SPAW connected to the inner bar and subsequently influ-
enced the inner-bar dynamics. The mechanism leading to
both the formation and migration of the SPAW and its subse-
quent interaction with the inner-bar dynamics is not under-
stood. In general, the role of coupling mechanisms during
down-state sequence has been highlighted here and in the
companion paper, but understanding and reproducing the
interaction between the inner and outer bars during up-state
sequence remains a challenge for future numerical studies.
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