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Abstract

A considerable portion of the variability in nearshore sandbars is related to changes in the plan shape of quasi-
rhythmic alongshore non-uniform features, such as rip channels and crescentic shapes. These changes may include
changes in their alongshore length, cross-shore amplitude and alongshore position. Here, we use complex empirical
orthogonal eigenfunction analysis to quantify these changes from a 3.4-year data set of almost daily time-exposure
images of the double-barred coast at Noordwijk (Netherlands).

The observed alongshore non-uniform features had alongshore lengths between 380 and approximately 3000 m and
lifetimes in the order of months, considerably longer than the characteristic time scale of individual wave events.
Transitions from one feature to another were mostly gradual, resulting from an alongshore differential growth in
amplitude. Abrupt transitions, that is, the existing features disappeared entirely and were subsequently replaced by
different features, were barely observed and did not always take place during high-energy wave events. The amplitude
of the non-uniform features varied between 0 and 30 m on a weekly to monthly scale, unrelated to variations in the
wave height. In addition, the features migrated back and forth along the shore with typical rates of O(10 m/day) on
weekly scales with the rates increasing with an increase in the alongshore component of the wave power. On the whole
our observations suggest that alongshore non-uniform sandbar variability is governed by free behaviour rather than by
the direct forcing of the prevailing wave conditions.
© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Nearshore bars; Rhythmic features; Alongshore bar migration; Time scales; Video imagery

1. Introduction

Nearshore bars, common subtidal features

along most of the world’s sandy coastlines, are
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Fig. 1. Time-exposure video images showing examples of alongshore non-uniformities in nearshore bars. In the images, the white
bands are caused by persistent wave breaking and reflect the location of the underlying sandbar. In (a) the inner bar is intersected by
rather narrow seaward perturbations, characteristic of the presence of rip channels. In (b) the bar shows almost rhythmic sinusoidal
variations, referred to as crescentic plan shapes. Image (a) is from Noordwijk, Netherlands, image (b) from Duck, NC, USA. The black
lines in the inner-bar intensity bands are the computed bar crest lines, see Section 2. All axes are in m.

shapes (e.g., Fig. 1b). Changes in these non-
uniformities, for instance related to their growth
or decay, or their alongshore position, may make
up a considerable portion of the natural variability
of nearshore bars, particular on time scales of a
few months or less (e.g., Sonu and Russell, 1966;
Sallenger et al., 1985; Ruessink et al., 2000; Van
Enckevort and Ruessink, 2001). Yet, the evolution
of non-uniformities in nearshore bars is poorly
understood.

Non-uniformities in nearshore bars have tradi-
tionally been classified into discrete states, includ-
ing crescentic bars and transverse bars with rips
(Wright and Short, 1984; Lippmann and Holman,
1990). The observations on which these ‘state
models’ are based show that, generally, bars are
linear during high-wave conditions and gradually
develop non-uniformities during subsequent low-
wave conditions. The straightening of bars is often
abrupt, occurring during a single storm event,

whereas the development of non-uniformities is
typically sequential with increasing alongshore
variability over time. Lippmann and Holman
(1990) observed that mature crescentic features
evolve some 5-7 days after large-wave events
and Wright et al. (1985) observed a periodicity of
15-20 days in the bar state time series, attributed
to the passage of low-pressure weather systems.
Bar state models are qualitative in nature, and do
not include (changes in) quantitative measures of
the non-uniformities, such as their alongshore
wavelength L, defined as the alongshore recurrence
interval of the feature (e.g. rip spacing), or their
cross-shore amplitude A4, defined as half the
distance between the most seaward and the most
shoreward position of the feature.

Table 1 presents an overview of values of the
alongshore length, cross-shore amplitude and
alongshore migration rate of non-uniformities as
compiled from the literature. This overview
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indicates that L, generally, is O(100—1000 m) with
larger values for the outer than for the inner bar.
Amplitudes have only occasionally been measured
and reported values range from 5 to ~70 m. The
non-uniform features have often been observed to
migrate along the coast with rates of O(10 m/day),
presumably driven by the alongshore current (e.g.,
Ruessink et al., 2000). However, these quantitative
descriptions listed in Table 1 are limited to
data sets with a poor temporal resolution or with
a duration of a few weeks at most. Therefore,
the temporal evolution of non-uniform features,
in particular regarding their length, amplitude
and alongshore position, is still poorly
understood.

This paper is part 2 of a two-part study on
nearshore bar behaviour determined from video
imagery and focuses on its alongshore non-uni-
form component. Part 1 (Van Enckevort and
Ruessink, 2003, henceforth referred to as Part 1)
focuses on its alongshore uniform component, that
is on/offshore bar migration. The objectives of the
present paper are (1) to describe the temporal
evolution of non-uniform features in particular
considering changes in L, 4 and ¢,, and (2) to link
this evolution to the obvious potential wave
forcing. These objectives are pursued using the
same data set as in Part 1, a 3.4-year data set of
almost daily, video-based bar crest observations
collected at the double barred coast at Noordwijk,
Netherlands. A brief description hereof is provided
in Section 2. In contrast to the data sets listed in
Table 1, the present data set combines a high
temporal resolution with a long duration. The
temporal evolution of the observed non-uniform
features, quantified using complex empirical
orthogonal function analysis (Section 3), is de-
scribed in Section 4 using time series of L, 4 and
¢m. In contrast to the analyses in Part 1, the
evolution is not described at particular predefined
time scales (as there is no consensus in the
literature on what the dominant scales would be).
Instead, quantification of the time scales for the
evolution is one of the outcomes of the present
research. The link between changes in L, 4 and ¢,,,
and offshore wave forcing is investigated in
Section 5. Our main findings are discussed and
summarised in Section 6.

2. Data set

Oblique 10-minute time-exposure video images
were collected automatically every daylight hour
at the double-barred beach at Noordwijk, Nether-
lands from March 1995 to September 1998. The
digital camera was equipped with a 12.5-mm lens
and was mounted on the roof of a hotel at about
60 m above mean sea level. For the present work,
a single high-quality image was selected per day,
see Part 1 for further information. The selected
images were transformed to a 5 x 5m grid,
examples of which are given in Fig. 1. The rectified
images extend 1.2 km in the cross-shore (x) and
3 km in the alongshore (y) direction, and have a
spatial resolution in the bar area of about 420 m
in the cross-shore and 10-100 m in the alongshore
direction, with the higher values farther away from
the camera. Subsequently, the bar crest location
was computed by sampling the cross-shore loca-
tion of the image intensity peaks alongshore (see
Part 1), see Fig. 1 for examples. In this way, a
matrix X(z,y) was constructed, consisting of bar
crest locations X at times ¢ and alongshore
locations y. In total, the inner bar crest was
sampled 632 times over 2300 m, whereas the outer
bar location was sampled 391 times over 2000 m.
This means that, on average, the inner bar was
measured every other day, whereas the outer bar
was measured approximately once every 3 days.
However, the time interval between subsequent
observations was irregular, with long intervals
during low-energetic periods without wave break-
ing. Only 5% of these intervals were larger than 10
days.

The bar crest matrix X(z,y) describes both the
alongshore uniform bar crest morphology, ex-
pressed by the alongshore averaged cross-shore
bar crest location X, (#) and analysed in Part 1, and
the alongshore non-uniform bar crest morphology
D(t,y), computed as the deviations from the
alongshore averaged bar position

D(t,y) = X(1,y) — X,(1). ()

The deviation lines D(z,y) are shown in Figs. 2
and 3 for the outer and the inner bar, respectively.
In these figures, the deviation lines are vertically
stacked with warm (cold) colours corresponding to
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Fig. 2. Time stack of alongshore deviation lines for the outer bar. The numbers 1-4 correspond to the numbering of the non-uniform

features listed in Table 2. Arrows indicate class transitions. Class transitions marked with ‘Ab’ are abrupt, whereas those marked with
‘G’ are gradual. For further explanation see text.
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Fig. 4. Time series of (a) H, and (b) Py,.

seaward (landward) deviations. Thus, non-uni-
form features like crescentic bars are displayed by
a horizontal alternation of warm and cold colours.
Alongshore migration is reflected by a vertical
displacement in the location of the colour bands.

Offshore wave data (height, period and direc-
tion) were collected hourly by a directional wave
buoy at IJmuiden in 21-m depth. For the purpose
of the present study, the data were processed into
two parameters that have been linked previously
to the evolution of non-uniform features. The first
parameter is the breaker height H,. In the
literature, linear bars have usually been associated
with high-wave conditions, whereas non-linear
bars have been associated with low-wave condi-
tions (Wright and Short, 1984; Lippmann and
Holman, 1990). Using linear wave theory and
assuming that Hj is proportional to the water
depth d (Hp = yd, with y = 0.4; Thornton and
Guza, 1982), Hj, is computed as

0.2
Hy, = (HrzmSOC!IO cos 00)0'4 (g) s

(2)
where H,,, is the offshore root-mean-square wave
height, ¢y is the deep water wave group velocity,
0y is offshore energy-weighted mean wave angle

and g is the gravitational acceleration. cy is a
function of the offshore wave period T7j. The
second parameter is the alongshore component of
the wave power P, which may be used as a proxy
of the alongshore current. Alongshore currents are
often assumed to be the driving force for the
alongshore migration of crescentic bars and rips
(Ranasinghe et al., 1999; Ruessink et al., 2000).
Following Komar (1998), P,y was computed as

_ pg?

Po=22
N30

2 .
H;. T sin 0 cos 0y,

3)

where p is the sea water density (=1025 kgm ™).
Hy and Py, both increase with H,,y, but Py
additionally reflects the angle of wave incidence
with high values for obliquely incident waves.
Time series of H, and P,y are shown in Fig. 4. The
computed H; with values between 0.1 and 3.5 m
mainly varied on daily to weekly scales (Fig. 4a).
Py, was O(10°> W/m) and varied on a daily to
weekly scale as well (Fig. 4b). The high values of
Py during storms reflect both the large wave
height and the typical large angle of incidence. The
tide at Noordwijk is semi-diurnal with a mean
neap (spring) tidal range of 1.4 (1.8) m. During

<

Fig. 3. Time stack of alongshore deviation lines for the inner bar. The numbers 1-13 correspond to the numbering of the non-uniform
features listed in Table 2. Arrows indicate class transitions. Class transitions marked with ‘Ab’ are abrupt, whereas those marked with

‘G’ are gradual. For further explanation see text.
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storms water levels may increase by 1 m due to
storm surges.

3. Method

The quantification of the alongshore length,
cross-shore amplitude and alongshore migration
rate of the non-uniform features in D(¢, ) requires
an objective description of these features. The
description can be considered as a form of feature
extraction, for which, since its introduction in
nearshore studies by Winant et al. (1975), empiri-
cal orthogonal function (EOF) analysis is routi-
nely applied. The attempt in feature extraction is
to associate the leading EOF modes with actual
modes (in our cases, the non-uniform features) in
the data. EOF analysis is limited to the detection
of standing oscillations (Horel, 1984). Propagating
features, visible in our data by the vertical
displacement of colour bands in Figs. 2 and 3,
are scattered in two or more modes (Wijnberg and
Terwindt, 1995), which complicates their physical
interpretation. A version of EOF known as
complex EOF (CEOF) (Horel, 1984) appears to
be better suited for the objective description of
propagating features, as it can condense such
features in a single mode. Following its extensive
use in climate research (e.g., Rasmusson et al.,
1981; Barnett, 1983; Horel, 1984), CEOF has
recently been applied to coastal data as well (Liang
and Seymour, 1991; Liang et al., 1992; Ruessink

\ﬂ

@

©

SN

et al., 2000). Ruessink et al. (2000), for example,
quantified the evolution of a crescentic bar during
a six-week period, using CEOF analysis on bar
crest lines. Note that we apply CEOF as a feature
extraction technique, thereby separating non-uni-
form features from the ambient noise, and not, like
Winant et al. (1975), to define ‘generally valid’
orthogonal functions.

In contrast to the data set analysed by Ruessink
et al. (2000), our inner and outer bar data sets
(Figs. 2 and 3) consist of a temporal succession of
different non-uniform features. Because CEOF
tends to describe domain-wide features (Merrifield
and Guza, 1990), CEOF analysis of the entire
inner and outer bar D(z,y) will not be fruitful in
describing L, A and ¢, of individual features.
Therefore, we decided to split up each D(¢,y) in a
number of subsets using traditional classification
techniques. Application of existing classification
schemes (e.g., Wright and Short, 1984; Lippmann
and Holman, 1990) was found to be largely non-
discriminating (Van Enckevort, 2001), and, ac-
cordingly, we propose a division into the classes
crescentic, undulating, irregular and rips (Fig. 5)
based on the alongshore length scale and the
regularity of the features in our data. Undulating
features, defined as gentle features with a length
scale larger than 2000 m, are the largest features
(Fig. 5a). Irregular features (Fig. 5b) typically have
lengths comparable to crescentic bars (Fig. 5c¢), but
differ by their non-sinusoidal shape. Although rips
may be remarkably regular, their distinguishing

(b)

(d)

Fig. 5. Example bar crest lines of non-uniform features (a) undulating (b) irregular, (c) crescentic and (d) rips. Horizontal distance is
2300 m, vertical scale is about 20 times exaggerated. All features are displayed on the same scale.
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characteristic is not their alongshore regularity,
but the narrowness of the seaward protrusion
(Fig. 5d). Linear bars were not classified sepa-
rately, because bars are rarely completely linear,
and the linearity is already expressed by 4, with
near-zero A for approximately linear features.
CEOF analysis is now applied to the individual
subsets.

The first step in the CEOF analysis was the
transformation of the subset data matrix D into a
complex data matrix D,

D.= D +iD, 4)

where the real part is the original subset deviation
matrix and the imaginary part is its Hilbert
transform. The Hilbert transform was performed
on each deviation line using a Fourier method: the
amplitude of each spectral component is un-
changed, but each component’s phase is advanced
by n/2. Then, the complex covariance matrix R
was computed as

== (5)

where * denotes the complex conjugate transpose
and N, is the number of deviation lines in a subset.
R was subsequently decomposed into n, real
eigenvalues A, and spatial complex non-dimen-
sional eigenvectors E,. Here, n, is the number of
alongshore locations at which the deviation is
sampled (i.e., 401 for the outer and 461 for the
inner bar). The subscript 7 is an integer indicating
the number of the ordered eigenvectors. The order
is based on the amount of explained variance,
expressed by the eigenvalue, with the first mode E;
explaining most variance. The corresponding
dimensional weightings w, were obtained as

w, = D.E,. (6)

With the decomposition of D into the spatial
pattern E, and temporal weightings w,, L, A and
¢, can now be obtained. The alongshore wave-
length L of the feature described by the nth
eigenfunction was computed from the alongshore
gradient in the unwrapped spatial phase 6, as

Ay
L,=2n AOY

()

with

S{En}} ©

0, = arctan {ER{E,,}

where 3{ } and R{ } denote the imaginary and real
part, respectively. In Eq. (7), Ay/A0, is computed
from the best-fit linear line between 6, and y, thus
assuming a sinusoidal alongshore shape. The
corresponding correlation coefficient r provides a
measure of the validity of this assumption. A
sinusoidal shape results in a constant Ay/Af, and
r = 1. Note that only a single L can be estimated
for each subset, implying that temporal changes in
L within a subset, should they exist, cannot be
resolved. Time series of the cross-shore amplitude
A of the feature described by the nth eigenfunction
were computed from w, as

A, = w2, )

Time series of the alongshore migration rate c¢,,
were computed from L, and the temporal phase ¢,
as

Ln Al/jn
m =5 Al (10)
with
B I{w,}
¥, = arctan LR{W,,}} (11)

In Eq. (10), Ar is the time step between two
consecutive observations and Ay, is the corre-
sponding temporal phase difference. A positive
(negative) phase ramp implies that the feature
described by the nth mode is propagating in the
positive (negative) y direction. A more rigorous
description of CEOF can be found elsewhere (e.g.,
Barnett, 1983; Horel, 1984; Von Storch and
Zwiers, 1999).

4. Temporal evolution

Using our classification scheme, the data were
classified into 13 subsets for the inner bar and 4
subsets for the outer bar (Table 2). Each subset,
being a temporally continuous group bounded by
class transitions, contained the evolution of a
single non-uniform feature. The inner bar features
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Table 2
Classification non-uniform bar shape
Start date End date Alongshore shape T
(day-month-year) (day-month-year) (days)
Outer bar
1 15-03-1995 29-03-1995 Undulating with crescentic 14
2 30-03-1995 24-04-1995 Undulating 25
3 25-04-1995 28-08-1995 Crescentic 125
4 29-08-1995 16-09-1998 Undulating 1114
Inner bar
1 15-03-1995 17-05-1995 Undulating with rips 63
2 18-05-1995 28-08-1995 Crescentic 102
3 29-08-1995 02-11-1995 Rips 65
4 03-11-1995 13-02-1996 Irregular 102
5 14-02-1996 16-07-1996 Undulating with crescentic 153
6 11-09-1996 09-11-1996 Undulating with rips 59
7 14-11-1996 08-02-1997 Irregular 86
8 09-02-1997 11-10-1997 Irregular with crescentic 244
9 07-11-1997 01-02-1998 Undulating with crescentic 86
10 02-02-1998 09-03-1998 Crescentic 35
11 10-03-1998 02-05-1998 Irregular 53
12 04-05-1998 12-07-1998 Crescentic 69
13 13-07-1998 16-09-1998 Irregular 65
Averages for outer and inner bar data set
Undulating 216
Irregular 110
Crescentic 104
Rips 62

could be any of the four classes with occasionally,
rips and crescentic features superimposed on larger
scale irregular or undulating features. The outer
bar features were classified as undulating and
crescentic only. In one subset, a crescentic feature
was superimposed on a larger scale undulating
feature. Typical rip morphologies were never
observed in the outer bar. Each non-uniform
feature is numbered and listed in Table 2. Most
class transitions were gradual (transitions indi-
cated with G on the right-hand side of Figs. 2
and 3). Usually, some seaward protrusions grew,
whereas others disappeared, an example of which
is shown in Fig. 6. In this way, the alongshore
length scale or the alongshore regularity changed
gradually, eventually resulting in another class.
Other class transitions were abrupt (transitions
indicated with Ab on the right-hand side of Figs. 2
and 3). In these cases, existing protrusions
disappeared from one observation to the other,

and, subsequently, a completely new set of
seaward and landward protrusions developed,
with another alongshore shape or another along-
shore length scale. Such changes are here defined
as a morphological reset.

The first complex eigenfunction described the
main non-uniform feature in each subset well,
explaining 46-84% of the total variance. When
present, superimposed non-uniform features were
described by the second complex eigenfunction,
which explained an additional 18-28% of the
variance in the subsets. Reconstructed deviation
lines, using the first mode (or the first two for
superimposed features) resemble the original
deviation data well (compare Figs. 3 and 7). The
evolution of each feature was then quantified by
temporal changes in L, 4 and ¢,,. The results in the
following may be affected by our classification of
the individual subsets which is to some extent
subjective. Subjectivity mainly affects the begin
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Fig. 6. Sequence of barlines showing gradual change in L. Time increases from top to bottom. Protrusion indicated with + grow in
time, whereas protrusion indicated with — gradually disappear. Maximum cross-shore amplitudes are ~30 m.

and end dates of the subsets, especially in case of
gradual class transitions. But the effect on the
further quantification will be limited, as the
changes mainly took place within several days to
a few weeks, whereas the features subsequently
remained present for several months (Figs. 2 and
3). Applying CEOF to slightly different subsets did
not result in significantly (given the spatial
accuracy of the data, see Section 2) different
values for L, 4 and ¢,,.

4.1. Alongshore length

For each of the 13 inner and 4 outer bar features,
a domain-wide value for the alongshore length L
was computed using Eq. (7). As shown in Table 3,
L varied between 380 and 2760 m. Note that CEOF
even quantified the alongshore lengths of features
that exceed the alongshore extent of the data set,
being 2300 m for the inner and 2000 m for the outer
bar (see Section 2). Probably, lengths up to ~4 km
(i.e., about twice the alongshore extent) may be
quantified, although the lengths should be inter-
preted as approximate values (i.e., a value of
2760 m means ~3 km instead of exactly 2760 m).

Typically, rips were the smallest features with an
average spacing of 430 m, followed by crescentic
features with an average length of 990 m (Table 3).
Irregular and undulating features had larger
average lengths of 1850 and 2320 m, respectively
(Table 3). The correlation coefficient r between
unwrapped 0; (or 0,) and y varied between 0.87 and
0.99, thus justifying the assumption of a sinusoidal
shape used to compute domain-wide values for L.
However, the fact that r# 1 suggests that most non-
linear features were characterised by weak devia-
tions from a regular sinusoidal shape, such as
skewed crescents or an alongshore varying length.
Residence times 7', computed from the begin and
end dates of all non-uniform features, varied
between 14 and 1114 days (~0.5-37 months) for
the outer bar and between 35 and 244 days (~1-8
months) for the inner bar (Table 2).

The data (see Figs.2 and 3) indicate that
changes in L during the lifetime of a feature (i.e.,
within a subset), which are unresolved by the
CEOF analysis (see Section 3), were limited and
mainly restricted to the initial development and
final disappearance of non-uniform features dur-
ing gradual class transitions. L then changed
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Table 3
Overview descriptive morphological parameters for non-uni-
form features

Alongshore shape L (m) A (m)
Outer bar
1 Undulating with crescentic 2250 (1130) 20.2 (7.5)
2 Undulating 2730 14.8
3 Crescentic 970 14.9
4 Undulating 2230 13.0
Inner bar
1 Undulating with rips 2760 (390) 8.8 (4.7)
2 Crescentic 960 9.2
3 Rips 380 8.6
4 Irregular 2370 13.9
5 Undulating with crescentic 2690 (870) 7.4 (5.7)
6 Undulating with rips 2460 (540) 9.0 (4.2)
7 Irregular 980 12.0
8 Irregular with crescentic 2140 (710) 13.5(7.4)
9 Undulating with crescentic 2350 (850) 7.0 (4.7)
10 Crescentic 1070 14.0
11 Irregular 1210 18.3
12 Crescentic 1360 16.1
13 Irregular 2560 14.6
Averages for outer and inner bar data set
Undulating 2500 11.5
Irregular 1850 14.4
Crescentic 990 9.9
Rips 430 5.8

Values between brackets refer to superimposed features.

O(100 m) on a weekly scale by differential grow in
amplitude (see Fig. 6). During abrupt changes, L
suddenly changed O(100—1000 m) from one
dominant L to the subsequent dominant L,
implying a full morphological reset of the system.
In summary, L mainly varied O(100—1000 m) on a
monthly time scale during class transitions. In
addition, L changed O(100 m) on a weekly time
scale, associated with alongshore differential grow
in cross-shore amplitude.

4.2. Cross-shore amplitude

Time series of A, computed from the weightings
on the first two eigenfunctions using Eq. (9), are
displayed in Figs. 8 and 9 for the outer and inner
bar, respectively. At both bars, 4 varied between
1 m, representing approximately linear bars, and

30 m (Figs. 8 and 9). The larger changes in A4
mainly occurred on a monthly time scale and are
partially bounded by class transitions. When
bounded by class transitions, 4 was usually
smallest near the class transition and largest
between subsequent class transitions (e.g., inner
bar feature 2), although the opposite pattern was
observed as well (e.g., inner bar feature 5).
Temporal minima in A4 during class transitions
were mainly associated with abrupt class transi-
tions. This drop in 4 may be interpreted as a
morphological reset. Subsequently, new features
developed causing A to increase again. Not all
monthly changes were, however, associated with
class transitions. Occasionally, 4 dropped mo-
mentarily to near-zero values in the middle of the
feature’s lifetime (e.g., inner bar feature 8). In
addition to the monthly variations, 4 changed on
a weekly time scale. The amplitudes of the main
and superimposed features often changed simulta-
neously, although they may change independently
as well. For example, in the beginning of 1997, the
amplitude of the main non-uniform feature
increased, while the amplitude of the superim-
posed feature remained constant.

4.3. Alongshore migration

Time series of ¢,,, computed from the temporal
phase of the first two eigenfunctions using
Eq. (10), are shown in Figs. 10 and 11 for the
outer and inner bar, respectively. No systematic
monthly changes in ¢, were observed that were
related to class transitions. Instead, ¢, varied on a
weekly scale between 0 and 185 m/day in the
northward and 0 and 170 m/day in the southward
direction (Figs. 10 and 11). Typically, ¢, was
O(10 m/day) in either northward or southward
direction, with maximum rates around 150 m/day
(Fig. 12). The migration rates at the inner bar were
generally smaller than those at the outer bar
(Fig. 12 and Table 4). Northward migration rates
were typically larger than southward rates (Table
4), but occurred less frequently (Table 4). How-
ever, both the differences in magnitude and in
frequency were small. The differences in migration
rate for the different features were small (Table 4).
Undulating features tended to migrate slightly
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faster than irregu

lar features, crescentic bars and

rips. The rip migration rates seemed to be smaller
than those for undulating, irregular and crescentic
features, particularly the maximum rates (Table 4).

5. Forcing

In this section the relationship between the
observed temporal variability in L, 4 and ¢,, and
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the obvious potential forcing (Hj Py, see Section 2)
is discussed. More specifically, the following three
questions are addressed (1) During which conditions
do the class transitions take place? (2) Is 4 coupled

to Hp? (3) Is ¢, coupled to Py?

However,

As can be seen in Figs. 13 and 14, some class
transitions were clearly associated with high-
energetic (Hp >2m, or Py >2 x 10* W/m) peri-
ods (e.g., inner bar transitions 2-3 and 6-7).
similar conditions occurred without
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Table 4
Statistics of alongshore bar migration rates
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class transition. Besides, class transitions were also
observed during less energetic conditions (e.g.,
inner bar transition 1-2, Hy<lm and
P,y=~0 W/m). No systematic difference between
abrupt and gradual transitions was observed.

For each value of A, a corresponding Hj; was
computed as the time average of all hourly Hp
values since the previous observation of 4. For
some non-uniform features, 4 was found to
decrease with increasing wave height (Fig. 15a),
consistent with the transition to a linear bar in the
state models of Wright and Short (1984) and

Northward migration (m/day)

Southward migration (m/day)

Mean St. dev. Max N Mean St. dev. Max N
Outer bar 35 45 285 193 21 26 170 220
Inner bar 21 24 156 485 16 19 104 497
Undulating 31 40 285 282 21 24 170 280
Irregular 20 24 141 156 17 20 104 125
Crescentic 23 25 179 125 14 14 70 242
Rips 16 19 69 71 18 26 97 70
N is number of observations.
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Fig. 13. Time series of (a) H, and (b) Py, including the class transitions at the outer bar. The numbers 1-4 correspond to the
numbering of non-uniform features listed in Table 2. Vertical dotted lines indicate the class transitions. Class transitions marked with

‘Ab’ are abrupt, whereas those marked with ‘G’ are gradual.
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Fig. 15. Examples of the relation between cross-shore amplitude and wave height. Drawn line is the best-fit linear line. The relation in
(a) is based on observations of inner bar feature 3 (crescentic; r = —0.51). The relation in (b) is based on observations of inner bar
feature 2 (undulating; r = 0.65). Both relations are significant at the 95% level.

Lippmann and Holman (1990). However, opposite
relations, i.e. increasing A with increasing wave
height, were observed as well (Fig. 15b). Signifi-
cant (at the 95% level) linear relations between A
and H, were found for undulating features,
irregular features and crescentic bars, but not for
rip morphologies. The relations were generally
strongest for the undulating features (r* between
0.14 and 0.42), followed by crescentic bars (i
between 0.05 and 0.26). The relations for undulat-
ing features were, however, not consistent; the
amplitude was observed to increase as well as to
decrease with increasing wave height. For crescen-
tic bars, the amplitude decreased with increasing
wave height, whereas for irregular features the

amplitude increased with increasing wave height.
The positive relations were statistically different
from the negative relations, but individual positive
(or negative) relations were not statistically differ-
ent at the 95% level. On the whole, the relation
between 4 and H) is unclear and inconsistent.
Generally, non-uniform features were found to
migrate in the direction of P, and the magnitude
of ¢, was found to increase linearly with the
magnitude of P, (Fig.16). For each feature,
the relation between ¢, and P,y was described by
the best-fit linear line between ¢, and Py.
Significant (at the 95% level) relations were found
for all alongshore features. The relations were
generally weakest for undulating features (12
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Fig. 16. Examples of the relation between alongshore migration c,, and the alongshore component of the offshore wave power P.
Drawn lines are the best-fit linear lines. The relation in (a) is based on observations of rips in the inner bar in September—October 1995
(r = 0.60). The relation in (b) is based on observations of the crescentic inner bar in May—July 1998 (r = 0.55).

between 0.04 and 0.17) and strongest for crescentic
bars (> between 0.06 and 0.34) and rips (> =
0.36). Most relations were consistent and were in
favour of the assumption that the alongshore
migration is forced by the wave-driven alongshore
current (see Section 2). Only two undulating
features were observed to migrate against the
direction of P,y. The relations for rips and
irregular features are not statistically different
from the relations for crescentic bars.

6. Discussion and conclusions

The alongshore non-uniform bar morphology at
Noordwijk (Netherlands) was quantified from a
3.4-year data set of almost daily, videoed bar crest
lines, with the objectives (1) to describe the
temporal evolution of alongshore non-uniform
features and (2) to link this variability to the wave
forcing, here expressed by the breaker height and
the alongshore component of the wave power. The
alongshore bar shape varied between the classes
undulating, crescentic, irregular and rips, with
alongshore lengths of 380 to approximately
3000 m. None of the features possessed a regular
sinusoidal shape, but instead all features, were
characterised by skewed crescents or an along-
shore varying length. The observed class transi-
tions were mostly gradual, resulting from an
alongshore differential growth in amplitude of
the features, and only occasionally abrupt, expres-
sing a morphological reset. The features had
lifetimes of 1-8 months in the inner bar and 0.5-
37 months in the outer bar. These lifetimes
contrast with the impression given in the literature

that bars straighten during each high-wave event,
implying a morphological reset every few days to
several weeks (Wright et al., 1985; Lippmann and
Holman, 1990). During their lifetime, the non-
uniform features changed in amplitude between 0
and 30 m on a weekly to monthly scale. In
addition, the non-uniform features migrated back
and forth along the shore with typical rates of
O(10 m/day) on weekly time scales.

Attempts to relate the changes in the morpho-
logical parameters to the wave forcing were
inconclusive, except for the alongshore migration
rate, which was significantly related to the
alongshore component of the wave power, sug-
gesting that the non-uniform features migrated
alongshore under influence of the wave-driven
alongshore current. The class transitions could not
be associated with systematic changes in the
breaker wave height or in the alongshore compo-
nent of the wave power. Furthermore, no con-
sistent linear relation between cross-shore
amplitude and breaker wave height was observed.
The general absence of consistent linear relations
with the wave height and the alongshore compo-
nent of the wave power raises the question whether
this is because the link with forcing is more
complex, or whether other wave parameters not
investigated here (like wave steepness) are of
importance, or whether it is the manifestation of
free (i.e., non-forced) behaviour of a non-linear
random system. In the most simple case of a forced
response the morphology simply mirrors the
forcing conditions, implying a linear relation
between morphology and forcing, as investigated
here. However, the link with the forcing may be
more complex owing to non-linearities such as
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response times depending on the wave conditions
and response rates increasing with the degree of
disequilibrium between the forcing and the ante-
cedent morphology (Wright and Short, 1984). A
more extensive analysis considering non-linear
relations is needed to unravel the direct effect of
wave forcing on the evolution of non-uniform
features, should it exist. Alternatively, the near-
shore bar system may be governed by free
behaviour, implying that no direct relation, not
even a complex one, between forcing and the
evolution of non-uniform features exists. In this
case, the system is dominated by non-linear
feedback between forcing and response, resulting
in self-organisational, potentially chaotic, beha-
viour (Southgate and Beltran, 1996; Coco et al.,
2000). Our observations that the alongshore non-
uniform features evolve gradually and thus have
lifetimes that are long relative to the characteristic
time scales of the wave forcing are consistent with
the idea of strong morphologic feedback, and as
such provide circumstantial evidence for free
behaviour.
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