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Long wave forcing on a barred beach
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We present new laboratory data on long wave forcing over a barred beach profile
under random wave breaking conditions. The data include incident and radiated wave
amplitudes, wave set-up, and detailed measurements of the cross-shore variation in
long wave amplitude, including shoreline (swash) amplitudes. The total surf zone width
was varied via changes in both wave height and the water level over the bar crest. The
data obtained from the barred beach are also compared with previous data obtained
from a plane beach under essentially identical short wave forcing conditions. The
presence of the bar induces a frequency downshift in the spectral peak of the radiated
long waves, a consequence of the increased surf zone width on the barred beach
and a clear signature of long wave forcing by a time-varying breakpoint. Further
comparisons of the two data sets suggest that the bar leads to resonant trapping
and amplification (or suppression) of the shoreline motion at discrete long wave
frequencies. Well-defined standing long wave motion occurs at discrete frequencies
inside the bar and the resonant response is consistent with a simple seiche between
the bar crest and shoreline, in agreement with previous numerical model studies. The
long wave structure offshore of the breakpoint depends on the relative positions of
the bar, shoreline and breakpoint, and is inconsistent with a numerical solution for a
free standing long wave over the barred beach profile.

1. Introduction

Many natural beaches have a longshore sand bar, or series of bars, running
approximately parallel to the shoreline. In comparison to a plane beach, the bar
typically induces wave breaking at specific locations for certain combinations of water
depth (tidal level) and wave height. In general, wave breaking leads to a transfer of the
incoming short wave energy to a range of different scales of motion, and particularly
to lower frequencies (Wright, Guza & Short 1982; Guza & Thornton 1985; and
others). These long waves, collectively termed surf beat (Munk 1949; Tucker 1950),
may propagate in the cross-shore direction (leaky waves), be refractively trapped
(edge waves) or be a mixture of both modes (Huntley, Guza & Thornton 1981;
Oltman-Shay & Guza 1987). Since the short wave breaking is strongly influenced by
the beach profile, the long wave forcing and resultant motion may be quite different
on plane and barred beaches. In addition, the strong correspondence between the
length scale of the long waves and nearshore morphological features has suggested
that cross-shore standing long waves may generate and maintain longshore bars
(e.g. Short 1975; Symonds & Bowen 1984; Wright et al. 1986; O’Hare & Huntley
1994). This mechanism requires the presence of a dominant long wave frequency,
associated with a resonant response between the morphology and long wave. This
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paper considers these issues and presents a detailed analysis of the differences between
long wave forcing on a barred beach and a plane beach.

1.1. Previous work

Following Munk’s (1949) and Tucker’s (1950) observations, Longuet-Higgins &
Stewart (1962, 1964) showed that short wave groups nonlinearly force a long wave,
bound to the short wave groups. Longuet-Higgins & Stewart (1962, 1964) suggested
that surf beat was consistent with the release of this bound wave during short wave
breaking, with subsequent reflection at the shoreline. Qualitative support for this
mechanism comes from some field data (e.g. Guza et al. 1984), numerical studies (List
1992), with perhaps more quantitative support from recent laboratory data presented
by Janssen, Battjes & van Dongeren (2003). However, release and reflection of the
bound long wave implies that surf beat amplitudes should show a close to quadratic
dependence on the short wave amplitude (Battjes 1988), whereas the majority of
field data shows a roughly linear dependence on short wave amplitude (e.g. Guza &
Thornton 1985; Herbers et al. 1995; Ruessink 1998).

Symonds, Huntley & Bowen (1982) proposed an alternative mechanism for the
generation of surf beat which was directly due to the variability of wave breaking, later
expanded on by Schaffer (1993). This model proposes that a time-varying breakpoint
position (due to incident wave groupiness) radiates long waves at the group frequency
both shorewards and seawards. If the shoreward propagating long waves reflect at
the shoreline, then an interference pattern is set-up and the amplitude of the final
seaward propagating wave should vary according to the long wave frequency and
surf zone width. The peak frequency of the radiated long wave spectrum therefore
depends on the breakpoint position, and decreases as the surf zone width increases.
In addition, according to the breakpoint forcing model surf beat should show a linear
dependence on short wave amplitude.

For discrete long wave frequencies, the cross-shore (partial) standing wave structure
resulting from these processes strongly depends on the long wave forcing mechanism
and the relative phase between the incident bound waves and outgoing free waves
(Baldock et al. 2000). The cross-shore nodal structure is quite distinct, even for random
wave breaking conditions (Baldock & Huntley 2002). Furthermore, if breakpoint
forcing is dominant, the partial standing wave structure close to and seaward of the
breakpoint will be quite different from that for a free (standing) long wave originating
further offshore. This has implications for the modelling of short waves in the coastal
zone and the correlation between long and short wave orbital velocities, which
strongly governs net sediment transport directions. For a plane beach, Baldock &
Huntley (2002) also found that the relationship between the offshore incident short
wave amplitude and the associated long wave amplitude was dependent on both
cross-shore location and the particular long wave frequency. Shoreline oscillations
(swash) are also often dominated by low frequency oscillations, generated by standing
waves and edge waves, or when short waves of varying height reach the shoreline,
leading to swash—swash interactions (Mase 1995) and both processes may occur
together. However, swash—swash interactions themselves do not appear to generate
an additional significant outgoing long wave component (Watson, Barnes & Peregrine
1994).

On a barred beach the standing wave structure will be more complicated due to the
increased surf zone width, the varying topography and the relative position of the bar
and shoreline at different water levels. In addition, there exists the possibility of the
resonant trapping (seiching) of both leaky long waves over the bar (Symonds & Bowen
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1984) or edge waves (Kirby, Dalrymple & Liu 1981; Bryan & Bowen 1996). Limited
field data provide some support for these hypotheses for edge waves (Sallenger &
Holman 1987; Aagaard & Bryan 2003), but, as a result, the data suggest that the long
waves in these instances were not generated at that location by either incident wave
groups or time-varying breakpoint forcing, but rather had propagated along the coast
(e.g. Wright et al. 1986). For two-dimensional wave conditions Symonds & Bowen
(1984) presented a model illustrating that breakpoint forced free long waves could be
trapped by barred topography. For a half wave resonant condition associated with a
standing wave elevation anti-node at the bar crest, the long wave amplitude at the
shoreline increased in comparison to the amplitude on a plane beach. Conversely, for
an elevation node at the bar crest the shoreline amplitude could be suppressed. For
the example given, the amplification or damping of the shoreline motion was of the
order of 50%.

However, the Symonds & Bowen (1984) model does not appear to have been
rigorously tested, particularly for leaky waves, and detailed measurements of the
cross-shore structure of standing wave motion over barred topography are also
limited. On natural beaches direct identification of shoreline amplification would
be very difficult, although it may be possible to distinguish possible significant
spectral peaks (or the lack of), provided the shoreline run-up spectra are otherwise
generally white at long wave frequencies (Sallenger & Holman 1987; Ruessink,
Kleinhans & van den Beukel 1998; Holland & Holman 1999). This may only be
the case on mildly sloping dissipative beaches. In addition, it might be argued that
significant peaks in the shoreline spectra only indicate resonance if the offshore
long wave forcing is white. Furthermore, for field data, there is the added difficulty
of distinguishing between cross-shore standing waves and high mode edge waves
(e.g. Sallenger & Holman 1987). However, on steeper reflective beaches, both plane
and barred, swash spectra may not be white at long wave frequencies (Huntley,
Guza & Bowen 1977; Bradshaw 1980; Mase 1988; Baldock & Holmes 1999). In
addition, significant spectral peaks at the shoreline do not necessarily imply resonant
amplification, since the incident short wave groups may have a dominant frequency
(e.g. Sobey & Liang 1986), leading to long wave generation around a particular
frequency. Laboratory data for surf beat on a barred beach appear limited to that
presented by Janssen et al. (2003), but those authors did not seek to determine the
cross-shore nodal structure of the long wave motion or if resonant trapping occurred
over the bar.

The present paper focuses on these aspects and contrasts two-dimensional long wave
forcing (cross-shore motions only) on a plane beach and on a barred beach. Through
carefully controlled laboratory experiments essentially identical incident random short
wave forcing conditions were used for both beaches, thereby considerably simplifying
the identification of any resonant long wave behaviour. The influence of the bar
on the generation of seaward propagating long waves is also easily isolated, and
found to be consistent with the increased surf zone width. The laboratory study
includes measurements of incident and outgoing long waves, the correlation between
forced long waves and random short wave groups and the dependence of long wave
energy on short wave amplitude. A detailed comparison of the cross-shore structure
of the long wave motion on both beaches is also presented. Since a comprehensive
summary of two-dimensional surf beat forcing mechanisms is given in Baldock et al.
(2000) and Baldock & Huntley (2002), a summary of the experimental setup and
analysis techniques follows immediately in §2. Section 3 presents and discusses the
experimental data, with final conclusions in §4.
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FIGURE 1. Wave flume and instrumentation.

2. Experimental setup
2.1. Wave flume and instrumentation

The experiments were carried out in a wave flume 18 m long, 0.9 m wide, with water
depths, A, ranging between 0.8 m and 0.86 m (figure 1). Two different beach profiles
were utilized in the study. Firstly, a plane beach (gradient 8 =0.1) starting 5.65m
from the wave paddle and, secondly, a barred beach overlying the original plane
beach offshore of the bar trough. Offshore of the bar crest and shoreward of the bar
trough the beach gradient was maintained at 8 =0.1. The shoreward face of the bar
had a gradient of 8=0.16, with the trough depth, 4;, 0.13m below the bar crest.
The overall beach profile is similar to the universal bar—trough topography described
by Wright & Short (1984). For non-breaking monochromatic waves with frequencies
of 0.1-0.4 Hz, the reflection coefficient for these beaches ranges from 0.9 to 0.5, with
minimal reflection (3-8%) for breaking waves in the frequency range 0.6-1 Hz.

The origin of the horizontal co-ordinate, x, is taken as the intersection of the still
water line with the beach face, positive onshore, and is the same for both beach
profiles. The location of the bar crest (x =—2.1m) was chosen to coincide appro-
ximately with the breaker location for the largest waves on the plane beach, i.e. where
a bar might be expected to form naturally. This location also closely coincides with
the position of the second anti-node for a free standing long wave with a frequency
of approximately 0.2 Hz. On the plane beach, this frequency exhibits maximum surf
beat response (maximum outgoing wave amplitude) for the wave conditions used
here (Baldock & Huntley 2002). The water depth over the bar crest, ., was varied
from 0.02m to 0.08 m, with corresponding distances from the bar to the still water
shoreline, X,, of 2.1 m and 2.7 m.

Waves were generated by a hydraulically driven wedge type wave paddle using
second order generation for long waves (Barthel et al. 1983). A software driven digital
feedback system absorbs up to 60% (in amplitude terms) of waves radiated from the
far end of the flume for frequencies at 0.1 Hz, rising to over 90% above 0.4 Hz. The
wave motion generated by the wave paddle is highly repeatable, allowing data to be
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fp fl f2 Hrmsa hb
Series Case (Hz) (Hz) (Hz) y (m) & (m)
1 J6033A 0.6 042 1.47 33 0.1 0.61 0.074
1 J6033B 0.6 0.42 1.47 33 0.075 0.71 0.055
1 J6033C 0.6 0.42 1.47 33 0.05 0.87 0.037
2 J6010A 0.6 0.41 1.48 1.0 0.1 0.61 0.074
2 J6010B 0.6 0.41 1.48 1.0 0.075 0.71 0.055
2 J6010C 0.6 0.41 1.48 1.0 0.05 0.87 0.037
3 J1033C 1.0 0.67 1.78 33 0.05 0.56 0.037
3 J1010C 1.0 0.65 1.74 1.0 0.05 0.56 0.037

TaBLE 1. Spectral characteristics, Iribarren number and mean breakpoint depth.

collected at multiple cross-shore locations. Data were collected simultaneously from
an array of five surface piercing resistance type wave gauges, mounted on a carriage
above the flume, and a run-up wire within the swash zone. The absolute accuracy
of these wave gauges is of order + 1 mm, with a resolution better than +0.2 mm.
The run-up wire consists of two 0.8 mm diameter stainless steel wires 12 mm apart,
held 3mm above the bed, and has a resolution better than +0.5mm in the vertical.
Further details of both the wave flume and instrumentation may be found in Baldock
et al. (2000).

2.2. Wave characteristics

The present paper considers data from eight random wave simulations (JONSWAP
spectra: Hasselmann et al. 1973) with varying peak frequency (f,), target offshore
root mean square wave height (H,,s) and peak enhancement factor, y. These cases
are further subdivided into three series, depending on their peak frequency and
spectral shape (table 1). Cases in series 1 have relatively narrow banded frequency
spectra (f, =0.6 Hz, y =3.3, varying H,,,), while those in series 2 are more broad
banded (f,=0.6Hz, y =1, varying H,,s). Series 3 has cases with both narrow
banded and broad banded wave spectra (f, =1Hz, H,, =0.05m, varying y). The
lower and upper frequency limits for the primary (linear) wave components of the
energy spectra, f; and f> respectively, are also given in table 1, from which long
waves frequencies are defined for the purpose of the present study as f < 0.4 Hz. The
surf similarity parameter, or Iribarren number, & =8/ /(Humso/L,), is in the range
0.56-0.87, indicating largely plunging breakers. The majority of the energy dissipation
occurs offshore of the bar crest, with approximately 10-15% of the incident short
wave energy remaining further shoreward due to the finite water depth over the
bar. Consequently, the mean breakpoint position, X, is defined as the location where
approximately half this energy (45% of the original offshore wave energy) would be
dissipated, i.e. (Hyps/Hymso)* = 0.55. The depth at this location, &;, may be written as

1
Ty = —J0.55 Hypso. (2.1)
K

where « is the ratio of the wave height to water depth at breaking. From a series
of monochromatic wave measurements, k has been taken equal to 1, typical of steep
beaches, and the resulting values for h; are shown in table 1. Wave breaking was
therefore predominantly offshore of the bar crest for 4.=0.02, with breaking on the
bar crest and further shoreward for the higher water levels. Values for £, in table 1
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are in good agreement with the measured wave heights (e.g. figure 2a), suggesting
(2.1) provides a reasonable theoretical estimate of the mean breakpoint position.

The same individually generated random wave trains were used for both the plane
and barred beach experiments. This allows the influence of the bar on long wave
generation to be more easily identified, and also enables direct comparison of the long
wave amplitude at the shoreline with and without the bar. In addition, at the
wavemaker, the three individually generated random wave trains in each of series
1 and series 2 are identical apart from a change in amplitude. Consequently, any
differences in long wave generation due to variations in short wave phase should
largely be eliminated when considering the effects of short wave nonlinearity (varying
H,.s0, s€€ §3.3 ). An estimate of the overall surface elevation groupiness, G, is given
by (List 1991)

G = @ (2.2)
A(r)
where o4 is the standard deviation of the short wave envelope and A(f) is the
envelope of the short wave surface elevation. The short wave envelope is readily
obtained via a Hilbert transform of the measured surface elevation data (Sobey &
Liang 1986). Based on measurements in the constant depth region of the flume,
(2.2) gives groupiness values for the random wave cases considered here in the range
0.7-0.8, typical of natural sea states (List 1991).

2.3. Analysis techniques

Spectral estimates (S(f)) were obtained from Fourier transforms of eight 50
overlapping data segments, each comprising 2048 data points sampled at 25 Hz,
with frequency smoothing over three adjacent frequencies (0.0244 Hz). The amplitude,
a(f.), of the long wave motion within finite frequency bands centred on f. was
estimated using the relationship

Jetof
a(f,) = \/2 /f |, S0, (2.3)

where §f = 0.0122 Hz and is half the width of the finite frequency band and S(f) is
the spectral density of the water surface elevation. Wave heights were estimated from
the variance, m,, of measured surface elevation time-series (H,.,s=+/(8m,), assuming
a narrow-banded Gaussian process and a Rayleigh wave height probability density
function, e.g. Massel 1996). Note that each random wave case may be considered to
be deterministic, rather than a single realization of random data and therefore the
spectra shown later do not require the confidence limits associated with stochastic
processes (Baldock, Swan & Taylor 1996). Note that data are only shown from
locations seaward of the maximum run-down position and from the run-up wire;
consequently time-averaging of the data and spectral calculations were only carried
out on continuous data series.

Previous studies (e.g. Guza, Thornton & Holman 1984; Elgar & Guza 1985; List
1992) have used linear theory to separate crudely time-series of incident and outgoing
long waves in natural random sea states. Such an analysis ignores the nonlinearity
of the incident bound wave, and the influence of the bed slope, which may introduce
significant errors, particularly close to the breakpoint. It also assumes that the incident
bound wave propagates at the celerity of a free wave, which is only the case if the
short waves are shallow water waves. However, a linear analysis is not necessary since
incident and outgoing long wave pulses are generally well separated in time, and
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may be identified directly through a cross-correlation analysis (Baldock & Huntley
2002; Janssen et al. 2003, see § 3.3 below). In addition, the experiments were designed
to quantify long wave non-linearity directly and it is therefore also not necessary to
decompose the total long wave energy into free and bound long waves by bispectral
analysis (e.g. Hasselmann, Munk & Macdonald 1963), which avoids introducing
further uncertain spectral estimates.

In order to determine the amplitude of the outgoing free long waves in the
constant depth region of the wave flume (x < —10m on the barred beach), calculated
second order bound long waves (Longuet-Higgins & Stewart 1960, 1964) were
subtracted from Fourier filtered low pass (f < 0.4 Hz) measured surface elevation
data, theoretically resulting in a surface elevation time series comprising solely of
incident and outgoing free long waves (see Baldock & Huntley 2002 for details). The
incident and outgoing free long wave surface elevation time series were then separated
using the two gauge method of Frigaard & Brorsen (1995), from which both incident
and outgoing long wave spectra and amplitudes could be readily determined. The
method of Frigaard & Brorsen (1995) was chosen for its simplicity of approach and is
applied here in the frequency domain using the full data series. It can also be applied
to free waves propagating over sloping bathymetry (Baldock & Simmonds 1999).

The normalized cross-correlation signal, R,,(t), between two time series x(¢) and
y(t) was estimated by (Bendat & Piersol 1986):

R (1) = M’ (2.4)

0,0y

where 7 is the time lag between the two signals, o, and o, are the standard deviations
of the respective time series, () denotes ensemble averaging and 1 < R,,(t) < 1. In this
instance the two time series are the low pass filtered (f < 0.4 Hz) long wave surface
elevation and the envelope of the short wave surface elevation, A(t), at various cross-
shore locations. The normalized cross-correlations were calculated using 4096 data
points sampled at 25 Hz, giving for the present data a 95% confidence interval on
R,y(t) =0 of approximately +0.18 (Jenkins & Watts 1968).

3. Discussion of results
3.1. Offshore spectra and cross-shore wave height variation

Figure 2 shows examples of the cross-shore variation in wave height (H,,s) and
steady setup for the three cases in series 1 (f, =0.6 Hz, y =3.3, varying H,,). The
measured data have been linearly normalized by the target H,,s for each case (see
table 1). Hence, in the following, different data sets will overly each other if there is
a linear relationship between the data and wave height. The barred beach profile is
also shown in figure 2(a), and the bar crest is indicated by the vertical dashed line in
figure 2(b). In comparison to the plane beach, the position of the mean breakpoint
moves offshore by a distance approximately equal to X, the distance between the bar
crest and still water shoreline. Figure 2(a) additionally shows that most of the energy
dissipation due to wave breaking occurs offshore of the bar crest, with the overall
energy dissipation slightly greater than on the plane beach. Steady set-up (figure 2 b)
reaches a near constant value just shoreward of the bar crest and is linearly dependent
on H,,;, as expected, with the set-up approaching 20% of the wave height shoreward
of the bar crest. The run-up of individual short wave bores elevates the mean shoreline
position significantly above the steady set-up in the surf zone, which may be regarded
as swash induced set-up as opposed to wave induced set-up. To a first approximation,
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the shoreline motion induced by short wave bores is parabolic (Shen & Meyer 1963),
and the mean shoreline is additionally displaced landward by 2/3R, where R is the
maximum run-up. R and hence the swash setup may be estimated from the short
wave bore height and frequency at the seaward limit of the swash zone (Baldock &
Holmes 1999). Using the most shoreward values for H,,; shown in figure 2(a), the
normalized swash set-up for these cases is estimated to be about 0.3, consistent with
the data shown in figure 2(b).

Surface elevation energy spectra in the constant depth region of the wave flume
(x =—11.15m) are shown in figures 3(a) and 3(b) for cases J6033A (narrow banded)
and case J1010C (broad banded), respectively. The measured spectra are in very
close agreement with the target first and second order spectra for short wave
frequencies (f >0.4Hz), where the second-order spectra are calculated following
Longuet-Higgins & Stewart (1960), see Baldock, Swan & Taylor (1996) for detalils.
However, the measured data show significant additional energy in the long wave
frequency band (f < 0.4 Hz) and it is shown below that this energy corresponds with
long waves propagating offshore. For the plane beach the peak long wave energy
occurs at f ~0.2-0.3 Hz, whereas for the barred beach the additional energy occurs
at a much lower frequency, f ~0.05-0.2Hz. This frequency downshift in the long
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wave peak frequency is a function of surf zone width, and expected from breakpoint
forcing theory (see § 1.1 and §3.2 below).

A further example of this is illustrated in figure 3(b), where, with deeper water
over the bar crest (k. =0.08 m) the main breakpoint moves inshore of the bar and
the downshift in the long wave peak frequency is significantly reduced. In fact,
for h.=0.08 m, the long wave energy spectrum becomes quite bi-modal, with two
relatively narrow distinct peaks (f ~0.1Hz and f=~0.25Hz). The latter appro-
ximately coincides with the long wave peak frequency on the plane beach. This may
be the result of two breakpoints, the first just offshore of the bar crest, with the main
breakpoint much closer to the shoreline. Consequently, radiated long waves may be
generated at two distinct frequencies. Symonds & Bowen (1984) did not consider this
possibility, restricting the forcing region to offshore of the bar.

For all cases shown in figure 3, the computed incident bound wave energy is
significantly less than the measured energy at the peak long wave frequency and,
particularly for case J1010C, shows little correlation with the data. For case J6033A,
the peak bound wave energy and measured long wave energy peak do occur at a
similar frequency, f ~0.07 Hz, but it is shown below that the measured long wave
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energy at this location is consistent with breakpoint forced free long waves, rather
than released bound waves (see §§3.4 and 3.6).

3.2. Incident and radiated long waves

On a plane beach, the Symonds et al. (1982) forcing model gives an outgoing long
wave amplitude that scales according to a non-dimensional measure of the surf zone
width given by

o’ X
8B’
where w is the long wave frequency (27 f), X is the distance from the mean shoreline to
the mean breakpoint position, g is gravitational acceleration and 8 is the beach slope.
For typical surf zone conditions, say X ~80m, surf zone gradient 8 ~0.02 and surf
beat periods of order 2 min, then x ~ 1.1. Symonds et al. (1982) show that maximum
outgoing long wave generation occurs for x ~ 1.2, with minimal long wave forcing
at x =3.7. In particular, maximum long wave generation occurs when a standing
long wave elevation node coincides closely with the mean breakpoint position. For
the plane beach and random wave conditions described above, Baldock & Huntley
(2002) found the peak radiated long wave frequency to be f ~0.2 Hz, corresponding
to x values in the range 1-1.4.

On a barred beach the surf zone width and long wave nodal points depend on the
exact topography and long wave frequency. Hence x becomes less well defined and a
less useful measure of the relative position of the long wave nodes and the shoreline.
A full numerical solution is used later to determine the nodal positions, and these
correlate well with the observed variation in radiated long wave energy. However, a
reasonable first estimate of the expected peak radiated long wave frequency can be
obtained from (3.1) with x =1.2. For case J6033A, X ~ 3.1 m and the calculated peak
frequency downshifts from f~0.2Hz to f~0.1 Hz, for 8=0.1. It could be argued
that 8 should be representative of the mean beach slope between the shoreline and
the breakpoint, in which case the long wave peak frequency would be f ~0.04 Hz.

Incident and radiated (outgoing) free long waves in the constant depth region of the
flume were separated as described in §2.3. As in Baldock & Huntley (2002) we assume
that all outgoing free long waves are generated shoreward of the outer breakpoint
by one or more of the mechanisms discussed in §1, and this is consistent with the
data below. Figure 4(a) contrasts the incident and radiated free long wave energy
spectra obtained from the plane and barred beach for case J6033A. Both data sets
show the clear frequency response expected from the breakpoint forcing model, with
a clear frequency downshift on the barred beach. The radiated long wave frequency
peak is in the range f =~0.06-0.09 Hz, in close agreement with that estimated above.
This frequency downshift in the long wave spectral peak with increased surf zone
width appears to be a clear indication of breakpoint forced long waves, and might
be useful when analysing data from natural beaches. Figure 4(b) shows the ratio of
the radiated to incident free long wave amplitude, or radiation coeflicient, R, again
measured in the constant depth region of the flume. Very high radiation coefficients
are observed for 0.05 < f < 0.1 Hz, consistent with free long wave generation further
shoreward and confirming the effectiveness of the wave generation and absorption
system.

X = (3.1)

3.3. Correlation between short waves and long waves

Figures 5(a) and 5(b) show the cross-correlation between the short wave envelope in
the constant depth region of the flume (x =—11.15m) and the total low frequency
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FIGURE 4. (a) Incident and radiated free long wave energy spectra at x =—11.15m, case
J6033A, Hypso=0.1m, h.=0.02m. ——, Incident (plane beach); —— ——, radiated (plane
beach); —-—, incident (barred beach); ————, radiated (barred beach). (b) Variation in free
long wave radiation coefficient with frequency at x =—11.15m. ——, plane beach; ————,

barred beach.

surface motion (f <0.4Hz) further shoreward on the barred beach. Figure 5(a)
shows a strong negative correlation at small lags (t ~0-5s), with the lag progressively
increasing at more shoreward locations. This corresponds to the locally forced incident
bound long wave, which is out of phase with the short wave envelope (Longuet-
Higgins & Stewart 1962; 1964). The correlation becomes stronger further shoreward
as the bound wave shoals and represents a greater proportion of the total long
wave energy. A second strong positive correlation is observed at later lags (7 =~ 12—
16s), with the lag reducing for data collected further shoreward. This peak in the
correlation signal corresponds to a long wave positively correlated with the incident
wave groups and which propagates offshore. Inside the surf zone and in the run-up
(x > —3m), the correlation signal shows a single dominant long wave, again positively
correlated with the offshore short wave envelope (figure 5b). This is to be expected,
since larger incident waves will produce a larger dynamic setup. In addition, some
wave groupiness persisting inside the bar will continue to generate low frequency
motion in the inner surf zone and run-up, which again will be positively correlated
with the incident wave groups (Watson & Peregrine 1992).

The positive correlation between the offshore propagating long wave and the
incident wave groups is consistent with long waves produced by breakpoint forcing,
rather than from the release of the negatively correlated incident bound long wave



332 T. E. Baldock, T. J. O’'Hare and D. A. Huntley
0.8

@

0.4 =

Correlation
o

-5 0 5 10 15 20

®

Correlation

-5 0 5 10 15 20
Lag (s)

FiGure 5. Cross-correlation between the wave envelope at x =—11.15 and the low frequency
motion at more shoreward locations, case J6033A, Hueo=0.1m, 7. =0.02m. x >—3m is
within the surf zone. (a) —, x=—11.15m; — — x=—-8.05m; ———— x =—4.85m. (b) —,
x=-325m; —— x=-2.75m; —-—, x=—1.75m; ————, run-up.

observed at the outer breakpoint (x =—3.25m, figure 5b). These data, together with
similar observations from the plane beach by Baldock & Huntley (2002), are in
marked contrast to data from a mildly sloping beach presented by Janssen et al.
(2003) that show an offshore propagating long wave which is negatively correlated
with the incident wave groups. This differences appear consistent with the results of
Schaffer (1993), who suggests that the shoaling of the incident bound wave reduces
with increasing bed slope, and that breakpoint forced waves will become more
dominant with increasing wave groupiness inside the surf zone, i.e. on steeper slopes.
Battjes et al. (2003, in review) draw similar conclusions in a further analysis of the
data presented by Janssen et al. (2003). It is also relevant to note that most of the
extensive field data appropriate for a rigorous examination of the long wave forcing
have been obtained from relatively mildly sloping beaches. Future field work on
steeper beaches may show results more in accordance with the breakpoint forcing
mechanism. Such beaches are widely geographically distributed, particularly in higher
latitudes, and often as barrier beaches protecting lower lying coastal regions.

3.4. Long wave dependence on short wave amplitude and frequency

Figure 6(a—f) shows the cross-shore variation in the total long wave amplitude
(incident and reflected, bound and free) within finite frequency bands centred on
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fe (e. f.£0.012Hz). The data are shown for series 1 and have been linearly
normalized by the target short wave height, H,,s,, for each case. The position of the
bar crest is indicated by the vertical dashed line on each figure. At all long wave
frequencies (f < 0.4 Hz) and at all cross-shore locations the data show a clear linear
relationship between short wave height and long wave amplitude, i.e. doubling the
short wave height doubles the measured long wave amplitudes. This is consistent
with the breakpoint forcing model of Symonds et al. (1982), but inconsistent with the
release and reflection of a nonlinear bound wave. This is also in agreement with the
surface elevation spectra shown in figure 3, where, for the barred beach, the measured
long wave energy is significantly greater than the expected bound wave energy over
the whole of the long wave frequency range. In contrast, seaward of the breakpoint
on the plane beach the bound wave energy dominates the measured energy close to
the bound wave spectral peak (f ~0.06-1Hz, see figure 3a), and the relationship
between the long wave amplitude and short wave amplitude is nonlinear at these
frequencies (Baldock & Huntley 2002).

The different relationship on the two beaches is a direct consequence of the different
surf zone width and the associated frequency downshift in the peak frequency of the
breakpoint generated long wave. In general, both the forced and free wave energy are
frequency dependent, and each usually show a significant spectral peak. The ratio of
forced to free wave long wave energy at any frequency is therefore dependent on the
frequency separation of the respective spectral peaks. Consequently, determining the
relationship between short wave energy and long wave energy at different frequencies
provides additional information on the forcing processes that cannot be obtained by
considering the whole long wave spectrum at once (e.g. Herbers et al. 1995).

Data for two cases with different short wave height (H,,s, =0.1m and 0.05m),
different short wave peak frequency (f, =0.6Hz and 1.0Hz) and a different wave
group time-history (different short wave phasing) are shown in figure 7. For both the
frequencies shown the cross-shore structure of the long wave motion is very similar,
and is independent of the peak short wave frequency and the precise nature of the
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Dotted lines on figure 8(b) show one standard deviation about the mean spectral energy, based
on 12 repeated data runs.

wave grouping. The measured long wave amplitude again scales linearly with short
wave height, except in the region of rapid bound wave shoaling prior to breaking
where the relationship is weakly nonlinear. This is to be expected, since the shoaling
of the incident bound wave is also dependent on the shoaling characteristics of the
short waves. In addition the bound wave amplitude will vary with wave groupiness
(Symonds et al. 1982; Baldock et al. 2000), although this seems a relatively constant
parameter for natural conditions (List 1991).

3.5. Shoreline amplitudes

Two examples of the spectral energy in the run-up (swash) are shown in figure 8(a)
and 8(b) for cases J6010A ( f, =0.6 Hz, broad banded) and J1033C ( f, =1 Hz, narrow
banded), respectively. On both the plane and barred beach the run-up spectra are not
white in the long wave frequency band, making it difficult to immediately identify
any resonant shoreline response for the barred beach. However, subtle differences do
occur in the energy spectra, and these are well outside any measurement uncertainties.
For example, figure 8(b) shows the mean spectral energy, based on twelve repeated
runs of the same random wave time series, together with one standard deviation
about the mean. The differences between the spectra from the two beach profiles are
clearly much greater than likely error bands. Note that a comparison of this form
avoids the issue of whether the shoreline spectra, or the offshore forcing spectra,
should be white in order to identify resonance, but such an analysis is only possible
in the laboratory.

This is further illustrated in figure 9(a—d), which shows the ratio of the spectral
energy in the run-up on the two beaches (barred beach to plane beach, frequency
bands f.40.012 Hz). Data from four random wave cases are shown, each measured
for three different water levels over the bar crest, .. Although considerable caution
should be taken when taking the ratio of the run-up energy over discrete frequency
bands (since small changes in the energy distribution may become magnified), all 12
cases show a very similar pattern. An amplification of order of 50% in the shoreline
energy on the barred beach occurs at frequencies f = 0.05Hz, 0.2Hz and 0.35Hz,
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with a similar reduction in energy for f~0.15Hz and 0.3Hz, and in all cases the
degree of amplification is consistent with the model results of Symonds & Bowen
(1984).

The frequencies at which resonance might be expected can be estimated numerically
from the long wave celerity or from a full numerical solution to the long wave
motion over the barred profile (see Symonds & Bowen 1984). However, the resonance
condition is a partial seiche between the shoreline and bar crest and, to a first
approximation, the simple geometry used here is nearly equivalent to a closed
triangular basin with depth &, +h.~0.15m. From Dean & Dalrymple (1992), the
fundamental frequency of any oscillation and its first harmonic are then estimated to
be of order f =0.2Hz and f =0.35Hz, in good agreement with the data in figure 9.
Furthermore, for the geometry here, an increase in the water depth over the bar
would be expected to lead to a lower resonant frequency, and reduced resonance,
again consistent with the measured data. In addition, the amplification occurs at
frequencies at which the measured and calculated (partial) standing long wave has an
elevation anti-node that closely coincides with the bar crest, the half wave resonant
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condition identified by Symonds & Bowen (1984). Conversely, the amplification is
minimal or the amplitude suppressed if a measured node occurs close to the bar crest
(see §3.6 below).

However, the apparent amplification for f ~0.05 Hz is not consistent with a seiche
mode inside the bar; the first anti-node at this frequency is expected to be far offshore
(x ®~—10m, e.g. figure 10a below). The shoreline motion at these low frequencies may
be influenced by other factors; for example continued long wave forcing inside the
bar or swash-swash interactions induced by short wave bores (Watson & Peregrine
1992; Mase 1995; Baldock & Holmes 1999). Both of these are likely to differ on the
barred and plane beach. This appears consistent with the general marked reduction
in the apparent amplification that is observed for increasing water depths over the
bar crest.

3.6. Cross-shore structure of the long wave motion

Figure 10(a—i) contrasts the cross-shore variation in the total long wave amplitude
on the barred beach and plane beach for case J6033A. Again, the data represent
the amplitude within finite frequency bands centred on f,., and the vertical dashed
line indicates the position of the bar crest. In addition, the data are compared
with a numerical solution for a small amplitude free standing long wave over the
barred beach, calculated using a modified form of the shallow water linear long
wave model of O’Hare & Huntley (1994). Note, however, that true shallow water
conditions (/L < 1/20) are only satisfied for x > —8 m at f 0.2 Hz and for x > —5m
at f ~0.35Hz. For each frequency band the model results have been scaled so as to
best fit the measured long wave amplitudes inside the bar. The steady setup inside the
bar of approximately 0.02m (figure 2 b) has been accounted for, fixing the shoreline
position in the model at x =0.2m. Note that direct comparisons cannot be made
between the long wave amplitude inside the surf zone on the two beaches due to
the different position of nodes and anti-nodes; this can only be carried out for the
shoreline amplitudes (figures 8 and 9 above). However, the plane beach data are
shown in figure 10 to highlight the change in long wave structure induced by the
presence of the bar.

The data show the generation of partial standing waves at discrete frequencies
inside the surf zone, with two nodal points inside the bar at higher frequencies
(f >0.244 Hz) on the barred beach due to the increased surf zone width. The nodal
structure inside the surf zone is also particularly well defined on the barred beach
and this increase in the cross-shore variation in amplitude would be beneficial for
long wave studies on natural beaches. On the barred beach the nodal and anti-nodal
positions are in good agreement with the model predictions inside the breakpoint
and the relative sizes of the anti-nodes inside and just outside the bar are also well
described by the model (e.g. figures 10 g—i). The smaller anti-node inside the bar is
due to the deeper water in the bar trough region in comparison to the surf zone
depth offshore of the bar crest. However, the model underestimates the shoreline
amplitude at the lower frequencies (f <0.17 Hz). In these cases, short wave swash—
swash interactions probably additionally contribute to the magnitude of the measured
shoreline amplitudes (e.g. Mase 1995), but there is little evidence of these interactions
generating additional outgoing long waves. The maximum shoreline amplification
observed at f ~0.2Hz and f ~0.35Hz (see figure 9) occurs when a long wave surface
elevation anti-node occurs at the bar crest (figures 10e and 10i), in accordance with
the Symonds & Bowen (1984) model and the simple seiche condition described above.
Minimal amplification or suppression of the shoreline motion occurs when a surface
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FIGURE 10(a—f). For caption see facing page.

elevation node occurs close to the bar crest (f ~0.15 and f ~ 0.3 Hz; figures 10 ¢ and
10 g), again consistent with the Symonds & Bowen (1984) results.

Offshore of the breakpoint the data from the barred beach show little correlation
with the free standing long wave solution, which is inconsistent with the release and
reflection of the incident bound long waves unless a significant phase shift occurs
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during the propagation of the released long wave through the surf zone (Baldock
& Huntley 2002). The nodal structure offshore of the breakpoint results from the
interaction of the incident bound long wave and outgoing free long wave, and is
therefore also dependent on the relative magnitudes of the two waves. In comparison
to the plane beach data, the nodal structure offshore of the breakpoint is much
stronger on the barred beach at f=0.06-0.13 Hz, but weaker at f~0.2-0.28 Hz.
This is a further consequence of the frequency downshift in the peak surf beat
response on the barred beach, such that, for the wave conditions here, the peak
incident bound wave and radiated free wave energy occur at similar frequencies. In
contrast, on the plane beach the peak incident and radiated wave energy occur at
markedly different frequencies (see figure 2 a).

It is important to note that an amplification (suppression) of the shoreline motion by
resonant trapping does not imply an increase (decrease) in the amplitude of the long
wave that is radiated offshore. For example figure 10(e) shows a smaller radiated long
wave on the barred beach at f =0.207 Hz-0.244 Hz, despite the apparent shoreline
amplification, whereas the opposite occurs at f =0.097 Hz (figure 10 b). This provides
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further support for the original breakpoint forcing model of Symonds et al. (1982),
where the radiated long wave amplitude is dependent on the surf zone width. In
this case, a node occurs at the mean breakpoint (x ~—2.7m, X ~3.1m) on the
barred beach for 0.061 Hz < f <0.097 Hz (figures 10a and 10), consistent with the
peak frequency of the radiated long waves (f ~0.07 Hz, figure 4a). In contrast, for
0.207Hz < f <0.244 Hz (figures 10e and 10 f) the mean breakpoint falls between a
node and anti-node on the barred beach, resulting in minimal long wave radiation.
On the plane beach the mean breakpoint (x &~ —0.7 m) coincides with a nodal point
for this frequency range, leading to maximum long wave radiation. Outside the surf
zone, the radiated long wave characteristics therefore depend on the relative position
of both the bar and shoreline and the breakpoint and shoreline. Consequently, the
radiated long wave amplitude is dependent on the bar location, the water depth and
the wave height. Together with the frequency downshift in the peak frequency of the
radiated long waves, such variations might be readily detected on natural beaches.

4. Conclusions

New laboratory data have been presented on long wave forcing by shorter random
gravity waves on a barred beach. Eight different random wave simulations have been
investigated, covering a range of short wave amplitudes, peak spectral frequency and
spectral shape, together with the influence of varying water levels over the bar crest.
The distance between the bar crest and the shoreline, and the total surf zone width,
therefore also varied. The data include incident and radiated long wave amplitudes,
the correlation between short waves and long waves and the detailed cross-shore
structure of the long wave motion. The data obtained over the barred beach are
critically compared to similar data obtained from a plane beach under essentially
identical incident short wave forcing conditions (Baldock & Huntley 2002). The
potential for resonant trapping of leaky long waves on a barred beach is investigated
(Symonds & Bowen 1984), together with a further comparison of different long wave
forcing mechanisms (Longuet-Higgins & Stewart 1962; Symonds et al. 1982).

The presence of the bar induces a clear frequency downshift in the spectral peak of
the radiated (offshore propagating) long waves. This is a direct result of the increased
surf zone width on the barred beach and is consistent with long wave forcing by
the time-varying breakpoint induced by incident wave groups (Symonds et al. 1982).
Maximum long wave radiation occurs when the mean breakpoint closely coincides
with a nodal point for a free standing long wave on the barred beach. Bi-modal
radiated long wave spectra are observed when short waves break both offshore and
shoreward of the bar crest, i.e. when two spatially well separated breakpoints occur.

Outside the surf zone, incident bound long waves are negatively correlated with
short wave groups at close to zero lag, as expected from second order wave theory.
Strong positive correlations occur at later lags, consistent with an offshore propagating
long wave generated by the time-varying breakpoint. On the barred beach, long wave
amplitudes are shown to be linearly dependent on the incident short wave amplitude
both offshore and shoreward of the breakpoint at all frequencies. This is in contrast to
a non-linear dependence at low long wave frequencies on the plane beach (Baldock &
Huntley 2002), and is a result of the frequency downshift induced by the bar. The
cross-shore variation in long wave amplitude is also shown to be independent of the
short wave spectral peak frequency.

A comparison of run-up (swash) spectra obtained from the plane and barred
beaches suggests that the presence of the bar leads to resonant trapping of long waves
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and amplification (or suppression) of the shoreline motion within finite frequency
bands. Amplification (suppression) occurs when the bar crest coincides with an anti-
node (node) for a free standing long wave inside the bar-trough surf zone, consistent
with the model results of Symonds & Bowen (1984) and a simple seiche between the
bar crest and shoreline.

Shoreward of the breakpoint the long wave amplitude and cross-shore structure
compare very well with numerical model results for a free standing long wave over the
bar- trough profile. Offshore of the breakpoint the data show little correlation with
the standing wave solution, again consistent with long wave forcing by a time-varying
breakpoint, rather than release and reflection of the incident bound long waves. The
long wave structure offshore from the breakpoint depends on the relative position of
both the bar and shoreline and the breakpoint and shoreline, and thus will vary with
tidal level on natural beaches. Finally, the frequency downshift in the spectral peak of
the radiated long waves is clear signature of breakpoint forcing and might be readily
detectable on a natural barred beach.
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through the MAST III programme, SASME project, Contract no: MAS3-CT97-0081,
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