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Abstract. Recordings of near-bottom pressure obtained at three positions in a gently
sloping multiple-bar system were analyzed with a bispectral technique to quantify the
relative importance of forced motions to the total infragravity (0.004 - 0.04 Hz) wave
field under breaking and nonbreaking conditions, both on a temporal and spatial scale.
The temporal variations in the ratio of bound to total infragravity energy E,,/E, were
well associated with the local relative wave height H /h (where H, is the significant sea-
swell wave height and 4 is water depth). E, ,/E,, increased with higher H /A values,
reaching maximum values of up to 0.8 at the onset of short-wave breaking. With an
increasing intensity of breaking the coupling between incident and infragravity waves
reduced to negligible values in a saturated sea-swell wave field. The strong phase cou-
pling at the breakpoint with a phase relationship close to the relationship predicted by
bound-wave theory strongly supports the hypothesis that forced waves are the main
source of free infragravity motions. In the cross-shore direction, E, , was largest at the
breakpoint. Wave breaking was associated with a rapid decrease in the ratio E,,/E;, in the
onshore direction and, consequently, with a rapid increase in the contribution of free
infragravity energy to the total infragravity field. The data set indicated that free infragra-
vity energy may also be generated in the absence of breaking waves; the reason for this is

not understood.

1. Introduction

Since the initial observations of surf beat by Munk [1949]
and Tucker [1950], much effort has been devoted to investi-
gate the source of these motions (also called infragravity or
long waves) with typical frequencies of 0.004 - 0.04 Hz. In
general, infragravity-wave energy is highly correlated to
energy in the short-wave frequency band (typically 0.04 -
0.33 Hz) [e.g., Elgar et al., 1992; Okihiro et al., 1992],
indicating that the long-wave motions are locally driven by
incident sea and swell. It is believed that free infragravity
waves are surf zone generated, related to the breaking of the
incident short-wave groups in shallow water. In spite of this,
little direct observational evidence based on field measure-
ments has been presented in the literature to confirm this
hypothesis. Especially, the effect of short-wave breaking on
the composition of the infragravity-wave field is unknown,
and as a result, the generation of infragravity motions is still
not well understood.

Theoretically, pairs of short waves with frequency f and f
+Af (where Af is in the infragravity-frequency band) nonli-
nearly excite secondary bound long waves with difference-
frequency Af [Hasselmann, 1962; Longuet-Higgins and Ste-
wart, 1962]. Although the effect of short-wave breaking on
these nonlinear interactions is unknown, it has been hypothe-
sized that the incident bound long waves are not destroyed in
the surf zone but are released as free waves [Longuet-Higgins
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and Stewart, 1962]. After reflection at the shoreline the re-
leased wave motions propagate in a seaward direction and
may either escape into deep water (i.e., leaky waves) or re-
main refractively trapped to the shore (i.e., edge waves [see,
e.g., Herbers et al., 1995a]). Recent investigations in inter-
mediate water depths (roughly 8 - 30 m), well outside the
surf zone, have actually demonstrated that the total infragra-
vity wave field consists of a mixture of bound and free wave
motions [Bowers, 1992; Elgar et al., 1992; Okihiro et al.,
1992; Herbers et al., 1994, 1995b]. As shown in these stu-
dies, forced waves become a more substantial part of the
total long-wave field with increasing short-wave energy (and
thus total infragravity energy) and decreasing water depth.
Most field experiments carried out inside the surf zone have
indicated that energy in the infragravity band is primarily
associated with free wave motions [e.g., Holman, 1981;
Huntley et al., 1981; Howd et al., 1991; Oltman-Shay and
Guza, 1987]. For instance, Huntley et al. [1981] reported
that low-mode edge waves contributed significantly to the
longshore currents at infragravity frequencies, whereas high-
mode edge waves and leaky waves tended to prevail in the
onshore/offshore currents. Their data set further indicated
that forced wave motions might add to the cross-shore mo-
tions at infragravity frequencies, although they did not quan-
tify the bound-wave contribution: Presumedly, the ratio of
bound to total long-wave energy is largest at the onset of
short-wave breaking.

An alternative model for the generation of low-frequency
energy at the breakpoint is that of Symonds et al. [1982], in
which the time-varying position of the breaker line induced
by the group structure of the incident short waves results in
setup oscillations on the timescale of the incident wave
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groups. The relative importance of the two mechanisms to
free infragravity-frequency generation is unknown. However,
the propagation characteristics of infragravity waves obser-
ved in 13 m depth by Herbers et al. [1995a] were consistent
with the nonlinear generation of these waves in shallow wa-
ter, suggesting that the release of bound infragravity waves is
the main source of free long-wave motions.

It is the aim of the present paper to describe results of a
field experiment that yielded quantitative information about
the composition of the infragravity-wave field under breaking
and nonbreaking conditions, both on a temporal and spatial
scale. The outline of this paper is as follows. After a descrip-
tion of the field site and the observations in section 2 the
bispectral method that was applied to estimate the local cou-
pling between incident sea-swell and infragravity-wave ener-

gy is presented in section 3. In the first part of section 4 the-

temporal variations in forced and free infragravity energy are
shown as a function of the offshore short-wave energy and
the local short-wave height normalized by depth. In the se-
cond part a closer look is taken at the cross-shore evolution
of the different constituents in the total infragravity wave
field. The discussion is presented in section 5, followed by a
summary of the main conclusions in section 6.

2. Field Site and Observations

Wave data were collected at three cross-shore positions in
section 17 at Terschelling, Netherlands, during the
1993/1994 winter. The field site is located on the seaward
side of the approximately 30-km-long barrier island Terschel-
ling, which borders a wide (several hundreds of kilometers)
shallow shelf (North Sea). The nearshore morphology at the
start of the campaign and the three instrumented positions
labeled P1, P2, and P3 are shown in Figure 1a. The field site
is characterized by three bars [see also Ruessink and Kroon,
1994]. A shoreface nourishment, which is clearly visible in
Figure 1a as an area with an irregular surface between kilo-
metersections 14 and 18, was implemented in the outer
trough about half a year prior to the start of the campaign
[Hoekstra et al., 1994]. As can be seen more clearly in Figu-
re 1b, P1 and P3 were positioned on the seaward flank of the
outer bar and on the crest of the middle bar, respectively.
The mean water depths at these positions were 5.2 m and 3.7
m, respectively. P2 was located in the intermediate trough at
a mean water depth of 5.1 m. The median grain size at the
measurement positions is about 180 um. The tidal range at
the field site ranges between 1.2 m and 2.5 m at neap and
spring tide, respectively.

A pressure transducer was positioned at 2 m above the bed
at P1 and P3 and at 4 m at P2. Recordings were continuously
performed with a sampling rate of 2 Hz at P1 and P3 and of
4 Hz at P2. Unfortunately, data were not always collected
simultaneously at all three locations owing to several techni-
cal problems. The available records were split into 136-min-
long sections. All time series that showed nonstationarities
(e.g., in water level, variance, peak frequency, etc.) were
rejected from the present analysis. A total of 62, 33, and 20
series were selected for. analysis at P1, P2, and P3, respecti-
vely. All these time series were either collected around high
or low water. The selected data spanned a wide range of
offshore wave conditions, which were measured by a directi-
onal wave buoy at 15-m water depth roughly 5 km from the
shore. The offshore significant wave height H, , defined as
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frequency band from 0.03 to 0.5 Hz, ranged from 0.25 m to
6.2 m. The offshore significant period, calculated with a
standard zero-downcrossing technique in the time domain,
varied between 5 and 13 s.

The infragravity-frequency band was defined as 0.004 to
0.04 Hz. Frequencies below 0.004 Hz were not considered,
because the log of the spectral levels at these frequencies and
the log of the total energy integrated over the 0.05- to 0.33-
Hz band were, in general, weakly correlated, implying that
these very low frequency motions were not always short-
wave driven. The upper frequency boundary of the infragra-
vity band was set to 0.04 Hz to ensure that infragravity ener-
gy levels were not contaminated by occasionally incident
very high period swell. The short-wave frequency band was
taken as 0.04 - 0.33 Hz.

In the present paper the relative wave height, defined as
the ratio between local significant short-wave height and
water depth H/h, is applied to investigate whether or not a
position experienced breaking conditions. To calculate H,
the short-wave frequency band of the pressure spectrum was
converted to free surface elevation with a depth correction
using linear wave theory. Van Enckevort and Reincke [1996]
made extensive measurements of wave heights in the intert-
idal zone with a bottom slope of 1:100 at the Terschelling
field site. During most of their measurements they noted
whether waves were breaking. They found that virtually all
observations labeled as nonbreaking had H /h values of less
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Figure 1. (a) Bathymetric map of the field site. P1, P2, and
P3 are the measurement locations. The solid circles refer to
kilometersections. The cross-shore distance is exaggerated 3
times with respect to the longshore distance to stress the
barred morphology. Height is with respect to Dutch ordnance
level (NAP) (0 m NAP is about mean sea level). (b) Cross-
shore profile of the measurement section (17).
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than 0.33, whereas surf zone conditions were associated with
H,/h values in excess of 0.33. The H,/h value of 0.33 thus
seems to mark the onset of breaking at the Terschelling site.
As this value corresponds to the breaking of the highest wa-
ves in a wave group, H/h rises with an increasing breaking
intensity (i.e., more breaking waves); it reaches a maximum
value (often referred to in the literature as y) when all waves
are broken and the energy is thus saturated [Thornton and
Guza, 1982]. The largest value observed by Van Enckevort
and Reincke [1996] amounied to 0.59. In iroughs, such as at
P2, the applicability of H,/h may be restricted; here the rela-
tive wave height at the more seaward located bar crest may
be a more suitable measure to determine whether P2 was
inside the surf zone. However, data from the outer bar crest
were absent, and as a consequence, H /A at P2 was applied.
Section 4 shows that this choice did not seriously affect the
outcome of the analysis for P2.

In this paper the nomenclature of variables with respect to
their measurement positions is as follows. The location code
(P1, etc.) is added as a superscript to refer to a specific mea-
surement position. Conversely, if this superscript is lacking,
the variable refers to all locations simultaneously.

3. Observation of Bound Long Wave Energy

Bispectral analysis, introduced by Hasselmann et al.
[1963], was applied to isolate the amount of bound from the
total infragravity energy. In general, the bispectrum is des-
cribed in the form of its normalized magnitude and phase,
called bicoherence and biphase, respectively. The bicoheren-
ce b(f,.f;) between wave components with frequencies f;, f,,
and f; + f, is given as

B,
[EG B EG, <))

where B(f.f,) is the (dimensional) bispectral estimate and
E(f) is energy density. As can be seen in (1), B(f,.f,) is nor-
malized by the square root of the cross product of the energy
densities at the three interacting frequencies. The biphase
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with Im{B(f,.f;)} and Re{B(f,.f,)} being the imaginary and
real part of the bispectrum, respectively. In the present paper
we are interested in the difference-frequency interactions of
two primary swell-sea frequencies fand f +Af (f, = f, f, =
Af) contributing to b(f,Af) and B(f,Af). For free (Gaussian)
wave fields the bicoherence is zero, but it becomes nonzero
if phase coupling between wave triads exists. The statistics of
bicoherence and biphase are not fully understood. Numerical
simulations of nonlinear random harmonic proeesses (i.e.,
sum-frequency- interactions) performed by Elgar and Sebert
[1989] have indicated that the statistical uncertainty in the
calculations is large when the bicoherence is low and/or the
degrees of freedom are limited. The biphase then tends to be
distributed randomly between -180° and 180° [e.g., Elgar
and Guza, 1985]. With increasing nonlinearity and/or a large
number of degrees of freedom (in general, long time series)
the statistical uncertainty decreases and the biphase becomes
stable. The time series in the present data set are of a suffi-
cient length to expect that the bispectra uncertainties are ge-
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nerally low. The uncertainties for the present work are fur-
ther discussed in section 4.

An estimate of the ratio of bound to total infragravity-wa-
ve energy at difference-frequency Af can be obtained by inte-
grating the bispectrum over all interactions involving this Af
(neglecting the contribution of those pairs with f; within the
infragravity-frequency band). Subsequent integration over all
possible difference-frequencies results in an estimate of the

fraction of bound energy in the entire infragravity-frequency
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where E, ; and E;, are bound and total infragravity energy,
respectively, and b,, is the double-integrated bicoherence. By
substituting Hasselmann et al.’s [1963] theoretical expres-
sions for B(f,Af) obtained by perturbation analysis into (1),
Herbers et al. [1994] showed that the ratio between bound
and total infragravity energy given by (3) has a small negati-

ve bias in intermediate water depths. This bias is caused by
variations in the strength of interaction over contnbutmg
wave triads. In shallower water and under breaking-wave
conditions, though, where the present measurements were
made, bound-wave theory is known to become invalid, and
no theoretical expression for bispectral values exists. Never-
theless, the bispectrum should still give some measure of
phase coupling between infragravity and incident waves, and
the ratio of bound to total infragravity energy is, therefore,
estimated as |b;|%, similar to that given by Herbers et al.
[1994, 1995b]. As the statistical uncertainty in the estimate
of bound energy at an individual difference-frequency Af is
considerably larger than in the total bound energy integrated
over the entire infragravity-frequency band [Herbers et al.,
1994], only the latter one is shown in the present paper.

In the present investigation, estimates of (bi)spectra were
obtained from Fourier transforms of detrended, 50% overlap-
ping, and tapered data segments with a length of 2048 s (the
length of an entire time series amounted to 136 min, see sec-
tion 2). After frequency band merging the frequency resoluti-
on was 1/512 Hz. Prior to the analysis the measured spectra
were converted to sea bottom pressure with the depth correc-
tion of linear wave theory to compensate for the different
instrument positions in the vertical with respect to the total
water depth. The forcing of short waves in the frequency
band 0.25 - 0.33 Hz was neglected in the bispectral calcula-
tions; errors in the ratio of bound to total long-wave energy
caused by this omission are presumably very small, as bound
infragravity energy is mainly forced by short-wave pairs with
frequencies close to the peak frequency [e.g., Elgar and Gu-
za, 1985; Herbers et al., 1994].

4. Results

4.1. Temporal Variations

The measured infragravity energy levels E;, at P1, P2, and
P3 were, as expected, well related to the offshore short-wave
energy E , (Figures 2a-2c). The straight lines through the
points are the least squares fits through the logarithm of the
data. The corresponding correlation coefficients » and slopes
m are given in the upper part of Table 1 (note E;, < E").
At each position, E;; was about linearly related to 0 (M =
1). As can be deduced from Figures 2a-2c, short-wave brea-
king does not seem to alter the E; , dependence of E;,.
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Figure 2. (top) Measured total, (middle) bound, and (bottom) free infragravity energy E,,, E, 4, and E.,,
respectively, as a function of offshore short-wave energy E , at (a), (d), and (g) P1, (b) (e) and (h) P2,
and (c), (f), and (i) P3. Open and solid circles refer to nonbreaking and breaking conditions, respectively.
The solid line in each plot is the best linear fit to the logarithm of the data (for E,,, and Ej,. nonbreaking
data only). The corresponding slopes m and correlation coefficients r are shown in Table 1.
Table 1. E," dependence of Eiy, By, and Figures 2d-2f show the observed bound long-wave energy
Position r m Number E,.; at P1, P2, and P3 as a function of the offshore short-
wave energy E . At every position, E,, increased drastical-
E, ly with E , for H/h < 0.33, whereas it remained constant
or even reduced under short-wave breaking conditions despi-
Pl;; gg; }% §§ te the increase in offshore short-wave energy. Under non-
P3 O. 28 0' 9 20 breaking conditions, E, , was approximately proportional to
e ) E, squared (m = 1.9 - 2.1, middle part in Table 1), consis-
E . tent with bound-wave theory [Hasselmann, 1962; Longuet-
P1 0.89 21 4 Higgins and Stewart, 1962]. The corresponding correlation
P2 0'91 1'9 2 coefficients- (Table 1) were around 0.9. The reduced expo-
P3 0:89 1.4 11 nent at P3 (m = 1.4) is likely related to the limited number
. of observations under nonbreaking conditions, but it might
Eee also indicate a breakdown of bound long-wave theory in shal-
P1 0.70 0.70 43 low water. Scatter around the least squares lines may be
P2 0.62 0.53 22 caused by variations in water depth and in short-wave di-
P3 0.59 0.39 11 rectional characteristics and period.

All correlation coefficients were significant at the 0.05 confi-

dence level.

"Only observations under nonbreaking conditions (H,, Jh <

0.33) were used for the regression analysis.

The power m of the fit relating the amount of free long-
wave energy under nonbreaking conditions to the short-wave
energy (E;.. = Eg,”) was much smaller than the value of m
= 2 observed for the E, , dependence on E, w0 " (Figures 2g-
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2i, lower part of Table 1). The exponent decreased from 0.70
at P1 to 0.39 at P3 (Table 1). These slopes are smaller than
the approximately linear (m = 1) relationship between E,,
and E , observed by Herbers et al. [1995b] in water depths
ranging between 8 and 30 m. At each position the amount of
free infragravity energy under surf zone conditions was
higher than expected on account of the least squares lines
based on the nonbreaking observations. In other words, the
arrest in growth in E,, (Figures 2d-2f) coincided with an
enhanced increase in Eg,,, indicating a transformation from
bound to free long-wave energy inside the surf zone. The
same factors responsible for the observed scatter in E, ; may
determine the variability of E,, around its general trend. In
addition, changes in beach morphology, resulting in different
long-wave reflections from the water line, may affect the
amount of free long-wave energy.

As can be seen in Figures 3a-3c, the fraction of bound
long-wave energy at each position was well associated with
the local relative wave height. Thus the temporal variations
in E,,/E,, at a given position seem to be well linked to the
proximity to the breakpoint. In general, the ratio of bound to
total infragravity energy was small (E,,/E, < 0.1) during
low-energy conditions and increased with higher short waves
and/or smaller depths (increasing H/h) to reach maximum
values at H/h = 0.2 - 0.4. This confirms that at a given
cross-shore position forced waves contribute most to the total
long-wave field at the start of short-wave breaking. Striking-
ly, these maximum values decreased in the onshore direction
from roughly 0.5 - 0.8 at P1 to 0.3 - 0.5 at P3. With a gro-
wing intensity of wave breaking the coupling between infra-
gravity and short waves reduced. The data set indicated that
all forced long-wave motions were released in a saturated
short-wave field.

The biphases, shown in Figures 4a-4c plotted versus
H/h, were generally stable for 0.1 < H/h < 0.5, whereas
they were more scattered for the remaining situations when
the nonlinearities were weak (E,,/E, < 0.1 - 0.2). This
scatter shows the large statistical uncertainties in the bispec-
tral calculations when only a small amount of the total infra-
gravity energy is nonlinearly sea-swell driven (see section 3).
For 0.1 < H/h < 0.5 the biphase was in most cases within
10° of 170°, close to the theoretical value of 180° derived by
Longuet-Higgins and Stewart [1962]. The biphase did not
evolve systematically in the cross-shore direction, which
contrasts with the reduction in biphase in decreasing water
depths as observed by Elgar and Guza [1985] for selected
short-wave frequency pairs. This contrast is likely related to
the smaller water depths during Elgar and Guza’s field expe-
riments, as the increasing lag of the bound wave motions
behind the short-wave envelope is most marked in very shal-
low water [see also Bowers, 1992; List, 1992].

4.2. Cross-Shore Variations

The cross-shore amplification (i.e., ratio) of bound, free,
and total long-wave energy between P1 and P2 is plotted
against H/h at P2 in Figure 5. As can be seen in Figure 5a,
the amount of bound energy at P1 and P2 was about equal
under nonbreaking conditions (E, "/, /" scattered around
1). In contrast, E,, grew markedly (Eg.. /Eg." = 1.0 - 2.5)
in the onshore direction when H,/h at P2 was less than 0.33
(Figure 5b). As a consequence, Eig"2 was somewhat higher
than E,”' (E,""/E,"™ ~ 1 - 1.5, Figure 5c) under these condi-
tions. The reason for these trends is not fully understood.
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Figure 3. Observed ratio of bound to total infragravity ener-
gy E./E, as a function of relative wave height H /A at (a)
P1, (b) P2, and (c) P3. The dashed vertical lines mark the
onset of wave breaking (H/h = 0.33).

The increasing onshore growth in E,,, with H_/A is unlikely
related to an increase in trapping of free infragravity motions
between P1 and P2." As P1 and P2 were located at approxi-
mately the same depth and were separated by the outer bar
(Figure 1b), any free infragravity wave propagating onshore
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Figure 4. Observed biphase as a function of relative wave
height H /h at (a) P1, (b) P2, and (c) P3. The dashed hori-
zontal lines denote the theoretical 180° biphase.

along P1 reaches P2, and similarly, any infragravity wave
going offshore along P2 reaches P1, implying that free in-
fragravity waves cannot be trapped between P1 and P2. Fur-
thermore, a change in the degree of trapping would have
implied a dependence of the directional characteristics of the
free infragravity waves on the short-wave energy conditions,
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in contrast to Herbers et al.’s [1995b] observation that these
characteristics are virtually independent of short-wave energy
levels. A more feasible explanation is based on Eldeberky
and Battjes’s [1994] laboratory findings. These authors ob-
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Figure 5. Cross-shore amplification of (a) bound, (b) free,
and (c) total infragravity energy between P1 and P2 as a
function of relative wave height H /h at P2. The dashed ver-
tical line in each plot denotes the onset of wave breaking
(Hy/h = 0.33). The horizontal dashed lines indicate equal
amounts of energy at P1 and P2.
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served a strong amplification of higher harmonics (sum-fre-
quency interactions) in the shoaling region at the upsloping
part of an artificial bar and a full release of these harmonics
in the deepening part of the flume. During their experiments
the waves passed the laboratory bar unbroken. Analogously,
the forced infragravity energy levels may have increased
from P1 toward the bar crest owing to the reducing water
depth. When the long-wave field entered the trough, the de-
gree of nonlinearity may have been reduced because of the
greater water depth. This possibly caused an energy transfer
from forced to free infragravity motions and, accordingly,
resulted in values of Eg."/E;." and of E,”/E," larger than
1. Obviously, this suggestion could have been more
thoroughly checked if wave data had been collected at more
positions over the outer bar. Nonetheless, Figures 5b and 5c
indicate that Ej,. and E,, increased between P1 and P2 in the
absence of breaking waves.

Figure 6 shows the ratios of bound, free, and total infra-
gravity energy at P3 to those at P1 as a function of the relati-
ve wave height at P3. The dashed horizontal line in Figure 6a
represents the 2 dependence equal to (#7*/h*')* equal to 5.5
of forced infragravity energy, which, as shown by Longuet-
Higgins and Stewart [1962], is the theoretical amplification
in case of longshore uniformity and forcing by unidirectional,
normally incident short waves. Finite-depth changes and
directional effects are likely to reduce this value slightly [El-
gar et al., 1992). The k *® dependence was calculated for
mean water situations (0 m NAP); at low (-1 m NAP) and
high (+1 m NAP) water the theoretical onshore growth in
E,., amounted to 9.1 and 4.0, respectively. The observed
ratios of E;,,,”* to E,”* were above 1 for nonbreaking condi-
tions, but, in general, well below the theoretical A~ depen-
dence (Figure 6a). The onshore amplification of E,,, decrea-
sed during more energetic situations. The reason of this is
unknown. The lower dashed horizontal line in Figure 6b is
the h *° dependence equal to (4™/h™")°° equal to 1.2, the
theoretical value for shoaling free normally incident (leaky)
long waves. The upper dashed horizontal line shows the ratio
E...”/E.. " in case of an isotropic directional spectrum (i.e.,
E(6) = const, where 0 is the propagation angle) at P3. Ac-
cording to Snell’s law, seaward propagating long waves at
oblique angle greater than about 60° are trapped shoreward
of P1. The reverse shoaling of the remaining energy results
in a value of 1.45 for the ratio E,."/E, f'. Both ratios were
calculated for mean water situations (0 m NAP); the differen-
ces between high and low water were small and are therefore
not shown separately. For Hy/h =~ 0.2 - 0.3, E;.”*/E,,"" was
well above what would be expected on account of the theore-
tical depth dependence of leaky waves and of the isotropical
directional spectrum (Figure 6b), similar to the observations
of Ey.. */E.."" (Figure 5b). It is likely that the generation of
free long-wave energy that is not associated with short-wave
breaking, as discussed in the previous paragraph, caused the
onshore reduction in the maximum values of E, /E,, shown
in Figure 3.

Interestingly, the total amount of infragravity energy de-
creased in the onshore direction during the most energetic
situations shown in Figures 5c and 6¢ (both E,*/E,” and
E,"/E,”" were less than 1). This shoreward decrease in E,,
suggests that long-wave energy may be significantly damped
during the breaking process of the incident sea and swell,
although the precise mechanism remains unknown. Similar
observations of long-wave damping were made by Guza and
Bowen [1976] and Eldeberky and Battjes [1996].
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Figure 6. Cross-shore amplification of (a) bound, (b) free,
and (c) total infragravity energy between P1 and P3 as a
function of relative wave height H_/h at P3. The dashed ver-
tical line in each plot denotes the onset of wave breaking
(H/h = 0.33). The horizontal dashed lines are explained in
the text.

Figure 7 shows four representative examples of the cross-
shore evolution of the amount and composition . of
infragravity-wave energy. The first example (Figure 7a) is
characteristic of low-energetic nonbreaking conditions (H,

S,0
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Figure 7. Representative examples of the cross-shore evolution of the amount and the composition of
infragravity energy: (a) nonbreaking conditions (H,, = 0.7 m and H/h at P3 = 0.13), (b) breaking at P3
(Hy,, = 1.1 m and H/h at P3 = 0.34), (c) breaking at P1 (H, = 2.6 m and H /A at P1 = 0.34), and (d)
well inside the surf zone (H,, = 3.9 m and H/h at P1 = 0.47). The top plots show total, bound, and free
infragravity energy. The second plots present the cross-shore amplification of total, bound, and free
infragravity energy. The dashed lines denote equal amounts of energy at the various positions. The third
plots show the local ratio of bound and free to total infragravity energy. The measurement profile is shown
in the fourth plots as a cross-shore reference.
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Figure 7. (continued)

= 0.7 m and H/h at P3 = 0.13). Under these conditions,
free waves dominated the total long-wave field; at the shal-
lowest position (P3) the fraction of bound wave motions was
larger than at the other positions (third plot). The shoaling
characteristics of the free long waves were close to the theo-

retical value (F™/A")%° = 1.4 (low water) for leaky waves
(second plot, see also Figure 6b). During the measurement
shown in Figure 7b (H,, = 1.1 m), wave breaking took

place at P3 (H_/h at P3 = 0.34). Despite the onshore growth
in E, , the fraction of bound to total infragravity decreased in
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the onshore direction, presumably related to the generation of
free infragravity waves unrelated to short-wave breaking.
Thus the ratio E,/E,, was not largest at the breakpoint spa-
tially (third plot). In other words, forced waves contributed
more substantially to the total long-wave field at P1 than at
P3 despite the fact that the onset of short-wave breaking was
located at the latter position.

During the example shown in Figure 7c, the outer break-
point was located close to P1 (H, = 2.6 m and H,/h at P1
= 0.34). As can be seen in the top two plots, E, , inside the
surf zone was less than at P1, suggesting that spatially E,
reached maximum values at the onset of short-wave breaking
(in contrast to E,,, normalized by E;,, as shown in Figure 7b,
see also Figures 5a and 6a). The cross-shore change in the
composition of the infragravity-wave field (third plot) was
comparable to the previous, nonbreaking case; however, the
transition from a dominance of forced to free motions was
more marked because of the breaking-associated release over
the outer bar. When the entire measurement transect expe-
rienced surf zone conditions (Figure 7d, H,, = 3.9 m and
H./h at P1 = 0.47), free wave motions were the dominant
source of infragravity-wave energy (third plot), similar to the
low-energy conditions in Figure 7a; however, their energy,
just as the total infragravity-wave energy, amplified less than
expected on account of the £ dependence for leaky waves.
Moreover, it even slightly reduced in the onshore direction
(second plot, see also Figures 5 and 6), indicating a signifi-
cant damping of infragravity energy under breaking condi-
tions. The scatter in E, , and associated ratios is likely caused
by the considerable uncertainties in the bispectral calculations
when the coupling between the incident and infragravity wa-
ves is small (see Figure 4).

5. Discussion

The findings of the present measurements performed un-
der nonbreaking conditions showed that forced motions beca-
me a more prominent constituent of the total infragravity-
wave field with increasing short-wave height and decreasing
depth, consistent with previous observations in deeper (4 =
10 - 30 m) water [e.g., Bowers, 1992; Elgar et al., 1992;
Herbers et al., 1994; Okihiro et al., 1992]. As, however, the
present experiments were conducted in depths of only 2.5 to
7 m, the relative importance of forced and free long-wave
motions to the total infragravity field could additionally be
investigated through the onset of wave breaking all the way
to the saturation of the short-wave field. The data set indica-
tes (Figure 3) that at a given position the ratio of forced to
total infragravity energy was largest at the beginning of brea-
king and subsequently diminished with increasing breaking
intensity to negligible values in a saturated wave field. The
strong coupling at the breakpoint between incident and in-
fragravity waves with a phase relationship close to bound-
wave theory strongly supports Longuet-Higgins and Stewart’s
[1962] hypothesis that free infragravity waves are surf zone
generated by the release of forced long waves.

The observed ratios of bound to total infragravity energy
are not necessarily representative of other beaches. Herbers
et al. [1995b] demonstrated convincingly that the amount of
free long-wave energy is influenced by the geographical set-
ting: the topography surrounding the measurement location
determines the amount of reflection, dissipation as well as
trapping. However, bound-wave energy is only a function of
local parameters: water depth and short-wave characteristics.
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In this paper the value H,/h = 0.33 has been used to mark
the onset of short-wave breaking for all measurements at
every location. It is well known that the value of H /A mar-
king saturation (hereafter referred to as y) is slope dependent
with larger values on steeper slopes [e.g., Sallenger and
Holman, 1985; Lippmann et al., 1996; Raubenheimer et al.,
1996]. Analogously, the H /h value for which the highest
waves start to break may depend on the local bottom slope as
well. As the local bottom gradients at the Terschelling field
site are small (generally less than 1:50), the range of y va-
lues over the profile is expected to be minimal. Besides the
slope dependence, several wave energy transformation mo-
dels incorporate an effect of the offshore wave steepness on
Y as well [e.g., Battjes and Stive, 1985; Van Rijn and Wijn-
berg, 1996], with steeper waves allowing larger maximum
ratios of wave height to water depth. However, most results
from field observations indicate that either the y dependence
on offshore wave steepness is absent [e.g., Sallenger ard
Holman, 1985; Raubenheimer et al., 1996] or very weak
[Lippmann et al., 1996]. On the whole, the choice of H/h =
0.33 as the start of short-wave breaking is justified for the
measurements at P1, P2, and P3. As noted in section 2, the
best value to know whether P2 was shoreward of the outer
breaker zone was that at the outer bar crest. Nevertheless,
the local relative wave height at P2 was applied. Judging
from the trends shown in section 4 (e.g., at which H/h va-
lue the ratio of bound to total infragravity energy reached its
maximum), this choice did not seriously affect the outcome
for P2.

6. Conclusions

Under nonbreaking conditions, bound infragravity energy
levels in 2.5- to 7-m water depth are related to the offshore
short-wave energy squared (E,,, < E ), whereas in the E,,
dependence of free infragravity energy the exponent is less
than 1 (Table 1). Under surf zone conditions, E, , remains
about constant or even drops off with a further increase in
E, ,; in contrast, E; . then rapidly increases. The temporal
variations in the contribution of forced to total infragravity
energy are well linked to the local relative wave height (Fi-
gure 3). At a given cross-shore position, E/E,, increases
under more energetic conditions and smaller depths, reaching
maximum values at the onset of wave breaking. With a gro-
wing breaking intensity the coupling between infragravity
and short waves reduces and is negligible in a fully saturated
wave field. The biphase is close to 180°, which, together
with the strong phase coupling observed at the breakpoint,
strongly supports the hypothesis that free infragravity waves
are generated by the release of forced motions during short-
wave breaking.

In the cross-shore direction the amount of forced infragra-
vity energy is largest at the breakpoint. Wave breaking is
associated with a rapid reduction in the contribution of bound
to total infragravity energy in the onshore direction; conse-
quently, the ratio between free and total infragravity energy
rapidly increases (Figure 7c). The data set further indicates
that free infragravity energy may also be generated in the
absence of breaking waves (Figures 5b and 6b); the reason
for this is not fully understood. This additional generation of
free infragravity energy may cause the ratio E,/E;, to decre-
ase in the onshore direction despite an onshore growth in E,
(Figure 7b).
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