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[1] Fluid flows consistent with low-mode edge waves were evident in video
observations of swash motions during a field experiment in which beach cusps
developed on an initially smooth beach. As beach cusps grew, energy lying along
low-mode dispersion curves increased. The most energetic edge-wave
propagation direction changed from upcoast to downcoast as the orientation of the
cusp horns rotated. These observations suggest a coupling between
morphodynamics and hydrodynamics, and are evidence that beach cusp evolution
might control low-mode edge wave dynamics.
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1. Introduction

[2] Infragravity waves with periods of 20–300 s influ-
ence hydrodynamics [Guza and Thornton, 1985; Herbers et
al., 1995] and sediment transport [Beach and Sternberg,
1991; Russell, 1993] in the surf and swash zones. Theoret-
ical studies suggest infragravity waves that are refractively
trapped close to the shoreline (edge waves) may generate
surf [Holman and Bowen, 1982] and swash zone [Guza and
Inman, 1975; Guza and Bowen, 1981] morphology. On a
beach with uniform slope b, the edge wave dispersion
relationship is [Eckart, 1951]

Le ¼
g

2p
T2
e 2nþ 1ð Þ tan b; ð1Þ

where Le and Te are the alongshore wavelength and period
of the edge waves, g is gravity, and n is the mode number.
Edge waves are forced by incident swell and sea (waves
with periods from about 5 to 20 s), with subharmonics
(twice the period of the incident waves) the most easily
excited in laboratory conditions [Guza and Davis, 1974].
Subharmonic edge waves have been hypothesized to
imprint their alongshore nodal structure on the beach
morphology, with nodes (antinodes) corresponding to beach
cusp horns (bays), resulting in a rhythmic shoreline pattern
[Guza and Inman, 1975]. Despite the success of this theory
to predict beach cusp spacing [Coco et al., 1999],
significant subharmonic energy has not been detected

during beach cusp formation [Holland and Holman, 1996;
Masselink et al., 2004], and theory has shown that friction
in a natural surf zone is likely to suppress the subharmonic
response [Guza and Bowen, 1976]. In contrast, observations
[Coco et al., 2003] and numerical model results [Reniers et
al., 2004] are consistent with the formation of rhythmic
features owing to self-organization mechanisms involving
feedbacks between flow, sediment transport, and morphol-
ogy [Werner and Fink, 1993]. However, pre-existing beach
cusps potentially can affect swash hydrodynamics by
directly forcing infragravity motions via triad interactions
[Bowen, 1997], by detuning the edge wave dispersion
relationship [Guza and Bowen, 1981], and by scattering
edge wave energy into other modes [Chen and Guza, 1998,
1999].
[3] Edge waves are ubiquitous in the surf zone [Huntley

et al., 1981; Oltman-Shay and Guza, 1987; Howd et al.,
1992; Bryan and Bowen, 1998; Özkan-Haller et al., 2001].
In contrast, field observations of infragravity motions in the
swash zone [Guza and Thornton, 1982; Holman and
Sallenger, 1985; Holland et al., 1995; Raubenheimer and
Guza, 1996; Ruessink et al., 1998; Holland and Holman,
1999; Raubenheimer, 2002] have not been used to show
how the edge wave dispersion relationship might be mod-
ified by the presence of swash morphology. Here the
interactions between swash zone infragravity motions and
evolving beach cusps are investigated with field observa-
tions [Burnet, 1998; Coco et al., 2003, 2004] obtained,
before, during, and after beach cusp formation.

2. Field Experiment

[4] The experiment was undertaken on an ocean beach at
the U.S. Army Corps Field Research Facility (Duck,
North Carolina) to study the development of beach cusps
(Figure 1). Beach cusps were not present at the beginning of
the experiment because a storm smoothed the beach. Swash
fluid flow was measured by continuously recording 2-hour
videotapes during daylight hours. Digitized (2 Hz) images
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were analyzed to derive swash front elevation time series
along cross-shore profiles spaced every 5 m alongshore
[Burnet, 1998; Coco et al., 2003]. Beach morphology was
surveyed over a region encompassing the upper beach and
the swash zone that included the area covered by beach
cusps. Net changes between subsequent surveys usually
occurred between the mean swash elevation and the mean
swash elevation plus 2 standard deviations.
[5] During the experiment (Figure 2), an initially along-

shore uniform beach developed 0.25-m-high cusps with
32-m alongshore spacing that evolved to cusps with 25 m
spacing and 0.5 m height. Surveys and video observations
(19 swash elevation time series) were collected along a 90-m
stretch of coast.
[6] Two other experiments (already reported by Burnet

[1998] and Coco et al. [2003, 2004]) in which pre-existing
beach cusps were flattened by a bulldozer on a limited
control section also were conducted. Beach cusps present at
the edge of the control section were left undisturbed, and the
extent to which they might have affected swash flow
circulation patterns is unknown. Analysis of those experi-
ments (not presented) is in agreement with the findings for a
beach smoothed by a storm reported herein, although trends
and patterns are not as evident because of the limited growth
of beach cusps, a more limited data set due to less frequent
correspondence of video coverage and beach surveys, the
complicating presence of bidirectional incident waves (not
observed during the experiment reported herein), and,
possibly, the influence of the beach cusps at the sides of
the domain, at least during the initial stages of beach cusp
formation.

3. Methods

[7] Swash frequency spectra with resolution of 0.001 Hz
were estimated by averaging spectra from detrended and
windowed (Hanning, 50% overlap) 7000-s-long time series
of swash elevation. Wave number–frequency spectra were
estimated from time series observed at many alongshore
locations using the iterative maximum likelihood estimator
(IMLE) [Pawka, 1983] for frequencies f up to 0.200 Hz
(frequency resolution of 0.001 Hz) and alongshore wave

numbers k up to 0.05 m�1 (wave number resolution of
0.0006 m�1). The wave number–frequency spectra were
then divided into three regions: (1) an area dominated by
energy related to wind, leaky (waves that are not refrac-
tively trapped close the shoreline, and propagate to deep
water), and high-mode edge waves whose limit is defined
by the leaky wave dispersion relationship [Ursell, 1952]
plus a wave number offset (d = 0.006 m�1) to account for
the width of energy peaks and the difficulty to distinguish,
at the shoreline, between leaky waves and high-mode edge
waves, (2) an area characterized by low-frequency motions
(f < 0.025 Hz), and (3) an infragravity area where low-
mode edge waves can exist (0.025 < f < 0.070 Hz) [Holland
and Holman, 1999]. Within the region where edge waves
have been observed in the past [Huntley et al., 1981;
Oltman-Shay and Guza, 1987; Howd et al., 1992; Bryan
and Bowen, 1998], lines of energy were observed in some
of the spectra. A least squares technique (described in
Appendix A) was used to determine the dimensionless
slope of and relative amount of energy (g) along these lines.
[8] Theoretical dispersion relationships were evaluated

using a numerical model that accounts for topography and
alongshore currents [Falqués and Iranzo, 1992; Howd et

Figure 1. Beach cusps and swash circulation at Duck,
North Carolina (photo by Steve Elgar).

Figure 2. Contours of beach bathymetry (elevation
relative to mean sea level) as a function of cross-shore
and alongshore position. Seaward is toward more negative
cross-shore positions. Dates are in the form‘‘mmddhhhh’’
where mm is the month, dd is the day, and hhhh is the hour
(local time) at the start of the survey. The section of beach
covered by video observations is between the vertical
dashed lines. Bold curves are 0-, 1-, and 2-m elevation
contours.
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al., 1992]. Large-scale bathymetry was estimated using a
survey of the beach and surf zone obtained with an
amphibious vehicle immediately after the experiment dis-
cussed here (the survey was performed on 7 September
1994). Observations from a cross-shore transect of current
meters were used to estimate the alongshore current profile
[Feddersen et al., 1996]. The bathymetric survey (adjusted
to account for the tidal level) and alongshore current
measurements closest to the time the videotapes were
recorded were used to estimate the theoretical edge wave
dispersion relationships.
[9] Morphological parameters were evaluated only when

the beginning of the video was within 3 hours of the survey.
Beach cusp slope and orientation were measured inside an
area defined by the mean swash elevation and the mean
swash elevation plus 2 standard deviations. The location of
horns (embayments) was determined by detecting maxima
(minima) in the cross-shore position of a fixed elevation
contour. This procedure was repeated at contours separated
by 0.20 m to locate horns and embayments inside the area
of interest. The slope of horns (embayments) was then
estimated from a linear least squares fit to the elevation
and cross-shore position of horns (embayments). The dif-
ference between the slope of beach cusp horns and bays,
bBC, was also calculated and considered as a measure of
beach cusp size. Horn orientation q was estimated as the
difference between the overall beach orientation (given by
the mean slope of a linear least squares fit to the cross-shore
and alongshore position of surveyed points at a fixed
elevation) and a linear least squares fit to the cross-shore
and alongshore position of each horn location. An average
horn orientation was assigned to each survey.

4. Observations

[10] Typical average swash elevation spectra obtained
during the experiment are shown in Figure 3. The peak at
the incident wind-wave frequency (0.07 < f < 0.09 Hz) can
be detected for transects corresponding to either beach cusp
horns or bays, but is more pronounced for time series
collected in front of horns, similar to previous results
[Masselink et al., 1997]. Although the frequency of the
swash flow is the same in horns and bays, a swash cycle in
front of a steep beach cusp horn is stronger than in front of a
bay where the up-rush is more likely to be attenuated by the
interaction with the previous back-rush at a higher elevation
[Mase, 1988]. At higher frequencies, energy decays with
increasing frequency at a slower rate than previously
observed [Huntley et al., 1977; Guza and Thornton, 1982;
Mase, 1988; Ruessink et al., 1998].
[11] Wave number–frequency spectra (Figure 4) show

that most of the energy is concentrated in the wind-wave
frequency band. However, both leaky and nonleaky infra-
gravity energy are present. The nonleaky infragravity con-
tribution is somewhat consistent with the numerical
prediction of a mode-zero edge wave dispersion relationship
(Figure 4), although the degree of consistency varied during
the experiment.
[12] During the experiment, incident wave (0.05 < f <

0.25 Hz) significant height decreased from about 2 to 1 m,
mean alongshore currents in 4-m water depth ranged from
0.05 to 0.35 m/s, and total swash energy was tidally

modulated (Figures 5a, 5b, and 5c). Relative energy in the
wind-wave (infragravity) region decreased (increased) on
falling tide and vice versa on rising tide (Figures 5d and 5e),
similar to previous results [Wu et al., 1985]. Similar to the
wind-wave relative energy, beach cusp slope (and thus,
beach cusp height) (Figure 5f) increased (decreased) during
falling (rising) tide [see also Coco et al., 2004]. Assuming
the lines of energy in wave number–frequency spectra
(Figure 4) are edge waves, dispersion relationships deter-
mined by regression lines with slope brl (Figure 5h) were
identified in each of the nine videotapes analyzed during the
experiment. (There was no significant evidence of northward
propagating edge waves at 1800 hours on 6 September) The
slope of edge wave dispersion lines varied with the tide
(Figure 5h), although not as predicted by the numerical
simulations (Figure 5i). Furthermore, concomitant with the
rotation of horn orientations (Figures 5g and 6), more energy
was associated with the positive wave number mode (north-
ward propagation) during the first tide (positive beach cusp
horn orientation) and with the negative wave number mode
(southward propagation) during the second (negative beach
cusp horn orientation).

5. Discussion

[13] Wave number–frequency spectra of swash elevation
time series observed during beach cusp formation indicate
the presence of fluid motions characterized by a dispersion
relationship indicative of low-mode edge waves. Differ-
ences between the energy-weighted, zero-forced, regression
lines in the wave number–frequency domain and numerical
predictions using a model that accounts for the effects of
cross-shore variations to alongshore currents and bathyme-

Figure 3. Energy density versus frequency from swash
elevation time series in horns (solid curve) and bays (dashed
curve). Spectra corresponding to three horn and two bay
time series have been averaged. The dotted line is high-
frequency saturation decay f �3. There are approximately
108 degrees of freedom in the spectral estimates.
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Figure 4. Wave number-frequency spectra of swash elevation time series evaluated at (a) low
(09051354) and (b) high (09051610) tide. Grayscale represents energy density levels on a log scale
(shown on the right side). Leaky and high-mode edge waves fall between the white curves, and low-mode
edge waves fall between the white curves and the horizontal solid lines. Dashed black curves indicate
numerical model predictions of mode-zero edge waves. Circles show the energy maximum at each wave
number within the edge wave area. Solid curves show the energy-weighted, zero-forced regressions. The
panels on the right side indicate the maximum energy density along these regression curves (see
Appendix A) for positive (solid curves) and negative (dashed curves) wave numbers. Energy
contributions leaking from the gravity band have not been included (see Appendix A). There are
approximately 14 degrees of freedom in the spectral estimates. Beach cusp slope (bBC) is equal to 0.20 at
low tide and equal to 0.08 at high tide.
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Figure 5. Hydrodynamic and morphological parameters versus time. The solid curve in each panel is
tide level. (a) Significant wave height and (b) alongshore current velocity. Values are averages over 1024
s from a colocated pressure gauge and current meter in approximately 4-m water depth. (c) Total energy
(integrated for wave numbers between �0.05 and 0.05 m�1, and for frequencies between 0 and 0.07 Hz).
Relative energy for the (d) leaky wave and (e) infragravity (up to 0.07 Hz frequencies) regions (note
different scales). (f ) Beach cusp slope (a surrogate for beach cusp height) and (g) beach cusp orientation
(zero corresponds to beach normal and positive angles correspond to southerly beach cusp horn
orientation). (h) Slope of energy-weighted, zero-forced, regression line. (i) Slope of mode zero edge wave
dispersion relationship predicted by numerical model. Squares (circles) are positive (negative) wave
numbers. (j) Relative energy corresponding to regression curve (see equation 2).
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try [Falqués and Iranzo, 1992; Howd et al., 1992] can be
well above 50% (Figure 4). Such differences could not be
related to the height or slope of the cusps, nor to tidal levels,
but potentially could originate from approximations in the
edge wave model, which is linear, does not account for
swash zone morphology and circulation patterns, uses the
average alongshore beach profile, does not consider along-
shore current nonuniformity, and is sensitive to changes in
the beach profile [Bryan and Bowen, 1998]. In addition,
only one profile extending across the surf zone was avail-
able during the experiment, possibly resulting in errors in
predictions of high-mode edge waves, which are sensitive to
the location of a surf zone sandbar. Previous surf zone
studies [Huntley et al., 1981; Oltman-Shay and Guza, 1987,
1993; Bryan and Bowen, 1998] have shown favorable
agreement of current meter data with numerical predictions
of edge waves. Recent numerical modeling [Reniers et al.,
2004] suggests that the interaction between rhythmic surf
zone morphology and incident waves forces the develop-
ment of edge waves. Differences between observations and
numerical predictions also could originate from the use of
the IMLE technique with run-up observations. The IMLE
might be affected by the presence of rhythmic cuspate
features causing time lags between swash motions in cusp
horns and bays [Coco et al., 2003] that could increase
concentration of energy at wave numbers related to the
beach cusp spacing.
[14] An alternative explanation for the observed patterns

in the infragravity wave number–frequency spectra is that
swash run-up and run-down interact, generating energy at
subharmonic frequencies [Mase, 1988]. The difference in
beach slope between regularly spaced cusp horns and bays
might cause energy to spread over a broad range of
frequencies and wave numbers. Simulations using a ballistic
model do not show energy in the wave number–frequency
spectrum indicative of low-mode edge waves. Although the
model makes many simplifying assumptions and the model
results are preliminary, at this stage they are consistent
with the conclusion that the dispersion lines might be low-
mode edge waves, and not an artifact of obliquely incident
waves propagating across a cuspate morphology. Further
numerical modeling of flow over beach cusps and inter-

actions between subsequent bores is needed to address this
possibility.
[15] The observations suggest that the dispersion relation-

ships estimated from wave number–frequency spectra are
related to beach cusp evolution. A strong correlation be-
tween the orientation of beach cusps and the direction of
propagation of the most energetic mode consistently was
observed in the wave number–frequency spectra (Figure 7).
For example, when beach cusps were oriented to the south
(positive values of q), wave modes were more likely to
propagate to the south (positive wave numbers). The direc-

Figure 6. Contours of beach bathymetry as a function of cross-shore and alongshore position showing
(solid lines) the average orientation of beach cusp horns of 11� ((a) 09050920) and, at the following tide,
the average orientation of �13� ((b) 09061525). Positive (negative) angles correspond to southerly
(northerly) beach cusp horn orientation. Bold curves are 0-, 1-, and 2-m elevation contours.

Figure 7. Difference in energy concentration Dg between
dominant modes in the positive and negative wave number
domains (positive Dg indicates that more energy can be
associated with the positive, southward propagating,
dominant mode) versus average beach cusp horn orientation
q (positive values of q indicate a southward horn
orientation).
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tion of propagation of the most energetic mode was not
related to the observed alongshore currents (Figure 8). The
change in orientation of beach cusp horns appears to be
related to the tidally modulated reversal of the alongshore
current already observed at Duck [Wu et al., 1985], even
though beach cusps are not observed to change their
orientation every time the alongshore current reverses.
Morphological changes occur more slowly than hydrody-
namic changes, and thus the reversed alongshore current
needs to be maintained long enough for beach cusps to
change their orientation. In contrast, edge waves should
readjust instantaneously to a reversal of the alongshore
current. Observations from the most shallow water current
meter (Figure 9) show an initially (09050600) strong
(0.45 m/s) positive alongshore current that may be associated
with the positive orientation of beach cusp horns. (Dates
such as 09050600 are in the form‘‘mmddhhhh’’ where mm is
the month, dd is the day, and hhhh is the hour (local time) at
the start of the survey.) The two subsequent periods of
negative and positive alongshore current are of limited
duration (09051200) or intensity (09051800), causing a
limited effect on beach cusp horn orientation (Figure 5g)
and on the direction of propagation of the most energetic
mode. On the following high tide (09060300), there is a
negative alongshore current of longer duration and intensity
(�0.4 m/s) that could be responsible for the new orientation
of beach cusp horns. The following positive alongshore
current (09061200) is weak (<0.2 m/s), causing no change
on the horn orientation. In this case, no changes in the
direction of propagation of the most energetic mode were
observed, in contrast to the hypothesis that the observed
edge waves passively and instantaneously readjust to the
alongshore current (which is the reason for the lack of a
relationship in Figure 8 for the most shallow water current
meter). Observations in deeper water (Figure 5b) do not
show any change in the alongshore current direction.
[16] During the experiment, the relative amount of edge-

wave energy increased 50% as the beach cusp size increased
by a factor of 3 (Figure 10), energy associated with mode-
zero edge waves was broad banded and tidally modulated

and varied with changes in beach cusp size (Figure 5f), and
the ratio of the most energetic mode-zero wave number to
the beach cusp wave number tended to 0.5 for increasing
beach cusp size (Figure 11).
[17] It has been hypothesized that even limited standing

edge wave activity can lead to the appearance of beach
cusps [Inman and Guza, 1982; Coco et al., 2001]. At the
beginning of the experiment, soon after the storm had
smoothed a pre-existing cuspate morphology, a survey
was conducted (starting on 09041230, Figure 2) and a
videotape recorded (starting on 09041316). Analysis con-
ducted of the first hour of video measurements (to minimize

Figure 8. Difference in swash energy concentration Dg versus mean alongshore current for dominant
modes in the positive and negative wave number domain. Alongshore current values are averages over
1024 s from a cross-shore transect of current meters (cross-shore position of each current meter is
indicated in the lower left corner).

Figure 9. Tidal modulation of alongshore current velocity.
Solid curve is the 1024-s average alongshore velocity
observed in approximately 2-m water depth (cross-shore
position is 145 m). The dotted curve is tide level at the same
location as the velocity time series.
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the effect of developing beach cusps) shows (Figure 12) a
limited amount of relative energy in the infragravity region
(below values observed in the remaining of the experiment)
and no detectable edge wave signal at frequencies and wave
numbers that could induce the beach cusp geometry later
observed. Although this result does not provide conclusive
evidence (no more surveys were performed that day, and as a
consequence, no beach cusp growth rate could be inferred),
edge wave energy was not observed during the initial stages
of beach cusp formation.
[18] The mechanisms driving the observed fluid motions

cannot be established unequivocally by these data. It is
possible that bore interactions [Mase, 1988] or the presence
of topographical perturbations caused low-frequency
motions or even edge waves to occur, as observed in
laboratory experiments [Buchan and Pritchard, 1995].
Another possible mechanism is backscattering of edge
waves by rhythmic topography [Chen and Guza, 1998,
1999], although this theoretical approach does not account
for beach cusp orientation. Moreover, the requirement of an
incoming edge wave cannot be tested with the present data
(an alongshore array of current meters would be required).
The hypothesis [Bowen, 1997] that the relative proportion
of edge wave energy increases with cusp size owing to
nonlinear interactions between beach cusps and edge waves
cannot be tested with these data owing to the lack of surf
zone observations. Notwithstanding which mechanism is
responsible, these observations indicate the presence of
shoreline fluid motions characterized by a dispersion rela-
tionship indicative of low-mode edge waves, and that slowly
evolving beach cusps and swash zone hydrodynamics at
infragravity frequencies are coupled.

6. Conclusions

[19] (1) Wave number–frequency spectra of swash zone
elevation time series indicate the presence of low-mode
edge waves during a field experiment in which beach cusps

developed from an initially smooth beach. (2) Predictions
using a numerical model that accounts for the effects of
alongshore currents and bathymetry generally do not repro-
duce the observed temporal changes in the edge wave
dispersion relationships. (3) As beach cusps grew, edge
wave energy increased, and the observations suggest that
the most energetic mode of edge wave propagation was
related to the orientation of beach cusp horns rather than to
the alongshore current.

Appendix A: Detection of Edge Wave
Dispersion Curves

[20] A procedure is outlined here to search wave
number–frequency space for the maximum energy peaks
in the region that might contain low-mode edge waves. This
was designed to detect edge wave dispersion relationship
without making any a priori assumption on the presence or
modes of edge waves. The maximum energy was detected
while holding the wave number k constant. Maxima related
to energy peaks that lie inside the leaky wave region or on
the separation between the leaky wave and infragravity
regions were omitted. To separate energy peaks that might
belong to different modes, clusters of energy peaks were
isolated by plotting the ratio f 2/(gk) against k for each peak,
and separating those clusters characterized by a minimum
distance d(f2/(gk)) larger than 0.01. Clusters containing less
than 5% of the total number of points were eliminated, and a
new energy peak was detected from that wave number band
in the original spectrum.
[21] An energy-weighted, linear regression of the energy

peaks belonging to each cluster was used to identify a
potential edge wave dispersion relationship. The regression
was forced to go through the origin. The coefficient of
determination for such regressions was evaluated according
to Gordon [1981]. Regressions resulting in negative values
indicate lack of significance and were discarded from
subsequent analysis. Sometimes ridges of energy in the

Figure 10. Beach cusp slope versus relative energy
concentrated along the energy-weighted, zero-forced
regression lines. The solid line is a linear least square
regression (r = 0.60, significant at 95% level).

Figure 11. Ratio of the absolute value of the most
energetic mode-zero wave number ki to the beach cusp
wave number kc versus beach cusp slope (a surrogate of
beach cusp height). Squares (circles) refer to positive
(negative) wave numbers. The solid line is a linear least
square regression (r = 0.74, significant at 95% level).
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spectrum appeared to extend to frequencies higher than 0.07
Hz, in which case the limit of the maximum frequency
analyzed was extended upward. Energy density associated
with each line (Erl) was evaluated by summing energy
levels within an area defined by the regression line, plus
and minus 10 neighboring wave numbers (equaling the
offset d) and dividing by the number of points (nrl). Energy
density associated with regression lines obtained from
different wave number–frequency spectra were compared
using the parameter

g ¼ Erl=nrl
E*i =n*i

; ðA1Þ

where E*i indicates the total energy present in a region
bounded by the leaky wave dispersion relationship and
0.025 < f < 0.200 Hz (this region accounts for edge wave
dispersion relationships extending to frequencies higher
than those of infragravity waves) and n*i indicates the

number of points in the region. Physically, g is a measure of
how much energy lies on the regression line relative to the
average energy present in the region of the wave number–
frequency spectrum considered. This parameter, in compar-
ison with others that relate the energy along the edge wave
dispersion line with the total infragravity energy, has the
advantage of not being sensitive to the observed tidal
modulation in infragravity energy and so allows for
comparisons between observations collected at any tidal
stage.
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