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ABSTRA C T N
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port by Bound Infragravity Waves. Journal of Coastal Research, 16(2), 482-493. Royal Palm Beach (Florida), ISSN
0749-0208.

An energetics-based expression for the depth-averaged cross-shore suspended sediment transport rate due to infra-
gravity (frequencies 0.004-0.04 Hz) waves is proposed by parameterizing moments of the near-bed flow. The moments
represent the sediment stirring by short (frequencies 0.04-0.33 Hz) waves and the subsequent transport by the cross-
shore motion of the infragravity waves phase-coupled to the incident groups. The data were gathered at three positions
in 3- to 9-m depth in the multiple-bar system of Terschelling (Netherlands). In these depths bound infragravity waves
are the sole contributors to the infragravity-induced sediment transport, causing it to be offshore directed. The pa-
rameterization is formulated in terms of the local Ursell number Ur and is valid for Ur = 2.5; in addition, it contains
spatial breaking information to account for the observed reduction in the moments by the breaking-induced destruction

of the incident wave groups. The proposed expression was successfully cross-validated against two other data sets.

ADDITIONAL INDEX WORDS: Deterministic profile models, velocity moments, process measurements.

INTRODUCTION

Deterministic coastal profile models aim at predicting
cross-shore bathymetric evolution by accounting explicitly for
the various hydrodynamical processes involved (ROELVINK
and BR@KER, 1993). A hydrodynamical module computes the
cross-shore wave height and current distributions, which are
subsequently used as local input into sediment transport
equations. Morphological changes are then calculated from
the cross-shore gradients in the time-averaged sediment
transport rates, after which the procedure is repeated. Pro-
cesses that are generally observed to contribute to the cross-
shore sediment transport under natural conditions are short
(frequencies nominally 0.04-0.4 Hz) waves, infragravity (fre-
quencies nominally 0.004-0.04 Hz) waves and the cross-shore
mean flow, such as the breaking-induced undertow (JAFFE et
al., 1984; HUNTLEY and HANES, 1987; WRIGHT et al., 1991;
OsBORNE and GREENWOOD, 1992; RUSSELL, 1993; among
others). As the sediment transport due to short waves is re-
lated to the wave asymmetry in the horizontal plane, its com-
putation involves a nonlinear wave model. Examples of non-
linear wave models are second-order Stokes theory (STIVE,
1986), a Fourier approximation of the stream function meth-
od (ROELVINK and STIVE, 1989) and the vocoidal wave theory
(SoUTHGATE and NAIRN, 1993). Also, numerous approaches
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to the modeling of the mean cross-shore flow exist, like those
of DALLY and DEAN (1984), STIVE and BATTJES (1984),
ROELVINK and STIVE (1989), and SOUTHGATE and NAIRN
(1993). In marked contrast, the effects of long waves on the
sediment transport are either crudely considered (e.g., ROEL-
VINK and STIVE, 1989) or, as in most cases, not implemented
at all, despite the fact that field observations have indicated
the potential importance of the infragravity orbital flows to
the net cross-shore sediment transport (for instance, Os-
BORNE and GREENWOOD, 1992; HUNTLEY et al., 1993; RUES-
SINK et al., 1998).

Infragravity waves are most influential in transporting
sediment when they interact with short waves (see, for ex-
ample, HUNTLEY et al., 1993). The latter stir the sediment,
which is subsequently transported by the infragravity orbital
flow phase-coupled to the short waves. In case of group-bound
long waves this results in the transport of sediment in the
reverse direction of the wave propagation (LARSEN, 1982).
More sediment is suspended under large primary waves in
the group, which simultaneously occurs with the offshore di-
rected flow phase of the bound long waves. As a result, the
offshore directed infragravity sediment transport flux ex-
ceeds the onshore flux under the small primary waves. Gen-
erally, the reverse transport by bound infragravity waves is
smaller than the sediment transport due to wave asymmetry
and undertow. For instance, RUESSINK et al. (1998) observed


digitstaff
Text Box


A Transport Formulation for Bound Infragravity Waves 483

the infragravity transport contribution to the gross sediment
transport rate in 3- to 9-m water depth to amount to 15% at
most. However, as the measured transport by the wave asym-
metry and undertow was of approximately equal magnitude,
but of opposite direction, the small offshore directed infra-
gravity transport had, rather paradoxically, a relatively large
influence on the magnitude of the net transport. A predomi-
nantly onshore directed infragravity sediment transport has
been suggested in shallow (say, depth < 2 m) water under
saturated wave conditions (ABDELRAHMAN and THORNTON,
1987; ROELVINK and STIVE, 1989). Because of the infragrav-
ity modulation of the water depth, larger short waves prop-
agate on the crest than in the trough of the infragravity wave,
providing a possible mechanism for onshore transport on the
infragravity time scale.

SHI and LARSEN (1984) were among the first to express a
formulation for the reverse sediment transport by wave
groups. They solved the diffusion equation with prescribed
boundary conditions to compute the vertical distribution of
suspended sediment and applied SLEATH’s (1978) formula for
bedload predictions. In more recent attempts the effect of the
grouping-induced long wave flow is modeled in terms of mo-
ments of the near-bed flow. This approach is based on Bow-
EN’s (1980) and BAILARD's (1981) energetics expression, orig-
inally developed by BAGNOLD (1963) and commonly included
in process-based models (e.g., ROELVINK and STivE, 1989;
NAIRN and SOUTHGATE, 1993; ROELVINK and BRgKER, 1993;
ScHOONEES and THERON, 1995). Various works have recent-
ly shown that the energetics-based sediment transport model
can predict morphological developments on a natural beach
with reasonable accuracy, especially, those under breaking
conditions when a bar is observed and predicted to move off-
shore (THORNTON et al., 1996; GALLAGHER et al., 1998). In
addition, FOOTE et al. (1998) and RUESSINK et al. (1998) pre-
sented favorable comparisons between field observations of
cross-shore suspended sand fluxes and velocity moment pre-
dictions, again indicating the ability of the energetics ap-
proach to predict transport magnitudes due to short waves,
infragravity waves and cross-shore mean flows.

ROELVINK and STIVE (1989) presented a semi-empirical
formulation for the velocity moment describing the short
wave-long wave interaction. They represented the group-re-
lated features of a random wave field by a bichromatic wave
train, that is, regular groups, and a resulting bound long
wave. They chose the two short wave amplitudes to be equal
and modeled the amplitude of the bound long wave following
a method described in SAND (1982), which depends on the
local water depth, short wave peak frequency and the beat
frequency. The surface elevation amplitudes were converted
to near-bed velocity amplitudes using linear wave theory for
the short waves and the long wave approximation for the
bound infragravity wave. The authors subsequently de-
scribed the short wave-long wave interaction moment as
Cro(|uy | "u,,), where u,; is the instantaneous total near-bed
varying flow of the bichromatic wave train, n is an integer,
Cr, is the cross-correlation coefficient between the long wave
surface elevation and the short wave envelope at time lag 0,
and the angle brackets indicate time-averaging. The propor-
tionality of the infragravity-induced sediment transport rate

to Cr, shows that nonzero transport rates are only due to the
part of the infragravity field that is phase-coupled to the
short wave sediment stirring (or ‘envelope’). ROELVINK and
STIVE parameterized the cross-shore evolution of Cr, from
their laboratory data and found it to be related to the ratio
squared of the local and offshore root mean square wave
height. The authors immediately noted, however, that this
parameterization has no general applicability. Their fit sug-
gests a constant value of Cr, at an offshore position, irre-
spective of the wave conditions, whereas under natural non-
breaking conditions Cr, may vary between 0 and almost —1
(GuzaA et al., 1984; ABDELRAHMAN and THORNTON, 1987,
FOOTE et al., 1992; RUESSINK, 1998). Saizar (1990) per-
formed a field test of ROELVINK and STIVE’s (1989) method
for estimating the short wave-long wave interaction moment.
The measurements were performed in approximately 3-m
depth at the crest of the outer bar at Egmond aan Zee, the
Netherlands. When Sa1zar applied measured values of Cr,
to ROELVINK and STIVE’s approximation, he found that mod-
eled values of the interaction moment overestimated the
measured ones by a factor of up to three. In contrast, the
predicted and observed moments agreed reasonably well
when an arbitrary fixed value of Cr, = —0.25 was used.

Various short wave-averaged models, like those of Sym-
ONDS et al. (1982), SCHAFFER and SVENDSEN (1988), SATO
and MITSUNOBU (1991) and ROELVINK (1993), have been de-
veloped that have the potential to predict the cross-shore evo-
lution of Cr, and of the infragravity-related velocity mo-
ments. All of these models have in common that they are
limited to purely cross-shore propagating waves. Infragravity
edge waves and the directional spread around the incident
short waves are not considered. It has to be noted that even
if such models were to predict infragravity-related sediment
transport parameters with reasonably accuracy, a parame-
terization of the results would still be necessary because the
time steps in short wave-averaged and process-oriented mor-
phodynamic models differ by orders of magnitude. In the for-
mer the time step is in the order of seconds, whereas in the
latter morphological changes are generally computed with
time steps of a few hours to several days. RENIERs (1993)
attempted to parameterize Cr, with ROELVINK’s (1993) mod-
el, but he could not derive a suitable fit with a nondimen-
sional local parameter that included short wave parameters
and water depth. More recently, RUESSINK and ROELVINK
(1999) compared modeled and observed infragravity param-
eters and found that ROELVINK's (1993) model typically ov-
erpredicts Cr, by 50 to 150% and the infragravity-related ve-
locity moments by 150 to 250%. These values indicate that
the model overestimates the amount of forced infragravity
energy, which may be related to the neglect of the directional
spread around the main propagation direction of the incident
waves (cf. OKIHIRO et al., 1992; HERBERS et al., 1994). This
casts doubt on the usability of idealized short wave-averaged
models to parameterize infragravity parameters to be includ-
ed in deterministic profile models.

It is the aim of the present paper to derive a suitable for-
mulation for the cross-shore sediment transport by infra-
gravity waves that can readily be implemented in process-
based models using an energetics approach in their sediment
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Table 1. Location of instrumented tripods.

Distance to

Shoreline* Height (m NAP)
(m) T2 T3 T4
P1 1860 —-9.2 -9.2 -9.2
P2 1030 -5.5 -5.9 —5.9
P3 640 -3.7 -3.3 —4.5
P4 395 —-5.6 —-54 —4.7

* Shoreline is isoline of 0 m NAP (about mean sea level).

transport module. The formulation is a parameterization of
measured near-bed velocity moments, obtained in water
depths between about 3 and 9 m in the multiple bar system
of Terschelling (Netherlands). It is shown that the moments
can be well described by a nondimensional parameter that
includes the local wave height, wave period and water depth.
In addition, it is shown that spatial breaking information has
to be included in the parameterization to account for the
breaking-induced destruction of the incident wave groups.

FIELD SITE AND OBSERVATIONS

The data were obtained during the NOURTEC T2 (May-
June 1994), T3 (October—-November 1994) and T4 (October—
November 1995) campaign conducted at Terschelling, the
Netherlands. Terschelling is an approximately 30-km-long
barrier island, fully exposed to the semi-enclosed North Sea
(Figure 1a). During each campaign, which lasted for about
five weeks, stand-alone tripods were deployed at three posi-
tions in cross-section 17 (Figures 1b-1d; Table 1), referred to
as P1, P2 and P3 herein. The bed material consisted of well-
sorted fine to medium sand with a median fall velocity w of
15.1,17.7 and 19.7 mm/s at P1, P2 and P3, respectively. Each
tripod was equipped with a bidirectional electromagnetic flow
meter at a height z above the bed of 0.25 m and with a pres-
sure sensor at z = 2.2 m. In addition, two Optical Backscatter
Sensors were mounted on the tripods at P2 and P3 to mea-
sure instantaneous sediment concentrations at z = 0.15 and
0.25 m. All measurements were conducted for 2048 s per hour
at a sampling frequency of 2 Hz. The pressure time series
were converted to free surface elevation with a depth correc-
tion using linear wave theory, with 0.33 Hz being the fre-
quency above which the depth correction cannot be applied.
Significant wave heights H, were computed as 4E°%, where
E is the total variance in the short wave frequency band 0.04—
0.33 Hz. The infragravity band was taken as 0.004-0.04 Hz
(see RUESSINK, 1998). The tripod at P3 malfunctioned during
the T4 campaign.

Offshore wave conditions were measured by a directional
wave buoy in 15-m depth, roughly 5 km from the shoreline.
Values of the offshore significant wave height H,, varied
from 0.2 m to almost 5 m. The wave conditions were typically
sea dominated with offshore significant wave period T , rang-
ing from 4 to 10 s. Swell conditions (T, , > = 10 s) were rare
(< 2% in time). In general, during the more energetic con-
ditions (say, H, , > 3 m) the waves approached the shore with
an angle o, relative to the shore-normal of o, < = |10°|,
whereas a, ranged from —70° to +60° during less energetic

situations. The tide is semi-diurnal with a neap (spring) tidal
range of about 1.2 (2.5) m. Typical wind-induced water level
deviations from the predicted astronomical tide were of 50
cm during storm conditions.

METHODOLOGY

The parameterization of the infragravity-induced volumet-
ric sediment transport rate, g, should only consider those
constituents of the infragravity field that lead to significant
nonzero values of g, In the present depth range (3-9 m)
bound infragravity waves are likely to be the sole contribu-
tors to g, inducing an offshore directed transport as outlined
previously. Direct measurements of suspended sediment flux-
es at P2 and P83, reported in RUESSINK et al. (1998), showed
that free infragravity waves are too weak to stir and trans-
port sediment themselves and possess a random phase rela-
tionship with the sediment stirring on the group scale owing
to the randomness of the incident groups. Under both break-
ing and nonbreaking conditions, infragravity fluctuations in
the instantaneous near-bed concentrations were observed to
be approximately 180° out of phase with the low frequency
fluctuations in the cross-shore near-bed flow, consistent the
outlined group-bound transporting mechanism.

Previous studies on the implementation of infragravity-in-
duced transport in cross-shore profile models have mainly ad-
dressed the cross-correlation coefficient at time lag 0 between
the short wave envelope and the total infragravity orbital
flow field, Cr,. Examples include the work of ROELVINK and
STIVE (1989) and RENIERS (1993). However, Cr, may not be
a suitable parameter for deterministic cross-shore profile
models, because its values are likely to be site specific. HER-
BERS et al. (1995) convincingly demonstrated that the amount
of free (and thus total) infragravity energy is strongly influ-
enced by the geographical setting. The regional topography
determines the reflection from the shore, the infragravity en-
ergy dissipation and the degree of trapping over the shoreface
and the shelf. As an example of the influence of shelf width,
HERBERS et al. (1995) compared free infragravity energy lev-
els, E,,.., at Oahu (Hawaii) and Duck (North Carolina), both
in 8-m depth (~ 1 km offshore) and having comparable slop-
ing beaches. The Duck site faces a broad, gently sloping shelf,
whereas at Oahu the depth increases rapidly to more than
200 m within a few hundreds of meters seaward of the mea-
surement site. For comparable short wave energy conditions,
values of E,,, at Oahu were typically a factor of 2 to 4 lower
than at Duck. At Oahu trapping is less likely to be important
and most infragravity energy reflected from the beach is ex-
pected to radiate into the ocean, whereas at Duck most free
infragravity waves will be refractively trapped at the shore.
In contrast, the amount of bound energy E,,, is locally deter-
mined by short wave characteristics and water depth. At the
Oahu and Duck sites, values of E,,, were therefore almost
identical for comparable sea-swell conditions. Thus, a param-
eterization of Cr, with local parameters would only result in
a site-specific relationship. A better choice is to directly pa-
rameterize the velocity moments themselves as their values
only depend on the phase-coupled part of the infragravity
near-bed flow field (see also ROELVINK, 1993) and are thus
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Figure 1. a) Location of the Terschelling field site. Panels b), ¢), and d) present the cross-shore profile of the measurement section at the onset of the
T2, T3 and T4 campaign, respectively. Height is with respect to NAP (= Dutch Ordnance Datum; 0 m NAP is about Mean Sea Level).
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site-independent. Accordingly, the remainder of this paper
will focus on the parameterization of the velocity moments
representing the sediment transport by bound infragravity
waves.

If the incident wave field is considered as a unidirectional
wave train traveling at an angle a to the shore normal di-
rection, the infragravity-induced cross-shore bedload and sus-
pended load volumetric transport rates (g,, and gq,, respec-
tively; g, = q,, + q,,) is often expressed as moments of the
instantaneous near-bed flow as (¢f. ROELVINK and STIVE,
1990)

qy. = K{3(it,)?%,)cos o} and (1a)
q, = Ks{4(|12h|3111>cos o} (1b)

where #, and z, are the instantaneous high frequency and
low frequency velocity vectors and the angle brackets indicate
time averaging. The coefficients K, and K, are
y € w
P C b P

K =—Pe %
w

K, = ;
" p,—p. 'tano P~ Pu

in which p, and p, are the water and sand density, respec-
tively, C, is a drag coefficient, ¢ is the angle of repose and ¢,
and e, are efficiency factors. The moments in eq. (1) indicate
the sediment stirring by the short waves and the subsequent
transport by the cross-shore infragravity flow. In the deri-
vation of eq. (1), it was assumed that z, is the largest con-
tributor to the total instantaneous velocity vector and is un-
correlated to |%,|2? and |#,|?. These conditions were met for
the present data set (RUESSINK et al., 1998). Furthermore, it
is assumed that the group-forced long waves travel in the
same direction as the wave groups. If « is close to the shore-
normal direction (a = 0°), then eq. (1) reduces to

qyr = K;,{3<|U/,I2u[>} and (2a)
q.; = K4, Pu) (2b)

in which u, and u, are the instantaneous cross-shore high
frequency and low frequency orbital velocities, respectively.
RUESSINK et al. (1998) provided an extensive account of the
velocity moments in eq. (2a) and (2b), which were computed
from the measured velocity time series at z = 0.25 m. They
found that q,, typically exceeds g,, by an order of magnitude.
This conforms with earlier model investigations, like those of
STIVE (1986), THORNTON et al. (1996) and GALLAGHER et al.
(1998), which all indicated that energetics-type models pre-
dict that bedload is less important than suspended load on
natural beaches. For this reason, the present paper will only
focus on the fourth-order velocity moment representing the
depth-averaged suspended load transport rate.

In order to comkine the measured fourth-order low fre-
quency velocity moments at the various measurement posi-
tions, it is convenient to address them in a normalized form
as

_ Kl iy, Jeos o

i,

(3a)

1

which reduces to

4 3
= ———q”f! ) (3b)
Up,
in case of shore-normal incident waves. In eq. (3), &, is the

short wave near-bed peak orbital velocity based on the root
mean square wave height H,,,.. Using linear wave theory, &
reads as

rms* m

. _ _ 7mH,, "

“n 77 sinhk, ) (
where £, is the wave number corresponding to the peak pe-
riod T, and A is the local water depth. The use of @, in nor-
malizing the velocity moments was also performed in the ear-
lier model investigations of BAILARD (1981), Guza and
THORNTON (1985), STIVE (1986) and NAIRN and SOUTHGATE
(1993).

According to bound wave theory (HASSELMANN, 1962; LON-
GUET-HIGGINS and STEWART, 1962; OKIHIRO et al., 1992),
the forced infragravity energy depends on the short wave
height, period and directional spreading, and the water
depth. The variability in bound long wave velocity induced
by temporal variations in short wave directional spreading is
typically smaller than that caused by the other short wave
parameters and water depth and is not considered further.
The dependence of the near-bed forced infragravity flow on
water depth, wave height and period suggest that the non-
dimensional moment x, may be a function of the local Ursell
number, Ur, given by

ak,

Ur = Uy (5)
where a is the wave amplitude. However, the Ursell number
may not be sufficient inside the breaker zone, because the
values of the low frequency moments are likely to depend on
the history of short wave field over the profile and, more spe-
cifically, to the degree of breaking seaward of the cross-shore
location in question. This dependence can be understood by
considering why the low frequency moments attain a nonzero
value: the systematic concurrence of group-enhanced stirring
and the trough of the forced infragravity wave. This system-
atic concurrence is destroyed by wave breaking, because the
grouped nature of the short wave envelope is broken down.
For example, a specific Ursell number can be the result of a
(partial) broken short wave field, in which case x, values are
expected to be almost zero. In contrast, the same Ursell num-
ber may also be related to a nonbroken wave field with less
energy, but x, is likely to attain a negative value. RENIERS
(1993) also pointed to the need for including spatial breaking
information in the parameterization of the long wave effects
in the sediment transport.

The parameterization of x, will be achieved in the following
two steps. Firstly, the dependence of x, on Ur is investigated
for nonbreaking conditions. Under these situations the fit can
be based solely on the local shortwave parameters and water
depth. To ease the parameterization of x, only measurements
with an almost shore-normal wave approach (a = |10°|) will
be considered first (i.e. eq. (3b)). Secondly, the derived ex-
pression will be compared to data obtained under breaking
conditions, which allows us to analyze how the spatial break-
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Figure 2. Normalized moment x, as a function of the Ursell number Ur at a) P1, b) P2 and ¢) P3 for H/h < 0.33 and a = |10°|. The observations are
binned corresponding to 'log(Ur) + 0.025. Standard deviations around the class-mean values (black dots) are indicated by vertical bars. Total number
of observations N at P1, P2 and P3 were 714, 677 and 358, respectively. All observations for Ur > 0.04 are shown in d) (N = 1373).

ing information can be included into the parameterization.
As in RUESSINK et al. (1998), the fourth-order low frequency
velocity moments were computed with the measured velocity
time series at z = 0.25 m.

The relative wave height, defined as the ratio of H, to A,
was applied to determine whether or not a measurement po-
sition experienced surf zone conditions. A combination of ex-
tensive visual observations and measurements in the inter-
tidal zone of Terschelling revealed that the onset of short
wave breaking occurs at the value of H/h = 0.33 (VAN ENCK-
EVORT and REINCKE, 1996). With an increasing breaking in-
tensity (i.e, more breaking waves), H/h increases further to
reach maximum values of about 0.6 in a saturated wave field.
RUESSINK (1998) argued that VAN ENCKEVORT and REINC-
KE’s (1996) values can also be applied in the nearshore bar
zone. In the following, the representative short wave period
needed to calculate Ur and u,, was taken as (1/0.9)*T,,,
where T, is the significant zero-down crossing period com-
puted from the time series of the free surface elevation and
the constant of proportionality (1/0.9) is based on the work of
Gopa (1978). The advantage of using (1/0.9)*T,, as peak pe-
riod instead of the one based on the energy density spectra

is the less erratic temporal character of T',,, (see also BAKKER,
1995). The wave amplitude a was set to 0.5H,. Local angles
of wave incidence were computed with a simple regression
technique between the longshore and cross-shore orbital mo-
tion.

RESULTS

Figures 2a—2c¢ show the measured values of x, under non-
breaking conditions (H/h < 0.33) and small angles of inci-
dence (a < |10°|) at P1, P2 and P3, respectively, where the
observations were binned corresponding to °log(Ur) * 0.025.
Standard deviations around the class-mean values (black
dots) are indicated by vertical bars. As can be seen for P1 (A
~ 9 m) and P2 (h = 5.5 m), the the class-mean x, values were
small and scattered around zero for Ur in the range 0.01-
0.04, whereas their magnitude grew steadily for Ur in excess
of 0.04 (Figures 2a and 2b). The latter can also be observed
for P3 (h = 3.5 m; Figure 2c). The increased scatter in the
right side of each graph is related to the reduced number of
observations with increasing values of Ur. The observed trend
displays the absence of forced infragravity waves under very
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low-energy conditions and the growth in the amount of bound
long wave energy with a decrease in water depth and an in-
crease in short wave height and period. As can be deduced
from Figures 2a-2c¢, the mean values in the same Ur class at
the various sites were barely distinguishable. The general de-
pendence of x;, on Ur obtained by combining all observations
with Ur > 0.04 at the three positions is plotted in Figure 2d.
The best-fit smooth line through these combined values was
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binned corresponding to °log(Ur) * 0.025. Standard deviations around the class-mean values (black dots) are indicated by vertical bars. Total number
of observations at P1, P2 and P3 were 21, 55 and 70, respectively. The reconstructed values, that is, x/(1 — @, ..,»", are presented in d) with p = 3. Eq.
(6) is shown in each graph as the smooth solid line.
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given by a rational function (R? =
Figure 3)

0.99) and reads as (see

_0.0043 — 0.47Ur
"1+ 1.97Ur — 0.28Ur2

Xi (6)
The solution of x, = 0 results in Ur = 0.01. The extrapolated
x; values for the Ur range 0.01-0.04 are plotted in Figure 3
as a dashed line. Although the observed x, values in this
range were probably not significantly different from zero (e.g.,
Figures 2a-2b), it is better to use the extrapolated values of
eq. (6) than to set x, to 0, as otherwise there would be a

sudden jump in the value of x, at Ur = 0.04. x; equals 0O for
Ur < 0.01.

The next step is to investigate the effect of wave breaking
on ¥, Figures 4a—4c present the class-mean ¥, values at P1,
P2 and P3 under breaking conditions (H/h = 0.33) and a =
| 10°|. It is clear from these plots that their magnitudes were,
in general, smaller than those predicted with eq. (6). This
observation is not unexpected because breaking destroys the
slowly varying component of the wave envelope and, in this
way, reduces the magnitude of the short wave-long wave in-
teraction moment. In fact, only the unbroken part of the short
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Figure 7. Cross-shore profile of section 16, showing the location of P4.

wave envelope can contribute to nonzero values of x,. It is
proposed here that because of breaking, the outcome of eq.
(6) is reduced by (1 — @ may?, Where @, .., is the maximum
ratio of broken to total short waves seaward of the cross-
shore location in question and p is some power, which can be
estimated from the data. Thus, eq. (6) is extended as

_0.0047 — 0.47Ur
"1+ 1.97Ur — 0.28Ur2

Xi 1 - Qb,max)p (7
At a position that is not sheltered from wave breaking by a
seaward located bar, @, ..., equals the local fraction of broken
waves @,; in a trough shoreward of a sand bar, however,
Q) max 18 the maximum @, value seaward of the trough, likely
obtained at the seaward located bar crest. Clearly, eq. (7)
reduces to eq. (6) for nonbreaking situations as @, .., then
equals zero.

Unfortunately, the fraction of broken waves was not mea-
sured in the field. BATTJES and JANSSEN (1978) have pre-
sented an implicit relationship in which @, in random waves
is related to local H,,,, and a maximum wave height, which
is primarily depth controlled. STIVE and BATTJES (1984) ap-
proximated this relationship by a simple equation in which
@, is proportional to (H,,/h)®. In analogy with STIVE and
BATTJES’s approach, @, was estimated here as

Q, - A(%) )

where the constant of proportionality A was set to 12.9 to
assure that @, equals 1 for the observed saturation value of
H/h, namely H/h = 0.6 (VAN ENCKEVORT and REINCKE,
1996). The value of A is likely to be different at other field
sites; RAUBENHEIMER et al. (1996) showed that v, the H/h
value marking saturation, depends on the local bottom slope
as well as on kh. In deterministic profile models the cross-
shore evolution of @, should, in principle, be predicted by the
short wave transformation model. Practically, the term (1 —
Q) max”” can best be considered as an empirical correction fac-
tor to account for the reduction in x, owing to wave breaking.

The measured values of x, under surf zone conditions
shown in Figures 4a—4c are thus proposed to be lower than
the smooth line representing eq. (6) by a factor of (1 —
Q4 max)”> Which allows us to assess the optimum value of p. At
the three site @, ., was taken as the local @,, estimated with
eq. (8), as all three positions were not sheltered from wave
breaking by a more seaward located bar. Figure 4d shows the
reconstructed (i.e. X, / (1 — @, .)?) values when a value of p

= 3 is applied, which was found to be the value for which the
reconstructed x, was closest to predictions by eq. (6). Espe-
cially, the values at P1 and P2 were closer to the fit, whereas
the values at P3 were now somewhat overestimated (Figure
4d). Obviously, a larger value of p would have improved the
situation for P1 and P2 even further, but this would be at the
expense of the findings for P3. Conversely, x, at P3 would be
predicted more accurately using a lower value of p, but this
would worsen the predictive capability of the parameteriza-
tion at P1 and P2. Once @, .., is established more reliably
than in the present paper, the value of p may need to be
reconsidered.

Summarizing, the proposed parameterization of x, is given
by

x; = 0 for Ur < 0.01

0.0043 — 0.47Ur
1+ 1.97Ur — 0.28Ur?

for 0.01 = Ur = 25 9)

Xt = (1 = Qpmax)®

Rewriting eq. (9) into dimensional form, the low frequency
contribution to the fourth-order moment results in

iz, Pu,y = 0 for Ur < 0.01

0.0043 — 0.47Ur
1+ 1.97Ur — 0.28Ur?

for 0.01 = Ur = 2.5 (10)

AlaplPu) = A = Q, na)ih,

Cos o

The volumetric depth-averaged suspended transport rate in-
duced by infragravity waves, q,, can now be estimated by
multiplying eq. (10) by K,, see eq. (1b).

CROSS-VALIDATION

The first cross-validation data set was gathered on the sea-
ward side of the outer bar in the double-bar system of Eg-
mond aan Zee, Netherlands (Figure 5) during October-De-
cember 1997. Near-bed flow and pressure were measured by
an EMF at z = 0.25 m and a pressure sensor at z = 2.2 m,
respectively, for 2048 s per hour with sampling frequency of
2 Hz. All measurements were processed as described previ-
ously for the Terschelling measurements. From the Egmond
data set a 200-hour period was selected, of which the local
conditions are shown in Figures 6a—6e. The local significant
wave height ranged from 1 to almost 3 m (Figure 6a) and
Ursell numbers varied between 0.13 and 0.87 (not shown).
The angle of incidence was generally small, except for the
large storm event at 1735-1760 h when the waves made an
angle of 30°40° with the shore normal direction (Figure 6c).
The fraction of broken waves shown in Figure 6e was esti-
mated with eq. (8). The predicted values of 4(| i, |3u,) closely
resembled the measured ones (Figure 6f). Especially note-
worthy is the good agreement for the oblique wave event at
1735-1760 h. The relative error of the predictions averaged
over all observations, €,,, defined as

_ _ i 4<|ah|3ul>1,pred1cwd - 4<|ilh|aul>z.observed
rel

i-1 4<|ﬁh|3ul>r‘observed

where i is an integer and N is the total number of observa-

(11)
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fourth-order infragravity velocity moments. Hour 0 is the onset of the NOURTEC project.

tions (= 186 here), amounted to only 0.17. The average ab-
solute error, €,,,, computed analogously to eq. (11), but taking
the absolute values of all individual terms in the numerator
and denominator, was 0.38, implying that on average the pre-
dicted values deviated by 38% from the observations.

The second cross-validation set was obtained at the Ter-
schelling field site and consisted of measurements conducted
in the trough between the outer and middle bar (Figure 7), 1
km from the main measurement section (cross-section 16, see
Figure 1a), during the T4 campaign. Hereafter this position
is referred to as P4. The observations were obtained with an
identical tripod as at P1, P2 and P3, and were also processed
identically. As P4 was sheltered from local wave breaking by
the crest of the outer bar, the data set provides an excellent
example to demonstrate the necessity to include spatial
breaking information in eq. (10). The part of the T4 campaign
that is of most interest here is a storm event with a 66-hour

duration during which H, , reached maximum values of about
5 m. During this period Ursell numbers in the trough ranged
from 0.10 to 0.68.

As the percentage of breaking waves at the outer bar crest
was not determined in the field, it was estimated with a stan-
dard wave transformation model, namely the WAVIS model
developed by VAN RN and WIINBERG (1996). WAVIS is a
probabilistic model that describes the cross-shore propaga-
tion and transformation of individual waves. This wave-by-
wave approach implies that the wave field is divided into a
discrete number of wave height classes, which are run sepa-
rately over the profile and are later on combined to yield the
statistics of the total wave field. The waves shoal until an
empirical criterion for breaking is satisfied. An energy dis-
sipation method is adopted to model wave height decay after
breaking. The fraction of breaking waves is computed as the
sum of the percentages of occurrence of the wave height class-
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es that are breaking. Input into the model were the measured
values of H,, (Figure 8a), T,,, o, and the water levels as
measured by the tidal station. All model parameters were set
to standard values, see VAN R1JN and WIJNBERG (1996). The
measured and predicted wave heights at P4 compared rea-
sonably well (Figure 8c) with typical deviations of less than
5%. Both showed a tidal modulation with higher waves at
high tide, caused by the more intense breaking on the crest
of the outer bar at low tide (Figure 8d). In all cases predicted
values of @, at P4 amounted to 0.

Figure 8e shows that the low frequency velocity moments
computed with the local fraction of breaking waves overesti-
mated the measured ones considerably when waves were pre-
dicted to break over the outer bar crest (i.e., 1756317606 h).
For this time period &,,, and &,,, amounted to 1.81 (N = 44).
Far better agreement was found when @, .., was used, es-
pecially around the peak of the storm (17575-17594 h) with
€, = 0.19 (N = 20; €,,, = 0.35). For the entire breaking pe-
riod €, was somewhat larger, namely 0.44 (€,, = 0.52),
caused by the overpredictions that can be observed for
17567-17576 h and 17595-17606 h. Nonetheless, the results
in Figure 8e do show the need to include spatial breaking
information in the parameterization of the depth-averaged
suspended load transport by group-forced infragravity waves.

SUMMARY AND CONCLUSIONS

A new formulation for the suspended sediment transport
rate by bound infragravity waves is proposed. The formula-
tion, given by eq. (10), was obtained by parameterizing a data
set of moments of the near-bed flow that represent the sedi-
ment stirring by the short waves and the subsequent trans-
port by infragravity waves phase-coupled to the incident
groups. The fourth-order moment normalized by the near-bed
peak orbital velocity to the power of 4, x;, is well described
by a rational function containing the local Ursell number Ur.
In addition, the proposed formulation contains breaking in-
formation to account for the observed reduction in x, by the
destruction of the wave groups due to breaking. The proposed
formulation, which was successfully validated against two
other data sets, is valid for Ur < 2.5. As the expression only
contains parameters that can easily be computed by cross-
shore wave transformation models, it can readily be incor-
porated in the sediment transport module of any determin-
istic profile model that relies on the energetics approach for
its computation of sediment transport rates.
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