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Hydro- and Morpho-Dynamics on a Barred Beach

Yoshiaki KURIYAMA?®*

Synopsis

Waves, currents and morphological changes on a barred beach were investigated on the basis of
numerical simulations and field data obtained at Hazaki Qceanographical Research Station (HORS),
which is a research facility for field measurements in the nearshore zone and has a 427-m-long picr.

The beach profile data obtained for eight years showed that a bar crest at Hasaki repeatedly migrated
seaward with a period of a year, whereas the cross-shore sediment transport associated with the
medium-term bar crest migration fluctuated seaward and shoreward. Seaward sediment transport
occurred on and around a bar crest and shoreward sediment transport occurred in a trough region. The
temporal variation of the magnitude of the cross-shore sediment transport rate corresponded to the
offshore wave energy.

Field measurements of wave height and mode of wave breaking, breaking or non-breaking, showed
that the mean value of the wave height-water depth ratio at wave reforming in the field was 0.35. A
wave transformation model including the criterion on wave reforming agreed well with field
measurements.

The cross-shore distribution of the time-averaged longshore current velocity on a barred beach was
then discussed on the basis of fifty-two distributions. The result is that eighty-five percent of the
distributions had peak velocities shoreward of the bar crests, which were not reproduced by previously
proposed models. Hence, a one-dimensional model for nearshore current including the surface roller
effect, which was neglected in previously proposed models, was developed and compared with longshore
current velocities measured at HORS. The distributions of the longshore current velocity predicted with
the present model had peaks shoreward of the bar crests and fitted those in the field.

Key Words: longshore bar, surf zone, wave, current, morphodynamics
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1. Introduction
1.1 Background of this study

The swf zone is the region extending from the wave
breaking zone to the shore, where waves and currents are
strong and cause large amounts of sediment transport
and topographic variation. This makes the surf zone a
crucial area in coastal management. The surf zone also
plays an important role in the ecosystem because it
forms the transition zone linking the marine and
terrestrial environments.

Longshore bars, which are underwater ridges of sand
{(Komar, 1998}, are frequently formed in the surf zone of
sandy beaches. During storms, waves break on bar crests
and reform at troughs. As a result, wave deformation,
nearshore currents and beach profile variations are
different on barred beaches compared to planar beaches.

The influence of longshore bars on the topographic
variations in the foreshore has been previously shown by
Yamamoto and Sato  (1998). They conducted
experiments in a large flume and showed that the
shoreline on a barred beach, which normalty advanced in
mild wave conditions, did not advance under these
conditions after the longshore bar had been removed.
This result indicates that shoreline management should
pay close attention to longshore bar movement. The
revision of the Coastal Act in Japan in 1999, which
requires coastal management over a wider region.
encourages attention to the bar movement.

Longshore bars also influence longshore sediment
transport. The cross-shore distribution of the longshore
sediment transport rate on a barred beach is expected to
change according to the size or the location of a
longshore bar. Though coastal structures such as groins,
jetties and detached breakwaters are useful for protection
of beaches against erosion, these coastal structures also
trap some of the sediment that is transported alongshore
and therefore influence the sediment budget in the
down-drift region. Consequently, design features of
coastal structures, such as their length and location,
should be carefully considered. Understanding and
predicting bar movements as well as waves and currents
over longshore bars are essential in designing coastal
structures on barred beaches.

The investigation of waves, cwrents and
morphological variations over bar-trough topography is
also required from the standpoint of beach nourishment.
In the United States, Australia and Europe, an offshore
nourishment technique has been recently developed as a
cost cffective nourishment method (e.g.. McLellan and
Kraus, 1991; Murray et al, 1994). In this method,
sediment is placed in the nearshore, and is expected to
move shoreward, or at least to stay in the nearshore.
Since the nourished sediment forms a bar, understanding
of bar movements as well as waves and nearshore

currents over bars is essential to ensure the effectiveness
of the offshore nourishment technigue.

Longshore bars also provide different ecosystems than
those on planar slopes. Higano and Yasunaga (1988)
reported that a bivalve species which lives seaward of a
bar crest is different from that which lives shoreward of
the crest. The ecosystems are expected to be influenced
by the nearshore current based on the investigation by
Fleischack and Freitas (1989), who showed that there is
a correlation between longshore current velocity and the
zonation of benthos. Hence, investigations on the
influence of longshore bars on physical environment are
also required for understanding nearshore ecosystems.

1.2 Aim and scope of this study

The objective of this study is to investigate hydro-
and morpho-dynamics on a barred beach using field data
and numerical simulations. The field data were mainly
obtained at Hazaki Occanographical Research Station
(HORS), which is described in section 1.3,

Morphodynamics on a barred beach arc investigated
in Chapter 2. Although numerous studies have been
undertaken to uaderstand bar behavior, which involves
bar generation, migration and decay, the processes of
sediment movement associated with the bar behavior,
which is important in coastal zone management, have
not been fully investigated. Furthermore, the effect of
wave characteristics on medium-term bar movement and
sediment transport is poorly understood. Hence, Chapter
2 discusses the medium-~term bar movement, sediment
transport associated with the bar movement and the
relationship between the sediment transport and wave
characteristics.

In Chapter 3, waves over longshore bars are examined.
Nearshore  currents, sediment  suspension, and
morphological variation m the surf zone are mainly
caused by turbulence, mass flux and momentum flux
induced by breaking waves. Breaking waves have a
much greater influence on these factors than do
non-breaking waves. Hence, it is essential to accurately
estimate the conditions for wave breaking and wave
reforming. However, previous investigations did not
include field studies of wave reforming at troughs, which
is a peculiar phenomenon of a barred beach. As a result,
previous models could not accurately predict the fraction
of breaking waves (the ratio of the number of breaking
waves to the total number of waves) at troughs, though
these models could quantitatively or at least qualitatively
predict this fraction on planar beaches and on the
seaward slopes of longshore bars. Chapter 3 describes
how field measurements of wave breaking and wave
reforming were carried out over longshore bars and
troughs, and the conditions at the time of wave
reforming. On the basis of the wave conditions at the



time of wave reforming, a model for wave height and the
fraction of breaking waves is developed and verified
with field and large-scale experimental data,

The objective of Chapter 4 is to investigate the
characteristics of the cross-shore distribution of the
longshore current velocity on barred beaches on the basis
of field data acquired at HORS and numerical
simulations, It is known that obliquely incident waves
induce longshore currents. So far, two types of
cross-shore distributions of the longshore current
velocity have been reported; one type has a peak velocity
seaward of the bar crest, and the other has a peak
velocity shoreward of the bar crest. The frequencies and
causes of the two types of distributions have not yet been
thoroughly cvaluated.

The discussion in Chapter 4 shows that the momentum
flux due to bores, ie., surface rollers, plays an important
role in the cross-shore distribution of the longshore
cuirent velocity. The momentum flux due to surface
rollers, which also has strong influence on undertow
velocity, was included in previous models for longshore
current and nearshore cwrrent. Few models, however,
have been verified with field data. Thus, in Chapter 5, a
one-dimensional model that includes the surface roller
effect is developed to describe undertow and longshore
current, and calibrated with field data obtained over
longshore bars at HORS. The model is then verified with
data from large-scalc cxperiments and other field
measurements. In addition, on the basis of the model,
causes of the cross-shore distribution of the longshore
current velocity on a barred beach in the field are
discussed,

Finally, summary and conclusions are provided in
Chapter 6.

1.3 Hazaki Oceanographical Research Station

The Hazaki Oceanographical Research Station
(HORS) is a research facility for field measurements of
various phenomena in the nearshore zone, and was
constructed in 1986 by the Port and Harbour Research
Institute, Ministry of Transport. HORS is located on the
Hasaki coast of Japan facing the Pacific Ocean (Figure
1.1, Photographs 1 to 6). HORS consists of offices,
storerooms, and a 427-meters-long pier; the pier deck is
3.3 m wide and 6.9 m above the low water level, and is
supported on single pilings. Hereafter, “HORS” will be
used with reference to the pier.

Based on the datum level at Hasaki (Tokyo Peil
—~0.687 m), the high, the mean and the low water levels
are 1.252 m, 0.651 m, and -0.196 m, respectively. Large
waves are mainly generated by typhoons from July to
September and by strong atmospheric depressions from
February to April.

The beach profile along HORS is measured at 5 m

130°E  140°E

Pacific N

QOcean i}‘

Wave Gage

HORS

Figure 1.1 Location of HORS.

intervals every day, except for weekends and holidays,
using a 5 kg lead on the pier, and using a level and a staff
shoreward of the pier. The median sediment diameter is
0.18 mm and almost uniform along HORS, whereas it
varied from 0.15 mm to 1.0 mm in troughs (Katoh and
Yanagishima, 1995).

Water surface elevations along HORS are measured
with several ultrasonic wave gages installed along one
side of the pier, and offshore waves are measured
offshore of the Kashima Port at a water depth of 23.4 m;
the location of the offshore wave gage is also shown in
Figure 1.1. Besides the ultrasonic wave gages, HORS
provides electro magnetic current meters, optical
back-scatterance sensors (OBS), anemometers and other
SEnsors.

¥igure 1.2 shows the co-ordinate system used in this
study. The positive directions of the x-axis and the y-axis
are southward and seaward, respectively. The vertical (z)
axis extends upwards. Elevations are relative to the
datum level in Hasaki (D.L.). The wave direction is
defined relative to the shore and is positive in the
counterclockwise direction.

A position along HORS will be referred to as the
offshore distance relative to the reference point, located
near the entrance of the pier, and the mark “P”; for
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Figure 1.2 Definition sketch of co-ordinate system.

example, P230m denotes the position where the offshore
distance is 230 m.



2. Medium-term bar behaviour and the
associated sediment transport
2.1 Introduction

Studies of longshore bar started in the 19th century
(Komar, 1998). Recently, long-term and medium-term
topography data have been obtained using
echo-sounding and video technique, and long-term and
medium-term bar movements on several coasts in the
United States, the Netherlands and New Zealand have
been investigated (Birkemeier, 1984; Lippmann et al.,
1993; Ruessink and Kroon, 1994; Wijnberg and Terwindt,
1995; Shand and Bailey, 1999). These studies focused on
bar behavior including bar generation, movement and
decay, but little attention was paid to the sediment
movement associated with the bar behavior, which is
important in coastal zone management. Ruessink and
Terwindt (2000} proposed a model in which knowledge
of sediment movement in short-term process is
aggregaied to explain medium-term bar movement. The
model  partially succeeded in  reproducing the
medium-term bar movement, but could not explain the
bar generation process; the processes of the sediment
movement during bar generation were still unknown.

Furthermore, the effect of wave characteristics on the
medium-term bar movement and the sediment transport
is poorly understood in spite of the numerous studies on
short-term bar movement and wave characteristics (e.g.,
Sallenger et al, 1985; Sallenger and Howd, 1989;
Lippmann and Holman, 1990; Greenwood and Osborne,
1991; Larson and Kraus, 1992; Sunamura and Takeda,
1993; Kuriyama, 1996; Thornton et al., 1996; Plant and
Holman, 1997, Gallagher et al, 1998; Aagaard and
Greenwood, 1999; Miller et al., 1999). Plant et al. (1999)
and Larson et al. (2000) investigated the relationship
between medium-term beach profile changes and wave
characteristics. Plant et al. (1999) proposed a model to
predict bar crest movement with the offshore wave
height, and Larson et al. (2000) showed a strong
correlation between the beach profile and the ratio of
wave breaking using canonical correlation analysis.

The objective of this chapter is to discuss
medium-term  bar movement, sediment movement
associated with the bar movement and the relationship
between the sediment movement and  wave
characteristics on the basis of beach profile data obtained
at HORS.

2.2 Beach Profile Data

Beach prefile data used in this study were obtained
over the course of eight years from January in 1987 to
December in 1994 at HORS. The upper part of Figure
2.1 shows the mean beach profile and the maximum and
minimum values of elevation from 1987 to 1994, and the
lower one shows the standard deviation in elevation.

T T
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Figure 2.1 Mean beach profile, maximum and minimum
elevations, and standard deviation in elevation at HORS.

Since local scours occur around pilings supporting the
pier deck of HORS, the elevations measured at the
survey points close to the pilings were replaced by the
values that were obtained by interpolating with the
glevations measured where the effects of the scours were
negligible shoreward and seaward of the pilings; the
survey points close to pilings are located where the
offshore distances are 100, 105, 165, 175, 200, 205, 220,
235,250, 265, 280, 295, 310, 325, 340, 355, 370 and 385
m.

The mean beach slope in the area from P-60m to
P200m is about 1/50, and the slope seaward of the area is
about 1/120. The standard deviation in elevation
increases scaward from around P20m, has a peak around
at P210m, and then gradually decreases to P380m.

2.3 Alongshore uniformity of topography ncar HORS
and influence of pilings

The alongshore uniformity of the topography near
HORS and the influence of the pilings on the topography
were examined using seventeen topographic maps of the
area near HORS; these maps were obtained from
November 1986, when the influence of the construction
work of HORS on the topography was assumed to be
small, to August 1998. Besides the daily surveying at
HORS, the bottom topography around HORS was
surveyed once or twice a year in the area that is 600 m
wide in the alongshore direction and about 700 m long in
the cross-shore dircction. Figure 2.2 shows an example
of the topography near HORS. The alongshore interval
of the survey lines expanding cross-shore was 50 m, and
the cross-shore ntervals of the survey points were 10 m
shoreward of the points where the offshore distance was
150 m, and 20 m seaward of the points.

Figure 2.3 shows the mean beach profiles and the
standard deviations in elevation along HORS and along
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Figure 2.2 An example of the topography near HORS,
which was surveyed on March 31, 1989,
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Figure 2.3 Mean beach profiles and standard deviations
in elevation estimated along HORS and along six survey
lines. Three of the six lines are focated north of HORS,
and the others arc located south of HORS. The
alongshore distances between the survey lines and
HORS range from 200 m to 300 m. Thick lines show the
values along HORS.

six survey lines. Three of the six lines are located north
of HORS, and the others are located south of HORS. The
alongshore distances between the survey lines and
HORS range from 200 m to 300 m. At a distance from
HORS, the mecan clevations are in close agreement, as
are the standard deviations. This result indicates that the

near HORS was

topography uniform
alongshore.

Along HORS, however, from P200m to P400m, the
elevation of the mean beach profile is lower and the
standard deviation in elevation is larger than those at a
distance from HORS. This is probably caused by local
scours around pilings. Nevertheless, the beach profile
data along HORS can still be used for the investigation
of medium-term beach profile changes at Hasaki,
provided that the beach prefile change along HORS
qualitatively agrees with that at a distance from HORS.
Thus, the relationship between the beach profiles along
HORS and at a distance from HORS was further
investigated.

As parameters representing beach profiles on barred
beaches, the elevations and the locations of bar crests
and troughs were chosen. The parameters along HORS
were compared with those in a northern and a southern
regions; the northern and the southern regions cover the
areas 200 m to 300 m north and south of HORS,
respectively. The bar crest and the trough were defined
to be the points that had the local maximum and
minimum elevations, respectively. The local maximum
and minimum elevations were defined to have a beach
slope of zero; the beach slope was estimated as the mean
slope in the area of 60 m cross-shore. Even though the
bar crest and the trough were defined to be the points
with the local maximum and minimum elevations, a bar
whose height (i.c., difference in clevation between the
bar crest and the shoreward trough) was below certain
criteria was climinated. The bar height criteria were set
to be 50 cm along HORS and 30 cm at a distance from
HORS because the standard deviation in clevation along
HORS was larger than those at a distance from HORS
(Figure 2.3). The elevations and the locations of the bar
crests and the troughs in the northern and the southern
regions were estimated on the basis of the mean beach
profiles in the regions.

Figures 2.4 (1) and (2) show comparisons between the
¢levations and the locations of the bar crests and the
troughs along HORS and those at a distance from HORS,
As shown in Figure 2.4 (1), the locations and the
clevations of the bar crests along HORS agree very well
with those at a distance from HORS. At the troughs, on
the other hand, elevations along HORS arc deeper than
those at a distance from HORS (Figure 2.4 (2)). This is
thought to be caused by local scours. However, even
though elevations at the troughs along HORS are lower
than those at a distance from HORS, the locations of the
troughs along HORS agree with those at a distance from
HORS. This means the locations of the troughs were not
greatly infloenced by scours.

In summary, the results of the analysis on the
alongshore uniformity of the topography near HORS

generally
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Figure 2.4 (1) Locations and elevations of the bar crests.
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Figure 2.4 (2) Locations and elevations of the troughs. (Details are as in Figure 2.4 (1).)

show: a} the topography near HORS was generally
uniform alongshore, b) the pilings had a negligible effect
on topography on and around the bar crests, and c)
although eclevations of the troughs along FIORS were
lower than those at a distance from HORS, the locations
of the troughs along FIORS agreed well with those at a
distance from HORS. With these findings, it is
concluded that the beach profile changes represented by
bar movements at HORS were not much disturbed by
scours of the pilings.

This conclusion is similar to that shown by Miller et al.
(1983) for the Field Research Facility (FRF) in the
United States. The FRF is a 561 m long ficld observation
pier, and is located on the Atlantic Qcean in Duck, North
Carolina. Miller et al. (1983) investigated beach profile
changes along and at a distance from the FRF with an
empirical eigenfunction analysis, and concluded that the
beach profile changes along the FRF associated with bar
movements were not disturbed by the pilings. The FRF
is supported by double pilings, whereas HORS is
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supported by single pilings. Hence, the conclusion that
the beach profile change at HORS was not much
influenced by the pilings is reasonable.

2.4 Resuits
2.4.1 Medium-term bar movement

Figure 2.5 shows a space-time map of the variation
from the time-averaged beach profile from 1987 to 1994.
Although elevations above and blow the averaged profile
appeared alternatively with time shoreward of P150m,
those above the averaged profile seaward of P150m
repeatedly moved seaward with a period of about a year.

Then, the difference between the beach profile
changes in the seaward and the shoreward regions was
investigated by applying the power spectrum analysis to
the elevations at POm and P300m, which were selected
as representative points in the shoreward and the
seaward regions, respectively. Figure 2.6 shows that the
power spectruim at POm has a broad peak over periods of
about 300 to 500 days and a sharp peak at a period of
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190 days, whereas the spectral density at P300m is
concentrated at a period of a year.

Investigations of bar crest migration revealed that
seaward of P200m, the bar crest migrated seaward with a
period of a year as shown in Figure 2.7; this behavior is
particularly evident between 1987 and 1992. A bar crest
was generated at around P180m, migrated seaward, and
reached the tip of HORS about a year after the beginning
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of the migration. Almost at the same time when the bar
crest reached the tip of HORS, a new bar crest was
generated at around PI80m and began to migrate
seaward.

Since no bars were observed seaward of P450m as
shown in Figure 2.4 (1), bar cresis are expected (o
migrate seaward and disappear shortly after reaching the
tip of HORS. Hence, at HORS, the duration time of the
bar crest migration, which is a period when a bar exists,
is assumed fo be approximately equal to the return
period of the bar crest migration, which is a period
between bar migration cycles, whereas the duration tinte
is longer than the return period in eight out of nine coasts
investigated by Shand and Bailey (1999).

An empirical eigenfunction analysis was applied to
the beach profiles at HORS. In this paper, an
eigenfunction is derived from a covariance matrix based
on variations from the mean as in Birkemeier (1984).
Figures 2.8 (1) to (3) show the first three eigenfunctions
and their temporal weightings; the variances explained
by the three eigenfunctions from the first are 42 %, 28 %
and 8 %. The first two eigenfunctions are large only
seaward of P150m, whereas the third is Jarge even close
to the shore at around POm. Figure 2.9 shows the
cross-shore distribution of the variance at each location
explained by the first three eigenfunctions. These results,
shown in Figures 2.8 and 2.9, suggest that the first two
eigenfunctions represent beach profile changes in the
nearshore and the third one in the Toreshore. Although
the third eigenfunction gives the variances in the
foreshore, from P-40m to P100m, that are below 50%
(Figure 2.9), the correlation between ¢ and the
shoreline position from the mean is strong as shown in
Figure 2.10. This result confirms that the third
cigenfunction represents beach profile changes in the
foreshore.

The second eigenfunction e; has a phase difference of
n/2 (one fourth of the wavelength) from the first
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eigenfunction e, as shown in Figures 2.8 (1) and (2).
The temporal weighting on the second eigenfunction C,
also has a phase difference of =/2 from that on the first
eigenfunction C) as shown by the cross spectra between
C, and C: in Figure 2.11. Wijnberg and Wolf {1994)
showed that the superposition of two eigenfunctions with
a phase difference of /2 in their shapes and temporal
weightings represents a bar crest migration, which is a
progressive wave motion. The superposition of the beach
profile changes reconstructed by the first two
eigenfunctions at HORS also represents the seaward
migration of the bar crest in the nearshore as shown in
Figure 2.12.

2.4.2 Bar movement and cross-shore sediment transport
To examine sediment transport rates associated with

the medium-term bar crest migration, low frequency

components (<0.006 cycle/day, >160 days) of



-] :
407
gio‘f;
(¥ j‘
S0.5¢
0r T w
0.001 0.005 0.04

Freguency (cycle/day)
Figure 2.11 Cross spectra between C; and C;.

350
300
250
200
150

Offshore Distance (m)

1887 1988 1989 199

0

Time

1692

1993 1994

Figure 2.12 Beach profile change at HORS reconstructed by the first two eigenfinctions. The clevations above and blow
the mean profile are shown by warm and cold colors, respectively.

cross-shore sediment transport rates per unit length in the
alongshore direction at three locations, P210m, P260m
and P310m, were investigated. Figure 2.13 shows the
low frequency components together with the bar crest
migration, The transport rates were estimated using the
beach profiles reconstructed by the first two
eigenfunctions on the basis of three assumptions. The
first is that the beach profile change was not influenced
by the gradient of the longshore sediment transport rate.
The second is that the cross-shore sediment transport rate
was zero at P-115m, the shoreward limit of the survey
arca and located at the foot of a dune. The third is that
the porosity is equal to 0.4, The shoreward sedinient
transport was defined to be positive.

Although the bar crest migrates almost only in the
seaward direction, the cross-shore sediment transport
rates fluctuate shoreward and seaward. Furthermore,
there are phase differences among the transport rates.
The cross spectra between the cross-shore sediment
transport rates at P210m and P260m, and those between
the rates at P260m and P310m i Figure 2.14 show two
main features. First, the spectral density of the
cross-shore sediment transport rate is high at periods of a
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Figure 2.13 Low frequency components of cross-shore
sediment transport rates and bar crest migration.

year and six months, and second, the fluctuation at
P210m precedes that at P260m by #/4 to n/2, whereas
the fluctuation at P310m is later than that at P260m by
/4 to w/2.

Figure 2.15 shows a time-space map of the low
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Figure 2.15 Low frequency component of the cross-shore sediment transport rate. The seaward and the shoreward
sediment transport rates are shown by warm and cold colors, respectively.

frequency component of the cross-shore sediment
transport rate seaward of P150m. The fluctuation in
Figure 2.15 is similar to that in Figure 2.12. As the bars
move seaward, the arcas where the seaward sediment
transport occurred move seaward. Similarly, as the
troughs move seaward, the areas with the shoreward
sediment transport move seaward.

Hence, the correlation between the cross-shore
sediment transport and beach profile was examined.
Figure 2.16 shows cross-shore distributions of the low
frequency component of the cross-shore sediment
transport rate (upper panels) and beach profifes (lower
panels} in 1989; those in the first half of the bar crest
migration are shown in (a) and those in the second half
in (b). Seaward sediment movement occurred on and
around the bar crests, while shoreward sediment
movement temporally occurred there in August as shown
in (b). In contrast, shoreward sediment movement
occurred in the trough regions. The phase differences
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among the cross-shore sediment transport rates shown in
Figure 2.13 are likely attributed to the differences in
times when the bar crests reached the three locations.

Figure 2.16 also shows the development and decay of
a bar during the seaward bar crest migration; the bar
height increased in the first half of the bar crest
migration, and decreased in the second half. The
cross-shore distribution of the bar height averaged over
the cight years is shown in Figure 2.17, where the
location of a bar is defined to be the middle point of the
bar crest and the trough. The bar height increases from
P200m to P250m, has a peal at around P250m, and then
decreases to P380m like the bar deformation shown in
Figure 2.16. This bar height variation is probably caused
by the cross-shore distribution of the cross-shore
sediment fransport rate. To further evaluate this
hypothesis, the root-mean-square value of the
cross-shore sediment transport rate at cach survey point
O.(y) was calculated using Eq. (2.1).
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(2.1)

where v is the offshore distance, ¢ is time, A, is the
number of the data, and Q.0 £ is the cross-shore
sediment transport rate per unit length in the alongshore
direction estimated on the basis of the beach profiles
reconstructed by the first two eigenfunctions. Figure
2.18 shows that (O(y) rapidly increases from P150m to
P250m, and then gradually decreases. This distribution is
similar to that of the observed bar height. This seems to
mean that the barheight increased to P250m because the
magnitude of the cross-shore sediment transport rate
increased, and the bar height decreased because the
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magnitude decreased.

Therefore the relationship between the bar
deformation and the cross-shore distribution of the
cross-shore sediment transport rate was examined with a
simple model. The cross-shore sediment transport rate
was assumed to be expressed by a sine function whose
amplitude is 0 at P150m and at P350m, and maximum at
P250m. This assumption is based in part on the variation
of the cross-shore sediment transport rate, which
increases from P150m, reaches the maximuwm at P250m,
and decreases seaward (Figure 2.17). Three additional
assumptions were also made: (a) the period of the
temporal variation in the cross-shore sediment transport
rate is a year (305 days), (b) the variation moves seaward
at a constant speed, and {c) the wavelength of the
cross-shore distribution of the sediment transport rate is
200 m. Assumption {¢) is based on the cross-shore
distributions of the cross-shore sediment transport rate
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Figure 2.19 Beach profiles estimated with Eq. (2.3).

shown in Figure 2.16. Accordingly, the variation of the
cross-shore sediment transport rate Gy, ) is expressed
by

Op(y:1) = dsin(ky y' ) sin(ky y'~or), 22)

where 4 is the maximum amplitude of the variation of
the cross-shore sediment transport rate, ka= 21/L,, Ly is
the wavelength of the cross-shore distribution of the
amplitude (= 400 m), ¥’ = y - 150, k= 2xw/L,, L, is the
wavelength of the cross-shore distribution of the
sediment transport rate (= 200 m), o is the angular
frequency (= 2n/T), and T is the period of the variation in
cross-shore sediment transport rate (= 365 days).

Let z(y, 1) be clevation relative to the mean profile.
Because dz/ Fr= JQ/ Jy, the elevation becomes z = [
JO7 Fy dr. As a result, z(y, ) can be expressed as

41 2 2 . ,
z{xfy=—v Ay + A" sin(kyjx'-or + a),
o

Al =kgcoskpx', Ay =-ksinkpx', (2.3)

tana = A4; /Ay,

Figure 2.19 shows beach profiles estimated with Eq.
(2.3); the variation is normalized by the maximum value
at P250m. The bar height increases from P150m to
P250m, and then decreases to P350m. This result
indicates that the bar development and decay is caused
by the cross-shore distribution of the cross-shore
sediment fransport rate with a peak at P250m.

2.4.3 Cross-shore sediment transport and wave energy
The relationship between the cross-shore sediment
transport rate and wave energy in deep water is now
discussed. First, the magnitude of the cross-shore
sediment transport, which is a scalar value, was
examined. As a parameter representing the magnitude,
the root-mean-square value of the cross-shore sediment
transport rates from P150m to P380m O was taken.
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where N, is the number of data.

The wave energy flux in deep water Ef/) was
estimated with Eq. (2.3) on the basis of the offshore
wave data, obtained at a water depth of 23.4 m.

L 2
where p, is the density of sea water, g is the
gravitational acceleration, (H\3)y is the offshore

significant wave height, and C, is the group velocity.

Figure 2.26 shows the cross spectra between (,(7) and
E;. The coherence is high, and the phase difference is
almost 0. This means that the sediment movement was
active when the offshore wave energy flux was large, as
might be expected.

The cross-shore sediment transport was then
investigated with consideration of the direction of the
sediment movement. Figure 2.21 shows the seasonal
variations in the low frequency components of the
cross-shore sediment transport rates at P210m, P260m
and P310m (the middle panel), and £, (the lower panel)
as well as those in elevations at these points (the upper
panel). Note that the shoreward direction of sediment
transport is defined to be positive.

The energy flux is large from winter to spring owing
to depressions and in autumn owing to typhoons,
whereas the energy flux is small in summer. The
sediment transport rates at the three points are mainly
seaward from winter to spring. The peak value of the
seaward sediment transport rate moves scaward during
this period. Although the sediment transport rates are

-
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Figure 2.21 Seasonal variations in the low frequency
components of the sediment transport rates at P210m,
P260m and P310m (the middle panel), and £, (the lower
panel) as wel] as those in the clevations at the points (the
upper panel); the shoreward sediment transport is
defined to be positive.

small in summer, they become large in the shoreward
direction in autummn; the peaks of the shoreward sediment
transport rates move seaward, analogous to the peaks of
the seaward sediment transport rates.

The seaward sediment transport at the points during
the period from winter to spring corresponds to the
existence of a bar at the points, whereas shoreward
sediment transport in autamn corresponds fo the
existence of a trough. As shown in Figure 2.21, the shift
in the peak value of the seaward sediment transport rate
is correlated with the bar crest movement, and that of the
shoreward sediment transport rate is correlated with the
trough movement.

The correlation between the sediment movement and
the beach profile change is also seen in Figures 2.12 and
2.15. As bar crests move seaward from winter to spring
(Figure 2.12), regions with the seaward sediment
transport rate migrate seaward {Figure 2.15), Similarly,
regions with the shoreward sediment movement rate
migrate seaward in autumn according to the movement
of the trough regions.

2.4.4 Summary of the bar movement and cross-shore
sediment transport at Hasaki

On the basis of the investigations described above, the
characteristics of the bar crest migration and sediment
movement are summarized below.
1} The bar crest moves seaward with a period of a year.
2) In the first half of the bar crest movement, the bar
height increases from P180m to P250m, and in the
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sccond half the bar height decreases from P250m to
P380m.

3} The scaward sediment transport occurs on and around
bar crests, whereas the shoreward sediment transport
occurs at troughs.

4) The root-mean-square value of the cross-shore
sediment transport rate increases from P150m to P250m,
has a peak at P250m, and decreases with proximity to
P380m,

5) The magnitude of the cross-shore sediment transport
rate is strongly positively correlated with the wave
energy flux in deep water; i.e., the sediment movement
increases when the wave energy flux is large.

6) The wave encrgy flux is large from winter to spring
and in autumn, and small in summer. In the region
around P250m, where bars are most developed and large
amounts of sediment movement occur, bar crests migrate
seaward from winter to spring causing seaward sediment
transport. The sediment transport rate changes at a given
locality according its proximity to the migrating bar crest.
Although the cross-shore sediment transport rate and the
beach profile changes near P250m are small during the
summer, troughs pass through this region in autumn and
the shoreward sediment transport occurs; the shoreward
sediment transport rate changes according to the trough
movements.

Figure 2.22 schematically shows thc bar crest
nigration and the sediment movement at Hasaki that
were described above. The middle panel shows these
features in the first half of the bar crest migration from
winter to spring, and the lower panel shows them in the
second half in autumn. The variation of the wave energy
flux £, is shown in the upper panel, The kinds of lines
used to describe the beach profile correspond to those
used to describe the sediment transport and Ej.

2.5 Discussion

The seaward migration of the bar crest at HORS
shown in Figure 2.8 is similar to those observed on
several coasts in the United States, the Netherlands and
New Zealand (Birkemeier, 1984; Lippmann et al., 1993;
Ruessink and Kroon, 1994; Wijnberg and Terwindt,
1995; Shand and Bailey, 1999), while the Hasaki Coast,
where HORS is located, basically has a single bar in
contrast with the other coasts having multiple bars. Bars
at Hasaki are typically generated at around P180m, move
seaward, and disappear at around P450m. Ruessink and
Kroon (1994) proposed a conceptual model for bar
behavior, which consists of generation, seaward
migration and degeneration of a bar. The bar behavior
observed at HORS is cousistent with that explained by
the conceptual model.

Table 2.1 lists the duration time of the seaward bar
migration, the nearshore and the foreshore slopes, the
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Figure 2.22 Schematic diagram showing the bar crest migration and the sediment movement at Hasaki.

Table 2.1 Duration time of bar crest migration, and morphological and wave characteristics

Locaticn Duration Nearshore | Foreshore Mean Wave Mean Wave | Wave Height
Time {year) Slope Slope Height (m} Period (s) in Storm {m)
The 6 ~20 0.004~ 0.015~ 1.35 6.0 4. 1~d3
Metherlands 0.008 .02
Duek, USA 4 0.0097 0.052~ 1.10 6.4 3.05
0.060
Wangaoui, New 2~5 0.0083~ | 0.020~ 1.26 7.8 320
Zealand 0.0092 0.031
Hasaki, Japan 1 0.008 0.0z [,37 8.0 4.36

mean wave height and period, and the wave height in
storm: at Hasaki and three other coasts on the basis of
Shand and Bailey (1999) and Shand et al. (1999). The
wave height in storm was defined to be the height at
which waves are unlikely to exceed the given height at

the 99% level, i.c., the nonexceedance probability is 0.99.

The statistical values of wave climate were estimated on
the basis of the daily-averaged significant wave height,
The duration time of seaward bar crest migration at
Hasaki is shorter than that in the Netherlands, and this
difference is consistent with the results of Shand et al.
(1999). Shand et al. (1999) investigated the relationships
between the duration time of the seaward bar crest
migration and hydrodynamic and morphological
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properties, and showed that a long duration time
corresponds to a mild nearshore slope, They assumed
that a beach with a mild slope would tend to be exposed
to high waves, which would generate a large bar that
required a long time for seaward migration. An
alternative explanation is that if the water depth at which
the bar disappears is assumed to be fixed, on a beach
with a mild slope, the distance a bar crest must migrate is
relatively long: the long distance results in the long
duration time. In addition, in the Netherlands, multiple
bars exist, so that low waves that are generated by the
encrgy dissipation on an offshore bar may decrease the
seaward bar migration speed, as suggested by Rucssink
and Terwindt (2000).



Although the difference between the duration time of
the bar crest migration at Hasaki and that in the
Netherlands can be explained by the difference in the
nearshore slope, the difference between the duration time
at Hasaki and thosc at Duck and Wanganui cannot be
explained by the difference in the ncarshore slope.
According to the nearshore slope, the duration time at
Hasaki would be longer than those at Duck and
Wanganui. Other factors, such as longshore current, are
also likely to affect the duration time (Shand ct al.,
1999},

The empirical eigenfunction analysis applied to the
beach profiles at HORS separated the topography
variation in the nearshore from that in the foreshore as
shown in Figures 2.8 (1) to (3), whereas these were
rarely separated in previous studies (e.g., Winant et al.,
1975; Aubrey, 1979; Birkemeier, 1984; Wijnberg and
Terwindt, 1995). This separation shows that the beach
profile change in the foreshore at HORS was almost
independent of the bar movement. Takeda and Sunamura
(1992), however, showed that a shoreline with a bar
close to it tends to be less retreated than that with a bar at
a distance from it. Furthermore, Stive et al. (1996)
suggest a strong correlation between bar movement and
the foreshere topographic variation. Further field
investigations on the relationship between bar movement
and the topographic variation in the foreshore are
required.

Compared with long-term and medium-term bar crest
migrations, the sediment movements associated with the
bar crest migrations have rarely been investigated.
Investigations described in section 2.4.2 revealed that the
cross-shore distribution of the low frequency component
of the cross-shore sediment transport rate at Hasaki
consisted of scaward sediment transport on and around
bar crests and shoreward sediment transport in trough
regions; the seaward sediment transport induced the
medium-term seaward bar crest migration, and the
shoreward sediment transport contributed to the next bar
generation. This result is consistent with that for
short-term sediment movement shown by Aagaard and
Greenwood {1999). They showed on the basis of field
data that seaward sediment transport is induced by a
large wave height-water depth ratio, whereas shoreward
sediment transport is induced by a relatively large water
depth. On and around a bar crest, waves tend to break
and hence the wave height-water depth tends to be large.
In a trough, the water depth is relatively large. Therefore
their result suggests that seaward sediment transport is
likely to occur on and around bar crests and that
shoreward sediment transport is likely to occur in trough
regions.

A model for medium-term bar movement proposed by
Ruessink and Terwindt (2000) is based on the wave
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height-water depth ratio, where a large ratio results in
seaward sediment movement and a small ratio results in
shoreward sediment movement. Hence, although their
model could not explain a bar generation on a Dutch
coast, it may explain medium-term sediment transport
and bar crest migration observed at Hasaki,

Shert-term sediment transport on a barred beach was
also investigated by Thornton et al. (1996). They
estimated cross-shore sediment transport rates with the
Bowen (1980)/Bailard (1982) model using cross-shore
and longshore current velocities measured in the field.
Under a storm condition, seaward sediment transport
was observed on and around a bar crest and shoreward
sediment transport was observed in a trough region. This
result is also consistent with the sediment movement at
Hasaki

2.6 Conclusions

The beach profile data obtained from the foot of a
dune to a water depth of about 5 m at HORS showed that
bar crests migrated scaward with a period of a year. The
duration time of the migration, which is almost equal to
the return period, is shorter than those observed on
coasts in the United States, the Netherlands, and New
Zealand. The difference between the duration time at
HORS and that in the Netherlands can be explained by
the difference in the nearshore slope as shown by Shand
et al. (1999). However, the difference between the
duration time at HORS and those in the United States
and New Zealand cannot be explained by the difference
in the slope.

Although the bar crest migrated almost exclusively in
a seaward direction, the cross-shore sediment transport
associated with the bar crest migration fluctuated
scaward and shoreward. Scaward sediment transport
occurred on and around bar crests and induced the
seaward migration of the bar crests, whereas shoreward
sediment transport occurred in trough regions and
contributed to the generation of the next bars.

The cross-shore sediment transport rate increased
from P150m to P250m, had a peak at P250m, and then
gradually  decreased seaward, This cross-shore
distribution induced the development and decay of the
bar; the bar developed from P180m to P250m, and
decayed from P250m to P380m.

In the region around P250m, where the sediment
transport rate was large and the bar was most developed,
the bar crest moved scaward and the seaward sediment
movement primarily occurred from winter to spring. The
sediment transport rate and the beach profile change
were small in summer, but were greater in autumn owing
to the increased shoreward sediment transport rate and
trough migration.



3. Field measurements and modeling of wave
height and the fraction of breaking waves
3.1 Introduction :

Various phenomena in the nearshore zone such as
nearshore  currents, sediment suspension, and
morphological variation are caused by turbulence, mass
flux and momentum flux. Those phenomena induced by
breaking waves are much greater than those induced by
non-breaking waves. Hence, to predict longshore current
and undertow  velocitics, suspended  sediment
concentrations. and topographic variations, it is essential
to accurately estimate the conditions for wave breaking
and wave reforming,

Several models have been proposed to estimate wave
height f and the fraction of breaking waves @, which is
the ratio of the number of breaking waves to the total
number of waves, Battjes and Janssen (1978) simulated
variations in A within the swf zone, assuming a
modified Rayleigh distribution truncated at the breaking
wave height A, where breaking waves al] have the same
value of M), They estimated the time-averaged
dissipation rate of wave energy by a periodic bore model
incorporating /), and @y, the value of O, was estimated

. 3.1

where H,,, is the root-mean-square wave height.

Battjes and Stive {1985), Roelvink (1993) and
Southgate and Nairn (1993) compared @, estimated by
Eq. (3.1) with results of field measurements and
experiments on planar beaches. Although the estimated
values of @, were comparatively smaller than the
measured values, the estimated cross-shore distributions
of O, qualitatively agreed with those measured.

Thornton and Guza (1983) improved Battjes and
Janssen's (1978) model by assuming an unmodified
Rayleigh distribution, which is not truncated at the
breaking wave height, at any location inside and outside
the surf zone, and that wave breaking occurs at any wave
height with a probability of P,(#). The time-averaged
dissipation rate of wave energy was estimated by another
periodic bore model, in which one equation is slightly
different from that in Battjes and Janssen's (1978) model.
The value of O, was estimated using Eq. (3.2) with a
weighting function #{f)) and the Rayleigh wave height
probability density function p(#).
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(3.2)

They measured O on a planar beach in the field, and
found that ¢, calculated from Eq. (3.2) agreed well with
the measured values.

Dally {1992) simulated variations in wave height by
applying another algorithm, a wave-by-wave approach,
where the shoaling, breaking and reforming of an
individual wave are calculated. Because the mode of
wave breaking, i.e., breaking or non-breaking, of an
individual wave is clarified at any point through the
calculation for the individual wave, @, can be directly
estimated as the ratio of the number of breaking waves to
the total number of waves. By comparing calculated
results with those measured on a longshore bar in the
field by Ebersole (1987), Dally (1992) showed that O,
calculated at the seaward slope of the bar correlated well
with measured values, though the calculated values were
comparatively smaller than the measured values. He
hypothesized that this underestimation was due to
seaward winds.

Southgate and Wallace (1994) introduced the
"persistence length” into Battjes and Janssen's (1978)
model. Beyond the persistence length, a breaking wave
reforms regardless of the wave condition. This length
was assumed to be proportional to A, and the
proportional cocfficient was determined so that the
model results fitted the values of O, measured in
large-scale experiments.

The models reviewed above provide good quantitative
or at least qualitative predictions of the cross-shore
distributions of O, on planar beaches and on the seaward
slopes of longshore bars. However, the models could not
even qualitatively predict the distributions of @, at
troughs. Rivero et al. (1994) as well as Southgate and
Nairn (1993) compared (; estimated by Battjes and
Janssen's (1978} model with those measured in
experiments, and showed that Battjes and Janssen's
{1978) model considerably underestimated O, at troughs.
Dally's (1992) model also significantly underestimated
O at troughs (Dally, 1992; Nishi, 1994). Although use
of the "persistence length” improved the accuracy of
determining @, at a trough (Southgate and Wallace,
1994), the application of their model is thought to be
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limited because the coefficient for calculating the
persistence length was determined without physical
basis; iLe., the persistence length itself was not
investigated. Consequently, development of a more
reliable model requires more emphasis to be directed at
investigating wave reforming and the associated fraction
of breaking waves at a trough.

The conditions for wave reforming on flat beds were
investigated by Dally et al. {1985) as well as Kweon and
Goda (1994). They defined “the stable wave height” the
wave height at which wave energy dissipation ceases.
This definition of wave stabilization is almost identical
to that of wave reforming. The investigation of Dally et
al. (1985) is based on the experiment conducted by
Horikawa and Kuo (1966), and that of Kweon and Goda
(1994} is based on their own experiment. Both of
Horikawa and Kuo (1966), and Kweon and Goda (1994)
conducted experiments of wave decay on shelf beaches
with upward sloping bottoms and flat bottoms. The
criterion for the stable wave height H, obtained by Dally
et al. (1985) and that by Kweon and Goda (1994) are
expressed as

Hg[hg =04, (3.3)

and

Hyhg =0.128(ng /Lo Y [ - exp(-1.5mhg 1 1g)]

3.4
where 4, is the water depth at which the wave height
reaches H,, and L, is the offshore wavelength.

Because thie validity of these criteria is not clear from
the field evidence, field measurements of wave breaking
and wave reforming were performed over longshore bars
and troughs at HORS, and the conditions for wave
reforming were investigated. Then, on the basis of the
conditions for wave reforming, a model for wave height
and the fraction of breaking waves was developed and
verified with field and large-scale experimental data.

3.2 Field measurements and analysis
3.2.1 Field measurements

Field measurements for investigations on wave
reforming and the variations in /4 and @, over longshore
bars and troughs were conducted during the period from
March 1, 1994 to January 31, 1995. Figure 3.1 shows
the mean beach profile during this period; the short
vertical fines on the mean beach profile show the
standard deviations in elevation. From March 1994 to
January 1995, bars frequently formed around P200m and
troughs formed around P160m.

Water surface elevations and modes of wave breaking
of individual waves (breaking or non-breaking) were
simultancously measured for 20 minutes at two points
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Figure 3.1 Mean beach profile and the standard
deviation in elevation from March, 1994 to January 31,
1995,

located over a longshore bar and trough. Water surface
elevations were measured at a sampling frequency of 2
Hz with ultrasonic wave gages installed on a side of the
HORS pier deck. Modes of wave breaking were visually
observed, When foam was observed on a wave crest, the
wave was judged to be a breaking wave, and a pulse
signal was manually input; the pulse signal was recorded
with corresponding water surface elevation data. When a
pulse signal is included in the data set of a wave, the
wave is judged as a breaking wave.

The variations in A and O, over longshore bars were
obtained by three sets of the measurements taken at
different locations. Corresponding wind speeds and
directions were also measured with an anemometer
installed at the tip of HORS (P385m).

3.2.2 Data analysis

For investigating the conditions for wave reforming,
the following parameters were required: individual wave
height A, and period T, and water depth 5, at wave
reforming. These data, however, are very difficult to
directly obtain in the field, and hence these values were
estimated using the data from waves that are breaking at
the seaward measurement points and non-breaking at the
shoreward measurement points. For this procedure, it is
essential to collect the sea/shoreward data from the same
wave. This was accomplished by first extracting a
sequence of water surface elevations of a wave measured
at a seaward point, and then extracting such elevations
measured at the shoreward point of what is thought to be
the same wave. Next, a corvelation coefficient between
the seaward and shoreward extracted data sets was
calculated. If the calculated correlation coefficient was
greater than 0,85, the data sets were judged to belong to
the same wave. A detailed description of this procedure
is shown in the appendix.



Table 3.1 Wave and wind conditions during the field measurements

Case Time (Higo | (Tisho | G W, w,
{m) (s} | (dee) | (mfs) | (m/s)
1 Mar, 3, 1994, 13:20-14:50 1.28 11.2 10 -3.9 3.3
2 Mar. 10, 1994, 13:10-14:40 2.27 G5 3 -8.0 7.4
3 | May 13, 1994, 10:20-11:45 | 095 | 62 -5 56 | 0.1
4 June 13, 1994, 11:35-13:05 0.98 7.9 -20 -0.8 1.8
3 June 14, 1994, 13:20-14:40 1.50 |. 92 -5 -2.3 -0.4
6 June 22, 1994, 9:40-11:05 1.00 7.8 15 -0.6 2.8
7 June 28, 1994, 13:20-14:40 1.25 5.6 20 -6.1 3.4
8 Nov. 22, 1994 10:10-11:40 1.68 7.0 0 -3.2 2.4
9 Jan. 25,1995, 11:00-12:30 2.37 11.1 15 1.7 6.0
10 Jan. 25, 1995, 14:00-15:30 2.40 11.8 15 0.4 -4.7
11 Jan, 26, 1995, 10:40-12:00 238" 13.2° 5 2.8 1.4

* obtained about thrze hours before the measurement

3.3 Wave condition at wave reforming

Eleven measurements with maximum @, greater than
0.4 were chosen for the investigation of the conditions
for wave reforming. Table 3.1 lists the corresponding
wave and wind conditions: the significant wave heights
in deep water (Hiq)o, the significant wave periods in
deep water (7)), the wave directions visually observed
at bar crests @, and the cross-shore and longshore wind
velocities, W, and ).

The data sets of waves that were breaking at seaward
points and non-breaking at shoreward points were
analyzed. The values of H, and 4, are estimated as the
means of the values at the seaward and shoreward points,
and Ly is estimated using the mean of the wave periods
at the seaward and shoreward points. In estimating #,,
the time-averaged water level of the low frequency
components is considered.

Figure 3.2 shows H,/h. against i1,/L;. The mean value
of HJ/h, in the measurements was 0.35 (thick broken
line), and the standard deviation was 0.09. As shown in
the figure, the value of H/k, is weakly correlated with
the logarithmic value of h,/L, (r=-0.48). The correlation
obtained by the least squares method (thick solid line) is
expressed as

H, [h. =-0.0624 1n(h.[Ly)+0.142.  (3.5)

The root-mean-square value of the difference between
H,/h, that were measured and those estimated with Eq.
(3.5) was 0.08.

The thin dash-dotted line and the thin dashed line are
the experimentally determined criterion for wave

0.8 A O —
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Figure 3.2 Relationship between H,/h, and h,/L,.

stabilization proposed by Dally et al. (1985), expressed
by Eq. (3.3), and that proposed by Kweon and Goda
(1994), expressed by Eq. (3.4), respectively. Most F,/h,
in the field were smaller than the experimentally
obtained criteria on H./h,.

Although the relationship between FH/h. and
cross-shore wind speed was also cexamined, the
correlation was very weak (1=0.15).

3.4 Model for wave height and the fraction of breaking
waves
3.4.1 Formulation of model

A model developed here for predicting wave height
and the fraction of breaking waves employs a
wave-by-wave approach as proposed by Dally (1992);
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the shoaling, breaking and reforming of individual waves
are calculated. The values of significant wave height H,3
and O, are estimated with the simulation results of
individual waves.

Shoaling of a wave is calculated with the shoaling
coefficient proposed by Shuto (1974), which considers
wave nonlinearity,

As a criterion for wave breaking, a formula proposed
by Seyama and Kimura (1988), who modified Goda’s
formula (1970), was adopted. They experimentally
investigated the wave height-water depth ratio at wave
breaking Hy/iy for individual irregular waves as a
function of: (1) the beach slope tan/g, and (2) the ratio of
breaking water depth to the offshore wavelength #,/L,.
The relation between H,/h, versus tanf and /,/L,, and
the standard deviation &§of H//i, are expressed as

Hp
Ay

L /
0.16=2 I —exp —O.Sfr—-?—l}-(1+[5tan4/3 ﬁ)
hy, Ly

-096tan 7 +0.2,

(3.6)
and

5 =0.08Hp/ly,. 3.7

In the model, the values of H,/h, are assumed to
distribute around Eq. (3.6) with a normal distribution
having the standard deviation estimated by Eq. (3.7).

After wave breaking, the energy dissipation of a wave
is estimated; the calculation of the wave energy
dissipation is explained later.

Wave reforming fs evaluated using two criteria: one is
H,/h=0.35 and the other is Eq. (3.5). With consideration
of the scatter in the data shown in Figure 3.2, H/h, is
assumed to distribute around the criteria with a normal
distribution. After wave reforming, wave shoaling is
calculated again naturally.

The energy dissipation of a wave is evaluated with a
periodic bore dissipation sub-model used by Thoraton
and Guza (1983). The sub-model is expressed as

ale,c,) 7Y
DNowte) Lo L%{{)_, (3.8)
ax 4 h

where £, is the wave energy, C, is the group veloeity, /'is
the frequency, o is the density of sea water, g is the
acceleration of gravity, and B is a dimensionless
cocfficient.

Thornton and Guza (1983) used Eq. (3.8) to calculate
the total wave energy dissipation applying the same
value of B to all waves, which have different wave
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tanf | a o, @ A a;
1710 | 0.977 | 0.0242 | 0.444 | 0.988 | 0.0186
1/20 | 1248 | -0249 | 0.641 | 0.829 | 0.0192 |
130 | 1397 | -0.396 | 0.706 | 0.807 | 0.0195
1/50 | 1556 | -0.550 | 0.759 | 0.803 | 0.0200

Table 3.2 The values of the coefficients in Eq. (3.9)

heights. By compating H,,,, measured in the field and
those estimated by Eq. (3.8), they determined 8 =1.5. In
the present model, however, variations in A of individual
waves are predicted; for individual waves, B = 1.5 hag
not been proven to be the optimum value. The optimum
B value for individual waves was therefore investigated
with experimental results reported by Scyama and
Kimura (1988).

Seyama and Kimura (1988) experimentally
investigated variations in H of individual waves in the
surf zone, and showed that the variations consist of three
phases: an increase in A immediately after wave
breaking, a sharp decrease in H after reaching the
maximum and a moderate decrease in H from the middle
of the surf zone to the shoreline. The corresponding
formulae representing these phases, proposed by Seyama
and Kimura (1988), are utilized for obtaining the
optimum B value. However, because Seyama and
Kimura (1988) defined wave breaking differently than its
definition in the present model, where wave breaking
point is defined as the point where the maximum wave
height occurs, their formulae were slightly modified so
that the maximum wave height occurs at the wave
breaking point. The modified formula is given by

H/Hb =a;(h/hb)+ an, ]?/hb > oy,

HIHp, =ay(hfhy )+ as, Blhy <as,
where / is the water depth, and 7, is the water depth at
wave breaking. The values of coefficients o, to o are
lisied in Table 3.2.

The optimum B value was obtained so that the wave
heights estimated by Eq. (3.8) for four waves
(Ho/Lo=0.005, 0.01, 0.025 and 0.05) on four beach slopes
(tanf =1/10, 1/20, 1/30, and 1/50) agrce with those
estimated by Eq. (3.9). The optimum B value obtained is

B=1.6-0121n(Hg/Iq)+028In(tm g). (3.10)

(3.9)

Figure 3.3 shows examples of wave heights estimated
by Eq. (3.9) and by Eq. (3.8) with the optinum B (Eq.
(3.10)). The thick solid lines show the wave heights
estimated by Eq. (3.9), and the thin solid lines and the
dashed lines show those estimated by Eq. (3.8) at
Hy/Ly=0.005 and 0.07, respectively. Note that the present
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Figure 3.3 Comparisons of H/f, estimated from Eqs. (3.9) and (3.8). The thick solid lines show the values estimated using
Eq. (3.9). The thin solid lines and the broken lines show the values estimated using Eq. (3.8) at Hy/Li=0.005 and

Hy/Lg=0.07, respectively.

medel accurately predicts variation in A on planar
beaches.

The model is also verified against experimental data
of wave decay on a flat bed (Kweon and Goda, 1994).
Figure 3.4 shows comparisons of wave heights
estimated by Eq. (3.8) and those measured at H/L, from
0.006 to 0.07; the closed circles are the measured values
and the solid lines are the estimated values. Although
there are some discrepancies, the model is suitable for
predicting the wave decay on a flat bed.

3.4.2 Comparison with measurements

(1) HORS
The model was compared with the eleven
measurements at HORS; the conditions of the

measurements are listed in Table 3.1. The input wave
data at the offshore boundaries are the wave heights and
periods of individual waves, which are estimated from
the wave data obtained at the boundaries. The offshore
boundaries are set at the most scaward measurement
points, which are P320m in Cases 1 and 2, P380m in
Cases 3 — 8, and P230m in Cases 9 — 11. Supplementary
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simple visual observations confirmed that the offshore
boundaries were not included in the swf zones, and
therefore all individual waves at the offshore boundaries
are set as non-breaking.

Figure 3.5 shows comparisons of H, and Q, for six
out of eleven cases, when the wave heights were large.
The solid circles show £ measured in the field, and the
thick solid line and the thick dashed line show those
estimated by the model with Eq. (3.5) and with
H,/h=0.35, respectively. The thin solid line shows the
values estimated with a dissipation sub-model proposed
by Dally et al. (I1985) instead of Eq. (3.8). The
sub-model is expressed as

K

AE,,C
Aruce) (B4Cq - E5Cy )=
ax = h
Eg = pgH2[8, H, =Th,
where K and /"are dimensionless coefficients, Dally et al.
(1985) showed that use of £=0.15 and 7/=0.4 provide
estimates of A that are in good agreement with
experimental data reported by Horikawa and Kuo

3.1



Eiﬁ T Y T T T
- Run group 1
%;iﬂ‘ Case 7 1
ES_%"
5 g
Eia T T T T T
= Run group 1
=101 Case 10 "
§5_. s © © 0° y
éo | A 1 1 i
%15 T T T T T
—= ° Run group 4
=40 °  {ase 20 ]
2 5t -
B
’%"D T T T T T
5201 .
§40“ 1

2 4 ) B
Offshore distance (m)

0

——

) Wave height (cm)

——

Wave height (cm

e

pth {cm) Wave height (cm)

no

Hatgg de

5 T T T T T
Hun group 2
Or Case 7 1
oy o]
0 1 h] L ] 1
5 T T T H T
Run group 2
0f Case 10 1
5- LI
0 1 1 1 ] 1
5 T T T ] T
Run graup 2
0r Case 13 I
5_,.4__9——r-}/m°a°°“o°g‘
0 b3 1 1 1 1
0 T T T T EH
0- .

<o
T
i

1 I 1 ! L1

0 P 4 b B8
Offshore distance (m)

Figure 3.4 Comparisons of wave heights on a flat bed measured in experiments (solid circles) and predicted by Eq. (3.8)

(solid lines).

(1966).

The thin dashed line shows H,,,, and &, estimated with
the model proposed by Thomton and Guza (1983}, and
the open circles represent measured values of H,.,,,.

There are only small differences between H,; and O,
predicted by the present model using H,/h=0.35 and
those using Eq. (3.5). There is close agreement between
the results from the models and the measured values
atlthough the predicted values are smaller than the
measured values at troughs.

The values of Hs predicted with the sub-model of
Dally et al. (1985) are almost equal to those predicted by
the present model with F,/5=0.35, whereas (O, at
tronghs predicted with the sub-model of Dally et al.
(1985) are naturally smaller than those predicted by the
present model.
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The values of H,,,, and @, predicted by Thornton and
Guza’s (1983) model are smaller than those measured.

(2) Delta Flume
The model for predicting wave height and the fraction
of breaking waves was next compared with large-scale
experimental data of the Delta Flume '93 Experiments
(Rivero et al., 1994). The data shown by Rivero et al.
(1994} are @, and H,,, defined as

‘HHTO = 4'0047?;'1}13' (3 ] 2)

The present model cannot predict H,, because H,4 is
estimated from a series of water surface elevation, which
the present model cannot predict. For comparing the
present model with the large-scale experiments, an
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assumption was required regarding the relationship
between the root-mean-square value of water surface
elevation 7, and H.

Using field data cutside the surf zone, Goda (1983)
has investigated the relationship between 1,5/ s and a
wave nonlinearity parameter f7,,5, which is defined as

-3
Hy/3 2 h
I1 = ——| tanh . (3.13
1/3 7 ( . )

where L is the wavelength at a water depth of . Goda
(1983) reported that H;s/ 1., increases with the increase
of 71y when 77,;20.1, whereas H, /7, is constant and
about equal to 3.8 when J7,5<0.1.

Although the relationship between H,; and yuss

outside the surf zone was investigated, no relationship

between Hyn and 7, in the swif zone was reported.
Hence, the relationship was investigated with the field
data from the eleven cases. The relationship is shown in
Figure 3.6, where the solid line shows the relationship
obtained with the method of least squares, and the
dashed line shows H,4/1,,3.8. The value of H;n/ 1
in the surf zone increases with the inerease of /7,3 when
11,3=0.1, whereas H\/ 1, is about 3.8 when 77,<0.1.
The relation is expressed as

Hij3 / Nrms = 0349 TIyy +4.648, T3 2 0.1,

HI/B/’J’I'ms =338, 1'11/3 < 0.1.

(3.14)

With the relation expressed as Eq. (3.14), Hy,
predicted by the model are translated to A, and the
translated H,,p and the predicted Q) are compared with
the values measured in cases [A, 1B, and 1C of the
Delta Flume '93 Experiments (Rivero et al., 1994).

The comparisons are shown in Figure 3.7, On the
planar beach for case 1A, the predicted values of &, and
H,s; agree with the measured values, whereas the
predicted values of @, are smaller than the measured
ones. On the barred beaches for cases 1B and [C,
predicted values of H); are slightly smaller than those
measured in the surf zone. The model overestimated O,
on the seaward slopes of the bars, and underestimated O,
at the troughs.

3.5 Discussion

As mentioned in Introduction, the stable wave height
can be considered as the wave height critical to wave
reforming. If so, most values of A/, in the field were
smaller than experimentally obtained values of H./h,
reported by Horikawa and Kuo (1966}, expressed by Eq.
(3.3), and by Kweon and Goda (1994), expressed by Eq.
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Figure 3.6 Relationship between H 3/ 1, and 775

(3.4) (Figure 3.2). This means that waves in the field
likely continue breaking longer than those in the
experiments.

The cross-shore wind velocity, which ranged from -8.0
m/s to 2.8 m/s in the measurements, had little influence
on H/h. The influence of wind on wave breaking,
however, was demonstrated in the field by Galloway et
al. (1989) and Dally (1992). Thus, probably wind has
some effect on H,/h,. The relation between wind velocity
and H/h. should be investigated further with data
including a wide range of wind velocities,

The weak correlation between H,/h, and h,/L, (Figure
3.3) was also abserved by Dally (1992) on the basis of
the experimental data from Horikawa and Kuo (1966).
The experimental data of Kweon and Goda (1994) also
show a similar weak correlation. However, the
differences between the calculations of A and @, with
H/h=0.35 and with Eq. (3.5) are small (Figure 3.6).
Hence, as the criterion for wave reforming, H,//,=0.35 is
considered to be appropriate,

Although the model that includes the dissipation
sub-model of Dally et al. (1983) (with H/h=04)
underestimated (), at the troughs to a greater degree than
the present model (with H./h=0.35), the differences
between // predicted by the models were small. However,
there is a possibility that the difference in # increases
when the beach slope gets milder or the water depth gets
larger. The difference between the performances of the
models with H,/h,~0.35 and H,/h=0.4 in the cstimation
of H should be further investigated.

The values of H,,,; and O, predicted by the model by
Thornton and Guza (1983} are smaller than those
measured. One reason is thought to be that their model
does not consider the wave nonlinearity in the
calculation of wave shoaling.

The values of M5, H,s and O, predicted by the
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Figure 3.7 Comparisons of H),; and (, measured in Delta Flume *93 Experiments (the solid circles) and predicted by the

present model with H./4,=0.35 (the solid lines).

present model with H,/h,=0.35 agree with the measured
values. However, the predicted values of Hy and A,
are slightly smaller than those measured after wave
breaking both at HORS and in Delta Flume 93
Experiments, and so are the predicted O in trough
regions. In the present model, the wave energy
dissipation is estimated with Eqs. (3.8) and (3.10), which
were obtained on the basis of small-scale experimental
data. The result scems to show that the wave dissipation
rate relative to the wave height is smaller in the field
than that in small-scale experiments.

Some cross-shore distributions of @, show that &,
increased shoreward of the bar crests. These distributions
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were observed in six cases (Cases 4, 5,7, 9, 10, and 11)
at HORS out of eight cases where (, were measured at
the bar crests. Moreover, similar observations were also
made during the Delta Flume *93 Experiments (Rivero et
al., 1994; Southgate and Wallace, 1994). One possible
cause of this distribution is as follows. A wave
undergoing wave breaking at a bar crest in the field or in
an experiment starts to overturn so that the overturned
crest plunges shoreward of the bar crest. Although this
wave is counted as a breaking wave shoreward of the bar
crest, it is counted as a non-breaking at the bar crest. As
a result, Oy, shoreward of the bar crest is greater than that
at the crest. Because the present model does not consider



this phenomenon, the model
distribution,

The present model, which employs the wave-by-wave
approach, has a serious limitation; the model cannot
predict the change in wave period due to wave
decomposition because the model assumes the number
of waves is constant. Wave decomposition frequently
occurs over longshore bars, and results in a decrease in
the wave period. Future improvement of the mode!l is

required.

cannot predict the

3.6 Conclusions

Field measurements of wave height and the fraction of
breaking waves on longshore bars and troughs were
carried out at HORS. Water surface elevations were
measured with ultrasonic wave gages, and modes of
wave breaking (i.e., breaking or broken or non-breaking)
were visually observed.

The wave height-water depth ratio at wave reforming
H,/h. was estimated to be equal to 0.35. Although H,/h,
had a weak correlation with /,/Ly, expressed by Bq. (3.5),
the differences between the results of the calculations of
H and Oy, with H,/h=0.35 and with Eq. (3.5) are small.
As a result, H,/h,=0.35 is concluded to be an appropriate
criterion for wave reforming, The result that most H /A,
in the field are smaller than those in small-scale
experiments indicates that waves in the field are likely to
keep breaking over longer distances than those in
experiments.

A model for Hys and @, that employs the
wave-by-wave approach was developed. In the model,
the criterion for wave reforming is H,//,=0.35, and that
for wave breaking is Eqgs. (3.8) and (3.10), which were
calibrated  with  small-scale  experimental data.
Comparisons between the model, and field and
large-scale experimental data showed that the model
abmost agree with the measurements, whereas the
predicted values of M\, H,p and O, are smaller than
those measured at troughs in the field. This seems to
show that the wave dissipation rate relative to the wave
height is smaller in the field than in the experiments.

Appendix

The procedure used to identify the same wave at a
seaward and the shoreward measurement points is as
follows.

a) The extracted seaward water surface elevations of a
wave are a sequence of elevations starting from the
minimum elevation preceding the maximum elevation in
the wave and ending at the first minus elevation after the
maximum. Figure 3.8 shows an example of
simultaneously obtained seaward and shoreward water
surface elevation data; the vertical dashed lines indicate
the zero-down crossing points. Here, ket us focus on the
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Figure 3.8 Example of seaward (upper panel) and
shoreward {lower panel) data of water surface elevation
that were obtained simultancously. The wave “C” is
recognized to be identical to the wave “A”.

wave "A" measured at the seaward point. The extracted
data of wave "A" are shown by the bold line in the upper
figure,

b) Next, several sets of shoreward data having various
time lags behind the extracted seaward data are
extracted; the number of the extracted shoreward data
points in each set is equal to that of the extracted
seaward data. The time lags are from 7,-3 s to 743 s at
0.5 s intervals (13 sets); 7; is the period in which a wave
with the mean wave period travels from the seaward
point to the shoreward point. Even though an individual
wave period is different from the mean wave period, T}
can still be used because field measurements of Thornton
and Guza (1982) show that wave celerities in the surf
zone are nearly independent of wave period,

c) The correlation coefficients between the extracted
scaward and shoreward data are calculated, and if the
maximum correlation coefficient is greater than 0.85,
then the shoreward data set having the maximum
coefficient is considered to belong to the same wave as
the extracted seaward data set. If the extracted shoreward
data belong to more than two waves, the wave having
the maximum elevation in the extracted shoreward data
is designated to be identical to the scaward wave, In the
lower figure of Figure 3.8, the shoreward data set having
the maximum correlation coefficient, 0.96, is indicated
by the solid bold line, and the extracted seaward data set
superimposed on it is indicated by the dashed bold line.
The shoreward wave "C" is designated to be identical to
the seaward wave "A".



4, Cross-shore distribution of the longshore
current
4.1 Introduction

Two types of cross-shore distributions of the
time-averaged longshore current velocity have been
observed; one type has a peak velocity seaward of the
bar crest, and the other type has a peak shoreward of the
bar crest. Whitford and Thomton (1988) measured the
former distribution in the field. Allender and Ditmars
(1981) and Greenwood and Sherman (1986), on the
other hand, measured both types. The latter distribution
was also measured by Symonds and Huntley {1980) and
Church and Thornton (1992).

Although these two types of the cross-shore
distributions of the longshore current velocity on barred
beaches were shown in previous investigations, the
frequencics of the two distributions were not discussed
owing to the Hmited data on the distributions of the
longshore current velocity on barred beaches. One
objective of this chapter is to discuss the characteristics
of the cross-shere distribution of the longshore current
velocity on barred beaches on the basis of field data. For
this purpose, field measurements of the longshore
current velocity on a barred beach were carried out over
four years. Then, the cross-shore distributions measured
in the field are compared with calculations from a
nearshore current model.

4.2 Field measurements
4.2.1 Measurement method

Field measurements at HORS of the longshore current
velocity and wave height and period were carried out
over four years commencing on January 5, 1987. Figure
4.1 shows the mean beach profile during the four years.
The short vertical lines on the beach profile indicate the
standard deviations in elevation. During the period, bars
were mainly located at around P300m. The arrows in the
upper part of the figure show the measurement points of
the lengshore current velocity and those with “USW”
show the measurement points of wave height and period.

A spherical float having a diameter of 0.2 m shown in
Figure 4.2 was used in the measurements, Nearshore
current velocities at 1 m below the water surface were
measured to avoid the effects of winds and waves. This
was achieved by making the density of the float slightly
greater than that of sea water. The float was connected to
an identification buoy by a I m long rope as shown in
Figure 4.2, The length of the rope was adequately
shortened when the mean water depth was small,

During the measurements, the float was attached to a
30 m line and released from the HORS pier. The time for
full extension of the line was measured with a stopwatch.
The current velocity was calculated using the time and
the length of the line. The transport direction of the float
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due to nearshore currents was measured with a protractor.
At each point, nearshore currents were measured three
times.

To measure the nearshore currents along HORS took
about 90 minutes. The wave breaking position and the
breaking wave direction were visually observed. Water
surface elevations were measured with the ultrasonic
wave gages for twenty minutes every hour at a sampling
frequency of 2 Hz.

4.2.2 Calibration of the measurement method

Longshore current velocities measured with the float
were compared with those measured with an
electromagnetic current meter to check the accuracy of
the 1measurement method with the float. The
electromagnetic current meter was installed at P145m by
using a ladder as shown in Figure 4.3. When the
distance between the sensor of the current meter and the
mean water level was about | m, longshore current
velocities were measured with the float and with the
current meter simultaneously.

Figure 4.4 shows the relationship between the
time-averaged longshore current velocities measured
with the float Upggyr and those measured with the
current meter Ugye; triangles show the data obtained
when the longshore components of the wind velocities
were over 8 my/s. Although the velocities measured with
the float are larger than those measured with the current
meter, there is very strong correlation between them.
Furthermore, the effects of winds on the longshore
current velocities measured with the float were small.
Through this calibration, the float was confirmed to be a
simple but useful tool for the measurement of the
longshore current velocity,

The

expressed as

relationship between Ugye and Ugour I8

Upne = 081 o 4.1

In the following analysis, the values of Uz are used.

As shown in Figure 4.4, the velocities measured with
the float were larger than those measured with the
current meter. The reason is probably related to the effect
of waves on the identification buoy. The identification
buoy is easily transported by waves in the direction of
wave propagation because the buoy is on the water
surface, where the mass flux due to waves is
concentrated. The tloat is consequently transported in the
same direction as the buoy. Because the longshore
direction of the wave propagation is usually identical to
the direction of the longshore current, the velocities
measured with the float were larger than those measured
with the current meter.
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4.3 Location of a peak velocity of the longshore current
over a bar and a trough

Data showing cross-shore distributions of the
longshore current velocity measured over longshore bars
and troughs obtained at the time when waves were
breaking over the bars were analyzed. When the wave
height or the incident wave angle is small, the longshore
current is usually small and is easily affected by
alongshore topographic inhomogeneities. Thus, data sets
were eliminated if the peak longshore current velocities
over bars and troughs were below 0.25 mfs. The
remaining fifty-two cross-shore distributions of the
longshore cuwrrent velocity, obtained during the period
from 1987 to 1991, were chosen for the following
analysis.

The frequency distributions of the offshore significant
wave height H, and period 75, the offshore wave
stecpness Hy/Lg, and the absolute value of the incident
wave angle &, for the fifty-two measurements arc
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shown in Figures 4.5 (1) to (4). The values of Hy and T,
were estimated on the basis of the offshore wave data at
a water depth of 23.4 m. The value of g, is the incident
wave angle visually observed at the tip of the HORS; the
error of &, is expected to be £5°. The ranges of H, and
Ty are from [ mto 3.6 m, and from 5 s to 13 s; the mean
values of Hy and Tj are 1.9 m and 7.7 s. Accordingly, the
range and the mean value of Hy/Ly are from 0.007 to 0.04,
and 0.022, respectively. The absolute value of @, varies
from 0° to 30°,

Figures 4.6 (1) and (2) show the relationship between
the offshore distance of the bar crest y, and that of the
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trough Vyugn, as well as that between the water depth at
the bar crest /1, and that at the trough B, along with
their frequency distributions. The bar crests are formed
around P290m, whereas the troughs are formed arcund
P220m. The values of f,, and A, range from 2.4 m to
4.5 m, and from 3.7 m to 6.0 m, respectively; the mean
values of fi, and Jipum are 34 m and 4.7 m
respectively.

The relationship between the peak longshore current
velocity in the area from the tip of HORS to the trough
Upeat and the mean longshore current velocity in the area
Use 18 shown in Figure 4.7 with their frequency
distributions. The values of Uy are larger than U, by
0.05 m/s to 0.25 m/s. Although the values of U, are
widely distributed from 0.25 m/s to 1.1 m/s, most of the
values are below 0.6 m/s.

The fifty-two distributions measured at HORS are
classified into two groups based on the location of the
pealc velocity of the longshore current over the bar and
trough. The distribution in the first group has a peak
velocity shoreward of the bar crest, and that in the
second group has a peak velocity seaward of the bar
crest.

Three examples of the cross-shore distributions of the
longshore current velocity are shown in Figures 4.8 (1)
to (3). Two examples belong to the first group, and the
other belongs to the second one, Figure 4.8 (1) shows a
distribution that has a peak velocity shoreward of the bar
crest. Note that the signs of the longshore current
velocities are changed from minus to plus in this figure.
This distribution was measured on March 28, 1989,
Horizontal arrows indicate the breaker zones, and a
vertical arrow indicates the location of the peak velocity

]

-33-

=

(n/s)

on

Longshare current

yelocity

G bt

[ T N W B

Warter
depth (m}

00 200 300
Offshore Distance (m

L]

400

Figure 4.8 (1} Longshore current distribution and beach
profile on March 28, 1989.

e

{
" \/\M\“\

Hp= 3.20m a
To= 1475 6 3, = 15

Longshore current
velocity (m/s)
[ g

0
= 2
S5 4
SE 6L | |
0 100 200 300 400

0ffshore Distance (m)

Figure 4.8 (2) Longshore current distribution and beach
profile on November 28, 1987.

over the bar and the trough. Waves broke over the bar,
reformed over the trough and broke again around P145m.
The longshore current wvelocity increased in  the
shoreward direction from the tip of HORS. After
reaching maximum slightly shoreward of the bar crest,
the longshore current velocity decreased. Then, the
velocity increased again in the secondary surf zone.,
Another example of the cross-shore distribution of the
longshore current velocity that has a peak velocity
shoreward of the bar crest is shown in Figure 4.8 (2).
This distribution was measured on November 28, 1987.
Waves broke not only seaward of the bar crest but also
shoreward of the bar crest. After reforming over the
trough, waves broke again between P140m and P80m.
The longshore current velocity slightly increased from
the tip of HORS, and reached maximum at the trough.
From P220m to P190m, the velocity decreased, and
increased again in the secondary breaker zone between
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Figure 4.8 (3) Longshore current distribution and beach
profile on May 12,1989,

P140m and P80m,

In contrast to the previous two examples, Figure 4.8
(3) shows an example of the longshore current
distribution that has a peak velocity scaward of the bar
crest. The distribution was measured on May 12, 1989.
After breaking over the bar, waves reformed over the
trough and broke again around P140m. The longshore
current velocity increased from P380m to P350m. After
reaching peak at P350m, the longshore current velocity
gradually decreased over the bar and the trough, and
increased again in the secondary breaker zone.

The relationship between y,, and the offshore
distance of the location of the peak longshore current
velocity over the bar and the trough y,.. is shown in
Figure 4.9 (1) along with their frequency distributions.
Though the values of y,,. are concentrated in the area
from P280m to P320m, the values of. y,.. are widely
distributed from P180m to P340m.

Figure 4.9 (2) shows the frequency distribution of the
scaward distance from pu,, t0 Py Although cross-shore
distributions of the longshore current velocity calculated
using ene-dimensional models of the longshore current
velocity have peak velocitics seaward of the bar crests
(Ebersole and Dalrymple, 1980; Symonds and Huntley,
1980, Larson and Kraus, 1991), 85 percent of the
distributions measured at HORS had peaks shoreward of
the bar crests.

4.4 Model comparisons with measurements

Symonds and Huntley (1980) and Allender and
Ditmars (1981) assumed that the cross-shore distribution
of the longshore cwrent velocity with peaks shoreward
of the bar crest is caused by the longshore gradient in
wave setup. At HORS, however, the distribution was
sometimes observed even when no rip currents were
observed near HORS. The absence of rip currents
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probably indicates that the longshore gradient in the
wave setup was very small. Hence, cross-shore
distributions of the longshore current velocity measured
at HORS are compared with those predicted with a
horizontally two-dimensional nearshore current model.

4.4.1 Model

The model consists of two computationally distinct
numerical models, a wave height transformation model
and a nearshore current model.
(1) Wave height transformation model

The basic cquation and the procedure of the present
mode] for wave height transformation are based on the
mode! for directional random waves proposed by
Takayama et al. (1991). Eq. (4.2) expresses the energy
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equation of a wave component.
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where [, is the wave energy, S is the directional wave
spectral density, & is the frequency band width, §8is the
directional band width, C, is the group velocity, & is the
wave direction, C is the celerity, and D' is the wave
energy dissipation rate.

Takayama et al. (1991) introduced a wave energy
dissipation term into Karlsson's model (1969), which is
based on the balance of wave energy. The wave
dissipation rate calculated from their model is
proportional to the beach slope. Thus, the calculated
wave dissipation rate on a bar crest, where the beach
slope is equal to zero, becomes zero. However, in the
field, wave encrgy is evidently dissipated even on a bar
crest because waves break on bar crests. Consequently,
the wave dissipation term of Takayama et al. (1991} was
not adopted in the present model.

In Chapter 3, a wave dissipation sub-model was
proposed using Eq. (3.8) with H,/h=0.35 for the wave
reforming criterion. However, in this chapter, the
sub-model of Dally et al. (1985), expressed as Eq. (3.11),
was adopted after some improvements because it was
casily introduced into the wave energy equation
expressed by Eq. (4.2).

Modification of Eq. (4.2) with Eq. (3.11) yields Eq.
(4.3) for directional random waves,

a(DSVx) _ B(D?VJ’) B(DS V()) _
ox dy ad

KDC DESC
/3‘ SgSEg’

z_pg(H1/3)2 (HE/:;)S =T-h,

(4.3)

where (/,;), is the stable significant wave height.
Although Dally et al. (1985) assumed that K and Tare
constant in Eq. (3.11) (see Chapter 3), wave energy
dissipation in the swrf zone is affected by the beach slope
as they mentioned, Hence, the influences of the beach
slope tanff on the coefficients K and /" were examined on
the basis of the calculations of the wave height
transformation in the surf zone for offshore wave

steepness of 0.02 reported by Goda (1975). As a result,
K and are expressed as

K=17-109,
(4.4)
a=-0.857log)o(1/tan £)+0.219,
and
T = -0.141log; {1/ tan )+ 0.56. (4.5)

The significant wave height Hy; and the principal
wave direction &, are calculated by

H1/3 =404 mg,

46
=g B0y,
and
= /3 12,0-D5d6.df [mo. (4.7)

(2) Nearshore current model
a. Basic equations
A typical model for nearshore current (e.g., Nishimura,

1988} was used. The basic equations of the model are
expressed as

o7 alh+7)U . aln+m7)v
ot ox oy

=0, (4.8)

U ou ol o
AU —+V—+F L+ R +g—=0
6! ax dy o

£

(4.9
av. _ov oV oif
AUVt Fy =Ly + Ry + g — =0,
ot ox ay - - ay

(4.10)

1 85, Oy
Ry = XX, yx A
p(h+?;7) ox Oy
(4.11)
1 aS,., oS
R, = w o S|
p(h+ﬁ) ax dy
a( BUJ a( oU
Ly=—lg— |+—|¢
ax ax ay dv
(4.12)

where 77 is the elevation of the mean water level, / is
time, and U and V are the depth and time-averaged
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velocities in the x-direction and the p-direction,
respectively. The values of F, and F, are the bottom
friction terms, L, and L, are the lateral mixing terms, pis
the density of the sea water, S, S\, and S, are the
radiation stress components, and & is the lateral mixing
cocfficient. Subscripts x and y denote the values in the
x-direction and the y-direction, respectively.

b. Radiation stress, bottom shear stress and lateral
mixing

Radiation stresses of directional random waves are

calculated by Eq. (4.13) proposed by Yamaguchi{1988).

C C
v = B Il pet=—sin? 9+(m5m—w)}D (dOdf,
Sty - S_vx = 60 13/22 pg—EmcosEJ‘sm 8D dadf,

C C 1
Sy = 172 %) pg{?‘gcosz o+ (ﬂc;i—;)}osdadf.
(4.13)
Eqs. (4.14) to (4.16), which were proposed by
Nishimura{1982), are used for the calculation of bottom
shear stresses, F; and F,. The value of 0.005 is used as
the friction coefficient C; as used previously by
Kuriyama and Ozaki (1993). The value of 0.005 was
originally determined by Kuriyama et al. (1992) to give a
best fit to the longshore current velocities in the 162
cases measured with the float at HORS.

wb2 .2
Fy = pCf{(W-%u ” sin HP)U
2
wh™
- - smﬁpcosgp V.
4.14)
W .
£, = pCJ: { sin & pcosﬁp U
wb2 2
(W + cos” 4 p)V}.
W
(4.15)

W = {\/U2 +V2 + u‘% +2(Usingp - Vcosﬁp)wb

+\/U2 sv2 wwf +2Using,, -V cosa, by 12,

7 - Hy3
Wy =2 vy (— h)/FT, Vi (" h) = m

(4.16)
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The lateral mixing coefficient proposed by Battjes
(1975) is used in the present model. This coefficient is

given by
1/3
o\
&= M/{—J ,
y?)

where D is the total wave energy dissipation rate and M
is a dimensionless coefficient.

Lateral mixing is probably related to the turbulence in
the water; the turbulence due o breaking waves is much
targer than that due to non-breaking waves. Although the
fateral mixing coefficient proposed by Longuet-Higgins

4.17)

(1970} is widely used, he did not consider wave breaking.

Thus, the coefficient proposed by Longuet-Higgins is
considered to indicate the upper limit as mentioned by
Battjes (19753). In a trough, the actual rate of lateral
mixing is likely to be much smaller than that calculated

with the coefficient proposed by Longuet-Higgins (1970).

In contrast, the lateral mixing rate calculated with the
coefficient propesed by Battjes probably agrees with the
actual values because it is based on the wave energy
dissipation caused by wave breaking. Thus, the lateral
mixing coefficient proposed by Battjes (1975) was
adopted in the present model.

Nearshore currents are calculated with Af = 2, 5 and
10, and are compared with the measured values because
the dimensionless coefticient M has not been thoroughly
investigated, and the optimal M value for nearshore
current is unknown.

(3) Calculation conditions

Nearshore cwrrents measured on March 24, 28 and
April 4, 1989 were chosen to compare with the
longshore current velocities calculated from the model
for the following reasons:

(a} Bars and troughs were formed.

{(b) Waves broke over the bars.

(c} A topographic survey ncar HORS was conducted
on March 31, [989. Beach profile changes
during March 24 and April 4 arc interpreted to
be small owing to the relatively small wave
heights during this period.

Figure 4.10 (1) shows a topographic map on March
31, 1989, and Figure 4.10 (2) shows the beach profile
along HORS (thick line) and the mean beach profile in
the region 100m to 300m from HORS alongshore (thin
fine). The short vertical lines indicate the standard
deviations in elevation in the region at a distance from
HORS. The location of the bar crest, the water depth at
the bar crest and the location of the trough in the beach
profile along HORS agree with those of the mean beach
profile in the region at a distance from HORS, although
scours occurred around the tip of HORS and P200m,
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0 100

where pilings are concentrated.
The calculation areas extend from the shorelines to y =
650 m, and fromx=-320mtox =320 m.

a. Wave height transformation

The grid distances in the x-direction and the
y-direction for the calculation of wave height
transformation are 10 m. The numbers of the frequency
components and the directional components are 10 and
35, respectively.

The wave heights (H)3),, and periods (T1,). the
principal wave directions (@,)., and the spreading
parameters (S,.)or al the offshore boundaries are listed
in Table 4.1. The values of {(H,4),» were estimated on the
basis of the offshore wave data at a water depth of 23.4
m, and the values of (T3),, were assumed to be equal to
the offshere values. The principal wave directions (8,).
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were estimated on the basis of the visual observations at
the tip of HORS using the graph of the wave direction of
random waves due to refraction by Goda and Suzuki
(1975). The spreading parameters in deep water were
assumed to be 10; the values of (S0 Were obtained
with the graph of spreading parameter in shallow water
by Goda and Suzuki (1975).

The Bretschneider-Mitsuyasu frequency spectrum and
the Mitsuyasu-type spreading function were given at the
offshore boundaries.

A beach slope below 1/100 and that over 1/10 were
replaced by 1/100 and 1/10, respectively, because Egs.
(4.4) and (4.5) are valid for beach slopes in the range
from 1/100 to 1/10.

b. Nearshore current

The nearshore currents in the surf zone were
calculated by the ADI (Alternating Direction Implicit)
method (e.g., Horie et al., 1977, Nishimura, 1988). The
grid distances in the x-dircction and the y-direction are
10 m, which are the same values used in the wave
transformation calculation. The time step was set to be
0.4 s. The number of iterations was determined to be
4000.

The nearshore current velocities were assumed o be
equal to zero at the offshore boundaries and at the
shorelines. The nearshore current velocities and the
mean water levels at the side boundaries were assumed
to be equal to the values at internal grid points next to
the side boundaries.

4.4.2 Comparisons
(1) Wave height

Figures 4.11 (1) to (3) show the significant wave
heights that were predicted (solid lines) and measured
(closed circles) on March 24, 28 and April 4. The
predicted values agree well with thé measured values
except for the data near the shorelines on March 28 and
on Aprit 4 .

Causes of the small disagreement between the
measured and calculated values near the shorelines are
likely to be wave setup and infragravity waves. When
the offshore wave height is large, the amount of wave
setup and the infragravity wave height are large near the
shoreline; these phenomena were observed at HORS by
Yanagishima and Katoh (1990) and by Nakamura ct al.
(1992}. Infragravity waves and wave setup, however, are
not taken into account in the modecl. Disregarding these
two factors results in the disagreement between the
calculated values and the measured values ncar the
shorelines.

Although the model does not consider the effect of the
offshore wave steepness on the wave energy dissipation
in the surf zone, the calculated values agree well with the



Table 4.1 Gffshore boundary conditions

Calculation date in 1989 | (H,3),, (m) | (7)., (5) | 4, (degree) | (Suariob

March 24 3.20 11.20 -20.0 90

March 28 2.47 8.86 -25.0 40

April 4 2.03 8.40 -10.0 45
R e measured values. The values of the offshore wave
£ 2t . steepness on March 24, 28 and April 4 are between 0.013
BE r o and 0.022; the scattering of the offshore wave stecpness
@ o 1 9 around 0.02, which was used for the improvements of X
2 0 and [ is small. Thus, the calculated values agree

i 3 reasonably well with the measured values.
jg Jé g (2) Nearshore current
=w — : : — Figure 4.12 (1) shows the nearshore current on March
0 140 200 300 460
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Figure 4.11 (1) Comparison between significant wave
heights predicted by the present model and the values
measured on March 24, 1989,
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Figure 4.11 (3} Comparison between significant wave
heights predicted by the present model and the values
measured on April 4, 1989,
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24, 1989, predicted by the present model with M = 5,
which is the optimal value for the nearshore current on
this date. The right part of the figure shows the beach
profile along HORS (solid line} and that in the region at
a distance from HORS (broken line). Although the
direction of the nearshore current veers shightly seaward
at x = -50 m between y = 200 m and y = 300 m, where
the trough is located, the nearshore current is almost
uniform alongshore.

" Figure 4.12 (2) compares the measured (solid circles)
and the predicted (solid line) longshore current velocities
along HORS. The model prediction of the cross-shore
distribution of the longshore current velocity over the bar
and the trough disagrees with the measured distribution
especially at the trough. The measured distribution has a
peak that lies shoreward of the bar crest, whereas the
model predicts a peak seaward of the bar crest.

Figure 4.13 (1) shows the nearshore current on March
28, 1989, predicted by the present model with M = 5.
This nearshore current is also almost uniform alongshore
although the direction of the nearshore current at the
trough changes slightly at x = -50 m.

Figure 4.13 (2) shows the measured and predicted
longshore current velocities along HORS. Seaward of
the bar crest, the values predicted by the model increase
toward the shore, and are in reasonable agreement with
the measured values. Shoreward of the bar crest, on the
other hand, the measured values increase toward the
shore although the predicted values decrease.
Consequently, the longshore current velocities over the
trough predicted by the model disagree with the
measured values,

Figure 4.14 (1) shows the nearshore current on April
4, 1989, predicted by the present model with M = 10; the
predicted current is almost uniform alongshore. Figure
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by the present model.

4.14 (2) shows that the difference between the predicted
and measured longshore current velocities is small.
However, the predicted values are smaller than those
measured at the trough.

4.5 Discussion

Eighty-five percent of the cross-shore distributions of
the longshore current velocity measured at HORS had
peak velocities shoreward of the bar crests as shown in
Figure 4.9 (2). In contrast, such velocities predicted
using previously proposed one-dimensional models for
the longshore current velocity have peaks seaward of the
bar crests (Eberseole and Dalrymple, 1980; Symonds and
Huntley, 1980; Larson and Kraus, 1991). In the
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1989, and those predicted

one-dimensional models, the driving force of the
longshore current is the cross-shore gradient of the
radiation stress. This gradient is largest seaward of a bar
crest owing to the large dissipation of wave energy due
to wave breaking. Hence, the predicted longshore current
velocity has a peak velocity seaward of the bar crest, not
shoreward of the bar crest.

Symonds and Huntley (1980) and Allender and
Ditmars (1981) assumed that peak velocities of the
lengshore current that lie shoreward of bar crests are
caused by the longshore gradient of wave setup.
However, the comparisons between the cross-shore
distributions of the longshore current velocity measured
at HORS and those predicted with the 2D-horizontal
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by the present model.

nearshore current model (Figures 4.11 to 4.13) indicate
that peak velocitics shoreward of bar crests are generated
even when the alongshore inhomogeneity in nearshore
current is small.

Mass and momentum fluxes due to bores are thought
to be significant for the longshore current velocity with a
peak shoreward of a bar crest. Mass transport due to
waves was usually neglected in previous nearshore
current models. This is because the effect of the mass
flux on nearshore current is considered to be small on the
basis of calculations using a formula for unbroken waves
(Yamaguchi et al., 1983). However, the mass flux due to
bores in the surf zone is several times that calculated
with a formula for unbroken waves (Nadaoka and
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Kondoh, 1982). This means that momentum flux duc to
bores is much greater than that due to unbroken waves
because the momentum flux is proportional to the square
of the mass transport velocity.

Shoreward of bar crests, the cross-shore flux of the
longshore momentum due to bores decreases toward the
shore owing to bore decay. This decrease means that the
cross-shore flux of the longshore momentum transported
into a unit volume is larger than that transported out of
the volume. Consequently, the longshore current
velocities calculated with the momentum flux due to
bores are larger than those calculated without the flux. In
contrast, seaward of bar crests, the cross-shore flux of
the longshore momentum due to bores increases toward
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Figure 4.14 (2) Comparisons between the longshore current velocitics measured on April 4, 1989, and those predicted by

the present model.

the shore owing to bore development, and hence the
longshore current velocities calculated with the flux are
smaller than those caleulated without the flux. As a result,
the cross-shore distribution of the longshore current
calculated with the momentum flux due to bores would
have a peak shoreward of the bar crest. )
Although eighty-five percent of the ecross-shore
distributions of the longshore current velocity measured
at HORS had peak velocities shoreward of the bar crests,
fifteen percent had peak velocities seaward of the bar
crests. A possible cause of the latter distribution is bore
decay seaward of the bar crest. When Whitford and
Thornton {1988} measured the latter distribution, the
fraction of breaking waves decreased toward the shore
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even seaward of the bar crest. The decrease of the
fraction of the breaking waves was probably attributed to
bore decay. The cross-shore flux of the longshore
mementum due to bores in the area where bores decay
induces a large longshore current velocity as mentioned
above, and results in the cross-shore distribution of the
longshore current with a peak seaward of the bar erest.

4.6 Conclusions

Field measurements of longshore current were carried
out at HORS when waves broke over bars. A spherical
float having a diameter of 0.2 m was used to measure
nearshore current velocities 1 m below the water surface.
This measurement method with the float was confirmed



to be useful by comparison with an electromagnetic
current meter.

Eighty-five percent of the measured distributions of
the longshore current velocity had peak wvelocities
shoreward of the bar crests, while the remaining fifteen
percent of the measured distributions had peak velocities
seaward of the bar crests.

Although eighty-five percent of the distributions had
peaks shoreward of the bar crests, previously proposed
one-dimensional meodels for the longshore current
velocity can reproduce only peak velocities seaward of
bar crests, not peaks shoreward of bar crests. The
calculations of the nearshore current around HORS with
a 2D-horizontal model showed that a peak velocity of
the longshore current shoreward of a bar crest is
generated cven when the alongshore inhomogeneity in
the nearshore current is small. This result suggests that
the alongshore gradient in the mean water level, which
corresponds to the alongshore inhomogeneity in the
nearshore current, is not the only cause of peak velocities
shoreward of bar crests. Mass and momentum fluxes due
to bores, which are neglected in previous models, are
considered to play a significant role for the longshore
current with peaks shoreward of bar crests because mass
flux due to bores in the swf zone is several times that
calculated with a formula for unbroken waves.

42,



5. Modeling of undertow and longshore current
5.1 Introduction

Nearshore currents below the wave trough level on
barred beaches are often estimated with a conventional
2DH nearshore current model {e.g., Nishimura, 1988). In
these models, the gradient of the radiation stress is the
driving force of the nearshore current and the mass flux
or the momentum flux due to bore, i.e., the surface rolter,

is not included. Church and Thornton (1993), Smith et al.

(1993), Kuriyama and Ozaki (1993) and the
investigation in Chapter 4, however, showed that the
conventional model could not reproduce the cross-shore
variation of the longshore current on a barred beach
frequently observed in the field, which has a peak
velocity shoreward of the bar crest.

De Vriend and Stive (1987) developed a quasi-3D
nearshore cwrrent model, in which the surface roller
effect is considered in the prediction of undertow
velocity. The roller effect, however, is not included in the
prediction of the horizontal current, and hence the model
is unlikely to reproduce a maximum lfongshore current
velocity located shoreward of the bar crest.

The roller effect has been included in predictive
models for longshore current and nearshore current
developed by Nadaoka et al. (1992), Okayasu et al.
(1994), Kuriyama (1994), Reniers et al. (1995), Osiccki
and Dally (1996), and Reniers and Battjes (1997).
Kuriyama (1994) assumed in his 2DH model that the
time-averaged cross-shore velocity in the roller is equal
to the wave celerity and that the area of the roller is
proportional to the square of the wave height as was also
proposed by Svendsen (1984). Comparing the model
with field measurements, Kuriyama (1994) showed that
the model reproduced the typically observed cross-shore
distributions of the longshore current velocity on a
barred beach, in which peak velocities lic shoreward of
the bar crests. The assumption used to estimate the roller
area, however, was not directly verified with undertow
velocity or wave setup data. Reniers et al. (1995)
developed a longshore current model that includes the
momentum flux due to the surface roller, and compared
the model with experimental data and field data of the
longshore current velocity. Although the model agreed
well with the experimental data, the agreement between
the model and the field data was poor. However, taking
the alongshore gradient in the mean water level into
account improved the agreement between the model
results and the field data.

Reniers and Batties (1997) calibrated the roller
development model proposed by Stive and De Vriend
(1994) with experimental data of wave setup, and
incorporated it into their one-dimensional model for
longshore current. They verified the longshore current
model with data obtained in experiments that were
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designed not to generate a longshore gradient in the
mean water level, On the basis of their simulation with
and without the roller effect, they concluded that the
surface roller contributes little to the production of a
maximum velocity shoreward of the bar crest. They
inferred that the maximum is mainly caused by the
longshore gradient in the mean water level.

Okayasu ct al. (1994) developed a quasi-3D nearshore
current model based on the roller model developed by
Okayasu et al. (1990), and confirmed the validity of the
model by comparing it with an experiment on a planar
beach. Osiecki and Dally (1996) used Dally and Brown’s
roller model (1995} to develop a one-dimensional
longshore current model, which was verified with
experimental data on a planar beach.

Although many models for nearshore current have
been developed and verified with experimental data as
described above, few models have been verified with
field data. Furthermore, causes of the cross-shore
variation of the longshore current on a barred beach in
the field are not discussed on the basis of models verified
with field data. In this Chapter, a one-dimensionat model
for undertow and longshore current is developed to
predict the time- and depth-averaged current velocities
below the wave trough level for the case where there is
alongshore uniformity in depth, waves and current. The
model is calibrated with field data obtained over
longshore bars at HORS, and is verified with data from
large-scale experiments and other field measurements.

5.2 Field measurements

Field measurements were conducted at HORS from
January 29 to February 3, 1997. Cross-share and
longshore current velocities were measured  with
electro-magnetic current meters for thirty minutes every
two hours at a sampling frequency of 5 Hz, and water
surface elevations were measured with ultrasonic wave
pages. Wave breaking positions and types, and the
locations of rip currents were visually observed several
times a day.

The locations of the measurement points are shown in
Figure 5.1 with the beach profiles measured on January
31 and February 1. Seaward bar migration occurred on
January 31, when the bar crest moved seaward about 50
m. Except for the bar migration, no significant beach
profile changes occurred during the measurements. The
measurement point at P230m was located shoreward of
the bar crest, while the measurement point of P290m was
located seaward of the bar crest. The measurement point
of P260m was located just seaward of the bar crest
before the bar migration and shoreward of the bar crest
after the bar migration.

The seaward bar migration on January 31 damaged the
supporting systems of the current meters at all
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Figure 5.1 Locations of curmrent meters and beach
profiles on Jan. 31 and Feb. 1.
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Figure 5.2 Time series of significant wave height H
and period T3, undertow velocity F, and longshore
current velocity (/.

measurement points, and current velocities were
temporarily not measured. At P260m, two current meters
were installed on January 29 at D.L. -0.87 m and D.L.
-1.37 m, and were reinstalled on February 1 after the
damage at D.L. -1.09 m and D.L. -1.59 m. At P230m,
one current meter was installed at D.L. -1.99 m and
reinstalled at DL, -1.90 m. At P290m, a current meter
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Figure 5.3 Time series of low-frequency component of
cross-shore current velocity v,,,; and undertow velocity
V.

was installed at .L. -1.72 m, but the support system of
the current meter was completely destroyed at 7 a.m. on
January 31, Consequently, current  velocity
measurements ceased at this locality.

Figure 5.2 shows time series of significant wave
heights H,;, significant wave periods T4, the mean
undertow velocities ¥ and the mean longshore current
velocities U, The significant wave height at the tip of
HORS (P380m), where the water depth was
approximately 6 m, increased from 1.5 m at 1l p.m. on
January 30 to about 2.6 m at 8 a.m. on January 31, and
then gradually decreased. The undertow velocities
increased as the wave heights increased, and after
February 1 they fluctuated independently of the wave
height variations,

The nearshore currents are considered to be uniform
alongshore during the time that the measurements were
made for two reasons. First, during the wvisual
observations, which were conducted several times a day
during the measurements, no rip currents were observed,
and the breaker lines were linear alongshore. Second, the
low-frequency components of the cross-shore current
velocities v, (<0.04 Hz) were not correlated with the
undertow velocities as shown in Figure 5.3. Instead, the
low-frequency components were relatively constant,
whereas the undertow velocities changed significantly.
Some previous field measurements revealed that rip
currents are intermittent events {Wright and Short, 1983;
Short, 1985, Smith and Largier, 1995), and hence the



low-frequency component of the cross-shore current in
or in the vicinity of a rip current is expected to be large.
The constant low-frequency components of the
cross-shore currents in Figure 5.3 suggest a low
probability of rip current generation during the
measurements.

5.3 Numerical model

The model developed in this chapter consists of a
wave transformation model, an undertow model and a
longshore current model, and adopts a wave-by-wave
approach. In this approach, wave heights, undertow
velocities and fongshore current velocities are calculated
for individual waves.

5.3.1 Wave transformation model

The wave transformation model is based on the model
developed in Chapter 3, which calculates the shoaling,
breaking and reforming of individual waves. The
shoaling of a wave is estimated with a shoaling
coefficient proposed by Shuto {1974) with consideration
for wave nonlinearity. The criterion for wave breaking is
based on Eq. (3.6), which was proposed by Seyama and
Kimura (1988). Energy dissipation of the organized
wave motion in the surf zone, which is the source of the
energy of the surface roller described in section 5.3.2, is
estimated with the periodic bore model used by Thornton
and Guza (1983). expressed by Eq. (3.8). The location of
wave reforming, where the wave energy dissipation
stops and a breaking wave becomes the non-breaking
wave, is determined using A, /h, = 0.35.

For a given significant wave height and period at an
offshore boundary, a ten minutes time series of water
surface elevation having the JONSWAP type spectrum is
numerically simulated using a peak enhancement factor v
of 3.3. With the zero-down crossing method, the time
series is divided into individual waves, which are then
used in the calculation.

The incident directions of individual waves at the
offshore boundary are determined using the given
principal wave direction, the directional spreading
function of Mitsuyasu-type and the spreading parameter
estimated with the method of Goda and Suzuki (1975).
When the spreading parameter exceeds 100, the
individual waves are treated as uni-directional waves.

In alt calculations in this chapter, in order to minimize
the error in the prediction of undertow and longshore
current velocities caused by the error in the prediction of

wave height, coefficients Cj,- and Cp were included in Eq.

(3.6) for wave breaking and Eq. (3.8) for energy
dissipation, respectively. Their values are those that
allow the predicted significant wave heights to equal the
measured values. The modified forms of Egs. (3.6) and
(3.8) are Eqgs. (5.1) and (5.2), respectively. The fitting

resulted in values of Cj, ranging from 0.7 to 1.2 and Cp
ranging from 0.7 to 1.1,

H L J
b 101620 11— exp =087 “2 (14 15tan*3 )
hy, hy, Loy

- 0.96tan S +0.2].

.0
B=Cpg{l.6-0.12In(H / Lo) +0.28 In(tan )}

(5.2)

5.3.2 Undertow model
The time- and depth-averaged undertow velocity of
an individual wave V¥, is estimated with the volume flux

due to the organized wave motion O, and that due to the
surface roller (2,.

Vind = — (O + O} dyy, (5.3}

where d,, is the distance between the wave trough level
and the bottom, and is simply determined as o,. = h -
Hi2.

The volume flux due to the organized wave motion Q,,
is calculated with the wave celerity C, the water depth #,
and the root-mean-square of water surface elevation of
an individual wave &, by the following equation
proposed by Svendsen (1984),

2
Opp = ~(CI1 I s (5.4)

The value of ¢,,. is estimated with consideration for the
wave nonlinearity, With the parameter /7 expressing
nonlinearity of an individual wave proposed by Goda
(1983), the relationship between £, and /7 was obtained
on the basis of experimental data shown by Goda (1983);
the parameter /7 and the relationship obtained are

expressed by
Tl = 1 / Leoth> (22h/ L), (5.5)
and
1
é’).ms:mﬂ, H<0.15,
1
= H, 015<M<3,
° s 1.668log I + 4.204
1
Crms =—H, 3
(5.6)

In the estimation of ¢, it was assumed that the
vertical distribution of the time-averaged ecross-shore
velocity was like that shown in the middle of Figure 5.4.

-45-



Surface roller

Wave trongh level

Figure 5.4 Vertical distribution of the time-averaged
cross-shore current velocity assumed.

In previously proposed models {e.z., Svendsén, 1984),
the vertical distribution shown in the left of Figure 5.4
was assumed; the time-averaged velocity in the surface
roller is equal to C. The justification for the choice of
vertical distribution used in this study is as follows: just
behind the front of the surface roller, the cross-shore
velocity near the wave trough level sharply changes from
a shoreward velocity equal to C to a seaward undertow
velocity. However, the cross-shore velocity in the middle
of the surface roller probably changes gradually from the
top to the wave trough level owing to large eddies
reported by Nadaoka et al, (1989). These eddies have
shoreward velocity near the surface and seaward velocity
near the wave trough. Hence, the vertical distribution
shown in the middle of Figure 5.4 is assumed in the
present model, and accordingly the volume flux due to
the surface roller is obtained from

0, =—4,CI2L), (5.7)

where A, is the area of the surface roller,

For estimating the area of the surface roller, two
methods have been proposed. One method assumes that
the area of the surface roller is proportional to the square
of the wave height (¢.g., Svendsen, 1984; Okayasu et al.,
1988). The other assumes that the energy of the
organized wave motion is transferred without any loss to
the energy of the surface roller owing to wave breaking,
and then the surface roller energy is dissipated (e.g.,
Olkayasu ct al., 1990; Dally and Brown, 1995); the arca
of the surface roller is estimated with the following
equation.

a(Ewcg) . F(E.C) _
oy ay

D (5.8)

P
where E, is the energy of the surface roller, and D, is the
dissipation term of the surface roller energy.

In the present model, the area of the surface roller is
estimated using a combination of the two methods on the
basis of assumptions described below.

{2} The arca of the surface roller is basically assumed to

46

be proportional to the square of the wave height. The
area A,; is estimated with a dimensionless coefficient
C, from

Ay = CyH2 (5.9)

(b) The energy of the surface roller, however, should not
exceed the energy transferred from the organized wave
motion. The roller area is therefore determined not to
exceed the roller area A, that is from the following

cquation estimated without considering energy
dissipation of the surface roller.
EWCe) o(W.C
whg N w,.C) -0,
Ey ay (5.10)
1 A,
W, =— ,DC'2 f_z,
8 L

where W, is the energy of the roller having the
triangle-shaped distribution of the time-averaged
velocity above the wave trough level shown in Figure
5.4. The decrease of the wave energy £, is estimated
with Eq. {3.8).

(c) The surface roller diminishes at the wave reforming
point.

In the actual calculation, 4,; and 4,, are estimated and
the smaller value is assumed to be the area of the
surface roller.

5.3.3 Longshore current model

The time- and depth-averaged longshore cuirent
velocity of an individual wave U, is estimated on the
basis of the balance among the bottom friction F,;, the
lateral mixing force L., the gradient of the radiation
stress Ry, and the gradient of the momentum flux due
to the surface roller My, ; the balance is expressed by

Fol=Ly+Ryp+ My =0 (5.11)

The bottom friction is estimated with the following
equation, which is proposed by Nishimura (1988), as in
Chapter 4.

C/‘
Fxl =—— (W +

h

W o= (\/U:;:frd + wg‘ + 2U g wp sin 8

W, h

sin 20U, 7,
v ind

+ \/U.'%?d + wg — 2U jy i Wp SIN 9)/ 2,
wy = 2vy, [ vy, = H (T sinh(27h / L)),
(5.12)

where Cyis a friction coefficient, and is set to equal to
0.005 as in Kuriyama and Qzaki (1993).
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The lateral mixing term 7., is estimated using

8 AU
Lxl - w«_(&-I _L?d)’
ay ey
D
gy = Mp(=Lyl3, (5.13)
J2)
p = ZEwCe) S(E,C)
D) Py 2y s

where &, is the lateral mixing coefficient defined as
Battjes (1975) and M is a dimensionless coefficient,
which is set to equal to 5 as in Kuriyama and QOzaki
(1993) and in Chapter 4. The value of & was estimated
using the total energy dissipation, which is the sum of
the energy dissipation of the organized wave motion and
that of the surface roller.
The radiation stress term R, is estimated on the basis
of the small amplitude theory by
| &8 yxl
Ryp =—A
ph 8y

Co 1
Y, Syxl = O £ —H2 cossin 8.
C 8
(5.14)
The gradient of the momentum flux M, is expressed
by Eq. (5.15), in which M, is the momentum flux due to

the surface roller having the triangle-shaped distribution
of time-averaged velocity.

1 oM, 1 A,
My =—/( 'I), Mi.lzm—~pC2—’cost9$int9.
oh 3 L
(5.15)
5.4 Calibration

In the present model, Cy in Eq. (5.9) is a key
coefficient for estimating the area of the surface roller.
Hence, the model was calibrated with the field data from
fourtcen cases obtained at HORS from [l p.am. on
January 30 to 10 a.m. on February 2 in 1997, when the
wave heights were large.

The offshore boundary was set at P640m. The beach
profiles used in this calibration consist of two parts: the
beach profiles shoreward and seaward of the tip of
HORS (P380m). For shoreward ones, the beach profiles
measured daily along HORS were used, and for seaward
ones, the beach profile surveyed on January 16, 1997
shown in Figure 5.5 was used. According to Kuriyama
(1996) and as was discussed in Chapter 2, the amount of
beach profile changes seaward of the tip of HORS is
considered to be small.

The wave heights at the offshore boundary were
estimated from the offshore wave data, which were
obtained at a water depth of about 23.4 m offshore of
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Figure 5.5 Beach profile seaward of the tip of HORS
surveyed on Jan. 16, 1997,
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Figure 5.6 Relationship between C, and &,

Kashima Port. The wave directions at the offshore
boundary were calculated with the Snell’s law from the
principal wave directions measured at P260m.

The value of C,; optimal for all cases was 7. On the
other hand, the value of C; optimal in cach case was
related to the surf similarity parameter at the wave
breaking position &, The parameter &, is estimated by

1/2
sp=tan S AH 357117300 "7

where /7, is the significant wave height at the wave
breaking position and L;;, is the offshore wavelength
corresponding to the significant wave peried. The value
of Hy;z, was defined as the maximum of the significant
wave heights over a longshore bar, and was obtained
from the calculation results of wave transformation. The
beach slope used in Eq. (5.16) is the value at the point
where M), is defined.

Tigure 5.6 shows the relationship between &, and the
optimal value of C, for each case. As reported by
Dibajnia et al. (1994), there is a positive correlation
between these parameters with a correlation coefticient
of 0.61. The value of C, increases as &, increases,

(5.16)



meaning that the coefficient increases as more waves
break in plunging breakers.

The relationship between €, and &, obtained with the
least squares method is given by

C4=17.0log &y +24.7, (5.17)

and is shown by a solid line in Figure 5.6,

Undertow velocities predicted with C; given by Eq.
(5.17} and with C=7 were compared with the values
measured at HORS; the cross-shore interval in the
calculations was 10 m. Because &, in the measurements
ranged from 0.3 to 0.5, the values of C, larger than 12
and those smaller than 4 were set equal 12 and 4,
respectively. The values predicted with a model that has
been proposed by Stive and De Vriend (1994) and
calibrated by Reniers and Battjes (1997) were also
compared with the measurements; the model of Stive
and De Vriend will be referred to as the S&DV model.

Figure 5.7 shows comparisons for six out of the
fourteen cases used in the calibration. The significant
wave heights, periods, principal wave dircctions @, water
depths and mean water levels 77 at the offshore
boundary, and &, in the cases are listed in Table 5.1.
Note that the values of s, at the offshore boundary
exceceded 100, As shown in Figure 5.7, the S&DV
model, which has been calibrated with experimental data,
underestimated the undertow velocities. Both models
with C; agreed with the measurements, though the
performance of the model with C,; given by Eq. (5.17)
was better than that with the constant C,.

Figure 5.8 shows the relationships between the
undertow velocities measured V... and predicted V.
for all cases. The upper figure shows the values
predicted with the S&DV model, and the middic and
lower figures show the values predicted with the present
model having constant C; and with the present model
having C, given by Eq. (5.17), respectively. The
tendency of the S&DV model to underestimate the
undertow velocities is also shown in the upper figure.

The root-mean-square errors defined by

1/2
2
B 2 Vineas = Vpr‘ed )

2
2 Ppeas)

£ . (5.18)

were calculated for the fourteen cases used in the
calibration. The values of &, for the S&DV model and the
present models with € =7 and C,; given by Eq. (5.17)
were 52%, 41% and 35%, respectively

5.5 Verification
5.5.1 Undertow model

The undertow models with C; given by Eq.(5.17) and
with C; =7, and the S&DV model were also compared
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with the field measurement of DELILAH (Smith et al.,
1992} and the large-scale experiments of Delta Flume '93
Experiments (Sanchez-Arcilla et al.,, 1994; Rakha et al.,
1996). The data on October 19, 1990 in DELILAH and
cases l-b and l-c in the Delta Flume '93 Experiments
were used for comparisons. The cross-shore intervals in
the calculations were set to be 5 m for DELILAH and 1
m for Delta Flume *93 Experiments. The wave heights,
periods, principal wave directions and water depths at
the offshore boundaries are listed in Table 5.2, where 7,
is the wave period at the spectral peak. The parameter
S €xceeded 100 on October 19 in DELILAH.

Figure 5.9 shows the comparison between the models
and the measurement from DELILAH. The S&DV
model underestimated the wvelocities, but both of the
models with C, agreed with the ficld data. The
comparisons between the models and the measurements
in the Delta Flume *93 Experiments are shown in Figure
5.10. The S&DV model agreed with the measurements,
whereas both models with C, overestimated the
undertow velocities. The performance of the model with
C, given by Eq. (5.17) was better than that of the model
with the constant C,.

5.5.2 Longshore current model

The longshore current mode! with C,; given by Eq.
(5.17) was verified with the field data from the fourteen
cases used in the calibration for the present undertow
model. The measurements were also compared with two
longshore current models: the first proposed by Reniers
and Battjes (1997), where the surface roller development
is estimated using Stive and De Vriend’s model (1994),
and the second that excludes the surface roller effect.
The first and the second models will be referred to as the
R&B model and the no-roller model, respectively.
Figure 5.11 shows cross-shore variations of the
longshore current velocities predicted with the present
model, the R&B model and the no-roller model, and
those measured at HORS. Although all the models
agreed with the measurements over the longshore bars,
the present model was not fully validated because the
number of measurement points was limited; it is not
clear whether the present model can reproduce the
cross-shore variation of the longshore current velocity on
a barred beach with a peak velocity shoreward of the bar
crest. Hence, the present longshore current model was
verified using the cross-shore distributions of the
longshore current velocity measured at HORS on March
24,28 and April 4 in 1989 (shown in Chapter 4) and the
distribution measured at 1 am. on October 14 in the
DELILAH project (Smith et al., 1993).

In the measurements at HORS in 1989, the longshore
current velocities were measured with a float: the
accuracy of the measurements with the float was verified
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circles show the measured values.
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Table 5.1 Offshore boundary conditions and &, in measurements at HORS in 1997

Case (Hys(m) Tip(s) & A(m) n(m) £y
2 211 9.63 165 658 0.58 0.293
3 2.27 1073 150 6.70 070 0.296
4 291 11.81 190 6.98 098 0367
3 2.50 1156 7.0 6.50 0.50 0.463
7 237 1216 6.0 6.65 0.65 (.475
9 1.94 1085 6.0 6.83 0.83  0.409
0.5 L — 0.6 ey ;
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Figure 5.8 Comparisons of undertow velocities measured V.., and predicted P e

Table 5.2 Offshore boundary conditions in DELILAH
and Delta Flume *93 Experiments

Case | H,.(m) T,(s) g  H(m)
Oct. 19 0.75 7 15.1  2.63
Case H,, (m) T, {s) # (m)
1b 1.40 5 4.1
lc 0.60 8 4.1

T T T
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Figure 5.9 Comparison of undertow models with
DELILAH measurement (Details are as in Figure 5.7).
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Figure 5.10 Comparisons of undertow models with
Delta Flume *93 Experiments (Details are as in Figure
5.7.

with an electromagnetic current meter. Topography
surveyed on March 31, 1989, ncar HORS was nearly
uniform alongshore (Figure 4.10). The horizontal
nearshore current near HORS calculated with a
conventional nearshore current model was relatively
uniform alongshore and did not have a rip current
(Figures 4.12 to 4.14). In the DELILAH project,
topography in the investigation area on October 14 was
also nearly wvniform alongshore (Smith et al, 1993).
Hence, the effect of the alongshore gradient in the mean
water level on longshore current in those cases is
considered to be small.

The cross-shore intervals in the calculations were 10
m for HORS and 5 m for DELILAH. The offshore
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boundary conditions in the measurements at HORS and
in the DELILAH project are listed in Table 5.3; the
parameter s, exceeded 100 in the DELILAH
measurement.

Figure 5.12 shows the comparisons of longshore
current velocities measured at HORS in 1989 and those
predicted with the present model, the R&B mode] and
the no-roller model. The cross-shore variations of the
longshore current velocity predicted with the R&B
model and the no-roller model have peak velocities
seaward of the bar crests, which disagree with the
measured variations. The present model, however, agrees
with the measurements and reproduces the cross-shore
distributions of longshore current over longshore bars in
the field, which have peak velocities shoreward of the
bar crests. One possible reason for the discrepancics
between the present model and the measurements near
the shorelines in cases 89-1 and 89-2 is an error in the
measurenents. In a measurement of longshore current in
shallow water area with a float, the float sometimes
touches the bottom, causing the measured velocity to be
smaller than the real value. This error is considered to be
a cause of the discrepancies,

A comparison between the models and the
measurement of DELILAH is shown in Figure 5.13; the
predictions were conducted with M = 5. The present
model reproduces the observed cross-shore variation of
the longshore current velocity on the barred beach,
which has a maximum velocity shoreward of the bar
crest.

5.6 Discussion

Through the comparisons between the models and the
measurenients, it is evident that the model with C; given
by Eq. (5.17) provided better predictions than that with
the constant C, equal to 7 for undertow velocities on
longshore bars in the field where water depth ranges
from 2 to 4 m. The positive relationship between € and
&s» shown in Figure 5.5, was also reported by Deigaard
et al. (1991) and Dibajnia et al. (1994). Deigaard et al.
(1991) reported on the basis of the Engelund mode] that
C, increases as the wave height-water depth ratio
increases. The wave height-water depth ratio in the surf
zone increases as the wave steepness in decp water
decreases and as the beach slope gets stecper. Because &,
also increases as the wave steepness decreases and as the
beach slope gets steeper, the relationship between C; and
the wave height-water depth ratio reported by Deigaard
et al, (1991) is considered to be qualitatively the same as
the relationship between C, and & shown in this study.
Dibajnia et al. (1994) also showed a positive correlation
between C,; and &, on the basis of undertow velocities
obtained by Kuriyama (1991) in the secondary breaker
zone at HORS, where water depth ranged from 1 to 4 m.
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Figures 5.11 Comparisons of longshore current models with measurements at HORS in 1997, In the upper pancls, the
thick solid lines, the broken lines, and the thin solid lines show the values predicted with Eq. (5.17), the R&B model, and
the no-roller model. The solid triangles represent the measured values.

According to Eq. (5.17), the value of C; ranges from
4 to 12 when &, ranges from 0.3 to 0.5. When C;" is
defined as the dimensionless coefficient in Eq. (3.9) for
the rectangular-shaped distribution of the time-averaged
cross-shore velocity above the wave tough level,
Cr=Ci/2 yields the same undertow velocity as C,.
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Hence, C; ranging from 4 to 12 is equivalent to C°
ranging from 2 to 6. Shimizu et al. (1994) conducted
field measurements at a water depth of 5 m and showed
that C;’ ranged from 4 to 7. On the basis of field data
obtained by Kuriyama (1991), mentioned above,
Dibajnia et al. (1994) found the relationship of



Table 5.3 Offshorc boundary conditions at HORS in
1989 and in DELILAH

Case Hyy(m) T8y 8 S,. h{(m)
89-1 3.20 1120 20 90 5.6
89-2 2.47 8.8 25 40 6.1
89-3 2.03 840 10 45 6.1
Case | H,,(m) T,(s) g  h{m)
Oct. 14 1.03 9.7 24.8 4.85

C=22&,; for & ranging from 0.3 to 0.5, C,” ranges from
6.6 to 11. The values of ;" obtained on the basis of field
data by Shimizu et al. (1994) and Dibajnia et al. (1994)

are approximately equal to or larger than C,,” in this study.

On the other hand, with data obtained in small-scale
experiments and simulation results, Svendsen (1984),
Okayasu et al. (1988) and Deigaard et al. (1991) showed
smaller values of C,”: 0.9 by Svendsen (1984), 2.3 by
Okayasu et al. (1988) and 0.6 to 1.4 with H/i ranging
from 0.4 to 1.0 by Deigaard et al. (1991). The difference
between the values of C,’ in the ficld and those in
small-scale experiments seems to be attributable to scale
effects; the relative size of the vortex and the
development of the swrface roller in the field are
considered to be different from those in small-scale
experiments, Chapter 3 discussed the wave height-water
depth ratio at the wave reforming point in the field, and
showed that the ratio in the field was smaller than that in
the laboratory. This result means that the surface roller in
the field exists longer than that in the laboratory, and this
is likely caused by the difference between the
development of the vortex generated by wave breaking
in the field and in the laboratory.

The S&DV model sometimes underestimates the
undertow velocities observed in the field. Figure 5.14
shows a comparison among the measured undertow
velocities in case 5, those predicted with the present
model having C; given by Eq. (5.17), and those
predicted with a modificd S&DV model which assumes
no energy dissipation. The S$&DV model with no energy
dissipation still underestimated the undertow velocities.
This result seems to suggest that the assumption of the
rectangular-shaped distribution of the time-averaged
velocity above the wave trough level, shown in the left
of Figure 5.4, is inappropriate. However, undertow
models based on the energy transfer from the organized
wave motion to the surface roller and the
rectangular-shaped  distribution of the time-averaged
velocity like the S&DV model agree well with
experimental data {e.g., Dally and Brown, 19935). More
investigations on the development of the surface roller
and the vortex generated by wave breaking are required
in the laboratory and in the field.
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with measurements at HORS in 1989 (Details arc as in
Figure 5.11).
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Figure 5.14 Comparison of undertow models with the
measurement in Case 5 at HORS.

In the longshore current model, Cy is set to be 0.003
as in Kuriyama and Ozaki (1993) and in Chapter 4. As
mentioned in Chapter 4, the value of 0.005 was
determined by Kuriyama et al, (1992) to give a best fit to
the longshore current velocities in the 162 cases
measured at HORS. Smith et al. (1993) used the
Manning friction coefficient estimated with
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szg(n21171/3), (5.19)

where # is the Manning resistance coefficient. When the
Manning resistance coefficient is assumed to be 0.02 as
in Smith et al. (1993), and the water depth is assumed to
be 2 to 4 m, Cyestimated with Eq. (5.19) becomes 0.002
to 0.003. Faria et al. {1996) reported on the basis of
vertical distributions of the longshore current velocity
measured in the field that C, was on the order of 0.001
on bar crests and about 0.005 on troughs. Since the value
of 0.005 used in the present model is similar to C;
previously used and reported, the value of 0.005 is
considered to be reasonable, though the accurate
estimation of the cross-shore variation of Cy is still an
unsolved problem.

Reniers and Battjes (1997) concluded that the
cross-shore variation of the longshore current velocity on
a barred beach having a peak velocity shoreward of the
bar crest, which is frequently observed i the field
(Chapter 4), is mainly caused by the longshore gradient
in the mean water level, and not by the surface roller.
This coneclusion, however, has been derived on the basis
of simulation results with a model verified only with
experimental data. Although the longshore gradient in
the mean water level is still one of the causes of the
cross-shore distribution with a peak shoreward of the
crest, the present model, calibrated with field data, can
produce a maximum velocity located shoreward of the
bar crest even without the longshore gradient in the
mean water level. This result shows that the surface
roller can produce the cross-shore distribution often
observed in the field.

In a longshore current model without the surface
roller, the cross-shore gradient of the radiation stress is
the only driving force of the longshore current, and
hence the longshore current calculated with the model
has a peak velocity seaward of the bar crest, where
waves break and the cross-shore gradient of the radiation
stress 18 large. On the other hand, in a longshore current
model with the surface roller effect, the driving forces of
the longshore current are the cross-shore gradient of the
radiation stress and that of the momentum flux due to the
surface roller. The energy of the organized wave motion
is first transferred to the surface roller energy, and then
the energy is dissipated. Accordingly, the peak of the
cross-shore gradient of the momentum flux due to the
surface roller is located shoreward of the peak of the
gradient of the radiation stress as shown in Figure 5.15.
As a result, when the cross-shore gradient of the
momentum flux due to the surface roller is larger than
that of the radiation stress, the peak of the longshore
current velocity is shifted shoreward. The present model
therefore has a peak shoreward of the bar crest.
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Figure 5.15 Cross-shore gradients of radiation stress
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surface roller (6M . /@y, broken line) and total stress
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lower panel shows the beach profile.

5.7 Conclusions

A one-dimensional model for undertow and longshore
current was developed and calibrated using the undertow
velocities measured over longshore bars at HORS. In the
calibration, the parameter C;, which is the ratio of the
area of the surface roller to the square of the wave height,
was found to be positively correlated with the surf
similarity parameter at the wave breaking position, as
expressed by Eq. (5.17).

The model with C,; given by Eq. (5.17) was then
compared with undertow and longshore current
velocities measured in large-scale experiments and in the
ficld. The present model yiclded good predictions for the
undertow velocities over the longshore bars, whereas a
previous model calibrated with small-scale experimental
data underestimated the velocities. The cross-shore
distributions of the longshore current over the longshore
bars predicted with the previous model had peak
velocities seaward of the bar crests and did not fit the
distributions measured in the field. The distributions
predicted with the present model, however, had peaks
shoreward of the bar crests and fitted those in the field.
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6. Summary and Conclusions

The surf zone, extending from the wave breaking
position to the shore, has strong impacts on the safety of
property behind the beach, as well as on the sediment
budget and the ecosystem. This is because it is a zone of
active sediment movement and because it forms the
transition  between the marine and terrestrial
environments,

Longshore bars are frequently formed in the surf zone.
On barred beaches, waves break over bar crests and
reform at troughs. Since wave reforming is peculiar on
barred beaches, the hydro- and morpho-dynamics on
bagred beaches are different from those on planar
beaches. These dynamics on barred beaches, however,
have rarely been studied systematically using field data
because data collection in the surf zone is difficult.

In this study, therefore, field measurements and
numerical simulations were performed on waves,
currents and morphological variations on barred beaches.
The field data were obtained since 1986 at Hazaki
Oceanographical Research Station (HORS), which is a
research facility for field measurements in the nearshore
zone and has a 427-m-long pier. :

In Chapter 2, the beach profile data obtained almost
daily for eight years at HORS showed that bar crests at
Hasaki migrated seaward like other bar crests on coasts
in the United States, the Netherlands, and New Zealand.
However, the one-year duration time of the bar crest
migration at Hasaki is shorter than those on the other
coasts. The difference between the duration time at
HORS and that in the Netherlands can be explained by
the difference in the nearshore slope, though the
difference between the duration time at HORS and those
in the United States and New Zealand cannot be
explained by the difference in the slope.

Although the bar crest migrated only seaward, the
cross-shore sediment transport associated with the bar
crest migration fluctuated seaward and shoreward.
Seaward sediment transport occurred on and arcund bar

crests and induced the seaward migration of the bar crest,

Shoreward sediment transport, on the other hand,
occurred in trough regions and contributed to the
generation of the next bar, The areas with seaward and
shoreward sediment transport moved as the bar crests
and the troughs moved, respectively,

The magnitude of the cross-shore sediment transport
rate varied temporally and spatially. The temporal
variation corresponded to the offshore wave energy;
when the energy was large, the shoreward and seaward
sediment movement was active. The beach profile data
at HORS and a simple model showed that the spatial and
the temporal variations in sediment transport rate caused
the development and decay of the bar.

Field measurements of wave height and modes of
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wave breaking, breaking or non-breaking, at HORS
described in Chapter 3 showed that the wave
height-water depth ratio at wave reforming in the field
was .35, The result that most wave height-water depth
ratios at wave reforming of individual waves in the field
were smaller than those in small-scale experiments is
likely to indicate that waves in the field tend to continue
breaking over longer relative distances than those in
small-scale experiments.

A model for significant wave height and the fraction
of breaking waves including the criterion for wave
reforming was developed using the wave-by-wave
approach. In the model, the criterion for wave reforming
is H/h=0.35, and that for wave breaking is Eqs. (3.8)
and (3.10), which were calibrated with small-scale
experimental data. Comparisons among thec model, field
data and large-scale experimental data showed that the
model almost agree with the measurements. However,
the predicted values of wave height and the fraction of
breaking waves at troughs are smaller than those
measured in the field. This seems to indicate that the
ratio of wave dissipation rate to the wave height is
smaller in the field than in small-scale experiments.

In Chapter 4, the cross-shore distribution of the
time-averaged longshore current velocity on a barred
beach was discussed on the basis of fifty-two
distributions obtained with a spherical float at HORS
during four years. The results show that eighty-five
percent of the distibutions had peak velocities
shoreward of the bar crests. A previously proposed
model for nearshore current, however, could not
reproduce the distribution. Mass and momentum fluxes
duc to the surface roller, which were neglected in the
previous model, are considered to play a significant role
in producing the longshore current with a peak velocity
shoreward of the bar crest.

Hence, in Chapter 5, a one-dimensional model that
included the surface roller effect was developed for
undertow and  longshore current velocities. The
calibration of the model using undertow velocities
measured over longshore bars at HORS showed that the
ratio of the area of the surface roller to the square of the
wave height was positively correlated with the surf
similarity parameter at the wave breaking position.

The model was then compared with undertow and
longshore current velocities measured in large-scale
experiments and in the field. The present model provided
good predictions of the undertow velocities over the
longshore bars, whereas a previously proposed model
calibrated with  small-scale experimental data
underestimated  the velocities. The cross-shore
distribution of the longshore current velocity over the
longshore bars predicted with the previous model had
peak velocities seaward of the bar crests and was not



consistent with the distributions measured in the field.
However, the present model correctly predicted the
distributions observed in the field with peaks shoreward
of the bar crests. The result indicates that the momentum
flux due to the surface roller is a cause of the cross-shore
distribution of the longshore current velocity with a peak
shoreward of the bar crest.

Through this study, the medium-term bar behavior and
the associated sediment transport were revealed on the
basis of the beach profile data at HORS. The models for
waves and undertow and longshore current velocities
were developed using the results of the field
meagurements of waves and nearshore currents at HORS
and their validity was confirmed using other data.

For predicting bar movement with high accuracy,
several questions remain to be answered. These include
the cross-shore distribution of suspended sediment
concentration over a longshore bar and the effect of the
size and the location of a longshore bar on the
development of low-frequency waves and currents.

These questions will be a part of future investigations at
HORS.
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