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1. Multiple Longshore Bars Formed by Long Period Standing Waves

Kazumasa KATon*

Synopsis

Crescentic bars and multiple longshore bars are often formed on the sea bottom in the
nearshore zone. Search for the origin of these topographies has recently become very
important for the understanding of the mechanism of nearshore currents, deformation of
nearshore topographies and several related phenomena in the surf zone.

Long waves of about 1 to 3 minutes in period have attracted the attention of several
researchers as a possible origin of multiple longshore bars. They have proposed theories such
that the long period waves of standing mode are formed in the nearshore zone; bed
materials are transported from the nodes to the antinodes of these standing waves by their
drift velocity; and thus the longshore bars are built at the antinodes of long period stand-
ing waves. These are, however, still hypothetical because they have the following
shortcomings.

a) The orbital and the drift velocities of usuallong period waves are not large enough

to be capable of moving the bed materials.

b) Energy of long period waves in the field must be concentrated in a narrow frequen-

cy band.

In this paper, a new theory is derived and the field data of two dimensional multiple
longshore bars are analyzed, in order to give satisfactory explanations for the above two
items.

First, the analysis of the actual wave data shows that the long period waves do not
exist independently but coexist with the incident wind waves. Then, both the incident
waves and the long period wave on a beach are taken into account as the external forces
for sand transport in the theoretical analysis. As a result, the formation of the multiple
longshore bars are explained such that the bed materials suspended by the incident waves
are transported to the locations of antinodes of the standing waves by the drift velocity of
the latter waves. The analysis of the actual data of Hakui Beach in Japan shows that
there exist the long period waves of 0.01Hz in frequency, whose antinodes are correspond-
ing to the locations of the multiple longshore bars. Furthermore, the long period wave
height, their predominant frequency, and the mean bottom slope between the shoreline and
the most offshore-side trough satisfy the critical equation for breaking of the long waves
which was presented by Shuto. The multiple longshore bars at Hakui Beach have been
formed and amplified by the existence of perfectly reflected long period waves with the
prevailing frequency.

* Chief of Storm Surge and Tsunami Laboratory, Hydraulic Engineering Division
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Multiple Longshore Bars Formed by Long Period Standing Waves

1. Introduction

Waves coming from the offshore break in a zone of shallow water at their final
stage. Within the surf zone, the energy of wave motion are transferred into those
of currents and intense turbulence. The inter-relationship between the fluid motions
and the sediment movement or other phenomena of diffusion in the surf zone is
quite a complex problem. Surprisingly, however, the nature often creates the
rhythmic topographies such as multiple longshore bars, crescentic bars, ripples, cusps
and so on, under these complicated and irregular fluid motions. Search for the
origin of these topographies has recently become very important for the understand-
ing of the mechanism of nearshore currents, deformation of nearshore topographies
and several related phenomena in the surf zone.

Jetties and detached breakwaters are constructed in the nearshore zone:for the
purpose of preventing of beach erosion. These structures are mostly arranged in
regular intervals of one to several hundred meters in space. The scales of arrange-
ments of these structures agree well with those of nearshore rhythmic undulating
topographies such as the crescentic bars, the multiple longshore bars, and the cusps no
the shoreline. Hom-ma and Sonu(1962) stressed that the interaction between near-
shore undulations and the structures should be studied in order to provide a good
design criterion of these structures. It has passed more than twenty years since
they pointed out it, but such criterion has never been established yet, because we
do not have satisfactory explanation for the origin of nearshore undulations.

Long waves of about 1 to 3 minutes periods have attracted the attention of
several authors as a possible origin of large scale undulations. Bowen and Inman
(1971) showed theoretically that standing edge waves can be the origin of the
formation of crescentic bars in regions of small tidal range, the bars having a long-
shore wavelength of one-half that of the edge waves. In their analysis, the velocity
field associated with the edge waves on a sloping beach were examined. They
concluded that the net drift velocities due to the standing edge waves, just above
the bottom boundary layer, transport bed materials to the zone of nearly zero drift
velocity and deposit the bed materials there. Of course, it was theoretically shown
that the zone of nearly zero drift velocity forms the area of crescentic formation in
space.

Short (1975) analyzed the actual data of multiple longshore bars at the beaches
of North Alaska. He showed that the measured spacing of bar crests agreed with
the spacing of antinodal or nodal points of the standing waves which were measured
by Suhayda(1975).

Bowen(1980) showed that, starting from the Bagnold Model(1962, 1963) for sed-
iment transport, a model for wave-induced on-offshore transport on a beach can be
derived. By using this model, he explained that the multiple longshore bars are
more likely to be noticeable on steep beaches where the reflection coefficient tends
to be larger.

Holman and Bowen (1982) theoretically examined the interaction of two edge
waves in detail. The drift velocities were calculated and the above model by Bowen
was used to predict the three dimensional beach topography such as welded sand
bars that would be in equilibrium with these flow patterns. They suggested that
other three dimensional, complex, rhythmic topographies could also be explained by
the same analyses with three or more wave systems.

Carter, Liu and Me:i (1973) theoretically studied on the drift velocities due to
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the partial standing wave. It was shown that the directions of drift velocities depend
on the reflection coefficient, which are the same directions at the all points as that
of the incident wave when the reflection coefficient is less than 0.414. Therefore,
bed materials will not be transported to the points of antinode of the partial stand-
ing waves in the case of the reflection coefficient less than 0.414.

However, as pointed out by Sonu (1972), Mizuguchi (1979) and Holman (1981),
the past -theories cannot overcome the following problems in explaining the mechan-
ism of multiple bars formation. '

(a) The orbital and drift -velocities of usual long period waves is not large

enough to be capable of moving the bed materials.

(b) The energy of long period waves in the field must be concentrated in a

narrow frequency band.

In this paper, in order to give satisfactory explanations for the above two
problems, the features of long period waves at Hakui Beach in Japan, where multiple
longshore bars exist, are examined at first. After that, a theory is derived by
following the ‘approach by Bowen (1989) by taking into account both incident and
long period wave characteristics, and then the actual data of two dimensional
multiple longshore bars at Hakui Beach are analyzed.

2. Long Period Waves at Hakui Beach Facing the Japan Sea

2.1 Detection of Multiple Longshore Bars by Utilization of Aerial Photographs

An aerial photograph, if taken under favorable conditions, can show an interest-
ing picture of submerged topographies . in a distinct contrast made by the bright .
tone of a shallow bar crest or a shoal, against the dark background of a deep
trough or a rock bottom. Because of this characteristic, many researchers utilized
aerial photographs in order to investigate the sizes, configurations and other features
of submerged topographles (e. g., Hom-ma and Sonu 1962,  Sonu 1968, Bowen and
Inman 1971, Lau and Travis 1973, Wright, Thom and Chappell 1978, Davis 1978,
Barusseau and Saint-Guily 1981, Holman and Bowen 1982, Short and Hesp 1982),
and many of them reproduced the typical examples of the aerial photographs of
submerged topographys on their papers.

In the present study, first of all, aerial photographs along the coast lines of
Japan have been examined to detect and select a beach where the formation of
longshore bars is most prominently found. For this purpose, about six thousands
of aerial photographs, which have already been used for analyzing the shoreline
changes (Tanaka et al. 1973, 1974a, 1974b, 1977, Ozasa 1877) and have been filed
in the Port and Harbour Research Institute, were inspected. These photographs
~ were taken by the U.S. Air Force between 1946 and 1948 and by the Geographlcal
Survey Institute, Ministry of Construction, after 1961.

Figure 1 shows the locations in Japan where submerged bars can be recogmzed
in the aerial photographs. The configurations of bars detected are ample in variation
such as the bars parallel to the shoreline, the rhythmic crescentic bars in the long-
shore direction, and the entirely complicated ones. Among them, the multiple long-
shore bars formed at Hakui Beach, Ishikawa prefecture, were the most beautiful and
the simplest ones of two dimensional character. In - order to simplify the analytical
treatments, Hakui Beach has been chosen for examination in this paper. Typical
‘examples of the multiple longshore bars in the aerial photographs are shown in
Photographs 1(a)-(e), which will be analyzed in Section 4.1.
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JAPAN SEA
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Fig. 1 Locations where submerged bars can be recognized
in aerial photographs, denoted with small circles.

2.2 Tides and Waves

Hakui Beach is located in the north end of an essentially straight coast of about
60 kilometers long facing the Japan Sea. This beach is famous in Japan for the
sightseeing with enjoying a drive on a foreshore, where a slope is gentle and this
sandy beach is rigid enough for driving (see Photograph 2). The waves are being
measured during twenty minutes of every two hours at the depth of 20 meters
below the "datum line near Kanazawa Port which is located about 30 kilometers

southwest from Hakui Beach (see Fig.2). The tidal level is also being observed in
Kanazawa Port.

Photograph 2 Hakui Beach (with the courtesy of
prefectual government of Ishikawa).
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Fig. 2 Investigated beach, Hakui Beach, Japan.

The mean value and the standard deviations of tidal level for every month have
been calculated with the tidal level data of every hour during one year from October
1982 to September 1983 and shown in Fig. 3. The monthly mean tidal level varies
with a amplitude of about 20 centimeters and with a period of one year.It is rather
high during a period from July to October, while it is rather low from February to
April. The standard deviation of tidal level is about 10 centimeters through the

—~ 80} STANDARD DEVIATION
3] L .
3 Hys T3
3 e, m s
g ........ 13
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- 0 2-7
=
g -6
- 1-5
-30 YA
0

JFMAMIJ JASOND
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Fig. 3 Annual variations of significant wave height

and period, tidal level and standard deviation
of tidal levels.
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year, which means that the tidal range is very small. The tidal constituents are
K,=5cm, O;=5cm, M,=6cm and S;=2cm. The monthly mean significant wave height
and period during ten years from 1970 to 1979 (Zakahashi, Hirose, Sugahara and
Hashimoto 1981) are also shown in Fig. 3. The monthly mean significant wave height
is high (about 2 meters) during the winter period from December to February, while
it is low (about 0.5 meter) during the summer period. According to these data, it
is assumed in the data analyses in Chapters 3 and 4 that the mean tidal level during
the period of high waves is 0.16 meter above the datum line and the tidal range
can be neglected.

Kanazawa Port
80 Jan, 1970 - Dec,1980
£
_‘c"A
o
@
L
g 70t
]
2
€
g
O
:‘é
Rey
Y eof

1 2 3 45 10 20 30
Order
Fig. 4 Largest thirty values of the significant wave

height at Kanazawa Port during ten years
from 1970 to 1979.

Figure 4 shows the largest thirty significant wave heights during ten years from
1970 to 1979 (Takahashi et al. 1981). It can be noticed that the significant wave
height greater than 6 meters ocurred nearly twice a year on the average at Hakui
Beach.

Bed materials were sampled in May 1983 along three measurement lines normal
to the shoreline. On each measurement line, the sampling points were selected at
five points from the backshore to the depth of 5 meters, including the locations of
a trough and a summit of bar. A result of the analysis on the grain size distribution
shows that the medium diameter of sand is 0.17 millimeter and remains constant
irrespective of locations.

2.3 Long Period Waves

Spectral analyses have been done for the case of the significant wave height
exceeding 2 meters among the data obtained in the year of 1982. A number of
records used for these analyses is 505, which is equivalent to the accumulated duration
of about 42 days because wave records were taken twelve times a day. A sampling
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70 Kanazawa Port
(Jan.1- Dec.31, 1982 )

505 Records

4t =0.5s
n =2048
Y =114

o

Spectral Density (misec)
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e i PN SR |

e 01 05
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. Fig. 5 Averaged spectral density of 505 records of wave data, equivalent
¥ to the period of about 42 days, which were exceeding 2 meters
in the significant wave height, :

interval of data is 4t=0.5 second and a number of data is N=2048 for each record.
The equivalent degree of freedom with a filter used for smoothing is 7=11.4.

Figure 5. shows the arithmetic average of spectral densities of the whole 505
records. According to Fig. 5, there are two spectral peaks. One is very sharp at
the frequency of about 0.1 Hz, which corresponds to that of incident wind waves.
Another is flatter and lower than the former in shape and in density respectively,
but still recognizable at the frequency of about 0.01 Hz. That is to say, the long
period waves of about 100 seconds in period coexist with the incident wind waves
at Hakui Beach.

Figure 6 shows the changes of the significant wave height, period and spectral
density of waves in a storm condition during the period from January 28th to 30th,
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Fig. 6 Changes of significant wave height, period and spectral density of waves in the
storm condition during the periods of January 28 to 30, 1982 at Kanazawa port.
A figure on each contour line represents the decimal exponent of spectral density
in the units of m?s,

1982 ; the spectral density is presented in the form of contour map. As seen form
this example, the energy density of the long period waves at the frequency of
around 0.01 Hz increases and decreases in proportion to that of the incident waves
at the frequency of 0.1 Hz.

Similar results have already been pointed out by a few researchers. For examples,
Munk (1949, 1962), who was the first to quantitatively detect the existence of the
long period waves in the field, reported that the ratio of the significant wave height
of long period waves to that of incident waves was about 1/10 to 1/11. Tucker
(1950), who also observed the long period waves at almost the same time, reported
that the ratio was about 1/16. Figure 7 shows the relation between the wave heights
of long period waves (H.) and those of incident waves (Hs), which were calculated
respectively by the following equations based on the result of each spectra analysis

for 505 records. , -
HL=a(K‘S(f)df)"2, (1)
Hs=a (f;S(f)df)m, (2)

where f is the frequency, S(f) is the spectral energy density and f. is the
threshold frequency of 0.047 Hz as shown in Fig. 5, at which the value of S(f)
becomes to be the minimum. The coefficient, a, in Eqs. (1) and (2) takes a
constant value of 4.004 if the wave heights are distributed according to the Rayleigh
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Fig. 7 Relation between the wave height of long
period waves and those of incident waves
at Kanazawa Port in 1982,

distribution, but the value of 3.8 is employed for a in this paper because the latter
is considered more appropriate for the actual wave data as pointed out by Goda
(1979). Solid lines in Fig. 7 indicate the ratio of the wave heights of long period
waves to that of incident waves being 1/10 and 1/11 by Munk, and 1/16 by Tucker.
Most of the data are plotted in the range between the relations given by Munk
and Tucker, but there is a tendency that the data scatter around the line of 1/16
when the height of incident waves are small and they shift to the lines of 1/11 ‘and
1/10 with the increase of the incident wave height.

Goda (1975) considered that the difference among the ratios of Munk and
Tucker was due to the difference of the water depth where the waves were measured.
Then, based on the wave data measured both in the surf zone and offshore of
Ooarai Beach, Niigata Beach and Miyazaki Beach in Japan, he took the water depth
into account and empirically obtained the following relation :

Eoms___0.04
Crme” [B(1 2 (3)

where §,ms and (%,ms)o are the root-mean-square value of the wave profiles of long
period waves and incident waves, respectively, A is the water depth and L, is the
significant wave length in deep water. Values of Goda’'s parameters have been
calculated for 505 records of wave data exceeding 2 meters in the significant wave
height and they are plotted in Fig. 8. In the calculation, the water depth was
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Fig.8 Values of Goda’s parameters for waves at
Kanazawa Port in 1982.

assumed to be £=20.16 meters and use was made of Eq. (2) and the following
relations :

fe [7 'S(f)df)uz

(L ()

Crmdo A2 s ddf

Le=£.17, (5)
EIL

T.=1.11- (f%”)_f)m (6)
[prescrras’

As seen in Fig. 8, the data scatter around a broken line which indicates Goda's
relation (Eq. 3). That is to say, the wave height of long period waves at Hakui
Beach are not particularly different but are almost the same as those at the other
beaches in Japan.

Figure 9 shows the occurrence frequencies of the wave height of long period
waves which were estimated with the data of 505 records by using Eq.(1). According
to this figure, the wave height of long period waves is generally less than 30
centimeters and the mode of the long period wave height is about 16 centimeters
with the peak frequency of 25 percent.
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Fig. 9 Occurrence frequencies of wave heights of long period waves at
Kanazawa Port in 1982

3. Theoretical Investigation on Relation between Long Period
Waves and Multiple Longshore Bars

3.1 Form of Sand Movements in Storm Wave Conditions in the Field

" By substituting the water velocities due to orbital wave motions into Bagnold's
equations(1962) for the suspended load transport and the bed load transport, Bowen
(1980) theoretically obtained the equations of net transport rates of the suspended
load and the bed load. By utilizing these equations; he examined the ratio of the
net transport of the suspended load to that of the bed load. According to his
result, this ratio depends on a paramenter of Uy/w, where U, is the horizontal
component of maximum velocity on the bottom and o is the settling velocity of bed
materials, and the suspended load would be significant when the value of Uy/w is
greater than about 15. '

Shi-Leng (1981) and Irie, Nadaoka, Kondo and Terasaki(1984) carried out the
two-dimensional experiments on the deformations of bottom topography due to stand-
ing waves. They found out the interesting phenomena that there are two different
patterns in the bed material accumulation. One is that the bed materials move from
nodes to antinodes of standing waves and the seabed is scoured near the nodes and
accretes at the antinodes. The other is the reverse pattern. Moreover, they revealed
that these opposite patterns can be well explained by the parameter of Uy/e» and
that the former pattern occurs when the value of Uy/e is greater than 10. Irie et
al. investigated in detail the structures of fluid motion, such as the orbital velocity,
the mean velocity, the strength of turburence and Eulerian drift velocity, due to the
standing waves by means of a laser doppler current meter. After that, Irie et al.
gave an explanation for these experimental results that the suspended load is signif-
icant if Uy/@>10 and it is transported by the drift velocity due to the standing
waves which directed from the nodes to the antinodes.
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the bottom to the settling velocity of bed

material in storm wave conditions.

Since Up/e is considered to be the important parameter ‘governing the form' of
sand movements, as mentioned above, the value of Uy/w at Hakui Beach has been
estimated in the storm conditions with the significant wave height greater than 2
meters. Figure 10 shows the relation between Up/w’ and the water depth “shailower
than 20 meters for three wave conditions. Wave heights in this figure correspond
to those at the wave observation point (the water depth is- 20.16 meters). In thé
calculation, the change of the wave height due to- wave shoaling is estimated by
the small amplitude wave theory and the settlmg velocity is obtained by using
Rubey's equation under the conditions that the diameter and the specific grav1ty of
bed materials are 0.17 millimeter and 2.65, respectively, the water temperature : 1s
15 degrees in the centlgrade scale and the spec1ﬁc gravity- of sea water is 1.03.
From Fig. 10, it is obvious that in the storm conditions the value of Up/w is greater.
than 40 at the depth shallower than 7 to 8 meters, where multlple longshore bars are
formed on the seabed (see Fig. 15 for typical seabed proﬁles) ’

By referring to the theoretical findings by Bowen (1980) and expenrnental
evidences by Shi-Leng (1981) and Irie et al. (1984), it can be inferred that the
suspended load transport must be more significant than the bed load transport in
the storm conditions at Hakui Beach. - S

3.2 Suspended Sand Transport by both Incident and Long Period Waves

According to the foregoing considerations, important features of Hakui Beach
related to the development of the theory of multiple longshore bars formation are as
follows :

(a) the long period waves of about 100 seconds in pefiod coexist with thé

incident wind waves,

(b) the suspended transport is predominant in the storm conditions.

For the sake of simplicity, we shall here treat a two-dimensional situation, where
waves are normally incident to the shoreline .and the. bed materials are transported
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only on-offshore. .

From the former feature (a) the water particle velocity due to incident waves
and the velocity due to long period waves are combined to estimate the total
velocity, u, which is defined as positive seawards, as below :

u=Uo+U1, = ’ ( 7)
Us=ugcosat, - (8)
U, =u; + uycos20t + upgsine st + usy, (9

where ugcosaz and u; are the orbital velocity and the drift velocity of incident
waves, respectively, u, cos 20t represents the velocity asymmetry of incident waves
(the velocity is greater beneath the wave crest than beneath the wave trough), and
usgsinest and us, are the orbital velocity and the drift velocity of long period
waves, respectively. Moreover, & and o5 are the angular frequencies of incident
waves and long period waves, respectively.

From the latter feature (b), it is decided to use the formula for suspended load
transport on a sloping beach derived by Bagnold(1962) as .

Gs°CD'P'u3° [ul
is=— ©— uB ) (10)

where &s is the efficiency (the ratio of energy to be consumed for sand movement
in suspension to the total energy of fluid motion), Cp is the drag coefficient, p is
the water density, » is the settling velocity and B is the beach slope. The rate of
suspended load transport is is also defined positive seawards. Equation (10) has
been employed by Bowen(1980) to derive the net transport rate of suspended load.
We also make use of Eq.(10) in combination with Eq. (7) in order to obtain the
net suspended load transport under the situation considered.

Generally speaking, the amplitude of the orbital velocity of the incident waves
(up) is much greater thanh both the drift velocity (#;) and the amplitude of the
asymmetry velocity (up). It is also much greater than both the amplitude of the
‘orbital velocity of long period waves (uso) and their drift velocity (us;), because
the height of incident waves is larger than that of long period waves and the
incident wave period is shorter than that of long period waves. Therefore, it is
reasonable to assume that Uy»U,. Based on this assumption and by substituting Eq.
(7) into the term of #3« J¢| in Eq. (10), we have the following expansion :

ue [y (U0+U1)3 [Uo+U|
=(U0+U1)3‘m

=(Ue+Up3- U ( gl)

=Uye Ul +4U;-Usor U +6U2-Ue Ul +4U5s- Ul +Uyt- L
' an
Equation (10) can be rewritten in the following form
=£52CoP 13, ) (1~ qut, a2)

where r'y=ﬁ/w. Since the value of bottom slope B is less than 1/200 near and beyond
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the most offshore-side bar (see Fig. 15), Bu/w<1, or yu<]1, for the normal transport
in the storm condition. The term of (1—vuz)! in Eq. (12) can be expanded as in
the following, by substituting Eq. (7) into it :

(1“"711)_1-:1+')/(U0+U1)+72(U0+U1)2+73(U0+U1)3+ """ . (13)

By substituting Eqs.(11) and (13) into Eq.(12) and by taking the time average
which is denoted by an overbar in expression, we have the rate of net transport
over a number of wave periods as follows :

5= 5O P G + 40U 104 +807 U 10d +307 U

+q(Ugts Ug| +5U,-Ugd [Ug| +-++ )

+ 92T U +6UUg [Tl +++++)
+ o UF T+ )+ ). , an

This is the general expression obtained by Bowen (1980). Each term in the right
side of Eq. (14) can be rewritten into the general form of (qU)™- (U /Up)*Ug+ Uy,
where m=0, 1, 2,-----+ , n=0,1,2,----- . Since both values of yU, and U,/U, are less
than unity, the terms having those equal or larger than square of these parameters
(m+n=2) are negligible comparing with the zeroth or the first order terms (the
first, the second and the fifth terms in the right side'of Eq.14). Furthermore,
the first term of Ug- [U, vanishes when U, is oscillatory. Therefore, to the first
order, we have ’ '

Ss'Co

& Co" P g7 U 03 +7Us 0l 3. | (1%

By substituting Eqs. (8) and (9) into Eq.(15), we have ultimately

Te=6st CD-P[4(u1+u2 cos 20‘t+u50.51n0'5t+u51) Ug+ Ul +5Ug* [Ud
16-€5s+Cp-
= lgnmo p(5“1'“03_31‘2'1403+’Y_“05+5um'u03_)- (16)

(=> (=) () ()

The sign of each term in the right side of Eq. (16) is shown below the correspond-
ing term. That is to say, the first term reprsents the onshore effect of the drift
velocity dus to the incident waves. The second term is also negative (the onshore
effect) which is due to the effect of the incident wave asymmetry. The bottom
slope effect is represented by the third term. The fourth term represents the effect
of drift velocity of the long period waves, whose direction depends on the relative
position to the phase of those waves in the case of standing mode.

Bowen(1980) has examined an equilibrium profile, under which the net transport
7s vanishes everywhere, under the existence of only the incident waves, or usy=us,
=0 in Eqgs.(9) and (16). According to his conclusion, the gravitational effect of the
third term in Eq.(16) balances with the influence of the first and the second terms
for the equilibrium profile. An extreme example can be found in the offshore area
where the drift velocity has more dominant effect than the wave asymmetry, and
the first term would balance mainly with the third term, or

— 25 —
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y=Rle==8UyUs, - . s an.
which yields by being integrated ST o o .
h3=(7. 5'0)'1)2/& L S , (18)

where Iz is the ‘water depth and z is the offshore dlstance from the shorelme On
the” other hand in the shallow 'water area where ' the effect of wave ~ asymmetry
becomeés more inportant than that of drift veloc1ty, an’expression for the equtllbrlum
profile due to asymmetry, corresponding to Eq.(18), is then obtained as

5.7 wex\? . . ‘ ’ '
;,s:(—a;"-f) 2. (19)

Because the third term in the Eq. (16) would be canceled by the first and the
second terms in the case of the above equilibrium profiles, if theré exist another
waves such as the long period waves as considered now, Eq. (9) would be reduced
to a simple form of

e — _¥6Es+Cpe '
- s ::.._‘_3_5;?8%%?1.1‘03.

20
Equatlon (20) .means that the net suspended load transport depends only on. the
drift velomty of long period waves in the equilibrium state. Saying it differently,
the net transport due to the drift velocity of long period waves has an effect  of
sea bottom perturbation from the equilibrium profile.

" Next, the drift velocnty us, in Eq.(20) will be examined. The long penod waves
which have been detected quantitatively in the nearahore zone until now are
considered to be either edge waves (e.g., Huntley and Bowen 1973, Huntley 1976
Sasaki and Horikawa 1978, Holman 1974, Huntley and Bowen 1978 Huntley, Guza and
Thornton 1981, and Katoh 1981) or standing waves on a sloping beach (e.g., Suhayda
1974, and Hotta,. Mizuguchi and Isobe 1981). The edge waves are three-dimensional
waves, the surface elevation of which varies not only in the offshore direction but
also in_the longshore direction. The standing waves are two-dimensional waves, the
surface of which varies only in the offshore direction. The on-offshore profiles of
these waves, however, are hardly distinguished each other when a mode of edge
waves is high. Since we are now studying on the multiple longshore bars of two-
dimensional character, which are parallel to the shoreline, we examine the drift
velocity due to standing waves on a sloping beach.

According ‘to: Lamb (1932), the wave profile and the velocity' of standmg waves
on. a sloping beach are > . : o :

= C-Jo(m-comt - . '(2:1)..‘
Ko e

Upg= C—B~smaat° £

O E=T \/4,,,, S (‘23') ‘,
where C is the d;splacement of the free surface from the -static equlhbrlum posmon
C is a constant. coefficient and represents the amplitude at the shoreline, € is a non-
dimensional distance fromithe shoreline, and Jy (¥) and J, (£) are the zeroth. and
first order Bessel Functions of the;first kind, respectively. In. these .expressions; the
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horizontal and the vertical coordinates are increasing in the offshore direction - and
in the upward direction from zero at the.shoreline and at' the static water surface.

Bowen and Inman (1971) showed the drift velocity due to.the standing - waves
of two horizontal dimensions, by using the result derived by Hunt and Johns (1963)
for the drift velocity due to waves propagating in the two horizontal dimensions.
Applying it to one horizontal dimension, we can reduce their result to

By substituting Eq.(22) into Eq. (24) and integrating over the wave period, we
have - : . o

2, 3
ual=—6§.5;8 .ﬁg), S e

where,
BO=-JOU®-20E - 0 e

The function B(€) is shown in Fig. 11. with the non-dimensional distance £ from
the shoreline. The profile of standing wave Jy(¥) is also shown' in this figiure with a
scale reduced by factor of 5. The vertical coordinate is for the values of B(&).-As
discussed previously with regard to Eq. (16), the direction of the net suspended load
transport depends on a sign of s, or B(E) as:seen in Eq. (25). At the areas where
B(E)>0, the direction of the net transport of suspended load-is offshore;--and. it is
onshore where B(£)<0: Being judged from these- properties;.the directions-of ‘thenet

g

Jo($)15

| 'Fig. 11 Function B(¢) which rep"resents the direction of drif¢
~o2! velocity due to standing wave on a sloping beach
and wave profile Jo(£) of standing wave.
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transport have been determined and shown with opened arrows in Fig. 11. The
directions of .the opened arrows and the profile of standing wave J, () show that
the suspended sediments gather to the antinodes and deposit - there, resulting in
forming thé longshore bars. That is to say, the locations of the bars are predicted

Jo(8)=0, ' @n

where the values of ¢ are readily obtained from ahy handbook of the tables of
functions. They occur at

£=3.383, 7.016, 10.173, 13.324, ---eeeevnee ) 28)

or

4052 '
7-1—11.438, 49.224, 103.490, 177.530,------ . 29

The conclusion obtained in this section is superficially the same as those of the
past theories (Carter, Liu and Mei 1973, Bowen 1980), in which only the standing
waves reflected by the beach were taken into account. The implication of the present
conclusion, however, is different from those of the past ones. In the past theories,
the orbital velocity of standing waves must exceed the threshold velocity for the
inception of sediment movement by a sufficient margin.. On the other hand, the
present conclusion means that the sediments which are suspended by the action of
incident waves are transported by the drift velocity due to the long period ~waves
of standing mode. Since the suspended sediments are easily transported by the flow
of feeble velocity, longshore bars..can be formed even if the orbital velocity of
standing waves would be smaller than the threshold velocity.

4. Data Analysis of Multiple Longshore Bars and Long Period -
Waves at Hakui Beach '

4.1 Features of Multiple Longshore Bars

The past location of multiple longshore bars in the area between the reference
points No.29 and No.38 at Hakui Beach have been read from aerial photographs,
some of which are shown in Photograph 1. The aerial photographs available are
those taken in September 1963, September 1967, May 1968, June 1972 and May 1982.
_"After adjusting the horizontal scale,’ they have been .overlapped” and are shown in
" Fig.12. The figures on the foreshore in this figure are the numbers of reference points
which correspond ‘to those in Fig. 14, and the bars have been numbered, for conve-
nience, from the offshore to the shoreline in the reverse order of the usual one. At
Hakui Beach, the bars of four steps were usually formed on the sea bottom and they
were almost parallel to the shoreline. The spacing between successive bars tended.
to increase in the offshore direstion. The distance of each bar from the shoreline, '
however, changed from year to year. For example, for the first bar, its location
was the farthest in May 1968 and the nearest in September 1967 with the shifting
distance of about-250 meters in the direction normal to the shoreline.

If the scale is normalized by dividing any distances by the distance from the
fourth bar to the first one for.each year’s data,.then a direct comparison can be
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Fig. 12 Locations of multiple longshore bars in the area between reference point No. 29 and
No.38 at Hakui Beach, which have been read from "aerial photographs.
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Fig. 13 Locations of multiple longshore bars which have been normalized
by the distance from the fourth bar to the first bar of every
year (in the area between reference point No.29 and No.38).

made with the theoretical predictions of Eqs. (27), (28) and (29). The reason why
the distance from the shoreline to the first bar is not used for normalizing the scale
is a difficulty in precisely locating the horizontal position of the shoreline in the
aerial photographs. The result is shown in Fig. 13, in which we can recognize that
the normalized distances are almost coincide with one another with the averaged
values of —0.10 for the shoreline, of 0.13 for the second bar and of 0.36 for the
third one. According to the theoretical results of Eq.(29), values corresponding
to these normalized distances are —0.07, 0.23 and 0.55 respectively, which are

— 29
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dlfferent from the actual values.

Before rarslng a question for the disagreement between the measured distances
and ‘theoretical ones-of bar. spacings, we must remember  the assumption of a “plane"
beach-in the theory and must examine it§ apphcabrhty to ‘the bottom profile at
Hakui Beach. Holman and Bowen (1979)..showed, by using a numerical model for
edge waves wavelength on a real beach, that- approximating a real beach profile by
.a-single - lmear slope in-some._cases led to serious errors in estimating the drspersmn
relation’ for some values of edge waves’ wavelength and frequency. '

0 Ieis usually impossible to obtain the bottom profiles from the aerial photographs< -
"although the locatlons of multiple longshore bars can be detected in them. Therefore; -
. contour map must be utilized for this purpose. The sea bottom topography at -

" Hakui Beach was surveyed only once during the period of February- to March in
1983, which is shown by a contour map in Fig. 14 (the locations of bars will be
more clearly shown in Fig. 16). In this figure, we can recognize longshore bars of

Flg 14 Contour map at Hakur Beach surveyed durmg the ,penod of February to March
1983 (wrth the courtesy of the prefectual government of Ishlkawa)

f.s
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three steps. However, the- third bar, which is the nearest one to the shoreline,
cannot usually be noticed in the longshore direction. The surveying might have
been impossible to be completed, since it was located at the shallow water area and
its size was the smallest. Otherwise it ‘might have been locally swept away by the
weak wave action after the storm conditions. A number of steps of bars was three
in the contour map, while it was four in the aerial photographs. The surveying
was done- after the storm wave season, whereas all of the aerial photographs were
taken in the calm wave season. Small scale bars might have been formed near the
shoreline by mild waves in a calm season, superposing themselves on the bars formed
previously in the storm conditions. Unfortunately, there is no ‘more data available
for examining this differénce. .

The beach - profiles were: surveyed along the measurement lmes, whlch were
normal:to the shoreline passing through the reference points on the foreshore in
Fig. 14. In order to roughly see the whole profiles at: Hakui Beach, 'five groups of
successive three profiles are shown by overlapping.them for each group with dashed
lines.in Fig.15. An interval of measurement lines was 200 meters and that of
groups shown in Fig. 15 is about 2 kilometers in the longshore direction. The

500 i 1000

‘NO.22-24- 1

. NO.34-36

NO.62-64

. Water Depth(m)
COPNDONEWN—=O PIN=OPWN=ODPWN—=O RWN—=O

500 1000
Distance from shoreline (m)

Fig. 15 Bottom profiles of five groups of successive three measurement
lines.
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successive three profiles in each group almost agree with one another and they can
be represented by.a broken solid lines as shown in Fig. 15. Each representative
profile has two or three bars and troughs, which become larger in size in the
offshore direction. Because of this character, the bottom profile is so complex that
applying the assumption of a constant slope to this beach in the theoretical treatment
may introduce some unacceptable error in the results. Especially at the deepest trough
between the first and the second bars, the water depth is deep, which. may result
in prolongating the long period wavelength and shifting the position of antinodes
of standing waves in the offshore direction.

. Furthermore, except the group of No.62-64, the distances from the shoreline to
the bars become larger and the mean bottom slope from the shoreline to the deepest
trough becomes gradually gentler, as the location numbers of reference points in
réspective groups increase. In order to inspect the spatial distribution of the bars,
the distances from the shoreline to the positions of the crests and troughs of bars
have been read from the bottom profile along each measurement line ; the former are
plotted with closed circles and the latter with opened circles respectively.in Fig. 16. .
The first bar almost uniformly shifts from the location of 650 meters from the shoreline
at the reference point No.19 to that of 890 meters at No.59, which are 8 kimometers
apart in the longshore direction. However, it disappears in the area of right-hand
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o
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2 500 000™ °° o e’ %00
2 o . '. oo ooo
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0.0 L40 00,° °
L_L oo ..° '000...000.0_ 0:°°o°;° ° ee0q000e .o;;:.o °
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(2) o ° ' ®oe 0; °,° ®e o0 o ® o
Z BT e fsest
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g oLl Loy ] A . I 1
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Fig. 16 Distances from the shoreline to the crests and troughs of longshore bars (surveyed
during the period of February to march, 1983)
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side from the reference point No.59. The second bar also gradually shifts in the
offshore direction and bifurcates at the reference point No.50 as denoted by 2nd-1
and 2nd-2 in Fig.16. From this point, the former rapidly shifts in the offshore
direction, while the latter remains at the same location as the second bar of left-hand
side of reference point No.50. Although the third bar existed continuously in the
longshore direction in the aerial photographs, it is not always noticeable in the
bottom profiles along the measurement lines. ’

o
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- h=7.93m

Depth at the deepest trough(m)
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Fig. 17 Water depth of the bottom of the deepest
trough on each measurement line (mean
sea level of 0.16 meter above the datum

line is taken into account).

The deepest trough between the first and the second bars also shifts in the
offshore direction with the increase in the location number of reference point. Figure
17 shows the depth of the deepest trough for the area between the reference points
No.21 and No.49. The depth is nearly constant, being about 8 meters in the mean
value, from the reference points No. 21 to No.49, beyond wihch the trough becomes
slightly shallower. By combining these two kinds of data, that is, the distance
from the shoreline to the deepest trough and the water depth at the deepest trough,
it becomes evident that the mean slope up to the deepest trough becomes gentler
in the longshore direction as the location number increases; this change of the mean
slope is further analyzed in Fig. 21. Since the bottom topography at Hakui Beach
slightly changes in the longshore direction as described above, the assumption of
a plane beach in the theoretical treatment might not be appropriate in this case.

Therefore, we need to calculate numerically the wave profile of long period
waves on this non-constant sloping beach, which will be carried out in the next
section.
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4.2 Long Period Waves of Standing Mode on Complex Beach Profile -

Since it is. almost impossible to analytlcally obtain a solution for the long perlod
waves on a complex beach profile, both the wave. profile and the orbital velocxty
have been calculated by means of a digital computer by following the method by
Mizuguchi, Karibe and Hotta (1983). Their method makes use of the theoretlcal
solution of the long waves on a constant sloping beach.

The general two-dimensional solitions for the wave profile and the velocity of
long waves on a constant sloping beach are

C=a{Jy(E)-cosont—Y(E)- sma-at}+2a,°J0(§) -coso st, (30)
uBg =J% -.[a;{Jl(E)-cos opt+Y (&) -sincst}+2a,J;(E)esincst], (31)

where a; and a, are thé amplitudes of incident waves and reflected wav esrespective-
ly, Jo and J; are the zeroth and first order Bessel functions of the first kind, and
Y, and Y, are those of the second kind. In order to apply these equations to the
complex beach profile, the beach profile must be approximated by a number of straight
lines in advance as shown with solid lines in Fig. 15. :By letting £ and uso be
continuous at the intersections of straight lines representing the bottom profile, the
numerical solution can be obtained in the offshore direction from the first constant
sloping area adjacent to the shoreline. For this purpose, a computer program develop-
ed by Mizuguchi et al.(1983) has been utilized, which was made possible by their
courtesy.

Numerical calculations by means of a digital computer have been carried out for
five representative profiles shown with broken solid lines in Fig.15. Since the bars
may be expected to be formed at the antinodes of standing waves as previously
mentioned in Section 3. 2, the locations of antinodes from the shoreline on these
complex profiles have been’ examlned on the basis of the results obtained. Figure 18
shows the relation between the frequency of long period waves and the locations of
antinodes defined as the distances from the shoreline for five different profiles. From
this figure, we can conclude that the relation between .the long period wave frequen-
cy and the locations of bars is almost constant in spite of the differences in the
bottom profiles. This result suggests that the bars formed on the sea bottom the
location of which are different from a group to.another. group as seen in Fig. 15,
influence ‘the dispersion relation of standing waves. only slightly. Kirby, Dalrymple
and, Liu(1981) developed a numerical model to calculate the profiles and wavelengths
of edge waves for arbitrary bottom profiles and a given frequency. Applying. their-
model to the case of a beach with -multiple longshore bars, they found~.that the
bars had no effect on the dispersion relation of edge waves.

:By. utilizing Fig.16 and the mean curve for the location of the first antmode in
Fxg 18, we can determine er each representative .bottom profile -the frequency of
long period waves which has the antinode at the same location as that of the first
bar on the bottom profile. Thisfrequency: is called the prevailing frequency of the
long period waves in the following. discussions. : Figures 19 (a)-(e) show the .bottom
profiles and: the spatial variation of the orbital velocity amplitude of .the long- period
waves of standing-mode with the prevailing frequency thus determined for the five
representative groups-of bottom profiles. As seen in these figures, the locations of the
first and second bars well agree with those of antinodes of the wave profiles, or -the
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Fig. 18 Theoretical relation between the frequency
_of long period waves and the locations of
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Fig.19 (a) Representative cross section of measurement lines through No.22 to 24.



Kazumasa KATOH

f8=0.01030.0001 Hz

0 =
1
2
3

E4

£5

gs

w7

L

o8

Ey Bottom Profile
10~

Fig.19 (b) Representative cross section of measurement lines through No.34 to 36. .
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Fig.19 (d) Representative cross section of measurement lines through No.54 to 56.
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Fig.19 (e) Representative cross section of measurementlines through No 62 to 64.

Fig. 19 Profiles and velocity amplitudes of long period waves of
standing mode on complex beach profiles shown in Fig 15,
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Fig. 20 Comparision of predicted locations and actual
locations of the second and the third bars.

nodes of wave velocities in every group.

The prevailing frequency of the long period waves has also been determined
along each measurement line between the reference point No. 21 and No.48 shown in
Fig.16. With this data of wave frequency for the location of the first bar, prediction
was made for the location of antinodes of the standing waves corresponding to the
second and the third bars on the basis of Fig. 18. Figure 20 shows the comparison
of the calculated results with the measured results. In this figure the horizontal axis
represents the calculated distances from the shoreline to the locations of antinodes of
the standing waves, while the vertical axis is the measured distances to the locations
of bars which are read from Fig.16. The straight line indicates that the calculated
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and the measured results agree with each other on it. The results for the first bars,
whose distances from the shoreline are about 650 to 850 meters, are not shown in
this figure. That is because the frequency of long period waves has :been so deter-
mined that the calculated distancé ‘of the first bar would be in agreement with the
measured one. As seen in Fig. 20, all the data are plotted near the/ straight line,
even though the data shows a- tendency that the calculated résults- are about 50
meters larger for the second bars, and about 70 metérs smaller for the third bars
than the measured ones. ‘

4.3 Relationship between Beach Slopes and Frequencies of Long Period Waves

Since the location of -bar gradually shifts in the offshore direction with the
increase in_the- location nuriber in the longshore direction, the prevailing frequency
of long perlod waves determined in the manner described in Section 4.2 are different
from one measurement line to another. In this section, the cause for .this difference
will be examined for the measurement lines between No. 21 and No. 48, where the
trend of changes in the frequency and that in the bar location are almost constant.

The prevailing frequency of long period waves for each measurement line is
shown with opened circle in Fig. 21. The prevailing frequency linearly decreases
with the increase in the location number of reference point in the longshore direction.
The average of the prevailing frequencies is about 0.0105 Hz which almost corre-
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~ Fig. 21 Prevaxlmg frequency oflong: period waves Wthh has. been determmed by - utlhzmg
Fig 16 and 18, and the mean: bottom slopes from' shoreline to.the. deepest n:ough
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sponds to the second energy peak frequency in the averaged apectral densities of 505
records (see Fig.5). By means of the least square method, the decreasing tendency
of frequency can be expressed as

fa=—2.66x10"%- y +1.11x1072 (Hz), (32)

where fs is the prevailing frequenncy of long period waves in Hz and y is the
longshore distance in kilometers from the reference point No. 21. Equation (32) is
shown with a dashed line in Fig. 21. '

The mean bottom slope from the shoreline to the deepest trough (see Fig. 15)
on each measurement line is also plotted with closed circle in Fig. 21. It can be
recognized that the mean bottom slope also has a tendency of decreasing from the
reference point No.21 to No.49, although there is some scatter of data around the
solid line, which has been obtained by the least square method as

B=—3.51x10"%-y+1.47x1072, 33

where B is the mean bottom slope and y is the longshore distance in kilometers from
the reference point No. 21.
By eliminating the term of y from Egs.(32) and (33), we have

B=1.32:( f5+1.4x107%). (34)

Since the value of f5 is in the order of 0.01Hz, the constant value of 1.4x107* is
negligible comparing with fs. Therefore, we have

B/ fs=1.32 (35)

as an approximate relationship between the bottom slope and the prevailing frequency
of long period waves whose antinodes agree with the bars in location.

By expressing wave motions in the Lagragian description, Shuto(1972) theoreti-
cally analyzed the behaviour of long waves on a somewhat complex beach having a
constant slope connected to a uniform depth in the offshore, and he obtained a
breaking condition of the incident long waves on the slope as follows :

Hpc= %(}%)ZCJOZ(I) +J2)) A, (36)
where,
J:=47z(‘%).\/%, e

Hpc and f are the wave height and the frequency of reflected standing waves
respectively, 8 is the beach slope of sloping section, ks is the water depth at the
section of uniform depth and g is the acceleration of gravity. By substituting Eq.
(33) into Eqs.(36) and (37), we have

Hac=0.865(Jo%(x) + 222, (38
where,
x=3.041 V. 39
Figure 22 shows the relation between Hzc and Az based on Egs. (38) and (39).
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Fig. 22 Relation between critical wave height of long
wave breaking and water depth in horizontal
bottom.

Before applying this result to the bottom profile of Hakui Beach, the following
questions have been considered for how to determine the horizontal depth #4s.
According to Fig.17, the depth of the deepest trough, to which location the mean
beach slope 8 has been defined from the shoreline along each measurement line, is
slightly scattered around the mean depth of about 8 meters. Since the first bar
exists at the offshore side of this trough, it is open to question whether it is proper
or not to use 8 meters for the horizontal depth %4z in Eq. (39). The critical breaking
height Hpc, however, is almost independent of the depth of uniform section beyond
about 8 meters as seen in Fig.22. Therefore, by setting Ax=8 meters, we have from
Fig.22

Hpc=0.23 (meter). (40)

Next, the height of long period waves at the depth of 8 meters will be estimated
on the basis of the actual wave data of Hakui Beach. From Eq.(3), the ratio of the
wave height of long period waves at the depth of 8 meters (Hpg) to that of 20.16
meters (Hay) is- obtained as

(':rmsDS _Hﬂ_ AI{S+2016 (41)

(Srms)ao Heze™ V Hs+38 ?

where the change of incident wave height due to wave shoaling is ignored as
negligible in the derivation. As mentioned in Section 2.3 (seeFig.9), the long
period waves of 0.16 meter in height occurred most frequntly at the depth of 20.16
‘meters when the significant wave height of incident waves was exceeding 2 meters.
Then, by substituting Hpy,p=0.16 meter at the depth of 20.16 meters and Hs=
2~4 meters into Eq.(41), we ultimately have the relation of

Hpg=(1.42~1.49)+Hpp=0.23~0.24 meter. 42)

From Egs.(40) and (42), it can be concluded that the critical breaking height
Hpc is almost equal to the modal height of long period waves at the depth of 8
meters. That is to say, at Hakui Beach a set of the conditions for the mean bottom
slope B , the prevailing frequency of long period waves fz, and the modal height of
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splong period waves at the depth of 8 meters Hpy satisfies Eqs. (36) and (37), which
are the critical condition of long wave breaking on a sloping beach derived theoret-
ically by ShAuto (1972). Therefore, the long period waves with the modal height and
the frequency greater than the prevailing values must have been broken at the
shore of Hakui Beach, while the long period waves with the frequency less than
the prevailing values must have been reflected from the shore without breaking.

4.4 Discussions on the Result of Data Analysis

The locations of bars in the right-hand area from the reference point No.50 will
be examined. In this area, the bottom slope, which is defined from the shoreline to
the trough between the bars of 2nd-1 and 2nd-2 in Fig.16, is the steepest at the
teference point No.58 as seen in Fig.21. From this point to the direction to the
tight, it becomes gentle rapidly. At Hakui Beach, Eq. (35) of the relationship
between the bottom slope and the prevailing frequency is a necessary condition to
satisfy breaking condition of the long period waves (Eq.36) if we assume the uniform-
ity of the long period wave height in the longshore direction. According to Eq.
(35), the decrease of the beach slope is associated with the decrease in the prevail-
ing frequency of long waves, which in turn elongates the wave length, or makes
the locations of bars far away from the shoreline. Therefore, it is said that the
tapid decrease of the bottom slope from the reference point No.58 to the rightward
direction corresponds to the rapid shifting of the bar to the offshore direction, as
denoted by 2nd-1 in Fig.16. In the area between the reference point No. 53 and
No.59, the bars of four steps were formed as seen in Fig.16. This area is considered
to have been the transition zone from the left to the right beach or vice versa.

There is one comment on the difference of bar steps between in the aerial pho-
tographs and in the contour map. As we know, in the calm season the sand Is
accumulated on the foreshore and the beach slope near the shoreline becomes steep,
whereas in the storm season the foreshore is eroded and the beach slope becomes
gentle. That is to say, the critical frequency of breaking becomes high (or short
period) in the calm season and low (or long period) in the storm season. Therefore,
if the storm waves will happen to come in the calm season, the bars having the
short spacing would be frormed. This might have been one reason for the existence
of the bars of four steps in summer.

Kirby, Dalrymple and Liu(1981) concluded, after calulating the features of the edge
waves on a beach with multiple longshore bars by utilizing their numerical model,
that the longshore bars have a function of trapping the antinodes of the wave pro-
files at the bar locations. Their result shows a possibility that a beach profile with
well-developed bars has the ability to modify the profiles of standing edge waves in
a manner leading to self-maintenance, although they did not explain the resonance
phenomena of the edge waves since wave amplitudes were calculated in normalized
form. Symonds, Huntley and Bowen(1982) developed a theory of two-dimensional setup
within the surf zone with a time-varying breakpoint of the incident waves and show-
ed that the time variation of the breakpoint, which occurs when the incident waves
are of varying amplitude, can generate waves at the group period and may be a
significant source of long wave energy. By applying this theory to the beach with
a shore parallel bar, Symonds and Bowen(1984) have recently explained skillfully two
possible resonance conditions of standing waves between the shoreline and the mean
breakpoint over the bar. One is a quarter wavelength resonance condition, having
a node of the surface elevation of long period waves over the bar. Another is a half



Kazumasa KATOH

wavelength resonace, having a antinode over the bar. According to their result, at
_resonance the constructive modes of the half wavelength condition, those tending
to maintain the bar, are amplified, while the destructive modes of the quarter
wavelength condition, those tending to create a trough at the bar position, are
actually suppressed by the topography. In the theories of Kirby et al. (1981) and
Symonds et al.(1984), they assumed the long period waves were reflected completely
from the beach. As examined in the previous section, the long period waves with
the frequency less than the prevailing values at Hakui Beach were reflected without
breaking. These long period waves must have acted as the half wavelength resonator
in amplifying the system of multiple longshore bars.

According to the theoretical solution of Carter, Liu and Me: (1973), when the
reflection coefficient R is smaller than 0.414, the direction of drift velocity s, due
to the partial standing waves is as same as that of the incident waves in the whole
area. As a result, the bars should not be formed when the reflection coefficient is
small. Bowen (1980) predicted that the longshore bars will be developed in large size
by the standing waves having a high reflection coefficient. By taking these pre-
vious studies into account, the multiple longshore bars may be obscure or disap-
peared in shape under the action of the partial standing waves.

Since the long period waves with the frequency greater than the prevailing
values were breaking at Hakui Beach, they were incapable of forming the multiple
longshore bars. The long period waves which formed the bars at Hakui Beach must
have had the frequency equal to or less than the prevailing values at respective
locations. The drift velocity due to the perfect standing waves, which has an
important role to transport the bed materials and to form ,the bars, is proportional
to the third power of the wave frequency as seen in Eq. (25) (B(&)/8 represents
the non-dimensional feature of the drift velocity.). Thus,} the power of the long pe-
riod waves in forming the bars rapidly decreases with the decrease in the frequency,
even if the wave height dose not change. Therefore, the long period waves having
the prevailing frequencies must have exercised the largest effect among the waves
of various frequencies on the formation of the multple longshore bars, and thus the
locations of the bars must have been governed by the prevailing frequencies of long
period waves.

There is another evidence that suggests simultaneous actions of long period waves
with various frequencies in the fromation of longshore bars. In the typical aerial
photographs in Photograph 1, we can detect the locations of multiple longshore bars
based on a contrast by the bright tone of shallow bar crests against the dark back-
ground of deep troughs. If examined in more detail, the color of photographs distinctly
changes from the dark background to the bright tone at the locations of bar crests
in the offshore direction, and then the bright tone gradually diminishes to the
dark tone. These changes in color indicate a rapid rise of the sea bottom from a
trough toward the next offshore bar crest and a gradual fall from a bar crest toward
the next offshore trough. Such a bathymetric feature can also be noticed in the
bottom profiles in Fig.15. If the longshore bars are formed by the long period waves
having the frequency up to the prevailing frequencies, the locations of the anti-
nodes of standing waves of respective frequencies are aligned in the offshore direction
from that of the prevailing frequencies toward those of lower frequencies because
the wavelength increases in that order. Since the long period waves with the greatest
frequencies, that is, the prevailing frequencies, exercise the largest effect in the
formation of longshore bars, the onshore slope of a bar should be rather steep and
the offshore slope should be rather gentle. This is in agreement with the evidence




Multiple Longshore Bars Formed by Long Period Standing Waves

in the aerial photographs and the bathymetry.

After being formed on the sea bottom as mentioned above at an initial stage,
the bars in turn may be amplified by the mechanism of a positive feedback system
due to the half wavelength resonance of the long period waves predicted by Symonds
and Bowen(1984). According to their theory (Eq. 22 in their paper), the frequency
" of half wavelength resonator mainly depends on the dimenstons in the onshore-side
area of the bars, that is, the distance from the shoreline to the bar and the depth
between the shoreline and the bar. The long period waves with the prevailing
frequencies also depend on these dimensions at the initial stage.

This result can be interpreted in such a way that the multiple longshore bars at
Hakui Beach must have been formed and amplified by the perfectly reflected long
period waves with the prevailing frequencies.

5. Conclusions

In order to give satisfactory explanation for the origin of the multiple longshore
bars, a theory is developed and the actual data of the bottom topography and the
waves at Hakui Beach in Japan are analyzed. The main conclusions obtained in
this paper are as follows :

(1) By examining the aerial photographs along the coast lines of Japan, the most
typical example of two-dimensional multiple longshore bars was found out as
those at Hakui Beach in Japan.

(2) The long waves of about 100 seconds in period coexist with the incident wind
waves at Hakui Beach. The ratio of the significant wave height of long period
waves to that of incident waves satisfies Goda's empirical equation.

(3) It is inferred that the suspended load transport must be more significant than
the bed load transport in the storm wave conditions at Hakui Beach.

(4) By following the approach by Bowen(1980), an expression for the net transport
rate of suspended load under the action of both the incident waves and the long
period waves of standing mode is derived as Eq.(16). Based on this equation,
it is shown that the sediments suspended by the action of incident waves are
transported by the drift velocity due to the long period waves of standing
mode, resulting in the formation of the multiple longshore bars.

(5) The locations of bars well agree with those of antinodes of the standing waves

' of about 0.01 Hz in frequency, which are corresponding to the energy peak
frequency in the averaged wave spectral density at Hakui Beach.

(6) The actual conditions of the mean bottom slope, the prevailing frequency of
long period waves and the wave height of long period waves at the depth of 8
meters satisfies Shuto's equations of the critical condition of long wave break-
ing on a sloping beach.

(7) The multiple longshore bars at Hakui Beach have been formed and amplified by
the existence of the perfectly reflected long period waves with the prevailing
frequencites.

Since the long waves of 1to3 minutes in period have very small wave steepness,
they should be perfectly reflected by a natural beach and artificial structures.
Then, there should exist the long period standing waves of complex modes around
the structures, such as detached breakwaters, jetties and breakwaters, which should
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play a important role to deform the bottom topography. Therefore, the result of this
paper will give a new viewpoint for understanding the deformation of bottom topo-
graphies around the structures in the nearshore zone.
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Postscript .

When this paper was in press, the author had a chance to see a manuscript of the
paper*® by Dr. Ishida and Dr. Yoshioka et al., Nagoya Institute of Technology, with their
courtesy. They have been also studying on the multiple longshore bars in the beach near
Hakui Beach. They took many samples of bed materials from the sea bed of the depth up
to 15 meters along measurement lines normal to a shoreline. Their results of the analysis
on the grain size distribution show that the medium diameter of sand is less than 0.2 milli-
meter around the crests, while it is about 3 to 4 millimeters at the troughs. This evinence
is considered to support one of the conclusions of this paper that the suspended sand
transport is predominant during the strom conditoin, because finer sediments are apt to be
transported in suspension to the bar crests.

48) ISHIDA, A. and W. YOSHIOKA, et al(1984) : Field observafion on multiple longshore bars
in Ishikawa Beach, Proc. of 38th Annual Conf.on Civil Eng., JSCE (in Japanese).
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