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ABSTRACT

The omni-present low frequency wave motion (30-300 sec) contains a substantial d
fraction of the total wave energy inside the surf zone. A more complete description of
nearshore wave processes considers incident short period wind waves superposcd on,
and interacting with, long standing waves. The wind waves are modulated in
amplitude, wavenumber and direction due to relatively slowly varying depth changes
caused by the long waves. The energy in the wind wave band is enhanced by side band
growth at the sum and difference frequencies of short and long waves (order [3% at
the shorelinc). The modulation is identified in the analysis of ficld data as a positive
corrclation between the long waves and the wind wave envelope ncar the shoreline.
Considering oblique incident waves, a steady longshore current showing a
non-vanishing current at the shoreline is found as a result of the non-linear interaction
between monochromatic incident and infragravity waves. An analytical solution
describing the unsteadiness of the longshore current is developed. Applying the derived
longshore current solution, longshore sediment transport is reformulated to include the

infragravity waves, giving improved comparisons with ficld measurements. )
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L INTRODUCTION

Sea waves are generated by wind, and as they propagate towards the shore they
deform due to shoaling and may refract if they are oblique to the bottom contours or if
they meet a current. The waves grow in height until thev become unstable and break,
dissipating their energy. The processes of breaking waves on a sloping bottom make
the surf zone an cxtremely dynamic arca where Jifferent observable phenomenac take
place, such as longshore current, sediment transport and wave runup (sctup and
swash). Duc to this complexity, the proper modeling of wave motion in the nearshore
zone has been the goal of many investigators, and vet much remains to be done before
a satisfactory understanding is achieved.

The surf zonc can be characterized dynamically by three regions: the outer.the
inner, and the runup region (Svendson et al., 1978), (sce I'ig 1.1). The outer region
follows the breaking point and i1s dominated by incident breaking waves. The breaking
waves are of cither the plunging or spilling tvpe, and are characterized by a rapid
transition of wave shape with a horizontal surfuace roller. In the inner region, the wave
forms break down into smaller scales of random and turbulent nature and eventualiy
become similar to moving bores, or hydraulic jumps. The run-up region is
characterized by wave sctup and swash oscillation running up and down the beach
face. In all regions, the wave height and the water motion arc strongly locally
controlled by the depth. The depth controlled waves arce referred to as “saturated.”

In general, surl zone dynamics are found to difler dramatically between rellective
(steep) beaches and dissipative (gentle slope) beaches (Bradshaw, 1980).  Typical
features of the reflective beaches are high reflection of incident waves, collapsing or
surging breakers on the beach face, and subharmonic resonances (e.g. Guza and Davis,
1974, Guza and Inman, 1975; Huntley and Bowen, 19750, 1978; Wright ct al., 1979).
Dissipative beaches are dominated by spilling breakers, pronounced low frequency
oscillations and the presence of multiple parallel longshore bars (c.g. Huntley and
Bowen, 19754; Short, 1975; Sasaki and Horikawa, 19735 Holman ct al., 1978 Svmonds
ct al, 1982). This study wiil focus on the dvnamics of dissipative beaches in which the
inner region 15 assumed to be a transition region between regions dominated by

inctdent breaking waves and fow frequency swash.
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In the past dccade, considerable attention in the literature of becach and
necarshore dynamics has becn devoted to the kinematics of low frequency waves. These
waves, which have periods ranging from 30-300 scc, are refcrred to as “infragravity
waves.,” The obscrvations show that the dominant wave motion closer to the shore is
not normally at the incident wave frequency band. It is also found that the low
frequency wave encrgy in the very nearshorc region contains a substantial fraction of
the total wave energy (Inman, 1968 a,b; Suhayda, 1974; Goda, 1975; Huntley and
Bowen, 1975b; Sasaki and lorikawa, 1975,1978; Iuntley, 1976; Wright ¢t al.,
1978,1979,1982; Bradshaw 1930; Holman, 1981; Huntley et al, 1981; Guza and
Thornton, 1982,1985a,1985b; and others), (see IFig 1.2 for example). The valley in the
encrgy spectra, where the energy level rcaches minimum, suggests an cmpirical cutolf
frequency around 0.03 Hz that scparates the two wave bands. Therefore, a complete
description of thc wave field in the surf zone should include two relatively separated
bands of wave frcquencies : (1) incident sea-swell waves (short period waves) with
periods of 1-30 sec, and (2) infragravity waves (long period waves) with periods of
30-300 sec, which no longer can be neglected inside the surf zone.

Prior to the 1950’s, the incident wave characteristics were the main concern when
measuring and analyzing waves in the nearshore zone. Munk (1949) and Tucker (1950)
were the first to point out the existence and significance of low frequency motion and
called the phenomenon “surf beat.” More recently, with renewed interest in ncarshore
processes and with major improvements in the instrumentation, it has bccome apparent
that the low frequency wave energy can be as important as the incident wave energy
when approaching the shoreline.  Another motivation [or the study of the infragravity
waves is the coupling betwcen the infragravity length scales (order of hundreds of
mcters) and the length scales associated with most of the rhythmic beach features such
as sand bars, bcach cusps and crescentic bars. Many investigators have related the
beach morphology changes to the existence of low [requency motions by which a
mcchanism of forming and maintaining such topographic features is provided (Bowen
and Inman, 1971; Guza and Inman, 1975; Bowen, 1980; IHolman and Bowen, 1982:
Bowen and IHuntley, 1984; and others).

In analyzing surf zonc data, there are often anomalous patterns of water motion
closer to the shorcline when compared with present short wave models. or example,
the spatial distribution of wave height measured in both the laboratory and field often

shows uncxpected wave height at the shoreline (c.g. Suhavda and Pettigrew, 1977
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Battjes and Stive, 1985), (sce for example Fig 1.3). Bowen, et al. (1968), in measuring

the setup, found a residuul wave height always present at the shoreline and modified

their sctup formula at the beach face to fit the data. Suhavda and Pettigrew (1977)

mcasurcd the average wave velocity across the nearshore zonc and found it to decrease
shorcward until the sca-swash limit of the run-up zone was rcached, and then to
increase onshore, supporting Waddell's measurement (1973). Thus, the wave height
and celerity do not vanish at the vicinity of the shoreline, invalidating the widely
applied short wave saturation assumption.

The assumptions of wave saturation and steady state conditions for both
monochromatic and random waves, results in a zero current at the shoreline. In
addition, the stcady longshore current assumption is oftcn unrealistic, especially with
the presence of irregular oscillating waves (Wood and Mecadows, 1975). This is often
seen in ficld data that show longshore velocity oscillations at longer wave periods than
for incident waves (c.g. Holman and Bowen, 1984; Guza and Thornton, [983a;
Oltman-Shay and Guza, 1986). Using an empirical orthogonal function (EOF) analysis
on 64 data sets covering a wide varicty of wave conditions, Guza et al. (1986) obtained
objectively best fit to the longshore current distribution. The analysis showed the
“classical parabolic” shape for the longshore current distribution (Bowen, 1969) over
most of the surf zone, but with significant residual velocity at the shorcline (Fig. 1.4).
In the analysis of the same data, Wu ct al., (1985) found a poor agrecement between
longshore current theory with velocity going to zero at the shoreline and data closer
to the shoreline. All present models predict zero current at the shoreline, and no modcl
is available to explain the unstcadiness of longshore current.

Improving the longshore current description is important because it provides the
driving means of transporting scdiment alongshore (Longuet-Tliggins, 1972). The
available longshore sediment transport models (c.g. Bijker, 1971; Thornton, 1973;
Komar, 1977; Sawaragi and Dcguchi, 1979; Bailard, 1981), all show a longshore
transport maximum closcr to the breakerline, which agrees with the longshore current
distribution. The shortcoming of these modcls is their failure to predict any moving
sand at the shorcline regardless of the wave conditions. Zenkovich (1960) mcasured
the suspended sediment transport distribution across the sur( zone using [luorescent
sand tracers. Sand transport was found greater over bars where encrgy dissipation is a
maximum duc to wave breaking and also at the shoreline, (see Fig [.5). Mcasuring

longshore sand transport distribution using sand tracers, Kraus ct al. (1981) found «
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K/
) distinct bimodal distribution having maxima at the breakerline and ncar the shoreline.
: The same results were obtained by Downing (19S4) when measuring the suspended
longshore sediment distribution.  Abdclrahman (1983) compared longshore sediment
. transport at Santa Barbara bcach with his predicted longshore sediment transport :
: ) modcl based on the widely accepted energetic concept by Bagnold (1963). The model |
E did not predict the large transport in the vicinity of the shoreline since theoretical short
" wave description gives zero amplitude at the shoreline. It was suggested a primary
" cause of these differences was the presence of infragravity waves, which have not been
:‘ taken into consideration before.
E In recognition of the importance of the infragravity waves in the surf zone, an
' obvious next improvement in the description of waves Kinematics 1s to combine the
" infragravity waves with the incident sca-swell. As a result, the incident waves would be
b modulated in amplitude, wavenumber and direction. The purposc of this disscrtation is
t to improve the understanding of nearshore processes by generating and applying such a
X composite wave description.
. As will be secn, the interaction of the short waves with the long waves results in
4 energy not only at their respective frequencies, but energy transferred to side bands of
: the incident waves at the sum and difference frequencies. It is the encrgy and
. momentum at the side bands that is primarily responsible for the inner surf zone
0 dynamics. The dynamical changes are decmonstrated by the successful trecatment of
lc; ‘ using the first order wave description in the momentum f{lux equation to obtain a
Ef sccond order dynamical effect. lowever, inclusion of infragravity waves docs not
g mean introducing more independent parameters since the infragravity wave energy is
» assumcd related to the incident wave ficld.
‘:.' In the following chapter, a description for the short and long period waves is
:: presented. The short period waves arc described by lincar (Airy) theory, while the long
:'! period waves on a sloping bottom are desceribed by cither cross-shore standing waves
& (2-D) or cdge waves (3-D). In chapter 3, the changes ' the amphitude and
,: wavenumber of the short waves superposed on long waves arc discussed. An analytical
: cxpression describing the modulated surface clevation of the short waves 1s developed
i along with therr cnergy and momentum.  Changes in the wave Kinemuatics are
I considered with the long period waves treated as a slowly varving current. In chapter
’\': 4, narrow banded wave data arc analvzed to examine the hypothesis of short wave
.,:: modulation by the long waves. The dyvnamical eflects of considering the infragravity
"
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Figure 1.4 Longshore current distribution using empirical orthogonal function
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waves inside the surf zone are investigated. Analytical models for calculating wave
sctup, longshore current and scdiment transport arc developed in chapter 5. An
analytical solution to the unsteady longshore current is derived. Model validation and
comparison with other models are included in chapter 5. The conclusions of this study

are presented in chapter 0.
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II. WAVES IN TIIE NEARSIHORE ZONE

A wave record of incoming waves usually contains short period waves (1-30 sec)
and long waves (30-300 scc). To study first order modulations of short wuves

supcrimposcd on long waves, the principle of superposition is applicd.  Therefore, the

non-lincar wave theories are excluded in this study. A chosen Cartesian coordinate

!
system 1s illustrated in Ing. 1.1 where the positive X-axis is directed oflshore, the
positive Z-axis is vertically upward and Y is alongshore. This coordina. 2 system is
convenient for describing the oflshore decay of the standing long waves. Lincar
' descriptions of both sca-swell and infragravity waves are discussed separately.  Short
' . . . .
waves are derived from lincar wave theory over a flat bottom, then using shallow water
' approximation to describe short waves in the ncarshore zone. Infragravity waves are
derived from shallow water cquations on a sloping bottom.
!
§
A.  SHORT PERIOD WAVES
K In genceral, waves in a viscous {luid propagate over irregular topography of
, varying permeability. In most cases, the main body of the fluid motion is reasonably
' assumed irrotational since the viscous effects are usually limited to a thin boundary
¢ R :
! layer near the surface and the bottom. Surlace waves are considered a boundary value
\ problem,
Lincar wave theory (smull amplitude waves) is considered a first order
approximation to the theoretical description of wave behaviour. 1t is assumed that the
& . .
? wave amplitude , a, 1s very small compared to both the wavclength L and the Jocal
' . . . . .
b water depth h, (a<< L and a< < h). The fluid is assumed incompressible,
hiomogenous, inviscid and also irrotational, by which a velocity potential @ should evist
[ to represent the field of the flow:
!
!
! . )
) u = - 3 (2')
L
l
l
\
Ly
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where U is the velocity vector. quation 2.1 satisfies the continuity equation ¥ [u=0,

by which the governing differential equation (Laplace equation) is obtained:

‘-’hiZin
vie = O

(—‘n<x<w

With the proper kinematical and dynamical free surface and rigid {lat bottom boundary
conditions, the method of separation ol variables is uscd to solve equation 2.2 Then,

the velocity potential is given by

ag cosh k(h+z) kx + wt
= R kR costkx + wt) (2.3)

where a is the wave amplitude, » = (2r/T) is the radial frequency, and k = (2r/L) is

the wavenumber. The surluce clevation 1 is periodic in both space and time.

n = a cos(kixi + wt) , i=1,2 2.4)
where 1 = 1,2 refers to conditions in the X and Y-directions. The description of the

wave motion is completed by the dispersion relationship,

w = gk tanhkh (2.5)

which arises from the dynamical free surface boundary conditions. The horizontal

velocity under the wave is given by

_ cosh k(h+z) i .
u = a. sinh Fh cos [(kx + wt)

(2.6)
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n
£"
L]
P " . .
Y and the verucal velocity
[
I
iy,
" sinh k(h+z) _. (2.7)
R - W = aw — S k + -
iy sinh Kk in(kx wt)
.
b’
! . . . .
Swell waves propagating from deep water are ncarly sinusoidal with long low
; crests. As waves approach shallow water, they start to feel the bottom and deform at
)
9 : '
4 relative depth vl < 12, The wavelength decreases while the wave height generally
" . . vy .
:: mcereases, and the wave period remains invariant.  ‘The hyperbolic functions have
-t . . . .
convenient deep and shallow water asymptotes by which an approximate solution can
3 be obtained. In shallow water, the lincar gravity waves are non-dispersive since the
B » . . . -
; dispersion relationship reduces to
-
\J
i
. 2 2 5

»,

! and the horizontal and vertical velocities simplify to
W u = a vg/h cos(kx + wt) (2.9)
o
0‘

‘:' W aw(l +2) sin (kx + wt)

Ly = !

b w 3} (2.10)

»,

,“n_’

N On dissipative beaches, long crested swell waves break when the wave steepness
o increases and the velocity of the water particles at the crest exceeds the phase speed of
» the wave form. In the inner surf zone, bores retain their relatively long crested form
and progressively decrease in height as they advance onshore. Due to turbulence and

,
2t non-lincaritics associated with the breaking process, the motion of the water particles
) after breakimg can no longer be deseribed analytically. As a first approximation, the
1L
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wave or bore height, I, at any location inside the surf zone is limited by the locul

depth according to the saturation assumption, i.c.

(.11)

where ¥ is a constant of order unity. This relation holds for spilling breakers, the most
common breaker type on natural beaches. The breaker index ¥ s unportant in
describing the breaking waves used in longshore current and scdiment transport
models. This lincar relattonship is expected on dimensional grounds (Longuct-Higgins,
1972) and gives a reasonuble description of laborutory results for monochromatic
waves (e.g. Galvin and Lagleson,19065) and field measurements during conditions of
both broad and narrow spectral distributions of wave energy (Thornton and Guza,
1982), (Fig. 2.1).

Very close to the shoreline in the run-up region, the fluctuating component of the
Miche (1951

hypothesized that monochromatic waves within the surl zone may be composed of

wave runup about the mean water level is known as “swash oscillation.”

both a progressive component, which is dissipated onshorc and has zero shorcline
amplitude, and a standing component, which has its maximum amplitude at the
Many laboratory studics (Moracs, 1970; Battjes, 1974; Guza and Bowen,

1976; Vun Dorn, 1976) report that the shorcline swash amplitude ag is limited by the

shorcline.

swash parameter ¢,

where tan f is the beach slope and £g varics from one experiment to the other in the
range {rom | to 3. Guza and Thornton (1982) attributed this variation to the
ill-defined nature of the backwash (run-down). Tunt (1939) related the total runup RY

, defined as the sum of sctup and half the swash amplitude, to the surl similurity <0

with an empirical constant M:

. T e Y - . LS TR S R L - A
TR EE SO AN RNy
” ? » A » . » »

AL

T

..".
¢

ARSI

" '\*-‘u

5!

e

R




WP AW TS rrT T YRy I W TR PR R T Ay T AT WPV CERF v Tk 1 1o LWLy e ] TR T T TR TR

}".' ) 120 -

) i
:Q‘E H”,ns Q.42h —L/
:

3“‘ 100

80

) rms
o (CM)

60 -

40 |

O 8 NOV
A 10 NOV
O 1l NOV
O 22 Nov

W, 20

| 1 1 1

100 200 300 400
DEPTH (cm)

A

-y

Ay o e a9
SO LA

Figure 2.1  Wave heights inside the surl zone delining breaker index
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RY Mge = MZg = Muanp; (I, Ly (2.13)

where Hsig is the significant wave height and the subscript 0 denotes the decp water
conditions.

Huntlev et al. (1977) showed a swash “saturation” condition at incident wave
frequency, i.e. with increasing wave height, the steady set-up will increase but the
swash amplitude will not. Guza and Thornton (1982) found a w3 spectral decay at
incident wave frequencies, indicating that energy levels are independent of incident
wave height, although Huntley et al. (1977) have shown -4 dependency. The swash
saturation condition is found to be true for both monochromatic and random swash
fluctuations (Guza ct al.,, 1984). Swash at low frequency is found to be unsaturated,
Le. the swash amplitude increases with increasing incident wave height. Most of the
low frequency encrgy is found to have infragravity wave periods. Thus swash spcctra
show a saturated region at incident wave frequency and an unsaturated region at low
frequencies that dominates the whole spectrum.

To evaluate the amount of runup, swash studies have becn mainly concerncd
with measuring the swash amplitude at the shoreline without putting much emphasis
on the generation and types of the dominant low frequency motions. It is of interest
now to investigate the forms of this low frequency water motion that give maximum

amplitudc at the shoreline.

B. LONG PERIOD WAVES
The long period waves presented in this work are limited to waves having a time

scale of 30-300 seconds where gravity is the primary restoring force.

1. Infragravity Wave Models
The principal wave types that may contribute to the low frequency motion on
beaches can be summarized by their mathematical formulation as follows:

(1) 2-D model : the wave motion is mainlv in the cross-shore direction and is
known as surf beat or “leaky modes.”

(1) 3-D modgl @ the wave motion has longshore variation and is known as edge
waves or “trapped modes”.
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The mathematical formis of both waves are derived from the lincar shallow

water wave equation on a stoping bottom

5%0 _ 3 9, L 3 . 3% (2.14)
B—tz g{ax(h 3‘;) + Sy(h ay)} = 0

In the 2-D model , the wave encrgy is reflected offshore and the solution
obtained is a standing wave expressed in terms of the zero order Bessel function of the
first Kind, Jiy , (Lamb, 1932; Fredrichs, 1948)

s(x,£) = =24 3, () sin wt (2.15)

b . . . .
where ¥ = (4m* X/ g tan [3)”2 and a is the amplitude at the shoreline. 1t is noted that
the Bessel function of the second kind, Y() , 1s excluded since it is unboundced as waves
approach the shoreline. The surface elevation and the associated orbital velocities are

given by

n(x,t£) = aJ,(¥)cos wt (2.16)
u(x,t) = a vg/h Jl(X) sinuwt (2.17)
Wix,t) = = aw JO(J'.) sin wt (2.18)

In the 3-1 models, the edge waves are [ree waves that propagate along the

coast with their energy trapped onshore by refraction, i.c. they do not radiate encrgy
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offshore. Stokes (1846) was the first to provide an analytical solution to describe edge
waves using a small amplitude wave assumption.  Eckart (1951) solved cquation 2.14
analytically in terms of’ Laguerre polynomials L, (2ky x). The solution of progressive
edge waves is

-k x
o = 29e Y L (2 k,x)cos(kyy - wt) (2.19) :

n Wp

where ky is the longshore wavenumber, and n is an integer number which represents
the edge wave mode number. Each discrete mode contains finite energy, and the n-th
mode edge wave will have n zero-crossings after which the amplitude decays
exponcntially. Iidge waves obtained by Lckart (1951) must satisfy the dispersion
relationship,

wi = g ky(2n+l) tan B (2.20)

which requires (2n + [tanfl < < I to insure that the solution achicves its limiting value
as ky x =» 00 while still in shallow water. ;

Urscll (1952) was able to obtain a set of "exact” cdge wave solutions on a
sloping bottom using the small amplitude wave theory without recourse to the shallow

water approximation. [lis solution satisfies a slightly different dispersion relutionship
w, = g kysin (2n+1)8 (2.21)

and the solution lies within the runge ((2n+ D ) < n/2 to insure a cutofl mode (or a

s given beach slope. Ursell (1952) showed that Stokes'(1846) edge wave solution is only
- the zero mode of his solution. For gentle beach slopes and low mode numbers, both
3 . . . : . .
N dispersion relationships 2220 and 2.21 arc in agreement, suggesting that the shallow
L)

] . . . . . . - -
! water approximation is appropriate under these conditions, (Guza and Davis, 1974). 1t
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¥t is noted that the approximate Lckart (1951) solution is more commonly used in
% comparisons with ficld data due to its simpler mathematical formulation. In the field

data analysis, a difficulty in discriminating between lecaky and edge wave modes for

o small oflshore distances arises because of the similarity of their cross-shore structures.
N :

:’, Also, both waves have maximum amplitude at the shorcline. Fig. 2.2 shows such
) . . . .

, similaritics between higher mode edge waves and reflected waves.

In summary, the low frequency motions may be classified as edge waves, leaky

& modes, forced waves or a combination as shown in Fig 2.3, (after Symonds, 1982). A
Z; complcte set of free wave solutions of discrete edge waves occurs for 0’ < gk, while a

continuum of lcaky mode exists for w? > gk It is noted that the forced waves may

‘4
i i y .
lic between the edge wave modes, but they do not satisfy the dispersion relationship

and are weaker than the free modes since edge waves may grow resononantly as they

-

:: are excited.

,.i

:: 2. Generation of Infragravity waves

Munk (1949) and Tucker (1950) suggested that the long period waves may be
:' caused by an excess of mass carried forward by groups of high swell. The swell waves
R are assumed to be dcstroyed on the beach, and the cxcess mass transport is reflected
‘:: . back as a free long wave. They tested this hypothesis by comparing offshore pressurc
' records, delayed by the calculated travel time of the incident wave envelope. Tucker
: (1950) obscrved a ncgative maximum correlation between incident wind wave groups
9:{ and the infragravity waves at a time lag equivalent to the travel time of a forced wave
f: moving with the wind wave group velocity and traveling back upon reflection as a free
wave.

n"’: Longuet-I1liggins and Stewart (1962) showed that the variations in the
'.' radiation stress duc to incident wave grouping drive a forced wave such that a
:‘. depression of the mean water level (MWL) will occur under incident high waves, and a
” corresponding rise in MWL occurs under low waves. This forced oscillation of second
: order is associated with groups until the incident waves break onshore and rclease a
N frec wave ollshore, which thcoretically supports the above obscrvation.

:[ Gallagher (1971) suggested cdge wave excitation through a non-lincar
B interaction whereby two incident waves can transfer energy into an edge wave if the
::: difference frequency and longshore wavenumber of the two interacting wind waves
3:: satis{y the edge wave dispersion relationship, equation 2.21 . This resonance has been
::: observed in the laboratory (Bowen and Guza, 1978).
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Incident waves may transfer energy to either leaky or trapped modes through
many possible intcractions. One of these is given by Guza and Davis (1974) where
cnergy is transferrcd into edge wave modes through a non-lincar interaction involving a
normally incident standing wave on a sloping bottom. Bowen and Guza (1978) showed
cnergy transfered into leaky modes ((02 > gk, ) by edge waves.

Another mechanism for low freqdcncy wave generation is suggested by
collision between the stronger component of backwash and the shoreward moving
bores that results in roll waves which last for few seconds. On analvzing swash data,
Waddell (1973) found that the collision between uprush and backrush plays an
important role in rcducing the extent of swash runup waves. [Furthermore, he
suggested that water percolation into the beach serves as a low-pass filter aflecting the
swash frequency. Bradshaw (1980) suggested bore-bore capturc as a mechanism [or
long wave generation in the swash zonec. Mase and Iwagaki (1984) showed a
considcrable shoreward decrease in the ratio between the number of runup waves to
the incident waves.

Symonds ct al. (1982) developed a 2-D model for gencrating long waves which
is forced by a time-varying break-point caused by the groupness of the incident wuve
field. The gencrated free long wave at the group frequency has a standing wave
structure shoreward of the breakpoint and an outgoing progressive wave structure
scaward of the brecakpoint.

In the above survey, both short and long wave modecls are described separately
showing different characteristics. 1t is of interest now to combine the two waves and
study the changes in the incident wave (short wave) ficld due to the presence of longer

period waves.
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IIL SHORT WAVE MODULATION DUE TO LONG WAVES

When short period waves ride on much longer waves, they are modulated in
amplitude, wavelength and direction. Their amplitude tends to increase at the crests of
the long waves and decrcase at the troughs. The changes in wavenumber and direction
depend mainly on kinematical considerations. In this chapter, the chuanges in
wavelength, direction and amplitude are investigated. A development for  the

corresponding changes in encrgy and momentum flux then follows.

A.  CHANGES IN THE WAVE AMPLITUDE
The amplitude modulation of a short progressive wave riding on a much longer
wave wus pointed out by Unna (1942, 1947). Unna (1947) showed a contraction of the
wavclength and an increase in the amplitude of short waves at the long wave crests.
Longuct-l1liggins and Stewart (1960) used a perturbation analysis to examine the
non-lincar intcraction between short and long progressive waves over a horizontal

bottom. They described the surface elevation

3
I

a, sinlps +a, sin vy 3.1

where w = (kx- o t+ 0 ), is the phase function and 0 the phase shift. The subscripts
s and ¢ recfer to the short and long wave respectively. Using Stokes” method of
approximation to the sccond order, they derived a gencral form for the modulated

surface clevation

n' = a (1l +P)sin y  + ag Qcos Vg (3.2)

where P = a, k£ sin Wy and Q = -a; Kk cos v - Using the first term in the right hand
side of equation 3.2, Longuct-TTiggins and Stewart expressed the modulated short wave

amplitude as

(98]
(98 ]
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) ) 1 : »
S a' = astl + azkp‘(%cothkih iy tanhk;,‘h)su\ v ) (3.3)

and a modulation in the short wave wavenumber, k', as

]

i k' ks{l + ayk, cothk, h Sinvl} 39

) In shallow water, cquations 3.3 and 3.4 reduce to

, 3 2
™ a' = a_tl + ITh Sln’bz} (3.5)

by S

ay

k' k{1 + -E—sinlbg} (3.6)

These amplitude and wavenumber modulations are explained by the work done by the
;’i long waves against the momentum of the short waves. ‘This work is converted into
: : : short wave energy and therclore produces a steepening of the short wave at the crests
of the long waves, i.c., the energy is redistributed along the wavelength of the long
wave. Longuct-Iliggins and Stewart (1960) came up with equations similar to 3.3 and
,.:.t 3.4 for a progressive short wave superposed on a long period standing wave in which g

! was Jdescribed as 2ul .

1. Determination of the Modulated Wave Profile

e It is of interest now to show that the refractive changes in amplitude and
o] wavenumber duc to the non-linear interaction may result in a modulated short wuave
i expressed as an infinite sum of components at different (requencies.  Then, the
g propertics of the modulated wave are investigated to provide a better understanding of
the modulation process. The procedure is to let the modulated short wave, designated

by primcs, propagate in the same wave direction and satisty

a' sin(k'x - w't) (3.7)
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Substituting cquations 3.3 and 3.4 into equation 3.7, and letting o = 0, vields

a' sin (r;s + m sinwl) (3.8)

where my = ay kp kg x coth kZ h is defined as a non-dimensional wavenumber
(wavenumber modulation factor). Lquation 3.8 is a gencral form of amplitude and
wavenumber modulation.  Llquation 3.8 reduces to the simple form n = a sin W

when my < < 1. Expanding equation 3.8 using trigonometric identitics, gives
b = ' 1 - 1 ) i i ! .
n a'{sin g COS (mk suwl) + cos xbs sin (mk 51n¢z)}(39)

Using Pourier scrics expansions to express the sinusoidal arguments (Abramowitz and

Stegum, 1964), gives
' - ' < ; :
n = a L_ Jn(mk)sm(ws + nyg) (3.10)

In the above analysis no assumptions have been made regarding cither applicable
regions or the inital propertics of the two interacting waves. Equation 3.10 oflers a
means of expressing the modulated short waves as a combination of spectral
components based on monochromatic iput. The short wave is viewed now as a
cartier subjected to @ simultancous amplitude and phase modulation, (Panter, 1965).

Changing the hmits ol summation, equution 3.10 becomes

n' = a'JO(mk)sin bg (31D
' < ; n_. 4y =Tl
+ a Z I (m) {sin(y +ny ) +(=1) sin(y —ny )]

5
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:;::E’ The first term has the form of the solution for waves at the incident wave {requency

':':: propagating on a sloping bottom but with a dillerent Bessel argument (sec equation

- 2.16 ). The remaining terms represent the side bands at sum and dillerence frequencies

:.: (w % ”W—) where they are phase Jocked. This solution is dependent on the argument

\is my and converges rapidly as n increases.

\ In shallow water, the Bessel function argument my reduces to 2 (ay /h) kg x

- for the case of progressive short waves superposed on long standing waves. The

" argument my, is found to increase onshore (Fig 3.1), where the computed values of my
T are cvaluated until closer to the shore (X = 1 c¢m) before my reachces 90 . Due to the

". onshore increasc of my , J,, (my ) decreases onshore, oscillating rapidly and reaches

. zero at the shoreline (I'ig 3.2). Note the diflerence in behaviour of the Bessel (unctions
W in cquation 3.11 and 2.15, where the Bessel argument allows the amplitude of the long

:: standing wave to rcach a maximum at the shoreline. FFor breaking short wuves on a

:::.:: long period standing wave, the depth limited breakers is utilized to Jesceribe ag (= ¥ h)
N in cquation 3.5 . Substituting a’ intg 3.11, yiclds

\.~ n' = Yh[Jo(mk)Sin Vg +§-—éJl(mk)cos ws]

Nie + yh(J_(m){sin(y +np,) - (1) sinly -y )} 512)

I

*2 3% n

:.%, - F Wy m) =3 m ) {costyg +ny ) - (-1) cos (p -y, ) 1]

Ko Two distinct features of this solution are demonstrated in the amplitude squared

) spectra (Iig 3.3). First, symmetric side bands are generated about the carrer (g 3.3

E a). The sccond feature is the transfer of short wave energy to the upper and lower side

:::::: buands as the depth decreascs (I'ig 3.3 b), which causes broadening of the wuve spectra.

::t":‘: It is also noted that the amplitude of the spectrul components decrease shoreward.
_ The instabilitics associated with the side bands generation are attributed to their spatial

..g‘}’ structurc and phase variation. It i1s shown that the side bands cnergy is modified by

:.-'\2 the decreasing depth. The modulation may contribute to the infragravity waves by

’ strengthening the low {requency energy component closer to the shoreline, which has

- previously been observed. Waddell (1973) presents evidence ol nonlinear transter of

$S}' cnergy from high to low f{requency due to collision, where successive bores begin to

2__.}{ overrun cach other. Tlowever, Huntley and Bowen (1975b) suggested that energy

9‘ transfers arc duc to the iteraction of many irregular spaced breukers in the surl zone.
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Sawaragi and Iwata (1973) studied experimentally the wave transformation after
breaking and observed energy transfer [rom the carrier into higher frequency waves by
an unknown mechanism. ‘The present analysis may be used to illustrate some of these
findings. Lquation 3.11 shows that the beach does not eliminate the incident wave
frequency and that the modulated wave enecrgy components and the incident wave

frequency vary spatially.

B. CHANGES IN THE WAVE KINEMATICS

1. Background on Wave Kinematics
At any instant of time, a wave front is defined by the phase function y =
constant, which is the cquation of a family of parallel planes with normal vector k. As
time increascs, these planes move with the phase speed in the direction k.

In general, the dispersion of the wave motion may be written

w = wlk/h) (3.13)

where the frcquency varies with both the wavenumber and the local water depth. The
local wavenumber and frequency are defined by the gradient of the slowly varying

phasc function in space and time:

kK =7y (3.19)
S
w = - (,—% (3.15)

Since the curl of a gradient is zero, it follows immediately from cquation 3.14 that the

local wavenumber vector in space is irrotational, i.c.,

v
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+ ?fl

7 xk = 0 C(3.16)

Cross diflerentiating cquations 3.14 and 3.135 to climinate y yields

(3.17)

oo
2 Fay
o

+ Yw

e Cquation 3.17 is known as the kincmatical conservation of wave density, where the rate
| of change of wavenumber is balanced by the convergence of the {requency. Somctimes
v 3.17 is also called the “conscrvation of crests equation,” since the crests arce ncither
W created nor destroyed and their total number must be conscrved.

Rewriting cquation 3.17 in tensor notation and expanding the convergence
.t term using the dispersion relationship in equation 3.13 gives

.: .
i)
[+
~
(=54
=
Q

;:i;¢ i Ném( '!) IT) a?(h = 0, i=1,2 (3.18)
: . i

I
(a4
a
=
@
ES
1Y)

T Equation 3.18 can be rewritten as

Ak ok
" _Ll,c 1 . 3w _sh

;“::; 3t gj ij sh axi (3.19)

Qo

where 0 kj j0x; = 0k, /0 X from equation 3.16 , and the group velocity is defined by

3
. C = ——a kw ( 3 20)
-4 g l j
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2. Kinematics of waves on current
In studying the problem of short gravity waves superposcd on waves of a
much longer wavelength and period, the long wave may be modcled as a slowly varying
current Ui(x,t), (e.g. Longuct-Iliggins and Stewart, 1960, 1961; Garrett and Smith,
1976). A coordinate system that moves with the current velocity is chosen, by which

the observed frequency @ , passing a fixed point, is given by

(3.21)

where @) is the intrinsic frequency, (Ursell, 1960; Whitham, 1960). The subscripts s
and [ reler to short and long wave properties. The second term on the right hand side
of 3.21 is duc to the rclative motion of short waves with respect to the chosen
coordinate and is known as the doppler shift efTect.

The short wave will be modulated by the presence of the current, and
therefore the modulated short wave (denoted by primies) is assumed to satisfy cquation
3.17, i.e.,

@
x

+ Tw'

(3.22)

Q?

where k° , the observed (modulated) wavenumber, is unknown and assumed unsteady.

The observed frequency @ is given by equation 3.21 . Expanding cquation 3.22 gives

(3.23)

where the quantitics k; , c¢g and @ are for the short waves, and U is the current (long
waves).
Assuming a steady intrinsic short wave train; i.c,, d kg / 8 t = 0, equation 3.23

may be simplificd by the usce of equation 3.19 to give
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P
=

l .

-
H.
[}
o

;
' which describes the kinematic conservation of the modulated wave density.
¥
1 3. Applications
The following analyscs demonstrate the efficiency and simplicity of equation
4 3.24 in examining the wavenumber changes of short waves riding on a current of
K longer period. Two different bottom topographics are considered: flut bottom and
? plane sloping bottom. Diflerent current models are applied.
a. Waves on a Current in Water of Constant Depth
4 The current will be modcled as a progressive or standing long period wave.
]
! 1. Current as a progressive long wave
. The short wave is assumed to propagatc over a flat bottom and to be
¥ parallel to the long wave (collincar) in the X-direction. The current U 1s described by
' the orbital velocity of a progressive long period wave,
R
cosh k, (h+z)
3y = - sin ¢
; U, @¥2 T sinh kg h o (3.29)
¢
A'h
which corresponds to a free surface elevation, n, = a sin 7K Substituting into
: cquation 3.24 gives
K}
R’l
i '
. 3k cosh Kkih+z) _. = 0
—— + k_ {a,u k : sin y,]
W DR TR h kh %
ot s, 4 &t sin )2 (3.26)
b Equation 3.26 is casily integrated over time to give
)
Y
cosh Kk(h+z)
o L : cos = Constant 3.27
o k ks kza:’, sinh kh S Yy ( ) j
! X 2
L]
\J
o
R
3
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" where the constant is cvaluated at U = 0, so that k'= constant = kS Jp.e. the
;?‘,—’f's

3

1

1

% wavenumber will not change if there is no current. Then, the general solution is
A2 .
kb obtained such that

U
k' = k_ [1 + = g
o Sx €s ' (3.28)

) which describes the wavenumber changes due to the non-lincar interaction between the
»

g short wave and a progressive long wave using a kinematic approach. LEvaluating
: equation 3.25 at the free surface, z = 0, equation 3.28 may be written

k" = kg ( 1+ agkpcoth kyh sin Wl)

ik It is intcresting that the above result, obtained from the first principles of Kinematical
. . . . - . .
o conscrvation, is the same cquation as (3.4 ) obtained by Longuet-Iliggins and Stewart

_ (1960) using a lengthy sccond order perturbation analysis scheme.

R, ii. Current as a long standing wave
o

A [For the {lat bottom case, cquation 3.24 reduces to

%)
r
0]
Q

x

A The current U is described by the orbital velocity of a lincar standing wave

o cosh kQ (h+z)
2“2X¢ —STAR kb

sin klx sin ‘”Qt (3.30)

which varies only in the x-dircction. Applying equations 3.29 for both x and y
dircctions yiclds

o ak;< cosh kl(h+z) )
i - * ks ai.kz“’z SITh kih cos kix sin w,t = 0 (3.31)
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Integrating over time gives

X cosh kg(h+z)
k! -k _ k - = Constant
0 x Sy 2 sinh k)h T?Z
' (3.32)
«
k' = k = Constant
N Yy Yy
k)
i [quation 3.32 indicates that the wavenumber component alongshore is always constant
!
¥ . .
K] since no longshore component of the current cxists.
b
The constant in (3.32) can be evaluated at any node where nL = (. At
;: these locations, it is assumed that the wavenumber does not change, i.c. k'x = kg .
N G . . . X
W Substituting into cquation 3.32, a general solution is obtained:
L}
)
k!' = k_ {1 + a,k coth k,h cos k,x cos w,t}! ,

. X s 2L 2 % 2
: X (3.33)
W ‘
) k! = k = Constant .
¥ Yy sy
. Therefore the wavenumber component in the x dircction is always modulated in time
:" ' and space, while the longshore wavenumber component is always constant. As a
) . . .o .
. result, the wavenumber vector changes in time and space; i.e. the waves are relracted.
4
" It is clear that if the waves are parallel to the current, i.c. collincar in
. x-dircction, then ky = 0 and the solution reduces to the first equation in 3.33 .
L)
o .
;:' b. Waves on Current in Water of Variable Depth
)
;: A rcasonable model to describe the current on a sloping bottom is the
I) . .

orbital vclocity of ecither a cross-shore long standing wave or edge waves. Collinear
W and oblique incident waves on a current arc included. Let us assume a planc sloping
]
) . . - .
1 bottom for simplicity of analysis.
]
"W ,
> i. Current as a cross-shore long standing wave
j On a sloping bottom, the hornizontal velocity of a stunding wave is
2 described by cquation 2.17 . Recalling the equation for wave density conscervation
K (3.24),
¥
A\l
"
‘l
0
>
1
")
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which requires specifying 8 U/d x and d kg /d x; . The gradient of the current velocity
i

becomes

an,
—}
TRl (3.35)

Qo
xle
I
1
xXic
+
ol Lo

Using the dispersion relationship in shallow water to differentiate the wavenumber
components gives

8ks

X da , 1 3.36
= - kg {tanadx+2x} (3.30)

X X

and 0 ky / 8y = 0, since the dispersion relationship is independent of y as the depth
contours arc assumed straight and parallel. Applying Snell’s law to describe the
change in the anglc of approach with x, d @ / d X gives

do 1
Ix - 7h tan o tan B8 (3.37)

Substituting into 3.36, gives

SX ksx 2
< - " Tox(secia) (3.38)

Substituting into 3.34 using 3.35 and 3.38

0 k sec2a

—] _U[__SL___] = 0

2x (3.39)

46

o

‘ AR TR 3 AR
R ORCOLONKDRTCE o DXt ACA DN DI ER I S0 DO W R IRR ¢ T A0

T




el ol

P . ) <
- L

4

el

TSI e

-
o

ALY,

L) \ \
O .o.

u‘ M’“‘, .b“o“u .o' |’ ' 4

Sk!
I - 9
ot
from which & ky /0y = 0 and, therelore, k’y = ky = constant. Integrating equation
3.39 over time gives
k t 2 n
SX ¢ sec o 2 _
k;( T = J U dtl + —T—] kSX w Constant (3.40)
since
j Udt = -(l,o)2 )4 U/ 8t + constant
Thercfore, equation 3.40 becomes
k N 2 n
sx 3U sec x, _ L
ke Tz sell T T T Kk h Constant (341)
G
2

The constant in 3.41 can be evaluated at X = 00 where current vanishes, i.e. ;= 0

and U = 0, which gives k’'y = constant = k Then, for a steady oblique wave

5.
X
train, the gencral solution is given by
S RS RS S sec’s) 20,
ky = kgl h 2 2 3 (3.42)
X X(A),,

n
2 3 1 U
k! = k_ (1 + == -5 =]
h pA 2 3t
‘ % Sx Xy (3.43)
'k' = k = Constant

Y y

This equation shows the dependence of the wavenumber changes on the surface

clevation and on the acceleration of the current.
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iy ii. Current as an Lldge Wave
In the 3-D model the long wave is described by an edge wave. A zero
mode edge wave is used to simplify the analysis where the Laguerre polynomial equals

unity. The horizontal velocity components are given as

(@}
]
\I°

=
1]
s

; - 3.44
o SLn(kyQy wyt) (3.44)

<

it
o
~

19
<

- t
= cos(kygy Wy ) (3.45)

i A steady short wave train riding on an cdge wave will satisfy the wave density
conservation equation (3.24 ). Substituting into equation 3.24, using cquations 3.38
Y and 3.39, gives

s
X . \ = 0 346
- Ulkg kot g secul (3.46)

. ok
. Y + k k U = 0
W . 3.47

Integrating both 3.46 and 3.47 with respect to time gives

1Y k‘)
< 2 (3.48)
fk: ke + kg ((—Yyv + 2€S £ y] = constant

r.0 The constant in 3.48, can be cvaluated when x = 00 where both U and V go to zcro

W and k'x = kS . This Jeads to

fL~ X
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2
_ , v sec ., , 3.49
ke = kg il + g— (1 + 51 (3.49)
X &~ X
Y Y
] — _V.l
ky = kgyll v gy (3.50)

Since edge waves are progressive in the alongshore direction, equation 3.50 is similar to
3.28 where the current was modeled as a progressive wave. The changes in the
wavenumber and direction of short waves riding on zero mode edge waves are
demonstrated in Iig 3.4 .  The modulation in the wavenumber increases onshore
where the wavelength goes to zero.  Increasing the angle of wave incidence is shown

to increase the wavenumber modulation.

C. CHANGES IN WAVE ENERGY AND MOMENTUM FLUX
1. Background
A wavc train composed of a group of individual waves propagates with the
group velocity at which the total energy is transmitted. Encrgy is usually expressed in
terms of average energy over a complete wavelength per unit surface arca. The total
encrgy of any wave system is the sumn of both the potential and kinctic energy.

The average potential energy i per unit surfuce arca is given by

P

1 g ]t+T fx+L 5
E = = &2 n” dxdt 3.5
p 2 TL N " (3.31)

The average kinetic energy [y per unit surface area is estimated by

£+T  x+L n=0
Los [ leveutrdz dxat (3.52)
2

I'or lincar progressive surfuce gravity waves, the average total energy Lyis
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Figure 3.4 Spatial changes in the wavenumber of short period waves
duc to the presence of zero mode cdge wave.
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which is equally partitioned between the potential and the Kinetic energy.

a. First Order Sca-Swell Energy Modulation
Short period waves riding on much longer wave can be examined using the
principle of superposition. First order modulations are examined using the lincar
description of both waves. The lincar theory is recognized as a rcasonable
approximation for its successful use in describing many observed phenomena even
within the surf zone, (Bowen ct al., 1968; Guza and Thornton, 1980). The total surface

elevation may then be expressed as

(3.54)

where the subscripts s and | refer to sca-swell waves and long period waves
(infragravity waves) respectively. Inside the surl zone, short waves break, dissipating
their energy onshore. The depth-controlled wave breaking model is adopted (equation
2.11) to describe first order short wave dissipation with zero amplitude at the
interscction of the mean water level (MWL) with the beach. The depth in equation
2.11 1s modificd to include the slowly varying depth changes duc to the presence of the

long wave,

a, = v(h+ny) (3.55)

where Ny is the surfuce clevation of low frequency wave motion on a sloping beach and
is described by either a long standing wave or an edge wave. The objective of this
approach is to cxamine a first order energy perturbation (second order in amplitude)
due to the presence of long waves. In the 2-I> modecl, the long wave is modeled as a

long standing wave. The potential energy for the combined short and long waves is
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calculated by substituting the combined surface elevation given by equation 3.54 into
cquation 3.51 . The Kinctic energy (cquation 3.52) is simularly calculuated using the

total horizontal velocity,

up = Ug + u, (3.56)
where
u, = y(h + r.g‘) vg/h cos wst (3.57)

and uj is given by 2.17 . 1t is assumed that the vertical velocitics in shallow water are
small compared with the horizontal velocities, i.e., w < < u . The total energy L
averaged over short and long wave periods is the sum of both the potential and kinctic

cnergy and is given by
1 2 1 2,2 2,
ET = _é_pg[(rh) l + faQ(JO(X) +Jl(’k))‘w

s 2
2 (3.58)
v a Jo(x) !

-

(ws+w2)

2.2 _2
+ 1 vy a, J5(x)| ]
4 i 0 -
W "W,
. . . s L

The total averaged encrgy in cquation 3.58 is represented by four terms at frequency
bands 0,0, ((v)S + o)y ) and ((ng - 0 ). The first term in right hand side is identified
as the short wave contribution if the short waves were considered alone. Similarly, the
sccond term represents the contribution [rom the long waves alone. The third term is
due to the nonlincar interaction between the short wave and the long wave and is
represented by two side bands at the sum and difference between short and long wave

{requencics.
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b. Model Parameters and Preliminary Results

LEnergy culculations for the combined short and long waves requires
specifying the two parameters ¥ and ap in equation 3.58 . The breaker index v, which
relates the breaking wave amplitude to the local water depth, is taken to be .20 when
using the root mean sqguure wave height (Thornton and Guza, 1982). The second
parameter, the long standing wave amplitude, is defined as the vertical excursion of the
low frequency swash oscillation at the shoreline. Larlier work by Munk (1949) and
Tucker (1950) showed the infragravity wave height to be 10 percent of the incident
wave hcight, with both quantities ni-asured in IS5 m water depth. Goda (1975)
measured infragravity wave heights in 1 m water depth and lound them to be 20-40
percent of the olfshore incident wave height. Guza and Thornton (1982) measured
infragravity run-up height in Torrey Pines to be 70 percent of the wind wave heights
measured I 10 m water depth, Holman and Bowen (1984) measured the signilicant
runup height, defined as the significant vertical excursion of water level at the
shorceline, and found it to be 60 percent of the incident significant wave height at the
breakerline. Gueza and Thornton (1985a) analyzed data acquired from three diflerent
experiments and found that the significant vertical swash excursion on the average was

equal to the incident significant wind wave height measured in 10 m depth

R = H . (3.59)

Therefore, the amplitude of the long wave ayis taken as .50 ”sig . This result will be
used here since cquation 3.59 i1s weighted over three dillercnt beaches and incorporates

the Sunta Barbara data, which are considered in the present analysis.

Data acquired at the Leadbetter Beach experiment in Santa Barbara during
1980 arc utilized to specily the paramcters of the cnergy model. The best fit to the
beach profile assuming a plane sloping beach is found to be 1:25 with a surf zone width
of 50 m. The characteristic periods for both the short and long waves as determined
from the spectral analysis of current meter records are 14 and 83 scconds respectively,
These are typical values for the data acquired on Pebruary 4 (narrow banded waves).
The model results are shown in Iig 3.5 . The potential energy for long waves is shown

to reach a maximum at the shoreline with a magnitude comparable to the nianimum
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short wave potential cnergy at the breakerline (IFig 3.5 a). The kinctic energy for both
short and long waves decays shoreward (IFig 3.5 b). The total averaged energy decays
onshore, with short waves dissipating all their energy at the shorcline where the long
waves have their maximum energy (Figd.S ¢). The two side band components show a

steady growth (order of 15 percent) in total energy in the vicinity of the shorcline.

2. Mass and Momentum Fluxes
a. Background

The changes in the mass and the momentum fluxes are required to specily
the driving forces for predicting the surf zone dynamics. Conservation equations
developed by Phillips (1966) arc followed, in which the terms representing the mean
and fluctuating quantitics have been scparated. These cquations arc applicable to
wave motion as well as general turbulent motion. No restrictions are placed on the
wavc slopes and/or amplitudes through the use of these cquations.

The conscrvation of total mass per unit area can be expressed

M,
igg+ ai = 0, i=1,2 (3.60)

where 1,j refer to horizontal coordinates, D is the total averaged depth of water, which

may include the wave sctup, and M; is the total mass flux defined as

n___ :
f pudz, i=1,2 (3.61)

=<
I

1 -h

where u; is the total horizontal vclocity that contains a mean quantity and a
{luctuating quantity duc to the waves. The overbar denotes , at this stage, averaging in
time over the short wave periods, but not so long as to exclude the long waves.

The momentum flux cquations arc derived from the horizontal momentum
cquations intcgrated over depth, averaged over time and using the [ree surfuce and

bottom boundary conditions:
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+ R, (3.62)

The first term on the right hand sidc is the change in the mean hydrostatic pressure
duc to the slope of the mean free water surface, and R, is the mean shear stress term.
The first term on the left hand side is the local change in horizontal momentum flux;
the sccond term contains the mean momentum flux U; M and the excess momentum

]
duc to the wave presence S;: , which was termed the “radiation stress” tensor by

i

Longuet-lliggins and Stcwurt](l‘)(»l, 1962). The advantage of using the “radiation
stress” technique to solve physical problems is that thc sccond order eflects are
obtained using first order wave theory, and therefore some non-lincar wave propertics,
such as sctup and surf beat, can be explained easily. The radiation stress for a

progressive lincar waves is given by

n 2 MiM.
j ) (3.63)

where 8 is the Kronecker delta. The third term can be neglected since it is of higher
order in decp water and has a negligible contribution in shallow water. Evaluating all

terms in equation 3.63, the excess momentum tensor for a lincar progressive  ve is

k. c
- g i 1 s A . -
sij - ——2-l+ 5 El2 = 1]513 , i

1,2 (3.64)
k

where ky ,ky arc the wavenumber components and are used in the expression to
indicate the directions kx /k = cos a and ky 'k = sina .

These expressions arc also a good first approximation for slowly varving
depth if @ and k are interpreted as the local values corresponding to the local depth h

(Mei, 1983). In shallow water, the group velocity ¢, equals the phase speed ¢ and the

€
radiation stress components are approximated by
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As expected, for a standing wave on a flat bottom, the radiation stress components are

e . . .

R exactly twice the valucs of a progressive wave (Longuct-1liggins and Stewart, 1960).
e

B b. Changes in The Radiation Stresses Due to the Long Waves

" ‘ - . - . . .

X The objective now is to rederive the excess momentum duc to combined
o short and long waves to develop explicit formulae. The short waves are assumed to
1 . . .

k¥ arrive obliqucly at an angle « , measured counter-clockwise between the wave ray and
by the positive X-axis. The long waves arc modeled as a normally incident standing wave
Y

n on a planc sloping bottom. The procedure of calculating the momentum flux
,': components duce to the presence of both the short and long waves is to substitute into
) . .

o the general formutation 3.603, which is applicable to all kinds of steady and unsteady
[}

! flow. In the following development, the terms second order in amplitude (first order
\J

N . : .

. in energy and momentum) are retained, and all the higher order terms are neglected.
¥, Then, the resulting expressions arc averaged over the long wave period to climinate the
‘ . .

gl time dependance of the obtained formulae.

M 0 - . . :

Kl I'ic radiation stress component 8, ,defined as the {lux of onshore directed
2t . . . ’

momentum, 1s given from equation 3.63 as
o

0
3
R O 1 2
;: SXX = J (pn%u;P)dz -5 gD (3.68)
byl ‘h

25 . o . . . .
4 I'he first term under the integral is the product of the total horizontal wave vclocitics,
v, which can be obtained by summing ¢quations 2.6 and 2.17 . The hmits of integration
e
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b arc taken from the bottom to the still water level (SWL) at 5§ = 0, which is consistent
ot . . . . .
vy with the analysis being sccond order in wave slope. Integrating over depth and

averaging in time over long wave periods yiclds

2.2

Jn (x)
o 1 . 2.2 Y Yo 2 (3.69)
[ puu_dz = iog{‘f h +a£( 2 +J1(X))}
-h TT
o
€ ' \
:;:Q' The pressure term in cquation 3.68 is obtained by integrating the vertical momentum
\‘Q
f:ﬁ:::“ cquation (neglecting the vertical stresses) from any depth z to the free surface (see
Phillips, 1966), which gives

e
Y AL ) n 3 n 2
ey Pl = ol [ gdz + =% [ wdz + =—— [ uwdz - pw’} (370
! z A z j z
l.:‘

RS

-
=
)
i

A"

The first term is the hydrostatic pressure. Integrating from the bottom to the frce

surface and avcraging over short and long wave periods gives

N

2112 2
term 1 = 3pg 5~ *+ (n+h) ™ +

Y 2_2 .

N =

) e . . . .
f.’v:"t I'he second term is similarly evaluated, but it was found to vanish when averaged over

the long wave period. The third and fourth terms give

0
Lo 1 2 2,.2 2,
R term 3 = - zpha mi[JO('A) —Jl(;()] (3.72)

n
£

-~ tan & vYgh a:ZJO();)Jl(‘,‘)

EN N

P +

e (3.73)
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:“-E The time averaged radiation stress Sxx is obtained by adding equations
' 3.69, 3.71, 3.72 and 3.73 :

2
1 2,2 3,5 2.2, 2.2
. . = =,g{37°h% + (1 + =L a%35 (0 + 2a537(.)}
E’j., P gv9t = 2 "0 eL (3.74)

2 — . 72223
+ %pwlaz(tan s vgh Jo(x)Jl(,<)) + gow Y h

W 2 7 2.2,.
o + —g-aih{—z’L-(Jg(xHJl(x)) + w232 (0)

The first term on the right hand side is identificd as the short wave contribution if
considered alone, which is in agreement with equation 3.64 obtained by
l,',;: Longuct-Tliggins and Stewart (1962). The second and the third terms are the
contributions by the long waves and the side bands.

. The transverse component of radiation stress, S, is defined as the onshore

¥X,
flux of longshore momentum across a vertical planc any distance offshore. This
"y componcent can be calculated from the dircct evaluation of the momentum flux as the

product of the total horizontal velocities, u and VY
) X S
W S, = | ugpvdz (3.75)

DO A cross-shore long wave is considered for simplicity, i.e. no longshore velocity

iy component, while an oblique short wave is considered. Then, equation 3.75 becomes i

‘ot n
: Syx = -hI (us cos +u?‘)us sina dz (3.76)

o The transverse component Syx is the driving force for the longshore current inside the
)
::t§ surl zonc. When considering the cross-shore long waves, the primary change in Syx

o arises [rom the amplitude modulation of the short waves, which s a function of the
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oy long waves. Integrating cquation 3.76 over depth and averaging over the short wave

e period gives the time dependent form,

! 2 2, .
i S = %pg{‘lf (h +n2) }sin a cos a

e};’ yX (3.77)

Averaging over the long wave period to climinate the time dependency, the transverse

e My component S, inside the surf zone is

y

%Dg{‘{zhz + %-YzaiJg(X)}sin o Ccos o

" S (3.78)

o v

t'e The first term on the right hand side is in agreement with equation 3.67, while the
R seccond term can be identificd as side bands. In equation 3.78 , it is noted that the

‘Jﬁ cross-shore long wave by itscll does not contributc to S but their interaction with

yx

\ the short wave results in the side bands that increasc the Syx term.
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1V. DATA ANALYSIS

The analysis of ficld data is performed to test the hypotheses that the ncarshore
dynamics are duc to both the short and long waves. Outside the surf zonc, waves
arriving in groups cause a change in MWL (Fig. 4.1 ) and drive a forced long wave
(Longuet-Higgins and Stewart, 1962). At the brcaker zone, the short waves break and
their heights become depth dependent, obeying the saturation curve. The water depth
is modified by the prescnce of the long waves. Therefore, the short waves are expected
to be modulated by the infragravity waves inside the sur{ zone. The experiments are

briefly discussed, followed by analyzed results.

A. DESCRIPTION OF THE FIELD SITES

Two experiments were performed as a part of the Nearshore Sediment Transport
Study (NSTS). The objective of NSTS was to develop an improved engincering
formula to predict scdiment transport on beaches. Field sites were sclected for their
simple topography of straight and parallel depth contours, which match the
assumptions oftcn used for ncarshore dynamics. The first experiment was located at
Torrey Pincs Bcach (T.P;), San Dicgo, California and conducted for one month in
November, 1978. Torrey Pines is a gently sloping beach (tan B = 0.002) with ncarly
straight and parallel contours. The bottom is composcd of moderatcly sorted,
fine-grain sand (mean diamcter 0.15-0.2 mm). The waves break as spilling or mixed
spilling-plunging. A widc varicty of wave and weather conditions were encountercd
during the experiment, from small to large (2 m) waves, {rom very narrow-band swell
to wide-band sea, from calm to windy days (> 10 m;s). A total of 42 scnsors were
deployed over an arca 520 m long parallel to the shorc and up to 500 m offshorc.
Surface clevation and horizontal, orthogonal velocity components were measurcd along
a shore-normal transect from oflshore at the 10 m depth contour to the shore.

Leadbetter Beach, Santa Barbara (S.B.), California was the second NSTS
experimental site (I'ebruary, 1980).  Leudbetter Beach has relatively straight and
parallel nearshore depth contours with well-sorted fine to medium size sand. The mean
ncarshore slope varied between 0.017 and 0.05 during the experiment, depending on the

wave climate. Well-developed cusps occurred during the beginning of the experiment.

61

oA

.y B k,‘! PoAy AIOA) 1w N 3 i O . PR LR R R RO CUAG W
ey ‘..’,i.‘;.&‘ ““a"’tfi‘-?"'@ v 'm.‘f!.‘,‘u't't..iu "',‘?":';‘ *0‘1"‘"0‘: "1‘0’.»‘!’}0‘9 "!‘ a\..‘;l.. ALK g" '!'t’. N GARINARYAR




- "

oy
-

P

s

-
- -

SHORT WAVE
BREAKING

s
.

ek
1]

-

-

n N

.-

Figure 4.1 Schematic diagram of short and long wave models outside
\ and inside the surf zone.
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No major offshore bar system was upparent. The shoreline has an unusual cast-west
orientation along a predominantlv north-south coast. The open ocean waves arce
limited to a narrow window of approach (£ 9° centered on 249°) because of
protection from Point Conception to the north and the Channel Islands to the south.
The generally highly filtered ocean swell type waves from almost due west must make a
right angle turn to approach the beach normally. The result is often a narrow band (in
frequency and direction) spectrum of waves approaching at large oblique angles to the
bottom contours in the sur{ zone and driving a strong longshore current. Rod and
level surveys of the beach profile were obtained daily. An array of current mcters and
pressurc scnsors were deployed cxtensively in a similar manner as at T.P. Scvere
storms occurred during the experiment, causing significant changes in the shoreline
configuration and beach profile. Despite the destruction of most of the instruments
during the storm, a very substantial and valuable data was recorded (Gable, 1980).

Data were acquircd at a sample rate of 64 Hz for several hours cach day, then
low-pass filtered and rcduccd to 2 Hz. The sensors, data acquisition system and
expcrimental sites are fully described by Gable (1979, 1980).

B. DATA ANALYSIS

~ Data acquired from T.P. and S.B. have been extensively analyzed by different
investigators. Incident wave analyses include shoaling, sctup, swash oscillation,
runup, velocity moments, longshore current and sediment transport. Infragravity
waves were studicd for runup, identifying both the cross-shore and longshore structurcs
and typc of thc dominant motion, whether they are leaky and;or edge waves (Guza and
Thornton, 1982,1985a,b; Oltman-Shay and Guza, 1986). As mentioned before, the
dynamics of the infragravity waves were not previously studied.  Furthermore, their
effect on the incident waves, especially inside the surf zone, is of intcrest to understand
the ncarshore processes. [t is hypothesized in this study that the interaction between
the short and infragravity waves generates other waves (side bands) at the sum and
difference frequencies.  These waves occur at the neigbourhood of the short wave
frequency, and they are of importance in driving longshore current and scdiment
transport at the shoreline.  The cexistence of both the infragravity waves and the side
bands arc investigated utilizing records of wave stalls, current mcters and pressure

sensors. Coupling between the incident waves and the infragravity waves are tested via

-. . . 1’. ~ A e v ‘-.
';& \‘. m}.r_}" *.( RIS, .f".ﬂ'.ﬂ') r\_\ra)lﬁ iy i~f‘r‘:')

i-:ﬁlﬁti



spectral and cross-correlation techniques, and different theorics are discussed. Since
the present developed model is monochromatic, only days of narrow banded waves are
considercd. Three days are selected from cach experiment (total of 6 days): 3, d, and 6
Iebruary 1980 at S.B. and 10, 20, and 21 November 1978 at T.P.

1. Spectral Analysis

Vclocity and pressure time series of 68-minute length are used to compute
spectra with 32 degrees of freedom and a resolution of 0.004 11z. The power spectra
arc computed for all the availuble working sensors at cach selected day. The spectra
are plotted on lincar scale to demonstrate the relative importance of cach peak and
normalized by the variance (arca under spectra). In Fig 4.2, a well defined swell peak
is seen at a [requency around f = .06 Hz in most of the instrument locations during
10 Nov., T.P,, and in Figures (4.3, 4.4) at frequency fs ~ .07 Iz in all the analyzed
instruments in 3 and 4 Feb., S.B. A consistent valley ncar 0.05 11z is present in almost
all spectra, scparating the incident wave band from the low frequency band. Within
the infragravity band, a pronounced low frequency peak is shown in most of the
spectra at I’Q = .017 Hz for 4 I'eb,S.B. and .0195 Hz in 10 Nov.,T.P.

‘The infragravity cnergy has been studied extensively since the first
obscrvations by Munk (1949) and Tucker (1950). lluntlcy et al. (1981) identilied a
progressive low mode edge wave in the longshore direction that satislics the dispersion
relationship of edge waves. Oltman-Shay and Guza (1986) extended the work of
Huntley et al. (1981) and were able to determine the energy contained in each edge
wave mode. The low mode edge waves (n S 2) were found to dominate the longshore
current energy while leaky mode or high mode edge waves dominated the cross-shore
dircction.  ‘They attributed the daily chuanges in infragravity encrgy levels to the
variation in incident wave conditions and the resonant forcing of edge waves described
by Gallugher (1971). Guza and Thornton (1985a) observed surfl beat in 3 field sites
including S.B. and T.P. ‘T'hey found a phasc shift of m /2 between the surface clevation
and the horizontal velocity within low [requency motions (f < .05 112) which indicates
the predominance of the standing wave structure of surl beat. This result agrees with
Suhayda (1974). Guza and Thornton (1985a) rejected the hypothesis that surt beat is
primarily generated by bore-bore capture within the surl zone (as by pothesized by

Bradshaw, 1980 and others) because bore-bore capture models do not predict incoming

surfl beat encrgy outside the surl’ zone and do not describe the gradual increase in the

infragravity band onshore.

3, 64

ey A0 2] 7, : N Th 10 L WA e Ry AR AT e * S« o
.a“,'a‘"t'!?t’;.'t’.’c‘.'s . \,n'v‘l‘txl.'.‘ 5,“’:‘ N ‘h"li‘"". A",'u..’ .‘..l 0,&‘ ‘Q.l X '” » !"« » Al ¢ (( ‘ W' N 40 '.-"(,0, u“ W " o - N




|

Pt o X

40.0
1

P10 101178

N
ot o

b et

0.0

T

ay

T T T T T T 1
0.0000.025 0.0s0 ©0.075 0.100 C.:i2s 0.150 G.175 0.200

40.0
J

P16 101178

0.0

T T T T T T . )
0.0000.025 0.050 0.07S 0.100 O0.125 0.150 0.!75 0.200

NORMALIZED ENERGY DENSITY

P30 101178

s ey R 2 M

0
L

(g

AN R

0.0

T T ! ! T ! T 1
0.0000.025 0.0S0 0.07S 0.100 0.125 0.150 0.175 0.200
§ FREQUENCY (HZ)

& Iigure 4.2 Normalized power spectra at dilTerent locations in 10 Nov., T .1,
: showing an onshore relative increase tn the infragravity energy level.

65

TR MW ” F LS VY np . i AW WA
R R A R Rttt B B e A I A AN A KDL



:’.: The transformation of the incident wave spectra across the surf zone is shown
'fi in Figures 4.2 and 4.3 . A dramatic shoreward increase in the low trequency band
energy is accompanied with rapid attenuation in the progressive incident wave encrgy
‘;;a due to breaking as the depth decreases. The infragravity energy can exceed the wind
:t.‘ wave energy by a factor of 2.5 in the inner surf zone (Wright ct al., 1982). In storin
::;:: conditions, Holman ct al. (1978) observed a considerable increase in the infragravity .
energy levels responding to the changes in incident wave conditions. It is clear from
A," Figures (4.2, 4.3 and 4.4) that the spectra closer to the shoreline i1s dominated by the
:-5 low frequency band.
. The theory of wave-wave interaction presented in Chapter 3, by which side
band waves are gencrated as a result of the non-lincar interaction, can be tested using
N the availuble data. Llgar and Guza (19885), on studying the nonlincar dynamics of the
:' shoaling waves using bispectral analysis, showed that the low frequency motion at the
._ beach fuce is significantly non-lincarly coupled to higher frequency modes scaward the
- surf zone around the peak of the power spectra. They did not resolve possible side
q: band generation in their analysis, choosing instead to obtain higher stability (low
; resolution). Using higher resolution here, peaks at frequencies (fs * [:e) are found in
.“ Ilig. 4.5 which are identificd as upper and lower side bands. This supports the :
: hypothesis of the short wave modulation derived in equation 3.11 . Evidence of side
':- bands is present for almost all the measurcments on all days analyzed, but usually only
ﬁ’ - the upper side band at frequency (f; + f ) is present (see igures 4.2, 4.3 and 4.4).
’. ‘The side bands arc not always statistically significant, however, since at least the upper
side bund is present for all narrow band days. Ilence, 1t is concluded that the side
o bands arc rcul. It is not clear why the lower side band is absent. The suppression of |
,% the side band may be strong lower frequency breaking or it may be caused by the |
"‘ scaward radiation of energy by the outgoing component of the standing long waves. |
e Elgar (1985) showed that the low [requency reflected waves will have phase
€ relationships relative to their incoming parts that tend to decrcase bispectral level.
:‘: Guvsa ct al. (1984) show an increase in coherence between the incident wave envelope
_-;: and the long standing waves when removing the reflected wave.
*%

‘The time history of energy transferred between swell peak and the upper side
band is demonstrated in Fig. 4.6 using almost a four-hour time scrics. The long record

is divided into 64 scgments cach of 17.1 minutes with a 50%% overlap to calculate the

spectra. binergy appears to be transferred from the incident wave peak to higher
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3 frequency components. This leads to a faster growth of the upper side band than for
;:: the lower side band. The incident wave peak drops to a minimum, strengthening the
N upper side band. A similar mechanism could happen if lower side bands exist, which
AL may transfer energy to low frequency components.
% Using the same data set, Guza and Thornton (1985b) computed the velocity
;-'r; variance in 20 Nov., T. P. at cach instrument location across the surl zone Fig. 4.7 .
W Their result show no substantial differences between the observed and the predicted
;\d‘ ' values when summing the potential and kinetic energy for short waves riding on long
:'\ s standing waves (Fig. 3.5). The decrease in short wave energy is almost balanced by the
:' 2 increase in low frequency energy resulting in an almost constant cross-shore velocity
v variance (Guza and Thornton, 1985b). Wright ct al. (1982) obtained a similar variance
;';::i distribution on Australian beach. Although the spectral shape of 3 Feb is similar to 4
:;:: Feb, waves in the 4 Feb are more energetic (Hsig = 80 cm). Therefore, strong
:::' : non-linearities are expected.
4l

‘. 2. Cross-Correlation Analysis

Y The objective of this analysis is to cross-correlate the incident wave cnvelope
'l.}"?-: with the lon ; . i ]
oo g waves to test the hypotheses that long waves are forced outside the surf
?: zone and short waves modulated inside the surf zone. The cross-correlation function,
» Cp , is a measure of the degree of linear relationship (association) between two data
.‘:: scts in the time domain. Tucker (1950) correlated the incoming wave envclope and the
m corresponding long wave observed by a bottom mounted pressure sensor at a distance
: 800 m offshore. He obtained a negative maximum corrclation corresponding to a 3

minute tume lag. The time lag associated with the maximum corrclation was

iy . . . .. .
:::. approximately the time required for the incident wave group to recach tl : shore with
:ﬁ:: ‘ velocity Cq and for the associated long wave to travel back with phasc velocity 4/ ¢h.
:i“E' The negative correlation was described by Longuet-lliggins and Stewart (1962) as a
_._:“ low frequency forced wave response duc to the incident wave groupness that has a
.:;:.: phase shift of ® with the cnvelope of the high frequency waves. Hence, under high
E:E ,\ wavces, a long wave trough is expected and vice-versa.
:::? [untly and Kim (1984) obtained a positive corrclation between long waves
e‘ “ and the short wave envelope at zcro time lag [rom current meter measurciments taken
:E.::s; outside the breaker line. Their results agree with the forced wave model of
:::t ' Longuct-Higgins and Stewart (1962). I'or velocity measurements, a positive corrclation
;:;::‘ is expected with the x-direction positive oflshore.
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Guza, ct al. (1984) obtained a negative corrclation outside the surfl zone and a
positive corrclation inside the surf zone when comparing the surface elevation of the
short wave cnvelope with long waves. No explanation was given for change in signs of
the correlation between outside and inside the surf zone.

Surface clevation time series are inferred frem current meter data from
experiments at T.I. and S.B. using the complex Fouricr spectra of the horizontal
velocity component, U(f). Current meter rccords were first lincarly detrended to
exclude the cflects of the rising and falling of the tides, then high-pass filtered using a
cut-ofl frequency of 0.05 Hz to exclude surf beat, followed by a low-pass [ilter with a
high frequency cutofl (0.311z) to exclude capillary waves. The filtering was
accomplished by FFourier transforming the signals and zeroing the FFourier amplitude
coeflicients in the filtcred frequencies. The complex surface elevation spectrum, X(f),
is calculated applying the lincar wave theory transfer function, Hg(f)

X(£) = H(E)U(E)
(4.1)

Then, the complex surface clevation spectrum is inverse transformed to obtain the
surface clevation time scrics. The entire 68-minute-record was transformed at nnc time
to minimize the end cllects, which result in spectral Icakage, and to obtain maximum
resolution for very sharp roll-ofl" at the filter cut-offs. Surfacc clevations were also

- computed from pressure signals in a similar manner by transforming the pressure
records using lincar theory.

Using the surface clevation time scries obtained in this manner, the correlation
between the incident wave cenvelope and the corresponding low frequency motion is
calculated. The low frequency motion is obtained by low-pass filtering the surface
clevation time series. The high frequency wave signal is the residual after subtracting
off the low frequency energy. The short wave envelope is obtaincd by demcaning and
squaring the high frequency signal, followed by the same low-pass filter uscd before.
Scgments of the time scries for the wave envelope and the associated low frequency
motion suggest positive correlation for the wave sensor inside the surl zone (l'ig. 4.8)
and ncgative corrclation for the current meter derived signal outside the surf zone (I'ig.
4.9).

The cross correlation function is calculated using the following formula
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I'igurc 4.7  Spatial distribution of band passed velocuty variance in 20 Nov., 1978.
. Low is (0<1<0.05 Hz) and high 1s (0.05 < f<.5T1z)
(after Guza and lhornton 1985b).
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o n-k — vi k = 0,1,2,---
x:’?::\ Cple) = ml‘}. til(xt -X) ek Y
ek . (4.2)
v = =1,-2,...(N"1)
B ° i
{«:: where T = k t is the time lag, t is the sampling time interval, n is
‘ number of data points, o) G arc the standard deviations for the low frequency signal
:..;: and the cavclope, and x, y are the means for each of the time scries. The time lag is
jﬂg; positive when the fong waves are in advance of the wave envelope, and it is ncgative
:::'::‘t when long waves lag the wave envelope.
o A test of significance (null hypothesis) bascd on the “Fisher-Z
.:‘;:":" Transformation” is performed with the statistic z = 4/ n-3 /2 In (1+Cp / I- Cr)
“'.‘;‘ (Miller and Freund, 1977). At level of significance @ = 0.05, the calculated z always
':"‘: exceeds 2,/2 (= 1.96), since the used record is long (8192 daia points). Thus, the null
R hypothesis is rejected and the correlation is significantly diflerent than zero.
g‘::‘.: The corrclation function for the wave stafl W38 (T.P.) is shown in Fig. 4.10.
Qe The maximum correlation is +0.49, corresponding to a time lag of -4.0 scc. The
R\ function shows a strong periodicity at about 40 scc. The corrclation cocflicient is
" calculated with 95% confidence to be significantly different from zero. l'ig. 4.11 shows
::E::: a negative corrclation for CO7x (S.B.), indicating the characteristics of a forced wave
'::&" response outside the surf zone.
!':::;S ‘The maximum correlation cocflicients and the corresponding time lags at cach
O instrument location in 10 and 21 November, T.P. are given in Table I and 11 .
'\::‘3: Simularly, tables [11 and 1V are given for 4 and 6 Feb.,S.B. Lower values of Cp imply
::}0: that the two rundom variables may be independent, that there is no lincar relationship
%%3 between the two signals, suggesting a free long wave (1luntly and Kim, 1984) or the
B possibility of some non-lincar relationship. The low valucs of the negative Cp can be
«g “ attributed to the fact that the 1t phasc shilt is only a deep water casc, while the deepest
;: instrument uscd is 3 m. The other reason could be the significance of the phase-locked
"f‘ﬁ reflected low frequency waves decreasing the coherence cven for low values of
] . rcflection cocfTicient (Llgar, 1985). Elgar and Guza (1983) indicated that the
ﬁﬁi infragravity modcs do not appear to be bound with a fixed phase relationship to the
:'12::' high [requency wave groups, since their biphase evolves towards lower values as waves
D)

o0 shoal.
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It is of intcrest to obscrve a consistent pattern of CR » being negative outside
the surf zonc and positive closer to the shoreline (Figures 4.12 and 4.13). The
statistically significant values of Cp in the ncarshore zone at zero time lag indicated
significant coupling between the high and low frequency motions. A zero correlation

in Fig. 4.12 is found to coincide with the approximate location of the breaker line. The
zero correlation could be due to the two signals being non-lincarity related,

randomness (noise) introduced into the wave signal by the breaking wave, a possibility
that the breakpoint could be at a nodal point for the long standing wave, independence
of the two signals, or a transition location between forced and free long waves. Fig.
4.13 shows a consistent negative corrclation outside the surf zone and a positive
correlation shoreward of the midsurf zone. This could mean that the wave breuking
does not destroy completely the wave groupness until some location inside the surf
zone. This location nught be a transition between the forced and free long waves.
Elgar (1985) showed that surf beat biphases decreases as waves shoal. On some days,
the corrclation in Fig. 4.13 shows a rapid decrcase when waves get closer to the
shorcline.  This might be attributed to the bore-bore capture mechanism.  Mase and
Iwagaki (1984) illustrated that a wave (borc) could be captured by a successive bore
before the bore reaches a maximum runup height. Therefore, the number of runup
waves and frequency of runup will be reduced compared to that of incident waves. The

ratio of number of waves is given using the surf sinularity parameter and shows a

decrease in number of waves reaching a gentle slope beuach.
The posiive correlutions obtained inside the surf zone are demonstrated by
the simple model developed in chapter 3 by linear superpose the two waves. The

surface elevation ume series inside the surf 7zone is simulated using

rp = r(h +n,)cos v+ ny (4.3)
The wave cnvelope and low [requency motion arc obtained as described above. A
positive correlation is ulways shown at zero time lug (I1g. 4.14)), which agrees with the
observations.

In the following chapter, the theoretical results obtained in Chapter 3 are
applied to dertve wave setup, longshore currents (steady and unsteady) and sediment

transport duc to the comined short and long period waves.
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V. APPLICATIONS

A.  WAVE SETUP AND SETDOWN
1. Background

In the ncarshore zone, it is observed that waves during shoaling and breaking
produce a variation in the mcan water level (MWL), This variation in MWL is
considered a primary cause of nearshore circulation, such as rip currents. The change
in MWL, 0, is characterized by two regions (a) a gradual depression of the sca water
level starting from oflshore, and recaching a maximum at the breakerline, and (b) an
increasc in the MWL shoreward of the breaker line. The depression is termed
“sctdown” and the upward slope is called “setup.”

To study the wave setdown and sctup, the X-component of the horizontal
momentum [lux equation is considercd where the waves are assumed to be stcady state

and propagating normal to the shoreline over straight and parallel depth contours,

— 3n
= - pglh +m) 5% (5.1)

[v%4

Equation 5.1 indicates that the change of the excess momentum [lux due to wave
motion in the cross-shore direction is mainly balanced by the mean water slope dy/dx,
assuming no gradicnts in the Y-dircection and ncglecting the frictional forces.

It is common to scparate the ncarshore zone into two dynamical regions of

“outside” and “inside” the surfzone.

(1) Outside the Surf Zone :

If waves arc assumed to propagatec onshore without any energy loss, then the
onshore component of the radiation stress is expected to increasc steadily as the depth
decreases. Therelore, the mean water level is lowered (sct down) by the presence of the
unbroken waves.  Longuct-lliggins and Stewart (1962) integrated equation 5.1 by
assuming that 1 < < h to obtain

2
- 1 a’k
T = 7 5inh 2Kh (5-2) h
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This equation is second order in local wave amplitude. The setdown incrcases stcadily

until the breaking zone. Without referring to the radiation stress, Longuct-1liggins
(1967) also derived the above solution using Bernoulli’s integral equation. This simple
e technique will be illustrated and applied below.

B (2) Inside the Surf Zone
*n-;ji As waves break, the wave amplitude inside the surf zone is assumed to be
controlled by the total local water depth including the wave sctup n , simulating a
e spilling breaker type, i.c.

a = vy(h+n) (5.3)

R The cross-shore component of the radiation stress, S,, , is a function of the energy
density which decreases inside the surl zone and reduces to 3/2 E in shallow waters
e such that

3.2 =2
it Sxx g7 91 (5.4

o) Both the gradients of S,, and the forcing in equation 5.1 have a ncgative slope.
Therefore, the change in the MWL inside the surl zone is expected to be positive,

;:'..; rcpresenting a wave sctup.  Integrating equation 5.1 gives

n = N(h, -h) + ry (5.5)

et i
- 4 - ¥ B .

EES
'~

(3t

f;( where N = (1+ 2/(3 72 ))'l . The subscript b indicates the value at the breakerline
oY where Hb =- % Hy /8 is dctermined from equation 5.2 . Equation 5.5 shows an
:\'{é: increasc in the mean water level with decreasing depth, balancing the decreasing

o radiation stress duc to wave dissipation inside the surf zone. It should be noted that
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4

by Bernoulli’s integral outside the surf zonc is not applicable inside the surf zone since the
:;, motion is no longer irrotational.

e Bowen ct al. (1968) demonstrated the above theoretical results by carelul
! mecasurcments in the laboratory. Experimental results agreed well with the theory.
% However, just outside the breaking point, their experimental values were less than the
) theoretical predicted since the theory does not consider cnergy dissipation. Also, very
< closc to the shoreline, Bowen ct al. (1968) found a residual wave height (possibly due
:" to a standing wavce) to persist and corrected the above equation by lctting the setup
::: slope be tangential to the beach slope, i.e. dij/dx <» - dh/dx as (h + n)» 0. Van
3'1 Dorn (1976) found that the sctup gradicnt at the shorcline is actually steeper than

predicted by equation 8.5, which agrees with Bowen ct al. (1968). Battjes (1974) and
Battjes and Janssen (1978) used a random wave model, which predicts smaller setup

values.

S

-

In addition to the wave setup luboratory investigations, a few ficld

e

i

measurements have been reported. Dorrestein (1961) measured the change in mean
water level across the surf zonc during times when the significant olfshorc wave height

ranged from 0.8 to 1.6 m. lle mcasurcd a maximum sctup of 0.15 m. Guza and

-
e S S

e Thornton (1981) meuasured the sctup at the shoreline when the significant offshore
A

! wave height varied from 0.6-1.6 m. The maximum sctup at the shoreline was found to
5 be about 0.17 Hy , where Hy, is the decp water significant wave height. Holman and
- - Sallenger (1985) measurced the setup under conditions of incident significant wave
' height varying from 0.4- 4.0 m. They found the setup to vary lincarly with the surf
o‘q . . . -1/

similarity parameter §, = B (115 /Lg ) 1z

"y

o 2. Changes in Setup and Setdown Due to the Presence of Long Waves

‘ Changes in the wave sctup and sctdown due to the presence of long waves can
)

t: be demonstrated by considering the same wave ficld used before, i.e. oblique short
. waves riding on a normally incident long period standing wave. The wave sctdown is
) . o . o - .

I cvaluated applying Bernoulli’s integral cquation (Longuct-lliggins, 1967). [lirst, the
% vertical momentum equation is integrated over depth and averaged over time.

)
o

o (5 +pw2)| = pgn = O (5.6)
e z
:

%
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where p is the pressure and the overbar denotes mean quantitics. Next, the time
averaged Bernoulli's integral equation is evaluated at z = 0, assuming the flow is

irrotational,

B! |+ 5@ + ¥ +WH| + Constant = 0 (5.7)

W 2=0 z=0

A The pressure term is eliminated by combining equations 5.6 and 5.7 to obtain

AN z=0

The difference in mean sca level 8 1 is obtained by applying equation 5.8 at two
; ) different locations (x| ,y; ,0) and (x5 ,y, ,0), which avoids evaluating the constant.

- _ _ 1= 5223 \ 5.9

For the combined short and long standing waves, equation 5.9 is used to evaluate the
sctdown as follows. Each velocity component is expressed as the sum of the short and
long standing wave velocities as given before in chapter 2. Let location 2 be in decp
Y water (h =» 90 ) where the sctdown is zero. Substituting into equation 5.9 and
o averaging over the long wave period gives

R

i 2 e

P! o %X 1777 (5.10)
2 sinh 2kk ~ 2g'%% %

;’;.':! where subscripts s and | refe- to short and long waves. The first term in equation 5.10
R is identified as the the sctdown solution (cquation 5.2) when considering the short
! wave only. At the breakerline, the depth controlled breaking model is utilized and
‘ sctdown rcaches a maximum to give

. a 90
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- _ - _(uf - wi) (5.11)

where the subscript b refers to conditions at the breakerline.

Wave setup can be evaluated by spatially integrating the X-momentum flux
equation, where the radiation stress component S,, for the combined wave ficlds is
given by cquation 3.74 . The constant of integration is evaluated by applying the
obtained sctup equation at the breakerline where the change of the mcan sca level is
known from equation 5.11 . The resulting equation is quadratic in 1 and has two
roots. Onc root is disrcgarded since it unrcasonably predicts setdown at the shoreline.

The sccond root gives

- e
n = =(h + vVh* -Q ) (512
where

-2 - 1 2,.2 _ h2
= ["‘b + 2 hb v ¥ 2{37 (1'1b )

2 (5.13)

y PN 2.,
v a2 - ng ) = 3l

2.
+ 22232 (0 - 3100
271
b
Using Longuct-lliggins’ sctup model for short waves as a rcference, the sctup is
relatively increased closer to the shoreline due to the presence of the long standing
wave (Iig 5.1 ). llowcever, the sctdown is also increased at the breakerline compared
with the reference model. The relative increase in setup appears to be over-predicted
and suggcests the importance of including damping terms, such as frictional dissipation

and/or percolation, in the swash zone.
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B. LONGSHORE CURRENT
1. Background

When waves obliquely approach the surf zone, a mean current parallel to the
shoreline is gencrated, which is important in transporting sediment alongshore. In the
simplest formulations, the longshore current is assumed stcady and two dimensional,
being independent of the longshore topographic changes. The lincar Y-momentum flux
equation is simplilied such that the gradient of the radiatio~ stress component @ Syx /OX

1s balanced by the bottom shear stress,

Sox oL (5.14)
aX

Qutside the surl zone, ihe wave energy is assumed non-dissipative and the excess

momentum flux in the Y-direction is a conservative quantity. Therefore, no driving
force is expected outside the surl zone for gencrating a longshore current (Bowen,
1969). Inside the surfl zone, energy is dissipated due to wave breaking, causing a
change in the momentum [lux. The onshore changes in momentum (lux drive a
longshore current primarily confined to the surf zone.

Numerous models of longshore current on a long straight beach have been
done since the introduction of the radiation stress concept. For obliquely incident
waves on planc beaches, analytical solutions were derived for monochromatic waves by
Bowen (1969) and l.onguet-1liggins (1970 a,b) and for random waves by Thornton and
Guza (19806). Numerical trcatments (c.g. Thornton, 1970; Jonsson et al., 1974,
Madsen ct al., 1978); Wu and Liu, 1984, and others) have employed arbitrary bcach
profile and/or including setup and/or non-lincar inertial terms. In monochromatic
wave modcls, lateral mixing is introduced to smooth out the discontinuity in the
longshore distribution due to the intensive current shear at the breakerline (Bowen,
1969; Thornton, 1970, Longuet-lliggins, 1970a). For random waves models, there is
no necd to include the lateral mixing (Collins, 1970; Battjes, 1972) since the waves
transform and brecak over a considcerable horizontal distance resulting in a smooth
change in the rate of encrgy dissipation and syx

Periodic variation and unsteadiness in the longshore current measurements
have been reported by Wood and Mcadows (1975) and Mcadows (1976), but ncither
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analytical nor numerical solutions have becn attempted. Meadows (1976) suggested
three distinet longshore velocity components, a steady component and two fluctuating
componcents, with one at a short wave frequency and the other at low frequency.
Guza and Thornton (1978) and Holman and Bowen (1984) observed low frequency
components in the longshore velocity spectra.  Since the longshore current is a
time-averaged velocity, Guza and Thornton (1978) stated that an appropriate temporal
averaging time (or mean longshore current is unknown. The above studies suggest that
the low frequency wave motion can be important inside the surl zone.

Infragravity waves are included in the following wave description inside the
surf zone, allowing a more complete description of the wave field. The changes in Syx
due to obliquencess of the short wave and the total bed shear stress are derived. Then,

the steady and unstcady longshore current formulations are considcred on plane
sloping beaches.

2. Wave Refraction and Radiation Stress

The depth contours are assumed to be straight and parallel, and obliquely
incident waves are iherefore refracted according to Snell’s law,

= Constant (5.15)

wherc ¢ is the phasc specd. The Syx component for the combined short and long
waves is given by equation 3.77 . Assuming a small angle of wave incidence (cos @ ~
1), Sncll’s constant (sin « /c), which contains all the wave angle information, can be
introduced into cquation 3.77 to yicld

- ,
s, = SvaY /gR y3(h o+ oy

yx c (5.16)

Another approach for deriving equation 5.16 can be shown by using equation 3.67,
where
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Syx = S sin a COs (5.17)

By assuming a small angle of wave incidence, 5.17 is reduced to E cg (sin a /c) where E
1s given by 1'2 pgy2 (h+ n; )2 . This will give the same solution as cquation 5.16 .
This result can be attributed to the fact that standing waves by themselves do not
contribute directly to the longshore momentum flux since they are oriented in the
cross-shore direction, and no Syx forcing is expected for a normal standing wave. The
contribution of the infragravity waves manifests itself by the generation of momentum

at the side bands. Avcraging equation 5.16 over the long wave period gives

. 2
(51n Yy /ahn L2201 iJO(X)) (5.1%)

That is to say, the Syx forcing is increased by the {ormation of the side bands (sccond
term in bracket). The longshore current forcing terim @ Syx / @ x for both stcady and
unsteady cascs is compared in [Mig. 5.2 with the Longucet-THiggins (1970a) modcl where
only short waves are considercd. In gencral, the combined forcing by short and long
waves increases in the vicinity of the shoreline due to the rclative growth of the side
bands.

3. Bottom Shear Stress
Insidc the surf zone the bottom stress can no longer be neglected, especially
when considering the change of momentum flux in the Y-direction. Assuming the
quadratic shear stress formula, the averaged alongshore bottom shear stress, exerted by

the oscillating wave motion is given by

r= oc.laglug ] (5.19)

where cr is the friction coefTicient and up is the vector sum of the current and the

inviscid orbital velogities for both short and long waves measurcd just above the
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Figure 5.2 Gradient of the lo?gshore current forcing across the
surf Zone.
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bottom boundary layer. The absolute value is nccessary to insure that the stress
reverses with velocity reversals. Longuct-Iliggins (1970a) assumed a small angle of
wave incidence and a wcak current comparcd to the water particle motion of the
waves, and he was able to simplify 5.19 to

-

6 cgligl V (5.20)

7

where V is the mecan motion in the longshore direction which is assumed uniform over
depth. The weak current assumption has been shown to be a reasonable
approximation for many ficld applications (Liu and Dalrymple, 1978). The total
velocity vector up can be resolved into its components in the cross-shore and
alongshore dircctions:

G, o= (lug +uy) + Ul + (g +vp) + V] (s5.21)

2

where ug and u are the X-component of the orbital velocities and i,j are the unit
vecetors in the x and y directions respectively. U and V are mean velocitics. Assuming
uniform currents alongshore, the mean cross-shore velocity U is zero according to the
conservation of mass, since the beach forms a boundary in the X-direction.

Considering an oblique short wave riding on a cross-shore long standing wave, i.c. v
= (), cquation 5.21 can be rewritten

o4+
1

{(us cosa + uz)}—{ + {(us sina) + V13 (5.22)

The absolute value of the total velocity vector is

IGT| = \/(uS cosa + u),,L)2 + (us sina + V)2 (5.23)
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Assuming a small angle of wave incidence (@ <10° ), cos @ can be approximated to be
unity, which simplifics 5.23 to

. - 2 2 :
. luT! = \/(us + ul) + V° o+ 2uSV sin o (5.29)

It follows that ug sin @ is small and can be neglected, then

ol - _ )2 2 (5.25)
Gl = \ﬁus +u)s s v

iyt which can be rearranged into

26)

2
22
e
=
0
c
0
+
c
Py
é}
+
CA
n
+|<
c
o
N
>

Note that ug + uj = uyp i according to equation 3.56 . Then, using the weak current
) assumption, V/up < <1, to simplify the analysis gives

W |u I u, + u, | (5.27)

o

Since the two velocities ug and u; are almost collincar (both acting almost in the

s
Wk X-direction), equation 5.27 gives the basic relationship

(5.28)

ik

lu lugl + luyl

o

Equation 5.28 can be evaluated using 3.57 and 2.17 and averaged over the short wave
T period to give

rA -

| u

v’g/h{-z—%{—lh + aZJO(X)‘. +a$‘,lJl(x) sin mlt[}

Tl (5.29)
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i The alongshore bottom shcar stress averaged over the short wave period is then given
; by the use of 5.20,

T, = 0oC vg/hi=L(|h+ a2J0(3<)|+aQ|Jl(x) sin w t|lV (5.30)

&

R —— 2y
iy ;
L]

Since 5.29 is still time dependent, the expression is averaged over the long wave period

et to fit the steady formulation

oo lup = 2mJ/gh{lyh +a (] + 300, (5.31)

The corresponding longshore bottom stress is given as

AL T = 2 pcC

o y T v./g/h{]],h*- aZ(YJO(X)l-O-lJl(X)l)}V

f (5.32)

RN 4. Longshore Current Models

Obliqucly incident short waves riding on a normally incident long standing

o wave arc considered to develop steady and unsteady longshore models.

i a. Unsteady Model
Neglecting the nonlinear mean advective terms, the linearized Y-momentum

flux equation has the form

e
>
L2]

(5.33)

aQ
e s
Q
b

2
Lz
+
E
1]

'
~
<

o where My = V p h is the mean longshore mass transport averaged over the short wave
P4 d

o period.  No variation in the longshore direction is allowed in cquation 5.33, and the
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iy lateral mixing is ignored for simplicity. Assuming an unstcady longshore current
appears to be more general, especially with the presence of irregular oscillatory waves
(Wood and Mcadows, 1975). Thus, equation 5.33 can be written in terms of the

‘;Q; longshore current V: H
R F
:f?

v J—— 98

’ v e |Bnly = —iE (5.34)

- + = .

ot phzg ¥ P it X

e

B

"y . . . , .. .

3 The onshore divergence of the radiation stress syx is considered the significant forcing

for gencrating longshore currents and is given by diflerentiating 3.77 ,

n t}
e iiiﬁ(x £) = N*{B*(x) + C*(x)cos wet + D* (x)cos (5.35)
53X !

X, * * % . L .
where N is a constant and B * C and D arc functions of space only. N is given as

3 .
_ g’ ,sin o, 2
0 R - by
e (5.36)

,‘,:bi B* = ;_ tang h5/2

"4:; and
N [3hv§do(k) - 2n3/2
C* = a.
L

. . vgh
e a’ [/5 tangdq (X)) = 4 w, fﬁJl(X)]

wQJl(X) :l

o* = R
R The longshore current forcing, 8 syx /@ x decreases onshore, then increases closer to
M the shorcline, having a singular point at x = 0 (sce Fig 5.2 ); the computed valucs
thly stop at X = 2 cm. The forcing term is shown to oscillate at the long wave frequency
: (FFig 5.2 ). Dividing equation 5.34 by p h and calling the resulting forcing term q*
(x,t), equation 5.34 can be simplificd to

3% + P*(X,t)V = g*(x,t) (5.37)

-
-
(V%]
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where p* is given by
/ 3,2 i :
P*(x,t) = Ce g/h {—%lh +a2J0(X)| +aAJl(X) sin witl‘ (5.38)

It can be shown that the time dependent term (second term between brackets) is small
compared with the short wave contribution in the swash zone, since up/ lug | > 0 at
the shorcline. Lquation 5.38 then reduces to

Prix,t) = c Va/b3(Ein + a g 00 1) (5.39)

Equation 5.37 is completed by specilying the initial condition V(x,0) = 0. An
analytical solution to the unstcady longshore current is obtained using an integrating
factor. Despite the fact that both the forcing term and the bed shear stress have a
singular point at the shoreline, the resulting longshore current is well behaved and has

a finite value at the shoreline. The general solution can be expressed in four terms as

Vix,t) = Viteaay T Vunsteady 1 © Vunsteady 2 (5.40)

+ Vtransient

The first term is a stcady term and is given by

. 2
_  5m ,sin «, y° tanBg 2
Vsteady = B o) c; A gh
) 2 (5.41)

7 ,sin «, ' 2p 2
+ ﬁ( c ) cfA*[g tanBJO(j()

- = 4w J3 03, (x) /gh
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where A‘ =vy(h+ a;Jo (X)) . The steady term is similar to the
steady solution given by Longuet-Iliggins (1970a) differing only by the second term in
the A* cxpression. The sccond term in 5.41 is an additional stcady component as a
o result of the side band formation. The two unstcady terms arc functions of the
Y [requency of the long wave and its first harmonic and are given by

v _ 9y (sin a,
o unsteady 1 214 ng A*2 + Tr2 uihBI c
N
i (5.42)
X 2 ,— L3
O « [3 tanBJo(x)h vygh - 2“’1‘]1("\'“ ]

ot x (P* cosw,t + w, sinuw,t)

| 222
Ly v _ Y a,9 (sin a)

unsteady 2 32[c§ gA*Z + "Z wihzl - c

R (5.43)
MR (tan 532 (0 Van® - 4 w3, (03, (0n?)

A (p* cosZmQt + 2wlsin 2w2t)

R The fourth term in equation 5.40 is the constant of integration
e and is evaluated by applying the initial condition at time zero. This term is identified
as a transient term which grows very rapidly to a steady state within a few long wave
-.r!“.‘n periods.

-p*t
[ - - +V )l ]e
. Veransient [(Vsteady *Vinsteady 1 7 unsteady 2 £=0

. (5.44)

In the vicinity of the shoreline, the longshore current is found to be finite and steady
and is given by

ny tang sin a,
AN v l = 16 [e} a lg ( C
! x=0 £ (545)

ﬁ@; 102

;s:;\'

Ty . B ‘i oy Y % P N AAT e B, (O ; CRVHERES
RO KGR AN AN B IAIIOALT L QTR AT O T AN O L4 O SRS SC S Y Y X PR SRRy o,




The spatial distribution of the longshore current is shown in Fig 5.3 . The dominance

of the side bands and the oscillating components starts at the most shoreward 1/5 of
the surfl zonc width. At the breakerline, intensive shear occurs as expected in
monochromatic models. Lateral mixing, if added, will diffuse the shear and smooth the
longshore distribution as described before. Comparison with Longuet-liggins® (1970a)
model shows an onshore increase of the longshore current and a rclative decrease
closer to the breakerline. The decrease is duc to the the increase in the bottom shear
stress.

‘The time variability of the longshore current is evident in Fig 5.4 , where
the current 1s shown to oscillate at the infragravity wave frequency. In the vicinity of

the shorcline, the first harmonic (V ) dominates the fundamental (requency

unsteady?2
component.  The transient term is just an initial response to the wave system that

becomes negligible within a few infragravity wave periods.

b. Steady Model

For stcady flow, cquation 5.14 is used in which the cross-shore gradient of
Syx 1s balanced by the bottom stress. As in the analysis of the unsteady modecl, wave
sctup is not included. Steady solutions with and without considering lateral mixing are
developed.  Avceraging over long wave periods is required to eliminate the time
dependency in the cquations describing the unsteady modcis. The bed shear stress is
given by equation 5.32 , and the transverse radiation stress component is obtained by
averaging equation 5.35 over the long wave period. Substituting in cquation 5.14 , the

stcady longshore current is given by

v _5_1(sin 2y 12 tansg h2
steady 8 c cfA**
2.2 (5.46)
7 sin o, 1 2
+ 1g(=c) o w=[g tanz3Jy(x)

4’“&'.J0 (f-_)Jl (%) VEFI.]

where A" =y h + a (v Jy (X )+ J{ (X)) The first term of 5.46 is similar to the

. EE . . .
stcady term in the unsteady case except for A . At the shoreline, the growing side
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bands will have a stcady and finite contribution to the longshore current given by
cquation 5.45, i.e. for both steady and unstcady models the magnitude of the current is
the same at the shorcline.

Ignoring the exchange of momentum due to horizontal turbulent eddy
transport incrcases the current shear at the breakerline and results in a sharp
discontinuity in the velocity distribution. The presence of any horizontal mixing
couples the adjacent watcr clements together and diffuses the momentum in the
cross-shore direction.  Adopting the concept of cddy viscosity, Longuet-1liggins

(1970b) expressed the mixing term to be proportional to the mean current V such that

n o 547
T = —(v Dg;) (347)
yX X uX

where v = Np x / gD is the horizontal eddy viscosity, D is the total water depth and
N is non-dimensional coeflicient, (0 < N < 0.16). Thus, the stcady Y-momentum flux

cquation becomes

Sux _ L 4Py plY (5.48)
I - y JX 3X

[quation 5.48 can be rewritten as a second order differential cquation in V such that

JS,

gx! 9% = my ()82 VIax? + my(x)3V/x + my(x) V (5.49)

where

i

Nx hygh

my = 5/2 N h +/ gh

my

my = - pepl T |
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and |ug | is defined by equation 5.31 . Equation 5.49 is solved numerically using a

finite difference scheme. The cocficients my , m, and my are evaluated at mid-points.
A tri-diagonal matrix is generated over a domain equal to twice the surf zone width.
Two boundary conditions are specified at the shoreline and away from the breakerline.
At the shoreline, the eddy viscosity term goes to zero, i.c. the mixing length goes to
zero at a boundary, and equation 5.48 reduces to 5.14 . Therefore, the steady solution
without considering eddy viscosity, equation 5.45, is used to specify the boundary
condition at the shoreline. This approach is nccessary because equation 5.49 is
singular at x = 0, and care must be exerted during the numerical formulation to avoid
mathematical inconsistency. The longshore current is assumed to vanish at a distance
of one surf zone width seaward the breakerline.

Stecady longshore current models induced by short and long waves arc
shown in Fig. 5.5 compared with Longuet-lliggins (1970a) model. A comparison with
Longuet-Higgins (1970a) model shows a relative decrcase in the current seaward the
inner surf zone. This can be attributed to the increase in the total horizontal velocity
associated with the bottom shear stress. It can be seen that including the lateral
mixing smooths the longshore current profile at the breakerline and shifts the
maximum velocity onshore. The longshore current distribution 1s similar to the results
obtained from the EOF analysis by Guza et al. (1986) showing a non-vanishing current

at the shoreline (Fig. 1.4).

C. LONGSHORE SEDIMENT TRANSPORT

Incident waves arriving obliquely to the breaking zone, releasing their energy and
momentum, generate a longshore current which inturn drives the longshore sediment
transport along the beach. Knowledge of sediment transport rate is essential to the
understanding of various coastal engineering problems, such as topographic changes 1n
beach profiles and the associated marine protective works. For estimating the
longshore sediment transport, there are three gencral approaches: the wave power
model, the traction approach and Bagnold’s energetics model. In the wave power

model, the rate of total longshore transport Qpis simply assumed to be proportional to

the longshore component of wave power P, at the breakerline to some power n (Watts,
1953),
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B e
velninai i dndcd

, N
Q, = kP (5.50)
where K and n arc empirical cocflicients. Py is given by
. 5.51
P, = (E:Cg)b cosay Sin o (5.51)

which can be expressed in terms of the radiation stress (Longuct-lliggins, 1972)
P, = S C (5.52)

Inman and Bagnold (1963) found n in cquation 5.50 to be unity and suggested the use
of the immerscd weight sand transport rate

Il = (ns - ow)g a'QQ (5.53)

where pg, p,, are the density of sand and water and a’ is the sand porosity (roughly
0.60). Komar and Inman (1970) mcasured longshore sand transport rate, combined
their data with other data to seck a general formula, Most of the data falls onto a
single trend satisfying the simple relation

I. = 0.77 P (5.54)

where Py is in watts/m when specifying wave height in terms of Hp,,o and Qqis in m3
/day. However, Liquation 5.54 is empirical with no real consideration to sand transport
mechanisms. In addition, the cocflicient .77 has a high degree of uncertainty.
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A

b, The traction approach includes work done by Bijker (1971), Swart (1976),
i Madscn and Grant (1976) and others. For instance, Madsen and Grant (1976) adapted
the Cinstein-Brown sediment transport equations to time-varying sand movements

e under combined wavcs and unidirectional currents. The bottom stress and resulting
" - . . g . . . 0 .

::' sand transport vary with time. ‘Their model is relativly complicated and requires
Vi . .

W paramcters for which no data are available.

' Bagnold’s energctic model assumes that the total sediment transport is the sum of
B the bed load and the suspended load transport. Bed load is maintained by
]

i‘, grain-to-grain contact within 10 cm of the bottom while the suspended mode,
:‘ containing generally finer grains, is lifted from the bed by the turbulent action of the
wave-induced vertical motion. The suspended sediment grains arc supported via
-, turbulent difTusion. They move with nearly the local water vclocity. Iowever, they
:} are also falling vertically relative to the local supporting fluid with a fall velocity, W.
) - . . o . .
:E: I'hus, part of the available encrgy is extracted to maintain the particles in the water
k)
- column. Bagnold (1963) developed the total load sediment cquation for steady,
:’*’ two-dimensional stream flow,
s
' L= i+
ks i ig ig
¢
e
‘ . c (5.55)
& _ B S Q
4] = — 5
! [tan ¢ - tan s "W an g
L) u
o
) where
Ly

‘ i = total immerscd weight sediment transport (bed and suspended)
i tp = bed load efficiency
5 '

o gg = suspended load cfficiency

R . .

0 ¢ = internal angle of repose of the sediment
R

' tan f = slope of the strecam bed
R u = mecan vclocity of the strcam
. W = [all velocity of the sediment
)

,:' Q = rate of energy production of the strcam

Inside the surf zone (oscillatory flow), Bagnold (1963) relates the rate of immersed
c§ weight transport to the work done by waves and current on the bed surface. The
[
) mechanics of sand particle movement are described as a back-and-forth motion by the
:‘é
L]

oscillatory wave motion close to the bed with essentially no net transport. Wave
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encrgy is expended in supporting and suspending the moving sand above the bed.
Once the scdiments are suspended, the presence of any unidirectional current
supcrimposed on the to-and-fro motion can then produce a net drift of sediment.
Bagnold (1963) derived the following relationship

My (5.56)

where ig is the time averaged immersed weight transport rate per unit width in the
dircction @ determined by the unidirectional current ug , €2 here is the available wave
power due to cnergy losscs by the [luid drag at the bed surface, up, is the magnitude of
the orbital velocity of wave motion, and K’ is a dimensionless coefTicient. The success
of the wave power and Bagnold’'s encrgetics approaches is due to their relative
simplicity, requiring only one or two paramcters specified from the data.

Equation 5.56 has becen used as a basis for the development of a number of
longshore transport models. Inman and Bagnold (1963) spccificd the various
paramecters of waves at the breakerline to calculate the longshore immersed weight

transport rate,

<

I. = K' (E:Cg)bcos o b (5.57)

3

Equation 5.57 can be viewed as a general rclationship because it docs not specify the
forcing for the longshore current. It could be due to a tidal current, a nearshore cell
circulation, wind or to oblique wave approach. Komar and Inman (1970) required K’
to be equal to 0.28 to agree with their data.

Bowen (1980) applicd Bagnold’s model to the problem of on-offshore sediment
transport on beaches with normally incident waves and onshore steady current (no
longshore currents). Bowen used Stokes sccond order wave theory to predict the
cquilibrium beach profile as a function of incident wave characteristics. Using a similar
approach, Bailard and Inman (1981) dcrived a gencral bed load equation in the

longshore and cross-shore directions by considering time-varying flow over a sloping
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bottom. Their solution reduces to equation 5.56 for steady, two-dimensional {low and
assuming a wcak current and a small angle of incidence. Bailard (1981) extended the
work of Bailard and Inman (1981) to include the suspendcd sediment load to give a

morc gencral cxpression. The total longshore sediment transport of Bailard (1981) :
N solution is given by

t (5.58)

92}

—= |u‘3 \Y

+

0
m
=

where the first term on the R.I1.S. represents the bed load and the second term is the

K suspended load. The total average sediment transport can be obtained by integrating
: . .
t cquation 5.58 across the surf zone from zero to the breakerline (xy, ).

)

X
N b
, I = / i, dx (5.59)
P L

i 0

)

{

¥

Calibration of the modecl can be donc using the wave power model.

K There is considerable uncertainty concerning the relative importance of bed load
& - .

K\ versus suspended load within the surf zone. According to field mcasurcments,
!‘ . -

? Komar(1978) suggested that the suspended sediment transport rate accounts for less
, than 20% of the total transport. Ilowever, Downing (1984) estimated the suspended
§: load on a dissipative beach to account for as much as 45% of the littoral drift.
‘¥

’ Sternberg et al. (1984) mcasured the suspended sediment rate at Leadbetter Beach,
, Santa Barbara and found that the measured suspended scdiment longshore transport
\ ratc is cqual to the total longshore transport rate as predicted by cquation 5.57 . This
b result agrees with the data acquircd by Kana and Ward (1981) during a storm.
K Sternberg ct al. (1984) found maximum suspended sediment occured at the midsurf
B zone region, and pointed out that the suspended sediment appears to be high in the
. swash-backwash region.

Kraus ct al. (1981) mecasurcd the longshore sand transport distribution using

: multicolor fluorescent sand tracer; a distinct bimodal distribution was obtained.
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Maxima in transport occured in the swash and/or within the breaker zone, where
suspended load transport is cxpected to be relatively high due to the turbulence. White
and Inman (1986) mcasured the longshore sediment rate in Santa Barbara and also
found a bimodal distribution across the surfl zonc with maxima ncar the break point
and in the swash zone (Fig 5.6 ). They estimated the longshore suspended load to be
roughly 10-30% of the total longshore transport rate.

‘The above results show a large volume of sediment in the swash zone which is
not predicted by any available model. Waddell (1973) found a low-amplitude
migration of bed forms which migrated consistently downslope suggesting that uprush
scdiment transport was primarily through suspension sediment. Bradshaw (1980)
pointed out that the swash-backwash collision process (low frequency waves) is
significant and results in temporary suspension of a large volume of sediment in the
roll wave. Wright ct al. (1982) demonstrated the dominance of the suspended sediment
in the inner and swash zone using a turbidimeter situated 10 cm above the bed. The
time scrics shows pronounced turbidity maxima at infragravity intervals. In general,
the predictions of littoral drift have a high degree of uncertainty, which results partly

from our basic inability to make accuratc measurements of sand transport on beaches.

1. Longshore Sediment Transport due to short and long waves

The incident waves are assumed to approach obliquely the surf zone at a small
angle riding on a cross-shorc long standing wave. ollowing Bailurd (1981), cquation
5.58 is uscd to calculate the total longshore scdiment transport distribution. Based on
luboratory and licld data, Bailard (1981) estimated the efliciency coellicients to be €p
= 0.13 and £€g = 0.025 and W =0.04 m/sec . The total horizontal velocity squared
averaged over long wave period is used in evaluating the bed load term in equation
5.5%

2,.
JT (W)
2.2 1
2= L%gn v a2 20200+ (5.60)

Simularly, the averaged cubic total horizontal velocity is cvaluated to calculate the
suspended load term,
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J‘g;f

fiﬂs IuTl3 = %(2v3(gh)3/2 + 3Y2329/9—H[2YJ0(,\) +J, ()] (5.61)

:f‘;:. + 3*12a:?2_ Jo(x)gy’c?/_ﬁ[Jl(X) + 2JO(X)]

¥ v a2 @¥20235300 + 3j0 + 2Rl 0 01)

gs The stcady longshore current, with lateral mixing added, is

vfg: utilized to dcerive the scdiment alongshore. The longshore sediment transport
i distribution due to the combined waves is shown in Fig 5.7 . Note that including the
.:%; lateral mixing smooths the distributions of both the longshore current and sediment
::\“5 transport at the breakerline. The resulting distribution qualitatively simulates the
;s‘:s bimodal distribution given by White and Inman (1986), since it describes the maximum
" scdiments near both the shoreline and the breakerline.

o Unlike previous models, the wave encrgy has been shown to exist at the shore

s (in the swash zone), and hence observable dynamical processes can be described

: analytically. None of the available models for predicting the longshore sediment
E transport explain the incrcase in longshore sediment transport in the swash zone. All
:‘% the previous models predict no transport at the shoreline which has been shown to be
',:' unrcalistic. It is shown that the longshore sediment transport model presented here

i‘: cstimates correctly the bimodal distribution and shows the dominance of the suspended

load, which agrees with some of the above results. The main improvements of the

o presented model are the inclusion of the infragravity waves and, therelore, describing

:‘ the swash dynamics and the increase of sediment transport at the shoreline.

':. D. MODEL VALIDATION

" ‘The wave-wave interaction approach within the inner surf zone sufTers from our
:'.::: inability to modcl the breaking process accurately. Nonctheless it can lead to greater
':E:. insight into the inner surf zone dynamics. Scveral assumptions are nccessary for
::: simplifying the analysis due to the complexity of real surfl zone processes, but it is
el believed that they have some physical basis. It is assumed that the lincar theory

:; describes the waves adequately for the order of the analysis, and inside the surf zone
Efo spilling breakers are assumed, where wave height is strongly controlled by the local
N depth. Non-breaking long period waves on a plane sloping bottom are assumed to be
il cither leaky mode or edge waves with a frequency 0 < < @y . Basic assumptions of <

:) straight and parallel beach contours have been used for simplicity where no longshore
i depth variation is allowed. Plane sloping bottom is assumed for simplicity. The )
535,
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ot scnsitivity of the modcl to the change in beach slope is clcar since infragravity waves
modify the local water depth and, thercfor modulate the total energy. Limitation to

R narrow banded incident and infragravity waves is required for the model input. It must
.r;,v' be noted that using a monochromatic description of both incident and infragravity
na waves mey raise qucstions about quantitative predictions since the processes in nature
::ﬂf' are stochastic. Ilowever, the developed model gives a number of qualitative results
which may be usclul in understanding the inner surf zone dynamics. Application of the
) model to dilferent ncarshore processes leads to a simple physical picture of the nature

.,g of the wave-wave interactions in the inner surf zone. The validity of this model is
N" conlirmed by comparison with field data, where the resulting distributions at least

qualitatively simulate actual distributions.
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VI. SUMMARY AND CONCLUSIONS

The modulation of incident short period wind waves superposed on infragravity
waves arc investigated.  Modcling the short waves as depth limited breakers, the short
waves are shown to be modulated in amplitude, wavenumber and direction duc to the
slowly varying depth caused by the long standing waves. Furthermore, modulation
results in additional cnergy at the side band f{requencies near the incident wave peak.
The energy calculations show a gradual growth of the side bands onshore with
non-vanishing encrgy at the shoreline (order of 15%). An analytical expression is
devcloped to describe the surface clevation of the modulated short waves as an infinite
sum of spectral components at the incident and side bands frequencies. It is shown
that the modulated short wave transfers energy to the side bands as the depth
decreases.  Therefore, it is suggested that the spectral components of the lower side
bands may strengthen the infragravity wave band as the depth decreascs resulting in
the infragravity waves dominating the power spectra.

The changes in the wavenumber and direction of the short wave duc to the
presence of a long wave are calculated by using a moving frame of reference that
reduces the non-breaking long wave to a slowly varying current. On a planc sloping
beach, the wavenumber modulation is shown to incrcase with increcase angle of wave
approach. The excess momentum flux components and bed shear stress due to the
combincd waves are rederived analytically and show periodicity at the frequency of the
long waves.

Spectral analysis shows the dominance of the infragravity waves closer to the
shorcline. Using narrow band data with high resolution (df = .004 11z), side band
pcaks can be identified at frequencies (fg £ fe ). On almost all days and for all the
instruments, the upper side band is well defined in the power spectra, but the lower side
band is suppressed. The reason for the lack of the lower side bands on most days is
not known. llowcever, breaking of the low frequency waves and/or radiation of energy
by outgoing component of the standing wave may causc suppression of the lower side
bands.

Most days show a positive corrclation between the incident wave cnvelope and

low frequency motion inside the surf zone, while a negative corrclation is obscrved in
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;: deeper water in agreement with Longuet-Higgins and Stewart’s (1962) explanation of
;: forced waves. The positive correlation is explained by the short wave modulation due
A to the presence of long waves. However, the values of the measured cross correlation
J coefficients are found to be low (although statistically significant), partly due to the
‘Q reflected wave field, that decreases the coherence (Elgar, 1985). On some days, the
% observed zero cross-correlation was found at approximately the breakerline and other
.

days in the inner surf zone. This may suggest a nodal point for a standing wave and,or
a transition location between forced and free long waves.

It is hypothesized that some of the often observed discrepancies with present

K} short wave dynamical models occurring in the inner surf zone are due to the interaction

between the incident waves and the infragravity waves. The derived expressions for

energy and momentum fluxes are utilized to study wave setup, longshore current and

ot
i -

sediment transport in the inner surf zone.

}% Wave setup calculations show an increase in the mean water level compared
" with setup due to the short wave only. This is because the breaking short waves are
J depth controlled and the depth is slowly varying due to the presence of the long waves.
Consequently, energy at side bands is generated and the setup is increased.

:. A steady longshore current driven by oblique short waves riding on cross-shore
! long period waves, is found to be finite at the shoreline due to the presence of finite
X sidc band energy. The model, in general, predicts smaller currents than
§ ’ Longuet-Higgins'(1970a) model because of the relative increase in bed shear stress due
:: to the presence of long waves. In the derived analytical expression, contributions by
¢ the short waves and side bands can be identified. It is shown that the cross-shore long
A wave does not contribute to the forcing term, d Syx / 8 x , since it is averaged out.

‘: It is more general to consider an unsteady longshore current. The analytical
:.; solution for an unsteady longshore current shows three major terms: a transient term
n that vanishes after a few long wave periods, a steady term similar to the one obtained
g in the steady model, and an unsteady term which oscillates at the long wave frequency,
, but driven by the momentum changes at the side band frequencics, and acts closer to
-‘.: the shore line. This unsteadiness is attributed to the side band {ormation.

i‘ An improved longshore current model is necessary to improve the longshore
“ sediment transport formulation. Based on the sediment transport model by Bailard
25 (1981) and using the developed steady longshore current model, a longshore sediment
:: transport distribution is calculated. The model predicts sediment transport maxima at

-
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E: the shoreline and the breakerline. The results Qualitatively, the results compare
u favorably with various field data by Zenkovich (1960); Kraus et al., (1981), and White
and Inman (1986).

It is recommended to include the wave setup in the longshore current models.
‘,: Numerical solution for the unsteady longshore current including the large angle of
\: wave incidence and assuming a strong current is of interest. Numerical solutions can
' be compared with the obtained analytical results. Actual depth profiles are ‘
- recommended to use in computing the longshore sediment transport rate to compare
iyt quantitatively with the data.
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