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ABSTRACT

The modified refraction-diffraction equation, developed
recently by the author, is applied to evaluate wave transfor-
mation and dissipation, and wave set-up on the steep reef
slopes. Waves are assumed to be random and narrow freq-
uency banded. Two dissipation mechanisms are consid-
ered, i.e. wave breaking and bottom friction. To demon-
strate the applicability of the model, numerical calculations
and comparison with experimental data are given.

INTRODUCTION

The water motion due to surface waves is the most dy-
namic factor observed on the continental shelf and in the
coastal zone. When waves are approaching the shore line,
their structure is constantly changing due to bottom shoal-
ing. In the classical approach, the conservation ol wave
energy flux for slowly-varying bottom topography is used
to predict an evolution of wave height with depth. This ap-
proach is easily extended to the three-dimensional bottom
and wave —relraction models, based on tray tracing over
the shallower coastal area, have been used for many years.

If the bottom slope becomes steeper, the ray method
is no longer able to predict the wave characteristics. The
Great Barrier Reel is an example. In the northern section
of the GBR the reefs are long, two-dimensional structures.
Seaward of the reef the water depth rises very rapidly, lrom
approximately 1000 m to a shallow reel crest at low tide
level (Gourlay, 1988; Young, 1989). For such topograplies,
the refraction and diffraction effects are substantial and
cannot be neglected. At reef edge, waves loose their stabil-
ity and break. Once the waves start to break, the breaking
processes dominate the wave transformation.

In the previous author’s paper (Massel, 1992) the exten-
ded refraction - diffraction equation for surface water waves
was developed. Tn this equation, the higher order terms in
bottom slope, bottom curvature, and the evanescent modes
were included. This equation can be considered as an ex-
tention of the mild=slope approximation of Berkhofl (1972)
towards steeper botlom slopes.

In the present paper, the extended refraction-diffraction
equation is applied to describe the transformation of waves
over reel-like steep slopes. The energy dissipation due to
wave breaking and boltom [riction and wave set-up mech-
anisms are incorporated in the model.
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GOVERNING EQUATION

The nature of wave effects upon a reef depends upon
which part of the reef is under consideration. On the con-
tinental shelf, in the vicinity of a reef, water depth is deep
enough to neglect the refraction. However, due to partial
reflection from the reef edge, incident as well as reflected
waves contribute observed wave patterns.

On the reef slope, waves undergo substantial changes
due to shoaling and dissipation caused by wave breaking
and bottom friction. Finally, on a reef flat, the water depth
is usually almost constant and only waves propagating from
the reef edge are present.

Offshore reefs are usually subjected to action from lo-
cally generated wind waves, as well as from long swell prop-
agated from the Coral Sea (Wolanski, 1986). Ior weak local
wind cireulation, swell predominates and the wave energy
spectrum is narrowing. The case of narrow spectrum is
considered in the present paper, i.e.

S(w) = 036 (: — 1), where [requency w, is a peak frequen-

»
cy and o} is a variance of the spectrum.
The Rayleigh distribution is used to describe the ran-
dom nature of wave heights (Massel, 1989):
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in which I, is a root-mean-square value ol wave height.

Pl () =

(1)

Let the origin of a rectangular coordinate system
O, u,
and the axes chosen so that the @ and y coordimates are

) be taken in the mean free surface of the fluid,

horizontal and y coordinate is extending alongshore. The
-—coordinate is vertical and increasing upwards. Bottom
h(x). In this

instance, no special assumption is made on bottom slope.

contours are straight and parallel, i.e. h =

The total energy flux on reef slope is properly described
by using an energy density spectrum with group velocity in-
tegrated over all frequencies and directions. Unfortunately,
the knowledge on the evolution of energy fluxes for a broad
frequency banded nonlinear wave field in shallow water,
and particular in surfl zone, is still very poor. Therelore,
(o evaluate the [, transformation, we use the fact that
incident wave spectrum is very narrow and incident wave
train can be represented as a regular wave train with the
wave height H,,,50 and frequency w,.

Using the extended refraction-diffraction equation for
regular waves (Massel, 1992), and a representation of the
suggested by DBooij (1981) and

dissipation term  as



(Massel, 1991), we obtain the following equation for trans-
formation of the complex wave height H,p., in a very nar-
row frequency banded wave train over a straight and par-
allel bottom contour:
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in which - is a damping factor and ¢ = v/—1 is an imaginary
unit, C' is a phase velocity, C, is a group velocity and wave
2z

. w . 6
number in deep water kg = —, ©; is an incidence angle at

some water depth h = h;. The wave number k is given by
the dispersion relation:

w® = g ktanh(kh) (6)

The Ri(kh) and Ry(kh) are complicated functions of kh.
They are given in another paper (Massel, 1992).

The effect of the dissipation term (iyk) becomes more
evident when (2) is presented in the form of transport equa-
tion. The complex wave height JfI,,,,m can be represented as:

Hyms(2) = Hoypo(2) expliS(z)], (7)

Substitution of (7) into (2) and separation of real and imag-
inary terms yields the wave energy transport equation in
the form:
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in which:

Bi= épgnﬂm (10)

The phase S(2) in (7) is a solution of the cikonal equation.
Irom (9) is clear that term < ¢ >= -—%;)g’ngHQ,m, repre-
sents the average rate of energy dissipation (per unit arca)
due to wave breaking or bottom friction.

ENERGY DISSIPATION RATE ¢

Energy dissipation in waves approaching and propagat-
ing over a shallow reel is governed by two principal pro-
cesses: energy losses due to breaking and bottom [riction,
fe. < ¢>=< ¢ >+ < ¢ >. Using this representation in
(9), we obtain:

Y=+ Vs (11)
in which:
8< e > 8 <e > "
= — and = —— (12)
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Damping Factor «, (due to wave breaking)

To determine the quantity 73, the similarity between a
breaking wave and the phenomenon of a bore is utilized as
a basis for the analysis. The bore model has proved to be
very useful in many previous studies (Battjes and Janssen,
1978; Gerritsen, 1981; Thornton and Guza, 1983; Massel,
1991; Massel and Belberova, 1991).

The rate of energy dissipated per unit area for each bore
can be represented as:

apguwy Vigh H?ms

8§ C h
in which a is a breaker coefficient of O(1) (Massel and
Belberova, 1991). The average rate of energy dissipation is
obtained by multiplying the dissipation for a single broken
wave of height H by the probability of wave breaking at
each height ps(H). Thus we have:

i o e T V gh / H? py(h) dl (14)
8

Following Thornton and Guza (1983), we express the dis-
tribution of breaking wave heights as a weighting of the
Rayleigh distribution for all waves

pe(H) = W (H) pdf (H)
The area under the distribution is equal to the percent
= si(H Y. The simple
hypothesis that the waves break in proportion to the dis-

tribution for all waves, yields (Thornton and Guza, 1983):

Hyms\"
v =
Wi = ()
The experimental data reported by Hardy et al (1990)
showed I' & 0.3 — 0.5. Afier substitution (1) and (15)
into (14) we obtain:

30‘/79(4),, V'/(J'_h‘ 1[?1'?:.7 (Hrms) !
32/ € & rh

< g >= (13)

(15)

of breaking waves, i.e. A, =
0

(16)

< g >= (17)

In (17) the value n = 4 was used. Now, from (12) we
obtain:
Jow V"-” qums [[1'7”,5 &
R ( ) (18)
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Damping Factor 75 (due to bottom [riction)
The dissipalion rate ¢; in the wave boundary layer is given
by:

2 ;
Ly = ._wa“;‘:' (19)
3
where [, is the [riction loss lactor, and wuy is the velocity
amplitude at the bed. Substitution (19) into (12) gives:

leu H:.f

)
3 gC,HZ,, Ay

=
Tms

Again assuming, a very narrow-band wave spectrum, with
central frequency wy, and applying solution of the extended
reflraction—diflraction equation (2), the bottom velocity wuy
is:

i} Al s
1y = —_—

(21)

2weoshkh  dx
For rough turbulent flow, the [riction factor is independent

. = 5 - as
of the Reynolds number and is a lunction of the ratio (I‘—).
'5



in which as is the maximum horizontal excursion of a water
particle near the bottom from the mean position, and k, is
a bottom roughness parameter.

On a reef, a coefficient f,, is much higher than that on
a beach. Gerritsen’s field experiments (Gerritsen, 1981)
suggest that on reef slope and reef flats f, = 0.1 — 1.0.

Finally, after substitution (11), (18) and (20) into (2),
we obtain a differential equation for transformation of wave
height H,... over the bottom contour. To solve this equa-
tion, boundary conditions for H,, at certain water depths
should be prescribed. Let the surrounding bathymetry be
set to a constant depth A = h(0), which is the depth of
the continental shelf. At that point, a superposition of
incident and waves reflected from a reef is assumed. On
the reef platform, at some distance from the reef edge, the
water depth is constant and waves, reformed as oscillatory,
progressive waves, are assumed.

WAVE SET-DOWN AND SET-UP

So far the water depth h(z) was described as a depth
of the bottom below some reference plane, i.e. still water
level. However, the spatial changes in the radiation stress,
due to shoaling, refraction, diffraction and dissipation, re-
sult in changes of the sea level 7, according the follow-

ing balance of momentum (Longuet-Higgins and Stewart,
1964):

dS:x _.dp
= 4 pglh + =L =0, (22)
in which:
See = (39— 3) B+ 3Epcos20 (23
Tz — 2P 9 2 4P COS 57, o )

where F and p are given by (10) and (4), respectively. After
substitution (23) into (22) we obtain:
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Equations (2) and (24) form a system of two equations [or
unknown root-mean-square wave height H,,,, and mecan
water level 7.

NUMERICAL SOLUTION

To solve a system of equation (2) and (24), the finite
- difference method was used. As the damping lactor «

and set—down(set-up) 77 are the functions of unknown 1,,,,
wave height, a reccurent scheme was developed, in which
the actual water depth was improved by computing 7 ,
until the prescribed accuracy was satisfied.

Consider now an elongated reef situated in unrestricted
open water and subjected to severe cyclone conditions. The
cross-section of the reef is given in Fig. 1. The incident
water depth is h; = 32m and water depth on the reel flat is
hy = 2m. The depth on the reel slope is changing according
to the formulas:

h(a)

i+ hy b=y,
=—ato

5 tan hip(2)]

2 n(h; — hy)
P =) { - [ +——"H

in which (1/n) is a tangent of a maximum slope (in our
n(h; e hp)_ G
S rer 5 B0

is an adjusting parameter. It should be mentioned that
this reef configuration is very similar to that considered
by Nelson and Lesleighter (1985) in their physical model.
However, a more realistic inclined slope was adopted in-
stead of a vertical reef edge. Changing the parameter n
in (26) results in the changing of this slope, assuming that
depths h; and h, are constant.

case: 1/n = 1/1) at the abscissa = = 2o +

Let us now select the incident 50 value to be equal
4.0m and the peak period T, = 8s. The results of cal-
culations are presented in Fig. 1 in a form of functions
Homs = Hyms(2), 77 = () and Ay = Ay(z). At the front of
reef H,ms wave height shows oscillations due to interference
of incident waves and waves reflected from the reef edge.
The calculations have shown that the reflection coefficient
Kr = 18.8% and transmission coefficient K7 = 29%. It
means that =2 88% of energy was dissipated.

Waves start to break at water depth h ~ Tm. The

1 (H\?

breaker index £ = o (I

plunging and collapsing categories. The full breaker (4, =
100%) was developed at abscissa & = 67m and was contin-
ued along the distance less than one wave length. After-
wards the intensity of breaking decreases. At x ~ 190m
the percentage of broken waves is &~ 1.8% and the waves
reformed again as oscillatory waves.

~ 5; thus breakers belong to

~
~

The evolution of wave height results in changes of the
mean water level 7. On the reef top the wave set-up 7 is
equal to & 16.8% of the incident wave height. It should
be noted that decreasing of wave height at the reef front

(at water depth h = 30m), results also in a small set-up
(= 2cm).
\
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Fig. 1 Reel cross-section and distribution of wave parameters.
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Fig. 2 Influence of wave steepness on waves on a reef.

037 o Experimental data

M/ Hrmsg

TVg/h,

Fig. 3 Wave set-up.

Fig. 2 demonstrates the influence of the initial wave
steepness on the wave transformation and dissipation. The
steeper waves start to break early, al the greater distance
from the reefl edge, and their intensity of breaking is higher
than that of smaller waves. Waves of the low steepness
loose their stability closer to the reef edge and dissipate
energy mostly on the reel platform. These results are in
agreement with Nelson and Lesleighter’s (1985) observa-
tions. 7

In Fig. 3 the relative wave set-up — is plotted

rmsQ

against the ratio of shallow water wave length to reel plat-

form still water depth T \/I_ [ caleulations, the following
[

reel and wave parameters were adopted: h; = 35m.h, =
Sm, 1/n=2and 8s < T, < 13s. The initial wave steepness
was constant and equal to 0.03. Equation (22) gives almost
linear dependenice of wave set-up and it reflects properly
the trend observed in the Nelson and Lesleighter (1985)
experiments, which were carried oul for vertical reel edge.

CONCLUSIONS

The extended relraction—dillraction equation, developed
by the author, was applied {or description of wave transfor-
mation and dissipation on the steep slope of the clongated
reels, with parallel isobats. The pattern of wave field is
determined by two main mechanisms, i.e. wave shoaling
and wave breaking. Under the assumption of the narrow
spectrum ol incident waves, the presented model gives real-
istic results, even for very steep reel slopes. The dissipalion
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due to bottom friction was found to be negligible in com-
parison to wave breaking. The modified bore model has
proven to be applicable in representing the energy losses
in breaking waves. Its incorporation in the wave energy
transportation equation is quite straight forward. Numeri-
cal solution of wave energy equation, supplemented by mo-
mentum balance equation, provides information on wave
parameters at the arbitrary point on the reef, as well as
on the wave set—up. The theoretical predictions were veri-
fied against the existing experimental data on wave set-up.
However, more experimental evidence is needed for model
calibration. Moreover, further theoretical works are needed
to provide a better understanding of the hydrodynamical
processes on the steep reef slopes. The following processes
are of particular worth to future study; for instance, ran-
dom wave action on an isolated reef structure (3D-model),
interaction between spectral components and higher har-
monics generation on the reef platform, and, wave-induced
circulation on a reef top among others.
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