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ABSTRACT

A computational model, known as the Nearshore Profile Model, has been
developed at Hydraulics Research Ltd for predicting wave and current
conditions in nearshore regions. This report describes the theory and
computational techniques used by the model, and compares its predictions
against laboratory and field data. The model uses the approximation of a
straight coastline with parallel depth contours, and determines wave and
current conditions at grid points along a shore-normal line. The theory of
wave and current motion is based on general mass, energy and momentum
balance equations which are applicable both inside and outside the surf
zone, and includes some new approaches to the solutions of these equations.
An important feature is the modelling of tidal currents as well as
wave-induced currents, with full interaction between the two types of
current and the waves. Because the model considers one horizontal dimension
only, the computational speed is greatly increased compared with 2-DH
models. The model is thus capable of processing large quantities of input
wave and tidal data, making it suitable for the investigation of long-term
processes on beaches and in nearshore regions. The model is designed to be
used in conjunction with an appropriate sediment transport routine for
problems concerned with longshore movement of sediment.
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1 INTRODUCTION
This report describes the theory, computational
techniques and validation of a computational model for
predicting wave and current conditions in nearshore
regions. The model, known as the Nearshore Profile
Model, uses the approximation of a straight coastline
with parallel depth contours, and determines wave and
current conditions at grid points along a profile line
perpendicular to the coastline. The model has a

number of new features:

1. it includes a modelling of tidal currents as well
as wave-induced currents, with full interaction

between the waves and the two types of current.

2. The theory is based on general mass, energy and
momentum balance equations which are applicable
both inside and outside the surf zone. The model
can therefore be used for any profile length
between offshore and the coastline, with no
special treatment needed for the surf zone. The
model can be used for any depth profile, and
unlike some models is not restricted to

monotonically decreasing depths.

3. Input to the model requires no special field
exercise or additional numerical model study.
Suitable input tidal conditions can be obtained
from standard Tide Tables and Admiralty Charts.
Input wave conditions are in the form of the
representative wave height, period and direction
at the offshore end of the profile line. These
can be determined for instance by wave
hindcasting from wind data. If measured wave or
tidal data are available, these can provide a
useful calibration of the model for a particular
site, or if sufficiently extensive, an

alternative source of input to the model.
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BACKGROUND

4, The model can use tens or hundreds of thousands
of input wave and tidal data values at a
reasonable computing cost. This makes the model
suitable for long-term predictions of

hydrodynamic and morphological processes.

The report is structured as follows. Chapter 2
describes the background to the model, placing it in
the context of alternative models and indicating the
types of engineering problem to which it would be most
suited. In Chapter 3 the program structure is
described, and Chapters 4 and 5 give the details of
the wave and current theory on which the model is
based. Chapter 6 contains a comparison of values of
wave height, wave set-up and wave-induced longshore
curreants predicted by the model against laboratory
measurements. In Chapter 7 there is a comparison of
model predictions of longshore tidal currents against
field data. Finally, the main findings and

conclusions are summarised in Chapter 8.

A range of computational modelling techniques is
presently available for the prediction of inshore
hydrodynamic conditions and morphological processes.
Wave refraction models based on ray tracing over the
coastal area of interest have been used for many years
in coastal wave prediction problems. Early models of
this type are described in Skovgaard et al (1975) and
Abernethy and Gilbert (1975). More recent models,
including the effects of currents on wave refraction
are reported in Jonsson and Christofferson (1984),
Southgate (1985) and Treloar (1986). Townend and
Savell (1984) discuss the use of ray tracing models in

present engineering practice.

These refraction models have often been combined with

one-line beach plan shape models for the prediction of



erosion and accretion rates caused by the longshore
drift of beach material. Examples of this type of
model are described in Price et al (1972), Komar and
Inman (1970) and Ozasa and Brampton (1980). A review
of earlier work can be found in Le Mehaute and Soldate
(1977), and a more recent assessment of the
engineering uses of these models is given in Brampton

and Motyka (1987).

The representation of physical processes in these
models is very simplified with no tidal effects or
wave-current interactive effects, meaning that
site-specific calibration is required. Furthermore,
wave-induced current and sediment transport quantities
are calculated only as single average values across
the surf zone (hence the name 'one-line'). However,
because of their simplicity, one-line models are
suitable for analysing large sequences of wave data
and therefore for investigating long-term beach

processes,

A considerable amount of research effort has been
devoted to extending refraction models to incorporate
other wave processes such as refraction by currents,
diffraction, wave reflections, bottom friction, wave
breaking and wind growth., Examples of these models
are to be found in Booij (1981), Dalrymple et al
(1984) and Booij et al (1985). Models have also been
developed to analyse the transformation of wave
spectra rather than waves with a single period and
direction. Abernethy and Gilbert (1975), Booij et al
(1985) and Treloar (1986) describe different
approaches to the modelling of the transformation of
wave spectra. Recently, sophisticated 2-D and 3-D
models of the nearshore zone have been developed to
analyse the interaction of waves, currents and

sediment transport (eg Wind and Vreugdenhil (1986),
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3.1

Stive and de Vriend (1987) and Yoo and 0O'Connor
(1986)). Such types of model give detailed results of
the hydrodynamic and morphological conditions, but
have a high computing requirement which limits the

number of input conditions that can be tested.

The Nearshore Profile Model described in this report
is of intermediate complexity between the
refraction/one-line models and the 2-D and 3-D
nearshore models. The model incorporates most of the
physical processes that are found in 2-D nearshore
models, but restricts its modelling to a single
profile line aséuming a straight beach with parallel
depth contours (Fig 1). This reduction to 1-D greatly
increases the computational efficiency making the
model capable of analysing the large number of input
wave and tidal conditions (tens or hundreds of
thousands of values) necessary for predicting

long-term hydrodynamic and morphological processes.

PROGRAM STRUCTURE

Master Program

The model is composed of a master program, separate
wave and current modules and a number of auxiliary
subroutines. The functions of these are described

below.

The master program reads all the data required by the
model, such as depth values, sediment size values, and
input wave and current conditions. These are
converted into quantities required by the wave and
current modules. The master program then makes
alternate calls to these modules, starting with the

current module, and passing updated values of current



3.2 Wave Module

3.3 Current Module

3.4 Auxiliary

Subroutines

and wave parameters between the two modules. These
alternate calls are made up to a specified maximum
number at which values of the wave and current
parameters are expected to have converged. Results
are output as a list of wave and current parameters at
each point on the profile line for the input wave and
tidal condition under study. If required, sediment
transport calculations are then made. The master
program returns to read in a new set of input
conditions and the process is repeated until all the

input conditions have been analysed.

The wave module determines values of wave parameters
at each grid point for a single wave condition
supplied at the offshore grid point. Values of
current parameters at each grid point from the
previous call to the current module are input to the
wave module. These are used in the wave calculations
but are not themselves altered by the wave
calculations. At the end of the wave module, control

is passed back to the master program.

The current module determines values of current
parameters at each grid point, using input tidal data
from the master program and valﬁes of wave parameters
from the previous call to the wave module. These wave
parameters are unaltered in the current module.
Control returns to the master program at the end of

the module.

There are a number of auxiliary subroutines called

from the wave and current modules to perform special
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4.1

4.2

4.3

THEORY OF WAVE

MODELLING

Introduction

Incorporated wave

processes

Input wave

conditions

tasks, such as solving the wave-current dispersion
relation (Eq 4.4.1) and determining enhanced friction

factors using the method of O'Connor and Yoo (1988).

The theory of wave and current modelling is described
in the following two chapters. The model is fully
interactive, with waves influencing the current field
through seabed friction and the generation of
longshore currents, and currents influencing the wave
field through seabed friction and refraction. The
techniques for modelling waves and currents will be
described separately, but pointing out where the
interaction occurs. The remainder of this chapter is
devoted to wave modelling, and the following chapter

is concerned with curreat modelling.

The processes affecting wave propagation incorporated
in the model are shoaling, refraction (by depth
variations and currents), seabed friction and wave
breaking. In addition, wave radiation stresses are
calculated which in turn form the basis for a
calculation of wave-induced longshore currents and a
set-up (or set-down) of the still water level. The
radiation stresses which generate longshore currents
are passed to the current module where the

calculation of longshore curreants takes place.

Input wave conditions are supplied at the grid point

furthest offshore. These take the form of a height,

period and direction of a single-period and



4.4 Wave kinematics

single-direction wave. If this wave is regarded as
representative of a spectrum, the input conditions
should be representative spectral quantities (such as

significant or root-mean-square wave height, peak or

. median period, and mean direction). A tide level is

also input and this is assumed constant for all the
grid points. Values of the longshore current
velocities determined from the previous call to the
current module are input at each grid point. The
model is re-run at different tidal levels to determine

wave conditions at different states of the tide.

Wave kinematics refers to the determination of wave
direction and wave celerity (ie phase velocity) and
their derived quantities. When (as in the present
model) refraction by currents as well as by depth
variations occurs, it is necessary to make the
distinction between wave orthogonals and wave rays
(Fig 2). A wave orthogonal is a line drawn
perpendicular to the wave crest, while a wave ray is a
line drawn in the direction of travel of wave energy.
In the absence of currents, the wave orthogonals and
rays are identical, but with currents present the two
are generally different. A further distinction has to
be made between quantities measured relative to the
seabed (referred to as 'absolute' and denoted by a
subscript 'a') and those measured relative to an
observer travelling with the current (referred to as

'relative' and denoted by a subscript 'r').

The fundamental equation to be solved at each grid
point is the dispersion relation in the presence of
currents:

(w, - Uk Cos(8-0))2 = gk tanh kh 4.4.1

in which W is the absolute wave angular frequency



(=2m/period), U is the curreat velocity, & is the
angle between the current direction and the onshore
direction (Fig 2), a is the angle between the wave
orthogonal and the onshore direction (Fig 2), g is the
acceleration due to gravity, h is the water depth, and
k is the wavenumber. Equation 4.4.1 is solved for k
using a Newton-Raphson iteration technique. This is
.carried out in an auxiliary subroutine called by the
wave module. Once k has been calculated, the

following related quantities can be derived.
a) Relative wave angular frequency

W= w - Uk Cosa 4.4,2
b) Relative wave celerity

w
c_ = EE 4.4.3

c) Relative group velocity

w
- _r 2kh
cgr © 2k (1 sinh (Zkh)) b.4.4

d) Absolute group velocity (the vector sum of U and

¢ o See Fig 2)

gr
1
c = (v2+c 2+ 20c _ Cos (6 ) 4.4.5
ga gr gr
e) Ray direction (see Fig 2)
U sin & + cgr sin «

- -1
W= tan (U cos 8 + ¢ cos a) bo4.6

gr

In order to derive wave kinematic quantities at the

grid point under study (subscript i), given quantities



4.5 Wave dynamics:
Energy balance

equation

at the previous point .(subscript o), Snell's law for

the orthogonal direction is used:

o

Sin a, = © Sin a, 4L.bh.7

i

This equation is then used with FEquations 4.4.1-6 to
predict the kinematic quantities at the point under
study. A fuller discussion of wave-current refraction

is given in Southgate (1985).

Determination of wave dynamics (ie wave height, wave
energy and related quantities) is based on integration

of the energy balance equation.

Ec Cos (p. + D)
4 (—=2 u) - £ ® 4.5.1
dy W, W,

in which y is the co-ordinate in the onshore direction
(Fig 1), E is the wave energy density, and Df and Dy
are the (spatial) energy flux dissipation rates due to

seabed friction and wave breaking respectively.

For linear waves, E is related to the wave height H

by
=1 2

in which p is the water density. Integration of
Equation 4.5.1 provides the means of determining the
wave height at a grid point in terms of quantities at
the preceding point. In order carry out this

integration, explicit expressions for De and D, are



4.6 Wave energy
dissipation by

seabed friction

needed. Appropriate expressions are derived in the
following two sections (4.6 and 4.7), and the method
of integrating Equation 4.5.1 is described in Section

4.8.

The method used in the Nearshore Profile Model of
determining seabed frictional dissipation is based oun
the boundary layer model of 0'Connor and Yoo (1988)
which in turn is an extension of work by Bi jker
(1966). This method takes into account fully the
interaction of waves and currents with the seabed, and

details of the method are reported in O'Connor and Yoo

(1988), and Yoo (1986).

The first stage in this method is to relate the wave
friction factor C%w, without curreunt interaction, to
the seabed roughness ks. For sandy seabeds, ks
represents the height of the sand ripples rather than
the dimensions of the individual sand grains, There
exist a anumber of semi-empirical formulae relating
C%w to ks; the one used in the Nearshore Profile Model
is that due to Kamphuis (1975), as modified by Swart
(1974).

3

C. = exp [6.0(Ao/ks)-0°2 - 6.96 | No current

fw
interaction 4.,6.1

in which Ao is the semi-excursion length of the water
particles at the seabed due to the oscillatory motion

of the waves. According to small-amplitude linear

wave theory, A0 is related to the wave height by

H

A = 4.6.2
o 2 Sinh (kh)

Equation 4.6.1 provides the starting point in O'Connor

10



4.7

Wave energy
dissipation by

wave breaking

and Yoo's method for determining a value of wa in
which interaction between waves and currents is taken

into account,

One result of this method is that the interacted
frictional dissipation manifests itself only through
an enhancement of the separate wave and current
friction factors. This property allows wave and
current energy dissipation rates to be treated
independently. According to O'Connor and Yoo, the

wave energy dissipation rate is given by:
D,=pcC_ V3 4.6.3
W

in which wa is the wave friction factor enhanced by
interaction with currents, and Vo is the maximum wave
orbital velocity at the seabed. For linear waves Vo

is related to the wave height by

How
r

. = 2 sinh (kh) 4.6.4

\

In the model, C_ is calculated at each grid point by

fw
the 0'Connor and Yoo theory in auxiliary subroutines
called by the wave module., Values of current
parameters determined at the previous call to the

current module are passed to these subroutines.

4,7.1 Introduction

There are many approaches to the problem of modelling
the dissipation of energy in breaking waves, and a
survey of these methods has been carried out in a
companion report (Southgate (1988)). One of the tasks

in the present study has been to investigate some of

11



these methods to discover the most accurate and
suitable ones for the model. This investigation is
described later in Chapter 6. 1In this section the
theory of the adopted method will be described in some

detail.
The method is based on Battjes and Janssen (197%) and
is applicable to random waves. The formula used for

the probability distribution of wave heights is,

P(H) dH =

exp (-H2/H2 )dH 4,7.1
2 rms

rms
and is known as the Rayleigh distribution. 1In this
equation H is a general wave height, Hrms the
root-mean-square wave height and P(HM)dH is the
probability of occurrence of a wave height lying in
the range dH centred on H. The Rayleigh distribution
has been derived theoretically under the assumptions
of small-amplitude linear waves in deep water with a
narrow frequency spectrum. Measurements in deep water
have shown the Rayleigh distribution to be a good
approximation. Even in shallow water, where the
theoretical justification is less strong due to the
distortions caused by shallow-water effects,
measurements have shown the Rayleigh distribution
still to be an adequate approximation for engineering
prediction purposes (Thornton and Guza (1986)).
However, in shallow water, the distribution needs to
be truncated at the breaker wave height (ie the
maximum height of waves allowed by the breaking

process in shallow water). This is shown

schematically in Figure 3.

The Battjes and Janssen method consists of three
steps. Firstly, the breaker wave height is
determined; secondly the probability of occurrence of

broken waves usiag the truncated Rayleigh distribution

12



is found; and thirdly the rate of dissipation of

energy in a broken wave is calculated.

4.7.2 Determination of breaker height

Battjes and Janssen use a modified form of an

expression originally derived by Miche (1944).

_ 0.88 tanh (Ykh/0.88)

iy n

4.7.2

in which Hb is the breaker wave height, and Y is an
empirically determined coefficient of the order of
0.8, A large number of simple empirically or
theoretically derived formulas for Hb have been
suggested. In this work, a modification of a
widely-used empirical formula put forward by Weggel
(1972) and recommended by the American Shore

Protection Manual is used. The formula is,

ah
H = ————— 4.7.3
b 1+ bh
gT?
in which
L
a = 2a 4,.7.4

1 + exp(-19.5m)

o
L]

43.75 (1 - exp(-19m)) 4.7.5

m is the beach slope and a' is an empirically
determined parameter. In Weggel's original formula a'
is set to 0.78. In the present work it was found
necessary to increase the value of a' which has the
effect of delaying the onset of breaking. The reasons

for the choice of a' are discussed in Chapter 6.

13



4.7.3 Determination of the probability of broken

waves

In Battjes and Janssen's method wave heights below Hb

are assumed to be unaffected by the breaking process,
while those above Hb are regarded as having broken.
The probability of occurrence of a broken wave (Q) is

therefore given by (Fig 3),

©0

Q =/ P(H) dH
1y
= exp (- H%/Hi) 4.7.6

in which Hn is the r.m.s wave height assuming no
breaking. Of course Hn is not a physically realistic
quantity, and it is required therefore to express Q in
terms of Hrms’ the actual r.m.s wave height
(consisting of contributions from both broken and
unbroken waves). In order to do this, some assumption
has to be made about the probability distribution of
the broken wave energy. Battjes and Janssen make the
simple but physically plausible assumption that all
broken waves have a wave height equal to Hb. This
means that the probability distribution is truncated

at H but with an additional spike (in the sense of a

b’

Dirac delta function) at H, representing the broken

b
waves. Hrms can now be determined as the sum of

unbroken and broken wave energy components,

Hb o
H2 =[ ®W P(H) dH + | H% P(H) dH
rms b
o H
b
Unbroken Broken
o w2 . w2 2
Hn 1 exp ( Hb/Hn)) 4.7.7

14



Hn can be eliminated between Equations 4.7.6 and 4.7.7
enabling the probability of occurrence of broken waves

(Q) to be expressed in terms of H . and H

b?
H
1 -Q - rmsy 2
5y ( N ) 4.7.8

This equation can be solved for Q by Newton-Raphson
iteration. Having determined the probability of
occurrence of broken waves, it is now necessary to
determine the rate of energy dissipation in these

waves.

4.7.4 Rate of energy dissipation in broken waves

In Battjes and Janssen's method, the rate of energy
dissipation in a broken wave is estimated from the
rate of energy dissipation in a tidal bore, a
phenomenon similar in appearance to a broken wave.
Battjes and Janssen derive the following expression
for a broken wave,

3/2 y u3
p =2P 8" kH 4.7.9

8m h

o
[N

in which A is an empirical constant of the order one
which expresses the difference between the tidal bore
and breaking wave processes. In a random sea,
Equation 4.7.9 would apply to the case where all waves
have broken. If only a proportion of the waves have

broken, D needs to be multiplied by the probability

b
of occurrence of a broken wave (Q), and H is set to

the breaker height Hb’

Ao g%k H Q
D, = . 4.7.10

8n h?

Using Equation 4.7.8, D, can be expressed in terms of

b

15



rms
3/2 3
) ANpg kB £(Q)
D, = v 4.7.11
8n h?
where £(Q) = Q(If—gg)wz 4.7.12

A graph of £(Q) against Hrms/Hb is shown in Figure 4.

4.8 Integration of the

energy balance

equation

Explicit expressions for wave energy dissipation by
bottom friction (Eq 4.6.3) and by wave breaking

(Eq 4.7.11) have been obtained. It is now possible to
integrate the energy balance equation (Eq 4.5.1) to
determine how the wave height transforms as waves

travel inshore.

Inserting the expressions for Df and Db into

Equation 4.5.1 and using Equation 4.5.2,

0C. w 3n3 3/2

2
_d_(H ga C°S“)_ 1_[ fwr " . A oog kH3f(Q)]
§ P 4y w T T W . 3 I
T r 8 Sinh°3(kh) 8 mh

4.8,1

in which for the expression for breaking waves, H is

to be interpreted as Hr s° It can be seen that both
m

Df and Db are proportional to H3, a fact which allows

a direct integration of Equation 4.8.1. Db depends on

H additionally through £(Q), although as Figure 4
shows, f(Q) is a regular monotonic function of H/Hb,
thereby allowing a solution by iteration.

Rearranging Equation 4.8.1,

16



2 2 1
1 4 (H cga COSu) _ wa w. . A 27k f(O)]
o (B Y= . T
H3 dy s g Sinh3(kh) LA h’
4,8,2
Using the identity,
2
14 (H Cua Cosu)z _2(Cga )3/2.i_ [l ( T )%]
u3 dy W, - - dy H ‘c cosy
4‘8.3
Equation 4.8.2 can be written as,
W ‘1 w 2 C w 2
E ) - )
dy H ‘¢ Cosy *\c__ Cosyp . 13
ga ga g Sinh3(kh)
1
2

z
Tw h
T

Performing the integration between the previous grid
point (subscript o) and the grid point under study

(subscript i),

1
- _ 1 4.8.
B, = H K_K_ ¥, (1+BHO) 5
€ga0 %
where K, = (Z§~_)2 Shoaling coefficient 4.8.6
gai
Cos LISt
K_ = (=——)° Refraction coefficient 4.8.7
T Cos 1
- (_riy} 1 fFfici 4.8.8
Kd = (;——) Doppler coefficient 8.8
ro
3
B _l_(cgao COSu )% ?;1 2[ fW +
N LA
Yo y c ga Cosu g Slnh3(kh)

1
Agk f(O)]d 4.8.9
_—-"_—I_ . .

2
T w_h
T

17



4.9

The integral in Equation 4.8.9 is evaluated at
successive grid points by taking the average of the
values of the integrand at Y, and Vs (ie the trapezium
rule). Both Cg, and f(Q) are dependent on H, although
relatively weakly. 1In the model an iterative
procedure is used to calculate B using an initial
estimate for H in the calculation of wa and £(Q) as

H = HO Ks Kr Kd 4.8,10
In other words, the initial value of H is its value at
the grid point under study assuming no dissipation.
From Equations 4.8.5-9 a new value of H is calculated,
which provides a closer approximation for wa and
£(0). Typically, three runs (two iterations) have

been found to give convergence of W at all srid points

to around 17 at worst.

Radiation stresses,

wave set-up and

longshore current

generation

In general, waves exert a net momentum flux over a
wave cycle in the direction of travel of the wave, as
a result of their non-linear behaviour. This excess
momentum flux, averaged over a wave cycle, is known as
the wave radiation stress. When wave energy is
dissipated, through seabed friction and breaking, some
of this excess momentum flux is released from the wave
and provides the driving force for other phenomena.
Specifically, a set-up of the water level in the
onshore direction, and the generation of a current in
the longshore direction are caused by these spatial

changes in the wave radiation stress.

18



Both of these phenomena are included in the model.
The wave radiation stress in the onshore direction
(Syy) is given to second order in H by

(Longuet-Higgins and Stewart (1964)),

2 ¢

C
S_ = pg H2[(—BL -3) Cos2a+(-8E -3) sin2a]  4.9.1
yy 8 c. c_

The wave-induced set-up is calculated from the

equation for momentum balance in the onshore

direction.

ds
'd"n: - 1 yy 4.9-2
dy pg (h+n) dy

in which 7n is the wave-induced set-up of the still
water level. m is determined at any grid point
(subscript i) in terms of its value at the preceding
grid point (subscript o) using a finite difference

formulation of Equation 4.9.2

Nn. = N ) 1

= yy
Ay pg (h +(ni + no)lz) Ay

4.9.3
Equation 4.9.3 is a quadratic in n with solution,

A 4.9.4

in which Asyy =8 . -8 s ly=y. -y, and
h=(h. + h)/2.
1 [o]

Figures 14-19 show a comparison of computed and
laboratory-measured values of set-up. It can be seen
that there is a small set-down of the water level up
to the breaker point (or, more strictly, the plunge

point for plunging breakers, see Section 6.3) and a
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larger set-up between the breaker point and the

shoreline.

The wave radiation stress in the longshore direction,
Sxy’ is given to second order in H by (Longuet-Higgins
(1970)),

pg H2 cgr Sin2a

Sxy = 16 < 4.9.5

The model uses spatial rates of change of Sxy to
calculate the wave-induced longshore current. It is
possible to calculate dSXy/dy by a finite-difference
approach similar to that used for wave set-up.,
However, it was noted by Longuet-Higgins (1970) that
the irrotational part of SXy remains unchanged by
depth refraction and shoaling, and the only changes to
Sxy arise from dissipative processes. For
diffraction, and refraction by currents, Sxy does in
general change, but not for the special case of a
straight coastline with parallel depth contours
considered in this model. Therefore the only changes
to SXy are those due to the dissipative processes of
bottom friction and, principally, wave breaking.
These points have been demonstrated quantitatively in

Southgate (1987) where it was derived that,
S . =¢€2s 4.9.6

where € is the ratio of the wave height at the inshore
point calculated with dissipative processes to that
calculated without dissipative processes. From

Equation 4.8.5, € is given by,

_ 1
[o}
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5.1

The radiation stress gradient provides the driving
force for the wave-induced current in the longshore

direction. This driving force per unit sea area is

given by,
39S
F=a ayxy 4.9.8

Values of F at each grid point are passed to the
current module where they are used to drive the
longshore currents. The method employed for this is

described in the following chapter.

THEORY OF CURRENT

MODELLING

Incorporated
current

processes

Tidal and wave-induced currents in the longshore
direction are determined in the model by solving the
longshore momentum balance equation. The tidal
currents are generated by longshore variations in the
water-surface level (ie pressure-generated), and
balanced by seabed friction and inertia. The
wave-induced currents are generated by spatial
gradients of the wave radiation stresses (see previous
chapter), again balanced by seabed friction and
inertia. Interaction between the two types of
currents, and between them and the waves, is

incorporated.

All currents are assumed to be depth-averaged and in
the longshore direction. Therefore no
onshore-offshore currents such as rip currents or
undertow are modelled. Some quantities such as the
maximum water surface elevationm, L, are allowed a

variation in the x-direction on a large length scale
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5.2

5‘3

Input current

conditions

Assumed form of

(of the order of a tidal wavelength, typically about
500km), but locally they are regarded as constant in
X. Wherever an x dependency is shown, the variation
in x is understood to be on the large length scale.
This assumption is consistent with the continuity (or

mass conservation) equation

d 3 . 3 _
3¢ (00 + = [(h+D)U Sins] + 3 [(b+Z)U Cos8] = 0
5.1.1

at the local length scale.

The driving forces for the tidal currents in the form
of pressure gradients can be determined from standard
data to be found in Tide Tables and Admiralty Charts
for the locality under study (see Section 5.3.2).
Alternatively, the driving forces can be calculated
from measured current data (Section 5.7). These
pressure-driven forces are assumed to be the same at
all grid points. The wave radiation stresses which
drive the wave-induced currents are passed to the
current module from the previous call to the wave
module (on the first call to the current module they
are set to zero). Values of the seabed roughness are
input at each grid point and are used to determine the

current and wave friction factors.

current parameters.

Symmetric tidal

forces only

In the model, assumptions are made about the form of
various parameters which affect the current field.
Wherever expressions of the form exp(i...) appear, the

real part only applies.



5.3.1 Surface elevation above mean sea level (r)

A general sinusoidal form is assumed with an angular

frequency, w, corresponding to the tidal cycle.
z = 4 (x) exp(i[wt - ¢(x)]) 5.3.1

where t is time, ¢ is a general phase function, and T
is the tidal amplitude. x is directed parallel to the
coast (Fig 1). Wote that (4 and ¢ are allowed to vary
in the longshore direction because variations of these

quantities take place on the large length scale.

5.3.2 Surface slope (S)

A general sinusoidal form is assumed.
S = Sm(x) exp (i[wt - e(x)]) 5.3.2

where Sm is the maximum surface slope and 0 is a

general phase function. S is related to r through its

definition.
s =& 5.3.3
ox

Insertion of Equations 5.3.1 and 5.3.2 into Equation

5.3.3 yields the relationships between Sm, 0 and Ly

¢

o 3
52 = ()2 + (g, ?3)2 5.3.4
3¢/ ax
0=¢ + tan"1 | TRED ] 5.3.5
m

¢ is chosen arbitrarily, usually being set to zero at
high water. A a;m/ax and 3¢/ 3x can be readily

deduced from Tide Tables and Admiralty Charts. These
are the input quantities which determine the pressure

driving force for the tidal currents.
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5.4 Solution of
momentum balance
equation.
Symmetric tidal

forces only

5.3.3 Longshore current velocity (U)

A general sinusoidal form is assumed.

U=U_(x,y) exp(i[ot - ¥(x,y]) 5.3.6
in which Um is the maximum tidal longshore current
velocity and ¥ is a general phase function. In this
case, U is allowed to vary in the y-direction (along

the profile line).

5.3.4 Shear stress at the seabed (7)

The quadratic friction law is assumed.

T=9p C%C U |U| 5.3.7

in which C%c is the current friction factor, without
interaction with waves and T is the seabed shear
stress. In the Nearshore Profile Model, C%c is
determined from Bijker'svempirical formula (Bijker

1966),

ci_ = 0.016 (h/ks)‘1/3 5.3.8

The longshore current is calculated from the solution
to the momentum balance equation. This equation will
be solved first for tidal currents alone and then for

combined tidal and wave-induced currents.

The momentum balance equation for tidal currents alone

is
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+ — = . .
5t 2S oh 0 5.4.1
Inertia Pressure Seabed
Force Friction

These three terms represent the most important forces.
Other effects such as Coriolis, lateral mixing and
advection are usually much smaller in the nearshore
zone. A linearising simplification to the expression
for seabed friction is required. Equation 5.3.6

substituted into Equation 5.3.7 gives,

T=p C%C Ué exp (i(wt - ¢))| Cos(ut - P 5.4.2
In this simplification, the maximum value of the
modulus is assumed at all times. <t will therefore be
well predicted close to its maximum, and less well
away from it. HWowever, the most important effects of
friction on current velocities occur around the

maximum, The expression used for 1 is therefore,

T = p Cp, U; exp(i(wt - ¢)) 5.4.3

Substitution of Equations 5.3.2, 5.3.6 and 5.4.3 into

Equation 5.4.1 gives,

Ct U2exp (i(wt-y))

: : : 14 =
gSmexP(l(wt+G))+1mUmexp(1(wt-w)J- T 0
5.4.4
Equating amplitude and phase terms yields
Cs U2
2g2 = 2 —~¢_ M2
g282 = (w0 )2 + (—5—) 5.4.5
= - wh
and P = 0 - tan 1 (ﬂ) 5.4.6
fc m

Equation 5.4.5 can be written as a quadratic in U§
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5’5

with solution,

4 o2 g2 12
& Sm Cfc

N

) 1]

U= oy () [+ 5.4.7

fc h2 ot

¢ can then be found from Equation 5.4.6 using the
value of Um from Equation 5.4.7. It can be seen that
different values of Um and ¢ will be obtained at
different grid points through the influence of the
depth (h) and current friction factor (C%c).
Equations 5.4.6 and 5.4.7 have been used to predict
tidal flows in the Dover Strait with qualitative
agreement with measurements (R L Soulsby, private
communication)., More detailed comparisons with
measured data at Aberdeen are presented in Chapter 7

of this report,

Assumed form of
current parameters.
General tidal and
wave-induced
forces
The following assumptions are made about the form of

the parameters which determine the current field.

5.5.1 Surface elevation above mean sea level (0)

A general sinusoidal form identical to Equation 5.3.1
is assumed, with an additional term Co(x) on the

right-hand side.

5.5.2 Surface slope (S)

A general sinusoidal form is assumed as in Equation
5.3.2 but with a coanstant (in time) offset to account

for any asymmetry in the pressure driving force.

§ =5 _(x) exp(ifwt - 6(x)]) + 5,(x) 5.5.1
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The values of Sm and © are given by Equations 5.3.4
and 5.3.5. So is an input parameter. It can be
expressed in terms of a deep-water time-independent
tidal current which is a quantity that can be more
readily measured or deduced from information contained
in Admiralty Charts. This is considered in Sectiom

5.7.

5.5.3 Longshore current velocity (U)

A general sinusoidal form is assumed as in Equation
5.3.6 but with a time-independent current, Uo, to
represent the steady tidal current and (quasi-) steady

wave-induced current.
U= Um (z,y) exp(i[wt-W(x,y)]) + U0 (x,v) 5.5.2

It is assumed that the wave-induced current remains
steady (apart from random fluctuations) over several
hours, the time period during which significant
changes to tidal currents take place. Wave-induced
currents will, of course, vary over a longer

timescale, hence they are termed "quasi-steady".

5.5.4 Shear stress at the seabed (T)

The quadratic friction law, Equation 5.3.7, is used
for T, but with U given by Equation 5.5.2.

Substituting Equation 5.5.2 into Equation 5.3.7 gives
T= ifwe- - .5.
o cfc(um exp(ifwe-y] )+U°) U cos(wt-¥)+U 5.5.3

Cfc is the current friction factor, including wave
interaction, and is determined by the O'Connor and Yoo
method. Equation 5.5.3 is then linearised by taking
the maximum value of the modulus and assuming that

this holds throughout the tidal cycle.
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5.6

Solution of

momentum balance

T=0pC (U expifat-y]D + U ) +lul)  s5.5.4

T can be written as the sum of time-dependent (Ttd)

and time-independent (t.;) terms.
Teqg =P Ce U (U + |U|) exp (ifut - ¢]) 5.5.5

Teg =0 Ce Uy (U + lu|) 5.5.6

equation. General

tidal and wave-

induced forces

The momentum balance equation for tidal and

wave-induced currents is

oU T F
o + + - = - eV
5t g5 oh °h 5.6.1
Inertia Pressure Seabed Wave Radiation
Force Friction Stress

F is given by Equation 4.9.8, and is passed to the
current module from the previous call to the wave
module. On the first call to the current module F is
set to zero. OQuasi-steady driving forces from other
sources, such as wind stress, could be included on the
right-hand size of Equation 5.6.1. These are not
considered in this report but represent a possible

extension of the model.

The solution of the momentum balance equation is found
by substituting Equations 5.5.1, 5.5.2 and 5.5.4 into
Equation 5.6.1, and equating time-independent and

time-dependent parts,
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gSmexp(i[wt—O]) + inmexp(i[wt-¢])

Cchm(Um+|U0|)exp(i[wt—¢])

h =0

5.6.2
and p C, U (U_+ IUOI) = F - phgs, 5.6.3

Equating the amplitude and phase parts of Equation
5.6.2 yields,

Cfc Um(Um+|Uo|) 2
h

202 _ 2 112
g Sm W Um + (

: ~wh
and ¢ = © + tan~! [ ]
—Cfc(Um+|Uo|)
Equations 5.6.3 and 5.6.4 are coupled expressions for
the two unknowns, Um and UO. ¢ is found from Equation

5.6.5 once Um and U0 are known.

Solutions for Um and Uo can be efficiently determined
using a Newton-Raphson iteration technique. Equations

5.6.3 and 5.6.4 are written in the form,

Gh
= 2 5.6.6
Uo Ceed :
and
U= — zgsmhz " 5.6.7
B (h%w® + CE, q4°)
where G = %H - 85, 5.6.8
and q = U + |U0| 5.6.9

Adding Equations 5.6.6 and 5.6.7,
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gS h

G

q = !_Lll + m : 5.6.10
q H

(h2p? + C%cqz)
Rewriting Equation 5.6.10,

f(q)s(q%g-‘-_ﬁ)2 (h2w? + c§ q?) - gB8h2=0 5.6.11
qu C m

Differentiating,
f'(q) = Z(q - %91—2)(1 + lgl—E )(h2w? + Cg qd +
fc @ c q2 ¢
\ fe |G| hy2
2 ¢Z (a - )

f Cfc q
Simplifying,
G| hyr. o o 2 9 'Gl h 3w?
£'(q) = 2(1- )[h2w? + 262 q% + ] 5.6.12
fe 9 c q2

fe

Successive approximations to the solution of Equation

5.6.11 for q are made using the formula,

f(q.)
Ujyp = 95 - ETTg;T 5.6.13
where the subscript j denotes the jth approximation.
Some care has to be given to the initial estimate for
q. Figure 5 shows a graph of f(q) against q and
indicates that there are two roots to Equation 5.6.11
either side of a minimum value of f(q) determined by
setting f£'(q) to zero. The minimum £(q) and the

corresponding value of q are,

= —gl2a 2n2
f(q)min g Sm h 5.6.14
q = ('Gl_h)% 5.6.15
min c
fc
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Use of measured
current data as
input to the

model

From Equations 5.6.6, 5.6.15 and the definition of q
(Eq 5.6.9),

a2 - q2. = qU 5.6.16

Since all quantities in Equations 5.6.16 are positive,
it follows that q is greater than 9in’ and therefore
that the higher of the two roots to the solution of
Equation 5.6.11 is the correct root. Convergence to
this root can be assured by taking the initial
estimate for q to be greater than Uin® This is done
min’
o]

in the absence of interaction with tidal-oscillatory

as follows: It is noted that the expression for q

Equation 5.6.15, is the same as the solution for

currents (Eqs 5.6.6 and 5.6.9 are solved for Uo with
Um set to zero). The initial estimate for q used in
this model uses the sum of qminand the solution for Um
in the absence of steady currents (Eq 5.4.7). The
initial estimate for q is thus taken as the sum of the
solutions for the steady and oscillatory currents in
the absence of interaction between the two. This
initial estimate will always be greater than Uin and

ensures convergence to the correct solution for q.

In Section 5.3, it was described how the tidal
pressure forces, required as input to the model, could
be calculated from quantities that could be readily
derived from Tide Tables and Admiralty Charts. It is
envisaged that this method is used if there are no
reliable tidal current velocity data available at the
site of interest. If such data are available, they
can be used as an alternative method for deriving the

input tidal pressure forces. Generally, this method
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would be preferred, since it is based on actual site

measurements.
The required data are:

a) A series of measurements of longshore current
velocity at a point on or close to the profile

line outside the surf zone.

b) The corresponding times, relative to High Water,

at which the measurements were made.

c) The average depth of water at the site of the

measurements.

The aim is to fit a sinusoidal curve to the data, with
period equal to the tidal period and with a constant
vertical offset. This can be achieved using a
three-parameter least-squares analysis to give Um, U0
and ¢. These are then used to calculate the
parameters determining the tidal pressure driving
force, namely Sm, So and O, using Equations 5.6.3,
5.6.4 and 5.6.5. If the measurement point is well
outside the surf zone, it can be assumed that the
influence of wave-induced currents is small, and
average to zero when a long sequence of tidal current
velocity data is considered. Therefore F can be set
to zero in Equation 5.6.3. Having determined Sm, So
and O, these values are assumed to apply at all points
along the profile line. If there is a large
spring-neap range, it will be necessary to group the
data into bands at intervals through the range, and

carry out separate analyses for each band.
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6.1

COMPARISON OF THE
NEARSHORE PROFILE
MODEL WITH
LABORATORY DATA

Introduction
As a first stage in the verification of the Nearshore
Profile Model, comparisons between model predictions
and laboratory measurements have been carried out.
Unfortunately, no suitable laboratory experiments
appear to have been carried out in which both
tidal-oscillatory and steady currents, as well as
waves, are simulated. However, a number of
experimental investigations have been reported in the
technical literature in which waves and the
wave-induced steady currents are measured. Most of
these investigations have used the 1-D approximation
for which the Nearshore Profile Model is applicable;
namely a straight beach with parallel depth contours.
Such laboratory studies would therefore be applicable
in verifying the modelling of waves and their
interaction with wave-induced currents, although the
omission of tidal-oscillatory currents means that the
full scope of the model would not be tested.
Nevertheless, comparisons with laboratory data would
provide a valuable first stage in the verification of
the model, and will also allow cbmparisons with
alternative numerical models in which the effects of

tidal-oscillatory currents are not incorporated.

The laboratory measurements selected for this
comparison were those by Visser (1982, 1984a and
1984b) carried out at Delft University of Technology,
Holland. Visser's model consisted of a straight beach
with a regular seaward bed slope. Mono-period and
mono-directional waves were used, and measurements
were made of wave height, wave-induced set-up of the

still water level, and. wave-induced longshore
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6.2

Experimental
arrangement,
procedures and

results

currents. Other experimenters have performed
laboratory studies under similar conditidns, but
Visser's investigation appears to have been carried
out particularly carefully, most notably in preventing
"end effects" froﬁ contaminating the longshore
currents. Other researchers have also used the Visser
measurements for comparison with their own numerical
models (Yoo and O'Connor (1987), Pechon (1987),
Bonneton and Gaillard (1985) and Visser's own model
(1984a and b)) and therefore a comparison of the
Nearshore Profile Model with these alternative models

is possible.

The experimental arrangement is shown in Figure 6. A
snake-type wave generator, capable of producing
regular waves at a specified direction, was situated
at one end of the wave basin. Opposite the generator,
smooth concrete beaches were constructed with regular
slopes of 1 in 10 and 1 in 20 respectively. For the
final experiment the 1 in 20 slope was roughed by
bonding gravel, with dimensions between 5 and 9mm, on
to the concrete. Wave-guide walls were installed
across the basin at the angle of the initial wave

direction.

A circulation system to maintain currents along the
beach was constructed using a Rehbock weir and pump.
On the upstream wave guide a distribution system was
built to ensure that the recirculated flow matched the
wave-induced flows at all points along the beach
profile. Details of these experimental arrangements
are given in Visser (1982). The techniques and

procedures for measuring the various wave and current
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6.3

parameters are described in detail in Visser's

reports,

Seven experiments were carried out in total, three
with the 1 in 10 slope, three with the 1 in 20 slope,
and one with the roughened 1 in 20 slope. Each
experiment used a different incident wave height,
period and direction. Wave and current parameters
were measured at regular intervals in the shore-normal
direction for up to five sections, shown in Fig 6.
Averaged quantities across these sections were then
calculated. Table 1 lists the incident conditions and

averaged inshore results for all seven experiments,

Comparison between

experimental results

and model

predictions

The seven experiments were reproduced in the Nearshore
Profile Model using a grid spacing of 0.lm for the 1
in 10 slope and 0.2m for the 1 in 20 slope. A range
of model tests was carried out to determine the
optimum values of the three empirically-determined
parameters: the bed roughness ks (which determines
the wave and current friction factors), the breaking
dissipation factor A, and the breaker height factor
a'. It was assumed initially thét the same values of
these parameters would apply for the three tests with
the 1 in 10 slope, and a different set of values for
the 1 in 20 slope tests. It so happened that values
of A and a' turned out to be the same for all the
tests, a finding that would be expected since the
effect of the different bed slopes on wave breaking
had already been explicitly incorporated via Egs
4.7.3, 4.7.4 and 4.7.5. Different values of ks were
found for the two sets of experiments, a result again
to be expected since the beach slope was completely

remoulded for the second set. In optimising the
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values of ks’ A and a', the best fits over each
set-of-three experiments for longshore current
velocities, wave height and wave set-up over the whole

profile length were determined.

It was found that none of these quantities were
particularly sensitive to the value of A. Accordingly
the value of \ was set to one, and the breaking
processes was fitted through changing the value of a'.
This parameter had a clear effect; increasing the
value of a' resulted in wave breaking occurring nearer
to the shoreline, and with a more rapid (spatial) rate
of decrease of wave energy once breaking had started.
The values of kS were estimated by Visser to be about
0.00lm for the concrete slopes and 0.0lm for the
gravel-roughened slope. However, these values are
approximate, and the value of kS was chosen to give a
best-fit to the data, but ensuring that the chosen
values were not greatly different from the estimated
values. Longshore current velocities were quite
sensitive to the value df ks whereas the wave height
and wave set-up were relatively insensitive,
indicating that the choice of ks is more important in

determining current rather than wave properties.
The following table summarises the values of ks, A

and a' used to give a best-fit to the experimental

data.
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Empirical Best-fit value in

parameter model
1l in 10 1 in 20 | 1 in 20 slope,
slope slope roughened
s 0.002m 0.0006m 0.01lm
A 1 1 1
a' 1.18 1.18 1.18

In Visser's own mathematical model, he used best-fit
values for ks of 0.0015m for the 1 in 10 slope,
0.0008m for the 1 in 20 slope, and 0.015m for the

roughened 1 in 20 slope.

The results of the comparisons are shown in Figs 7-13
for longshore currents, Figs 14-19 for wave set-up,
and Figs 20-25 for wave‘heights. Insufficient
experimental data were available for comparing wave
set-up and wave height for experiment 7, with the
roughened bed slope. All the figures show good
agreement, comparable to that of alternative numerical

models. These results are discussed in Section 6.5.

6.4 Further tests with

the Nearshore

Profile Model

The Nearshore Profile Model results presented so far
have included simulation of the breaking of random
waves, It is of interest to demonstrate the
differences that would occur if the breaking of single
period/direction waves were included instead. This
can be achieved in the model by setting the

coefficient A initially to zero (corresponding to no

breaking) and maintaining it at this value until the
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wave height exceeds the breaker height. At this point
A and f(Q) are set to one, corresponding to full
breaking, and these values are maintained as far as

the shoreline.

Figs 26-28 show respectively the longshore current,
wave set-up and wave height with a breaking factor
a'=1.18 for both random and single period/direction
breaking waves. It can be seen from Fig 26 that there
is a very sharp gradient of the longshore current
velocity at the plunge point in the single
period/direction case, and the peak velocity is
somewhat higher than for random wave breaking.
Further shorewards there is a regular decay of current
velocity, while further seawards there is a small
current velocity resulting from wave energy
dissipation by seabed friction. In Fig 27, showing
the wave set-up, there is a larger set-down at the
plunge point, while values shorewards are similar.
The comparison with wave height, shown in Fig 28,
again indicates a higher peak at the plunge point,
although in this case of course, both model peaks are
shorewards of the experimental peak at the breaker
point. The overall conclusion is that model results
based on single period/direction wave breaking gives
noticeably poorer agreement with the experimental
measurements compared with model results using random

wave breaking.

It is also of interest to investigate the effect of
altering the breaking factor a'. Figs 29-31 show a
comparison between experimental measurements, and
model tests with random and single period/direction
wave breaking using a breaking factor a'=0.78 (the
commonly used value for tuning to the breaker line,
see Section 6.5). These figures therefore show
results for the same tests discussed in the previous
paragraph (Figs 26-28) but with the breaking factor

tuned to the breaker line rather than the plunge line.
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6.5 Discussion

Comparing the two sets of figures, it can be seen that
the predictions of longshore current velocities (Figs
26 and 29) are poorer with a'=0.78, the peak occurring
too far seawards. A similar comparison is seen for
wave set-up (Figs 27 and 30) with the maximum set-down
again occurring too far seawards for a'=0.78. The
comparison for wave height (Figs 28 and 31) indicates
much better agreement for a'=0.78, particularly in the
decay of wave height shorewards of the breaker line.
Wave heights at the breaker line itself are still
underpredicted, probably due to the absence of any

modelling of non-linear waves (Section 6.5).

An important finding from Visser's experiments was
that the wave set-up and wave-induced longshore
currents did not start their strong increase at the
breaker line (where maximum wave height occurs,
immediately before breaking) but at the plunge line
(where the plunging breaker strikes the still water).
There is a significant distaﬁce between these two
lines, of the order of + to 3 of the entire width of
the surf zone, during which the wave height decreases
rapidly as the crest curls over, but the water motion
remains essentially irrotational and the excess

momentum flux is not released from the waves.

In the Nearshore Profile Model, and other
computational models of a similar type, the radiation
stresses are determined from the wave heights, and
thus radiation-stress-related quantities such as wave
set-up and wave-induced longshore currents appear to
start at the breaker line. To overcome this problem
some researchers such as Visser (1984a and b) and
Svendsen (1984) have developed theories which
explicitly incorporate the breaker-line to plunge-line
distance or related quantities. Models based on these
theories require this distance to be input as a
measured and pre-determined quantity. Whilst this is
possible in the comparison with Visser's experiments,
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since this quantity was measured, such information
would not be available in general applications and
would render such an approach of little use as a
predictive tool. It may be possible, on the basis of
large numbers of observations and measurements of
breaking waves, to relate the breaker line/plunge line
distance to the breaker type (plunging, spilling etc)
and determinable quantities of the waves just before
breaking (height, steepness etc), but a study of this
sort has yet to be carried out, and in any event is
likely to be subject to considerable uncertainties.
Nevertheless such a study could be useful for
modelling long éequences of waves which involve a

mixture of breaker types.

The method used in the Nearshore Profile Model to deal
with this problem is to "tune" the breaking process so
that waves appear to break either at the breaker point

or the plunge point. The idea is that if wave

quantities are of principal interest in a particular
application the model would be tuned to the breaker

line, whereas if radiation-stress-related quantities

(wave set-up, longshore currents) are of principal
interest the model would be tuned to the plunge line.
A number of approaches for achieving this tuning were
tried, and it was found that the onset of breaking
could be made to occur nearer to the shoreline by
increasing the value of a' in the breaker height
criterion, Eq 4.7.4. The model results presented in
Figs 7-28 were tuned to the plunge line using a value
of a'=1.18, somewhat larger than the usually used
value of 0.78 for tuning to the breaker line (Figs

29-31) .

Wave set-up and wave-induced longshore currents are

shown to be accurately predicted in the figures with
a' = 1.18, bGt as expected there is less accuracy in
the wave height predictions. In fact, the mis-tuning

of the breaking process is not the only source of
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error; the assumption of random waves for the breaking
process in the model (whereas regular waves were used
in the experiments) will tend to depress wave heights
at the breaker point, and cause a less rapid wave
height decay in the surf zone, as indicated in the
figures. A further discrepancy is caused by the
absence of any modelling of non-linear processes which
are important close to and during the breaking
process, and cause a greater peaking of wave height
just before breaking. Some idea of the relative
importance of these contributions to the error in wave
height at the breaker line can be seen by comparing
wave heights from the Nearshore Profile Model run
separately with random waves and single
period/direction waves (Section 6.4), and also with
results from two models used by Pechon (1987)
incorporating linear and non-linear (Serre theory)

single period/direction waves respectively.

Computational Wave height at Breaker |%Z Difference from Measured
Model Line (Test one) cm Wave Heights
Measurement 10.5 -
NPM linear random 8.7 -17.1%
waves
NPM linear 9-7 "706%
single period/direction
waves
Pechon linear 9.1 -13.3%
single period/direction
waves
—1
Pechon non-linear 10.8 +2.9%
single period/direction
waves
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Another feature to be commented on is the method of
modelling wave-induced longshore currents in the
Nearshore Profile Model. For single period/direction
waves, lateral diffusion due to turbulence within the
surf zone plays an important part in determining the
distribution of longshore currents along the profile
line. Without the effects of lateral diffusion, a
very sharp cutoff at the plunge line will be obtained
(Fig 26). 1Inclusion of lateral diffusion smooths over
this discontinuity and gives a significant longshore
current seawards of the plunge line, In the Nearshore
Profile Model, however, lateral diffusion is not
incorporated as this would considerably increase the
complexity of modelling longshore currents beyond the
analytical forms obtained in Chapter 5. Furthermore,
an additional empirically-determined parameter, the
eddy viscosity coefficient, would need to be
introduced. Instead, the distribution of longshore
currents is obtained by modelling the breaking of
random waves. The probability distribution of wave
heights in random waves implies that the breaker and
plunge lines are 'smeared out' in the shore-normal
direction, thereby creating a distribution of
longshore currents similar to that obtained with

mono-frequency waves and lateral diffusion.

It has been found by other researchers that the
inclusion of lateral diffusion in a predictive model
will make only a small difference to the longshore
current distribution, negligible for the purpose of
engineering predictions, provided that random wave
breaking is simulated in the model (Battjes (1972),
Thornton and Guza (1986)). The good agreement between
the model predictions and experimental measurements in
the present study (Figs 7-13) bears out this

conclusion.,
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7.1

COMPARISON OF THE
NEARSHORE PROFILE

MODEL WITH
FIELD DATA

Introduction

The comparison of the Nearshore Profile Model with
laboratory experiments, described in the previous
chapter, was for the case of waves and wave-induced
currents only. No suitable laboratory simulation of
wave and tidal current effects appears to have been
carried out. In order to test the model's ability to
predict tidal currents, and their interaction with
waves and wave-induced currents, comparisons with
field data measured at suitable coastal sites are

required.

Again, there is a problem of obtaining an adequate
field data set. The site should be a fairly long,
straight stretch of coastline with a regular seabed
bathymetry and where there is a large tidal range.
Measurements should ideally consist of a set of
longshore current velocity values at spatial intervals
along a shore-normal line within and outside the surf
zone, and at regular time intervals during the tidal
cycle. Simultaneous wave measurements should be made,
and the longshore current measurements should be
repeated under different wave conditions. Although a
number of suitable sites exist around the British and
NW European coastlines, the detailed measurements
needed to obtain a sufficiently large database for a
thorough testing of the model mean that such a field

exercise would be a major undertaking.

A survey of presently available data sets has not
revealed one suitable for testing the full scope of
the Nearshore Profile Model. However, because of the

difficulty in obtaining details of field studies
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carried out by many different institutions in
different countries, this survey is by no means
exhaustive, On present information, it seems that
field studies at suitable sites in NW Europe do not
have sufficiently detailed series of longshore current
measurements. Larger studies have been carried out in
the USA and Canada, but these have been in
environments where tidal currents were weak, and were
regarded as negligible in the subsequent analyses of
the field data. It appears that a major field
exercise of comparable detail to the American
exercises but appropriate to British and NW European
coastal environments would be a valuable, although

costly, undertaking.

In the absence at the present time of a comprehensive
field exercise, the Nearshore Profile Model has been
compared with a smaller series of field measurements
made at a coastal site immediately to the north of
Aberdeen harbour in Scotland. These measurements
consisted of float-tracking at a number of points on a
shore-normal line to measure longshore current
velocities. As conditions were calm, tidal currents
only were measured. This study is described in the

following section.

Field measurements

at Aberdeen and

comparison with

model predictions
In the Spring of 1987, Hydraulics Research Ltd carried
out a field measurement exercise in the area around
Aberdeen Harbour. As part of this exercise, current
velocities were measured using float-tracking drogues
released from five points on a shore-normal line just
to the north of the harbour (Fig 32). The coastline
north of Aberdeen is long and straight with a regular

seabed slope out to deep water, making it a good site



at which to test the Nearshore Profile Model. The
drogue-release points were, however, sufficiently
close to the harbour for north-flowing tidal currents
to be significantly distorted by the harbour and the
headland immediately to the south of the harbour,
Girdle Ness. Accordingly, measurements were made only
on the south-flowing tide. These measurements
consisted of the releasing and tracking of drogues
from each release-point on three separate occasions

during the south-flowing tide.

The Nearshore Profile Model was set up with 41 grid
points extending from deep water (50m CD) to the top
of the beach. The grid points were not evenly spaced
being more concentrated nearer the coast. Since
conditions were calm with very little wave action
during the float-tracking exercise, the model was runm
to determine tidal currents only, with no waves.
Tidal currents were predicted at 20 stages during a
semi-diurnal tidal cycle for each drogue-release

point.

The tidal quantities needed for input to the model
(see Section 5.3.2) were deduced from information on
tidal elevations and phases published in tide tables
for ports along the Aberdeen coastline between
Peterhead and Dundee. Sediment samples from the site
indicated a seabed composed predominantly of fine to
medium sand (about 200 microns). Accordingly ks was
set to a value appropriate to a typical ripple height
for this type of sand, of 0.0l6ém. In this comparisom
with field data, the model was used as a predictive
tool; no adjustments were made to the input parameters

to obtain a best fit.
The comparison between the measured longshore tidal

current velocities and the model predictions is shown

in Fig 33. The full lines represent the model tidal
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8

SUMMARY AND
CONCLUSIONS

curves, and the large symbols represent the measured
current velocities. It can be seen that two of the
three sets of measurements (at approximately HW-5%hrs
and HW-ihr) show very good agreement with the model
predictions, particularly in determining the relative
phases of the current velocities at the different
drogue-release points. The third set, close to the
maximum predicted southerly currents, shows that the
model considerably over-predicts at the smaller
depths. It is probable that these strong southerly
currents were deflected seawards by being close to the
harbour, and charts of the drogue paths showed that
this was so. Génerally, therefore, the agreement
between the model predictions and measurements 1is

good.

In the previous chapter, the Nearshore Profile Model
was shown to compare well with laboratory measurements
of waves and wave-induced currents. In the present
chapter, a comparison with field measurements of tidal
currents has shown promising results. The next stage
is to compare the model with measurements
incorporating the interaction between waves,
wave-induced currents and tidal currents. Such a
comparison needs to await a sufficiently comprehensive
field measurement exercise at a suitable coastal

site.

1 A computational model, known as the Nearshore
Profile Model, for predicting wave and current
conditions in nearshore regions is described in

this report.
2) The model uses the approximation of a straight

coastline with parallel depth contours, and

determines wave and longshore current conditions
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3)

4)

along a profile line perpendicular to the
coastline., The new features incorporated in the

model are

a) A modelling of tidal as well as wave-induced
currents, with full interaction between the

waves and the two types of current.

b) A theory based on general mass, energy and
momentum balance equations, which is
applicable both inside and outside the surf

zone.

¢) Input conditions which require no special
field measurement exercise or additional
numerical model study. If measurements are
available, they will provide a useful
calibration of the model at a particular

site, or an alternative method of input.

d) A theoretical framework and efficient
computational algorithm which allow tens or
even hundreds of thousands of input wave and
tidal conditions to be analysed at reasonable
cost. This makes the model suitable for
long-term predictions of hydrodynamic and

morphological processes.

The program is structured with separate wave and
current modules. The model is made interactive
by allowing information to be exchanged between
these modules. The program makes alternate calls
to these modules up to a specified maximum number
of times at which values of the wave and current

parameters are expected to have converged.

Wave transformation between offshore and inshore

points is based on the wave energy balance
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5)

6)

7)

equation. The physical processes incorporated
are shoaling, refraction (by depth variations and
currents), seabed friction and wave breaking.
Currents affect the wave field through refraction
and seabed friction. Wave radiation stresses,
which cause a set-up of the still water level and
the generation of longshore currents, are also

calculated.

Currents are assumed to be depth-averaged and in
the longshore direction, and are determined from
the equation of momentum balance. The tidal
currents are generated by longshore variations in
the water-surface level (ie pressure-generated),
and balanced by seabed friction and inertia. The
wave-induced currents are generated by spatial
gradients of the wave radiation stresses, again
balanced by seabed friction and inertia,
Interaction between the two types of current
occurs, and between them and the waves. Waves
influence the current field through seabed
friction and the generation of longshore

currents.

The model has been compared with laboratory
measurements in which waves and wave-induced
currents, but not tidal cufrents, were present.
Comparisons were made of wave height, wave
set-up and wave-induced longshore currents with

good agreement.

Comparisons have been made with field
measurements of tidal current velocities during
calm wave conditions. Good agreement between the
model and measurements was obtained. The
performance of the model during combined wave and
tidal action needs to be investigated, for which
a thorough and suitably located field measurement

exercise is required.
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11  LIST OF SYMBOLS

a Breaking parameter Eq 4.7.4.

a' Empirical breaking factor

Ao Semi-excursion length of water particle at
seabed

b Breaking parameter Eq 4.7.5.

Cfc Current friction factor with wave interactibn

C%c Current friction factor without wave inter-
action

wa Wave friction factor with current interaction

C%w Wave friction factor without current inter-
action

cga Absolute wave group velocity Eq 4.4.5.

cgr Relative wave group velocity Eq 4.4.4.
Relative wave celerity Eq 4.4.3.

Db Spatial rate of dissipation of wave energy
flux due to breaking

Df Spatial rate of dissipation of wave energy
flux due to seabed friction

E Wave energy per. unit sea area. Eq 4.5.2.

£f(q) Defined by Eq 5.6.11

f(q)min Minimum value of f(q). Eq 5.6.14.

£(Q) Defined by Eq 4.7.12

F Driving force from wave radiation stresses Eq
4.9.8

g Acceleration due to gravity

G Defined by Eq 5.6.8

h Water depth

H Wave height

Hb Wave height at the breaker point

Hn Root-mean-square wave height in the Rayleigh
distribution assuming no truncation

Hrms Root-mean-square wave height in the Rayleigh
distribution with truncation
/-1
Wavenumber

s Seabed roughness length
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v B R R RN

(H)

Nal

qmin

[ 2 T ]

3

Doppler coefficient Eq 4.8.8

Refraction coefficient Eq 4.8.7

Shoaling coefficient Eq 4.8.6

Seabed slope

Rayleigh probability distribution of wave
heights Eq 4.7.1

Defined by Eq 5.6.9

Value of q corresponding to minimum value of
f(q) Eq 5.6.15

Probability of occurrence of a broken wave Eq
4.7.8

Surface slope due to longshore tidal
variations

Maximum value of oscillatory component of S
Steady component of S

Wave radiation stress in the longshore
direction

Wave radiation stress in the onshore
direction

Time ‘

Longshore current velocity

Maximum value of tidal-oscillatory component
of U

Steady component of U

Maximum water particle velocity at seabed
Longshore coordinate v

Onshore coordinate

Angle between wave orthogonal and onshore
direction

Wave energy dissipation factor Eq 4.8.9
Empirical breaking factor in Miche expression
Eq 4.7.2

Angle between longshore current and onshore
direction

Wave energy dissipation factor Eq 4.9.7
Surface elevation above mean sea level
Maximum value of

Wave set-up
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Phase of oscillatory component of S

A Empirical breaking factor
V! Angle between wave ray and onshore direction
Eq 4.4.6 ‘

Water density

T Shear stress at the seabed

Ttd Time-dependent component of =

Tti Time-independent component of <

¢ Phase of {

¢ Phase of tidal-oscillatory component of U

w Tidal angular frequency

ug Absolute wave angular frequency

w_ Relative wave angular frequency Eq 4.4.2

Subscripts

i Denotes present grid point

o Denotes previous grid point (further
offshore)

j Iteration number

pDB 7/88
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