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ABSTRACT

" The pucpose of this 3tudy i3 to develop a
numerical method to compute shallow water wave 3spectral
trans formation both for 3tationary and non-stationacy

cases.

A numerical model for stationary wave spectral
transformation has been developed by Shiau and Wang
(1977) and fucrther amplified by Wang and Yang (1981).
The present work extends the model to add bottom
friction and local wind generatidn. This model i3
applicable to wave 3pectral transformation under
stationary meterologizal conditions. It the
meterological condition is non-stationary 1in the
generating area or the local wind effect in the domain
of consideration <can no longer be neglected, such as
when a hurricane or 3torm 3weeps through offshore of a
coastal region, the wave spectral transformation in
shallow water should also be treated as non-~stationary.
A non-stationary wave spectral transformation model i3

thus developed to handle these cases.
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The non-stationary model consists of three
sub-models; dealing respectively, with 1) swell
transformation due to offshore wind variation without
local wind generation, 2) wind wave transformation due
to local wind generation, 3) hybrid condition that
combines the swell and the wind wave transformations.

The numerical results were compared with North Sea

field data.
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CHAPTER 1

INTRODUCTION

The need for a more cealistic representation
and accurate predistion to shallow water environment is
increasing for both 3cientific and engineering
purposes. It is also an accepted opinion that wave
3pectcum utilizing the ensemble of rcandom sucface
oscillations provide a more realistic, and perhaps more
accurate representation of ocean wavaes than a
monochromatic wave train of single frequency. In the
past, considerable efforts have been devoted to the
development of deepwater wave 3pectra, to the extent
that reasonable confidence can be placed in its
applicability to describe wind generated ocean waves.
To e3stablish the wave climate in the coasztal 2zone, a3
i3 often necessary for scientific and engineering
pucposes, the deepwater wave environment needs to be
trans formed into shallow waterc. It is in this area
that both knowladge and effoct are conspicuously
lacking, although, odd a3 it may seem, the

transformation of monochromatiz wave trains i3 a




wsll-studied topic.

1.1 Literature Review

Thece exist a few attempts in the dJdevelopment
of theoretical concepts and numerical techniques
concerning wave spectral transformation from deep to

shallow water.

Longuet-Higgins (1956,1957) cons idered the
cefraction of a wave 3pectrum having Jjust two
component3. In one case, the two components =onsisted
of two regulac wave trains o§ the 3ame wave number and
travelling in s3lightly different directions. The
affects of refraction on each other tend to increase
the crest length3, and to decrease the wave heights and
the angle between the two components. Another case
considered by Longuet-Higgins was a two component
3pectrum where the components were of slightly
different wave numbers and both travelling in the same
direztion in deep water. In this <ase, the wave
pattern which originally was long crestad becomes shoct
crested due to the different refraction of the two

components .
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Bazad on the radiative transfar equation,

Barnett (1968) developed a method to predict the
two~dimensional wind wave 3pectrum in the North
Atlantic Ocean. The model takes account of wave
generation by both resonance and instability mechanisms
and wave dissipation by breaking. However, the shallow
watec effacts sush as refraction, bottom dissipation
and the non-stationary wave consaervation phenomenon are
not involved. Therefore, the model is applicable to

deep water only.

.Based on the conservation of energy flux,
Karlsson (1969) developed a method to compute spectral
transformation for refraction over parallel bottom
contours. The governing equation for the distribution
of the continuous directional wave 3pectrum under
steady 3tate conditions in water of any depth was
derived and its 30lution by finite difference

techniques was presented.

Collins (1972) extended +the work ) the
inclusion of bottom frictional effect3: and mentioned
the application to an irregular bottom topography.

However, his numerical scheme traced wave energy along

wave cays, which made the computational procedure quite




impractical to determine shallow water wave spectra at
designated locations in an area of irregular offshore

bottom configuration.

Based on a geometrical-optical approximation,
Krasitskiy (1974) has derived explicit analytical
solutions for the spectral transformation over
two-dimems ional parallel bottom contours. The 3olution
he achieved took account of refraction and was applied
to problems of spectral trans formation due to

di€fractions.

Hasselmann (1976) developed a parametric model
within which non-linear interactions are implicitly
taken into account through the as3umed shape of the
spectrum represented by a limited number of parameters.
Although the parametrization of the non-linear
wave-wave interactions had been considered, shallow
water phenomenon due to the interaction of 3urface

wave3 with the bottom was not taken into account.

Shiau and Wang (1977) developed a numerical
model to compute the 3tationary wave 3peciral
transformation over irregular bottom topographies. It

is based on the assumption that wave energy associated

with a narcow Erequency band stays within the band on

N S T e P S
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refraction when waves propagate from deep into shallow

water.

Longuet-Higgins (1957), assuming a horizontal
bottom, obtained an approximate solution of
monochromatic wave in shoaling water. Yang and Chen

(1979) further improved the solution by incorporating
wave statistics. They showed that the transformation
formula of random wave 3pectrum, based upon the
asymptotic solution of Friedrichs' (1948) small beach
slope case, was consistent with the approximation
theory by Longuet-Higgins. In addition, they extended
Stoker's (1947) sloping bottom solution from
detecrministiz wave to a rcandom wave field. Their
Qolution was based on the consideration of stationary

case only: the non-gtationary case was not considered.

Gunther (1979) developed a numerical wave
prediction model incorporating a parametrical wind-sea
model and a characteristic swell model. However, the
model doesn't include the shallow water effects 3uch as

rafraction, bottom dissipation and also can not handle

the changing wind effect.
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Wang and Yang (198l) compared field results
with the numer ical computations for energy
transformation in shallow water, based on the numerical
model developed by Shiau and Wang (13977). The results
sugges ted that, orior to wave breaking, the
trans formation of wave components: is mainly influenced
by shoaling and refraction. The bottom frictional
effect could also be important in the energy-containing
range. After breaking, turbulent genevration dJdue ¢to
wave instability seems to be the dominant mechaniam of

energy dissipation.

Based on the vay technigue, Cavaleri and
Rizzoli (1981) developed 2 wind wave prediction model
in shallow water which included wave cefraction,
shoaling, generation, and dissipation (breaking and
bottom friction). However, without considering the
wave conservation equation, the 3well condition can not

be handled.

Vincent (1982) attempted to summarize the 3tart
3tate of art on 3hallow-water wave modeling by
examining various factors that have been and that

should be included in the model. The review was

restricted to models u3ing wave-ray methods. He




- — e

e, s o

Observed that a complete 3hallow witer wave model
should include 1) propagation with rvefraction and
shoaling, 2) source mechanism due to atmosphereic
input, 3) sink mechanism including bottom dissipation,
bottom percolation and wave breaking and 4) non-linear

wave-wave interactions.

1.2 Objectives

A major motivation of the present 3study i3 to
develop an accucrate method to predict wave spectral
trans formation in shallow water environment. The
region of interest i3 depicted in Figure l.1 which
begins from the point shoreward of the generating area
to the point before breaking. Two different approaches
are used in the present work. The first method i3
based on Noda's (1974) relaxation finite difference
3scheme to solve the stationary wave spectral
trans formation in shallow water with the inclusion of
bottom dissipation and local wind generation effacts.
The second method is using two-3step Lax-Wendroff scheme

t0 3olve the non-stationary <case of wave 3pectral

trans formation in shallow water.
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The stationary wave s3pectral transformation
method is applicable to the eneryy spectral
trans formation under stationary meterological
condition. However, if the meterological condition is
non-stationary in the generating area and/or in the
wave trans formation area, the 'non-stationary wave

spectral transformation method should be applied.

For the non-3tationary wave spectral
transformation method, Lt consists of three 3ub-models
: 1) the 3well model which handles non-3tationary
swell transformation without local wind generation, 2)
the wind wave model which deals with the wave
transformation due to wind generation effect, 3) the
hybrid wave model that combines the 3well wave model
and the wind wave model to handle the mixed conditions.
A 3et of field data recently collected along North Sea

was compared with the numerical results.




CHAPTER 2
THEORY OF WAVE SPECTRAL TRANSFORMATION

A3 ocean surface waves propagate from deep tO
shallow water, 3ignificant changes occur in their
characteristics. These changes include both wave
kinematic and dynamic ptoportiis. Kinematically, the
wave form obeys wave conservation, dispersion. relation
and wave refraction phenomena. Dynamically, the wave
energy, hence the wave height, <changes: due %:o wave
refraction, wave 3hocaling, wave generation, and wave
dissipation. Thus, in considering wave transformation
in 3hallow water, both wave kinematic and wave dynamic
properties 3hould conform to governing equations which

are developed in this chapter.

2.1 Des~-ription of A Wave Field

The waves appearing on the surface of the 3ea
are almost always random in the 3ense that the Jetailed
configuration of the sucrface varies in an irregular

manner in both 3pace and time. Only the various

10
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statistical measures of the motion can be regarded as
significant " observationally or predictable
theoretically. Of these, the fundamental measure 1is3
the joint pcooability density of the wvariables
concerned. In a homogensous and stationary wave field,
all the joint probability densities are spatially and
time invariant except the addition of a constant 3pace
vector or a constant time szalar. If 7, ,%....T, are
the ocean sucrface variations at n points, then the
probability density function of s can be expressed as
o »
S S P(7. 7 1) dld -~ dla = | (2.1)
-0 e
where
P(%,%-..%) i3 the pcobability density of the
surface displacement.
P(7: % - - TWd2%d% . .dTe represents the probability
that the surface displacements at the points
(xy,t))eee(Xn,ta).

i.e. the total probability iz equal to 1.

It i3 wusually convenient to measure the
displacement 7 from the mean free surface lavel, so
that the first moment (mean) of the probability Jdensity

P(1.) becomes

Tr = g_‘_ - P(7.)d17 = O (2.2)

ISR~ TSP | Aot P -5 e DT T,
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for all r

where the overbar is used to denote the ensemble

average.

The sacond moment (covariance) of the

probability density P(%,.,%) becomes

R(in‘;;tat) - J.: I-- 7:73 P(1c.7a)d14d1&

= XL, L) (XT, 2eT) (2.3)

where the points 1,2 are taken as (X,t), (X+T,t+T),
respectively. In particular, the mean square surface
displacement can be expressed by the covariance when

both T=0 and T=0, i.e.,

’('(x.t) =R (X, 0:%,0)= J 17 P(1.)41, (2.4)

The wave spectrum Xk,0) and the covariance

R(T,t) form a Fourier transform pair:

A (k,0) = (Zn)" Jj R(T-.t)exP{“'":':""} drdz
4

r (2.5)

and

R(r,z)= g N K.00) exp[ ilk-r -M)} dkdo (2.4)
ko
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BEquations (2.4) and (2.6) lead to

T [frciminss o

where

X is wave number vector, Kl = K = %}

o= 2X/T, is wave angular frequency(rad/sec),

L i3 wave length,

T i3 wava period,

E = 53 = 1/23® (except for a factor Pg) i3 the
total energy per unit surface

area,

a i3 wave amplitude.

Therefore, %(X,n) can be interpretated as the s3pactral
density function per unit surface area of wave number

and angular frequency.

Raduced spectral density functions <an be
obtained from “X(k,o) by integration over O~ or over k .

The wave number 3pectral density function is given by

F(k) = X.: % (K ,0) dor (2.8

The angular frequency s3pectral density function i3

given by
A (o) =J X (K.>) dk (2.9)

— C
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The spectral density function F(X) and A(o) can
be considered as a descriptor of the sea in space (x,y)
and time t, respectively. F(X),for instance, is a five
dimensional variables F(k, ,ka,X,Y,t). The angular
frequency spectral density function is also a five
dimensional variables, A(o,8,X,y,t) with § being the
directional angle. Alternate forms of the energy
density function can be shown as follows:

In directional wave~number spectrun,

F(k.,9) = kK F (ki , Ke) (2.10)

where

K. = Kk cos © and k, = ksin9
K = (k4 K:')®% and Q@ = tan™ (¥)

In directional angular frequency spectrum

A(,8) = — F(k,0) (211 )
Cq

where Cg = -E-E- is the group velocity.

ity

Kb

sidii e o e o diiy . a
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The directional frequency spectrum is
A (f.8) =28 A(e,0) (2.12)

where f is wave frequency andO-=2xf.

The one dimensional wave spectrum is:

L

A(f) = f A(f. 8)do (2.13)

Therefore, the transformation between wave number

spectrum and directional frequency spectrum becomes

F (ki k) = F (k) —-;%"—k- A (f, 0) (2.13a)

It is also noted that by definition.

7" = LL F (ki ks) diidiks

= L L A(f,0 ) df d@ (2.13b)

Where 7*is the value of the mean square sea surface

fluctuation. The directional frequency spectrum will

be used throughout this text since it is easy to




16

calculate. -

2.2 Conservation of Eneréy Flux in Wave Spectral

Trans formation

Let subscript O denote the reference 3tate
(despwater condition is usually conveniently selected),
the conservation equation of energy flux transformation

i3 established. From equation (2.13), we have

(k F(¥Yd K]
(kF(IdK],

A($.8)= (Atf0)df]., (2w

For 3teady 3tate condition, the £frequency £ is

invariant in space, the above equation simplifies to

Af.8) = (”“"“_‘f] A. (£,8) (2.15)
(kE(RIdK],

since F(k)dk approximates the incremental of wave

energy over the wave number band d?, it is plausible to

write

dE = Fli)dk (2.16)

Substituting equation (2.16) into aquation (2.15)

raszults in

(kdE]
(kdE].

ACf.0) = A.($.8) (2.17)

kit

e b -

)

SR 3
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This transformation equation is not valid when
wave generation and dissipation are involved. Also, it
cannot be applied to unsteady state case because f is
no longer space invariant. More details will be shown

in the following sections.

2.3 Basic Equations for wWave Spectral Transformation

The basic equations for wave spectral
transformation consist two parts: one is wave
kinematics and the other is wave dynamics. In the
derivations, wave reflection and non-linear wave-wave

interactions are neglaected.

2.3.1 wave.xinematiés

Starting with a progressive 1linear gravity

wave, the free surface can be written as

M(x,y.t) = @ (x,v.t)cos {ux.y.u}

! : where a is the wave amplitude and @ =k.x-o0t is phase
function.

A wave number vector can be defined as

K= T¢ (2.18)
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and a wave frequency 3scalar can be defined as

= -2 (2.19)

Assuming ¢(x,y,t) is continuous, then the order of

differentiation are interchangeable;

B — = 5 2% (2.20)
S¢ (V9) =V 5

Substituting Equation (2.18) and (2.19) into the above

expression, it i3 found that

2k

B = (2.21)
e T V=0

which i3 the classical conservation 9f wave equation.
If no new waves are being created by a 1local
disturbance, the rate of change of wave number i3
balanced by the convergence of the frequency, the

number of wave crests passing a point per unit time, or

the flux of waves. In a random wave field of linearly
# superposed waves, Eguation (2.21) holds for each
Fourier component but the simple geometrical

F‘ interpretation is not possible. If the wave field is

- -
constant in time, then V=0, or, the wave period does
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not change with space. It remains constant even as the

water depth changes.

In the presence of a steady current a=ui+vy, ite
can be shown that the scalar frequency with respect to

a stationary reference frame is
=0 + K-U (2.22)

The wave freguency 0 with respect to a moving reference

frame is given by the dispersion relation,

O.I - jk tOUlh k"l (2.23)

If it is also assumed that thé wave number field

changes slowly with time then from Equation(2.21)

Vi{ir+k.u) =0

or

O~ + k-U == constont (2.28)

This constant can be evaluated for the case where Uu=0

in which case 0 =2x/T where T is the wave period.

.
s A orii . i IR IR S
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Equation (2.24) becomes
Nt Kk-U=
oc

(9k tanhkh)E+ Ukcos® + VksinB = 25 (225)

for the coordinate system shown in Pigqure 2.1. Here U
and V are current velocity components in the x and y
directions, respectively; is the wave approach angle

measured from the positive x-axis.

ﬁsing the mathematical property that the curl

of a gradient i3 identically zero, it is shown that

o —

V x ¢ =0 (2.26>
which implies that

6 x"z = 0 (2.27)

This equation 3states that the wave number vector is
irrotational. Using the coordinate in Figure 2.1,

Equation (2.27) can be further decomposed to

d(Kkese) d(Kksing) = 0 \2.28)

oy 3 X

Py

A s, 5

S ——
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For a shore line where the alongshore variations in the
y direction of all variables are zero, that is, there
are straight and parallel offshore contours, this

equation yields Snell's law.

With known U, V, and h, the three unknown wave
number k, angular frequency ., and wave direction © can
be solved through Equations (2.21), (2.25) and (2.28).
However, the kinematic conditions can not represent
energy spectrum unless the dynamic condition is also

considered.

2.3.2 Wave Dynamics

To determine the variation of A, the assumption
is made that the wave energy associated with a certain
frequency band stays within this band so that the
linear superposition can be used. This assumption
denies energy transfer among different frequencies and
is compatible only when non-linear effects are

negligible.

Gelci, et al. (1956), Hasselmann (1960), and
Groves and Melcer (1961) have all independently
proposed a transport equation which takes into account

wave propagation as well as the processes of generation
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and dissipation. However, the 3hoaling of waves i3
also affected by the interactions of waves and
currents. The energy transport equation presented by
Longuet~-Higgins and Stewart (1960,1961) for the

fluctuating motion of waves with a superimposed current

system is
4 sl A me)

YY) 3 Vv A%
+ S S +tSuy Sy *Oe o *Sw 5y

= 3 & (2.29)

whece
A = A(£,0,x,y,t) i3 directional frequency spectrum
G = G(f,0,x,y,t) i3 a general representation of
all processes which are adding or subtracting

energy from the spectrum

Cg i3 the group velocity expressed as
2Kkh

|
Cg = nC = 5 (1+ s

c-('i-t‘nhkh )3 i3 the wave celerity

Syg are the radiation stresses such that:

Sxx = 3((2n-1/2)co3’@® + (n-1/2)3in%9) = ADxx
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Syy = A((2n-1/2)8in’@ + (n-1/2)cos’® ) = aoyy
Sxy = Syx = Ancosfsiné =A0xy
The Equations (2.21), (2.25), (2.28) and (2.29) are the

basic equations for wave spectral transformation.

2.4 Specification of the G-Functions

In Equation (2.29), G-Function represents all
processes which are adding energy to or subtracting
energy from the spectrum, i.e., source or sink
function. The processes can be categorized into linear

and nonlinear mechanism. The details are as follows.

2.4.1 wWave Generation

Based on the dynamics of the surface boundary
layer, both the surface pressure and shear stress
variationsv influence wave growth. One can see
intuitively that the pressure fluctuations on the
surface are of two kinds: those produced Dy the
turbulent eddies in the wind and those induced by the
air flow over the irregular water surface. At present,

there are two prominant postulations on wind wave

generations.
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2.4.1 Phillips' Resonant Mechanism

In the resonance theory proposed by Phillips

(1957), the turbulent atmospheric pressure fluctuations
are seen as prime wave generators. It is first assumed
that the ocean and the atmosphere are an uncoupled
system, Provided the turbulent pressure spectrum is
reasonably isotropic, the main condition for resonance
is that Uecos § = C(0~), where C is the phase velocity
of wave with angular frequency 0~, § 1is the angle
between wind and waves and U, 1is the convection
velocity of the turbulent eddies with wave number X.
This velocity is generally considered to be about equal
to the mean wind velocity W at a distance 2%/k above

the sea surface.

The Phillips mechanism calls for wave energy to
grow linearly with time and should be particularly
important for waves moving with approximately the same
speed and direction as the wind. The coefficient of

this linear growth will be denoted by the parameter A =

(%, 9 ,x,y.t). It has been shown by Hasselmann (1960)
that
4x? ko -
oA == P P(k.o) (2.30)
P’ 9

JU S VLS N
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where P(X,o) is the three dimensional spectrum of the !'
random atmospheric pressure fluctuation, P~ is the
density of sea water, g is gravitational acceleration
and o0 has unit of (lengtth Barnett (1968) has
proposed a suitable function for P(k,») based on the
work of Priestley (1965). The procedures are as

follows.

Let P(X,t) be the fluctuating static pressure
at time t and point (x,y). DPefine the co-variance

function

R(F,T) = K PLX4) P(X+7.t+T)) (230

where the brackets denote an ensemble average.

The quantity desired is

P(ED-) = 0’ Lg R(F.T) cos(K-F¢ar)drdL
Pt

(2.32)

Priestley defines the cross spectral density as

B(r.ec) = (20" J“ R(r.z) exp (-ie)dl

Co (F.oo) t 12 (T, 0) (2.33)
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where c, and q are referred to as the Co-and
Quadrature-spectrum, respectively. Priestley

eventually arrives at emprical representations for ¢,

N

and q as

Co (?.0-) = (o) exp {-v. {r] = Va ll’,l} CoS AT,

(2.34)
and
9 (?,Os) = (o) exp I -vilrl = Va lr:l} SinAl,
(2.35)
where
A= % (1/m)

W i3 wind speed (m/sec)
Y, = 0.33 A" (1/m)
(1L/m)
Ho) = 5.13x 104 wt/02

Y = 0.52 A"

i3 pressure power 3pectrum (m -3ecC)
r, and rp, are distance associated with unit
vectors
LY
?. and %3 directed downwind and crosswind,.
respectively.
Substituting Eguation (2.33), (2.34) and (2.35) into
(2.32) and choosing the real part of P, then
¢y [
P(k.o)= —(-3 exp{-v.lr.l-valr,l}ws(‘k'.?-/\r.)dr
4R e
(2.3¢)




Diract integration yields

- 6.3x104w® Vz L ]
P ko) = T2t ( V't (ksm&)’][ V.2 +(kes§-A)

(2.37)

where 6 is angle between wind and wave vectors.
Barnett also compared the ¢{ value with experimental

data which fit reasonably well.

This resonance mechanism, 213 the name implies,
should be of particular importance for waves moving
approximately in the same direction with the same speed
as the wind field. We have found, as will be shown
later that while this mechanism i3 important in the
initial stage of wave generation and alsc contributes a
large portion of the energy in the eventual 3pectral
peak. It cannot account for the energy growth for the

rest of the spectrum.

2.4.1.2 Miles' Instability Mechanism

Miles (1957, 1959a,1959b,1962) explains the
energy transfer from the wind to the waves DOy

hypothesizing a coupling between the existing waves and

their induced surface pressure fluctuations. The waves
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grow exponentially in time with the spectral peak
shifting toward lower frequency. of critical
importance in this particular theory i3 the curvature
of the wind profile at a height above the 3ea surface
where W= C. The coefficient of this exponential
growth is denoted by the parameter 3= @3 (£,0.x,y,t).
Unfortunately, the theoretical prediction of Miles'
theory did not agree with the measurementi. Snyder and

Cox (1966) recommended a modified expression of @.
B=s(k-W=-0) (2.38)

where 3 i3 the ratio of the densities of air and water,
and W is the wind velocity measured one wave length
above the mean sea surface. Barnett (1968) recommended

a 3light change in the ratio to yield
B = ssf(w ws(—z-)-O.?o] (2.37)

where the wind W is considered 19.5 m above the sea
j3urtace. One can make an argument to the effect that
most instability theories require waves moving faster

than the wind, 1i.e., %¥<1. aither to experience no

growth or to be attenuated. The dot product
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representation in (2.38) and subsequent form of (2.39)
are just 3simple mathematical expressions to fulfill
this requirement. However, after the waves have moved
away from the generating area, the actual form of 8 for
%%<1 then becomes important. If @ is relatively large
and negative, 3ubstantial dissipation would ocsur
continuously outside the generating region. A s3imilar
circumstance would occur under head wind conditions,
(i.e., /2 < §< 3R/2), on the other hand, if B is s3mall
but generally positive, as has been 3uggeited by
Phillips (1966), then slow but continual growth would
be expected in the presence of light, favorable winds.
To maka a choice between the two possibilities, it
would be necessary to observe the behavior of 3pectral
components ovar great distance or time. The
measurements of Snodgrass et al. (1966) indicated that
for long waves, at least, the damping is negligible.

It i3 to be assumed that =0 for Wcos(-Es-)<0.9O.

Both wave growth mechanisms suggested above are
for dJdeepwater waves. It is not clear whether they are
applicable for shallow water case. In the present

model the combined Phillips' and Miles' mechanism is

used anyhow for lack of a better model, that is,

G.+63=°(+BA
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To illustrate thesa two mechanisms, d+pa,
3imple casze i3 tested here for a 3teady 3tate, one !
dimens ional, zero current, and frictionless 3ituation.

Equation (2.29) then becomes
Cqws® == A(£,8) = ol + BA£,0) (2.40)

Equation (2.40) i3 a linear boundary value problem.
1 The 3solution can be easily obtained with given boundary
condition. Here, the boundary condition i3 3et a3
A(£,0)=0 at x=0. The solution for the spectral

component along the x-axis, A(£,0) i3 3imply

A(f.0) = % (exp % -t] (2.41)
Three different conditions are illustrated here. |
1) Onshore wind blows over a 3loping bottom at right !
angle to the shore line. First of all, the growth of a !
specific wave component (T=83ec) with respect to fatzh
' i3 examined. Here as shown in Pigure 2.2(a), the
growth of each component will undergo three stages. 1In
the initial stage, wave will grow linearly with respect

to distance and then grow exponentially. Bventually,

the wave will reach the equilbrium range. Figure
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2.2(b) illustrates the fully developed spectrum in
shoaling water at location "1I" based upon the combined
Phillips' and Miles' mechanism. The major peak of the
spectrum shifts toward the wind frequency €,
(fu4=g/2KW). After reaching f£,., it then s3hifts slowly
toward even lower frequency. The 1light bump near
£=0.02 HZ i3 due to the discontinuous ‘cut off' of the
Miles instability mechanism. While such a sharp
cut-off i3 unrealistic, it will not 3ignificantly
affect subsequent results. The fully developed P-M
spectrum for the same wind condition i3 also> shown in
Pigure 2.2(b) for comparison purposes. The Phillips'
and Miles' mechanisms allow for a certain amount of
growth in long wave components which do not appear in
the fully developed P-M 3pectrum.

2) offshore wind blows over a sloping bottom as 3shown
in Pigure 2.3. The growth of a 3pecific wave component
with respect to fetch 3till maintains the three growing
stages but the full spectrum at the location "I" is
quite different from the above case for lack of
shoaling effect. The comparison between the fully
developed P-M spectrum and the 3pectrum generated 0oLy

Phillips' and Miles' actually have very similar shape.

The peak-energy fraquencies also coincide with =ach

e

i il e
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other. The total energy, thus the wave height, is
apparently lesser for the shallow water case.

3) Wind blows over a deep uniform bottom. The
spectrum, following the same pattern as case (2), is
shown in Figure 2.4. Although, at present, there is no
field verification on the applicability of Phillips'
and/or Miles' mechanism in shallow water, the results

given above do appear reasonable.

2.4.2 Wave Dissipation

The known wave dissipation mechanisms are
bottom friction, wave breaking, percolation, and wave
induced bottom motion. The former two are usually
congidered to be the dominating factors and both are
non-linear mechanisms. The latter two proesses are
minor and linear mechanisms. 1In this research, only
the two major mechanism: bottom friction and wave
breaking, and depth limited wave are considered. The
two major mechanisms are the Gy term in the energy
transport equation whereas the last term limits the
growth of the total energy under the spectral curve in

shallow water.

2.4.2.1 Bottom Friction
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Energy dissipation due to bottom friction i3
primarily the result of two physical mechanisms: one
involves the dissipative work done against turbulent
shear 3tressesx, the so—-called turbulent bottom
friction, induced by water particle motions near the
bottom and the other is responsible for the disszipative
work done against the viscous forces induced at the

permeable bottom where percolation occurs.

In general, turbulent bottom friction iz
dominant over other di3sipative processes when the
sediment i3 composed of sand with mean diameter in the
range of 0.1-0.4 mm for which 1low permeability
prohibits percolation and wviscous dissipation is
negligible. Putnam and Johnson (1949) investiéated
this problem first. They used the quadratic friction
law to derive the rzte of energy dissipation for
3inusoidal surface wave. Assuming Gaussian-distributed
surface wave field, Hasselmann and Collins (1968)
derived the rate of energy dissipation for a random
3ea. Their derivations are reviewed briefly. The
bottom friction can be represented by the quadratic

law.

tbi = = Pw Ce U l::l (2.42)
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where
Uy (i=1,2) represent the two horizontal
components of water particle velocity
at the bottom,
cp is the bottom friction coefficient.
The total dissipation of the wave field is then given

by

Q = - %: Up; ) = = Pw ;< 1ULI%D (2.43)

< > denotes an ensemble average over all possible wave
components in a given wave spectrum. The repeated
subscript represents summation over the field i=1,2.
After Hasselmann and Collins' result has been changed
from wave number space to directional frequency space,

¢ becomes

Q(f-e)— c‘ssz <us) A(‘F.e)

o~?cosh?kh

= € A (+.9) (2.44)

with

o2coshkh

Cusy = (3AM L AF]% (2as)
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where A(f) i3 energy spectrum given by Equation (2.17).
The above expressions are used in the noncoupled case
because the basic assumption of this research is linear

process.

As the bottom friction coefficient,
Bretschneider and Reid (1954) evaluated the coefficient
to be cf-0.0I for the sandy bottoms of the Gulf of
Mexico. Hasselmann and Collins (1968) <, to be 0.015
using the wave 3pectra measured offshore of Panama
City, Plorida. Bazed on these two studies, cp values
of the order loqzhave been widely used. However, the
friztion coefficient has been observed to vary
significantly above and below this range depending on
the 3sand grain diameter and existence of bottom
ripples. Laboratory and semi~theoretical s3tudies by
Jonsson (1965) indicate that cp i3 a funstion of
Reynold's number and, also, of relative roughness.
Dingler (1975) and Nielsen (1977) individually found
the criteria for existence of bottom ripples and, also,
for predicting the lengths and heights of such ripples.
Basad on these results3, 2 method, assuming the
roughness height being equal to the sediment diameter,
wa3 proposad by Hs3iao and Shemdin (1978) to estimate

the botttom friction coefficient over a broad range of

ey
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conditons.

2.4.2.2 Wave Breaking

It is a well observed fact that unéer sustained
wind action, waves will grow to 3ome limiting
amplitudes then breakings or whitecaps will limit their
growth. This phenamenon can be handled in practice by
multiplying the wind generation term ®h +8A by a
weighting factor st where M i3 unity during generation

and zero at breaking. The condition i3 stated as

Q.+t 6 = (st BA) (2.46)

where M i3 1 for A unsaturated: A i3 0 for A
saturated. Phillips (1958) proposed that 1in the
saturated range of wave 3pectrum in deep water the

expression is

A ('F' 5>3¢+ura+cd = BSZI%-S @ ( 5) (2.47)

Barnett {1968) defined (H) as

Cos* () (2.48)

@ (5) = =%




41

The coefficient " B " has been determined
experimentally by Burling (1959), Hicks (1960), Kinsman
(1960), Pierson et al. (1962), Longuet-Higgins et al.
(1963) and others, as a value varying between 0.0080
(Longuet~Higgins et al) to 0.0148 (Burling) with an
average value about 0.0123. The value 0.0123 is used

herein (Phillips, 1966).

In shallow water, Kitaigorodskii et al. (1975)
have extended Phillips arguments to case of finite
depth and obtain a modified equaion of the following

form:

A(f5)=830" 00§ (wn) (2.49)

where " is a non-dimensional function of the quantity
w.,-O(%)& . The function varies from 1 in deep water
to 0 in depth h=Q. When W, is less than 1,

r‘(w.‘) = —‘2‘ th

Therefore

A(F,S)=-:,:Bsho-"@(;) (2.50)
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..Observational evidence for this form has been
reported by Thornton (1977), Ou (1980), and the Vincent

(1981) in the laboratory and the field.

Finally, when waves reach shallow water they
will break because of depth limitation. The energy i3
3upposedly saturated but Eq (2.50) can not account for
all of them (the 1low frequency component3) since it
opens at low frequency. In the present model, an
empirical criteria based upon total wave energy in
terms of significant wave height is employed 3uch that

(Divoky et al., 1970)

(_"Ei)b = 0.12 tanh (Kh), (2.51)

where H3=4I§ with E the total wave energy under the

spectrum.




CHAPTER 3
NUMERICAL SCHEME OF

STATIONARY WAVE SPECTRAL TRANSFORMATION

After winds steadily generate waves for quite a
long period, 3tationary wave spectral transformation
will be reached. Without knowing the processes, the
shallow water wave 3pectrum, at any 3pecified location,
is then éimply the contribution resulting from energy
associated with AJdifferent frequency bands of the deep

water wave 3pectrum.

Based on the energy flux consarvation, Shiau
and Wang (1977) developed numerical model of stationary
wave spectrum over irregular bottom. The opresent
study, based on the 3ame numerical scheme a3 Shiau and
Wang, add wave generation and wave dissipation terms in
the 3tationary wave spectral transformation to fit the

raal phenomenon in the ocean environments.

3.1 Basicz Equations for Stationary Wave Spectral

Trans formation

43
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Under the assumption of steady state, basic
equations for wave spectral transformation, i.e.,
Equations (2.21), (2.25), (2.28) and (2.29) become

i) Wave Conservation Equation:

TVo~=o0
or
O~ = constant or uniferm (3.1)

ii) Wave Number Conservation Equation:
% 2R
(Gktanhkh )™+ Ukcos® + Vksing = = (3.2)

iii) Wave Number Irrotational Equation:

9 (Kcos 9) _ _9(ksinB) _ o) (3.3)
3% 9 X

iv) Energy Transport Equation:

-f;—(A(U-} Cgcose)) + '3%7 (A(V*'st-‘ne))

2y sy 2V oV
+ Su -a—; t Sx] —0';- + Syx ox + Syy oy
3
- :E(a; (3“4)

Y

where

iG;- G, + G, + G,

SRS Y I

e
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= M (2t B3A) + .
ol i3 Phillips resonant mechanism Eq (2.30)
(3 i3 Miles instability mechanism Eq (2.39)
M i3 breaking coefficient
¢ i3 bottom dissipation BEq (2.44)

3.2 Numerical Procedure

Based on Equations (3.1), (3.2), (3.3) and
(3.4), ©Noda, et al.(1974) developed numerical
procedures to compute the wave angle and wave height as
functions of 3space variables for beaches with periodic
bottom variations in the longshore direction. The
advantage of Noda's method i3 that it predicts the wave
angles and wave heights at certain points rather than
along 2a wave ray. This procedure leads itself well to
use in the finite difference model because calculations
are performed at points which 1lie in the center of
rectangular grid elements which are part of a larger
grid mesh. The basic idea to get a 3steady solution
converged by finite difference method i3 to use the
relaxation scheme which will be shown in detail. It is

necessary to discuss the error estimates before the

numerical scheme to be used.
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The acccuracy of the finite difference method
is mainly limited by three factors. Fir3t there i3 the
truncation ercoc which i3 the difference between the
tcue solution of the original equations and the
approximate 3olution of the finite difference equation
which replaces the differential terms by
finite-difference terms. The truncation error can be
eliminated as  the finite difference mesh 3ize
approaches zero. Secondly, there i3 the round-off
error cau3sed by the limited number of digits stored by
the computer for each number. As the computer used
includes 12 significant digit3, no appreciable errors
were expacted from this 3ource. Thirdly, there is the
residual error caused by the difference between the
axact 3olution to the finite difference equations and
the actual solution reached when iteration scheme is
stopped. Obviously if a large number of iteration
cycles were used this error could be reduced virtually
to zero But economy insists that the program be 3topped

a3 soon a3 the residual error i3 reasonably small.

To facilitate numerical computaticn, ~he
governing equations are, out of necessity, to he
transformed into finite difference form. A mixed

forward, backward and central difference scheme is used

s

s I e Tl i i
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to minimize the secondary restrictions at the expense
of nonuniformity of the order of errors. The reference

to the grid schemes is shown in Figure 3.1.

3.2.1 Wave Kinematics and Boundary Conditions

The wave number and wave angle are solved
through numerical iterations of wave number
conservation equation and wave number irrotational
equation. In other words, for given spatial
distribution of U, V and h, Equations (3.2) and (3.3)
enable us to compute k and @ in the wave region
provided the boundary condition is specified. The wave

number conservation equation becomes

/
[ski.j tanh (ki; h:.j)] i S KijcosSer; t

P 2R
Vij RijSmdry = —— (3.5
which is solved through a Newtonian iterative technique

defined as

- o Flked)
K aew Kold £ Ceora) (3.4)

where £'(k) is the first derivative of f(k) which 1is
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defined

FKk) = gktanhkh - [-—z_rL - Ukeos® -Vksme]z (3.7)

The iteration is considered to satisfy the relaxation

criteria
| Kaew - koldl £ o0.00! l knewl (3.8)

The value k is then fed into the wave number

irrotational equation to solve the wave angle.

Expanding Equation (3.3) yields ‘i
|
0 LK)y, 39_+_'3L]_0 ;
C°59(ax k oY +‘s"9[ay K 9x ‘
3.49)
From Equation (3.2), -25-, 2K can be derived as
ox 3y
—a-K— = _+ e——
; S x -{ (Ume Vuse)-k(cose Sin )
' - _9k’sech?’kh oh ] - {ucose + Vsia@
= 2(9ktanh kh)* 9X
+ _9(tanhkh + Khsecl‘mzkh) } (3.10)
2(9k tanhkh ) #
SV
| % - { (Us.ne Veosd) - k (cos® 5 — +sin8 5y

gk?sech® kh e.h_] = {u“sew,;.,e
2(9k tanhk h)?% 9Y

a (fanh Kh + kh sech? Kh ) } (3.11)
2(9gk tanhkh) %
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However, Equation (3.9) really needs -“(- 2 L 9k

-

x
x
<
X

which can be represented as follows:

L 9ok . _299 ( USIAG-VOSO) + L 9k

&K ox ox AA kK ox
(3.12)
1 9k . _96 ( Us:in6 -Vc.ose) + L 9 K
® 9y oY AA k 9y
(3.3)
with
L 2k h
AA = Ucoso + vsing + 3 {1+ =)
( -4:- - Ucoso - Vsing ) (3.14)
and
(O =~ UK cos® = VKs:ad) Oh
WV eria) - =21
L 9K _ 'k‘:—:)a‘-“e*‘s;s”‘e) Sinh (ZKh) %
k 9X AA
L3.15)
(0~ - UKos® ~Visin@) Oh
| v oV _ sh
* 1 oK _ -5y wse+ 55 %in@) Sinh (2kh) oy
ﬁ « 7 AA
| (3.16)
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Substituting (3.12) and (3.13) into (3.9), the

following final equation is arrived at

90 sing (usin@-Veos) Y, 98 (.. . _ we(us:-o-vwc)]
—0';[0039* ]*' '™ (""9

AA AA
t g2 sing - L' wse =0 (3.17)

Finite differencing the above equation by using a

forward difference in x and a backward difference in y,

and solving for O;,;

t ok 1 9K
iy = T — COSG.‘,' - —— %nB,, t
6. B e Pk e ’
9;.‘.‘ - CDSQ«J ;
dy ls.ﬂe.,‘. AA.J (Us “9“1 V“SO.J)]
e; i s.nO... in )
A.; [cose., ¢ — AP (U s:g;,; =Veose .,)]J
(3.18)
where
in8;.; cos 6.,
Bii = 2% - B (Yiisi - Vesi;)
( CO:ey-‘-; + SO:SIO) (3.‘?)
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AA;,; is defined in equation (3.14).

- 2K -t 2K i i .
> 0wam‘l oy are defined in Equations (3.15) and

(3.16). The computation i3 carried out to satisfy the

relaxation criteria

| lencw —eoldl < o.0o0l lencwl (3.20)

The boundary <=ondition of © i3 specified at the
offshore boundary at the x~axis. The offshore boundary
value i3 the input. The condition of the x-axis could
be specified in such a manner that ©., = ©:2 without
introducing significant error if the 1longshore bottom

variation in the vicinity of the x-axis i3 3low.

©:,; will not converge when B;,; approaches
zero. Using the null-current condition as a guide, one

arrives at the following condition:

A (3.21
"'_Y— > tom Gm ) ¥

ax 3
where Om is the expected maximum wave angle. For

example, if the maximum wave angle is expected to be

a
less than 60° the ratio of '15% should be larger than

1.7.
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The current and depth gradients required in the

computation are determined by central difference, i.e.,

9 & o L -8 (3.22>
a x‘ ZAxn

where § represents U, V or h and x, is either x or y.

3.2.2 Wave Dynamics and Boundary Condition

The energy transport Equation (3.4) can be

derived as the following form.

oA
(U*Ca“-‘e)i—é" + (V*CJS.‘AO) >y +

A( "?"!'(U-PCjCOSG) + %(V*CJ Sn‘ne) +

S JV 2V

Orxx ‘%% t 0wy Ty L O ox Y Ow Ty

MB — E) = Kk = 0 (3.23)
or

oA

(U+C3Cose)—§—/} (v+st.n9)— +

A(-Q-uB8-€) ~uck =0 (3.23a)
where

Q = _(au + ‘W) +C3s-...e-9- -cvse—g-

2C
- QJCDSG :s; = $.a6 -;} - J'

Jaan

e siiiiadi.

Ao saoha i

e ot e i B s “'m
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ol oU oV oV
J = B 5 ¥ 0wy 5y ¥ O 5+ Oy 5

Pinite differencing the above equation by using a
forward difference in x and a backward difference in y,

it becomes

s = Ais | : Aii A
(U +C3c.o.se)-A"'—‘AxA—"— + (V+C35m9) yS 4

Y

+ A (-Quj-mBiy ~€)—mdy; =0
(3.24)

Rearranging Equation (3.24), A;,; can be represneted as

(V+Cqs:nB)

PO Y
e (vt Cqsing) _ (V+Cqcosh) -
Ay ax

- (VU +Cqcesf) A

o v,j ¥ TS

Qi - MBi; €

(3.25)
Here all the values of U, V, and O are evaluated at
(i,3).
Again, Equation (3.25) is solved through a row by row

relaxation until
| Anew - Aold | § 0.001 | Anew | (3.26¢)

The boundary condition is also defined in a
similar manner in that <the shoreward boundary is
specified as the input and the values on the x-axis is

taken the same as the next column ( A;,, = A;,2 ).
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On the shoreward direction, the wave will
eventually break. Under such conditions, the wave
breaking dissipation is more important than bottom
friction dissipation. In the present model, Equation

(2.51) will be chosen as the criterion.

3.3 Examples

A plane beach of parallel bottom contours, with
the distance of 25,000 m between the offshore boundary
and the shoreline, is shown in Figure 3.2. The
coordinates are chosen as x-axis toward offshore,
v-axis alongshore, and z-axis upward. To apply the
numerical scheme, along the positive x-axis, the domain

is divided into five sections, with Ax=5000 m, dJdenoted

as location 1 to 6, and along the positive y-axis, it

is divided into two sections, with Ay=5000 m, denoted
as location I to III. Three pressure gauges are
installed at location 6II (boundary), location 5II, and
location 2II of which the water depth are 25 m, 20 m,

and 2 m, respectively.

There are three examples to be discussed: i)

energy flux conservation case, ii) bottom dissipation

case, 1ii) local wind generation case.
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3.3.1 Energy Flux Conservation Case

The energy flux conservation case considers no
energy generation or dissipation, i.e., és;-o, in the
process of the wave spectral transformation. The wave
spectra at different locations are shown in Figures 3.3
and 3.4. Since the shoaling coefficient Ksp

(unaffected by refraction),

wave height in shallow water

Ksn =
wave height in deep water
is less than 1 when 0.06 <-{h< 0.5 and larger than 1
when %ﬁ < 0.06,(Lgq is the wave length in deep water),

the wave height will increase or decrease in shoaling
water depending on the range of -%: . In the example
given in Figure 3.3, the energy spectrum at location
SII is lower than the input spectrum (location 6II),
because the value of -%: of all the frequency
compoﬁents fall between 0.06 and 0.5. On the other
hand, the components of energy spectrum at location 2II
are lower than the inputs at low frequency but higher
than the inputs at high frequency. Figure 3.4 shows
the refraction effects in shoaling water. The

directional sensitivity is further examined in Figure




58

IIZ uoyiedon]
pue II§ uoy3zedo] ‘Axepunog v ase) UOTIRAIISUOD

xn{d Abisug uy umaioedg Abiauzm 3O uofaIetien €€ a@anbrg
( ZHIAININO NS
0G°0 o0 08°0 "0 0% 0 0o

A
(]

onom’

rpprrye? OIT

eJoys

,081 = uoposup enem uesw

ne

uo|3Ee20)|

o1

(J38~ZuxW)ALISNZT “WHLI3dS

;




‘T1T uoy3edoq
pue IIG uOI3ILDO] ‘Axevpunog e ©SE) UOTIRAIIBUOD
xn1d Abxaug uy wniyoeds Abiouy JO uotjetarp p°¢c emnbrg

{ ZH)AINAND
oo oo 08°0 "0 03°0 000

L
g
Q

248

59

A

e
(J38~Tual )ALISNIA YLD

9
. ABy
OABM
yrrrerrrrer? .
sJoys ] 1 sat0
N
J9CC = Uoj3VeHP BASM uUBeLY no

uoj3e00)

:




80

3.5. It plots the percentage error gf spectral density
of each frequency component for various approaching
angles that deviate from a designated mean wave angle.
It can be seen that error increases with increasing
wave period. More importantly, the approaching angle
plays a significaﬁt role in directional sensitivity.
For waves with small approaching angle (perpendicular
to the shoreline), the wave transformation is far less
sengsitive to the wave angle variations than for waves
with large approaching angle (parallel to the
shoreline). Therefore, the energy spectrum is
dominated by frequency variations for small approaching
angle but by wave angle variations for large

approaching angle.

3.3.2 Bottom Dissipaticn Case

The bottom dissipation case concerns the energy
loss due to the bottom friction in the process of wave
spectral transformation. As shown in Figure 3.6, the
influence of bottom friction is quite 1limited at
location 511 because few wave components are affected
by the bottom. The difference between the wave
spectrum with bottom friction and the wave spectrum

without bottom friction is only a few percent for the
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low frequencies under consideration and these two
? spectra practically overlap. However, in Figure 3.7, j
the influence of the bottom friction is quite 4
significant at location 2II because most of the wave
components have already felt the bottom. It is
reasonable that the bottom dissipation effect for long
} wave is more significant than that for short wave in
shallow water because long wave feels the bottom

earlier than short wave.

3.3.3 Local Wind Generation Case

The local wind generation case deals with the

energy generation in the process of wave spectral '

transformation. Considering no energy input at the

boundary, the steady 1local wind generates waves in a i

: closed region. As shown in Figure 3.8, the local wind !

: wave spectrum at location SII still stays at high |
- frequency, whereas, with increasing fetch, not only the
local wind wave spectrum at location 211 increases [
singificantly but its spectral peak shifts toward the
lower frequency. Hasselmann et al. (1973) in the

JONSWAP measurements which traced the development of

the wave spectrum with increasing fetch under

conditions of steady offshore winds illustrate this

i
;
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phenomenon. Since the Kitaigorodskii's shallow water
equil ibrium energy criteria ,open at one end, can only
handle the wave breaking for a specific range, the
criteria for the breaking of the lnng wave components
needs to. be restricted by the depth-limited wave
condition. The comparison of the 1local wind wave
spectrum at location S5II and 1location 211 with P-M
spectrum is shown in Figure 3.9. The result at
location 511 is fair Dbecause the eﬁergy spectrum of
that particular location hasn‘t been fully developed

yet. The result at location 211 is also fair because

the P-M spectrum is only valid in deep water.
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CHAPTER 4
NUMERICAL SCHEME OF

NCN-STATIONARY WAVE SPECTRAL TRANSFORMATION

In the previous chapter, the numerical scheme
for the stationary wave spectral transformation was
developed. For the case of non-stationary wave
spectral transformation, the problem is more
complicated because the kinematic and dynamic
characteristics change with time. This chapter extends
the model to unsteady state case when the offshore
boundary condition. and the local wind effect in the
domain of consideration are no longer stationary. This
is a common situation when a hurricane or storm sweeps

through offshore of a coastal region.

4.1 Pasic Equations for Non-Stationary Wave Spectral

Transformation

Basic eguations for non~-stationary wave
spectral transformation have been developed in chapter

2. They are repeated here:
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i) Wave Conservation Equation:

._a_(S_+‘<7‘6\=O
t

ii) Wave Number Conservation Equation:

(Gktanhkh)®+ UKcos® t Vksing= =

iii) Wave Number Irrotational Equation:

J(Kwos8) _ 9(ksin®)
Sy X

= 0

iv) Energy Transport Egquation:

ot

QU QU oV
TS 5% Sy Sy Sk Sx TSw ooy

Yy

= (dtgAa)+ ®

oL i3 Phillips re3sonant mechanism
B i3 Miles instabili:y mechanism

A4 13 breaking coefficient

(4.1)

2R

(4.2)

(4.3

) :
=247 + -g-;(A(U{'CJWSG)] + -3-)-,(A(V+Casm9]

oV

(4.4)
Eq. (2.30)
Eq. (2.33)

i RS

llh‘.IIl.lll.III===::;;lIi-In.ilIilinﬂihll.-u-u-un-n-htum PRSI

-5/
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$ is bottom dissipation Eg. 12.44)

4.2 Method of Solution

The numerical scheme described in the previous
shapter can not be easily extended to the non-statioary
case because the nature of the differential equations
changed significiantly with the addition of the

uns teady term-giz. An entirely new numerical scheme

ot
has to be developed.

4.2.1 Two-Step Lax-Wendroff Scheme

The finite dif faerence scheme for
initial-boundary value problems can be classified into
two categories: one is implicit method and the other
i3 explicit method. Although the implizit method
ensures unconditional stability c¢riteria, it usually
involves lengthy computations due to matrix inverse.
Therefor2, an explicit method is explored here. The
two-3tep Lax-Wendroff scheme, i.=2., the first half step
is Lax~Friedrichs scheme and the second half s3tep 1is
leap~-frog scheme, was usad. The reasons for selecting

this scheme are that (1) it i3 second ocder accurate,

and ralatively low in Jdissipatiou: (2) iz i3
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3single-leveled and easy to apply: and (3) it is widely
used by fluid dynamicists and hence it would be

desirable to understand fully.

Before applying the actual problem posed above,
the numerical scheme is explained first with the
application to an initial-boundary value problem which
has the similar characteristics a3 the actual problems
but with exact solution. In this way, the validity of
the numerical scheme can be establizhed. The stability

criteria was then examined.

The example, with a non-constant coefficient
and non-homogeneous term, i3 shown as follows.

Governing Egquation ( G.E.):

oV + ( zx-X‘)aug_k x = YU tas)

9X o2+t

°t L9162+t

Initial Condition ( I.C. ):

U (x,0) = x / 59162

Boundary Conditions ( B.C ):

U(o,t) =0
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U(35,t) =35 / (59162 + t)

Then the exact solution is

Ulx,t) = x / (69162 + t) 4.6)

Let's deafine the coefficients as

2x -x?2
Qint) = ez e
¥ =1
Q2 (%, t) TR
Equation (4.5) becomes
) : | 3
3% + Qi t) S T G.ix,t)U (4.2) :

Azcocding t¢ the two-siep 'Lax-WendrofE scheme, the
difference equation of Equation (4.7) becomes
i) Lax-Friedrichs' Scheme: modified forward

difference.

n 1 ‘ﬂ -y .ﬂ" Al ;ﬂ-"i _ (': .n:l
U, 'z(u.w + Uiay ) + G.\X,t)l' (Vis i l)
at 2a4ax
ne- nel
= - Qi) UL (4.8)

ii) Leap-Frog Scheme: %:hree time level.

01 n
&Ul. ! -U S ) n n
+ a.(x.t)? - ' = -3, &t); U,
2at 2a%

(4.9)




i et 2%

whera

the subscript i, j represent the discritization of
x-axis and y-axis,
the superscript n represents the discritization in
time axis.

Using a time step At/2 instead of At in the first two

half 3tep3s, the accuracy of the first calculation has

been improved. The computation procedures are

illustrated schematically in Figure 4.1 and 4.2.

4.2.2 Stability Analysis

Richtmyer and Morton (1967) showed that the

well-known Lax Equivalence Theorem is

"For a well-posed initial-value problem for
linear differential equations, and for a consistent
diffsrence approximation, 3tability i3 necessary and

sufficient for convergence."

In other words, to show 3tability analysis 1is

to show convergence.

4.2.2.1 Homoygeneous Eguation




time level n=-1

time ) 1/2 ae at
Lax-=Friaedrichs
Leap-Frog
Figure 4.1 Initial Lax-Friedrichs and the First Leap-Frog

Scheme Solution Steps




time lavel n-1 n n+1 n+2

time 0 1/2ac  at 2at 3at

- ‘ f

Leap~-Frog

Leap-Frog

L O

Leap-Frog ' ;

Figure 4.2 General Leap-Frog Solution Scheme
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The homogeneous equation for Equation (4.7) is

SV 53U _ 210)
'3— + a.(x,t) ax o ( 1o

The stability criteria can be found as

at &
0, (x.t) = s |
or
ax
< (4. 11)
at & | Q. (x,t)

If a,(x,t) is constant, the stability criteria will
vary with Ax only and follow the Equation (4.11).
Whereas, a,;(x,t) is not a constant, the time step At
actually used is much less than that given by the above

criteria.

4.2.2.2 Mon-Homogeneous Equation

The stability criteria for the non-homogeneous
equation has to meet the following condition, one
condition is the same as that of homogeneocus equation,

i.e.,
ax

At S |

Q.(x,t)




the other condition is

laz(x.t)atl < | (4.12)

The domain of the problem, with distance of 35 along
the x-axis, 1is divided into five sections, denoted as
location 1 to 6. By using At equal to 84 and Ax equal
to 7, the comparison between the exact and the
approximate solution from location 2 to 5 are shown in
Figure 4.3. It seems that the approximate solution
becomes unstable after a few time steps. The reason is
due to the time level of the non-homogeneocus term in
Leap-Frog Scheme. By using (n-1)th time level instead
cf nth time 1level for the non-homogeneous term, the
problem will be handled. FEguation (4.9) is rewritten

as follows:

n=l

*" a=i _" - .n LT
U;" -U; n (U.n U"')=-O.(x.t);‘U;

+ ac(xnt);
2at 2a4x

(4.13)

The new results are shown in Figure 4.4 and agree
reasonably well. Thus the effectiveness of the
numerical scheme for solving a transient problem is

demonstrated.
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4.2.3 Numerical Dissipation and Dispersion Analysis

It is well kxnown that numerical schemes
introduce numerical dissipation and dispersion, in
roughly the same way as physical dissipation and
dispersion occur in phenomena of fluid flow.
Dissipation means the damping of Fourier components or
plane waves. Dispersion means the propagation of plane

waves of different components at different speeds c.

For the case of one dimensional shallow water
wave in wuniform depth and =zero current, the wave
conservation equation and the energy transport eqution

can be written as

ok ok _ (4.14)
5t T¢ ox T °

oA BA

st ¢ Tox © L4.15)

Both equations are wave equations representing a wave
cf form X or A propagating without change of shape at
speed ¢ in the positive x direction. To illustrate the
effect of numerical dissipation and dispersion, an

example, with a function f representing k and A in
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Equations (4.14) and (4.15), i3 shown as follows:.

Governing Equations (G.E.):

S‘F -Q_E_ = O (4!é)
ot tC I X

Initial Condition (I.C.):

fx,0y=0

Boundary Condition (B.C.): i
[ © t<o '%
o $t«2
floty = ( **
4-t 2%t<4 !
k o) t 24

The exact solution is

(4.
£ (x-ct) 4.1

which i3 cecognized as having the wave character noted.

According to the two-step Lax-Wendroff scheme, the

difference equation of Equition (4.15) becomes

i) Lax-Friedrichs' Schema:

"~ _ 1 ‘n-l- " N _a
fi cF=fi) o Ee o L, (4.18 )

at 2ax
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ii) Leap-Frog Scheme:

ntl ael . :‘ - ,:'
B LR ‘c foo0 =Fi)
2at 2a4x

\
O

(4.19)

The comparison of exact and numerical 3olution for
t(=C.f£)=l/2 i3 shown in Pigure 4.5. It can be seen ;
that both the dissipation and dispersion effects are
more significant for at=1/2 than for At=1/4. A large
number of spurious oscillations near 3harp transition
iz due to the conservative 3cheme whizh will be

discuss2d later.

To illustrate the dissipation and dispersion i
affects of tha Lax-Friedrichs scheme and ﬁhe Leap-Frog
scheme, the amplification factors for the ¢two schemes
need to be found. By using the Von Neumann method, a

funtion can be repcresented by 3 finite Fouries series. ;

‘ L =c0 . 28R . ',
4 n n PR (tax) '
' . = E F- (2) e L

7 ‘F P (4 20)

whera

1l represents the wave component,

L i3 wave length,

T Rt
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i* = ,J-l -
Substuting Eguation (4.20) into BEquation (4.18),

respectively, one can obtain

Y T e e e P

Rz 1o 2X2 . 22 - . X2
£7=35 F e 7T “"’{m-:-w-""-"‘r"}

z’-ﬂ
(4.21) 1
and ]
2z2
153 nel ~i*2rsin = ox ! F"
n
nel
F l o/ \'F
(4.22)
where r=( -:—: . The amplification factors €or
Lax~-Friedrichs' scheme and leap-frog scheme become
RA == (oS —2“—{4:( -1 %r en 2:'215* | (4.23)

L

T 2l at Y i SRR s oo A e ow . o TS TP PR AR I W T R




Then the amplitudes |RA| for the two schemes are given

respectively by

2 0% (26

| |RA| = (1-Ct-ri)sia

and

|RAL = (4.2¢)

The phase angles SDN for the two schemes can be 3hown

respectively as:

Pu = tan™ Crtan 22233 4.27)
and
2xR X
-1 rsin
= CPN = tan = e % (+.28)
! (r-r2sin?® 2ax)
X
Then the dispersion effect can be 3hown a3
cNom -— (pN (@ 2?>
| Ceva <% r '
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where m= 2%

represents the number of samples per

wave length.

The dissipation and dispersion for the
Lax-Friedrichs scheme and leap-frog schcme are shown in
Figures 4.6 and 4.7, respectively. It can be seen that
both dissipation and dispersion effects are more
significant for short wave than long wave. The
Lax-Friedrichs scheme is dissipative and dispersive,
while the leap-frog scheme is non-dissipative, or

conservative and dispersive.

4.3 Numerical Analysis for Wave Conservation Equation

Wave conservation equation is a homogeneocus
equation which can wuse the two-step Lax-Wendroff
scheme. However, it can't be solved singly because it
contains angular frequency O~, wave number k, and wave
direction 8. The wave kinematic equation including
wave conservation equation, wave number conservation
equation, and wave number irrotational equation have to

be solved simultaneously.

4.3.1 Numerical Procedures
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To solve it algebraically, the vector form of
wave conservation equation has to be decomposed into
two scalar forms, one in x-direction and the other in
y-direction. If the wave direction O measured from the
positive x-axis in a counterclockwise Adirection,

Equation (4.1) becomes

d(Keos9) O
x-direction KYY + ox = 0 (4 30)
-direction __i.““_"'_o) 8% . (4.31)
Y 5t * Tov °

The other two wave kinematic equations remain to be:

(gktanhkh) ™ + UKeos 8 + Vksing = 2% (4.2)

and
dlkewsg)  I(ksin®) _ , \4.3)
oYy oY

For given spatial distribution of U, V, and h; o~ , k.,
and @ can be obtained by solving Equaticns (4.30),
(4.31), (4.2) and (4.3) simultaneously with specified

initial and boundary conditions. Using the two-step

Lax-Wendroff scheme.
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i) Lax-Priedrichs' Scheme

- Re) ne) n el
(kuse);: -3’ [(kuse)..:.; Hkuse);,,.;]+ Onien; =iag =0
at 24%
(4.32)
n=t Aol - " 4
(ksn 9)::' -?'((ks-’ae);.;,"‘f (k‘-'00);,‘-..]+ Q.'.;,,'—b.'q: -0 i
At , 26y
(4.33)
ii) Leap-Frog Scheme
( gt . o s
\Kuse)lo‘ (k‘ose),,, + &lf|.4 &li_;_t 80 t4 ’4)
24t 24X
APl A} n | n
.‘ PR T, .‘ ).-\ .. Sad - . N
(k:le)..‘ (ks '\6 o3 + & S }.’.-] =0 &4.3‘.)
2at 248y

4.3.2 Stability Analysis

According to the 3tability analysis for
homogeneous equation, the 3tability criteria for the

present diffecence equation is

At ot

ay ay

uA

or

(2.36 )

at £ ax +ay
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Because the coefficient is a constant, the time step At

obeys the stability criterion as given by Eq. (4.20).

4.3.3 Initial Condition and Boundary Conditions

To solve the wave conservation equation, it is
necessary to choose suitable initial condition in the
domain and boundary conditions at boundaries. The
initial condition can be decided by either angular
frequency or wave number and wave angle. Based on the
steady state assumption, the angular frequency does not
change with space. It is constant even as the water
depth changes. Hence, the initial condition is
determined more conveniently by constant angular
frequency, which is invariant with space, than by the

wave number and wave angle, which varies with space.

As for the boundary conditions, the variation
of the wave energy has an effect on the offshore
boundary condition. In other words, the kinematic
condition will vary if the dynamic condition changes.
The rest of the boundary conditions, shore boundary and
side boundaries, need to be specified to carry out the
numerical scheme. At shore, no flow of water occurs

across the shoreline, thus the shore boundary doesn't

N
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vary with the changing dynami: condition. The side
boundaries require that the longshore bottom variation

in the vincinty of both sides i3 slow.

4.4 Numerical Analysis for Energy Transport Equation

The energy transport equation is a
non-homogeneous equation which i3 the 3ame type as

Equation (4.7) except it iz a two dimemsional equation.

4.4.1 Numerical Procedures

After expanding and rearranging, Egquation (4.4)

arrives at

SA
°—A+(u+c3cose)-5; + (V+Cqy3ing) Sy °

Al 2 (utgycse) + 355 kv+q_<,sme)+0u. 54

oU oV - ax
&l:;;-}&,,;; 4&”79 -M06 €] - Mok =0 (4-37)

or
‘M + (wc «sa)— + (v+ch.ne) 97 = (Q@+MBTE)A + Mol
(4 38)

. 20 _ RS R
® 3% - “38 5

9
- Cgwse 32 -5in0 2 -3

1) oy sy av
3 = all oY + &'7 ?Y- + 0" 9% M o", Ay
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- Applying the two-step Lax~-Wendroff scheme, the finite
difference form of Equation (4.38) is
i) Lax-Priedrichs' Scheme

A AT AT AT AL
e — 4 1,09} + A Vod=b + A cetes t A ‘o, o 2 +
st

n-l net
(U+ Gy wse):s' (Aiw,s = Aiai) +
! 24x

ne N}
o=l (An'a3+’ 'A' ‘-))

V_*c s: 9 :; [P ]

(Vicgsing),, Y

Ne) Na)

) P a=)
= (Qu.; + MB; +€.5 )AL + My 43D

ii) Leap~Frog Scheme

: (Al‘“?‘. 'An'-o:;)
2ax

A' ?Ql A ":l
24t

+ (U+ ¢ caso).-:-

(A, - A v, :':v )
24y

n
+ (v+egsme)

n-} ne) n =)

= (@5 + mBo; +€0ar VAL, + a0k

(¢4.40)
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To avoid instabilities,, the non-homogeneous term has
to be put in (n-l) time level a3 shown in Equation
(4.40).

+

4.4.2 Stability Analysis

According to the 3tability analysis for
non-homogeneous equation, the gstability criteria for
the present difference equation has to meet the

following two conditions:

i)
t at
lutggasol 5 + | veggsingl 35 € )
or
At § a x + 47 (4.45)
I+ Cuse| |V+ Gysing |
and
ii)
l(Q+M@+e)4t| < |
or
|
at < (4.42)

IQ+mB¢ &l

In general, the first condition can be stated in the

following manner: the 3peed of propagation of any
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distucrbance in the model must be less than or equal to
the 3peed it takes the disturbance to c¢ross one
computational grid block in one computational time
3tep. The disturbance speed is in general the speed of
gravity wave plus the time-independent mean current.
Therefore, in shallow water, Equation (4.4l1) can be

expressaed approximately as

Q
ot < d o0t riayy (443)

= iVl + ¢

In general, the maximum magnitude of the wave
speed far exeeds the current speed, the stability

criteria can be expressed as

Ateny iy \4.44)

Comox

At

HA

which i3 a type of two dimensional Courant number.

A3 s3tated before, the time step actually used
in the numerical model is much less than that given by
the criteria above due to the fact that the coeffi-ient

13 not a constant in Equation (4.41l).




4.4.3 Indtial Condition and Boundary Conditions

It is necessary to 3pecify the 1initial and
boundary conditions to solve energy transport equation.
Commonly, the initial condition falls in one of the two
types: one i3 for calm sea where the wave energy is
equal to zero and the other i3 the fully developed 3ea

where the wave energy is satucrated.

There are also two types of offshore boundary
conditions. The first type i3 an open boundary. It is
a time varying boundary condition which is affected by
the offshore wave condition. In general, it zan be
prescribed by a continuous variation of wave 3pectrum
at the offshore boundary. The second type i3 a closed
boundary which is not affected by the offshore wave
condition but 3elf-adjusting. In order to apply the
numerical scheme, the shore boundary condition and the
s3ide boundary conditions also need to be specified. At
the shoreline, the wave numbers are to be perpendicular
to the 3shoreline and the bottom slope to be finite.
The 3ide boundaries are such that the bottom contours

are parallel outside the region of computation.

4.5 Application in Monochromatic Wave




i

97

To examine the micro-mech;ntsm of wave spectral
trans formation, the cases of a one-dimensional and
two-dimensional monochromatic wave are illustrated
here. The random wave model and the field data

comparison are dealt with in the next chapter.

In computing wave kinematics, the initial
condition is 3et at constant angular frequancy over the
entire region of computation. Therefore, the boundary
conditions 3hould also be specified in terms of angular
frequency. The offshore boundary condition can be
determined from a continous variation of wave 3pectrum
at the offshore boundary. The shore boundary doesn't
vary with changing the dynamic condition. In order to
proceed with the numerical séheme. the boundary

conditions at both 3ides will be specified as follows:

o0~ + .EEEL = 0 4£.45)

In the enercy transport equation, the s3teady
3tate wave 3pectral transformation i3 chosen as the

initial condition. Since only 3well condition is

considered in this section, an open offshore boundary




condition is used. The boundary <condition at the
shoreline i3 assumed to be both no energy flux into the
shoreline and no reflection from the shoreline. The
boundary conditions at both sides need to be specified
because of the numerical procedure. They <an be

expressed as follows:

2A 4 g2l =0 (46)

o
|

'A schematic view of a two-dimensional case,
with horizontal dimensions 60 m by 150.m and watevr
depth llﬁ, is shown in Pigure 4.8. The coordinates are
chosen as x-axis toward the offshore, y-axis
alongshore, and z-axis upward. To apply the numerical
scheme, the region i3 divided into five sections along
the pbsitive x-axis, with Ax=20 m, denoted as location
l to 6, and it is divided into four sections along the
positive y-axis, with Ay=15 m, denoted as location I to

V. The time 3tep At=1 sec is used in all cases.

4.5.1 One~Dimensional Case

N
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In this s3sction, three different conditions
will be considered. The first case examines the wave
transformation process when the wave at the offshore
boundary becomes increasingly shorter (a case of
diminishing wind). A monochromatic wave, with T=l0 3ec
and H=0.lm, propagates along the negative x-axis. On
reaching the steady 3tate, the frequency of the wave
component 3tay3 at 0.1 HZ no matter where the location
is. As shown in Pigure 4.9, the three plots cepresent
the wave spectrum at location 6III (boundary), location
SIII and location 2III, rvespectively: the wave
spectrum of each plot denoted by t=0 sec is at 3teady
state. The wave at offshore boundary i3 then gradually
adjusted to generate a higher frequency wave component,
which increasas frequency from £=0.10 HZ to f£=0.18 'uz.
within 60 3aconds. When t=20 sec, the frequency of the
wave component at location SIII is higher than that of
the wave component at location 5III. However, the wave
component at location 2III i3 3till at steady state.
It is due to the fact that the component at the
boundary has not arrived at location 5III and location
2III yet. A3 time elapses, this phenomenon occurs also
at both location 3TII and location 2III. If the wave

component at the boundary becomes steady again, the
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wave component at other locations continues to change

until it reaches the new 3teady state.

The second case, 3hown in Eigure. 4.19,
investigates the wave transformation for a shorter wave
with T=2.5 sec and H=0.08 m. Under the same condition
a3 in the first case, all the short wave components
will follow the same pattern as that of long wave
component except that the short wave component travels
3lower than the long wave comporent within the same
time period. It is owing to the fact that the group
velocity of a short wave i3 smaller than that of a long
wave. The short wave component lags behind a3 the long

wave component moves ahead.

In contrast to the first two cases, the third
case investigates the wave tranisformation when the wave
at offshore boundary becomes longer with the short wave
component as the initial steady state condition. As
3oon as the monochromatic wave, T=10 sec and H=0.l1 m,
propagating along the negative x-axis, reaches 3teady
state, the offshore wave i3 adjusted to lower
frequency, from £=0.10 HZ to £f=0.05 HZ within 60

seconds. This phenomenon i3 shown in Figure 4.1l.




Figure 4.10 Variation of Wave Energy Decreasing with T=2.S5sec,
§=0" at Boundary, Location SIII and Location 2III
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4.5.2 Two-~Dimensional Casae

Three different cases are dis-ussed in this
section. The first case illustrates when a
monochcomatic wave, with T=10 s3ec and H=0.1 m,
propagates in the direction of @=20°with respect to
negative x-axis. After the wave transformation reaches
its steady state, the wave at offshore boundary is then
adjusted to generate higher frequency <omponent from
£=0.10 HZ to £=0.15 HZ and smaller wave angle within 60
3econds. The variation of energy 3pectrum in
two-dimensions, as shown in Pigure 4.12, i3 similar to
that in one-dimension. As time elapses, a3 3hown in
Figure 4.13, the wave component approaching the center
line, i.e., §=0°, from right to left, occurs first at
boundary, then at location SIII and finally at location
2III. It i3 because the wave fregquency, wave number
and wave angle are correlated during the non-stationary
process. The wave angle will change a3 the wave

frequency varies with time.

Figure 4.14 provides the second case with the
same condition as the first case except propagating in

the direction of 8=-20"with respect to the negative

x-axis. As time elapses, the wave component
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Figure 4.12 Variation of Wave Energy Decreasing with T=10sec,
§=20Q° at Boundary, Location 5III and Location 2III
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approaching the center line, from left to rvight, i3

oppo3ite to the first case.

The third case with a situation Jjust opposite
to the first case in that the wave at offshore boundary
i3 adjusted to generate lower frequency component £from
£f=0.10 HZ to £=0.05 HZ and larger wave angle within 60
seconds after the monochromatic wave has rceached the
3teady 3tate. As shown in Figure 4.15, the evolution
of the energy s3pectrum in two-dimension i3 3imilar to
that in one-dimension. The variation of the wave

direction, moving away from the center line instead of

approacihing it, is shown in Figure 4.16.
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Figure 4.15 Variation of Wave Energy Increasing with T=10sec,
0=20° at Boundary, Location 5III and location 2III




Figure 4.16 Variation of Wave Angle Increasing with T=lOsec,
0=20° at Location 5I1I and Location 2III




CHAPTER 5

RANDOM WAVE MODEL FOR

NON-STATIONARY WAVE SPECTRAL TRANSFORMATION

In this chapter, discussion is focused on the
random wave model which consists of three sub-models :
1) swell wave model, 2) wind wave model, 3) hybrid wave
model. The field data comparison is also included. A
schematic view of ocean environment which is the same
as Pigure 3.3 i3 illustrated in Figure 5.1. To apply
the numerical scheme, A x=5000m, Ay=5000m and A&t=6C

seconds are used in the three sub-models.

5.1 Swell Wave Model

The 3well wave model, without the consideration
of 1local wind generation, computes wave transfromation
when the offshore boundary condition i3 unsteady. In
the example given here, Pierson - Moskowitz (P-M)

spectrum, a fully developed 3sea of the form,

lad lf&‘
A = % e il WS (s.1)
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where

=2

is chosen as the initial condition. The offshore
boundary i3 treated as open boundary which i3 affected

by the offshore wind variation.

T™wo different offshore open boundary conditions
are illustrated: one for increasing wind speed, hence,
growing spectrum and the other for decreasing wind.
First, the aecreasing wind case is examined. The
initial condition i3 established by inputting a wave
spectrum at offshore boundary (location 6II). This
spectrum cortesponds to a fully developed sea of 7
m/sec wind and a main direction 20 degree normal to the
shore. The steady 3tate spectra at poundaty (location
6II), location S5II and location 2II are denoted as t=0)
min curves in Figure 5.2. The wave condition at the
offshore i3 then allowed to vary by diminishing the
wind speed from 7 m/sec to 4 m/sec in one hour at
constant rate with the spectral curves marked
successively as 20,40,60 (min) from time O. The
corresponding wave conditions at location S5II and

location 2II €for the successive times are as
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illustrated. The affect of non-stationary wave
traniformation i3 clearly revealed here. By comparing
spectca at boundary (location 6II) and at location 2II,
it can be seen that although the wave conditions
changsd drastically at offshore within one hour, the
waves in neacshore region were hardly affected during

this time period.

Figure 5.3 provides another example with a
3ituation just opposite to the previous one in that the
initial wind condition i3 4 m/sec and begins to pick up

in an hour at steady rate to a final speed of 7 m/sec.

Field data measured by Ijima (1953) iz shown in
Figure 5.4 which 1illustrates the time change of wave
spactrum during a decreasing period of
typhoon-generaced 3well. The aififect that the wave
components disappear a3 wind speed decreasas is

observed.

5.2 Wind Wave Model

The wind wave model i3 concerned with the
effect of local wind generation. A caim 3ea is chosen

as the initial condition with an opan offshore

boundary.

AW e e Y = - s
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Figure 5.3 Variation of Energy Spectrum Increasing due to
Swell at Boundary, Location 5II and location 21II
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Figure 5.4 Time Changes of Wave Energy Spectrum in the
Decrease of Swell of a Typhoon (After Ijima, 1957)
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The wind beginning to build up from O to 7
m/sec in the first half hour and then maintaining 7
m/sec for the second half hour, blows over a calm sea
in the direction perpendicular to the shoreline. As
shown in FPigure 5.5, the 3pectral peak 3hifts toward
lower frequency with increasing time. This phenomenon

i3 conasistent with the field observation in the ocean.

5.3 Hybrid Wave Model

Based on linear 3uperposition, the swell wave
model and the wind wave model can be combined into a

hybrid wave model to predict the real ocean waves.

Here, the offshore wave condition i3 the same
a3 given in the first cas2 of the swell wave model,
i.e.,wvaves at outer boundary diminish from a s3spectrum
corresponding to 7 m/sec wind to that of a 4 m/sec wind
in one hour. In the region of consideration, a local
wind of the 3ame nature a3 given in the wind wave
model, i.e., wind begins to build up from 0 to 7 m/sec
in the first half hour and then maintains at 7 m/sec
for the 3second half hour, is also occurring

concurrently. The corresponding wave conditions at

location 5II and location 2II are shown in Figure 5.6.
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The 3pectra are now dual-peaked: the peak due to swell
3hifts toward higher frequencies as the offshore wave
diminishes in s3strength whereas the peak corresponding
to local wind wave shifts towards the lower frequencies
a3 the local wind picks up. Eventually, the wave
spectrum of the local wind wave will dominate the whole
wave 3pectrum. This phenomenon i3 very clearly shown

in Pigure 5.7 from Long and Hasselmann (1979).

S.4 Comparison with the North Sea Field Data

Documented field data with sufficient
information €for the purpose of comparing with the
present numerical model is scarcs. The recent MARSEN I
experiment wa3s conducted during the months of September
and October 1979. Waves were measured in shallow water
by a series of wave gages a3 well as in deep water by a
number of pitch-and-roll buoys. It is an attempt to
understand the characteristics of wave 3pectral

transformation from deep to shallow water.

The experiment3 were performed in the German
B8ight around the Island of Helgoland and Sylt. Figure

5.8 shows the 1locations of the nearshore 3ite and

deepwater measurements in the MARSEN test region.
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Deepwater wave information was obtained from
the pitch-and-roll buoy maintained by Deutsches
Hydrographi3zches Institute of Germany. The s3hallow
water measurements by Wang et al. (1980) with emphasis
on surf zone characteristics were carried out at the
Island of Sylt. The distance between the
pitch-and-roll buoy and the nearshore 3ite is

approximately 70 km.

Figure 5.9 shows the instrument arrvangement in
the nearshore zone. The wave gauges at locations 1225
m (approximately 1100 m from shoreline , 1225 m denotes
the distance in meter from a base line which i3
approximate 100 m inland from shoreline), 940 m, and
225 m are bottom mounted echo-transceivers as developed
by Fuhrentholz Laboratory. These echo sounders are
capable of measureing water surface variation to # 0.5
cm for water depths up to 90 m. The shallow water
gauges are 3taff-mounted pressure transducers of type
MDS 76 as manufactured by H. Maihak AG, Hamburg with a
pressure range of 0 - 1 kg/cm‘. The current meter3 are

COMEX 2.ectromagnetic two component type.

Data were taken with recording length of

approximately 20 minutes. Spectral analysis was
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Figure 5.9 Nearshore Field Instrument Arrangement
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performed using the FFT technique developed by Cooley
and Tukey (1965) with Hanning Window (Blackman and
Tukey, 1958) for data smoothing. All the data 3ets
were sampled uniformly at a time interval At=0.5 sec to
a total data point N=2048 or 1024. In order to
maintain good resolution, a degree of freedom DF=40 for
N=2048 and DF=20 for N=1024 was s3elected a3 the

optimum.

The mean watar depth at location of
pitch-and-roll buoy and at location 1225 m are 23 m and
8 m, respectively. The wave data were 3till being
analyzed and gsorted out. So far, we have indentified
only one set of data thatvmarginally 3uitable for the
present purpose (3imultaneous wave recordings with all
the necesszary input information documented). The
results of this data gset which was taken on Sept. 24,
1979 are reported here. First of all, the wind
condition of this particular day is shown in Figure
5.10. The wind speed variation was rather moderate for
the whole day somewhere around 8 -10 m/sec for the bulk
part of the day: the wind direction was from SWS
during 0 to 8 o'clock 1local time and then suddenly
shifted to N from 3 o'clock till midnight. Since the

wind direction changes drastically at 8 o'clock, wind
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wave generated from that time meets the criteria of the

local wind model described above.

Wave data were collected at offshore location
from 8 o'clock at approximatly 2 hour interval. The
energy spectra and their corresponding directional
information are given in Pigure 5.11. Shallow water
waves were recorded at location 1225 m, during the same
period. A rough calculation indicated that the
dominant wave component ( ~~ 0.16HZ) would take
approximately 2 hours to travel from the offshore site
to the nearshore zone. Thus, to predict wave condition
at the nearshore site, the input at offshore locaticn
should be chosen about 2 hours in advance. Based upon
this approximation, deepwater waves at 12:14 pm were
used as input to compute th2 condition at location 1225
m at 14:00 pm. The bottom friction coefficient is
chosen as 0.01 because of the sandy bottom. The grid
system, with Ax=5000 m, Ay=5000 m and A.t-éo seconds

which used in the computation is shown in Figure 5.12.

The comparison of numerical results and field
data is shown in Figure 65.13 and Figure 5.14. The
contributions to the total energy spectrum from local

wind generation and swell transformation are indicated

e
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Figure 5.12 Grid System used in the Computation
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in Figure 5.13. As can be seen, for the specific case,
local wind waves were the major contributor. The swell
component while important to the peak energy was mincr
as a whole. A majority of the wave components present
in the offshore region actually never arrived at the
nearshore zone. As we have stated eaflier, this set of
data is really marginal for verification purpose
because of this minor contribution due to swell

components.




CHAPTER 6
SUMMARY AND CONCLUSIONS

A mathematical model which can predict the
stationary and non-stationary wave spectral
transformation in shallow water of irregular bottom has
been developed. The model contains the physical
dynamic processes which are conserved, such as wave
refraction and shoaling, as well as those which are not
conserved, such as wave 'energy generation and
dissipation. The numerical results can be used to
guide further research in wave phenomenon of which very

little is known.

The theory of wave spectral transformation is
presented in Chapter 2. Instead of using the
parametrical method which was developed by Hasselmann
(1976), the theory 1is based on the physical method.
Both methods, physical and parametric, have their
relative advantages and limitations. The problem

becomes much more complicated when the shallow water

effect is to be considered. Several additiocnal

ki -
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effects, such as wave shozling, refraction and bottom
dissipation must be taken into account. Furthermore,
the non-linear wave-wvave interactions become
increasingly important in shallow water. The physical
method includes the former effects but excludes the
latter effect, whereas, the parametrical method can

enly handle the local wind fields which are

T e ST T TSR e T T e T AL e T R TR

characterized by extremely large spatial and temporal
gradients. Based on the reasons specified above, the
physical method which can.handle the time varying wind
condition in shallow water is chosen as the basis of
; wave spectral transformation. The results are found to

be reasonable.

The theory consists of three kinematic
conditions, which handle the wave refraction , and one
- dynamic condition, which controls the wave shoaling,

wave generation and wave dissipation. In the wave

generation, two mechanisms are considered: cne is
Phillips' resonant mechanism which causes the initial

wave growth and the other 1is Miles' instability

mechanism which controls the major wave growth. 1In the
wave dissipation, there are also two mechanisms. The
bottom friction and wave breaking are chosen from

Hasselmann and Collins' derivation and Kitaigorodskii's

b it nsebu el iod Sinkmailloth
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shallow water equilibrium energy spectrum,

respectively.

The numerical scheme of stationary wave
spectral transformation is analyzed in Chapter 3.
Based on Noda's numerical procedures, the
non-homogeneous terms which are the effect of the wind
generation and bottom friction are also added to Dbe
solved. Shoaling and refraction are well handled in
the model. In low fequency components, the influence
of the bottom friction is found to be important in
shallow water since the long wave component has already
felt the bottom. However, in high frequency
components, energy generation or transfer are nmore
important than the bottom friction. In the steady
local wind generation, the short wave component exceeds
the maximum wave steepness and follow the breaking

criterion of Kitaigorodskii's shallow water equilibrium

energy spectrum. Whereas the long wave component has

not reached the maximum wave steepness and continues to
grow until the total energy spectrum reaches the

depth-limited wave condition.

The numerical scheme of non-stationary wave

spectral transformation is analyzed in chapter 4. The
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problem is solved by using the two-step Lax-Wendroff
scheme. Numerical verification is based on an example
which has the same type as the energy transport
equation. The exact solution and the approximate
solution agree very well (no more than 28%). . It shows
that the present numerical scheme can handle both
transient eguations (one is the wave conservation
equation and the other is the energy transport
equation). The characteristics of the wave spectral
transformation, in which the variation of wave
component at the boundary affects far 1locations, are
shown in the example of monochromatic wave in one and
two dimensions. The effect which the propagation
vélocity of long wave is faster than that of short wave

is clearly revealed.

Sased on the linear assumption, the random wave
model for non-stationary wave spectral transformation
is discussed in Chapter 5. The problem is handled by
developing three separate models; 1) swell wave model
handles the offshore wind variation without iocal wind
generation, 2) wind wave model handles the local wind
generation, 3) hybrid wave model linearly combines the
swell wave model and wind wave model to predict a real

ocean wind waves. The numerical results show
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reasonably agreement with the North Sea field data
except the wave components at high and 1low frequency.
This is 1likely to be a consequence of the non-linear
wave-wave interactions which is not considered in this
model and of the assumed constancy of the
Kitaigorodskii's " B " constant for the equilibrium

condition.

Wave spectral transformation in shallow water
is important for the study of analyzing and predicting
wave conditions in nearshore zcne due to hurricanes or
storms sweeping through offshore region. In the
present model, only the linear problem is considered.
Ideally, the non-linear wave-wave interaction terms
should be included. But, it has not been.done so for
two practical reasons as follows:

1) Lack of suitable model. Phillips (1960) made the
first investigation of nonlinear resonant interactions
among particular groups of wave components.
Hasselmann, in a series of three papers (1962,1963a and
1963b) studied the rate of energy exchange in a random
wave field. He assumed that the probability density
distribution of the surface displacement is normal and

calculated the net rate of energy exchange from one

wave to its wave components in the resonant tetrad.

e
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Unfortunately, the results he got are neither
mathematically smooth nor stable. Barnett (1968)
modified Hasselmann's parameterized function in a
manner that will increase the calculation speed but the
result is only an approximation. Based on the narrow
band spectrum, Longuet-Higgins (1976) and Fox (1976)
applied the evolution of wave packets in three
dimensions to the Hasselmann's resonant energy transfer
result. The simplification improved calculation speed
and stability. All the above studies are restricted to
deepwater waves. Herterich and Hasselmann (1980)
modified Longuet-Higgins results for the computation of
the rate of wave energy transfer in finite depth water
for a narrow band spectrum. However, their results
cannot be applied to shallow water areas where the kh
value is between 0.3 and 0.7. Resio (1981) modified
Hasselmann‘'s(1976) parameterized - function to be a new
parameterization. The result is still not applicable
because it is restricted to deepwater waves.

2) Lengthy computation. The numerical program would
have become unwieldily complicated at this stage that

would submerge us in numerical manipulation.

Actually, it is a drawback to omit the

non-linear wave-wave interaction terms which by many

——y .
——— .
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" researchers are regarded as an important parameter in
shallow water. Therefore, a more extensive study
should account for the effects of non-linear wave-wave

interations.
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