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SUMMARY

M
Wave spectra were measured in the nearshore region extending approximately

900 m from the shore at the Island of Sylt (North Germany) in the North Sea.

Seven gage stations were in operation for a period of two weeks in May . 1976

for data collection. The field results were presented and compared wi~~~
numerical computations for ene rgy t ransformat ion in shallow water , based on a

method developed earlier for the same project. The numerical computation

agreed well with the field data in the range of energy—containing wave

components and low frequency components but failed in high frequency range. A

Based upon commonly—u sed wave instability criteria , an equilibrium

energy spectral density function in water of finite depth has been developed.

This function provides saturation conditions on spectral density for the

complete spectrum. Comparison with field data is encouraging but , nevertheless ,

inconclusive.

Combining field evidence and numerical results , an assessment has been made

on the wave climate of the test area, It was demonstrated that the offshore

bar located in the test area plays a double role as energy dissipator  and trapper.

I t  was also shown that waves from the N—W quadrant are more effective in

generat ing longshore current  and thus in longshore mate r ia l  t r anspor t .
I

_ _ _ _ _ _ _  _ _ _  _
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1. Introduction

The utilization of wave energy spectrum as a statistical measure to describe

the ever—irregular ocean wave has become, more or less , a standard practice .

Armed with this tool , oceanographic scientists have made eignificant progress in

the past two decades in the development of wave forecasting techniques. The

endeavor has been , however , mainly concentrated on deepwater situations.

Consequently, the deep water wave climate can be assessed with certain degrees

of confidence. To establish the wave c1ia~te in the coastal zone as is often

necessary for scientific and engineering purposes the deepwater wave environment

• needs to be trangformed into ehoaling wateYs. It is in this area that both

knowledge and effort are conspicuously lacking, although, odd as it may seem,

the transformation of monochromatic wave train is a well studied topic.

At present, there exists a few attempts in the development of theoretical

concepts and numerical techniques concerning spectral transformation from deep

to shallow water, Longuet—Higgins (1956) and Collins (1972), for instance,

have studied the theoretical formulation on wave spectrum by considering the

conservation of energy between adjacent wave rays much the same way of the wave

refraction in monochromatic wave trains . Based on Longuet-4i~ggins ’ formulation ,

Karlesson (1969) developed a method to compute spectrum transformation over

parallel bottom contours. Collins (1972) extended the work to the inclusion

of bottom friction. Krasitkiy (1974) has derived explicit analytical solutions

for the spectrum transformation over two—dimensional parallel bottom contours

More recently, Shiau and Wang (1976) developed a numerical technique to compute

the spatial transformation of wave spectrum over irregular bottom topographies.

~ Their work promises to be an effective method , though it has not been critically

tested for lack of detailed field data as yet.

~ 

~~~~~ • • • ~~~~~~~~~~ •• •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~~~~ • • ~~~~~~~~~ • •
~~~~~~~~~~~~~~ •
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In May, 1976, a brief , but intensive, f ie ld  work was ca r r ied  out a t

the Island of Sylt  (North  Germany) in the N o r t h  Sea to collect informat ion  on

nearshore wave environment and beach process. One of the objectives was to better

the unders tanding of nearshore wave energy t ransformat ion  and to test va l id i ty

and limitation on the numerical t echnique developed by Shiau and Wang. The

mater ia l  covered in this report deals specif ical ly  w i t h  th is  object ive.

The f ield work covered a period of approxima re ly two weeks. Wave spectra

were measured at stations installed in water ranging from a 7—meter depth to

less than 1 meter near the shoreline at low tide. During this period , the wave

conditions were considered normal for  th is  area wi th  he ights  up to 1.5 to 2 meters .

The winds varied in speed from as low as 3 rn / s  to more than 12 m /s ;  the wind

directions covered both onshore and o f f shore .

These f ie ld  resul ts  were compared with numerical predic t ions  using the

recorded offshore  data as input. During the course of the s tudy ,  the numerical

procedure was f u r t h e r  improved to relax the boundary condition re lui rements  and

to shor ten the computat ional  t ime .

An equil ibrium spectral  densi ty f u n c t i o n  has been developed for  the cond i t i on

of water  of f i n i t e  depth.  This f u n c t i o n  provides in format ion  on the sa tu ra t ion

condit ion of energy dens i ty  fo r  the complete spectrum.  Final ly ,  combining field

evidence and numerical resul ts, an a t t e m p t  was made to provide an assessment  of

the wave cl imate of the  test area.

2. Theoretical Background

T r a n s f o r m a t i o n  of Energy Spectrum

In its very general form , the total energy of a random seaway can be

expressed as the summation of energy content  in the wave number and frequency

space such tha t
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E J J x (
~,n) d~ dn (1)

whete E is the total energy; x (k,n) is the spectral density function; i~ is
the wave number and n is the wave frequency.

Reduced spectra can be obtained from xd~,n) by integration over n and

over i~. Thus, we have

F(
~~

) = x (~,n) do ( 2 )

and

4(n) J y (~~,n) d~ (3)

where FO~) and 4(n) are known as the wave number and wave frequency spectral den—

sity functions , respectively.

Since the wave number spect rum can be i n t e r p r e t e d  as a d i r ec t iona l  f r e —

• quency spectrum owing to the dispersion relation between k and n, the following

relationship exists (Phill ips , 1966)

4 (n , 8) dn — (k F(k ,8) dk] k — G(n) (4)

where k is the m a g n i t u d e  of i~ and 8 is the direction of propagation and k — G(n)

is the dispersion relationship. Let subscript 0 denote the reference state

(deepwater condition is usually conveniently selected), the transformation

equation of frequency spectrum is established ,

[k F (k ,O)dk]k — C4(n,6)dn — 
(n)  

F~ (n,0) do]0 
(5)

(1k F ( k ,e)dlc ]k —

•• • -~~~~• • • - •--• ~~~~-~~~~• - • • ~~~
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For steady state condition, the frequency n is invariant to space, the above

• equation simplifies to

• 1k F(k,0)dk]k C4(n ,e)  — —
~~~~

=—— • (n,o) (6)
[koF ( k ,e)dk]k — 0 (n)

Since F(k ,8)dk approximates the incremental of wave energy over the wave

number band dk at a directional angle 0 , it is plausible to write

F(k ,e)dk — dE (k ;e )  (7)

with 0 as a parameter here.

Subst i tut ing Eq . (7) into Eq. (6) results in

(k dE(k;0)J
k — Coè(n,0) — ~‘ $ (n ,o) (8)

(k dE (k;e)]
k — G (n)

Therefore , to compute the spatial variations of $, we must first establish the

spatial variations of k and dE(k;s).

Wave Number and Wave Energy Transformation

The basic equation to compute the spatial variations of k is the conservation

equation for the wave number, which, for steady cases, reduces to the simple

form

• V n 0  (9)
or

n — const — (9—a )
In the presence of a steady current i~, we have 

• - • •- -• - •~~~~~• --
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(10)

where 4 is the water depth.

For regions where both 4 and ~ vary slowly over distances of the order of a wave-

length , the following dispersion relationship exists ,

— gk tanh kd (11)

Combining Eqs. (9) , (10) and (11) results in

(gk tanh kd)hI
’l
+ u k c o s 8 + v k s in 0 o0 (12)

for the coordinate system shown in Fig. 1. Here u and v are current velocity

• components in the x and y directions respectively; 0 is the wave approaching

angle measured from the positive x—axis.

Since it is known that the wave—number vector in space is irrotational,

it follows

p(k ~~~~~ — 
g(k sin 0) 

— 0 (13)lx

For given spatial distribution of ~~, Eqs. (12) and (13) enable us to compute

k and 0 in the wave region provided the boundary condition is specified.

To determine the variations of dE(k;0) ,  the assumption is made that the

wave energy associated with a certain frequency band stays within this band so

that the principal of energy conservation is applicable to each individual

frequency bend under consideration . This assumption denies energy t ransfer

among differen t frequencies and is compatible only when nonlinear ef f e c t s  are

negligible. Following the energy equation presented by Longuet-.Higgins and

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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• Stewart  (1960 , 1961) for the fluctuating motion of waves with a superimposed

curr ent system , we have

IdE(k)(u + Cg cos 0) ] + (dE(k) (v + Cg sin 8)] + S~~ .~!t

+s ~~~~ .~2L + s  ~ii _t
xy o x  yy ly yx ly

(14)

• where Cg is the group velocity expressed as

n — a — ! [1 + 2kd (15)
g C 2 sinh(2kd )

C is the wave celerity

S . are the  r ad ia t ion  stresses such that

S~~ = dE(k)E (2flg = 4) cos2 0 + (ng 
= 4) sin

2O] dE(k)

= d E ( k ) [ (2  ng — 4) sin 2 8 + (n 8 
= 4) cos

28] — dE(k) (16)

— = ~~ n~ sin (20) — dE (k )  °xy

I is the rate of energy dissipation per unit area.

With known B, Eq. (14) permits the computation of the apatial variations of dk(E)

fo r given boundary conditions and the dissipation function.  For the present

computation , I is taken to be equal to zero.

3. Numerical Procedures

• Based upon Eqs. (12), (13) and (14), Node, at al. (1974) developed numerical

procedures to compute the wave number and wave height as functions of space

variables for beaches with periodical bottom variations in the longshore direc—

t ion . Shisu and Wang (1976) extended the procedure to compute the spectrum

_
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transformation with the boundary conditions somewhat relaxed to accomeodate

irregular but slowly varying bottom profiles. In the present computation ,

their method is further improved to relax the requirements of boundary conditions

• and to improve the computational ef f ic iency.  The procedures are br ief ly des—

• cribed here.

To facilitate numerical computation , the governing equations are, out of

necessity, to be transformed into finite difference form. A mimed forward ,

backward and centra l differences scheme are used to minimize the boundary

restrictions at the expens. of nonuniformity of the order of errors. With

reference to the grid schemes shown in Pigs. 2 and 3 the key equation. are

sumearized here:

(1) The wave number and wave angle are solved through numerical iterations

of the wave—number consarvstion equation and the irrotational wave—number

equation. The conservation equation (Eq. (12)),

fg ku tanh (k
u 

d
ij

)]~~
2 + u~~ ~~~ cos + vjj  ku sin — a0

is solved through a Newtonian iterative technique defined as:

f (k~,14)
k — kold — f’(k ew)

where f’(k) is the first derivative of f(k) which ii defined:

f(k) — gk csnh kh — (o
~ 

— uk coa 0 —vk sin

The iteration is considered satisfactory when

1k — k  I c O . O o l lk Inew old — new



- 213 -

J~1 J ~2 3  4J r r.i r.2

=2 —

3

4

-

rn-2 —

rn-i —

rn

Fig. 2: Grid system used in computation
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This value k is then fed into the irrotational wave equation lEq . (13))

to solve the wave angle:

— ~~~ {_ i__ ~~~ cos B — sin 8 + 
8i,j—l 

[sin9 —ii Bij kij ly ij kij ~~ ij ly ij

9i+l sinO
(u

~~ ~~~~~~ 
— v

1j 
cose

ij
) )  — 

~~ 
Icos8~~ + Aij

(u ij  sinB
ij  

— v
1~ coao

ij
) ] }  (17)

• where

U
j j  

cos8~~ + vjj  sino ij + 4 11 + 
~~~~~~~~~~~~~~~~~~~~ — uij cosOij

• — v
ij sin01~]

ai n 91 cos0~ ~ 
cosO sin0

Bij  
— 

Ay — Ax — 

~j  
(u
ij 

sineij 
— v~~ cosO ij

) (  Ay + Ax

L .

_LcosB
ij + ~~~~~~ 

_~~j~~_ 1 ~j  — u~~ kij 5in Bij~~~~~
.

Aij

k ij  
ly

~ 
— U1.~ k~~ coseij — ~~ k u sine

_ [ c O s O
ij ly + ~~~~

8ij ~~ 
sinh(2  ku dii)

- • ~~-~~~~~~~ ---- --~~~~~~ -~~~~~~~~~~~~ - •- • —~~~-- ~~~---•- • - • • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --—~~~~~~ rn ~~~~~~ —•~~ -~~~~~~~~
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The computation is carried to the extent

e o. ooi I Inew old — new

Since forward difference is used in the x—directiofl and backward difference is

used in the y direction , 0 needs to be specified at the of fshore  boundary and

at the x—axis .  The offshore  boundary condi t ion is the input .  The condit ion of

the x—axis could be specified in such a manner that — wi thou t  i n t r o d u c i n g

significant error if the longshore bottom variation 
in the vicinity of the

x—axis is slow.

The above numerical scheme becomes unstable when 
~~ 

-. 0. The exact stability

criterion cannot be easily determined. However , using the null—current condition

as a guideline , one ar rives at the fo l lowing  condi t ion :

‘T an 0 (18)
Ax m

where 0m is the maximum expected wave angle. For example , if the maximum wave

angle is expected to be less than 60°, the ratio of Ay/~tx should 
be larger  than

1.7. The velocity and depth gradients required in the computation 
are determined

by central difference, i.e.,

C - - ~ • - -~~~~~~~~~~

ij •~x1 
2Ax1

where ~ rep resents u , V or d and xk is either x or y .

The gradients at the boun dary are taken as equal to zero at o f f s h or e  and both

sides and as const ant at the shoreline , that is

G
1~~~~G2~

These boundary conditions can , of course, be easily altered to 
fit individual

cases.



- 216 —

• (2) The wave energy equation in finite difference form is,

[dE(k) ] — 

(dE(k ) ] u j...i(v +C
8 

sine) Ax — [dE (k)]i+i j
(u + Cg cose)Ay 

(19)
(v + Cg sino)Ax — (u + Cg cosO) Ay + AxAy

where Q
~1 

—~~~~~ (u +C~ cose) +~~~ (v + C
5 

sin0) +

lv lu lv
t 0  — + 0  (—+—)+a —U I X  xy lx ]y

are as defined in Eq. (16).

Here all the values of u , v and 0 are evaluated at (i ,J) .

Eq. (19) is solved through a row by row relaxation until

IN — H < 0.0]. H (20)new old — new

Like the wave angle solution, the finite difference scheme is forward in the

x—direction and backward in the y—direction. The boundary values are also

defined in a similar manner in that the shoreward boundary is specified as

input and the values on the x—sxis is taken the same as the next column (E u —

Ei2).

On the shoreward direction, the wave will eventually break, the dissipation

term c in Eqs. (14) can no longer be neglected. If dissipation is not allowed

f or, the wave energy density will keep increasing and the numerical solution will

eventually become unstable. Therefore, a constraint must be built in to restraint

super satur ation of energy f lux.  Since the real mechanism of energy dissipation

is not wall understood. An empirical criterion based upon total wave energy in

terms of significant wave heigh t is employed here , such that the height is

restricted by the following condition (Divoky , at ci., 1970)

~~S b  
— 0.12 tsnh 2w 

LSb  
(21)

_ _ _ _
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where the subscript b refers to breaking condition and H5 is related to the

total wave energy in the conventional expression:

H5 — 2.828 ~~~ (2 2)

This criterion i~ to be further examined in later section when we have the

field data in hand.

The input requirement. includes a grid of water depth augmented by the

tidal condition, The grid size should be selected in accordance with the

criterion set in Eq. (18). Strictly speaking, directional spectra of the

form B~~’
0
~ 

should be prescribed along the seaward boundary. Since our present

knowledge on directional spectrum is quite inadequate, the program will also

accept one—dimensional spectra as the input. The directional information should

then be provided as predominant wave angles at each grid point along the outer

boundary.

4. Field Program

The field experiments were conducted at the Island of Sylt, West Germany.

The site location and area hydrograph are shown in Fig. 4. The site is exposed

to the North Sea and is characterized by the existance of anunderwater transverse

ridge (a pronounced sand bar) running parallel to the shore approximately 500 m

from the shoreline. This underwater sand bar is not stationary but fre-

quently is shifting its location from season to season and sometimes after  a major

storm. Apparently influenced by this ridge, the nearshore flow—pattern and the

resulting nearshore bottom topography become rat~ .~omplicated. Shallow scouring

pits, often appearing in eddy—like pairs, dotted the area at uneven spaces. Since

the normal tidal range is 2 m in this area and the normal water depth over

the ridge is only of the order of 3 m, waves often break over the ridge and reform

afterwards.
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• Fig. 4: Site location and area hydrograph
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To measure the change of wave characteristics over this region , seven wave

gages were installed at locations as shown in Fig. 5. Gages 1 and 2, which

were bottom—mounted in relatively deep water , were echo—transceivers as developed

by Fuhrentholz Laboratory (See Reference). These echo sounders were capable of

measuring water surface variations to 1- 0.5 cm for water depth up to 90 m. The

shallow water gages (3 to 7) were s t a f f — m o u n t  pressure t ransducers  of Type MDS76

as manufactured by H. Maihak AG , Hamburg with a pressure range of 0—1 kg/cm2 .

Gages 1 to 5 were installed perpendicular  to the shoreline to measure the wave

spectra transformation over the ridge and in shoaling water .  Cages 5 to 7 were

mounted parallel  to the shoreline to measure mainly the wave approaching angle.

Wave data were collected from Hay 1 to May 15, 1976 at selected times to

cover various combi nations of tidal stages, waves approaching angles and wind

condit ions.  Data were transmitted to shore station by underwater cable and were

recorded simultaneously on FM analog ma gnetic tape and s t r ip  char ts .  During the

course of wave measurement, currents were also measured with two—component electro-

magnetic current meters mounted at Gage s ta t ions  2 and 5. Variable—depth

drogues were also deployed at times to determine the current  condit ion.  Descrip-

t ion of instrumentation and recording devices was presented by F~hrb~ter and

Busching (1974) .

5. Data Analysis

Wave energy spec t ra—Spec t ra l  a n a ly s i s  was p e r f o r m e d  using YFT (Fast Fourier

Transform) technique developed by Coolev and luke’, (1965) with  a Hanning Window

(Black and Tuke y, 1958) for data ~t soo th in ’~. Al l the data sets  were sampled

un i fo rmly  at a time interval  t — 0 .2 S  seconds to a total data points N 2048

(or 512 seconds data p e r i o d ) .  These va lues  were chosen to cover adequately waves w i t h  

-- --~~ -• --
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periods ranging from two to nine seconds which were determined (as the range of

energy containing wave.) through visual examination of the data record and the

wind condition during measurements. A section of data sample is shown in Fig. 6.

• CHA5~ ~~EE0 2 ~*O •.,

S3 \~~~~~~~~~~~~~~~~ 

~ A
S4~~~~~~ 

~~~~~~~~~~~~~~ ~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

• Fig. 6: Samp le of wave data

After  several trial runs , a degree of freedom OF — 40 was selected as the optimum

to yield sufficiently smooth spectral curves to facilitate comparisons with

theoretical prediction , yet, at the same t ime to preserve sufficient detail to

truthfully portray the actual conditions. Figure 1 shows a comparison between the

periodogram and the smoothed spectrum.

Data collected in shallow water by gages 3 to 7 were actually wave pressure

instead of the true water surface fluctuations. To derive the energy spectra

from the measured pressure signal., the depth attenuation affect needs to

be compensated accordi ng to the relation:

S( f )  — 
cosh kd 

~
2 
~ ( f )  (23)coah k(d—t) p

where S~ (f) is the pressure .pectral density as obtained ; t is the depth of

the transducer measured from me~n water level.
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Fig. 7: Comparison between periodogrsm and smoothed spectrum

This correction factor is based upon linear wave theory and it tends to over

compensate high frequency components which were more or less contaminated by

I

• ~~• •
~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~_ •~~~~~~~ •~~~~~~~~~~~~~ •~~~~~~~~~~ •-••~~~~~~ _114
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noise . An attemp t was made to app ly this correction factor to data analysis and

was later abandoned because such corrections did little to wave components in the

• energy containing range but grossly over amplifying the high frequency components.

- 
- Wave approaching angle——To calculate the transformation of wave spectra,

one requires to prescribe the one—dimensional wave spectra in frequency or period

- domain as well as the directional  characteristics at the outer  boundary. Based

upon the computational method suggested here , the directional information should

be expressed in terms of dominant angle of approach and if des i rable  a predes ig—

• nated spreading function. Since the present field set—up yielded no directional

information at the deep water sites, an alternative method was used which

utilizes the information obtained from the shallow water gage arrays. As illus-

trated in Fig. 8 when a wave front passing by a cluster of three wave gages set

• S~2

WAVI RAY 
-

3~~~~ 1

Fij .  8: Shsl low water gage arrays for d i r e c ti o n a l  i n f o r m a t i o n

_ _  
~~~~~~~~~—-~~~~ • • _ _ _
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apart with known , but small distances, the following relations ar, approximately

• . valid:

T12 At12 
— 

~12 
cos 8

• (24)

C23 
At
23 

— S23 
sin 0

where C is the mean wave celerity; S is the horizontal distance; At is the

time span for wave front travelling from one wave staff to the other and

S is the wave approaching angle. The indices 1, 2 and 3 indicate the gage

numbers. The above equation when solved for angle 8, yields

—l ~l2 c 23 t
8 — Tan ~~~~~~~~~~~~~~~~~ (25)

23 C12 
~l2

For shallow water condition, we further assume

— 1~i+~.~1 (26)
C12 [d 12 +1112 J

where d and H are the mean water depth and wsve height respectively. Sub-

stituting Eq. (26) into Eq. (25) one obtains

8 — Tan (( 1
~~ (~~~)

l’2 (~~~) (j~~-~
) ]  (27)

d12 H12 23 12

Since d and S are known , H and t can be measured off directly from the wave

——— •• — -. -- ~~~~ - • -.-• •— --~~~~~~~- ~~—--- .-- “-~~~~~~~-~~~~~ -
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records as illustrated, the angle of approach 0 can be computed. The deepwster

wave angle 80 
was then determined by conventional wave refraction computation

for the dominant wave component or components.

6. Field Results

A selected set of data were presented here to demonstrate the spectral

transformation under variou, combinations of wave incident angle, wind condition

and tidal stage. Table 1 summarizes the cases reported. The wind record during

the measuring period is displayed in Table 2. Figures 9 to 15 plot the wave

• spectra as measured at various gage stations along the control line for

each case reported herein. The estimated wave and swell approaching angles

and the wind directions are shown in Fig. 16. The wind direction is defined

in terms of the dominant direction over an 8—hour period prior  and up to the

measuring time. The directional varia t ions over this period are also included in

• Fig. 16. Of the seven cases, 1,6 and 7 are mainly wind waves as clearly revesled

by the shape of the spectra; the wave approaching angles all coincide with

• the wind direction. Cases 3 and 5 are dominated by swell; the wind direction

and wave angle bears no relation. Finally, cases 2 and 4 reoresent mixed

swell and sea condition such that the wave angles are also mixed. In Case 2 ,

• for instance, the direction, of swell and sea are almost perpendicular to

each other.

The of fshore shoal apparently plays an important role in the wave energy

transformation mainly because the water depth is only 2.5 a at the crest of

the shoal (see Fig. S ) but the tidal range is of the order of ± 1 a. Thus ,

~~~~~~~~~— -•~~ ••-• - •~~~~• • • • . • _  _ _ _
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during low tide, it acts like a submerged breakwater. As the waves break over

the shoal, a significant portion of wave energy is being dissipated . Wave com-

ponents in the energy—containing range take the heaviest toll while the long wave

components are less affected. The high frequency components remain largely

intact and may actually show some gain , probably through re~ laiming par t ia l ly

the energy lost by the main wave components. There is no indication tha t  waves

will reform a f t e r  breaking. The dominant wave components will not recover the i r

en :rgy and their  form.  The appearance of the waves as well as the energy

distribution among various frequencies are quite dissimilar on the two sides of

the shoal. For nonbreaking situations, the shoal tends to attenuate the peaks

of the spectra for onshore wind conditions. When the wind is offshore, on the

other hand , the peak is significantly amplified (Case 5) due to the existance

of the shoal. This is probably due to the combined effects of opposing current

and the fact that energy generated by winds inshore of the shoal is being

entrapped. This case will be further analyzed later.

In general , the energy spectra will peak f u r t h e r  when approaching the

shore before f inal ly breaking. The total energy , however, tends to diminish

somewhat in comparison with the offshore  waves. Other measurements under

storm conditions (Bilsching. 1975 ) in the same area revealed similar results.

For the wind wave conditions, the JONSWAP spectra (Hasselmann, et ml .,

1973) which assume the following form quite adequately describe the offshore

wave conditions:

—

8(f) — ag 2 (2s) ’4 f~~
5 exp(— -~~ (L) —4 ) ~exp 

2ci
2 ~~2 (28)

o — 0.007 for f < fa — a
0~~

°b — 0.009 for f < 

~m

_ _ __ _ _ _  - - -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Containing five f ree parameters f5, a , y,  o~ and

Here 
~m represents the frequency at the maximum of the spectrum and the parameter

a corresponds to the usual Phillips constant. The remaining three parameters

define the shape of the spectrum : y is the ratio of the maximum spectral

energy to the maximum of the corresponding Pierson—Moskowitz (1964) spectrum

— ag2 (2VI) 4 f 5 
exp (— 

~ F~~

4 (29)

with the same values of a and 
~~ 

0a and °b 
define the left and right side

widths, respectively, of the spectral peak.

Although the JONSWAP spectra ha~ 5 free parameters, among them, the peak

enhancement factor y is the only critical one that makes it d i f f e r  from the P—M

spectrum. Figures 17 to 20 offer some comparison among the data, the

JONSWAP spectra and the P—N spectra .

7. Numerical Results and Comparison

One of the main purposes of this study is to compare the field results with

the predictions based on the numerical technique developed. Before the

computer program is applied to the actual field condition , a number of simple

cases were computed to illustrate the general influence of bottom topography

on spectrum transformation. First of all, a case against rhythmic hydrograph

and shoreline (Fig. 21 ) is illustrated in Fig. 22 • The results clearly

indicate, as expected , that the energy converges to the convex section of the

shoreline (Point A) and diverges from the concave section of the beach. A

case is then shown wi th  a two—dimensional hydrograph that consists of a

section of negative slope, i.e., the equivalent to an offshore bar. The result-

ing spectrum transformation is shown in Fig. 23. For this case, the energy 

-~~~~~~~ •- - - - --- -.~~~~~- -
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spect rum f i r s t  peaks up on the positive slope before reaching the bar; the

peak then diminishes in magnitude due to the effect of the negative slope before

• it increases again when the waves proceed towards the shore. Finally, (beyond

the breaking point) the wave breaks and the spectrum diminishes both in inten-

sity and in total energy.

Computations for the actual field condition were carried out for two

different  categories. In the first category, wave spectra as measured at S2

(225M f rom the baseline) were used as inputs to compute their transformations

into nearshore zone close to the bench (S3 to S5). The bottom hydrograph used

in this set of computations was based upon soundings taken during the period

of field measurement. The input bottom—d epth chart  is shown in Fig. 24 . Here

the grid sizes are Ax Sm and Ay — 20m; the corresponding grid points are 36

and 11, respectively. Since the input wave spectrum was available at only one

grid point where the spectrum was actually measured, -the input along the rest

of the offshore boundary n..ed to be estimated. This was accomplished by first

carrying the known spectrum as measured back to the deepwater condition. This

deepwater condition is then assumed to be homogeneous over a horizontal dimen-

sion large enough to cover the width of the offshore boundary and thus allows

to be used as the input to compute the boundary condition at the other grid

points. This scheme, of course, allows only one exact match at the boundary

point where the spectr um was actually measured.

Results of three representative wave—swell conditions are presented here;

they are swell dominated condition (Case 3), swell—wave combined condition

(Case 4), and wind—wave dominated condition (Case 6). Comparisons between the

measured and computed spectra are suomarized in Figs. 25 to 27, respectively,

representing Cases 3, 4 and 6. In general, the prediction appears quite reason-

able for wave components in the energy—containing range and low frequency range ; 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~• - -
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to the high frequency range, the prediction becomes less desirable. Based on

this observation, the wave components in the energy—containing range apparently

are the meet stable ones &nd are affected mainly by shoaling and refraction

in their transformation prior to breaking. The slight over prediction at the

spectral peak is most likely due to the fact that the nearshore wave data is

actually pressure rather than surface variations and that no correction has

been made to compensate this attenuation. For Case 3, the prediction was

actually car r ied into the surf zone. The predicted spectrum after breaking

appears quit e reasonable (Fig. 2S) both in order of magnitud e and in shape.

This limited result seems to support the breaking criterion expressed in Eq. (21).

A number of factors could contribute to the irregularity in the high

frequency range. 0~e possible source of error is that, in this range, the

variations in spectral density as well as directions of propagation could be

considerable and that results from one point measurement might be insufficient

to provide a reasonable estimation of the input along the complete outer

boundary. Also, the local generation and dissipation, which are most likely

to affect wave components in this range, are not included in the model. There

are at least some indications that such mechanisms might provide partial

explanation on the discrepancy between measurement and prediction. In Case 6

(Fig. 27) wind is in the same direction as wave propagation, consequently, local

geOeration tends to over—compensate dissipation , thus, resulting in a predicted

value smaller than measured. On the other hand , in Case 4 (Fig. 26) when the

wind direction was at a large angle with the wave direction, the prediction

becomes larger than measured. it is possible that in this case, the locally

generated wave was running against the predominant swell and thus resulted in -:

considerable dissipation at high frequency range. A further examination on

the energy dissipation criterion is presented in the subsequent section. 

~~~~~~~~~~~ .— •- 
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Numerical computations were also made for another category using

measured data at Sl (94014 from the baseline) as input to calculate the

corresponding spectra at S2 to examine the wave t r a n s f o r m a t i o n  over the bar

that lies between Si and S2 as shown in Fig. 5. A much coarser grid system

was used with x — 25 m and y — 75 m; the corresponding grid points are 19

and 11, respect ively .  Since no soundings  were performed for such a large

area (during the measuring period) the hydrograph is based upon the bottom

depth  char t  of 1972 , as supplied by the Leichtweiss—Institut fur Wasserbau ,

Braunschweig, Germany. Results are presented in Figs. 28 and 29. Figure 28

represents a case where waves approaching from N—W quadrant whereas the case

shown in Fig. 29 is for waves coming from S—W direction. For these condi-

tions, the prediction fares far better in the former case than the latter.

A closer examination of the computer revealed that the spatial variations

of wave spectrum are qui te  pronounced f rom grid to grid in both  longshore

and onshore—offshore directions for cases where waves come from the S—W

whereas the contrary is true for waves from the N—H. This, at least partially

explains why the prediction fares poorly for S—H waves. As a further

illustration , the predicted spectral density function one grid distance

from the actual location was also plotted in Fig. 29 for the S—H waves.

The spatial sensitivity is apparent and is believed to be the main

contributing factor to the poor correlation in this case. The fact that

the predicted values are generally considerably higher than the measured for

S—H waves seems to suggest that the offshore bar is a stronger wave reflector

for waves approaching from this quadrant than that of the N—H quadrant.

~
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8. Equilibrium Range in Water of Finite Depth

It is co~~~nly accepted that gravity waves have a limiting energy capacity.

When energy is added to a wave of constant wave number, the wave height will

keep increasing until the limiting capacity is reached. Beyond this point , the

wave will break. In monochromatic waves, this limiting condition is often transla—

kinematic terms such as the limiting wave steepness , the limiting height to

water depth ratio, or the more fundamental quantities of limiting water particle

acceleration and crest angle. In the case of wind generated waves , the concept

of equilibrium range is widely acclaimed. In deepwater, it has been shown

th rough dimensional reasoning ( Phillips, 1958 ) that in equilibrium

range where energy has reached saturation, the spectral density function takes

the following form:

•d (n) — BE 2 n~
5 (30)

where B,soaetiaes known as Philips constant , is determined from field data as

ranging from 0.8 x l0 2 to 2.0 x io 2 with an average about 1,17 x lO_2.

In the computation of wave energy spectral transformation, one desires to

extend this equilibrium range into water of finite depth. This equilibrium

critiera provides a physical limitation beyond which energy cannot be

retained. The breaking criteria used in the present model (Eq. (21)] is based

on an empirical relation expressed in terms of wave height, or equivalently the

total wave energy. No information can be derived from this criterion as to the

energy saturation limit in the wave frequency or wave number domain. This

problem of energy saturation in water of finite depth is further examined here.

It has been pointed out by Philips (1966) that in the context of wave number

spect ra , the equilibrium criterion expressed in Eq. (30) is consistant with the

occurrence of sharp crests ~~ong the waves. The limit sharp crest wave occurs

_ _ _ _ _ _ _ _
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when the local fluid acceleration at the surface exceeds a certain fraction of

the gravitational acceleration, g. If we extend this physical reasoning to =
regions of shallow water by assuming that a certain wave component of wave number

It will become saturated when the maximum vertical fluid acceleration at the sur-

face reaches a critical value say, ag with o a constant of proportionality, the

saturation criterion of this wave number componen t can then be expressed as

_.! — A ( k ) It0 tanh k0d — a (31)

based upon linear wave. Here av is the vertical particle acceleration and

Ac (ko) is the limiting wave amplitude associated with the wave number, It0.

Since A is related to the wave energy, we further assume that

A0
2 (k0 ) ~ 1k~, 

g5(k) dk — .~2 g~ (k) dk (32)

where g5(k) is the equilibrium one—dimensional wave spectrum integrated over

the angle of spr eading and y is a constant of proportionality.  The above

assumption has the physical meaning that the contribution to wave steepness

of a certain wave number component is mainly due to waves of higher wave numbers.

The validity of this assumption may be illustrated in a much simplified situa-

tion with, say, two wave components of dist inct wave numbers , k1 and k2, with,

say, It2 significantly larger than It1, superimposing upon each other. One then

expects that the e f f e c t  of the longer wave on the shorter wave is mainly an

app arent change of mean water level upon which the shorter wave rides.

Neglecting the interaction between these two wave components , the steepness

of the shorter wave can be considered to be unaffected by the longer one.

The reverse , however , can not be true as any local irregularity as a result

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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of the superimposed shorter wave contributes to the change of wave steepness

to the longer one. This argument when extended to irregular waves leads

to the condition expressed in Eq. (32).

Now substituting Eq. (32) into Eq. (31) , reveals tha t EaOt) should

assume the following form

‘It) — 2 CI~ 2 ltd aech 2kd + tanh kd (33)y (k tanh kd)3

This is the functional relationship of the spectral density in the equilibrium

range It > It , in water of finite depth.  Since 2(~)
2 is a constant, a normalized

function Qa(k) can be defined such that

G (k) — ~~~~ — kd sech 2kd + tanh kd (34)
2(a) It tanh 3 kd

The function Sa(k) or Ga(k) is the counterpart of Eq. (30) for water of f i nite

depth. The value of k3Ba (k) approaches a constant when d — as it should

(see Phillips, 1966) . For water of finite depth, however, k3g5(k) is a mono—

tonically decreasing function of increasing ltd. This relationship in terms

of k3Ga(k) vs. ltd is shown in Fig. 30. The variation of Ga(k) with ltd is

also computed and is shown in Fig. 31.

The constant in Eq. (33) can be estimated based upon the fact that when

d -. the functional relationship expressed in Eq. (33) should approach Eq. (30),

i.e.,

lim g (k)dk — 
~d
(n)dn I (35)

d -’- )k0 a )
~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ -~~ - - -~~~~
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where no — is the dIspersion relationship in deepvater. The value of

2(_~
2 is thus found to be approximately equal to 8.4 x lO ’2.

The equilibrium funclion in frequency domain can be readily shown as

— 
~~ Ra(1~ (36)

S k f 1(n)

where Cg is the group velocity and k — f
1(n) is the wave dispersion relation-

ship in shallow water . Since, in general, k is a function of both water

depth and current , the equilibrium function , a~°~ 
or ga (k) should also vary

with these parameters. By virtue of Eq. (10) which is con~~nly accepted

dispersion relationship, the variation of 45(n) or g~(k) with respect to both

u and d can be easily established. Figures 32 and 33 plot the as a

function u keep ing d constant .  Figures 34 and 35, on the other hand , shows

the variation of ~5(n) with respect to d for a constant u. It can be seen

that both u and d (for u # 0), in particular , u, affect sienificantly the

equilibrium funct ion.  A counter current , for instance , will surpass a signif I—

cant portion of energy in the high frequency end and there is a cut off

frequency beyond which the energy is zero. For the case of a null current ,

+5(n) can be shown to be invariant with respect to water depth; g5(n), however,

is not.

While the a~
°’ as derived seems to explain reasonably well the behavior

of high frequency components in shoaling water , it also indicates that for small

kd (long wave components in shallow water), waves can hardly reach saturation

and thus no breaking will occur in this range. The latter result indeed is

puzzling and contradicts to observation. This problem arises from the basic 

- - - - - - - 
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assumption in that the breaking criterion is based upon vertical scceleration.

As waves enter into shallow region , the obitor water partic le motion

becomes elliptic. Thus, the fluid becomes more and more difficult to attain

the critical vertical acceleration to reach incipient breaking. While the

critical vertical acceleration might still remain as a suff ic ient  condition ,

it no longer is necessary and the wave might break when other modes of

motion exceed certain critical value. For wave components of small wave

numbers in shallow water the fluid motion in the horizontal direction, both

velocit y and acceleration , becomes significantly larger than the vertical

one. Therefore , waves may break when the horizontal fluid motion exceeds

certain value far  before the vertical acceleration reaches the breaking

criterion. The physical appearances of these two kinds of breaking might ,

also, be quite different;  the fluid separates from the wave in the

horizontal direction in one case and in the vertical direction in the

other. They both, however , can serve as effective means of restraining

the wave growth.

A co~~~n1y invoked criterion in the horizontal direction is that the

horizontal fluid velocity at the surface exceeds a certain fraction of wave

celerity. Again utilizing linear wave theory, this criterion can be

expressed as

- 
A~(k0)g It0 - ~ 

(37)up 0 1

where u~, is the horizontal componen t of water particle velocity, 
~l is a

constant and c is the wave celerity. For a monochromatic wave train, one

may argue from physical intuition that a wave will break when the horizontal

- --- ~~
- --
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fluid motion exceeds the wave celeri ty,  or equivalently, 01 should be equal

to unity. Field observation and experimental evidences seem to indicate

that should be around 0.5.

The widely used Miche ’s (1944) limiting steepness wave in shallow

water , for  inst ance , can be shown as equivalent to Eq. (37) with a value

of 0.45. The modified Niche ’s ct i ter ion as used in this work 5Eq . 21)

will y ield a value of — 0.38. It is also interest ing to observ e here that

the criterion expressed in the above equation when applied to deepwater

becomes equivalent to the acceleration criterion of Eq. (33), provided

a — Longuet—Higgins (1976) recent ly  showed that the wave will break

when Av a t t a ins  0.397 g, in other  words , a — 0.397 which is indeed compat ib le

with the range of values of indicated here.

If the same procedures used to arrive at the acceleration—limited

equilibrium function are followed , the velocity—limited counterpart can be

obtained. It assumes the following form:

g~ (k) — (_1)
2 tanh ltd (tanh kd

3— 
ltd sech2kd) (38)

When matched with the deepwater equilibrium condition , the coefficient (—1)
2

is found to be equal to 9. 4 x lO
_2

.

Like C (k), a normalized function C (It) can be defined such tksat
a u

G
~
(k) — — — i  (39)

(-
~ )

-- -- --
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Similar to the acceleration—limited equilibrium function , the value of k3g (k)

or k3C
~

(k) , is a function of ltd only. This relationship is plotted in the

same graph with It3 C5(It) in Fig. 30 to offer comparison. In contrast to

It3G
~

(k) , the function k3C (k) is a monotonically increasing function with

increasing kd and approaches asymptotically to the constant value as k3Ga (k)

when ltd *

Field data seemed to support the trend as depicted by the curve k3C (k).

Pierson’s data from the stereo—wave observation project (1962) is plotted in

the same figure to indicate this trend . En plotting these data, an arbitrary

water depth d — 10 m was assumed. Thus, the comparison is only qualitative .

The variations of Gu(k) with ltd is shown in Fig. 31 to offer a comparison with

G5(k). Unlike Ga(k)~ G (k) assumes a bell—shape and has a maximum at kd 0.072.

This, at least , offers a possible explanation as to why most of the energy

spectra obtained in the field are bell—shaped and have a selected range of wave

number or frequency that  has a larger energy—containing capacity.

The corresponding equilibrium function in frequency domain based upon

velocity criterion , 
~~~~~ 

can be computed in a similar fashion as 
~a
(n). Unlike

a~°~’ u~°~ 
is not an invariant with d when u - 0. Examples of •u(n) as

function of u with d — constant are plotted in Figs. 32 and 33 with the

corresponding 
~a
(n) curves. The variation of • (n) with d keeping u

constant is shown in Figs. 34 and 35 where $(n) curves are plotted with the

same condition. From these figures, it can be seen that and a(T~
)

intersect at a certain frequency n . For wave components of n > n , the

equilibrium is maintained by acceleration criterion. When fluid acceleration

exceeds this criterion, breaking occurs with the appearance of spilling 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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over. For wave components of is < n , the equilibrium is governed by the

horizontal fluid velocity. When fluid velocity exceeds this limit ,

br eaking also occur s with the appearance of cur ling over , or coi~~~nly known

as plunging. This composite picture is illugtrated in Pig. 36.

coo

— 005

S.
S o c / / C s

005 1 . 1 5 5

Fig. 36: Composite equilibrium curve of breaking criteria

A nuaber of comparisons between field data and the composite equilibrium

cu rves are shown in Figs. 37 to 38 . The cases selected here are either fully -

breaking or partially breaking waves. The curren t used in these cases are not

actually measured values but arbitrary assigned to yield better comparisons.

The range of these values are , however , not unreasonable under the actual

conditions.

8. Wave Climate at the Teat Site

Based on field observation, aided by the computer prediction, some

assessment can be made on the wave climate at the test site. Since the field

measurement was conducted for a relatively short period with the highest

measured significant wave height up to only 1.5 14 neither statistical infor— 

- - -- - —~~~ 
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mation can be derived nor the results can be extrapolated with any confidence

to waves of much larger amplitude. In addition , the measurement was obtained

on a single line and the prediction covered a section approximately 400 m from

each side of the control line; the observations made herewith should also be

viewed within this context.

The shoreline at the teat section forms an angle of approximately 17’ from

the north as shown In Fig. 7. The offshore bar serves as an effective wave

breaker during low tide. The breaker role apparently is insignificant during

high tide for waves of comaon occurrance, However, even at high tide , the

bar seems to act as a wave reflector and offers partial protection when waves

are approaching from S—W quadrant. Waves from N—W quadrant tore manifestly less
affected by the presence of the bar. If no breaking occurs at the bar , waves

from the N—li quadrant are , in general, amplified when approaching shoreline;

the wave amplification as well as the incident angle appears to be rather uniform

along the test section; the energy density function peaks up in the vicinity

of dominant frequency components. This situation is illustrated in Table 3 for

the wave component , n — 0.15. For waves approaching from S—W quadrant , the

situation is quite different. The variations of both wave angle and wave height

are pronounced from grid to grid in both longshore and offshore directions . The

energy density function , although peaks up in general when close to shoreline

may actually diminish at certain localities. This situation is illustrated in

Table 4 for the wave component n 0.15. Fig. 39 compores the spatial variations

of near—breaking wave angles for the case when waves approach f rom N—W q u a d r a n t

to that from S—W quadrant. It is quite apparent that in the fo rmer  case , the

breaking angles are rather  orderly oriented whereas in the latter case, the

breaking angles are more erratic. Since wave—induced currents , such as

— .~~~---- --~~~~~~ ~
_ — —
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1.190 1.211 1.284 1.285 1.316 I .354 1.250 1.245 1.268 1 .Z~ 3 1 .2 ’ S
1.215 1.216 1.25? 1.266 1.291 1.3’5 1.5 9  1.2~ S 1.~~5 1 1.2 9 l .~1.200 1.220 1.259 1.246 1.278 1.301 1.�52 1.221 1.241 1.216 1 .215
1.228 1.233 1.23(2 1.225 1.229 1.246 1.233 1.281 1.2-I s 1.232 1.39 /
1.200 1.202 1.176 1.176 1 .201 1 .21” 1.18? 1.182 1.2 --1 1 .2’9 1 ,s
1.171 1.171 1.167 1.163 1 ,17 5 1.165 1.156 1.163 1.176 1 . 1 o 2  1 .’?9
1.159 1.158 1.155 1.165 1.147 1.156 1.16’) 1 .139 1.156 1.15? 1 .‘~~~:
1.147 1.15(1 1.11,4 1. 140 1.150 1.147 1.138 1.1~~4 1.16~ 1 .1~~7 I , 1~.1.141 1.139 1.160 1.137 1.144 1.141 1.154 1 .134 1.1 S 1 .1 ~7 1 .1 ’ -
1.136 1.137 1.137 1.135 1.137 1.135 1.136 1.134 1.1’4 1 .1:6 1.;
1.136 1.135 1.134 1.133 1.133 1.134 1.133 1.1’? 1.113 1.17 ’ 1.l t
1.133 1.132 1.133 1.133 1.133 1.133 1.152 1.131 1.17? 1.132 1.1
1.132 1.132 1.133 1.132 1.132 1.111 1.131 1.131 1.13 1 1.13 1 1 .1- i

98*858088 SP (C TRAL D E N S i T Y  AT HZ’ ( .15/
0.000 0.000 0.030 0~ 4 --F 0./.? r?U 0 .01’? 0.~(’0 C ~C / 3 3 .~ ‘1 0.300 0 ,v
0,000 0.000 0.000 5 .’. 1’ t .~ ,’ SJ 0.13910 (‘ . )~~‘ 1.1” ~ . - -
1.507 1.615 1.657 1.712 1.688 1.769 1.6’? 1.7 2 ?  1.7’.9 1 .5’S t~ )~.7
1.161 1.1/38 1.171 1.246 1.317 1.402 1.210 1 .168 1.39-3 1,47: 1 .. -
1.138 1.077 1.206 1.234 1.217 1.299 1 .7r- 3 1,175 1.445 1 .3 / 2  1 .
1.124 1.129 1.294 1.298 1.232 1.~~ ’6 5. 5 15 1.231 1.5~~7 1.~’ 1 . 9’.
1.106 1.145 1.297 1.29(1 1.353 1.390 1.Z41 1.211 1.2~9, 1.195 3 .15,
1.153 1.15~ - 1.254 1.253 1.3~3 1.414 1•35f( 1.197 1.2~~° 1.161 1 .1~1.124 1.162 1.258 1.212 1.215 1.327 1.225 1.1~ 5 1.2 2 1 .155 i.~~:1.178 1.187 1 ,191 1.173 1 .171 1.216 1.19? 1.2 ’S 1.312 1 .5 ~~ 1.
1.124 1.129 1.118 1.180 1.127 1,144 1.111 i . c . c i  1 . 1 2 6  1 .19?  1 . 1 ( .’
1.072 5.171 1.053 1,15? 1.471 1.565 1. 4 3  1.5 / 1 7  1.U ~~1 1, 0 5  1 , .~
1.050 1.048 5.043 1.124 1.r27 1.u43 1.16 1.i’4 1. 0 6 3  1 .3 ’ S  1.~~’’
1.028 1.033 1.023 1.016 1.033 1.721 1.~~2 1.- 5 1. 71 1 . ‘ F  1. -

1.016 1.014 1 .U16 1.110 1.,23 1.018 1. 115 1.”’’ . 1.~ 6 1. 3 13 1.  3 (
1.00 9 - I ,r.lo 1.1111 1 , I r  7 1 ./‘ll 1,086 1 ./~I~ 5 1 .5 / 6  1.” ‘4 1 .J-1- - 

.-‘ -

1.008 1.006 1 .0115 1.’ /4 1.0(2 1 ,0? c  1. ‘04 1.-’- 1 1 , ’ - 3 1. 3- 1. 1 ,
1.003 1,002 1 .s 3  1.00 2 1,002 1,0/03 1.’ ‘1 1. 1.’ - 1 .5- 2 ‘ .
1.001 1.001 1.037 1.1 1 1.3(10 1.000 0.999 0.999 ‘,900 (1.907 1.

Table 3i Wave Londitions for Waves fron S—W Quadrant (n.0.15)

,‘‘- ~~ 7 ’ - ~ r r -~~~” 
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lACE R PPR OA CNI N G A NGLE Z N  886961,
o.o~’o e.uoo 0.1300 0,11-0 ~1,SrQ r .r - . (2 .- - :  c .~- -3 0,0- 0 1 ,-!fl u.~ --
0.0r10 0.000 0.01-0 ~2.6L8 0.1’ : —2.~~ S — 2 . -S  —2.857 —2 .9 7 3.01-) 3.- i- - -

—9.721 —9.721 —13,411 —13,30? —1 (’.451 — 16,624 —12 ,a95 —7 .4’? —4 .?S t,  — 9 . 7 2 1  — 9 .?~~-
—14. 28$ —14 .288 —4 .4 12  — 1 6 . 2 7 5  — 7 ,979 —19 .59 1 16, 5 ? 9  — 11 ,997 — 9 .674 —17 .3~~3 —8 .~— 14.9(30 —I4.90o —4.34s —1 5, sb - —1~’. 1?’- —1 9 .576 —17 .713 — 10 ,876 — 7 . 8 2 7  — 1 8 . 5 3 5  — 9 .3 7
—1 3 .478 — 13. 478 —5 .046 —1 3 . 7 — 9 .’l- .- —1? P 914 —1 ? . - ‘ 5  — 11.6 — 1 - .674 — 17 . 9 6 9  — 1 2  ,I ’ 3
— 13.798 —13.798 — 1.375 —1?. , .93 ‘7 .109 — 15 .234 —16. 2 7?  —13 ,829 ‘11,874 —18 , 965 —11 .‘4 ’
—14.596 —~4.596 —9 .882 .12.666 —8 .38’. — 13.3~ i —1 2.736  — 16 .4 5 -1 — 1 2 . 1 9 5  — 15 .175 — 1 2 .  ‘- 1
—14.141 —14.141 —11.839 ‘13,294 —9 .231 —14 .49~ —1 3,658 —1 2,642 — 12.246 —17.1’S — 1 2 . 6 9 ’
—14,043 —14,043 —13. OSb — 3 .72 1 — i i  .~~~5 — 1 5 . i ’. — 1 3 . 7 1/ -  — 9 .2 62 —5 - .235 —14 ,594 —1 1.6?- -
— 14.418 — 14.4 88 —14 ,778 — 1 5 ~~~~~ — 1 1. 576 — 16 .031 — 1 5  .198 —12 .69’? — 11.365 —13.5-6 —32 .49-
— 15.237 —1 5 .237 —1 3 ,574 — 9 5 .618 — 13 .2 ’ - - — 1 7 . 021 —16.518 — 13,761 —12 ,973 —16,244 —14 .i~—1 5.511 —15.511 —15.882 —16.692 —14,44 5 —15.3 ’ - - — 17.381 —1 5 ,655 —13.967 —16 ,177 ~15.11~—15.693 — 15.693 — 1 6 . 2 9 5  — i 6 ,753 — 1 4 . 3 2 - ’  — 1 7 .13.? — 1 7 . 131 — 1 6 .5 2 6  — 1 S . 3~~7 — 1 5 . 3 7 8  — 16 .675
—16.429 —16.429 —16 ,147 —17.00 ? —15 .241 —16.79 7 —17,270 —16.679 —16 .421 —16.416 —17 ,13”
—16.539 —16.539 —16.369 —16.979 —16 .�n~ —15 .03?  —16.993 —1 6.8- 7 —15 .576 —16 .443 —17 ,995
16.8 4 — 16.824 —15.679 16 .%76 ‘16.897 16,6~6 —17.028 ~-17 .1151 — 15,7)3 ‘16.765 —16.77-~—1 6 .99 5  —16 .995 ‘16.79? — 1 7 . - - S  — 1 6 . 8°8 — 1 6 , 9 g ‘17.- 53 —17.1 ? ‘17.- .2 —16. 809 —1S.’’

— 10, 974 — 16.974  — 16 .911 — 1 6.974 — 1 7 . 0 2 6  ‘77, 539 7 — 17 . 158  —17 .158 —17 . 158  — 17. 158  — 1 7 , ’97

W A CO (‘EIGHT M A T O 1 X
Ii .’’- C t,,(M0 5 , / I  - -  11 ,1 I - .I - ’ U  0.~~~

, - 0.1930 0.01-3 0.0/30 0.3/ 2 1.1’-
0,O’lO 0, 3 . 7 9 , - - - _ , , 7 -  0 ,- - - IJ, -- -1 C .t-3 -,.r --0 0,3 -3 0,0 1-
1.619 1.o6/ 1,715 1.s- 9 1.72, 1.9/4 1,236 1 .693 1 .873 1.670 1,41-
1.463 1.S0o 1.479 1.647 1 .635 1 ,814 1.199 1 ,451 1,712 1 .573 1 .54:
1 ,452 1.392 1.468 1.61.8 1,5~4 1.727 1 .253 1 .1.o6 1.699 1.56? 1.5’-
5,445 1.433 7.5 5 1.47- 1 .542 1.695 1.325 1,495 1.67’ - 1,554 1 ,597
1.4~ 6 1.449 1 .5 e 1 ,~o9 1.553 1 .?‘-3 1. 388 1.490 1 ,5 °2  1.5 0 1,47 ’
1 .459 1 .o6S 1 .5 2 1.41 1 ,568 1.61’- 1 .4~ 2 1.493 1.5~~2 1 .5- 2 1 .4 9~i
1.445 1.~ ?4 1 .536 1.451 t.5’2 1.619 1.421 1.452 1.53? 5,4a7 1.4~~11.471 1.488 1 ,434 1.462 1.460 1.354 1.421 1.493 1.5’? 1.579 1.5 -

1.445 1.4116 1.4 59 1. 6 ‘ 5 1 .447 1.538 1.’. 1 1.462  1 .4’1 1. 5 5 1. 4 4 7
1 ,4~ 9 1. 4 2 2  1,42 5  1 .4 1 .4 1 5  1.4~~5 1 . 3 7 k  1.353 1 .424 1.452 1.a~ ’1.4 8 1.4- 39 1. 416 1 .~ 91 1.39 1.434 1. 39- 8 1.375 1.309 1.41 ?  1.4 ’S
1.39? 1.4~ ’. 1.4- -? 1.1~~1 1.3- ~3 1. 417 1.?~~2 1.3’’’ 1 . 3’?  1. 6 6 -1. ’
1.302 1 . 89 1 .39 5 1 ,3”l 1,378 1,4 55 1 .3~ 1 1 .384 1 . 3  4 1.3-33 1.37’
1, 2 - 9  1.339 1 .391 1. ’~1 1. 576 1.392 1.’~ 

— 1 .3~5 1.3 5 1.1’S 1 ,9
1. 31-8 1, 38? 1. 397 1.:’ 9 1.385 1.385 1 ,599 1.386 1.385 1 ,3 6  1.3’
1. ’66 1.3 86 1. 3’S 1. ‘ /  1 .396  1. 397 1 ,377  1.385 1.3- 5 1.3 9 1.3’’
1. 386 1, 386 1.356 1 ,39o 1.~~86 1. 39 5 1.’SS 1.385 1.3s5 1.5 -5 1.?’:

(‘(*85140 8 8  S P 6 C T I S A L  S 2 N S I T Y  AT l /Z’  ,‘S
u.~~-0 4. , ’ ,~ u.u uo 0.000 0 .3 (0  0.000 12 . 1 -li (- ,/ 3. 0 1 0 . 0 ( 5  - 3 .
1~., 6- (.~ C1 .1 - 5- ‘.1 -I- / 3 . 1 , 1 -  I/ ,o / (2 7 .2 ) 3  0. 0 3  C ,4 - I .1- S -  1 .- - -
1.365 1.447 1 ,551 1 ,549 1 .603 2.1.31 7.723 1 .4°2 1 .8~ o 1.4.2 1 ,0’, 7
1.215 1.000 1.1~” 1.-°2 5.341 .714 - .748 1.1 5 1.576 i.~.o 1 ..; ? . ~1.20 8 1. -s~s~ 1.123 1 , 492 1.2 4 1  1.554 7,917 1.12 1,5 3 1 .278 1 .359
1.~88 1,s,o? 1,179 1.115 ~~~~ l,s99- 0,915 1.165 1,419 1,? 1.27 -
1.074 1.093 1 .152 1. 124 5.3’ S .512  1. 1-1 14 1.1 c? 1.319 1.1 6 1 .137
1.1 0 1.117 1.175 1 .11 ’ 1.246 ,4 7 / I  1. 1 9 1,115 1 .215 1.1~ 4 1 .~ ,-
1.098 1.132 1.182 1 .-~~7 1.22? .365 1.-Il 1 .59 1 .2 6 1.1 57 1 .1,
1. 128 1.15.~ 1.153 1. - ’  1 .142 1.25~ 1 , 33 1.1,1 1 .296 1.2 7 1 .1’ -
1.098 1.1~4 I .1~-6 1.423 1.4-91 1 .I~ 5 1.’ 52 1.7 - — 1 .o’S 1.1 0 1.1- 1
• 948 1 .‘53 1.052 1 . 1 3 - 3  1 ,‘43 1, 1’- 1 .’ ’ -’ . 1 ,’ 7 1 .( -8 1 , 7 I

1.132 1. 34 1.- - 6 ~ 1 , - a 1.006 1 ,07 1 1. - - ?  (1,985 1 ,1-1 1  1 , 6  1 ,
1. 17 1. 21 1.-’?’. 1. - 9’ 1. 1~ 1. - 45  1 , 17 [- .992 1.1-- 3 1.-’ - - 1.
1.0(19 1.005 l.u14 1. i 7 1. ‘13 3, 153/ 1. :o 1 ,997  .8-? 1.3 : 1  1, ’ ’
1. 5 - 4  1.’ - ’ - . 1,057 1.1( 7 1. ’0 1.1”-9 1. - 7  1.’’ .6~~ 1. 3- - 1.
1 . 4  1. 02 1.’ - -2 1.- - 4 ‘ ~~~~~~ 1.191/ 6 1.- - - 5 1.’ - - 6 - • 9 ’3  1. 1’  1 1. - ‘
1 .- - 1  1. -o. 1 . 1  1.~~ 2 1. -- 1  1, - i 1. -.? 1 .0 - .) j ,9 1 .  1,~~~

, I .
1. mnO 1. 10’) 1. - I  1. -~~, 1. 7 1 3  1. 1 5 .  4,999 ,9’9 1 , 9 4 7  .3~~9 1. 1

Table 4, Way . Condition , for Ways. fro. 11—V Quadrant (n~O.I5) 
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Fi g. 39: Comparison of spatial  var ia t ions  of near—breaking wave angles
approaching from N—W quadrant to that from S—W quadrant

the longshore drift is governed by wave angle and wave height , one expects

that along the test section waves from the N—V quadrant should be more

effective in creating an undis rupted longshors current than that from the

S—V quadrant.  The la t ter  of fe rs  a better chance to create circulation

cells.

As pointed out, already in previous sections, waves from the S—V are

more varied spatially and are more sensitive to the bottom changes. This

point is well illustrated in Fig. 29 where the predicted spectrum at 75 a

(the adjacent grid) south of station 2 is compared with that at Station 2;

the change is quite significant for two adjacent grids.

Although the offshore bar plays a protection role ~~st of the time,

it also could occasionally become an energy trapper to prevent wave energy

from escaping the inshore zone. This occurs mainly under the offshore

wind condition as shown in Fig. 13. Fortunately, this condition often
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is associated with moderate waves, thus, may not po.e a seriou. condi t ion

to shoEe erosion. However, the energy piling up on the shoreward side of

the bar might be just  suf f ic ien t  to maintain the permanence of the bar.

9. Conclusions

The field data obtained at the Island of Syir supports the val idity

of the numerical model on wave energy transformation in regions with as

complex a nearsho re hydrograph as the test site. With due consideration

on the complexity of the problem and the simplified assumptions made in

the modeling, the numerical predictions yield quite acceptable results

of energy—containing wave components and long—wave components. In these

ranges , the agreement between predicted results and field data it considered

good up and p rior to breaking. It suggests that the transformation of

waves components within these ranges is mainly influenced by shoaling

and refract ion , the two factors included in the modeling. The numerical

results are unsatisfying in high frequancy components where local effects

of energy dissipation, generation or transfer are deemed to be more

important .  All these e f f e c t s  are not being considered in the present

model.

Turbulent generation due to wave instability seems to be the dominant

mechanism of energy dissipation as opposed to bottom f r ic t ion  which seems

to play a very minor role except in the region of wave uprush. Based upon

co~~~ nly used wave instabil i ty criteria , the equilibrium ene rgy spectral

density function in shoaling water has been developed. This function

provides saturation condition on spectral density for  the complete frequency

(or wave—number) range and , thus , enables one to estimate the l imi t ing  

~~ - -~~~~~~~~~ -~~~~~~~~~~~~~ --‘  ~-~~~~~~~~~ - - - -
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spectra as functions of local water depth and current conditions.

Comparisons with field data are encouraging, in particular, for cases where

waves break over offshore obstacles such as the offshore bar in the

present study. An explanation has been offered  on the difference between

spilling and plunging breakers.

The limited field data alone does not provide suff ic ient  information

to perform wave climate assessment at the test location. However, when

coupled with numerical computations which extend the point information to

spa tial distribution certain general observations can be made. The offshore

bar pla yX the double roles as energy dissipator and trapper depending mainly

on the wind di rection ,tidal. stage and wave height.  For low tide , the role of -:

dissipation dominates. For high tide and nonbreaking wave , the  bar acts

like a partial reflector under onshore wind and an energy trapper under off-

shore wind. Waves fron the N—V quadrant are found to be less affected by

the bar and are more effective in generating unidirectional longshore drift

directing southward. Waves from the S—V quadrant appear to have greater spatial

variations both in wave angle and wave magnitude and are likely to promote nearshore

circulation cell. For wind wave conditions, the JONSWAP spectra are reasonable

deepwater inputs for the tested regio~i. All the above observations await further

field experiment for verification,

In conclusion , the numerical model has shown to be valid and provides a

sueful tool to yield spatial information on wave energy spectra in nearehore

zone. Further improvements could be made in the following directions:

1. Field da ta with simultaneous current information.

2. The effect of directional spreading.

3. The interaction among wave components

- - - 
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and in that order of importance. Analytical and experimental work should

- be continued in the area of developing limiting wave spectra in shallow

water.  This information should be useful in determining limiting design

- condition for engineering purposes.
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__________Zusamii~enfassur.g

~~~~~~~~~ und 3erechnur5ger . der Veränderung

von ~~1lenspektren vor der :rssel 3~ lt

Ia Ktistenvorfeli der neel S~’1t , ri. 90C 0. seewlIrts , wurden Wellen—

spektren gemessen. Die Ia l4ai 1976 für die Deuer von zwei Wocher
~etriebene Me~ kette s3mfa~ te aieben Stationen . lIe Ergebnisee der

Naturinessungen wurden nach der ~uswertur,g ~sIt elnea von den Ver-.

fassern f~ r h ence }rcjeac t vorhar entwickelten nuaerischen ~erech—

nungsansatz f~ s’ jie :nerg~euwwandlung ir. Flacheassergebieten ver—

glichen.

Die Werte jer nuaeri s.ches ~erechnung zelgten eine gute rberein—

stjmmur.. nit den Daten aus her iatur im Bereich her unteren und

mittleren Fresjuenzen; Ia Bereich hoher Frequenzen war die t1berein—

stinmung weniger gut.

Ausgehend von den bekannt’ n Stabilitätak~ iterien für Wellen wurde

eine leich~ ewlchtsfunktion dvr sj~ektralen Energiehic~ te für Berei—

che mit beachr~nkter Wassertiefe entwickelt , die für das gesamte

Spektrua gute t’bereir.stimmung hinsichtlich her üpektraldichte zeigt.

Die Vergleiche alt icc Naturaeseungen fallen ebenfalls gut aus , Os

bedarf jedoch weiterer sessungen für ein .~ ailgemeingultige Be—

stätigun.~.

Aus her Verbindu r,~ von Me3ergebnlssen und theoretischen Berechnun—

gen kons.tss r. Aussagen ~ber -ias •Jellenkljwa ~~~ lJntersuchurigsgebie.’

tee vor Sylt ~euacht werien . Es wurde gezeigt , daD has kustenparal—

lele Riff eir .e Doppelfunktion ale £nar~ ie unwandelnde und ~nergie
konzentrierende sorphologische Foraation hat. ~eiterhin kor,~.t~ ab—

geleitet werden , haD Wellen au~ hem ~d— ~uadranten den grüDten E m —

fluD auf die Znts te ~ von küs~ er.l~ir~ s3tröaungen und damit auf

den ~(tiatenl~ ngstransport haben.
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