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ABSTRACT

Based on the assunption that the wave energy associated with a narrow

frequency band stayed within the band upon refraction , a numerical model based

on finite difference method has been developed. This model , utilizing electronic

comouter , proves to be quite conveni€nt to determine shallow water wave spectra -

at designated spatial locations of irregular bottom contours provided the

deepwater wave spectrum 1: given. The model has been verified aga~~ist analytical

solution for case of two—di~~r~sional parallel bottom contours and compared in good

agreement with field measurement at location well beyond the surf zone.
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CHAPTER I iNTRODUCT iON

The needs for more realistic representation and accurate prediction of

sahilow water environment are increasing for both scientific and engineering

purposcs, in particular, due to the advent of anticipated continental shelf

development. It is also an accepted opinioa that wave spectrum which utilizes the

ensemble of random surface oscillations provides a more realistic , and perhaps more

accurate, representation of ocean waves than monochromatic wave train of regular

oscillation. In the past, consIderable efforts have been devoted In the development

of deep water wave spectrum to the extent that one has reasonable confidence on

its applicability to describe wind generated ocean waves. The goal of this work

is to develop a practical method of transforming this deepwater water wave spectra

Into shallow water of irregular bottom topography .

A number of investi gato r s  ( L o n gu e t — i i i g ~~j ns , 1956; C u l li n s , l~~7 C ;  e t c . )

have s tudied the  theor~~tj ca1 formulat ion  of the  t r n n s f o r :~ j t  ~un of w i n d  w~ ve

spectrum in shoalir ~g water  by considcr ii~g the  con3crv a t~~on of u n e r ~;v t~~ u u n

ad jacen t  wave rays much the  same way of the  ~~ vc’ re i r a c t i r n  in  ~ r et~, i t  ic s’ .~vc

t ra in . Based on Lon gue t— H i ggins ’ for ~iu n t i on , Kar lesson  ( 1~) h )  d e v( 1 p r u  a

method  to compu te  s cct r ~ n t~~;in ~~f o r r n i tj o n  over  p ar a11c~ br~ t u rn • ‘~~~ u r u  . Cu l  in s

(1972) e x t e n ded  the  work tn  the  i r n C ] U S i O U  of b o t t o m  f r  j u t  i ~d h ;~ve nt n t  I r~ cd

the a p p li c a t i o n  to the i I -r e C e 1 .~r b o t t e r n  t( po~ r ap n v . However , hi~ n u m ~r i c a 1  schei

t races  ~~ivc e n er ~;v a l o n g  wave r :u: s ~:hich makes t a e  co~ip uL a t i on a l p r o c e d u r e  q~’it c

1
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irnpr ~;c r i c a l in  d u t c r c L ~ n i n ~, sIaa1~~v.~’ ~ n L e r  u n v e  s p ect r t ;a  at d e s i c n :i t  e~1 l o cu t i on s

over an area of L c r c~~u ! nr  o f f s h o re  h o t t o r i  con f i g u ra t i o n . ?iore r e c e nt l y ,

K r a s i t kiv  (1974) has d e r i v e d  exp 1~~ci t  anal y t i ca l  sol t t i cn s  f o r  t h e  spectrum trans-

f o r m a t i o n  over t w u — d  n u n s i on a l  p a r a l l e l  b o t t o m  cc n t cou r s .

Ti:e p resen t  s tu d y p r e s e n t s  a numer i ca l  m e thod  n’1~ich  proves to be e f f e c t i v e

to t r a n s f o r m  doop ~:at er  waco s p e c t ru m  into  s ha l l o u  w~ ter  reg ions . It is based

ot~ the as sumpt ion  that t h e  wave energy assoc ia ted  v~ th a m ar r o w  f r e q u e n c y  hand

stays with in th : s ~nd u p u n  r u f r i c t i o n  ~Len ~cnves p ropaga te  f t o m  deep into

shallow w a t e r s .  A r e c en t ]v  do c h o p e d  wave r e f r a u t f o r i  p rogram (Noda , et a l . ,  197!,)

is m o d i f i~~d to  cu n o n t e  th e  s pa t i a l , m o d i f i c a t i o n  of the  in o i d en t  wave energy

w i t h i n  thc d u n  ~ ;nn t  c~ t r oq u e n cy .  The u h a l l o w  wa t : e r  wave spec t rum at  any s p e ci f i  ud

l o c at. ic: , Is t h en  s i a p l y  the  c o nt r i bu t i o n s  r e s u l t i n g  f rom energy a n so c i a t e d

~:~ th  d i f f e r n t  ~r u n i : c ~ucc  ha!1d.~ cC t he : e c ~~r um .

Example s of ~he sp e c t r um  d i s t r i b u t i o n  ~r•’cr p ar a l l e l  b o t t o m  contours , i r r e g u l a r

b o t t o m  b a t 1 vm~~t r y  and n i r : t h ~~~c t u p c p r ~.pi iv w or e  i l l u s t r a t e d .  Compar i sons  of the

p r o s e n t  r e su l t s  w i t h  . m a l  ic  s o l u t i o n  ob t a in e d  b y K r a s i t s k i v  and t he  f i e ld  obser-

v a t i o ns  wore  m a d e .

_ _ _  I ii •~~~~~~~~~~ii. ii•_ —
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CHAPTER II TRANSFORMATION OF ENERGY SPECTRUM

Let F(k,r,t) be the spectral  d e n s i ty  f u n c t i o n  de f ined  as energy per u n i t

area per U f l i t  wave number space , the  t o t a l  energy is tqual  Lo the summation of

the spectral  dens i ty  over the whole wave number space , i . e . ,

E = f F(k ,~~, e )dk  (1)
0

where k = magni tude of the wave number = 2r /L

L = wave length

r = posit ion vector

t time

For the case of steady s t a t e , the wave energy contained  wi th in  a small incrcnent

dk con be expressed as

I k~d k
= J F(~~,~~)d~

Through Taylor t s expansion and neg lec t ing  h igher  orders , we have

= F (k , r ) d k  (2)

It is known th a t  f o r  l inear wave systems , the fo l lowing d i spe rs ion  r e l a t i o n s hip

exists

gk Tanh kh (3)

where w = wave angu la r  fr e q u e n c y  2n , ’T

T = wave period

h local wat er  d c p t h

gravi tatiouni acce! ration

3
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Differentiating the above equation results in

d w = C g dk (4)

where C g = wave group velocity = nc

n (1 + 2kh/ sinh 2 k h )/ 2

c = wave phase velocity = L/T

Utilizing the above relation, the wave number spectral density function F(k,~~)

can be transformed into polar frequency d i rec t ion  space as

F(k ,r) ~(u, m , r) (5)

where ~ the frequency directional wave spectral density function

r magnitude of space vector

= polar angle of the spectral vector

Combining Equations (2) and (5), one ob tains

k ~E= (6)

Assuming that the wave energy associated with a narrow frequency band would stay

within this band upon wave refraction , a re la t ionsh ip  between shallow water and

deepwater wave energy spectra can be obtained by

k AE
(7)

0 0

where the subscript o denotes deepwater conditions.

For small amplit ude waves, it is kn own that (Lamb, 1932)

where Y = specific weight of the fluid

H = wave height

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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It is plausible to assume here that

A E = y 
(~H) 2 (8)

where t~H can be interpreted as the contribution to the total wave height due to

the associated increment of wave energy . Based on this relationship, Equation (7)

can be rewritten as

= 
k (i~H)

2

o (LiH )
0

Thfs equation which clearly reveals the effects of shoaling and dispersion

is the key equation for wave energy transformation computations. It is evident

from this equation that the task of computing ~ requires the computation of

wave height mod wave number transformations at designated locations.

4
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CHAPTER III  TRANSFORMATION OF WAVE CLIMATE

To compute wave height  and wave number t r ans fo rmat ion  at designated locations

in shallow water , a numer ical program on wave r e f rac t ion  and shoaling recent ly

developed by Noda e t . a l .  (1974) is adopted and modif ied . This method like most

of the exis t ing techniques in computing wale r e f r ac t i on, neg lected the nonlinear

e f fec t s , bo t tom f r i c t i on , turbulent  d iss ipat ion and bot tom percolation. The

procedure involves solving a pair of simultaneous~ equations for the wave direc-

tion and the wave height. The first equation is derived from the  f ac t  tha t the

wave number vector  f ield , k , is i rr o ta t iona l  (Phillips , 1966). In Cartesian

coordinates as shown in F igure 1, the fo l lowing equation results

30 . 30 1 3k . 3k
cosO — + sinO — — (cosO — — sinS —) (10)

~y k oy 3x

where 0 = angle of wave incidence to the beach normal

x = Cartesian coord ina te  perpendicu la r  to the shoreline

y Cartesian coordinate  parallel  to the shoreline

The par t ia l  der ivat ives  of k were determined from the wave dispersion relationship

expressed in Equat ion (3) .  The second equation is obtained from the condition

of the stead y s t a t e  conservat ion of energy (Phil l ips, 1966).

2(Cg cogS) 
-
~~

-
~~ + (C sinS) -~ 4-~ + cosS — C sin~3g H d y  3x g

(11)
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In the surf zone, waves break due to hydrodynatnic ins tabi l i ty .  In this

region Equation 11 is no longer valid and the wave height  is obtaIned through

the use of an empirical equation developed by LeMehaute and Koh (1967).

Rb 0.12 tanh (kbhb
) (12)

where the subscript , b, denotes breaking conditions.

These sets of equations, Equations 10, 11 and 12, when solved numerically,

enables one to determine the local wave height, wave number and wave angle at

any designated location in the area of interest such as the grid poin ts in

• Figure 2.

With the local wave climate information in hand , the wave energy spec tral

density func t ion  can be easily obtained by v i r tue  of Equat ion (9 ) .  It is

observed here that  the wave shoaling effect is purely a function of wave frequency

and bottom topography . Therefore, in comp ut ing the ra tio of L~HfLiH0 as required

In Equation (9), it is nonessential to know the absolute magnitude of ~H provided

the ~;ave does not break. This fact considerably simplIfies the computation of

wave spectrum outside the surf zone.

L 8 
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CHAPTER IV NUMERICAL PROCEDURE S

Computational Scheme. The computation of the transformation of wave climate

follows closely the method developed by Noda (1974). Equations of (10) and (11)

are written in finite difference form using a forward difference in x , and a

backward di f ference in y for  the local grid system shown in Figure 3. Each grid

• was assigned a mean depth h~1 
and an area t~x Ay. All major quant i t ies——H , e ,

k——are computed at the grid center. Values of sin S . . and cos S are deter—
i,J i,J

mined using an average of these quantities from four surrounding grid blocks

approximated to second order in a Taylor series expansion, i.e.,

sinS = (sinS 
i+l,j + sinS 

i—l , j  + ~~~~~~~~ 1,~+l + sinS j~~~ 1~

1
+ -

~
- Re~~1,~ — &~~1,~~

)(cosO 1_1,~ 
— cose 1+1 ~) + 

~
0 i,j+l 

— 0i,j—1~

(cosS i j+l — cosO 
i,j—1~

1 (13)

etc.

The numerical iterations are carried to an acceptable error, in this case,

(x - xr~ew old (14)
new ’

where X represents all the variables under consideration.

The computation of spectrum transformation does not involve numerical

Integration and is straight forward from Equati.cr’. (9).

9
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B�undary Conditions. The condition at the shoreward boundary is sim~ 1y that the

• wave angles are normal to the shoreline at the boundary. Two different options

are built in the program for the side boundarit~s.

A. For rhythmic topography——In this case the wave condition repeats itself

at space intervals equal to the integer multiplications of the periodic length.

The boundary condition can be self—generated by adding additional grid column

• such that

L
i~ N+1 ~i,2 

(15)

where N+l periodic length.

A. For slowly varying irregular topograp hy——The conditions at the upwave side

are computed by extending the bottom profiles two dimensionally such that

the wave refraction follow the Snell law up to the boundary . The downward side

• boundary condition needs not be prescribed f.~r this case.

Input Wave Condition. Strictly ~~~~~~~~ directional spectrum 
of thc form

should be prescribed at the seaward boundary . Since our present know—

ledge on directional spectrum is quite inadequate , the program , therefore , is

written to accept the deepwater wave spectrum of the following form as input:

(~,e) s(~) K(S) (16)

where K ( S)  is an a r t i f i c i a l  wt~i~~ it in g  f un c t i cn  to est~~nt~ tLe eifect of direc-

tional spreading. For t~ c s~ar ~;i1u crc:~ u t a L io ns  to be i l l u s t r a t ed  £ (~ ) is taken

to be the Pierson—Moskowitz 1 s deep war~~r w~i-~e s:~~ct r u ~~:

S(u)  = a exp [-~ (~~ ) 4
J (17)

where U is the wind speed , i = 8.1 x

L:~~1~
=•• -

~~~~ 

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
_ _ _ _  

_________ _________



The function of K(S) assumes the form of

(8/lit ) cos
4
O Ie ! <

K (S) { l e t >
~~ /2  

(18)

to facilitate comparisons with analytical results of Krasitskiy (1974).

As the seaward boundary is often set at finite water depths to avoid excessive

computational time the deep water wave spectrum is transformed to the finite

depths at the boundary using analytical  solution of Kras it skiy  (1974) with the

assumption that the offshore topography can be approximated by two—dimensional

parallel contours.

12
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Sample co:tpt~tacions o~ t.~r d i L~~~~~Ln t t e • ~ n :ou ~ ‘ r ~~~: .~,d s  are

~ 1 l us t rj t . ~~ n.j : ~~ . Th~ Lr.-.. t ~~~in p e  is ~cc a t~~
- -

~~ •~ • .si~~~.- 1 ~a ra I~~~l contour

case such tha t t ;  re~~i~ •~ ~at~ ~~~~~~~~~~ 
• • 

• ~ a~~~~~t ic . i s o fu t i ’n of Kras i t ski y

( 1 9 7 4 ) .  The ca1cu.~at i c  I S  ir e  •~~~~~. ~~~ ~~.: :o -  ~~~~~ ~~;i~ed •r~ 2 C.  ~.n/ ~~c~c ( the

same value chosLu ~~~
. ~~~~t sk i y)  1 -- u:~ i • s1o~~~~:. = ~~ . ~1. l ig ur e  ~. com~

pares t : 2  n~.c r i c .~i ~~~~~~~~~~~~~~~~ a: ~~~~~. :: - -.L  ~~~~~~~~ tT~~~c i~•~ • ~ i. th  L~~~

ones for water de~ :ui~ of , d 5 4  ar .i L3~~. The p:~~~.:~~: n u:.~~r ical  ro y~~?1Js

satis~ae:o~~’ r~~~ : ts e:. • ~ : h ig 1~ • ~nd ~ ne ra  ~n~ j  I •~~- - : a t  ~i-i s f rom

the  anal’. l v i u c s  - ~oI: ee I • i i s ~~r .~r ai c : is ~:~~de re.~ T h e v it a b l e  due

to the f i~~~t. . ~‘riJ si.~e. ~;a c ~~:i~: :~d sf~~- :11 •i eve r~~ • •~~i ::.~~~ Ica l  er ro r s

at the e~~p t n ~~ of ir ’.~~L ~si r~ c~~~~it r t i o ,~~l t i

The ~~~~~~ cas t ’ ~~ o.ii: * ~~~ . ~~:•L - .-~~~a cO~ t . c . sp-~: ruc~ w it h t a e  ~ ie1d

measurenent s .  The sp r~~r:i t 1-s t • o •~ o . . i ~ ~ g e ~~~~~~~~~~~ re c~ ~st , f a c i n :~•

the At i -m : i c  Ocean . i i c a t2  a: ~:: ::a . -’ ~~~ :~~ r~~h w : .

(Figuro 5) ~~~ c : i n n cd . Fitil u ~~ at- • • -, v~~:~ ah ~ ~~~~~~~~

wave gage rn~a n t  on ~~~~ tr~~~ : ~n • - o ~~~ ~~; ;L: t~~ ~~~~~~~~ d~~ep. The

loca t ion  j t  t h l  Lo~- .~~ ~~~ r .c ho~~.. i ~
• F : ~~~~~~~~~~~~~~ ~~~ ~ - I • t ~

was recar .L-i  •~ r~ t~~~: i , Tave  e~ t~~ 
- -

~ ~t oc t r ~ -;.i~~ • t t ~~n~~ :t ~~~~

analysis. D . o .~ ~i • d~~ac r i~~ ~~~~~~~ or t~~ -~: • a s  -~ ng . ; ~~~~ is ~j O~~~U~~~L n J L I  ~ y

_ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I’— ~~~~~~~~~ ~~~~~ 
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~~~~
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Borchardt  (1974) and Fi ;:u (1975). SanpL ; oK cunpn~~isons a r e  shown in Figure  7.

Since there is no s ir iu l taneous  m e a s u re cen t  of deep water  wave condi t ions , the

deep water wave spectrum of P ier aon_ : i i sP .o;- i : c  t y p e  is ap a fn  adopted as input

condition in the  numerical  c om p u t a t t o r . A n o r t h —e a s t e r l y  wind 0€ 8.3 rn/sec is

assumed to p r ava i~~. Sln- ’o the r~~c~~r dod  w r n ] .  n ,L~ d ca~ly fn i i c a t e d  a range  of

8 — 10 n/sec, the  select ion of S.3 rn/sec in t l je c o n p ut a t i on  is merely an estima —

t ion .  Va r v in ~. t h i s  i n p u t  ~ ir -.d speed wil i  ;~~t ec  basion l iy t i e  m atn i t u d e  of the

spectral density but d a r d j ’ the  shap e a~ the  f o n t  t i o n .

Finally ,  the , 1e c t r u : : :  t r u n s L o rm at i o n  ~ve.r a r y t h n i c  nearshore hydrograph

such as the t y p o  desc rL~ed h - .- Sonu ( 1972)  is .ienonSt:nteri . Assuming that the

ba thym et ry  an d-iLi tes  a t o n  s~- e ’-e w i t h  diT::in nr su ing amp lit-:-J e ta~ ord o f f s h o r e , as

shown in Figure 8 , such tha t the ;,‘atC r depth , Ii , in the x— ’ plane, can be

expreas-:-d as the su : : €opa ~- i t i o a  of a ~i i T h r I : t -  slopea b e a ch  and a sinusoidal

variation :

h = — n ( x — .~5 x )  + A ( l  — ~ ) s in  .
~j- (1 -. - - ‘-

~ ÷ ii (20)

for x S aria

h = --:;1 (:-3—i~x 1 + h
0

f o r x > S

w h c r e  rn = beach sl ope

A ,ra:~ j: i - d o of  ~~~~~~~~~~ ii : iu l -~ t i~~a

h = eli -- ~ ‘:: a t  • :  ic i n  of oucra~~r nit~- eva en
C) -

IV en taet ’- in the -  O~~t s r r u - - d ireati on ~Iie ~o ~ct3u :n  u n d u l a te -n  begins ,

b i -y o f l  ;.hiah the c a n t o - i c  i a oar :  7 Id

i~x , ~y gr id  sizes -aica ; t a o  ~ 
,~nd - - — i i c E ’c t i o n s  :‘-~sp t ’ct i ve ly .

- • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- -
~~~~~—

—S.-
~~~~~~ 

S.— —--—S.-—— - -

The values used in the numerical  examp les are : zn = 0 . 0 2, A 0.13M , h =

0 0

1M, S 360M , arid Ax = ~ty 3O~i.

The computed spectral  densi ty  f u n c t i o n s  at nodal and ant i—nodal  points  are

• shown in Figure 9 .  The resul ts  clearly indicate , as expected , t h a t  energy f lux

conver ged at the convex section of the shoreline and diverges along the concave

-
- 

section. 
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CHAPTER VI C O N C L U S I O N S

A numerical model on wave spect rum t r a n s f o r m a t i o n  over i rregular bo t t om

topography has been developed . This model prc~~es to be qui te  e f f e c t i v e  in predic t ing

wave spectra at predetermined locotlons in shoal ing water  ou ts ide  the surf zone

provided the deep water wave condition is specified. The numerical scheme has

the advantages of being simp le and s tab le , in pa r t i cu la r , fo r  cases of relatively

mild bo ttom slopes. The model is l inear  ~n tha t  only the e f f e c t s  of shoaling

and r e f r ac t ion  are considered . N o n l in e a r  in teract ions  of energy t r ans fe r  from one

f requency  band to the  ot e er  and energy  d iss ipa t ions  due to bo t tom f r i c t i o n  and tur-

bulence are n e g l e c t - ;- u . Thus , i ts  3 pp l i c a t ion  to water  of very shallow depth or

near the sorf  l ine is d o u b t f u l .  The accura :y  of results for  cases where the

b ot tom t o o o p r ap h  ~O~s v~~ r rapidly at the side boundaries is also untested .

fl,~ model h~-is boon v e r i f i e d  against  ar.alytical so lu t ion  for  the case of

parallel b n t ~~crn contours. As to the comparison between the predicted result and

the f i e l d  da ta , the ag reemen t  is considered good except a t  the  low f requency  end .

This d f s cr en ~~n cy is  believed to be mainly due to the assumed deep water input wave

cond i t Ion  r a t h e r  than the nonlinear effects mentioned above. Simul taneous measure—

aents of deep and shal low wave condi t ions , p r e f e r ab l y  d i rec t iona l  spectrum , should

be conducted to establish the field applicabilicy of the m o d e l .
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It should be a-jted here tha t atn- :e the present ;~~eerieel scheme deals with

wave height rather U5an spectral one r 5y density as t h i -  basic variables in the

governing equations , the incorporation of f r i c t i o n a l  e f f e c t s  and turbulence

- 
- energy dissipation is a r a th er  3m ph— matter if suah dL ;s i p n ti on s  can be

- - empirically related to the d iminIshing  of wave hei gh t .  Fu r the rmore , the inter-

actions between ‘.5a-;e~ and c u r r e n t s  c o u l d  ~~so be included as demons t ra ted  by Noda . 

~~~ :.~~~ ;-- . - -~ 
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C A H \ U G P t ~r’ T O  C~~” PUTE SPECTRW’ TR A N S F O R M A T I O N  OVE R IRRE GU LAR
HO TTO ’~’ 1 CFO (~~ AP ” ’~

C G IS fl~~.AY OF G kA I N S I Z E
C O W i S  A~~~A Y  C F  rE P TH OF W A T E R , XBAR IS A R R A Y  OF SEA LEVEL INTERCEP
C MI t~~ X V A L U E  FOR I SW -SCRIPT , NU T 10 E X C E E D  m O
C M J = N A X  V A L U E  FOR J SUHSCR !PT , NOT TO EX C E E D  i n - - U
C T IlL = i t - E N T I F Y I N G  T I T L E  FOR EACH SET . (12A6) .
C N01<A YS tJO~ R P Y ~ Jr . l A C H  SET . (13).
C I = ~ A~~E P ERJ O 1’, S E C S , (F8.2 ).
C H = DE E F L A T E R  kAV E HEIG H T , (F6.2).
C x ,’ = ST ~~R T I ’ .C C (O F P I NA T E S .  (F7.2).
C A = I N I T I A L  I~I r — E C T I c ~. OF RAY . (F7.2).
C

C O M ~~0N Cb (5O ,2&),U (5O,2~~),V (5O ,2O),l (50 ,20),SI (5C ,2C),CO (5O ,2O),
1H (5n ,~~C),Cr;(5L ,~~n- ),s (5u ,~~i).Hp REAK (5U ,2o),1t1 (5O .20),DDDx (5O ,2O)
2,D D D Y (~~~,~~O) ,C (5L ,2 )

C O MMO N / CCN / G ,P I ,P 12 ,R A P £ PS , D X  ,DY • D X ?  ,D Y 2 ,1 ,S IG MA ,M ,N , IT
CO~’l~Ot4 IS IRE s S /  SI ( ,XY ( 5) , 2 C )
~~~~~~~~~~~ a S X ( 1~~C ,1(-u) ,~~S Y ( 1 J O ,10 O)
DI  ~ F L S C N GS ( 5 1  • C )

D 1 ” E - ~. S I i t ~’ T I l L  ( 12) ,F M T ( 2 )
D I ~ ’h~~SI (!-- SA VE( 5 ( ,~~C)
CO “N’ ON IC T 1 / D T I S (  5C)
C O P ~1ON/ S !C/H1 (2C ) ,~~1G (2C),EO (2O ),E 1 (SO ,2O)
C O f r r~ON / C E LW / D D b
1 N T E U ~E~ t PT

97 F C R ~’ - A T  ( I I ’  T H E  C P I c - I N A L  r’- A T P I X  OF W A T E R  D E P T H  IN M E T E R ’ )
9J~ F O R ~~A T ( / / , 1X ,’ 1 1 f l A L  L E \ j E L = N N * ’ ,F 6 _ 2 )
98 F O R M A T ( / / ,1X ,’ C X = ’ , F5 .2 ,3X , ’ C Y = ’ ,F 5 . 2 )
Q 9 F O R M A T  ( I / / I l , lx , ‘N 1= ’, 1 ,3X , ‘~~J= ’,15)
100 FOP M A T ( 2 1 r )

101 F~~~N A T  (1CX ,7F1 1 .1/(~- F 1 O . 1 ))
112 F O R M A T  ( 2 F 5 . 2 )
103 FO R M A T (1~ - F 8. 3 )

C R E A D  [~A .- I C  D A T ~
A 1 S.C
1 1 =5

C NT~~N& .  OF D I V I S I O N  OF ONE T I D A L  C Y C L E , N T M US T BE O D D
C NN T = C~C CF T 1fl-~~L C Y C L F ~
C NTS NO- . OF T Ir~E S T E P S

t P E k l 2  . 25
N I = 2

D T T t - E R / F L O - ~t T ( N T — 1 )
N T S N I
= ‘~ • ~~ C- (~ t 1

P1=3 .14 15027
P12 P1 *2_ il
P A  0 18 C. . 1/PT
R E A l )  (~~,1~ 0) NI ,NJ

C NI IS  NL ~’ HE~ 0 1  DR I P  P O 1 h T S  P E R P E N D I C U L A R  TO T H E  S H O R E
C NJ I S  T H E  NU ~~RER O F  t~R I D  PO IN TS P A R A L L E L  TO THE S HO1~F

1’ NI

26

iT~ _ _
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~F U  . L - t . ~~C . -Ui-~ .NJ .G C . 2 t ’ )  GO T O  ~
READ (5 , 1C2 ) DX , 11 ,A 3

ox ~~= o x  *2 .~~
DY ? D Y * �
F P S~ ~ • ~. CC 5
W H O U N  0 ~
J J = N + 2— N E 0 U N 0
NP 1 N + 1
R EAD (5 , 110) ( (D~~( I,J ),J ~HOUr ,JJ ) ,I=T ,UI)

11C FOE~~AT (7F5. fl

W R I T E  (~~,99), N I ,NJ
W HI T I (~~,9 8)  t~~,D Y

~ R 1 T E  (~~,9~~8)  f-U
~ N I T E (~~/7)
w R I T C  (~~,11N ) ((D~~(I ,J) ,~~= ’.E~C U N  t,JJ ) ,Iz1 ,Nl)
DO 73 1 = 1 ,-NI
DO 13 J = N R u U N D ,J J

73 DW (I  ,J) =~ w (  I ,J )+~~~
DO 151 I=1 ,NI
Do 1~~~~~ l J=1 ,r:— O { N r — 1

1 5 1  D w ( I  , J )  = ( I ,~~~i , ( f ~D )
oo i s r .  i = l ,~~I
D O 1 5 U  ~~~~~~~~~~

150 D~~(l ,J )=r~~(I ,J J )
UPI T E (~~,1O~~)
W i ~ 1T E  (~~~,1D~~~

) (i~ ,t  ],J),J= 1 ,r.P1 ),I=1 ,M)
1~j 8 FO~~’~’ A T ( / f ,1X ,’T t ’ [  ~~ G N~E n - T E D  P ’ A T R J X  OF ~~ T E R  D E P T H  IN M E T E R ’ )

C NE- O UN I J S  1I- E NO • C~ P A P - L L  EL P R O F  T I E S  POUND iNG THE STUDY AREA ON EACH
1H El ~ ()

T H - 1 ~- C z’fl:ET ~~U,/  P N
I H El AD = 1 1 2 — T I E  I
T 1~~E~ :- .

DO 13 ~~~1,; O
SI  G(~. ) C .1~~~ T * F L C A 1  a— )

¶ I N~ ‘- - ( S I C (~~ )

T 2. P Il Si  ~ ( V

SI 4~ SI ~- U ~
S I  5~ 51 4’s ~~‘ ‘
C L =h .
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S U B R O U T INE R E F  L~A C ( T H E T A O ,HH ,IT E R ,N B O U N D ,J J ,K)
CO M MO N C (5u ,~~ i),U (5J ,2O),V (5O ,2U),l (5O ,20),SI (5C ,2C),CO (50,20),

1 H ( 5 C ,? C ) ,C 6 ( ~~~ ,2 C ) ,S ( 5 U ,2~~
) ,HBk E A K ( 5 i , ,?U ) ,I B ( 5 O ,2 0 ) ,D D D X ( 5 0 ,2 O )

2 ,0 DI” v ( S C  ,2-i ) ,C ( 5 U ,2 C )
C O M M O N / C C N / c ,P I ,P12 ,R A D ,EPS ,D X ,DY ,DX 2 ,0 Y 2 ,T ,S I G r ” A ,M .N
C O ” M O N / C T I / D T I  5 ( 5 0 )
C O M M O N / S F C / H 1 ( ~~C ) ,S I G ( ? C ) ,E C ( 2 C ) ,E 1 ( 5 O ,20)
C O M M O N  / L F L W / t ) D b

N l = N + 1
ri P 1 = N + 1
N b  ~ I N H C IN 0 — 1
s 2 =N 4

C A L L  D E P T H
1~J C A L L  S~’ E L L ( T 1 I E I A O ,HH,NEiOtlN D ,J J )

C A LL ? N c - 1 E (~~I - )
C A L L  H E I C H T ( 1 0 , I T E R ,K )
R E T U R N
E N D

SUPRO UT INE DEPTH
C O~~~ON C (5O ,2O),U (5~~,2C),V (5O ,2O),Z (50 ,20),SI (5fl ,2L),CO (50 ,?O),

1 t 1 ( 5 f l , 2 C ) ,C C , ( 5 0 ,2 L ) ,~~( 5 O ,20) ,H E R E A K ( 5 C ,2 C ) ,I B ( 5 O ,20) ,D D D X ( 5 O ,2O )
2 ,0 0 D Y  ( 51 ,2 0 )

C O ~~~ON / C C N / G ,P I ,P I2 ,R A D ,EPS ,DX .D Y ,D X 2 ,DY 2 .T ,S 1 G M A ,. I~,N , IT
= — 1

156 Do 157 I=2,M r’l
00 1 5 7  J = 2 ,N + 1
t~~D ( I 4 1 ,J )
IF (P .11 . C . O )  A ( ’  .C
P D (I—l ,J)
1 F ( H . LT - . C . O)  B= O . 0
C 0(I ,J 4 1 )
I F  (C .11- .C.0) C ~0 .C
E=- I) ( 1 ,J — 1 )
I F  (E •LT - .C.3) E = J • C
U D D X ( i , J ) = ( A — P ) / ( 2 . 0 * D X )

157 0 0 0 Y  (I ,J) (C E )/  (2 . c * D Y
DO 1CO J 1 ,N f 1

lOU DD DX (1 ,J) 000X (2 ,J)
Do 101 I = 1 , M
00 DY ( I , 1) D1) DY ( 1 ,2)

101 000Y ( I ,l~42)=L DC Y (I ,N+1 )
158 R E T U R N

E N D

28
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SUBROU T 1NE S~- E1L ( T H E T A 0 ,H~-I , - N I O U N D ,JJ )
C O ’~~ON C (50 ,2J) ,u~~~O,?C,’,V (~~C ,2d),L (5O ,2O),SI~~5C ,2C),CO (5O ,2O),

2 ,0 0 D Y  (~~C ,2 O )
COMM C’ - N /  C ( N / G  ,P , i 1 2  ~~~~ ,LPS ,D ~ ,CY , OX 2 ,N Y 2 ,T , S I G M A ,M ,N
(‘0 61d 0 J= 1 , N4 2

30 DO 6 0 G  1I- 1,”
I = M— II + 1
I F  ( D ( 1 ,J ) . G T . 4 } . 2 )  C - U  T~ 23
A N G P I

V HI C . I
SS=o .O
C C — 1 .U
GO T O  4 $

33 C O ~~T I N U  F
CALL ~ V Nt ~~(D (I ,J),tJ. (J ,(,. 2 ,Q.O,c.O ,R K ,SIGVA )
A A R ~ * ~ (I , J )
AN G PS  I ~ (S i N (114 FT P0)  T A  NH ( A A )  )
P N C = P1 — A ND
A R U = 2 .C’~~A
S H O A L S L R T ( 1 . C / ( T / ~~H ( A A ) k ( 1 . u + A F ~G / S I N H ( A R G ) ) ) )
RE F = SQ I~ 1 ( C O  S (~ H E I A d )  / C O  S ( I\N C)  )
W V ~- t T H H * S H c P C * 1 . i  F
1414 °) • 12 - ’ T P N H  ( ~ A )  *p I 2 /RIc
I F  ( I 4VH 1- UT _ R N )  ~V H 1  NB
I N = 1
I F  ( W V H I - .GI • H P)  i N=
S S = S ~ N ( f l~C ’ )
C C = C O S  ( P ’ - C ~)

43 C O 1 T I N L - E
u (I ,J )=C- .-d
v (1 ,J )=C .u
F 4 (  1,J )~~~ \~HT
1 14 (1 , J ) I
l ( i , J ) P’.C
S I C i , J I SS
CO ( 1 , J ) CC

‘— 00 CO ~- JT 1 N i E
700 R FT U I ’ N

E N D

—
-- — - -f- -- ___ __  —
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SUB ROIJ I 1NE G R O I P ( I ,J,I I C G D X ,D C G D Y ,F F ,R K )
C O M M O N  C ( S0 ,2 0 ) ,U ( S u ,2 L ) ,V ( 5 O ,20) ,Z (~~O,2 O ) ,S I ( 5 2 ,2 C ) ,C O ( 5 O ,2 O ) ,

1H( 5O ,2 C ).CG ( ,2~.. 
),S ( 5 0 , 2 0)  ,148R1.A K  (5~~,~~U),1B (50 ,20 )  ,D D D X  (5 0,20)

2 • D O D  Y ( 5  C , 2 C- )  , C ( 5 0 , 2 0)
co i ”~~o N / c o N ;G ,PI ,PI? ,i - A o ,C P S ,Dx ,D Y ,Dx 2 ,D Y 2 ,T ,S 1G M A ,M,N

D IMINS H~N I C C L D X ( SC ,22) ,D L L D Y ( 5 0,20) ,D V D X ( 5O ,2 0 ) ,D V D Y ( 5 0 ,2U) ,
3 OT~~~ (5J ,2J ),DKDx (5G , ),DKbY (5G ,2.2),E(5O ,2U),DTDX (5fi ,20)

JJ  =J
DEP D(1 ,JJ)
COSI CO (1 ,J )
S IN I= S 1  (1,J)
DCC DX = C’. C
O C CD Y C- • C
F F =1) • C

C A L L  W V N I M (O E P ,C O S I ,S I N I ,U (I,J),V (1 ,J),RK ,A)
T A - T A N H  ( R K * D F P )
HBR E A K ( 1 ,J) C _ 1 2 * P I ? * T A / i ~K
CO SH 1 C C S H ( R K *  r E P)
SE CH S -~~ = 1 .0/ ( € 0 5 1 4  1** ?)
A k m 2 = 2 . ’ C~~RK* I , E F
S i  NH 2 = 5  lf- 5 H (  .4 P N 2)
CO SR = C  C514 (A  P G c )
S IN I4N Q SIN H 2 **2
E (I ,J )=L (I ,J )* C O S 1 + V(I ,J )*SINI+U_ 5*A * (1 •C+A RG2/SINH2 )/RK
FE =E ( 1  , J )

C S a R I ( L - ” T A  I R K )
F F z O _ 5 *  ( ~_ ‘J + A E E 2 / S I N H 2 )
C G ( 1 ,J ) F F * C
PU DX ( I  • 4 )  (ii ( I ~ 1 ,J )  - 0 ( 1 - 1  ,J ) )  / D x ?
D U P Y (  I ,J) ( U(  I ,J41 ) —u ( 1 ,J—1) ) /D’i’2
D V DX (I , J )= (V  ( 1 + 1 , J ) —V ( 1 — 1  ,J ) ) I DX?
DV DY ( I ,J ) = (V  ( 1 ,J ‘1) — V (  I ,J — 1  ) ) / D Y 2
D T D X (I ,J) (Z (l-9 1 ,J )— Z (1—1 ,J ))/DX .~
DTDY (I ,J) (i (I ,J+1)’-1 (1 ,J—1 ))/DY2
D K D X (I ,J )=RK* ((U (I ,J )*SISI—V( I ,J)*CO Sl )*DTDX (T ,J )_ (COSI*DUDX (I ,J)+

1SIN I *DVC X( I ,J ))_ P*DDDX (1 ,J ) / S I N H 2 ) I E E
D K D Y (1,J )=RK* ( (U (1 ,J )-*Si~ I—V (T ,J)~~C O S I )~~D T O Y (I ,J ) — (COSJ*000Y(1 ,J)
+ S J N I *C V D Y (I ,J))—A *000Y (1 ,J )/SIN’12)/EE

P=C* (S 1NPc—AR6 2 *COS H 2) /S IN H SQ 2
OK D O X P K  ~DDD X ( I  ,JJ) +DFP * DKDX (1 ,J)
OK ODY R K * D D D Y (  I, J J )  +D EP -* S K D Y (  1 ,4 )
Q=G.S *C I (C - *R K -**2)

C 3 ( I ,J ) C  :~
O C DX = 0 * (N K * S E C H S ~ * 0 K 00 X — TA * OK 0 X (1 , 4 ) )

DCOY =Q * ( R K * S F C H S Q * D K D D Y — T A * D K D Y (1 ,J))
DC&DX P*D~~D D X ~ FF *DC (IX
DC (3D Y P C K D D  Y - + IF DC DY
R E  T U R  N
END

30
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S Uj ~~ ’ U 1 1 N E L E V E L ( N 1  ,NJ ,IJi.1[)
C O M M O N  C~~( 5 0 ,2 C ) ,U( 5J ,2 C ) ,V (50 ,20),! (50 ,20),Sl (5” ,2C),CO (50 ,2O),

1H (5I ,2L),CC ,(SC ,21),S (5iJ ,2O),H~~
}
~lA ~ (5C ,2-L

),114 (50~,2O),DDDX (5O ,2O)
2,0 0 0 Y ( 51 ,? 0 ) ,C ( ,?C )

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
DI ~E N S I  C~ X B A R  ( 2 € )

C L INE A R I N T E  R P O L A T  1O~ OF S E A  L E V E L  P O S I T I O N

111 F O R r ~A r ( ’ N O  S L A  L E V E L  IN~~Y~C E P T ; - LONG L I N E ’ , 15)
104 F O R M A l  (

~~Fô . 2 )
R E A L  1I~C R E X

D O  2 J 1 ,NJ
Do 3 1 1 ,N I
I F ( D W ( 1 ,J) .GI. C . ) 60 10 4

3 C O N T I N U E
t’ w R I T E  (( .1 1 m ) J

GO 10 2
4 1 J C R E X = — C X * O ~. ( T ,.I)I (N.. ( 1— 1 ,J)-- P W (I ,J))

XUA R (J ) FLO PI ( I )*DX — D X / 2_ — I N C R E X
2 C O N T I N L E

; E INN N
E N D

S U N N O U T I N E  NE~~Pl( I ,J ,I IL P G)
CO r~~ON C (5~) ,2 C ) ,u ( 5 f l ,2 C ) ,v ( 5 U ,2lL~,z ( 5 U,?O) ,S I ( 5 0- ,2C) ,Co 50 ,? O ) ,

1 1 4 ( 5 0,2 1 )  ,C G  (0 ,22), S (50 , -~C) ,HB FEAK ( S C , 2 C ), III (5 0 , 20) ,00 DX (50  .2 0)
2,D C D Y ( 5 L ,2 0)

CO ON / C Q N / C ,~’I ,PI2 ,~— A D ,L PS .D X ,rY ,D X 2 ,D Y 2 ,T ,S I G” A ,p’ ,N
CO ” O N / x f E / x E — k - E A K ( 2 r ) ,s A ~~E ( 5 O ,2 C )
S A V E ( IV 

• J ) H (“  J)
1 1 4 ( 1  ,J)  - 1
Ni  N+ 1
N ?  ‘N +2

— CC 1 ( ‘J (I ,J ) + C D  (1 , J ) *~~ 1( 1 , J) ) / DY
— CC2= (u (1 _ 4 ,CGU ,J * n - c c 1 ,fl ),rx

HNE - ~. (CC 1* F4 (1 ,J— l )— C C 2 * H (i ~ 1 ,J))/ (CC 1—CC2 — S (I ,J)/2 .O)
I F (”- EW. LI • C _ fl) I N E ~ : L _ Q

S A V E  ( I ,J ) = ~iN~ ,~

I F  ( F I N F  t.~ .IE ~~~~ ~~ (1 ,J ) ) ~ O T O 55 3
3 I l N t~~ = H F k r ; - V ( 1 ,J)

iF (1 ,J )  1
8 50 C O N T ~~~. t  E
860 I F  (Ai’ S~~H~-~-~ - —P ( I,J)) _ ,T . (L PS * /U S (HN E .,))) 1F L A G = ~j

H (1 • J ) ~
- NE w

899 R E T U r N
E N D

L ~~~~~~~~ ~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~T~~~~~~~~~Ii~~~~
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S U L R ” U T I N E R E T  UI (I T~~A X  ,KK ,K )

COMMON c (50 ,2C),u (5C ,2L ),v (50 ,20) ,Z (50 ,20),SI (5 C ,2C) ,CO (50 ,20),
1FI (5C),2C),C G (5U ,20),S(5O ,2J),H B R E A K (5C ,2C),IP (50 ,20),DDDX (50 ,20)
2,0 0 ( 5 0 ,23) ,C (s~~,2:)

CO 1ON / C C N / G ,PI _ P12 ,R A D ,FPS ,DX ,D Y ,D X 2 ,D Y 2 ,T ,S I G M A ,K ,N
C O M M O N / s  r P E S S / s 1 2 X Y ( 5 0 ,CN )
C O M M O N  / x I k / X F R  EAK (2! ),SA VE ( SG ,2()
C O M M O N / C C I J / C C ( 5 , 2 ,2 r’ )
COMMON /SPC/H 1 (2C),S ICC 2C ) ,EO (2C),Ei (50 ,20)
C O M ~’ O N  / C ELW / 0 0  ~
D1 ’EN S ICN A A ~~( 5 ,2 O )

DI~~E N S 1 C N  A Z  ( 5~~,2O)
C O P ~r~O N / D T I / D T 1 S ( 5 U )

Ni = N + I
C C O M E P U T E  V A L U E S  O F S ( I ,J )

DO 5~10 1~~2,M1
DO 500 J=2 ,N 1
IF (D(J ,J).LE .~J .1) G C T O 5O0
CALL G R OLP ( 1 ,4 ,D C G D X ,DCG [Y ,F F  ,PK)
000X= (u ( I+ i ,J). — U ( I — 1,J ) ) / D X 2
DO DY (I ( 1,4 + 1 ) — U  (I, J— 1 ) ) / D Y  2
DVDX (V (i+1 ,J )—V (I—1 ,J ))F0X2
[‘V Dv = ( V  ( 1,4 + 1 ) 1 — v  (I, j—i ) ) /DY 2
D T D X = ( Z ( I + i ,J ) — Z ( I — 1 ,J ) ) / ( ’ X 2
D T D Y = ( Z ( I ,J+ l ) — Z ( I ,J— 1 ) ) / D Y 2
S S 2 = S I  ( I ,J ) * * 2
C C  2 = C O  (I ,J ) .*2
S I G X X =  ( - .H*F F — C . ~~) * C C 2 + ( F F — ~J . 5 ) * S S 2
S 1 C Y Y = ( 2 . C * F F _ C . 5 ) * S S 2 + ( F F — 0 . 5 ) * C C ?
T A U X Y =  FF * S I (  1, 4) ~CO (1 ,4)
SIGX I (I ,J) T A U X Y
S(1,J )=CG (I ,J )* (SI (I,J )*PTOX—C O (I ,J )*DTDY )— (DUOX+ DVO Y )— (CO (I ,J )*D C
1(.I~X+S I (I ,J )* D C C D Y )— (S I G X X * D U PX 4T P UX Y * D U D Y + T A U X Y * DV DX + S I G Y Y * D V D Y )

500 C O N T I N I E
r~ 2 = N + 2
M2 M — 2
00 510 1 1 1 ,M2

— 1 M — 1 1
DO 5~~U 1 1 1 ,IT I V A X
I F L A C  = 1
DO 52€ J~~2,N 1
IF (D( 1 ,J ).LE.&.C) DO TO 520
C A L L  N E W H T  (I  •J ,l F L A G )

52C C O N T r N U E
1 F ( I F L P C . E Q . 1 )  CO TO 57

5’~U C O N F I N U E
W R I T E UI,54 0 )  1,11

540 FOR MA T ( ’  R E L A X ~~TI0U FOR THE W A V E  HEIO HT F A I L E D  TO C O N V E R G E ’ ,
1’o~ p or ‘,iS , ‘A F T E R ’ ,16 ,’IT E R A T I O N S ’ )
W~~ITE(6 ,S41) (H (1 ,J),J 1 ,N2 )

54-1 FO R M A T (’  L A S T  VA L U E S  OF H A R E ’ / ,(10F13.5) )
P 1 111k N

571) W R I T E  ( (  ,5 4 2 )  1 ,11
5 4 2  Fo ~~~A T ( 1 L x ,’ R E L A X A T I O ’ L  FOR W A V E  HE iGHT C O N V F N G E D  ON ROW ,I6,3X ,’A

lIT E R ’  ,It ,‘ IT  F ~ ~~ I O N S ’ )
510  C O N T i N U E

32 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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•IR 1 T L  (~~,~~J52 )
6152 F O R M A T  (// ,1x ,’.~PVr H’~ J G ~~T ~ A I R J X ’/)

W R I T E  (~~,~~52)(U (I,J),J=1 ,N1 ),I= 1 ,~~)
W R I T E  (~~,e0 c ~3)

6 0 5 3  F O R ~~A.1 (I/ ,l x _ ‘‘-R EA K IN C P u S I I I C N  (“O” 8E PNS w A ~~E [-- R E A KING )’)
W R I T E ~~~1 ,~~5 3 ) ( ( J 1 4 ( 1,J) ,J = 1,N1) ,I=1,M)

6 5 5  ~ O R M A T ( 1~~1u)
6 5 2  FO~~” r J  C 15F~ • 7 )

DO 575 J~~1 ,N 1
A 0 .

~~~L I  — I  ~‘[ v  .~ o u  I~~~~~~~,” &

I = fr— I l
IF ( P  • G T .O~~’~ (0 TO 575

DX X : o)

DO XX =H E R E A K  ( 1- i  
~~, J ) —~~HP E P~ (I , 4 )

l F (SA~~E (I,J )—H E A K U ,J ) 56U ,5 c ,s5 ..
554 DDX= ( (SAV E( 1 ,J)— H~~R~~A K (I ,J ))/(sAvE (1 ,J)-~,A V E ( 1 4 1 ,J )4DDXX)) *DX

557 X B R E A K (J)= fL 0A1 (I )*DX—PX/2. +D5~ 4DXX

~~~~BR E A K ( J )
GO T O  5 6 €

sss  D D X = r .
X B R E  I- K (4  ) = FL  O P IC  I ) * D X — U  x / 2  .+ D D X  +DX X

A = X R P E P K ( J  )
560 C O N T 1 N L E
575 C O N t I N I F

NB G U N  D~~
N B  =N F- Cli N C
J J  11
DO 71)2 ‘ 1 ,!’-
00 702  J N ~~,J J

702 AA W (1 ,J) F1 (i ,J )/CDCW )
W R I T E  (a ,112) SIC IA

112 FO R M A T  (// ,1X ,’O IFS IIO c E  CN E P N Y  DEN SIT Y AT S IGMA ’,F8_ 3 )

• WRIT E (~~,113) EO (K) ,P~W
113 F O R N A T  (lflX ,’EC (K )= ’,Fl ( •3,1~) x ,’A ~. = ’ ,F 1 C . 3 )

W R IT E  (~~,7U4 )SI (NP
7 144  FORr’ A T (// ,l X ,’ N E P R S HO R F ~N E C G v  L F N N I T v  AT Sl6~’~~~ ’,F~~.3)

W R I T E  ( 
~ ,6 5 1 ( C  P A w  ( 1 ,4 ’ , J N [-  , J J ) .1 1 ,v

651 FO ~~’ A T  ( / F 1 U . —~)

W P I l L  C ~ ,~~ - 05 1) S I Gr’~ P
605 1 F O R ~’ A T  ( / / ,1Y ,’ E N D CF C~~L 0 t 0 A 1 1 O N  A l  s I c ’ - A = ’ ,F~~.:,/ ,

• • •  ~~~~~ • • •  • • •  + • .  • •  .‘ •• •
I- F 1(1k N
E C 0



-—
-~ 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—• —,-— - -— —,-—— ---- -•--- --------- --• — -—--— —

SUBROU T IN E A N G L E ( I T N A X )
C O M M O N  0 (50 ,20 ) ,U ( 5 0 ,2 C) ,V ( 5 0 ,20) ,Z (50 ,20) ,SI( S r- ,2G) ,C O ( 5 0,?0) ,

1H(5 U ,2 C ) ,C G ( 5 0 ,L C ) ,S ( 5 L ,2U ) ,H B R E A K ( 5 U ,~~0) ,I B( 5 0 ,2 0) ,D D D X ( 5 O ,2O )
2,D D D Y ( S C ,21, )

C O K M O N / C O N / G ,PI ,F’12 ,R A D ,FPS ,DX ,DY ,D X 2 ,DY 2 ,T ,S I G M A ,M,N
Ni N+1

N2 = N + 2
MI M— 1

D O 2 -00 I1=1,I T M A X
iF L A G =  1

-- DO 210  J= ? ,N1
DO 211 I I=2 ,fr i
I M— I  1 + 1
I F  (D C  I ,J ).LE •0.C- .OR .D (T— 1 ,J ) .LE .0.0) GO TO 21i
C A L L  N E ’~PF4G ( I ,J ,IFL AG ,2)

211 C O N T I N L E
2 1 0  C O N T I N I J c

I F ( I F L f t & . E Q .1) CC TO 2 5 2
2 00 C O N T I N U E

W R I T E ( & ,2 2 0 )  u M A X
2 2 0  F O R M A T ( ’  R E L A X A T I O N  F O R  T H E T A  F A I L E D  A F T E R ’ ,16,3X ,’ I T E R A T I O N S ’ )
250 W R I T F (6 ,251) 1 ,11
252 FOR S ’AT( ilx ,’ R E L A X A T I O N  FOR THETA CO N VERGED ON R0W ’,I 6 ,3X ,’A

1 F T E R ’,1~~,~ I T E ~~A T I O N S ’ )
W R I T E  (6 ,2501 )

2501 F O F ~M A T  (//,1X ,’WAVE AP P R O A C H I N G  A N G L E  IN R A D I A N ’ )
(
~RiTE (6 ,25?)((l (I ,J),J= 1 ,N1 ),1= 1 ,~~)

252 F O R M A T  (1 5F8 ~~~
R E T U R N

— EN D

34



SU BR OU T INE N E W A N G ( I  ,J , I F L A G ,I ~- )
C O M M O N  C (50 ,2C),IJ (5O ,2C),V (50 ,20),l (5O ,2O),SI (S~~,2C),CO (SO ,2O),

1H (54,2C),CG (5U ,2C),S (5O ,~:0),HBR EAK (5fl,20),IB (5O ,U),DDDX (50 ,2O)
2,DDDY (~~C ,20)

C O M M O N / C C N / G ,P J ,PI2 ,R A D ,EES ,D X ,DY ,D~~L ,DY 2 ,T ,S 1 G M A ,~~,N
C S T A T E M E N T  F I N C T I O N S

D U D X ( I,J) (U( I - I 1,J ) — U ( l — 1 ,J ) ) / L ~X2
DU DY ( 1  • J ) ( U  (I ,J 4 1) U( I ,3 1 ) ) I ~ 2
DV DX ( 1 ,J ) (  V 1 + 1,4 ) — V  ( 1 — 1,4 ) )  / D X ?
D V D Y  ( I  ,J) = ( V  ( 1 ,4 + 1 )  — V (  I ,J—1 ) ) / D Y 2
F( 1,J ) = U ( 1,J ) * ( O S I +V ( I ,J ) * S I N I  $ O . 5 * A * ( 1 . J  4 A~~G 2 / S I N H ? ) / R K
D K D Y ( I ,J) ( — ( C C S J * D U D Y ( 1 ,J) + S 1 N I * DV D Y ( 1 ,J ) ) — A * 0 0 0 Y ( I ,J )/SINH 1

1 / F F
D K D X ( I ,J ) ( _ ( C C S 1 * 0 0 0 X ( 1 ,J ) + ( I C I * D V D X ( I ,J ) ) _ A * D D D X ( I ,J ) / S I N H 2 ) 4

11
4 F A C ( I ,J ) = U ( I ,J ) * S I N I .— V (  I ,. J ) * C O S I

COS I=CC (J ,J)
S I N 1 = S I ( I ,J )

J J = J
C A L L  W V N 1 ~-~( D ( 1  ,4 J ) ,C O S I ,SINI ,U( I ,J ) ,V ( I ,J) ,RK ,A )

AR G 2 2 .C*RK* D (I,JJ )
SI NH2 SI  N l -4( A RD 

2
)

F F F ( 1 ,J)
I F ( F F  .C- T- .0 . L - ) C~~ ~~~ 4 5 0
W R I T E  (~~,~~5 1)  I,J ,L (  I,J J ) ,C O S I  ,S I C 1  ,u( 1 ,J) ,V ( I ,J ) ,RK ,A

4 5 1 I O R M A T ( 1 C X ,’ F ~ IS N L G A T J V E — — O L J T R U T  I,J,D ,CO S J ,S IN I ,N ,V ,PK ,A ’ / .
12 15,7E 13- .4

R E T U R N
4 5 0  F A C 1 F A C ( I ,J )

D E N i (S1~~i — C O S 1 * F P C I / F F  ~/DY
DEN2 (CCS 14 ~I I N I ~~f A C 1 f F F  )/DX
O E N = D E N 1—D E -N 0

• 
~~~~ 

/ N  C W =  C C C S I  * 0 1 ( 0  ‘y ( 1 ,4 ) — S I  1*1) O x ( 1 ,4 )  + 1 (1 ,J— 1 ) * D E N  1—1 (1 + 1 ,4 )  * D E N 2 )
lEN
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The computer  program has also been converted to suit the  ICL 1906

machine at the Technical University at Braunschweig, West (~erman . Field work

has been conducted at the Island of Sylt in an attempt to verif’.’ the model.

A set of sample computations are provided here. Data reduction is in progress

and the results will be reported separately at a later date.
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