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1 FORMAT (SF10.7)

2 FORMAT (12F2.0)
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ABSTRACT

The theory and numerical methods are presented for
determining the paths of gravity water wave packets . A ray
curvature expression is used to determine the wave packet
trajectories where the speed of the packet is given by
G (dw/dk) cos ~. The symbol w denotes the angular
frequency , k is the wave number , and ~ is the difference betweenthe direction of the wave packet and the direction of the
wavelets within the packet. At each point of the wave packet
trajectory the wavelet direction is determined using Snell’s
law with phase velocity. The wave height is computed along
the wave packet paths accounting for the effects of shoaling ,

• refraction , and energy dissipation. The computer program
is described and sample printouts and plots are presented.
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CHAPTER I

It has been shown by Breeding (1978) that a wave
packet refracts according to Snell’s law with the geometric
group ve’ocity G where

G z (dw/dk) cos 4) (1-1)

The symbol w denotes the angular frequency and k is the wave
number. The angle 4) is the difference between the direction
of the wave packet a nj  the direction of the wavelets within
the packet. The wavelet direction at each point of the wave
packet trajectory is dc’t~~rmined by Snell’s law with phase
veloci ty .

In this work a numerical method is presented for
determining the paths of gravity water wave packets.
Further , a procedure is developed for computing the wave
heights along the paths accounting for the effects of
shoaling, refraction , and energy dissipation .

There are a number of papers in which numerical  methods
are presented for calculating and plotting the trajectories
of monochromatic rays. Skovgaard , et al (1975) summarize a
number of these methods and present one of their own . The
numerical methods for calculating and plotting rays which
are presented in this work are based on the Wilson (1966)
program . However , extensive modifications of the Wilson
program were required in order to compute the path of a wave
packet.

In Chapter II, an expression is derived for the ray
curvature of a wave packet. The assumption is made that the
wave speed contours are locally parallel in the vicinity of
each point of a ray. Properties of the packet ray curvature
are discussed , and a procedure is described for computing the
wavelet directions. A method is described for computing the
water depth , phase speed , group speeds , and their spatial
derivatives from a square grid of water depth values. To
simplify the ray curvature calculation s a coordinate system
is defined with an axis parallel to the water depth contours
at each ray point . The numerical procedure for computing
the trajectories of gravity water wave packets is described .
Rules for dealing with reflection points , which occur when
the ray curvature becomes infinite , are established.

The shoaling, refraction , and friction coefficients used
to compu te the  wave hei ght are p r e sen t ed .  The r e f r a c t i o n
coefficient is evaluated on the assumption that the wave speed
contours are locally parallel in the vicinity of a ray point .
A method for computing the refraction coefficient near a

1
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reflection point is described . A procedure for locating
caustics and focal points is discussed. Chapter II ends with
a discussion of the wave breaking oriterion .

Chapter III contains a description of the computer
program and a program listing . A guide to using the program
and an explanation of the computer output is given in
Chapter IV. The principal notation used in the report is
presented following the references. 
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CHAPTER II THEORY

2.1 Ray Curvature for Wave Packets. The ray curvature
K y of a ray moving with phase speed v was 

derived by Munk and
Arthur (1952) and Arthur , et al (1952) as

..L ~~ ~~ — 

~ 
(2 -1)

where x ,y are the Cartesian coordinates , y is the direction
of the ray with respect to the positive x-axis , and s~ is the
arc length along the ray .

The ray curvature K
G 

for  the t r a j ec to ry  of a wave packet
is given by

. -
~~

- (t~~~. e -
~~~- — ~~~ e (2-2)

where 0 is the direction of the ray with respect to the
positive x-axis , dsG is an element of arc 

length along the ray ,
and G is the geometric group speed defined by (Breeding , 1978)

( 2 - 3 )  H

where

(2-4)

is the  co llinear  group speed , w 2 r r f is the angular frequency ,
f l /T  is the  f r e q u e n c y ,  T is the wave period , k 2 ii X is
the  wav e number , A is the wavelength , and

e — (2-5)

a. Locally parallel wave speed contours

The calculations are simplified by making the assumption
that the wave speed contours are locally parallel in the
vicini t of each point of the ray trajectory . Further , we
chose a x ’y ’-coordinate system such that the y ’-derivatives of
v , U , and G are zero. According ly, in the primed system the
space derivative of Equation (2-3) is

3
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—

-s) 
(2-6)

Expressions for the space derivatives of 0’ and Y’ are derived
from Equations (2-1) and (2-2) where

9~c (2-7)

~ 
(9
~
LG Q~A.- 8 ’

(2—8)

Thus,

(2-9)

— G ~9.X 
(2—10)

where it should be noted that dy dy ’, and ~O dO ’ , 4) 4)

and K KG ’. When Equations (2-9) and (2-l0) are substituted
into ~2-6) and the terms rearranged , it is found that

— 
I + io.~..4 ~a,... e’ (2-11)

After Equations (2-2) and (2-11) are combined and the result
is simplified , it is found that

I &U 
_ _ _ _ _ _ _ _

I(. - tr~~r +
6 — 

~~t e ’ + ~~~ 
~~~~~~~ (2 l2)

b. Properties of the group ray curvature

The ray curvature of a wave packet defined by Equation
(2-12) exhibits some very remarkable properties. Under

— ---—
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various conditions the trigonometric terms of the equation can
become infinite or have indeterminate forms . The value of K

Gapproaches zero as 0’ approaches a direction either parallel
or perpendicular to the wave speed contours , provided y ’ does
not have a direction parallel to the contours . This means
that given a sufficiently long path , refraction tends to turn
the wave packet so that it is directed either parallel or
perpendicular to the wave speed contours. In the limit 0’
or y ’ together approach a direction parallel to the wave speed
contours , K

G 
approaches a finite nonzero number. As y ’ , but

not 0’ , approaches a direction parallel to the wave speed
contours , KG approaches infinity and the wave group undergoestotal reflection .

For parallel wave speed contours , the value of 0’ at a
reflection point can be determined using Snell’s law , which
is the integrated form of the ray curvature expression . Snell’s
law for a wave packet can be written

~~~~~ e
U c*~- (0 1

_ l i)  A. (2—13 )

where C
5 is a constant. When the wavelet direction is parallel

to the wave speed contours (Equation 2-13) becomes

~ ± U~~~ A~.M - O (2 - 1 4)

where the sign is positive or negative depending on whether
sin y ’ ±1. Equation (2-114) holds for all values of U and
C only if 0’ is an integral multiple of 180 ° . Accordingly ,
a~ a reflection point the wavelet direction becomes parallel
to the wave speed contours , the wave packet direction becomes
perpendicular to the contours , the geometric group velocity
goes to zero , and the ray curvature becomes infinite.

c. Wavelet directions

Both the wave packet and wavelet directions must be
computed in determining each point of a ray path. Equation
(2-1) can be used to calculate y. However , since the packet
and wavelets travel with different velocities , the incremental
distances by which they advance are different . The wavelet
incremental distance must extend to the wave speed contour
reached by the wave packet. This is illustrated in Figure (2-1)
where  the  wave speed con tour s  are assu ~~ed to be local ly pa ra l l e l .
From the figure , it * s seen that

~~~~j’ 
(2-15)

—I
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Figure (2-1). RELATIONSHIP BETWEEN THE WAVE PACKET
AND WAVELET INCREMENTAL DIS TA Nf ES
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~cju~~tion (2-15) is well behaved except at reflection points
whei~e cos y ’ 0 and K

The wavelet direc~~ion can be calculated using Snell’s
i i ~~ with phase velocity. This offers the advantage that the
wavel~~t increment al distance , which must be determined in the
ray cur va ture method , is replaced by the wave speed which is
comput~~J ~t each point of the packet trajectory .

Ln r~~er to he consistent with the rest of the computa-
I ions , it is nec~~ssary to present Snell’s law in a form such
thcit the in cident angle is defined with respect to the posi-
ive x ’-axis. To do this , a number of rules are employed

WNe rc the sul~~cri pts n and (n + 1) refer to consecut ive points
of a r~ y and n is a positive integer. The first step, if
necessary , is to successively add or subtract 35 Q 0 fr om the
incident wivelet ongle until it is within the range
0 < ~~~~~‘ < 360°. Then , when Snell’ s law is given by

‘c.
~~,, = 

~~~~~ 
(\Ts;~~i ~~~.t~~~

’y
~~~~

) 
(2-16)

where -90° < < 90o, the angle y +1 ’ is defined by the
following scheme . n

I *
< 9~~O

qo ° < •1 < (2-17)

360 + ~~, , >

2 . 2  Spat ial Derivatives of G , U , v , and h. In this
s~ ct inn  relations are presented for connecting t}~ p a r t i a l
derivative~ of C , U , v , and h.

a. Determination of h and its partial derivatives

For each ray point the water depth h is interpolated
f rom a quadratic surface equation which is fitted to the water
dep ths at 12 grid points as illustrated in Figure (2—2).
The use of i quadratic surface makes it  poss ib le  to eva luate
second derivatives which are required in calculating the wave
hei pht. The surface is approximated by the general quadratic
equation (Dobson , 1967)

-~~ F.~ + E a. X 4. ~~~ + E~~x~ + ES x t  + E~ ’~ 
(2 18) 

i_I~~~~ i r- --~~~. . - ~~~ •~~ iiI~~~~~
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where the coefficients E are determined by fitting the
equation by the method of least squares to the 12 water depth
values. The partial derivatives of h are readily determined
from Equation (2-18).

.4k. E~, + 3.E~~x. + 
(2 19)

+

E (2—22 )

- ‘
~ E— 6 (2—23)

b. Rota t ion of axes to make computa t ions

A r e fe rence  x y - c o o r d i n a t e  sys tem al i gned wi th  respect
to the water depth grid is used to tabulate the particulars
of a wave packet trajectory. However , the calculations at
each point of the trajectory are made in an x ’y ’-coordinate
system chosen such that the y ’-derivatives of h a~ e zero .
The relationships between the coordinate systems , a ray , and
a depth contour are illustrated in Figure (2-3). Equations
relating the coordinate systems are given by

X~~Dt~~ + ~~ AMA.C(
( 2 — 2 4 )

‘
~~

‘ 

~~ -) ( A~v.O( +
(2—25)

B ’
( 2 — 2 6 )

‘i
I

= • 1_
~~ (2—27)

The ang le c~ by which  the x ’ -ax is  is ro ta ted  wi th
respect to the x-axis is given by

a& / i& (2-28)

_ _  _ _ _  - -
.• - •

- --- • - _- - - -- — ~~

-
- _

~~~~~~~
-

~~~~~~
-—- -- --- - -- -~~
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Figure (2-3). RELATIONSHIPS BLTWEEN THE COORDINATE
SYSTEMS , A RAY , AND A DEPTH CONTOUR
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As a consequence , the positive x ’-axis is perpendicular to —

the water depth contour in the direction of increasing h.
For the assump tion of locally parallel wave speed contours
to be good , the variation in a between successive points of a
ray must be small.

The partial derivatives of h in the x ’y ’-coordinate
system become

~ + (2-2 9)

-

(2—30)

- tot. ~ + ~- 0~ ÷ AWv~.
& ()(

(2—31)

a.
— 

(2-32)

- o— 

(2- 33)

Alternative expressions for Equations (2-29) and (2-31) are

- ~~~~~ +— 
(2—34)

_ _ _  - _ _ _  _ _ _— + 

(2—35)

c. Derivatives ot v

As a conven i ence  in the  c o m p u t at i o n s , the spa t i a l
de rivatives of v are expresued in terms of t he  spatial
-J erivativesofh. For linear theory (Lamb , 1932) the phase
speed of a gravity wat er wave can be defined

)~nJ\. (2-36) 
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where

-

o _  T
(2-38)

-~~~~~~~- (2-59)

and g is the acceleration due to gravity . For a given wavelet
period , a and b are constants. It can be shown (Wilson , 1966;
Dobson , 1967; Breeding, 1 9 7 2)  that

~x. — (2—40)

— 

(2—41)

where

- ~~~~~~— 

~~~~~~~~~~~~~~~~ 
(2 142)

Further

(2-43)

Differentiation of Equation (2-43) y ields a f t e r  sor .
simplificat ion

8.~r .~~~~ ~(~.& \~l(~x ’)~ 
— + Ux’) j (2-4’4)

where

• y — — __________________ (2-45) 4
— 

[3-~~~ rL + 

V _— -~ 
__i_ _ ~iiiil~
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d. Der iva t ives  of U

For linear wave theory the collinear group speed of a
gravity water wave can be defined

I
A~’v&I) (2-46)

The spatial derivatives of U can be expressed

‘
~
“

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

+ ‘)~~~ +
~~~~

J’ -

~~~~~i(I
-

~

~ [(A~Nt1 +‘)~~~ + 1J~~~ ( I _ L  I~J Q . **&L +

+ (~~ & I + i) 
~~~~~~~~~~~~ + 

.
~~~~~

. .
~j  (~

. + to4. I — 1 cbtt. x ) +
( 2 — ~~8)

+ ‘s - I e.itL,. 1) + (art ~~~ ~ (I t4tL. I. — toil. 
J. )] }

where

I’  £~& i 1iy~~
v~~ r)  

(2-49)

____ - / ~~~ 
~~ c I 1~L

3.& i I &&(~.x’f TY~Y1 ~~l&~~~— 4 . )~~’•) J — 

( 2 - 5 0 )

I i (~r \~1 ~.

e. Derivatives of G

Eq uat i n  (2—11) can 4V)C rest ated as

/
!~~~~~% (2 - 5 1)

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - - 

~~~~ . _~~_ ;~~~~~~~~~~~~~~ V V~~~~~~ V 

-
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where

P = + ~~~~ te..~. 8 ’ ) ’ ( 52 )

c~
. = U ~~~~~~ ~~~~~~~ 

(2-53)

The second spatial derivative of G is given by
3-

_ _ _ + 
~ (ix ’)) - ) + -

( 2 — 5 4 )

~~~~~~~~ )~~r +  (e4~r + ~~~)~~
where

= — ~~~~~ (Xo~ 8’ ..w~P4 4~ + i~~~ . 4 u~ ~ .~~~
‘ ) (2-55)

(2-56)

The derivatives of y ’ and 0’ are defined by Equations (2-9)
and (2 - 1 0) , and

- 4~9

~.•x ~~~x ’

2.3 Computation of Gravity Water Wave Packet
T r a j e c t o r i e s .  In t h i s  sect ion  a method is presen ted  for
comput ing  the surface trajec tories of gravity water wave
pack et s .

a.  D e t e r m i n i n~ t h e  pa th

Succes~;ive points of a wave 
l~~~~~~~VRe t trajectory are found

by iteration using Equation (2-12) for the ray curvature. The
ray c u r v a t u r e  is cal-:utated on the  os s u m p t i o n  tha t  the  wa te r
depth contouru are locally parallel in the  v i c i n i ty  of each
point of the trajectory . At each ~oint of the wave packettrajectory the wavelet direction is found using , Snell’ s law
with phase velocity as defined by Equations (2-16) and (2-17). 



- 

~~~~~~~~~~~~~~~~~~~~ 
V

VV

15

The coordinates  of each r -~~y po in t  are d e f i n e d  by

= 
~~~~~ + ~~ ( 2 - 5 8 )

~~~N¼ +
( 2 — 5 9 )

+ 8,~ )

~~~~~~~ e,~ + A e
( 2 — 6 1 )

= 
~ + 

( 2 - 6 2 )

= ~ (A t) / G R L ~ ( 2 - 6 3 )

where Dn is the incremental distance in grid units between the
points n and (n + 1) of a ray , GRID is the grid uni t  d i s tance
in units consistent with G , and (st) is the time step.

b.  Re f l ec t i on  poin ts

Reflection points require special consideration. The
waves are assumed to reflect if any of three criteria are
s a t i s f i e d .  The f i r s t  test  for  r e f l ec t ion  is based on S n e l l ’ s
law with phase velocity. Reflection occurs if

_____ VA&M~ i,~,. > I ( 2 — 6 4 )

As a r e f l e c t i o n  poin t  is approached the  ray cu rva tu re
changes so quickly that calculations of the ray curvatu re by
iteration may cease to converge . If convergence fails
reflection is assumed if the following conditions are met .

( 2 - 6 5 )

I ~~~ > ~
&N4. ~O 0

The first condition requires that the phase speed increa~~~s
between the last two ray points , and the second condit ion
r equ i r e s  tha t  the wcivele t  d i rec t ion  be cons i s t en t  w~ th tot-U
reflection.

A th i rd  c r i t e r i on  i~ used to s p e ci f y  r e f l e c t i o n
points in order to maintain accuracy in calculating the wave

—- ~~~~~~~~~~~~~~~~~ V -~~~~~~~~ 
-—  

~~~~~~~~~~
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packet trajectory. Very near a rotlection point , due to the
rapidly changing ray curvature , the es t imates of ray points
can become erratic. Therefore , reflection is assumed if the
following conditions are met

> 1

I~~~~I > ~~~~~~ (2-66)

< ~~~~~ 
~75 O

When a reflection point is determined on the bauls of
either the second or third criteria, it is advisable to examine
the printout to determine if the ray particulars are consist-
ent with total reflection . The values of ~p- , y ’ , 0’ , and G
should exhibit the behavior described in Section (2.1), b.

When a reflection occurs there is an option tc either
halt the wave packet trajectory or to continue it as a
reflection. When the wave packet reflec t ion op t ion i~chosen , the reflection angles are determ ined by the relat ions

— e1’ + ISO ° (2— 67)

— + 150° 
(2—68 )

The subscript r denotes the reflection angles , and the sub-
script i si gnifies the angles at the last ray point reached
prior to where the reflection triterion is satisfied.

The ray curvature calculations are more likely to con-
verge and the acc uracy of the path is increased if there is
a rest riction on how much the ray direction can change between
successive ray points. Accordingly, if y ’ is within 15° of
a direction for which the ray curvature is infinite , the time
step between ray points is successively halved , as necessary ,
until J A 0~ is less than 10. In the event it is necessary to
reduce the time step to less than 0.5 seconds the ray i~ stopped.

2.4 Wave Height Calculations. Modification of the
wave height due to refraction , shoaling , and enerer dissipation
is considered. The wave height H increo~-es when dJ~ acen t rays
converpe and it decreases when the rays diverge ; this effect
is ac coun te d for by the refraction coeff ic ient KR. The shoal-
ing coefficient KS accoun ts for the change in H du e to the
variation in the propagation speed of the wave packet. The
loss in energy due to wave motion at the sea bottom is
determined by the friction coefficient KF .



a. Without energy dissipation

The ave rage rate of energy transmissi on F can be
defined

F E t G (2-69)

where E is the ene rgy per unit area and ~ is the perpendic ular
distance between rays. The energy is as sumed to be conserve dalong the ray. Therefore

Ff41 F~. (2—70)

where j  and (j  + 1) denote consecutive ray points. It is
further assumed that E is proportional to Hz . Accordingly,
it follows from Equations (2-69) and (2-70) that

= (K ~~~~~~~~~~~ (K~~~)~~~ +,  H (2-71) —

where (K 5)~~~1 and (K R ) .
+ are the shoaling and refraction

coefficients , respecti~ e~ y, between points j and (j+l).

(K~~~~ ~~~~~~~~~~~~~~~~ (2-72)S~~~# I  %~~~ .
‘ a~ ’

(
~A - l - -~~-~~-~~~

K. ~ +I 
— 

(2—73)

If F-I is the initial wave height , t hen  th e wave hei ght
at the n-~ h point  is

H~~z K
~~1~~. Ho ( 2 - 7 4 )

where

~~~ ~~~~~~~~ 
(K ~~~ (2-75)

V V -
- -
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)
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~~~) = (2-76)

b. With energy dissipation

To account for energy losses , Equation (2-70) can be
res ta ted

F~ 4~ 
( 2 - 7 7 )

where (K F).+l is the friction coefficient between the pointsj and (j+l~~. As a result , the relationship between the wave
heights at consecutive ray points can be expressed by

= (K ~~~+1 ( K~ )~4~ (~~F)~~~ 
( 2 - 7 8 )

In terms of the initial wave height , the wave height at the
n-th point is given by

H,~= S~~~~~~~ o (2-79)

where

~~~~~~~~~~~~~~~~~ 
= (K F~~. (K

~
’)m.. (2— 80)

2.5 Refraction Coefficient . In computing KR it Is
convenient to define

L
P — ( 2 — 8 1 )

wher e ~ is called the ray separation factor . Equation (2-76)
for the refraction coefficient become s

I~I
__
~• ( 2 - 8 2 )

~ IL - - 

-~~ — -
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a. Ray separation equation

F In considering the refraction of monochromatic waves ,
Munk and Arthur (1952) have shown that ~ can be determined
from a second-order differential equation called the ray
separ~ tion equation. The equation can be stated

~~~ 0 (2-83)

where t is time . For a wave packet trajectory

-
~ 

—~~ (c.ø.t e ~. + ~~~~~ ~~
) (2-84)

~ e - ~~~~~~~~~ ê e.o4. e + ~~~ e (2-85)

The calculations for p and q can be simplified in the
same manner as in calculating the wave packet ray curvature
by using the x ’y ’-coordinate system. Then , p and q reduce to

ac,
-(2-8e)

G A~6.
3
~8

’ 

(~.XI)a. (2-87)

b. Solution for parallel water depth contours

There is a simple solution to Equations (2—83), (2-86) ,
and (2-87) when the water depth contours are everywhere
parallel. Then , with the x ’y ’-coordinate system defined as
in Section 2.2 , b , it can be shown that

0~~0SV~ (2—88 )

~~~~~~~ 
00’

where the subscript 0 denotes the initial value and  tse sub-
script n dep icts the value at the n-th ray point. The time
derivative of Equation (2-h8) is

--  o-~~- V~~~~~~ -~ — ---
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where Equations (2—8) and (2—1 0) sr-c used.

c. Numerical solutions of the ray separation eqistinr

Several numerical methods cijn f-c used to solve h- ray
separation equation . The assumption is s ide that t k -~ water
depth contours are locally parallel in the neighborhoo :d of
each ray point ; therefore , p and q are defined by Equations
(2—86) and (2-87). An easy to use foist-rh order finite
difference solution to Equation (2-83) is the Fox s--th od
(Salvadori and Baron , 1961). However , this metsod has the
disaJvan~ ice that the time step must be constant between
successive ray points. When p and q do not change ou ch
betwe en ray po in t s , the reneral solution of a honstseneous
second—order- differential equation with c nst in t coefficients
(~‘Jvli e , 1951) can be used to solve the ray se~ srmtio rt
e qu a t i o n .  This s o l u t i o n  has 3 cases -dop end irii~ on t h r .  value of
(p 2 — ‘4q). The v a l u e of ~ -it each new n y  point is found using
the values of p an-i q at the lu~~t poin t . There is i c J t 1 ~
li ttle differ ence between the results obtairst by this method
and t he ~cx method.

A numerical method whi ch Ices n ot  require u constant
time stcp and which bettc~ acco sts :nr the variation of p
and q iiong a ray is the Rancn_Kutta me t hod . This method is
stable. It is -ilso self— - t a r - t i n s , .e., values at the
previous paint are used to fin d vu lues at the next point
(R o m a n e l l i , 1960). For these rea-on s , the Runge-Kutta method
was selects- cl for the solution of the ray seraration equation .

In order to use t h ~ Run-~e-Kutta method , Equation (2-83)
is reduced to a ;v n t c s  of first—c oder equati-~ns.

= (2-90)

— (-
~~~~~ * (2-91)

Both fourth iii l fifth order solutions of 6 are  - : - t~tained. The
ini tial conditions are the values of 6 and d~~/dt at the first
ray point. The latter is estimated using Eq uation (2-89).
The solutions require the values of 

~~~~ 
q~~) at the n-th raypoint and the values 

~Pn+l’ 
q~ ÷~~) at the (n+l)-th ray point .

Further , the values of (p - , q1) , (p 2, q~~) , (p-; , q - ) , (p~ , q14 )
and (p 5, q 5) ire needed along the ray a~ points ih~ erme- :iatn
to the ray points. They are determined , respectively, at time
intervals o: (At)/3 , (At)/4 , 0.45573725(At) , ? (tt )/3 . and

_ _ _ _ _  - • ~~~~- -~~~~~~
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0.8(At) beyond the n-th ray point where ~t is the time stepin the calc u lat ions.
A fourth order Runge-Kutta method with a minimumt r uncat ion error bound is given by Ralston (1962). The

solution for the ray separation equation becomes

~~ + 0. II 1~~O~~S K , — 0. I1fZ06~ K~ +

+ I . a . o s 5 3 s 6 o K 3 + O. v 1 I1 g~+75 K,.~ 
( 2 - 9 2 )

(
~L ~~~~ 

+ 0. l’1 ’f’16o~~~L , — O.55I ’+~ o 6t ,L~ +
(2-93)

+ L 3 - O 5~~35~ oL 3 +

wher e

(2— ~~~)— 

- (at) [~ (~~~~)M + 
~~ 

( 2 -  5)

K~~ (At ) + 0.~~L I] (2 - 96 )

L - (At) f.~~((*),
~ 

+ O. LFL ,) + ~~ 
(
~~ 

+ 0.L f K ,)J ( 2 - 9 7 )

= (A t)  [(~. ) +  O.~~~~~11~ 1L 1 + O . t 5 5’7 5~~6&f L
3-] 

( 2 - 9 o )

L3 
— (At) f-~((*) + O.a~w1mIL , + O.~5S’75q~ Lf L~) +

(2— 9°)

+ # 0.aM’u17 6) K , t o . I 5 8 ’ 1s~ 6’f. K 3-)J

= (A t )  {(4~
.) + o . a Is I oo ~ oL , — 3 , Q 5o ~6 5j & L 3- ( 2 - i O O )

+ 3 . 5 3  3-Wf 7~~L 3]

L~ 
— (At) 

{~~
.
MI.+~ ((4~~) + o.alvoo’fO L , — 3.O5o~65l(~L~ + 

( 2 — 1 0 1 )

+ 3 . 5 3 3 - 3~ ’f7~ L 3) + ~~~~~~~~~ 
(~ + O ,aISl Oo ’ f O K ,—

- 3. OS0 q (
~5I~~~3- 4. 3.53 W~’76K 3)}

- - • 
- •

~~~ -~~~ 
— — -

.
~~~~~

-
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A disadvantage of the Runge-Kutta method is that there
• is no simple means for estimating the truncation error

(Mim e, 1953). One procedure for controlling the error is
to compute both fourth and fifth order solutions of 6 and to
adjust the time step so that the two estimates d iffer by
less than an arbitrary amount .

A fifth order Runge-Kutta method is given by Mim e
(1953). The fifth order solutions for 6 and d6/dt are

CS)

~~~~~~ =( ~~ 
+ + — + ~ .sK ,) ( 2 - 1 0 2 )

(
~~~

)

(5) 

(4~~) +  th (a~
3L , + I3.5 L~~— 8I L~ + ~.5L ~ ) ( 2 - 1 0 3 )

where

= (At) [(~
. ) +  

~
.] (2-104)

L5 = — (At) 
~~

) +
~~~

(
~~~

+ •~-)] (2-105)

K b (At) [(~-),.~+ 6L~~+ L3. L ,]
(2—106)

L b — (At) 
[~

.a ((~~ )~ + ~~c~~f Li) i. +
(2—507)

K 1 (t ~ t) [(p) + 
is~~ 

- 
~~~~L5 + L

,J 
(2-108)

= - (At) + I~~L~ - lU-5 + L )~ + 

V

+ ~~~~~~~~~ (~
. + I5K ~ — ~~~~ + Ic

.)] 
( 2 - 10 9 )

(&t) + %L.~— 5Q L~ + 9OL~ + ~L, ]
(2—110)

— (&t~~ + 
%L, —SQ L 6 +~O L~ +~ L 1) + -

~~

~ + ~~~~~ 
_ 5 O K~~ +~~O~~~~+~~~K

1)] 

(2-111)

K
1 

(A t )  [ (*L~ + 
5 L . i + I0 L 6 +%L~~+~~L , ] ( 2 — 1 1 2 )
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= - (At ) 
[t ((

~~
)
~ 

+

2
~~~~ + IOL~ + 3~Ls +~~L i) +

( %K 1 + tOK ~+ 3~,K~+lo K i ’~1 (2—113)
(75 JJ

The difference between the fourth and fifth order
solutions of 13 and d6/dt are

(5)
= 

~mj i  — 

~m+l 
(2—ll ~4)

~~~ ~~~~ 
— 

~~~~~~~~~~~~ 
(2—115)

In the calculations both E 6Iand ~
c 6tl are monitored. If

either is greater than or equal to an arbitrary constant
(determined as an input parameter) the time step is halved ,
the corresponding (n+l)-th ray point is found , and the 13 and
d13/dt calculations are repeated. This process continues , as
necessary , until both jE 6Iand J~~6~~I are less than the arbitrary
constant . If the time step is reduced to less than 0.5
seconds the ray is stopped.

d. Reflection points

The numerical solutions of the ray separation equation
have not produced satisfactory results near reflection
points. This is possibly due to the rapid change in p which
approaches infin ity as the reflect ion point is approached.
The problem occurs when the wavelet direction is within 150
of being parallel to the wave speed contours. Accordingly,
for  t h i s  narrow reg ion , Equations (2-88) and (2-89) for
parallel water depth contours are used to evaluate 13 and-
d6 /dt . The equation for 13 is not only well behaved but
approaches a const ant value at the reflec t ion point .

e. Cau s t ics and focal points

The value of 13 is monitored along a ray. If the value
becomes zero or negative a focal point or caustic is located.
In this case the ray is stopped.

_:
-
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2.6 Friction Coefficient . Fnergy dissipation of ~he
waves due to bottom friction is considered. The friction
coefficient is determined using a method based on the the ory
of Putnam and Johnson (194 9) and Bretschneider and Reid
(1954). Other energy dissipation methods can be sub stit uted
if desired.

In this work the friction factor C
f 

is defined following
Jonsson (1966)

3.
I = C~ P

f (2-116)

where T is the tangential stress per unit area at the hottcn ,
Pf is the density of the fluid , and urn is the maximu m velocity
of the  f l u i d  at the bo ttom . The definition for T given by
Putnam and Johnson (1949) does not contain the factor ½.  ~ i ie r~
Equation (2-116) is used the friction coefficient becomes

K — 
(K F)~~ (2-117)F — 

F(K F),~~(A ,&(, .~+, + I

where (Kt)m is defined by Equation (2- 80), (A s 0)5~ is the
incremental distance between the ray points n anu ~n+1 ), and

/~~ 3 .\ /  ~~~~F — 
~~~~~~~~~~~~ H Cf~ o~ 1 “ S (2  118)
\ 3 ~~ ) \  U0 ) \ ~T~~~~~~~ 

-

2.7 Wave Breaking Criterion . In the prooram there is
an option to determine if the waves break. When this option
is chosen , the waves are assumed to break when the following
relation is satisfied .

(2-119)

~~~~~~~~~ _ _ _ _ _ _ _



— ~~
—---- — -—-- 

_ ___ _ __n_______ - —-- — - 

~
-
~
------ -.

p-u,..--— 
V~~~ - --_____

CHAPTER III THE C°MPUTEF- ORCCF -A~V1

3.1 Description of the Computer i r c r - u s . The computer
propram is w r i t t e n  in i’ortran IV for the Cc- t c s ro l  Pita Cyber 70
computer systems and plotters w h i c h  are cnm: atible with the
Calcomp plottinp systems . Pith th e  e x cc st i o n  of the  C-alcce :c
s u b r o u t i ne - : , a description of e ~ch pr -c gram sub-ycut lh ; 15

presented. The reader is referi-od a Calcssrnp reference
o inual for descri pt ions of the Plot , S ohol , and Pumfe r su~ -r o u t i n e s  ( C a l i f o r ni a  orsputcr- : r- o t -~cts , Inc . • 2d 11 Pest La
Palma , A n a h e i m , ~A . 9 2 8 0 1 ) .  P i t h  the  excep t on o f  t h e -  pl- :ittinr
su brout ines , each one is written so that it is pos sible to
follow the subr-su tine listing. It will ce helpful to mike use
of the definitions of the symbols presented with the botation
- - i t  the end of this work .

Including the 100 by 100 array for the witer depth sri-C
the -crograrn requires 30976 words (base 10). In order to reduce
the sice of the coos-u :er ist~ograrn card deck -and to shorten the
sro~~r-a ni listing, several program stat ~rits have frequentl:
been combined on one com puter car-u . This is done 57 s~~par~ t ~nr
the  s t a t e m e n t s  by a b lank , a d o l L a r -  s iy n ,  and an o ts er  blard-

There is o ft e n  a ne-ed to prepare  a r e - c a n t  s fo r  a number
of d i f f e r e n t  w at er  depth g r ids .  Furtbs-r , it is fre~~uent Jy
d e s i r a b l e  to make a number  of f o r e ca s ’ s fo r  the  same water -Cevth
gr i d .  To make i t  eas ie r  to handle the i n p u t  -da ta  f o r  t h e s e
situations , the water depth ~r ids (XYCB D) are all stored -on
one input file. Each :crid has its —t-:n name , e . c . ,  XYGO M1 .
The res t  of the i npu t  parameter: (RAYPAT) ar-s store on anoth er-
inp ut file , and the data for each run la s -a name , e.g ., i-AYT A T 1 .
When using the pr- n - -en an aprropriate set of contr- -:i cards is
used to access the  i n p u t d at a .  I f  t h i s  f e a t-ir e  is not desire -- ,
t h e  R V VV\F s ta temenro :  in PlAIN s h o u l d  be changed so t~ it the same
i n p u t  f i l e  is used for  al l  the isp-~~t d a t a .

Phen  checks of t e  pr ogram a t e  made or i f  t he re  - i s - c
modi i c a t ions  to t i r e  c roar -um , i t  she- - r i d  be not  : that b n f l  sh
u n i t s  ure  used i n te r n a l l y  in th~ - p r ogr a m  o r -  t he  c a l c - i l a t i -m s .
In - i d d i t  ion , the  inpu t  and o u t p u t  wave p a c f et  and w av e l e t
a i r ect  ions are d e f i ned  a.r t he  d irect  i-an: fr-an V -:b i ch he waves
come wits respect to true north . Before s r - i -  n~ c -u l c  n a t i ons
these angles are transforme d usinr~ the followinct relat ionshi ps

CNVRSA — ~L . + 180 (3— 1)

CPiV fSA — + 180 (~~~2 )

w n i ’ - r -  the sul- - ncr~ ; t e- r e f e r s ( tie e alc u ie t on c o o r d i n at e
:_ y s~ em , t l i e s h~~o pt  N d e i n t - - - ‘he  i r e  n orth coordinate
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sys tem , and CNVRSA is the direction of t h e  tiositivo >:-a:.:is
• of the w at e r  dep th  gr id  w i th  respect  to t r u e  north. Tot - aii: - .-

are in degrees.

3. 2 PROGRAM MAIN. The MAIN PROGRAM controls the input ,
plots , and calculations for all the rays. To beg in witsi , the
values of MMAX , LI , and CORI are assigned values , arid LII is
calcula ted. Two statements are used to read numbers used in
the surface fitting procedure in SURFCE . Then , descript ive
information is read which is- used for all plots. Next , two
read s tatemen ts are used to obtain m oat  param ete rs  for  a
specific plot . If MOE ~ 0 there is a conversion from Metric
to English units. The value of CIN is changed from seconds
to hours , and the values of AMM , ANN , DY , and SCLI are
determined . Next TITLE is called.

If NXCMAT 0 the wat er depths are read and stored in
CMAT . If NXCNAT � 0 no water- depths are read , and the depth
grid used in the previous plot is used again. If NCO ~ 0sounding depths  f or the plot are read and N UN- CON is ca l l ed .
If PI CO 0 no sound ing  depths  are read ; in this case there
must  be no sound ing  depth  card .  SHORE is cal led if N SF ~ 0 .

Next , the  i nnu t  pa ramete rs  for  a g iven ray are read .
If MOE � 0 t ne re  is  a conve r s ion  f rom M e t r i c  to Engl i sh  u n i t s .
The values of SDLTAT and ML are d e f i n e d , and the  computa t iona l
values of the wave packet and wavelet -directions are determined.
f - IA XQ is i n i t i a l i z e d  to one and FUD , P5K , REFLIPT, RFLBUN ,
REFRCT , itFRBUM , FLAGR , FLAG3 , IFLG , and a are ini t ialized to
zero . If COL ~ rj the plot ter will pause before a ray is
b lotted. The values of A and AV are changed from degrees to
radians. Then RAYP! is called. After all rays for a given
plot are determined the comment : THIS IS THE END is written
on the output .

3 . 3  Sui-routine TITLE . TITLE is cal led by M A I N  to
draw labels  -md s t ra ight  li ne borders  on a p l o t .  The labels
cons is t  of :OJCT , DATE1 , DATE2 , SCL , CIP , h h h ~ 2 , and D I R .
If P A~ � 0 , A N I S 2  is called .

3.~ f i f r o u t i n e  A X I S 2 .  A X I S 2  is ca l l ed  by TITLE to  V

pre p  a r  - x e s  fo r  the plot . The axes are c a li b rat e d  w i t h
tick maid--os , and tire ori g in and every  fifth t i ck  mark arc
nu rn f~~red .  F i ni l ly ,  each a x i s  is l abe led .

3.5 Subroutine MOON. If  M O O > U T hM C )’- i i s  c a l led
by MAIN to locate MOO sounding wa t- -r dei-ths on a p1- -at. The
s-aan~r ing dep ths  i re  s tored in t h -  a r ray  ‘N T  P .  I f  N C ~ 0
tri o soun d ing -dep ths  are conve r t ed  f r o m  P f e t r i - to  E n r l i a h  v a l -r : - s
b e f o r e  tb  - ca lcu  a t i o n s  are ma de . The -Torrch for  he ~ -s u n d  in g
d - ~~t h s  boo ins  o n :  g r i - l  un i t  from the end of a c o l - e : r ~~t irt ing
w i t h  ti e secon i v—column . The ccl imn is searched separately
for  each dep th. I f  n eces sa ry . the  soun  in ~ d — : - t  h are Loca ted
by l ine ar interpolat ion. 

- 
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After all the sounding depths for a oiven column are —

f ound , they are drawn at their respecti ve locations on the
plot. In the event MOE � 0 the English values are converted
back to Metric values before being drawn on the plot .

This process is repeated for additional y-cclumn s
where the next column is determined by adding MESKIP to the
num ber of the previous y-column . The process stops when
the y-column selected is greater than (ME-i). A restriction
on the use of tn is subroutine is that (0h/

~~
x)
~~h O  > 0 for

the entire depth arid. - -

3.6 Subroutine SHORE. If NSF ~ 0 , SH~RE is called
by MAIM to d raw the shoreline on the p lot . Beg inn ing with
the first p’-column in CMAT , each column is sea rched for the
location of the zero water -depth. The search in each column
beg ins wi th the maxi mum value of :< , and if necessary , the
point of zero water depth is found by linear interpolation .
The shoreline is the line drawn connecting these points.
To use t i ’ifS s u b r o u t i n e  it  is n e c e s sar y  tha t  ( 3 h / 3 x )

~~h _ o  ~ 0 .

3.7 Subroutine RAYN . This subroutine is called by
MAIN to control the calculation of the wave packet trajectory
and the wave particulars along the trajectory . Initiallr ,
M OP , N FK , NGO , and FLAG1 are set equal to one . Also , h i-tE ST ,
K CIN , and RCOUNT are put equal to zero . SUR FCE is called to
calculate ray particulars for the first ray point. FLAG1 and
lEON are set equal to zero . The saved va lues  of a , ~

‘ , h ,
v , u , and G are initialized. MOVE is called to ca lculate the
i n i t i a l  value  of D , and HEI GHT is called to determine the
i n i t i a l  wave hei ght . The t r av e l  t ine  is i n i t i a l i z e d  to zero ,
and the  i n i t i a l  wave packet - -and wavelet directions are con-
verted to degrees and to values measured with respect to tour
north for later fontout . Then the value of NET is checked
to d e t e r m i n e  how much p r i n tou t  is d e s i r e d .

If PIPT 0 p r i n t o u t  occurs  at the f i r s t  and la st ray
p o i nt s .  When N E T ~ 0 , PCJP is called to calculate CCTDIF and
p r i n t o u t  occurs  f ar  se lec ted ray points depending uron the
value  of SN .  The ray paramete rs  which  appear  in the  o u t p u t
depend upon the value of NPT . The pr o ce d u r e  employed to
obtain the outp ut when NPT � 0 is presented below. However ,
there is lit tle difference in the rout ine um -V e d  to obtain
out put when NPT 0.

Printout occurs for the fIrst ray point or if the number
of t he ray point is an integral multiple of SN . then a is
changed to ir7gr- eeS , and if MOlt ~ 0 the English values of the
ray parameters are changed to M e t r i c  values. If thc - ratio of
FUD to LI h -is no remainder- , page an i column headings are
wri t ten. First , the pa~ o headin g is  -

V~~~r itten . Next , f the
ray is at the f rst point the ini t:i - il value of dB /-~ t is
wri tten. In -~c1diti r n , if MOE 0 tao prin t- nt contaThs:
THE OUTPUT IS IN LNCM iISH UNITS. II , HGT (FEET ). C , U , V (FEET /
SECOND) . If instead H-did � 0 lie printout contod rio : Vj~l l I ~

- -- -
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OUTPUT IS IN METRIC fIN ITE . H , HGT (METER). C , U , V (ME’;ER/
S E C O N D ) .  Then the column headings  are w r i t t e n .

FUD is increased by one and the ray particulars -i re
written. One of three formats is use d . If ~: FLBUM ~ 0
(determined in HEIGHT) the format for a reflection breakup
of the time step interval is chosen. Further , i-tFLBUH is set
equal to zero. If RFLBUM 0 and RFRBtVJtI � 0 (detcir-mni ri-: . in
HEIGHT ) the format for a refraction breakup is used and
RFRBUM is set equ- il to zero . ‘

~
‘be remaining format is lu r e d  it

there has not been a breakup of the time step interval.
The value of a is changed back to radians. If H-’H ~ 0 V

the ray particulars which were changed to Metric value s are
converted back to English values for use in the calculation:.
The values of the ray point number , the  coordina tes  of the
ray point , and the number of bre akup intervals are saved- .
Then STORE is called .

After r et uradri from ST-ThE , if MIT f (determined in
MOVE ), if MET ~ 0, and if the rat E: of FUD to  LI has no
remainder , then page and column hi-adings are written. FUD
is i n c r e a s e-C  by one , and the printed output contains the
statement : iA C K LV V d  CURVATUP id AV id--AC ED . If after returning
from STORE . NET 0 or MIT 1 the previous write statement-:;
are omit ted .

When at ~:e first ra” point  t i r e  value of f - I D E is checked .
If NDP 2 (determined in SUi~FCE) the printed output is: P-AN
REACHED SHORE. The ray is stopped and the program returns
to MAl i:. If Nih 1 the number of the ray point is increased
by one , and n o dimension of the AN and AY arrays is check ed
(descr i bed below). For points beyond the first the value of
NGO is cheched. If fICO 1 the ray point number is increased
by one , and the siz e of the AX and AY arrays is checked. If
NCO ~ 1 the ray is sto, - i , the printed output contains:
RAY REACH ED Cl-tIE P ‘ ThThi, and the  program re turns to M A I N .

Befo re the next ray point is ca lcu lated a check is
made to detrrinine if there is additional storage sorce in
the AX and AN ar-r a y s .  If the sum of the number of ray points
and the number of tick marks (if any) exceeds tiP1~\X the ray is
s t( p: - ed . The s t a t e m e n t  in the  p r i n ted  ou tpu t  is: OIPfEEf -ION
OF : ) ~ j  CT- TI- RAYS E X C E E D E D .  The ray p a r ti cu l a r s  for  the last
point  are w r i t t e n  if t hey  have not  been p r e v i o u sly  w r i t t e n .
Page and column head ings  appear when appropriate, and the
format  used is d e t e r m i n e d  as exnlained above for the o u t p u t  of
other  ray p o i n t s .  The program r e t u r n s  I s  ifAIN .

If the d imens ion  of t f r e  o u t p u t  ar- rrvs is not exceeded ,
the value of  G is saved and E V E  is cal led to find t he  next
ray point . After the return to RAY’J the ray is stopped if
NDP � 1 or f l iT 3 , Li , 5, 5 , 7 , or 8. The i - - n ;  p a rt i c u l a r s  f o r
the last ray point are wri tten unless the’~ have at ready
appeared in the output . In addit -an , one of tire f o l l o w i n g
descr ip t i v e  p r i n t - -s it s  o c c u r s .  I f  MOP ~ 1 (determTned in
SURFCE ) the pH n t nit I s : RAY REACHED S}i d-~t E . When lIlT 3
(— let n rrnined in f-P yE) tb-s p r i n t o u t  i s :  I’A °Fd IH’ C U I V A t 1 ° F
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ITERATION N D i ’  C O N V E R G I N G .  If M IT ~ (d e t e r m i n e d  in HEIGHT )
the s t a tement  is :  CAUSTIC OR FOCAL POI N T . When MIT 5
(determined in HEIGHT ) the p r i n tou t  contains : WAVE BREAKS .
When MIT 6 (determined in MOVE ), which can occur- when ROP
0, there is no descriptive printout . If NIT 7 (d etermined
in M O V E )  the p r in tou t  is: REFLECTION HANG- t i . Finally, if
MIT 8 (de t e rmined  in HEIGHT ) the pr in tout  i s :  BREAKUP
TI M E STEP LESS THAN 0 . 5  SECOND.

A f t e r  t In e re turn  f rom MOVE to RAY N , the  ray con t inues
if NDP 1 and MIC 1 or 2 (determined in HOV E ) . The t r a v e l
time is computed . The values of a , K G, h , D, (I , v , N , H,
1Kg, KF, and KR are saved in case printout is required at toe
las.: ray point . The wave packet and wavelet :rngles are con-
verted to de rees and are defined with respect to true north.
Then , as d~~scribed above , PCD is called if desired , the ray
particular are written if required , and MOVE is called if
appropriate to find the next ray point.

3.8 Suhrou Line MOVE . MOVE is called by RAYI- to deter-mine
the path of tin-a wave packet. NUNT and NIT are initialized to
one.  The values  of the geometr ic  g r o u p  speed and ray cu. u t u r e
are saved for use if the t ime step interval is divided into
smal ler  i n t e rvals .  At the second ray point  the value of K 0 iS
saved;  a -t ot h er  po in t s  the values of the  ray cu rva tu re  an:H
the  average ray curvature are saved.

The va lue  of the incremental d i s tance  to the next ray
point is computed . If at the first ray point the program
retur ns to HOVE. At the second ray point the average ray
curvature is set equal to the ray curvat ure obtained at the
f i r s t  p o i n t .  For points  beyond the second th i s  l a t t e r  step
is ignored.

A check is made to determine if there  is a breakup of t i re
time step in terval  due to the ca lcu la t ion  of the ray s ep a ra t i on
factor. If so, REFRCT was set equal to one in HEIGHT .
Further , a check is r~;ade to determine if there is or should
be a breakun of t1i~ time step interval due to a reflection
po in t .  If RE FLCT ~ 0 a r e f l e c t i o n  breakup has occur red ;  if

t an  ~~~~
‘
~~~~~

> tan 750 and tan @ ‘ f <  tan 750 a r e f l e c t i o n  breakup
should occur .  A c c o r d i n g ly ,  if  REFRCT � 0 or REFLCT ~ 0 or

tan  y ’~ < tan 750 or tan O’ I > tan 750 the it- - ration for
the n e- -:t po in t  beg ins .  Otherwise , E L FEf f T and RFLBUI-i are set
equal to one before the iteration for the next po in t  beg i n s .
The val ue of RELBICI determines the ormnt for the  p r i n t e d
output of the ray particulars.

A maximum of fif ty iterations can occur in locating a
new point. On the first iterat ion the average ray direction
to and the p o s i t i o n  of the next point are estimated using the
ray c u r v a t u r e  of the present ;soint. Beyond the f i r s t  i te r at Thn
the aver-i e of Li-s ray curvatures at the present point and the
approximat :Vd reid pHnt. is u eri to obtain a new estimate of
the  ray p o i n t .  W i t h  each i t er a t  ion SURECE is called to
calcu ~ ito the  r ay  c u rv a t u r t~ - m d  e t h e r  ray p i r t  r u l a r s  it the

L 
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estimated position of the next p o i n t .  After the return t:-
MOVE , the wavelet direction y ’ is comp ited.

If FLAG2 ~ 0 (de termined in S U R E C E )  ~ reflect n o c c u r - n
due to Snell’ s law with phase veloci ty . En this case ,
REF 1 and there is a reflection (described below). If
FLAG2 0, DUD is calculated. If MIT > 2 the program return s
to sANE . If MIT 2 (described below) a check is made to
determine if the ray is too close to a refle ct ion point
(described below). If i-lIT z 1 the value of UDP is examined.
If MO P 2 (de t e rmined  in SURFCE), h < 0 so the program
r e tu rn s to RAYN . If NDP � 2 the ray curvature at the latest
estimate of the new point is averaged with the value at the
present poin t ; the average is used in th e nex t approximat ion
of the new point . The average ray curvature is sa-ced on the
48th and 4ith iterations.

The check for the  convergence of the  r a -  cu r ’-~’atur:
depends upon both the number of the ray point and the number
of the iteration . For the first or second ray point and on
the first iteration the average ray curvature is saved and
the second it erat ion beg ins . Beyond the first iteration
successive curvature average s are checked , and if they di f fer
by less than 0 .00009/D convergence has occ urred. The new
point is checked to see if it is too clos e to a reflec tion
point . If convergence has not occurred the iteration continues.

Beyond the second ray point and on the first iterat ion
the ray curvature average for the estimated new point is
compared with the ray curvature aver-age of the present point.
If the values di f fer  by less than 0 . 0 ~~0 0 9 / D  convergence has
occurred. On successive iterations curvature averages are
checked to see if they differ by less than 0.00009/D. ‘hbc n
conver pence occurs the check is made to determine if the new
point is too close to a reflection point.

If convergence  has not occurred after fifty iterati ns
the ray c u r v - i tur e s  on the 48th and 5 0 t h  i t e r a t i o n s  are compared
to see if the -i d i f f e r  by less than 0 . 0 0 0 0 9 / D .  I f  so , the  ray
cur v a t u r e  is assumed to have converged  to two v a l u e : .  Th i :
would  happen if e s tim a t e s  of the new ray point  alte°nate
betw een two Irid cells. For this s i t u a t i o n  M I T 2 , and the
average of the  ray cu rva tu r e  averages  for- the Li oth and 50 th
i t e r a t i o n s  is d e t e r m in e d  and used to la-s -ate tb-: next  ray
p o i n t .  The point  is checked  to see if it  is t :u close to- a
r e f l e c t i o n  p o i n t .

If a f t e r  f i f t y  i t e ra t ions  convergence  is not ach ieved
a check  is mode to f i n d  i f  the  con v e r g e n c e  f a i l e d  because  of

-a r e f l e c t i o n  : - i n t .  Th ib  is -:~~~~ible s ince  the 5~~VV cur v a t u r e
become s i n f i n i te at a r e f le ot i on  p o i n t .  Reflec tion is assumed
i f  D I J D > 1, i . e . ,  t h e  phase  speed i n c r e a s e s  b e t w e e n  t b -  l a s t
two ray p o i n t s , and if f t - r n y ’ f  t an  80~~. Then  REF 2 m t
-the reflection beg in s (described below). If the condition :
f o r  r e f l e c t i o n  - : r - c  no t  met fHT 3 , r i nd  the prog r am r e t - u r n s
to J A Y M .

it  i s  d e s i rab l e  to  g e t  c lose  t a  -a r - - l l e c t i o n  po in t  I:
or-dci- to aecurai ‘lv det Inc t h e  ray paLl - . But problems O C C U TV
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if a ray cet s too close to a re flection point due to the
rapidly m or e - i s  ing . ray c u r v a t u r e . T h i s  can cause  the  con-
vergence procedure to fail with a resulting reflection us
discussed abov e . However , very near a reflection point the
est imates  of r ay  points become erratic even if the iterations
of the ray curvature converge . Accordingly ,  a r e f lect ion is
-assumed if DUD > 1, tan ‘y’ ’~ > tan 89.5°, and tan B Y  < tan 75°.
Then REF 3 and the reflection beg ins . Otherwise , th ere is
no reflec tion and a check is made to determine if the  new point
lies too close to a grid boundary (described below).

A reflect ion beg ins with a check of li FT. If N PT ~ 0 tine
ratio of FUD to LI is checked. If the ratio has no rem-:iind er
page and column headings are written . The p r in tou t  va lue s  of 0- ,
-
~~ , a , and the ray number  are cal cu l a t e d .  If H OE 0 t h e
ray o-articulars at the reflection point are written. If
MOE � 0 the English values of the ray particulars are converted
to metric: values before being written. FUD is increased by
one and the value of a is converted back to radian s. If
MOE � 0 the metric values of the ray particulars are converted

to English values. Page and column headings are written
i f  the remainder of the ratio of FUll to LI is zero . Then. the
type of reflection is written. If REF 1 the printed output
contains : REFLECTION : SNELLS LAW WITH PHASE VELOCITY. Thou
REF 2 the output is: REFLECTION : PACKET CURVATURE IPERATIOI - ;
NOT CONVERGIIIC . Finally , if REF 3 the output is : R E F L E C T I O N :
NEAR REFLECTION POINT. After the write st atement FUD is
increased by one.  The previous  wr i te  s t a t ements  are °aitted
if NPT 0 .

If ROP 0 the reflection procedure is stopped , I - f I T  6 ,
and the program returns to RAYN. If ROP ~ 0 the  ray c o n tin u e s
beyond the reflection point . After setting FLAG2 0 the
reflec t ion angles are calculated and tb: wavelet direction is
saved . RCOUIIT is increased by one , and if then RC~ 7 1 LI ’ > 2 there
has been more than one reflection at the sat e point . In this
case i-lIT 7 and the program returns to RAYX . If RCOUPJT < 2 ,
FLAG 1 is set equal to one and SURFCE is called, to calculate
the ray particulars based on the reflection angles. Then
FIACl 0 , FLAG R 1, an-I the values of the ray separation
coefficents are say- - I .  This is followed Lv iterating t: the
point after reflection using the procedure discussed above.

With the orroption of rc °lection poi rts and if a ray ha:
n,t been s tonp ed , each new ray p o i n t  is checked to det ermine
if t n :  point lies within l~c grid units of a hour lary of the
wa te r  depth cr id. If it does Nflfl 2 . fltherwise , MOO rem-a ins
equal to one .

A number of quantities ar-:: saved in case a br-e~~E u p  of
the  t ime step i n t e r v a l  occurs  in HEIGHT . The q u a n ti t i t e s
saved ar-s t h e  coo rd ina t e s  of the  p rev ious  p r i n t  , th e coord i n ates
of  t he  new point , the  prev i ous r ot at i on  a n g l e , t h e  present
r o t a t i o n  a ngl e , t he  wav e  packe t  d i r e c t i o n , the  r r ev i  o ur  w- :ive ct
d i r e c t i o n , t h e  n ew wav e l e t  d~ r e c t i o n , t i  a two p r e v i o us  v a l u e s
of  p ha se speed , rind new va 1 n n s  of  h .  v , I I , 0 , a n d  I) .  Av oi r ige 
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values of the wave packe t and wav ele t direction s are
calculated for use if the values of p and ~ are de term ined
at intermediate ray points. The values of the wave packet
d i rec t ion, wave le t  d i rec t ion , and ray c u r v a t u r e  are updated ,
and RCOU NT is i n i t i a l i z e d  to zero .

If REFLCT 1 the va lues  of x and y are upda ted  and
HEIGHT is called . If REFLCT � 1 the average values of the
packet and wavele t  d i rec t ions  are used to determine the
values of p and q at the five intermediate points needed
for the  R u n g e - K u t t a  method . In -ardc : r to keep the  wave le t
d i rec t ion  from changing on the calls to SURFOlI , F~ Afl l  is se t
equal  to one . A f t e r  all  the  values of p and q are computed
at the in t e rmed ia t e  p o i n t s  SURFCE is called a g a in  to
reevaluate quantities at the new ray point . Then FLAG1
is set equal to zero , the values of x and H are updated ,
and HEIGHT is called .

Upon the return to MOVE from HEIGHT , if B1- }< 1 th~~rc-has been a breakup of the time step interval iii HEIOHI’.
Iteration b e g i n s  for a new point with the new time Ste
interv l. If Bli K ~ 1 the printout values of both the wovepacket -ad wavel et dir ect ions are pla ced , if necessary , in
the range of 0 to 3600 . Then , the program returns to iAf ..

3.9 Subroutine HEIGHT . This subroutine is called to
calculate the wave height . For the first ray point HEIOHT
is called by i-IAYI-J . The values of p and q are initialized ,
and the tolerance for the fourth and fifth order calcula-
tions of f3 and d13/dt is calculated . Further , the ~nitiol
value of dB/dt is computed , and the initial values of the
f r ic t ion , ref ract ion , and shoaling coeff ic ients , and tb-n-
wav e he ir- h t are determined. The program returns t- -, RO Y N .

F-ar- r a y points beyond the first point this s p-routine
is called by f-loVE. The shoaling and friction co efficients
are comput ed . The values of K 1-- , na , 5, and d6/dt are saved
in cane there is .a breakup of the time step interval.

The method used in determining 5 md i5/dt de:eni s
upon the values of NFK (determined in SURFCE), REF:Hd
(Ll t - -rmined in MOVE) , and dh/: x (deternined in SUBFCE).
If IrK 1 ~~~: i - ~~ values of dS/dt, the difference between the
f o u r t h  - m i  f i f t h  order  s o l u t io ns  01 f ,  and toe diff er’~nce
uetw:en the fourth -and ifth order solution:; of 01/ are
equated to zero . That is , S is assumed to be constant sinc:
the ra— , is in deep wat - - r . The value of S is used to calculate
tb re: r-rrc tion coel f I c  i ont

If MFK 2 an- -f REFLCT � 0 the ray is near a re: lecti rn
point , and f and  dS/dt are c a l c u l a t e d  u s i n g  the  a n a lv t  1 :- r i
s o l ul  Hr fo r  pa ra l l e l  wave speed c o n t o u r s . If  FLAO F i 0
( d e t e r m i n e d  in f - l O V E ) , R Ol l  i_ s  l i n t  e ~ueI to ::eran as -a r c su i t
a e m !  is not cont inue—i I- -~’ond a seo :rt i 5:~i leetie:: poH~~
should O f lE  O S n S l P.  2iie re i r a V t  lO fl coe ?ficien is c ur - red .

I f  MFK 2 a r t  REFI CT 0 tho me ’ hot in- ed to b~ et-;ai ne

-V -V  -  -___________
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S and dS/dt depeni ;Is upon the value of dln/dx ’ J . If
fdh /dx ’~ < 0.00001 , then dS/dt , the difference between th e
fourth and fifth order solutions of 1, and the difference
between the fourth and fifth order solutions of d5/dt are
equated to zero . That is , S is assumed to f e  constant since
the water depth is taken as invariant . If dh/dx ’j > 0.00001
the Runge-rutta method is used to calculate S and dS/dt .
The fourth order and fifth order solutions as well as the
difference of these solutions are determined for both 5 and
di3/dt. However , before making the caThulationis , if FLAGR � 0
the value of HP  i_ s set e0u u l  to  zero- . The refraction
coeff 1 cieirt is calculated using the value of 1.

After the refrac tion coefficient is computed several
checks are made to determine if ti -m e calculations are
s u f f i c i e n t l y  oc :ur-ate with the time step which was used .
Near a reflection point the ray curvature is large ; it is
necess-i n-’, to reduce the time step in order to keep successive
changes in the wave packet direction small enough to de termine
an accurate ray path. When computing the ray separation
factor using the Rring-a-Kutta method it is desirable to be
able to rerluce the time s t e p ,  if necessa ry , to keep the
truncation error small. Only one of these checks is made
at a time . The check to be made is determined by the value
of REFLCT . Howeve r, regardless of the value of REFLCT , i f
IFLO ~ 0 the value of the breakup time step has previously
been d e t e r m i n e d .  In th i s  case the value of I l I U M  is increased
by one. The new value of INUM is compared with li21-I to
determine if the next ray point should be computed with t he
breakup time step (described below).

If REFLCT � 0 and IFLG 0 t h e  change in the absolute
value of the ray dir ection is checked. If the c h a n i p e  is less
than 1° the time step is not too large an the value of Hi-IT
is checked (ex t m e d  below). If the chang: is greater than
or equal to 1 there is a Urs-okup of the tine step i n t e rva l

t 
(described below).

if REFLC i = 0 ant IFLG 0 the difference between tine
Ruti L - — K u t t a  fo . i r tn  and f i f t h  order  so lu t i ons  of I and th e
s i : - O I a r  - d i f f er e n c c -  of the so lut i ons  for df/dt are c h e c k e d .
If the  ab solute v a l ue s  of both  d if f e r e n c e s  are less than
BZTOL the t ime step in te rva l  is not d i v i d e d  and IU I - I T is
checked. Bit , if the absolute value of either difference is
gr e a t e r  t h a n  or e 1 u n m  to BZTOL there is a breakup  of the time
step interval and PLFRCT 1. F u r t h e r , RFRB ’JM 1 to
determine t h o  form-a t of the prI nt - sd a n t - put of the  ray ~~~

-i: ~ic~
ulirs.

If the c a l c u l a t i o n s  meet the c r i t e r i a  for a cc u r a c y
usi ng ti - m e assigned time step the value of is checked.
If 110 1-I T > 1 the  i n i t i a l  t i m e  s tep  i n t e r va l  has  been t - re l - :e n .
In t h i s  ( :0-c e IFL O 1. The v a l u e  of IO’IJ t- f is i n c r e ased  Lv
one , and t he  new vaul im:  of I N C - I is compared w i t h  0 I ~ I to

-V s—- -
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de te rmine  i f the calculation:- should continue with tin e i-rear -up
time step (d-sscr-ile d below). t-Jh- r ; IFLG 1 fur them checks
for a breakup of the time step interval are not made at new
ray points Ufltil the breakup ends and calculat i ons are
resumed w ith the i n i t i a l  time s tep.

When 1-JUt-IT < 1 the time step has its initial value .
If S < 0 t h e r e  is a foca l  p o i n t  or caustic . Then f - f i T  4,
BRK 0, and the program returns to MOVE . When B > 0
the values of p and q at the present point are se t eq ual to
t u e  values at the new point . The wave heipht is compute d.
If WBCOF = 0 the program returns to MOVE . If WBCOP � 0
-a test is made to determine if the wave breaks. Then the
prooram returns to MOVE , and if the wave breaks I-fIT 5.

The t ime step interval  is halved for  a b r e a k up .  It  is
possible for a time step to be halved many time::- with
suc cessiv e breakups. Thus, it is necess ary to place a lower
limit on the value of a time step to prevent an inord inate
amount of calculations . The new value of the time step. is
checked , and if it is less than 0.5 sec the ray is sto : ped .
Then MIT 8, BRK 0 , and the  program r e t u r n s  to f - i ° V i I .

If the new time step is greater than 0.5 sec the
breakup continues. It is necessary to return to the previous
ray point. According l y ,  the saved values of C and D are
recovere d . To determine a new point in MOVE , BRK 1. The
number of i n t e rva l s, NUMT , the in i t i a l  t ime s tep  is d i v i de d  i s~~--
is calculated. If at the second ray point the value of the
ray curvature is recovered. At other points both the ray
curvature and average ray curvature are restored. Further,
the values  of 0 , y ,  ci , x , y ,  13 , d S / d t , p ,  IK E ,  and t he  two
prev ious  va lues  of v are recovered . Tb : program r e t u r n s  to
f—lOVE .

There rime as many ray points in a breakup as required
for the travel time to equal the initial time step. Thus ,
during a breakup, afte r each new point is de te rmined  there
is a check to see if the breakup  is comple t e .  I f  IN U I -f < NI/f-IT

the  b reakup  is incomple te  and the ray is con t i n ue- I  w i t h  the
bre ih ap t ime s t ep .  The va lue  of D is computed  and the v a l u e s
of p an- h q are updated . If t h e r e  is a foca l  point  or
ca u s t i c  I- il l -i- , BRK 0 , and the  program r e t u r n s  to I - f V P .
O t h e r w i s e , BRK 1 and the program r e tu rn s  to - N V E .

Tb-sn Ibid-I ~ MIll-f l the breakup ends and c a l c u l a t i o n s
resume with the in itial time st ep. The values of IFLG ,
I’il i I-l , and BRK - -ar e se t equal to zero , and O is c :-mr-uted.
There is  a check P-sr a focal point or caustic , p and q are
updated , an- f i-IEFRCT and REFLCT are set e ual to zero . The
wave hei ght is calculated , if \JBCOT � 0 they s is a check 1~
see if the wave breaks , and the program returns to 110VE , as
exp i -n ined above .

L ~~~
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3.10 Suirouti ii~ N U B F C E .  SURFCE is called by RAYII -uO - 1
l-IUVP to calculat-s h , u , y, G , N q ,  K 0 ,  and other- i - - u j

particulars . At the lies t ma’: point twel ve va lues of i~CMA ’i are selected about the point as slr -wn in Figure (2—2).
A quadratic sur f— ice is f i t  tu  t h e  set of water- dot ths. At
successive ray points the buadr- - n tic surfu:o - is doter-mi red
only if there is a change ii. t h e  set of tu- ~‘.e wat~~r -bop t in: - .
The water depth and its partial der~ voti~ es in t~~e fixed
xy-s-~ctem , ~h/)x, ~h/~~y, 3’- I / J ~~~, 3 h /~~y- , an-: 3 b /3x3o , an--c
d e t e n - u i n e d  at the ray point by interpolating on the quadratic
surface.

If h < 0 , NO. 2 - ,nd tHre is a RETUH. If Ia > 0
ratio of the w--ster- d c :  : :  to t n ~~ deep  wa te r- uavelengta iS
cor i ; : u t( - u .  I f  h / A ~-1 > .4 , which defin es deep water . N-FrI 1.
If h/A0 ~~~~ I u L O  2. VELCTY is c -ihed , anu after- tIne
i- turn if NI/K I , 4 0. If MI/i--: = 2 , CONDEB i’s :called to
conn ote W . l in e v a i n - c  of 3 - .-! 3x r n - f 3-;! 3t — ~re ~~~~~~~ culated
using

At each r u-c pu In t  toe water depth - - - n m :  - - ra r e- asSurne-
to ;e I O C - -m l lV I u r ~~I le 1 , and a x ’y ’—coordinate system is
cho no s u o n i  that toe y ‘ — d c i  ivat  ives  v an i s h .  The V O l  SC of
Oh! s ’ is - - r a n t e d , and if it exc~:eds 0 . 0 0 0 0 1  t he  angle
by -.- - -  i - f r  t h ~~ ~~~— m L a S  .s  r o t a t e d  W it a  r e s p e ct  to the  x - a x is  iS
cem~~; n t o d .  ~f Oh /Ox ’ - 0 . 0 0 0 0 1  the  w a t e r -  d ep t h  is assumed
Is f e  coil s t - a n t  anu a remains  cons t an t

If HAl] 0 , y ’ is computed , and  if  necessary  it is
t - l a c e d  H P - I n  the  r ange j y ’~ 350° . A check-  is made to
i e t E -: r -n hi r :e  if  thea-c is t ot a l  i - c : ~ec r ion . I f  there  i s .

FLA G2 z ~ and t ; i e rc  is a t -P -TUIP -t . O t h e n - ~-n i se , FLAG2 0 and
the  n -nw ‘

~
— ‘ is concruted u s ing  Sne l l s 1-s w w i th  phase  veloc i ty

fo l  wing a set  of  r u l e s .  U s i n g  the v a l u e s  of y ’ , y -

c o m p u t e d .  f : er Ff10 1 � 0 these  steps fo r  c o m p u t i ng  t he  new
wj v c ly - t — d i r e c t i o n  and the  tes t  I or tot ~l r e f l e c t  ion are
o m i t - t ed .

V m j i i C S  of ~~, 0 , one - n v / O x  -are c a l c u l a t e d .  I f
M I / K  2 , d U / U x ’ is de t e rmined  u s i n g  i t~~ unsimplified
uxOr essiOfl. E n  I I F K  / 2 , the deep w a t e r -  t o r -m u l a  is used  to
- :a lcul ate  J U / e x  . The va lue  of - O i l / O x ’ is 0 -00 in c- -m~ utini
d G / I x ’ .

I f  h E i r  � 2 , ti -ic: cot - f ~~~cien ts  of toe ray  sep :11 101:
equa tion  and t he  ray c u r v at n i - - i re O c t  e(g~~i to :~~~~0~ - me n
there  is ~ R P T EI iM - i . i f  N F K  2 , p ,  d 2 u/  ( i ~~~~~ ) 2 d -v/ ( x ’ 

~ 
2

d 2 U / ( i i x ’ ) 2 , d~bd/ (dx’ )2 , q ,  a n - f  
~~~ 

are c mputed. ‘iris is
fo l lowed  by a gEtU RN .

3. 11 b ibr o nt I n c  V E L A’Y . J C LCTY is cal led t v  Sb: - I/Cd to
c a l c u l a t e  v -and U .  At the f i r-:: t r a y  r L a n t  Ir d e c  x i~~ c - i -
v a lu e  of the  H ro e  spe d an s e v er - - t m  cons:  t n t  s f r -
care  comp u t ed . I f  I -:FN / (: en-mi n tn P-i SUKF~’E]) H -
war  er v tir e c f  the ph ase speed IS us- s - I . 31i I ~ts v .1~:c i s
sa v ed f o r- ca l - o i l  it Latin; it t h e  noxi pe’i :n r . H-:  do ra w a t t s
v a l u n o  -:1 t h e  c u ll  i n - - ~r eieu ~ sI~- t •  0 1 -c~i~~- - . i -~ t n .  a d  the

~~~~~ttii1,_~ - t 

— —  
- 
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sr - m m  r - - - H i r - r : s  r o  SURFCE.
If 1111< 2 an iter itive tec :-i - :ue is us-sd to determine

v. The it~ ~-ot Hi1 continues until tne - - stimate of v di ffe r-s
by less nh -a n 0.00005 from an average of the previous
e s t i ma t e s  of v i i -  until ninety iter- -nl-ion: have taken place.
The va1~ -: of v is saved for erP-culations at the next point ,
and U is - - :ited using its complete exi-ression. Then the
; - r - ~ rt r -en l i t  ~r r - n s  to SU i- r° r .

3 . 1 2  E - u t - r - s - u t i n e  C O l l I ER . COMDFR is ca l led  by SURFCE
to  c o m p ut e  r / .  A f t e r  c o m p u t i n g  sDS C c o n s t a n t s , if f - JFK = 1
( i n t e r - r a i n e d  in S F 1/ I l )  t h e  j r -ograr r:  r e tu r n s  to S U R F C E .  If
NFK � 1 the value of .1 is c a l c u l a ted , then  the program r e t u r n s
to S U R F C E .  -

3.13 dito -autine PCD. FCD is called by i-AYM . The
four a-; i t - - r - depths in IT-fAT al icIa are closest to a ray point
a s -  com5 red wi I f  t h e  r e s p e c t  ia- c dei - th s  computed  f r o m  the
twe lve  po in t  su r f a c e  f i t .  The oercen tage  d i f f e r e n c e  of the
interpolated w at e r -  d ep t h  t o  t he  a clu a l  wate r  depth is
- l e t e r m i n e d  f o r  each g r - P - i  p o i n t , and PTTI2 IF  is the maximum
~~ ::entagc d i f f e r e n c e  of t he  f o u r  v a l u e s .  If the nr a - d u c t
of t b . : four - a - - r t e r depth v a l ue s  in CMAT i s  zero , PCTDIF 9 9 9 .

3 .  1U l u i  n a - i l  inc CT f I N .  O T d F E  is c r i l e d  by R A Y N .
I f  CH 0 t h e  x in - -I y coos -din  it c - 5 of a ra 1-j point  are s tored
in tb - n ~- : arr .f Ay i s - a - a - - : : , r--es~ - e c ti v c l y .  Then , the program
r et : ar n s tu  R A Y N .  I f  C I N  > 0 t i c k  ma sks  at travel time-
P - i t - - :  ::tls equal t : C I N  are de t - -r r P-~~ d i l - m n g  t i r e  r a y .  The
tr -  -ivel ~ l i e  is e THU te .f or ; ng the  - -- sn e I a-ic group speed  of

he s t y .  l ’h in coord I r a ar e s  of  t O -  t I ck n - -irks at t ag~~cd with
n n g a t  i ye x— -; i i .es - -a r i d  i re  st  or c i  i n  seq -a -c r ice w i t h  t O e  ray
points in t h e  : - ;< nn- i  Ay - i r - r - - -n v s .  The pro s e- i—i r e t u r n s  f - n  R A Y I I .

3 . 1 1  C o - - -~ t P-a-:-: l i r Yrl . D iIA W i s  c a l l ed  by RAY N to g iet
e-tcl. ecu . 10 s iv - a - O l t lire time , cUd n irnber e ! car— c be- c In
a l  t i i o i r -  initial r - o : o t s :iii - . f  e v n  n u n m f - r e O  r - i v : start - -:1
t i n i r  t e r r a i n  11 p o i n t s .  I :  FAll = 0 a r i n  is ri nrn~hr-re i its
i r m it i ri J D n n t  . o t i r e r  w i s e  a ray is r unt -c r eM i t  I t s  t e r m i n a l
point . La 011 - I 0 -i ruy It - is in - - tick rn-irks. It OF; -~ 0tICc n. tSr S i t - n  ; i ici--i - rn - t r i ’’ for the- se p o s i t i o n s  where
the x - r o o r f i n a t - - is sf - - r e-I in t~~~- Ax n r r - n r - a-:ith i rn - ’at~~ve
vol re. Thie n e c - i f  lye v o l . ues arc - cn -an g ed  t-a per: it lye  v a l u e s .

Ff i e  COO t  f i n  it Cs fo r t-lo tt inc t i r e  t i c k  n r - a k s  de p e n d  upon
t /  ~~~~S l t 1 O f l 5  of t -r -~ tick mark n P -ac r - c i v and the first ray
p o in  L H-i  I : - r w  - r -  to  u n  1c c - i t - s  more than  a spec]  f i c  I
- Ii stance rum t i :  t ict  mark  . F i r e  s o p :r r -  r t i on  req - i ir e m e n t  is
rt F~~~-s s S  1 : 7  Sill ;.: the i V O J 1 i f l t s  are- t o  c lose  t o g e t he r  0

i i  o a r  t C d i  i n - s - : - - n r a c i e s  in th~ c - t i c r l r t : i - -n s 
~~

- cent the tick
r n - i r k  i - -nra b e I n g  per-pen - f j r - ni i i  to  t h e  r -i~~. 1 v - -i a un th I ick
ía O r  iu I lager I L-in tb 0th n . . Ihe I r a . - - rn returns t -  I A M b .

- . ~~- - - --~~~~ --~~-- __
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3.16 Listing of the Computer Program.

P R O~~~A W M A I N  (INPJ T , ~ J TPU T , P A Y D A T ,  X Y G RIL- , PLOTT , TA PE 5 :INPUT M A I N  1
$,TA PE6 .OU T PU T, TA~~E I~ Y D A T , T A P E 2 ~~XY i ,IkIO) M A IN  2

C T H I S  IS A rr5,-~~M FC~ L A L C U L ~~TING AND FLoT T :~~, THE PATHS OF S J RFA €. hA IN 3
C G R A V I T Y  ~e -T ER W A V E  ~~C KET ~ A ND FOP C.~L C U L A T 1 N G  T r IE M A V E  HEIG H T S M A I N
C A L C N G  T -I En E PAT HS CO lEERIN G T HE . E FFECTS OF ~H i A L I N E , P.EF FA C T ION , M A I N  5
C AND EN~~I aGY U IS IPAT ION. M A I N  6
C Ps A X N  7
C THIS  PPDG~~A ’~ ~- A S  co~~PL E r o  N O V E .H~~ER 1977 UNDE R A C ONTR A CT W I T H THE M A I N  8
C G F O G R A ~~IY P P O G PA M S , EA~~TH SIl ENC E S D I V I S I O N , THE OFFI CE OF N A S A L  NAZI 9
C RE SEAR CH. THE PSOGRA ~ NuS P R EPAR E D BY M A I N
C J. E RNEST 3~~E L i N G, J t ~,. ,  DLPT . OF O C E A N O G R A F H Y , FL ORIDA STATE P A IN 11
C U N I V E~~E ITY , T A L L A H A S S E E ,  FL. 323~~5 M A I N  12
C K. C. M A T S O N ,  N A V A E  C O A S TA L  SYS TE M S LA ~3, P A N A M A  CITY , FL . 32 ’ .G7 M A I N  13
C NOU POLL AIi R I A H I , OE~~T. OF O C E A N O G R A P HY , FLO PI JA STATE U N I V E R S I T Y  M A I N  1’.
C M A I t ~ iS
C TH IS PPOGRA ~ !S BAS ED CN A PRQG ~~A~ FOR CO MPUTI N G THL PATHS OF 16
C MOMO CMR O ’-~A T I C  a tAYS ~Y P- lAIN 17
C W. S T A N L E Y  ~ 1LS O ’~, A ~ E THO Q FOP C A L C U L A T I N G  ~P-4E P L OT TI NG SU :FA CE P - rAIN 18
C W A V E  R A Y S .  T E C N I - J i C A L  rIEHORL NOUtu NO. 17 , C G A S I A L  E.NGI N ErTRINO h~ Ii~ 19
C R E S E A CH CE.NT Ei~~, 57  P? . ( 196 6 )  ( A D  b 36  7 7 1) .  M A I N
C W I T H  THE Ex C E~ TION OF T HE P L O T T I N G  S U E R C UT I r : E ~~ , T H E  W I L S O N  PRDGR ~~A M A I N  21
C ~A S E X T E N S I V E L Y  HO DIF~~EC I~~ ORCER TO CO M PUTE THE PATH OF A M A V E  ~1AI N 22
C PAC KET , A N G A SU BROUT INE ~ A S A D D E D  FOR CO t -P U T I f JI , THE R A V E  H~~I H T . MA I N  23
C MA IN 21.
C TH E P c O G R A H  IS W~~IT~~CN ii) FORT T~AN IV FO F THE C O N T R O L  D A T A  CYB E R M A I N  25
C 7~ CO~’PU TER SYSTE ~~S AN D  T HE GO ULD FLO ITER . P- A I N  26
C HAlt. 27
C INPUT FA’- ~r~TE~~S . PA I N  28
C ~ , A V  A R E ,  R E S P E C T I V E L Y ,  THE I N I T IA L  CI~~Ec T : o N s  F R OM NHICH THE W A I .E M A IN 29
C PACKET AND ~ A V E L E T A -  CJ~~: P I T H  R E S F E C T  Ti T R E E  N O R T H .  3~
C CF IS THE FRI C TI O N FA ~~T~~ FO R THE FR I C T I O N  C O E FFICIE N T. H~-1I. 3i
C I~ CIN Es P- -tO T Zt~~O IT is IN: T R A V E L  T I M E .  IN S CONE S BET ~.E EN S J c : E 3 s : ~~EM-a I~ 32
C T I C K  H A P K S  ON A R A Y .  p A I r .  33
C C M A T  Is THE ~ A T E R D EPTH ;~~io .  tIAIN 3’.
C CN V ~~SA I. ~~~~~~ ii -ECT IO N OF THE P O S I T I V E  X — A X I S  CF THE. ~. L T E R  D E PTH M A i N  35
C GRID ~ ITH ~ E S F E C T  1) T R J E. N O R T H .  PlA IN 36
C IF COL ( I S f I S  NOT ) Z E—i L T H E  P L O T T E R  ~~.ILL  N O T / W I L L )  PA U S E  8EF Dt ..E P A I n  37
C A P A Y  IS ~L C T T E D .  PA I N
C ~QN T UP S P E C I F I ES  I-I F SOU NDIN C -  C E P T HS  IN F E E T  OR M ETERS . M A I N  39
C C A T E 1 ,  DA T E 2  Q E F E N E  THE Y E A ~~, h OI4TN , AND D A Y .  PA I N  *3
C JC CP. IS A FAC IO P TO CO ~~V E R T  T HE ~ A~~EE. CE~~IHS IN C H A T  TO F E ET H O E ; .  1.1
C O~ t E T E~~S .  P- rA I N
C D E L T a - m i  I~ ‘~HE Y:t ~~E .~T E’  IN S E C O N D S .  MA I n  1.3
C DIR IS A n  I t L N1 IF I~~~. MA X - . ‘.1.
C EM A~.F S U R F A C E  F I T I I - , G  NJ H BE RS U S E D W I T H  G M A T .  ~- o i ~ 1.5
C IF F A N  ( I S / I S  NOT )  Z ER O A O A Y  IS P - - U M O E F E D  AT ITS U N IT I A L / T E R ~i I N A .. ) HA l N 1.6
C POINT . MA IN
C GRID IS ~HE N UHAcTR CF F E E T  OP M ET ERS PEP G r ID  UNIT FOR A G I V E N  k U N.n ~~IN
C H O T Z  IS THE I N I T I A n  ~ A V E  HFIG rI T Ii FEET OR M E T E R S .  M A I N
C HT IS ~ HE HElOrI T OF IH~ D LOT ~n IN C HES a., C E N T I M E T E R S .  MA I N  5u
C KR TOL C E T E P 9 i N m . S T-s [ AI~~~C A C Y  IN C A L C U L A T I N G  THE R E F R A C T I O N  MA I N  51
C C O E F F I O I E n T . MAIN 52
C MM , NN i~PE THE V - A X I~’ UP X , Y  FO- ~ A G IVEN H A T E R  D E P T H  G~~ID. MA I N  53
C NNSK I P I~ T I-IF A P~OU NT A OJE AI T O ~ HE Y — C O L U M N IN S E L E C T I N O  T HE P1 E* T PlAI N 51.
C COL UM N FOR L O C A T I N O  S ) L J D I N n  i. L L U E S .  M A I N  59
C IF MOE ( I S / i S  N~1T) iF- m u (~. N A L I 5 H / P - E T~~~C) U N I T S  ARE USED . H~~IN 56
C PX P L O T  Zr. THE NU~~IER O~ P L O T S  O~ C U P - P U T E R  r~- UNS .  M A I N 57

— --~~~~~~~~~ ---~~~~~~~~ -~~~~~~~~~~- -- - - -
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FROM COPY F ~R ISH~D 1~Q Dã)C .. .....—

C IF NAX ( I S / I S  NOT ) Z EK O T H E A X E S  OF THE PLOT (W i L L  N O T / W I L L )  -iF PUXN 58
C C A L I B R A T E D .  M A I N  59
C IF NCO IS NOT ZERO IT SPEC IFIES THE N U M E E R  OF SOUNDING V A L U E S  FO R N A I N
C A PLOT . M A I N
C NOR iS THE NU M B E R  OF R A Y S  FO l A G I V E N  R U N .  M A I N  b2
C IF N P T  IS ZERO FR N TE O CU T PJ T OCCURS FOR THE INIT ~~~L A N D  TE~~P-I t;..L PA I N  63
C POI NTS OF A P A Y ,  A N E  I F NP I IS NOT Z E R O  PRI N TE C OUTPU T DCI U -R S H A  It . 6’.
C A O O IT IC I - .A LL Y  FOP T H O S E  P O I N T S  W H I C H  A~~L AN I N T E G R A L  M U L T I P L E  H O I N  60
C OF St ’ . MA lt. 66
C IF NSH ( I S / I S  N O T )  ZERO It-I L SHO~~FL INE ( IS  N~~T / I S )  O R A H N .  PlA IN 67
C IF NX C H A T  IS ZERO A WA T c. R O PTH G~~IO IS INPUT FOR THE RUN,  AN D IF M A I N  68
C N X C I A T  IS NOT Z ERL ) THE D E PTH GRI D FOR THE F~~~v I O U S  PLOT IS M A I N
C USED A G A I N .  I - r A I N
C PRO J CT IS A N I D E N T I F I E R . .  PlA It .  71
C IF ROP ( I S / I S  N O T )  ZE R O T I E  R A Y  ( IS  N O T/ I S )  C O N T I N U E D  BEYON D A M A I N  72
C R E F L E C T I O N  P O I N T .  MA I N
C S ARE SU~~FA CE F IT T I N G  NUiB E~~S USED W I T H  C ’ I A T .  M A I N  7 .
C SK .  SEE NPT .  M A l t .  75
C TT IS T H E  ~ A~~E L E T ~- E.R I iJ IN S E C O N D S .  M A I N  76
C IF W B C O F  ( I S / I S  NOT ) ZE ..~O T H E W A V E  B R E A K  T E S T  ( I S  N O T / I S )  M A D E .  M A I N  77
C ~ , Y A k E  THE I N I T I A S  ~ A Y C C O R O I N A T E s .  P l A I t .  78
C MA IN 79
C OUT PUT OF TH E R A Y  PA R I I C U o A F S .  P - m A l t ,  80
C A L F A  IS T H E A N - A L E  OF T I E  R O T A T E D  X Y — S Y T EM (~~H ERE THE Y —  M A IN  81
C D E R I V A T I V E S  ~i - A N I S H )  ~E L A T IVf TO ~~~~~~ HA T E R  D E P T H  G c I C  A Y S Y S T I i I .  Mr 1:. 82
C 0 IS T H E D I S T A N C E  IN G~~Ii UNIT S EE T~~EEN SJCC E S SI~~E RAY F r ~InTS. H A I l .  53
C D (~~ET A )/C T IS T HE I N I T I A o  V A L U E  CF THE T i M E  OE~~IV A T I v F  CF T t ’~ ~o I r .  8~
C RAY SEP A P A r I O N  FA ~~TOR. NA P-. 8~
C FK IS T H~ ~ A Y  C U r V A T U R F  OF THE P M CKET IN R.~- D I A N E / G P I D  uN :T. MA IN bb
C G U C O S ( 7 A C K  — . A v E )  IS ThE G E D I E T R I C  P C U P  S~~EEC IN M A l t .  87
C F E E T / S E C O N I  OP. ~~ T E N S / O~ C Q N O .  M A I N  88
C H IS T H E  W A T E R  D E P T H  IN F E E T  OF M E T E R S .  M A I N
C HGT IS T M E W A V E  hEIGri T in F E E T  OR M E T E R S .  M A I N  91
C KF IS THE F~~IC T ION E C E F F ~ C IENT . M A I N  91
C KR IS T H E  RE FP~~L IOt.  C i E F F I C I E N T .  MA I N  92
C KS IS THE S H O A L I N 0  CsE ~~FICIE P.T . MA l t .  93
C P- A X  IS AN I N O E X  T D  NU1I3 FR P O I N T S  A L O N G  A R A Y .  M A I N
C NO Ir. T H E  NIJ~~~O~~~ -C 31 INT E R V A L S  THE INPUT T I M E  S T E P  IS D IV  A 3 ~~D 0 . 1 0 .  M A l t -  95
C PP,~5K IS T~~~ D I R E C T I O N  F RG M W H I C H  T H E  H A V E  P A C K E T  ( R A Y )  C~~M F S .  H~~IN 96
C PCTD I F  I.~ THE IA X I I U P -  O F THE P F P C E N T A G E  D I F F E R E n C E S  A T THE . G R I D  r A I ’ -m 97
C POI NTS C L O S E S T  TO INE ~A Y  PO INT OF THE 5 U ..FA CE F IT  DERI~~EJ ~ A T F .  r o l l ,
C D E P T H  R E L A T I V E  ~O T ’ ~E A TU A L  DE PTH. M A l t .
C U IS TH E C 3 L L I N E A ~ G R O J ~ P E E O IN F E C T / S 1 0 0 N I  CF M E T L R ) / S L I G t ~J.  t’m..It.
C V IS THE PHA S E SP LE D Ii ~ E E T / S E C O N I  O P M-E T ER S/ SE- JND. ~~~~ 101
C P A V E  IS T H E  ~~ R UC T 0 C N  FR3~ W h I C H  T H E  ~ A V E L ET ( I N  A ~ A C K E T )  C O i L .  M- ~- 1 N  132
C X , Y ARE T HE 0 0 3 F 1 I N A T E S  O~ A K A Y  PO I N T .  N A I l .  113

O I M E N S I O t 1 5 ( b ,~ - ) , F h ( 6 , 1 2 ) , C ( I C ) , Y V W ( 6 ) , E ( E )  PlA It.
$ , C U A T ( i ~~~,i~~I) , A x ( 2 L ~~) , , A Y ( 2 3 u C ) , C c t ! T U R 1 9 )  MA I N  135

REAL  K P , K F , K i , ~5- T O L , K F C M A I N  106
INT E GE R D A i , 3 % 2 , R J P , P - j I IOP , F A N ,00L ,~~U J ,  e R K , s K , F LAG R, F L A G 3 P A I N  1~.7

~ , R E F 1 C 1 , L E U M , E F . L T , ~~~ PD UM MA lt. 10 8
CD MM O N  S,F~~.E,Y V $ , C u A T ,O , A X , A Y ,CONTU R ,P_ O JCT, GFID ,DCO N, F A N ,E A i E 1  M A I N  1~~9I , C A T E 2 ,CI N , F I R , r D ~~, T T ,, COP ,HCL ,D Y , C E L T A T , S O L T A T ,D, H GT , r1GTZ,5 ~~X r lA N ills

~ , SV Y ,S D E P ,~~, O F P ,i~L , V , ~~A J V , P°E V , S P R E V , U , S A V U , O Z F R O , G ,5 G , S V O , C U J , K S  M A l t .  111
~ ,D G 3 X , S V A . T P I , S A V , S V A J , I, A L F A , S V A L F A ,S S u L F A , C N V P S A , L E L A , E t ’~j ,, MA IN
$, S V F K D , S A V F V , F K 4 R , ’ A X  ~ , SK ,FU O ,NU HT , I NUr, IFLG ,~-CO U NT, AP 4 t-’,AN’ . MI I I, A . 3

~ , R E F L C T , R F L E U ~-~, E F R C T , M , D F K , F L A G 1 ,F L h G 2 , F L A G 3 , F L A G _ , K F C , I F , 3 Z , ~o In 11’.
~ , S B Z , ~~O Z , S ~t LZ , K R T O L , K ~~,PO T , Pi , F2 , P3, P1.,P5 , Q O T , Q 1 , Q 2 , i 3 , U 1 ., Q 5 M A I N

_ _ _ _ _  -
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~~ IS PAC~E IS BEST Q13.ALIT’I P C T ~C~~~
FROM 00k- ~ ~Q 39

C THE MAIN P R O G R A M  IS USED TO READ THE INPUT DATA, TO CONTROL TIE M A I N  116
C C A L C U L A T I O N S  FOR EACH RAY ,  A N D  TO PREPARE THE PLOTS.  S U3 ROUT IN ES P l A I N  117
C T I T L E ,  NUP4 C CN, r~HURE , P L O T , AND R A Y N  ARE CA C L E D .  t I A I N  118

C A L L  P L O T S  ( 1 3 . , O . , 5H~~L 3 T T , l 2 C )  MA I N  119
MtIA X 2 0 0 0  L LI~~6J ~ LI I: (I I-’ .)  /3 ~ C O P I ~~12. M A I N  123
REA D ( 1 , 1)  ( ( S ( C X 2 , C X 1 ) , O X 2 = 1 , 6 ) , O X 1 ~~1,6) MA I N  121

I FUP’~AT ( A F 1 C . 7 )  M A I N  12C
R E A D  (1 , 2)  ( ( F I - ( J X 1 , D~~2 ) , O X 2 ~~t , 1 2) , OX 1 =j , 6) PlA IN 123

2 F O~~~A T ( 3 6 F ? . l )  PlA IN 121,
READ ( 1 , 3 )  ( M X F L U T , 1 - P D J 9 T , D A T E 1 , D A T E Z , O l R )  M A I N  125

3 FOR MA T ( 1 2 , j . X , 3 ( 4 E , A X ) ,M6 )  MA IN 126
00 399 NPLOT ~~i, IX ~~L GT M A I N  127
READ (j , m4) ( N C R ,~~~T , S K , I T ,C I N , M A X , N S H , N C O , N X C M A T )  MA I N  128

1. FO RHA T  (3 (2X,~~3) ,~~X ,2 (F~~.3 ,2x), L,(2x,I3)) M A I N 129
R~~A J (1, 5) (HM ,r N ,CnV ~~,A ,GRIu ,DC QN ,HOE ,NN5KI p ) MAI l. 131

5 FO F N A T  (2(2X ,I1),1 X ,F7 .3 ,2(iX ,F9.3), 1.x ,I3,2~~,I3) M A I N  131
IF (MO E .EQ. J~ 50 TO 2~ M A I N 132

C CO N V E R T  IL ENGLIS H ‘)N ~~T~ ICR C A L C U L A T I O N S  MA IN 133
HT = t - 4 1 / 2 . 5 l , Z D C SN~~D CO ’4/0 .311.8 Z RIc-~~GRID /0 .3~~68 MA I N  j3~.

20 CIN~ C I N/ 3 ~~3 A .  ~ A~~-~~M I — 1 . I A N N = N N — j .  MA I N  135
DY~~~ N N / 4 T  ~ S C L I = ~~~ID JY~~C O R I  P lAIN 136
CALL T IT~J (NPL C T , N LX ,~~~L I ,hT ) MA IN 137
IF (N X C M A I  .ME. 3~ GO TO 3939 M A I N  138
R F A 3 (2 ,11) (tC’-AT (i ,i ) ,I~~1 ,i~’) ,J~~1, NN) M A I N  139

11 F G~~~A T (i 5~~5.G) M A I N  11.3
3 9 3 9  F ( N C O  . L c . m i )  GO TO ~~~ MA IN I’.1.

R E A D  ( 1 , m+ 0 5) ( C O NT t j P ( 3 ) , I r j , N C C )  p’- A J r ,  11.2
‘.95 FOP~’ A T  (9 F~~. 2) MA I N  11.3

CA L L  t . U M C O .  ( MM, N4N ,N C D , ,NSK D) MA I N  11.1.
1.93 IF ( N O t ”  . E Q .  1) 53 10 ~ t 3 7  MA IN i’,5

C A L L  S’~C~~E (lI,NN) M A lt . 11.6
.~317 00 15 N r t , NCP MA IN 11.7

REA ( t , ~~) ( f l~ ~ T A ~~, T T , A , Y , A , A~~, H O T Z , C F ,K R T C L , H C ; , . IaCO P , FA N , CO.. ) M A I N
6 F O~ M 4T (7(r € .C ,?A) ,~~(F 5.U ,2x), L,(Ij,1x)) M ’.IN

IF (MO E  . t N.  u) CC TO 22 M A I N  151
PlAI t . 151

22 S Q L T A T ~~~E L 1 A T  = . ‘(TT ~~~2 )/S .2S3 1.O. M A I N  152

~ A~~rC , S A — A ~~+ L ~~0 .  ~ ~~ X O ~~1 % FUO ~~Q .  MA IN 153
BRK : C.  ~ E L C T ~~~. L ~~~ ~L~~~-i • ~ RE~~R C T ~~3 • ~ PF~ B UH:3 • M A lt. , 15.
F L L 5 P~~C . ~ F~~A O~~:~~. $ I~~~S C  T A L~~L: J. MAIN 155
IF (001. .L) .  t )  53 10 ..5~’1 M A l t .  156
CAL L P L O T  ~3. ,Q.., —3) MIII. ~.5 7

‘ .32 1 A~~f ’ . lj ~~-~- -~~2 t 2 5  £ A v ~~A t , . C 1 7 1 . 5 3 2 9 2 5  PlA IN i5~C A L L  ‘~~Y -~(X ,Y , A , n r - L , 1 , N . ~‘.Ax ,LI,NP T ,LII ,A ~~ MA l t ,  159
15 CON T IN U t Pl A IN 16ls

CALL PLOT (— ~~., — .-.,—3 I  t-AIn lb l
CALL PLCT (u .,C.,~~-~-i) 162

39 9 CU N I’U E P-r A I N  163
~R I T F  (~- ,0~~-~

) MAIN 16’.
9N~~ FU ~ MAT  (t ~1 1 ,j 7 h  IHI.., I~~ Ti ’~r EN D.)  M A I N  165

CALL E X I T  MA I N  i~,e
END P A I N  1b 7
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140 TISPAG!IS~~S~rQt LITYP ACTICA~L~
FROM CO1~ I FU L~riE~O 1X) L~.OC __, .—

SU1.~r O U T I N E  T I I L E  (In PL D T, N A X ,SCLI, PIT) T ITLE 1
DI M E N SION S ( ~~,6 ) , c . M ( 6 , 1 E ) , C ( 1 2 l , Y V W ( 6 ) , E ( 6 )  T I T L E  2

~ ,CMA T (1 O O , 1 A J ) , A X (2 C G ] ) , A Y (~~0~~0) , C ON TU N (9)  T I T L E  3
R E A L  K F ,KF ,KS,~cKT CL,KF C TITLE LI —

COH~ ON S ,EM ,E, Y V ,, ,C M A r ,I , A X ,A Y ,C 0 N T U R , P~~0 JCT ,GR lD ,OCO N, FA N ,0Ar [1 TITLE 5

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T I T L E 6
SVY ,SOL P ,W ,OEP ,PL ,’~ p V V ~~P E v ’ pD P PEV g U p S A V U p s 2 E ~~0p G , SG~~~V .,pO U L p KS LTLE 7

T ,J E-O X ,S VA ,fl I. ~A V , S V A 1 , — I I , A L F A ,S LF A , 5 ALF. .~,C NV ~~SA ,ut LA ,3kJx T iT.~ 8

~ ,S vP K o , SA V FK , F K . . A~~,P - A X C , 1K ,FUO , Nu~~T, Inu M ,IFLc , ,R C Ou N T ,MM ,ANr. , T i T L E  9

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 10
~ ,SEZ ,DO Z,S ~~C? , TC L, K ~~,~’0T, P1 ,F2 , P3, Pr.,P5 ,Q3 T ,G1 ,Q2 ,Q3 ,Q1.,U5 T ITLE 11

C IN THIS SU~~P rOUT INE TH .~ ~L JT is L A O E L E L  A N D  ~TR A GhT LI NL ~OLO :RS TI T L E  12
C ARE O PA PIN . SU-300U 1I NLS S Y M i O L ,  NUPoER , PLOT , AN D  A X IS2 A R E  CA L L E D .  TITLE 13

C A L L  ~L G T (7 .,C .Li ,3) TITLE 1’.
RT= A M PI/-J Y ~ X t’PLOT=NP L JT TITLE 15

C DRA W L A B E L S  FOR ~-LCT T I T L E  16
CALL SYN3O L (1 .Z5 ,;. L+, •2 , 17H~ RC J . NO. ,,90.,17) TITLE 17
CALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TITLE 18
CA L L  SY M 3OL (1.25 , r. .C, .2 ,DA TF 1,9O .,6e TITLE 19
CALL S YM BOL (1 .25 ,5.2,.C ,DATE 2 ,9u .,2 ) TITLE 20
CA L L SYM -JOL( 1 .5) ,3. ’ ., .2,23HSCL 1/ , CI N ,93., 23) TIT Lt 21
CAL L N U ’-’3~ — ( 1 . 5 J , .1 ,.2,S CL I ,B ~~.,—1 ) TIT LE 22
CAL L  N U U 3E P( 1.5I.s.~~,.2,CIN ~ 35G0.,9C ., _ 1) TIT . E 23
CALL SY’ 5BOL( I .75,~~.’.,.2,19 H PL CT NO. , D IR. ~ ,90.,2.9) TITLE 2’.
CALL N U ?- iER (1 .75 ,2.2,.2, XN PLOT ,90., —i ) TITLE 25
CALL SY~~-3O L (1•75, ’+.-+ ,.2 ,D IR ,9C. ,6) TIT LE 26
IF (NAX •NE. 3) GD 10 7.5 T i T L E  27

C Dr< A W ST R~~~G H T — L l N E  33 0ER3 FOR CLOT T I T L E  28
CALL PLC T (3 .,L . 4 ,3) T iTL E  29
CALL FLCT(3 .,HT ..~~,2) TIT LE 31
GO TO 7C5 T I T L E  31

705 CA LL A X 132(3 .,C.’ .,1HY,1,HT ,9).,3.,DY) TITLE 32
CAL L . A X I S2(3. , .Li ,:M X ,-1,R T ,C.,C., DY) TITLE .53
CAL L PLCT (3. ,HT ,.’.,3) TITL E 3’.

706 CAL L  P L C F RI .3 .,HT + .’.,2) TIT LE 35
CALL PL CT(R T ’3.,. ’+,2) TIT LE 36
IF (NAX .NE. 3) GJ TO (37 TITLE 37
CALL P1.CT (3. ,3 .L ,2) T ITL t 38

7 U7 C A L L  PLOT (3.,C . L.,— 3 ) h ILt 39
Y HT :HT TITL E
RETURN T I T L E  ‘.1

‘ .2

5U~~ OU TI NE A X I S 2 ( A ,Y ,3C..~ ,NC,S IZE , TPI E T A , Y I I N ,J Y ) A A I S 2  1
D IME N~- I C N  000 (11 Ax 152 2

C IN THI S SU O~~O U 1 I t tL T~1E A X E S  A R E Di~A W N ,  CAL I9 R A T F D ,  A N D  L A B E L E D . A xI S 2  3
C SU B R O U T I N F S PLO T , N UM Ei~, A IID S VM B C L ,  A CA L L €3 . A *I~~2

3IG t~~1..3 A X IS 2 5
IF (NC •GE . 3) GO TO 2 A X I S~r 6
B I G N ~~— 1 .D A X I S 2 7

2 N AC ’AES( N C ) ~ Tr4~~T H E T A * .0j71.53z9ls A X 15 2 8 
—

N CJY~ S I Z E + I . 5  ~ CT H= 0 t 5( TH ) ~ ST—i ~~SIq’u T~-s) ~ TN ~~N A x 1 5 2  9
X3 :X ~ Y3~ Y ~ X A~~X— ij.1’~jIGN ~ 5 TR ~ ‘V A = Y . 3 . 1 E I & N C TH AX IS 2 Ii.,

___________________________________________________________________________ —
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10 UDO —
- - 141

C ORA ~. A X I S  P I T H  CALIO- .IATtJ TICK HA F KS A X I S 2 11 
-

CALL P IC T ( A A ,YA, 3) A x 1 5 2  1 0
00 20 I~~i,N A x 1 5 2  13
CALL. P L O T (x € ~,YD,2) AX I5~ 1’.
XC~ X~34C 1H /0 Y ~ YC zY~~.5T I/DY A~~IS2 15
CA LL F L O T (X C , V C, 2) A X I S 2  16
~ A= XA. CT H /OY ~ YA YA.SJi /D y A X 1 5 2  17
C A LL ~L O I (X A , Y A , 2 )  A X I O C  lb
X B = X C  ~ A X I ~~2 19

23 CO P ,TIt. U EI A X I S ~ 23
~ X A - X ~- — (  . 2 J e C I G N _ . 3 5 )  ‘STt - i — . -)2~~57~~CTH A r 1 5 2  21

YA :YE + (.2L rI 5 N _ .0O)~~3 T 1 _ .Q2 357~ STH ~ N N+ 1 £iISC 2 0
C NU M O E R  THE Cr~IGI N AN D E V E R Y  FIFTH TI C K M A P K  A X I ~~2 23

00 30 I~~1, Pl A X I S 2  2- .
IF ( A ~~O J ( A E EV , 5 . .~ .N~~. 3 . )  GO TO too A~~I~~2 25
CALL  NU E k ( X A , Y A , . 1 ,~~~~~v , T H~~7 A , — 1 )  AXI ~.2 26

100 A 3S~ = A E S - ~_ 1. ~ ~~~ X u — S TI/DY Z Y A = Y A — S T H /D y  A xIS ~ 2 7
30 CON TINUE A~~I S 2

C LA 8EL THE ~A I S  A X I S o  29
INC~~NA C I 7  ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A X 0 S , ~ 3 3

A X I S O  31
CALL S’rMO O L ( X A , Y A , . 1 1 .,~~~O ,T hETA ,NA C ) A P - I $ 2  32
R E T U R N A X I S2  33
END AXIS ,r 3’.

SUE~RO JT IN ~ Nu P-’ CC n H M ,II’L ,NC C ,NN SKI P HJ p 4~~C , I
OI M E NOI O F 4  S (6,6),E~-’C 6, j2),C(j.2), YV ~~(6) ,~~(6) NJ I-’ CI. 2
,Cr ’AT (1 0 ),110),... X (2 0 .)), A Y (2300J, CQ N TU C (91 NUMCC I . 3
RE A L KF ,KF ,KS, K- TO L ,K~~C n JIIDC N  1.
CO MMON s ,~~ 4 , c~~Ar ,;,A x ,A y ,co NruR, r-~~-J JcT ,Gfr~~-1,Cco N,F~.9,JA t 1 N j - N ON 5

T , D A T E 2 , CI N.OIR , JP ,T T , CC P ,,lCE,3 Y ,DELT ..T,SJL TAT,Q,h 5T ,-~GT z ,1 ,-x n..,ri c~~ b
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ N3”-CC . I
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~,~~1CON 8

~ ,SV F K B ,S A V F K ,P K - A — ,t A ~~;,OK, F u O ,N J ~~T ,I NU~’, FL5, PC C UN T ,..M- ,Ar ,n N J M C C N  9

~ ,R E F L 5 T , R R L E LJt’ ,REF R C T, - R E U t ,~~FK , F L A G j , F L A G 2 , FL A G 3 , FL A G . ,Kf~~,~.F,t3 / ,:MLCn

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ NJM~~Ct , 11
C IN THIS SU~~- f l U T I - ’W 5 I E C i F 3 0 )  SONNLIN5 D E P T H S  A R 5  LO A T E D  ~N5 NJ ICON 10
C OPA W N  ON IH~ ~L O i. S U - 3 - 3 J T I N f~ NUP-3 E R AN D PLOT A R E C A L L E D .  NJ iC ON 13

Nor :14p —l ~ MO0G:~~i-1 Nj~~CCt.IF (MOt •EO . C) GO TO 2 N U M C L .  15
C CO N d E R T  TC E n - L I S H  UN~ T~ I C R  C A L C U L A T I O N S  N i 4 C C r . 16

DO 7t- 0 < 3 = 1 , 1.03 NJPI000 I?
CO t-~~U- (KC )~~..3N TUR(KC) /~~.3O 1.~ N JM C O N  lb

73)0 C O N T I N U E  N J ?iC O .
C SELECT Y -T OLU ~~N Nj~~CC N 2.
2 DO 500 0 .3=2 ,  NCC , NNS K C P  P-.J~~C A .  LI

Y J J —1 ~ Y~K K 1  l-, t ’ i A J .
C ~~ LEC T SOU ’INI C E P I M  NJ’ lCC~.

DO 3000 KC =1 ,NCO Noi-C1 ~,
K W I T = 3  ~ nO i F zJ £ 1 M I — L  N J M D ~IN 25

C SFA FC H CO LU ’~N FC R T HE t . i ~~~~N SO UNUINU D E P T H  NJ MCO N 26
00 tub  11:1, 4 0 2 3  NJ M C C N
X I r t — 1  ~ tL~~I*1 i X L :IL~~t N U M O O M  28
IF (K ~~IT .01 . C) GO TO ~000 N J M C C N  29
IF  ( C M A T ( J , I 1  • G T .  ~ ) GD TO 20 N J M C C N  3~
KW I T = 1 NJr-~CO N 31

21 IF (L LT ( I , ) ( - O C . — CnTJRIKO )) 10 ,1 1,1 N U M L O N  32
ii A. .(KKK) :xI AY (~<K K1 C O M TU R ( K C )  ~ KKK :KKK *1 N[IF :3 N JM C O I  33

GO TO 101.) NuMLOI ,  3-.
12 GO TO (1’.,17 ,1’.) 1 N 5 F  NJ MCC N 35
1’. NJ IF : I  NUMC... I, 36

GO TO lO l l  NJ M C C .  37
13 03 TO ( 7 7 ,15 , 1 5 ) , NCIF  NJ M 0N 38
15 N0iF~~~ n.~plC ON 39

GO TO 1~~I D N O M O C ’ .

_ _ _

-

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

-

~~~~~~~~



— ,- -..- — 
— — ——---— —----

~-.- w~~~o— ~~~~~~ 
-
~~~~

--—---—--..-.-- 
~~~~~~~~~~~~~~~~~~~~~~~~ 

—
~~~ 

—

r

PAGE IS BEST
OM CUrl x~~ O~1~~- -~~j .L’t) DDC _._~~~~ _

C L I N E A R L Y  I NT F ~~POL A T E 10k Ih~ SOL NE - IN G D E P T H  NJ M CO N ‘.1
77 S L P X = ( C C O N Ct .A T U , I1~~_ 0 M A T ( J , I ) H / ( X ~~_ X ~~) NJMC O N ‘ .0

X P (CO H TU ~~(t ’ C )— C ON .C ’iA T (J ,I))/~3 L F X ,X I  NU PICC N ‘ .3
AX(K I< K ) :XP 7 A Y ( < < K )=; Q NT U R(Kr ) i. X K K KK K + 1 N J tl C O~
GO TO (~~i,82) ,NUIF NiH CC r,

81 N~~i F 2  NJPILON
GO T O  11~1u NU MC -..N ‘.7

82 NDIF=1 NJrICON ‘.8101~ I= ’- i NJtICCN .9
8 0 O ~ i3J NT INU~ NJIICON SC

C O R A W  liLT SOU N ING D~~ - T r i S FO R E A C H  ~ E L E C T EO ~ - ‘0 O LUMN NJMCO N Si
K K K = K K K — 1  NJ M C CN 52
IF (KK K I )  5300,6o -:, 67-3 NJ .ICON 53

673 KK L r KKK -1. NUICUN 5t s
00 997 IA= 1 - . K Y L NJ IICON 55
IA D IA .t N J M C O N 5€.
00 997 I - 3 = I A O , KK K Ni t- ICON 57

IF (A t  ( I A )  .Lf • AX ( -
~ ) ) GO TO 9~~7 NiP-ICON 58

~P4IN~~AX( iA) ~ A~~(l A) .~ L (  ~~) $ A A (  I~~) Z P M I N  NJ MCC N 59
X M I N Z M V ( I 4 )  A Y ( . A) :A ~~(E )  ~ ( I B) P~~~N NUP- ICC U 60

997 CO14I N U E  N U M C C N  61
668 F (MOD (J ,2) .NE. U 50 10 101. N J M C O N  62

KO N~~r~< K v  . X A DC~~— 3 I _ A T :l NJ P- 0 0 N  ~ 3
GO T O 1..5 Nj M C O N

1 0’. KO ’~~~ 1 I 1 :r .)= I ~ L A S I r K K K  NJPI I.CN 65
105 1 1 (P-IC E .EO. 3) SO TO ~. NJ MC UN

C C O N V IR T  S~~UNJ INC NE~~i-I 10 -~~T RI C  UNITS ~E FO~~E D C A P I ~~-, ON ~LO T NJ MC O N 67
NJ C O N 68

1. CA LL NUi~3E~~ ( A ( K D ~~E ) / J Y , Y J / D Y , C . l K O N E ) , 3 . L , — 1 )  NJ M- C C I .
IF (K 3Nt  .11. 1 b T )  GD TO St.C0 N J ’ C O N  71
KO1.E K D N E + X . ~-)O N J W C C N 71
GO T O 13 5 N J r - C G N  72

500 0 C O N T I N U .~ NJII CON 73
CALL PLC T hj .,C.,— .) NJ P- ICO N 7’.
RET U R N  N JM D O N  75
END NJM CO N 76

SUERD UT I N C SH CR E (r~M ,N ’1) S~1O~-~i-
- I.

D I M E N S I U N  S (~~,E) ,c M( 6 , l..) ,C112 ), YV ~’ (6 ),E (-) S -tORE 2
1, C PAT ( 13J, 10 )) ,AX(2.~~J ). A Y ( 2 3 i C ) , C C t - .T U R (9 )  S~~3 t€ 3

R E A L  ~ F ,KF ,KS , K~~TDL, KF C Sr1Okt
C J M M O N  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S -iO- ~E 5

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SiO ~~i 6

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ E-. D~ [ 7
I,DGOX,S ~~A , T R I , S A v , S v A ~ . I,A L F A ,S.~A L F A , S...Lt A , C N V A ,.,~~L A .~~~3X S~’O- ~ 8
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 - 3 r  9

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 11
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 35 S - ~3r’ t 11

C IN THIS SUE~~D UTI tE T 4U ..H3~~ELI Nt IS ~~~~~~ ~U~~~OU T 1NE PLOT IS US .0. S~-O~ E t o
P J N T ( X1 , X 2 , D 1 ,0 2 ) = X L — J - 1’ ( (Xj—X 2 )/( Oi—02) J S~4Ot~E 13
IC=3  SIOr.~ 1’.

C S E L E C T  V— COLiV~N SI O R E  15 -:
00 1 J j , NN S~4OkE 16
Y J =J - 1 ~ JL J — 1  L ~IL J L t ~ I M M  S I O R E  17

C S E A R C H  CO L U ’~N FC~ Zt~RJ r.ATN DE PTH S T A R T I N G  W I T H  M A X I M U M  X SIO p < E 18
DO 2 I I=1, Mfr S IOIE 19
X I = I — 1  £ IL~~I~~t £ XL = I L— t SI4ORE 20
IF ( C M A T ( J , I) )  1 0 3 , 2 0 3 , 3 0 0  S10~c[ 21 —  

-~~~ —  i
.
—

-- 
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- - .



ThIS PAGE IS BEST ~UAmT!raACTIcABLE
1~~et C4(~ x .~1L £~1-i~1D 1~ ~~Q —-

143

100 IF (IC .GT . 2) GO TO 10? SHORE 22
C L I N E A P L Y  I N TEP P U L A T E  FOR ZERO W A T E R  DEPTH SHORE 23

101 X P : P O N T ( X I , X L , C t 4 A T ( J , I ) , C M A T ( J , I L ) )  S H ORE 2’ .
CALL  P L C T ( X P / u Y , Y J / D Y , I 5)  S H O R E  25
IC:? S H O R E 26
GO TO I SH C~~L 27

102 IF ( .3 • L E .  1) GO T O  1)1 SrIOkE 20
Y2 P O N T ( Y J , YL, C ’~A I(J , l ) , C M A T ( JL , t , )  SHORE 29
CALL PLCT (C.3 ,Y P/C j Y ,IC) SHORE 30
IC=2 SHORE 31
X P = P O N T ( X I , X L , C ’ - ~A T ( J , ) , C M A T ( J , I L ) )  S lO P E 32
CALL F L O T ( X P / U Y , YJ / L Y , I . )  S~iORE 33
GO 10 1. S-.O-E 3 r.

200 II (II .NF . ?i ’-~) SO TO 211 S-i O~.i 35
CAL L  P L C T (X I / - 3~~,Y J /CY ,IC ) SiO~- L  36
IF ( IC .01 . 2) GO TO 23 - .  S NORE 37
I C 3  5-40- i 38
GO TO 1 S- i O kE 39

201.  10=? St’iC—ti
GO TO 1 S HO~~L

201 IF ( IC  .LE. 2) GO T O 2~~7 ShO RE ‘.2
IF ( .3  . LE .  1) GO T O  2 3 7  S O R E  ‘ .3
Y P = F O N T(Y J ,Y L , C~-’AT (J ,j ) ,CM A T (JL ,1)) S H O — .E
CALL PLOT (0 .) ,YP/DY ,IC) SHO L 1.5
IC:2 S H O R E  -+6

207 CALL PLC T( X I / D Y ,Y J ,U Y , I )  SHOr- E
IC=2 S — 4 3 R t  .8
GO TO 1 s-4o~i ‘.9

300  II (Il . N t .  MM ) GO T O  2 SH O~~L 50
IF (IC .01. 2) GO IC- 1. S-i O RE 51.
Y p : PON T ( Y J , Y L , C M A T ( J , j ) , C M A T ( J L , j ) )  SHOR E 52
CALL PLOT ( C . 0 , Y P/ CY ,IC) SHORE 53
1 0 3  S H O R E 5’.
GO T O  1. SI~Oic fi 55

2 1 :1—i S-4O~~E 56
I CONT INUE SHO~ € 57

CALL PLCT(3.,O ., —3 ) SHORE 58
R E T U R N  SM O kE 59
END SHORE 60

SuE~~CJ T I : l E  P A Y N ( X , Y , A , NPIOT ,N, P4M A X , L I , NI— T , L I I , A V )  RA Y I ,  1
DI MENO CN S( 6,E) ,tJ—(6 ,12) ,C (j2) , YV W ( 0 ) ,E ( 6) R A Y N  2

~,CM A T ( 1 C J , 1 L 0 ) ,u X (2~~C J ) ,AY (20..C ),C Q N T U R ( g )  R4Yt . 3
R E A L  X P , 4(~~, K S , K~~T O L , K FC R A Y N  I.

IN TEG ER D X 1,D .~2 ,SK ,FU J ,~~COU N T ,FLAGI, -RF L~ UM ,RFRE U M R A Y O  S
C O P - M O N  S , E t -4 , E , Y V ~~, C N A T , C , A X , A Y , C O N T U R , F R O J C T , G t ~I O , O C O N , FA N , C A 1 E 1  t~A Y N  6
,DA TE2 ,CIN ,OI0 ,R1P ,TT ,~~..COP ,9CE ,OY ,CEL TA T ,S0L 1 A T ,U, HG T , HG T Z , S I X  R A V t I  7

~~ , SVY ,SDE ~’,W ,Qt F- ,- .~L ~
_I ,_ ) A V V , P PEV, 5 P~~E~~,U,3 AJU ,GLERO ,G,5o,SV5,OUO ,KS RA Y r~ 8

~ .O G OX, SV A ,T RI, S ,S V A V ,P H I , A L F A I S V A L F A , S S A L F A ,C N V R S A , J € L A , O M O ~ r ’ . YN  9
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7,SvFKS ,SAvFK , F K L A :,t A x Q,~~K ,FUD , NU P -J T ,I~.UH ,IFLG, PCO UN T ,AM ~~,A1 ,N R t.Yr , 1
7, REFLCT ,R FL~ iu ,R[~~RCT , R F RB U P - ,6FK , F L A G 1  ,F L A G 2  ,F L A U 3 , F L A G . ~,< F C ,1F ,B ZR ~~Yt. 11

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ RC.Y N 12
C THIS SU 3k O UT I -~t: IS USE D TO -C ON TFOL IHE C A L C U L A T I ON OF THE ~ A V E  R~. Y N 13
C PACKET PA r ’.TICULA R S, ti3ST OF THE P R I N T E D  O U T P U T ,  AND THE PLOTS OF R A Y t ’  it.
C T HE W A V ~ ~ M C K FI T PATH S. SJa~ O U T I N E S  SU PFC [ , H OV E , HEIGHT , RO Y N 15
C PCO , STORE , A ND D .~A 4 A R E  CA. LEO. R A Y N  16

N3F~~1. L ~F K - i I r)G O= 1 I K FES T~~C I KCIN u £ R C O U N T = G .  7 F L A G I = j . R A Y N  I?
CALL S U R F C E ( A ,Y ,A ,FK ,N F K ,N O P ,A V )  kA Y t , 15
F LA 1=C.  ~ INUM= -3 7 S I A FA = A L F A  Z S L V = A V  £ SDEP DEP kSYt. 19
S A V V = V  7 P~-E V ~~S A V V  I 5A ~ U = U 7 5(.:(. T G Z C R O = G  R A Y N
CALL H O v E ( X ,Y ,A ,F< ,NGD ,IIT , ’.FK ,N O P ,Av,L: ,N PT ) P0 y : . 2 1
CALL H E I O H T - A ,Y, A ,FK , N c - J ,MIT, N F K ,N D P ,A V) RA YN 22
TI M EO= O • I LNU L E =A ~ 57.  0:J5 7 7951 I A N O L C  = C N V R S A — A N G L E + l s O  • RA Y F4 23
GA M = A V ~~57 .29577~~51 ~ T ,AM C N V R S A — 5 A M .~~~o. R A Y N  21.
IF (NPT • NE.  3 )  03 T O  1~~U S A Y N  2 5
IF (N •LE. ii GO IC 8J3 R~~Y ;. 26
IF ( M O C ( N ,L l I) .N L.  3) 0 TO ~~ 3 .- A Y t .  2 7

C W R I T E  PAGE AN U  COL U r ’U H L A D C N G S  R A Y N  25

~00 ~4R ITE (6,-~) (P R O J . T ,U S T E 1 , D A T L 2 , N F L O T )  K~.Y 4  2 9
8 FO r- I-A T (1N ~.,1jH?EJ JECT ~Q .,A6,jh,, 2X ,2A ~~,jH, ,5X ,8 H PLO T NO. ,,3 ,//) R L Y N  3.

IF (MOE .N~~. 3) GO TO ‘+55 R~ YN 31
WR I T E  (6, ’+~~C) RA Y I ,  32

‘.50 F O t U A T  (1X ,E? HTH zI CUT~~LT IS IN ENGL I S H UNITS. H ,HGT (FEE T~ . S , U , V P .~ Y N  33
71’.i-- FEET/SECONC) .,//) R O Y N  3’.

GO 10 1 .52 R A Y .  35
455 WR I T E  (E, ’+5l ) 3.-~
1.51 FO~ P+.T (j X ,E 2 HT HE OU T~~uT IS IN M ET P,j.C U NITS. H ,HGT (METE P) • ,U,VR.YN 37

3(~
‘.52 W R I T E (6 ,~~5l)  R l V ~ , 39

851 F 3F~~A~ (IX , l I , 2 ~~,Ei P C -’iO0 ,lX, 3 I-$MA X ,2X ,~~NX ,6X ,IM Y ,b~~,1H.-i ,7X , - + H P A 0 K k — Y~. 1..
i, 3X ,44-’~.AVE, ~~X ,3HH.,T ,EK ,-~k D E L T A T , tX ,2 HCF ,1X, 5r1 KF TOL ,// ) RAYt.

833 A LF .~:AL FA # 5 7.29 77931 R . b Y N  ‘.2
11 ( M OE • EC .  U ~,O TO 21] R IYI , -.3

• ‘)EP=CEP ~~a. 3.-+ 3 7 5 =0~~3 . 3 3 L . 8 ~ U :U & . 31’ .5 R L Y N

~~~~~~~~~~~ 7 hLT =HGT~~3.3348 Rc.YN
C W R I T t  R A Y  PA R t C U L A ~~3 FC P T~~E IN ITI A L PCINT ~ A Y t .
21 3 W R I T E  (h, 857) U ,TT, A3 ,X, Y ,CEP ,A t - G L E ,O A M ,HGT ,~~ELT AT ,CF ,K~~T O _ )  ~~~Y N  -. 7
853 F O~-~~AT (1~ , 13 ,FE.1 ,LX , IS ,2F7. 0 ,F8.2,2F7 .2, F8 .’.,F 6.2 ,2(1X ,F b . .

~à I ~~~~~~ N 1.5

GO T O  52 2  R IY N
3 HA , i ~~

,
~ 3x Q .‘.L Y N  53

IF (MAX ~ . i K C IN . L T .  MMA X ) GO TO 399 R A Y N  51
W~~ITE (6,1.01) R A Y N

1.31 FC-R’ - A T (~~3 X ,~~5H0 ItiE N ~ IC N CF O U T P U T — A R R A Y S  E A C E E L E D )  ~..‘r. 5-!
GO 10 15 p’~~-~~~~~

399 ZC~~Y =S R A Y N 55
CALL M C V E ( X , Y , A , F K,N GO,~~I T , N FK ,N D P .AV ,LI ,N PT ) R A Y N  56
IF (HOP .EQ. 1) GO TO 396 R A Y ~ 57

_ _ _ _ _ _ _ _ _  
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7~OM (X~1~I k’U 1O~iE~3 ~v DOD _ ... .—~~

1 .02 w~~IT E (6 , 1 . 0 3 )  R A Y N  58
1.33 F OR rA T  (~~OX ,i7 hRA~ RE AC HED SHORE) RA Y S  55

M A X O ’-IA X Q -i R A Y s  60
GO TO 15 RAY N 61

396 (.0 TO ( 3 ~~7 ,3 9 7 , 4 Q ’ e , 5l ’. ,5 1 5 , 5 2 5 , 5 16 , 5 2 8 ) , M I T  R A Y S  62
43’. W R I T E  (6,4 5) R A Y S  63

4 0 5  FO~~~AT (3 -J A ,4:H PAC KET C U R V A T U R E  ITERATION NOT C O N V E R G I N G )  RA Y S 64
R A Y N  65

GO TO 15 R A Y S  66
514 W R I T E  (o ,53’.) R A Y N  67
504 F C~~~AT (A X , ?2t-C AUS T IC OR FOCAL POINT) R A Y S  68

M A X O M A ~~Q— i R A Y s  69
GO TO 15 R A Y S  7 .

515 W R ITE ( r ~~~53 5)  R A Y N  71
505 F0 - A T  (3 JX , l1H~~A V E  OR E lKS) R A Y s  72

M A X O = H A X O — 1  RAY N 73
GO TO 15 R A Y s  Tt .

525 IF (N PT .NE . C )  Cci TO 52 7 R A Y N  75
W~~ITE (6,52 6> R A Y s  76

526 FO F~~AT (8 O X,  10 HRE FL ECT ON) RI Y r . 77
527 H A X Q = r I A X Q - 1  R A Y S  78

GO TO 15 R A Y N  75
516 .4~~ITE (6,517) R A Y S  80

.517 F Q R t A T  (5JA , j h ~~~PL E C r S~’4 H A N O— U P )  P-1 Y~ SI
AX Q= U A X Q _ j  S A Y s  82

GO TO ~~ R~~Y N 8 3
52i W R I TE (6.520] k A Y ,  8’.
529 FOR’”A T C X ,3 8 H AKU ~ TI M E STEP LE SS Th.-.N 0.5 SCOONOI SIY S 85

N A X Q= ’-~A X 3 — I R A Y s
GO TO 15 P A Y t  37

39 7 II ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ PIL ~~A~~A F A 57 .0-~5.’795 E . Y S  88
A~1GL t ~~A~~57 .2 ~~7793l T A . G L E = C N V ~~SA — A N O L -  + 1~ - • I FFK :FK ~~ Yt . 89
P O E P~~OE P £ rD~~D £ ~~~= ;  I P v = d  ~ ~ U U  I PM GT H 3 T  C ~ cS - ~~0 ~. A Y N  90
P KF :KFC £ P<R :Kr I GA ~~r 3v ~~57.295 77q Sj I GA~~~~N~~~5A—5A ~~,l5C . R A Y S  91
IF ( N O T . E3 .  C )  GO TO 151 R A Y S  92

160 CAL .- ‘tl C ( C , E ,~~C T 3 I F )  RA Y : .  93
IF (?~A XO .60. 1 .CP . 1 0 3 (M A X O , S K )  .t 3. U GD T O 3 3 ’ .~ RA Y S  9’.
GO TO bol R A Y S  95

C W R I T E  PA Y PA ~~T I C J L A - S  FC~ SEL~~CT~~ R A Y  P O I NT S R A Y s  96
3U. i. A L F I = A L P A O 7 . L 2 - 7 7 - 5 1  R A Y ’ .

IF (MOE .EO. U 1.... TO 7. 3 R A Y S  9€
U e P= CEP 1. 3 ’.~ £ G~~~~3 .33’.8 i 0=0*0 .3348 P A Y S  99
V V ~~O .~~U.i I H G T = H G T ~~3 . i C ~~8 R A Y N  131

230 IF (~~C D ( F U O ,L1 ) .. r .  3 ) CC T O 30’.~ PAr r , 1-0 1
C W~c IT E  PA~~C A -No C U L L ’ S  ri:A D I S G S  R A Y S  132

W R I T E  (6,7) C ~ FO J T , L I T E 1 , U A T 5 2 , N P L C T ,  IT ,N ,~)EL T A T ,CF , KRTC.- I R A Y ~. 103
7 F U ~~’AT (Ii-j,1IHPRO J€ C T ~3. ,Ah,1H, ,2~~,2A€ , 1H,,5X ,8H PLOT \O. , 3,1~-, ,,.-IY ,,

~ 1X , 7H~’ E — I,~O= , F S . l ,~~~~~~~. , 1 h ,, :X , 7 N R A Y  N O. , I3 , l h , , j X , 7 M Q ~~L r A T = , k~- . Y S
IF6.2 ,iH, ,t X,3 H C F :,F~~.5, lr1 ,,1X, 6HKRT O L ,F8 .b , //) P.~A Y N  106
IF ( M AX O  .SE • 1) GO TO -.53 R A Y S  10 7
IF (i~~E .NE. ) GO TO 4oS R A Y S  138
WRI T E  (6,470) 607 R A Y S  109

473 F3P’~AT (1X ,52NTH ~ OuT’uI IS IN E N GLI SH U N i T S .  H ,HGT (FEET I • ,,U, V R A T S  113

~1’.h C F E E T / S t O O N O ) . , 32X ,j 3HD( BE TA )fD T ,Et U.3,//) R A Y S  111
GO TO 1.53 R A Y S  110

465 WR I T E  (~~,‘-.71) 80? R A Y N  113
‘.71 F O R M A T  (IX ,52t-I THE CU T ?UT IS IN M E T R I C  UNITS.  H ,H G T ( M E T E 1 . )  • S , U , V~~A Y N  11’.

$15 H(ME TER /SE COND)., J1X ,13 H 0 (3E TA )/O T = ,E1 .O.3,//) RA Y N 115
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‘.53 W R I T E  (~~,t5C ) R A Y S
150 F 0P~’AT (iX ,3P*~AX ,1X ,1HX ,6X ,1HY ,6X, IHH ,7X , + H PA C K , J A , -~ -t h A v E,3 x ,1 HD, R A Y S  117

19X ,2 h F K , 8X , L. HA LF A, 5A ,1p- 15, 5 X ,1H U, 5X , R A Y N  ilU

~ 1~1V ,5X, 39HGT ,5~~,2HKS ,6 X ,2 HK F ,7X ,2HNO ,1X ,2HK~~,7X ,6Hp GTL: F ,//) R A Y S  119
3 0 4 3  F U D = F u C ’ l .  R A Y S  120

IF ( R F L B U M  .I4~ • 0)  GO TO 518 R A Y S  121
IF ( F F P E U r ~ • N E .  U GO TO 5 2 u  R 3 Y 5  122
W R I T E  (6,612) VI AXQ, X, Y, OE P ,AN U L E , GA M ,O , FK, A L F A , G , U ,V , HGT, R A Y S  123

IKS ,K FC ,KR, PCT GI F ) R A Y S  121. -
-

612 FJ ~~UAT ( 1X , I 4 , 2 F 7 . 2 , F 3 . 2 , 2 F 7 .2 , 2 E 1 0 .2 , F3 . 2 , IX , 3 F 6 . 2 ,  R A Y s  125
~~3 F 8 . 4 , 1 . > , F 9 . t . , E 7 . 2 )  R ’ . Y t .  12t ,
GO TO 522 R A Y S  127

518 R FL L U M= P F P E3 UM =0 R A Y S  12~
C USE FO P’~A T F U R  A EFL E CT ION O E A K  LiP OF TIME S T E P  I N T E R V A L  R A Y S  129

WR ITE (6 ,613) (‘.AxO ,X , Y , O E P ,AUC, LE, (.AM,D, FK,A LF A,(.,U ,v ,ho -T , RA Y S 130

~KS ,KFC,N OM T .K~~,FCT [~~F) R A Y S  131
613 FO P ”AT (1X ,I’.,2F7.2 ,F~~.2,2F7 .2,E 1~~.2,jH4 ,E9.2, F8.2 ,1x ,3F6.2, R A Y N 132

$3Fe. i.,1A ,13 ,F9. L,, F7.2) R A Y S  133
GO TO 522  R A Y S  13’.

520 PFR BUM ~~3 .  R A Y S  135
C tJ~ E F f lR~~AT FO R PE~~S A U T I O N  (BE TA ) L R E A K  UP OF T IME STEP 1N T E R V ~~L p1 -Y N 136

k -R I T E (6,61 4) (P - A 4 G ~, X , Y , D E P , A N G L E , G A M ,D,FK ,A L F A ,L,,U ,V ,hGT , R A Y S  137
IKS ,KFC , N J JMT ,Kr .,,P C TCI F) R A Y S  138

614 FO~~1A T (1X ,!4 ,2F7.2 ,F~~.2 ,2F7.2,2E10 .2,F8 .2,iX ,3F6 .2 RA YS 139
I,3F 8.+ ,1X, I 3,1H~~,F8.4 ,F7.2) R A Y S  140

922 AL F t .=ALF A ~~O .317 45329 R A Y S  141
IF (M OE • c~G. U CO TO 1 D I  R A Y S  1+2
OE I:OE P/O. 3E45 I G G /J .3048 ~ U U . f0 .30~+3 R A Y S  11.3
V :V /0 .3~~1.8 I H G T = r I G T I I . A J k 8  R A Y N  11.’.

161 K H A X ~~~A X Q  I P X X  I PY Y ~ KNUI T : NU MT R A Y S  x~ 5
CA LL S T C R E (X ,Y , A ,K I A X ,T IME Q ,K C IN,K F~EST) RA Y S I’.L
GO TO (10 ,11) M IT RA Y S 14 7

11 IF (S PT .cQ . 3) GO TO 13 R A Y S  i.e
IF (M 09(FUO ,LI) •NE . 3) GO TO 3053 R A Y S  149
W R I T E  (6, 7) (PFO JCT ,DAIE1,OA TE2, N PLOT, TT ,N,U E L TAT,CF ,KRTO.. ) R A Y N  150
W R I T E  (6,15 0) R A Y S  151

3 ’353 FUC=F LJ O .1 . R A Y S  152
W RI T E  (6 ,9) RA YS 153

9 F O F M A T  (3 3 X , ? S H PA C K L T  C J R V A T U R E  A V E R A G E D )  R A Y S  15-.
10 IF ( M A ) C  .&T . 1) GO TO 13 R A Y s  155

GO TO (~~,1.02) ,N OP R A Y S  156
13 IF ( N G O . E(~~. 1) GO T O  3 P A Y S  157

W R I T E  (6,.07) R A Y S 158
‘ . 37  FCR ~~A T (o :x ,2S HRAY R E IC HED G R X U  9 G UNDAP Y ) 1 . A Y S  i59
15 IF (N PT .NE . 0)  GD TO 1-4 0 ~~~~~IF ( MO E  .EC . 0) GO TO 2 12 R A Y S  161

P D E P = P O E P • 0 . 3 ~~1.8 £ P G P ;-~C . 3 3 4 8  £ PU=P0 0 . 3 3 1 . 5  R A Y ’ . 16 2
PV= P V~~~.3~~.+~ ~ ~HG T PH G T ’ 0 . 3 C 1 . 8  R A Y S  163

C W R I T E  R A Y  PART I C J 1 A ~~S F O R  T I E T E R ~~INA L FOIST R A Y S  16’.
212 W R I T E  (6,~~51.) (N ,T 1 , X I A X ,PX ,P Y , P D E P ,A SGLE ,GA rI ,PM(. T) R A Y S  165
5 5 g. FO PHA T (1H. ,13, F 6.1 ,IX ,15, 2F7.2, F8.2,2F 7.2,F3.’.,//) R A Y S  1s6
190 IF (M - A X O  •LE • 1 . O P .  NPT .EQ.  0 .0k .  R A Y S  167

~M OP(P - ,.~~L, 3K) •E Q. 01 0 TO 1900 RA Y ~’. 168
C PA Y P A F T I C U 1 A ~~ H A V E  NOT 3tF N W~~ITTEN FOR THE LA ST POINT RAYS 169

IF (MCO (~~U Q ,L I) .51. 3 ) oQ TO 3 ci 3 1 R A Y S  173
W R I T E  (6,7) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ R A Y S  171
W R I T E  (6,153) R A Y S  172

3031 IF (MOE .EQ. 0) GO TO 30~~0 RA Y S 173
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PDUP=POE~~~0 . 348 £ t)G:~~~~c- .3048 1 PU~~PU ’U.3C 48 RAYS  17’.
Pv = R v ’C.3 04e ~ P HL1 = P H G r ~~o .30’.8 RA ’~-N 175

3030 IF (P FL PU H .50. 3) ,O TO 55b R A Y S  17 1
IF CRFRCJ~ .NE• U) GO TO 563 RAY S 177
W~~IT E  (6, 612) (K M A X ,PX ,PY ,POE P ,A NG L E , GAH ,PO ,P F K ,P A L F A ,PG, RA Y S  175

~PU ,~~V ,FH~~T ,FK S , PKF ,PKR ,PCTD IF) ~u Y N  179
GO TO 19O~ RA Y ”  1~~C

558 RFLBUM ZPEPOUFr~~0 PAY S 131
WR ITE (6,617) (K1AX ,PX, PY ,P O E P ,A NG LE ,GA’~,PD,PF K,PA L F A ,PC, RAY S

~PU, P V ,~~HG~~,P K S , PKF ,KN U H T, PK ,<, PCT OI F ) Ru YN 183
GO “0 19 30 R~+ Y N  181.

560 RFRSU ’~-~0. R AV ~. 185
W R I T E  (6,61L .j (KriA X ,~~.(,~~Y ,P D E F ,sNGLE,GA t1 ,PD, PFK , P A L F A ,PG , R A Y S  186

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ R~.YN 187
1930 CALL :pA ~~(N ,KMAx ,~~c:s,K\EST ) RA Y S  1~~8

RET UPS R~~Yr. 189
END RA Y S 190

‘SUEROuuIs ~ r O V I C , c ,Y ,A, FK, NG C ,MIT ,NFK ,NOP ,AV ,LI , NPT) MDV I 1
OI NSIO NS (6,6), - - t~~,12),C( 12),YvW(b ),E (6) N3Vs 2

frOVt 3
REAL KP ,KF ,KS , K~ T3L, K 0
IN T E G E~ REF ,r~OP ,R FL Ct ,R E F R C T , F L A G 1 , F L L L 2 , F L A .,3 ,RCO LNT , FU).5RK V)~~ri 5
CO hM ON S, ,:,YV.4 ,C~~A T , C , A X , A Y ,C O 4 T U - ~, J J CT , G f I J . E C L J N, P A S ,0 1 1 E 1  - 3 i ~. 6

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r-::-~~r 7
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~I-C 8

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ 9

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~- O ~~E 10
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 11

£2
C IN THIS S U E R O U T I NE THO P A r H  OF IHE N A V E  P A C K E T  IS TEk ~~I s~ L . 13
C TESTS A-1  M A ~~E TO L OC AT E A RE F L E C T I O N  F C INT , A~~ F D E S I R E C  M V ~ 11.
C THE R A Y PA ~~H IS COSTI’4UEG ~EYC SO THE ~EFLEC TION P01ST . M. -VE 15
C SUE .R O U T I~~ES SU R F E A N j hElul T A~~E CA LLE C . M O V E  16

NLJ~’T=1 £ M I T = 1  M 3 V s  17
C S A V E  - JA L U E S IN C A S E  OF SP EAK UP OF TIr- .{ ST E P L N IE~~V A L  ~~~~ 18

SICZG H D V L  19
IF (P-AXO •N E . 2) 00 TO 3033 20
S V F K ~3 F K  r-~jVt 21
CO TO 232 h O V E  22

3 0 3 3  S V F K B = F K S A P  I S A - I F K=FK ~Cv~ 23
C C’~ -PU T t THE I ’J C REMES TA L 01 ST A N C E  TO THE NEXT R A Y  P01 NT MO V t  2’.
232 D= ( 3 + S C L T A T ) /~~~IO hC~~€ 25
2 0 3  IF ( P A X O - 2) ~~,102, 1v-. 26
102 F K E A R = F x  27

C CHECK FUR T I M E  STEP 9~~EA K  UP C UE TO B E T A  C A L C U L A T I O N  OR R E F L E I T I  US M D V E  28
10’. IF (REF - ~CT .NE. .0k. CEFLCT •UE . v

$.OR . A B S (TAN(SAV — S J A L E A ) > .LE. 3 .732OEC~ MO v E  30
I.OP . ~~‘S (TA N (A—SVALFA) I .~~E. 3 . 7 3 2 0 5 0 8 )  GO TO 81. M O V E  31
~E~~LCT 1 ~ ~-~~L6U-I~~1 M O VE 32

C I T E R A T E  TO F I N S  V A L U E S  FO R T HE NEXT POINT M O V E  33
81. 00 2.. 1T~~1,,~~3 M O V E  3’.

3 9 O E L A = F K O 4 ~~- ’ J  S AA ~~A .O EL . .  S ABA ~~ ’ A , 0 . 5~~0 E L A  M D V t  35
O E L~~~O ’C O S ( A O A P )  £ .~E.-Y=O’S N ( A - 5 A R ) I XX X + O E L X  I Y Y : Y + C E c . Y 36
CALL SU P F C F ( X X ,’VY ,AA ,FKK ,N F K ,N J P ,L A V )  M D V I  37
A V P = A A V - A L F A  M O V E  38
IF ( F L A G 2  • E Q .  0) GO T O  ~~ MOV E 39
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14 8 7~~~$~~) TO DDQ ..._... —

REF ~ 1 h O V E
GO TO 1’ M D V I  -.1

86 DUC~~SA V d ,~~REV M O V E
GO TO (1) 1 ,~~,3s,3~~,38 ,3 8 ,3 8,38),MI T M D V t  ‘.3

101 IF ( S O P  . EQ .  2) 50 TO 33 MD V t 1.1.

F K E A L~0 .5~~(F K+ F K K ) M O V E  ‘.5
IF ( IT . N E .  49)  05 TO 83 M O V E  ‘ .6S V F K ~~F K 3 A ~ 47

88 I~ (IT— ’ .8) r ,37 ,9 h J V t  it

37 F K K P P = F K 3 A R  M O V E  1.9
5 IF (M A X O  .01 . 2) 00 TO 9 M O V E

IF (IT .Lt- . 1) GO TO 20 hOVE
C T EST T H E C O N V E ~~G E S C o  SF T IE  R A Y  C U R V A T U R E  C A L C U L A T I O N S  M O V E  52
9 IF (A -3S(F K K F — F K A R )  •LE. 0 .03009/0) GO TO 6 lO V E  53

20 F K Kr = F K B A ~ M O V E  Sw
IF ( A B S ( F K K F p ~~FK r ~~R) • L L.  0 i . C~. C O 9 / O )  GO TO 18 n OV ~ 55

C OETEK ~1INE IF CUN V I PL E IC t F A I L E D  DuE TO A R E F L E C T I O N  POINT M O V E  56
IF (0 00  • G T .  1.3  .ANQ . M O V E  57

SA ~~~( T A N ( A V P ) • G T .  5 . 5 7 1 2 8 1 8 )  GO TO 91 MOVE 56
b I T r 3  M O V E  59
GO TO 3~ h 0 V t  6..

91 R F F= 2  M O V E  61
GO TO 13 M O V E

1.8 FK O A R r .5’(FK 9AS+3 V F K )  £ MIT =2 i-lO VE 63
r,Q TO 39 i - lO V E 5’.

C OE I F R h I N E  IF I-D C CLO So TO A R EFLECTION POINT M O V r  65
6 IF (DUO .LE. 1 .3  .D~~. MO V E  66

IA 3 S t TA N ( ~.V P)) .LE. I1~+ .5b 865O .O~~. M O V E  67
54~~~(TAN(A — 3VA L FA) } .&E . 3.732u5 ,.3) GO TO 92 M O V E  Sc

R EF= 3 K V ~ 69
C DEC15 P : F L E C T T O N  M V t  7~

13 IF ( N PT  .EQ. u ) GO T O  1. M O v ~ 71
IF ( M QO C E U O , L I )  •SE . 3 ) GO TO 3 0 4 3  76

C W R I T E  P A G E  ANu C3L U~’N h 0 A J I~4 GS h V t  13
W R I T E  (6, 6) (F ~L)JCT ,)ATEi, OA TE 2, N F L O T , T T , N ,SCE TAT,C F ,K~-T O L ) ~~ V E  F L.

96 F O~ ”AT ( 1 r 1 1 , 1 1 HP~~OJE G T NO .,A6 , 1h , , OX ,2A 6,IH ,,5X ,SHPLGT SQ .,I3 ,~~-’ ,,  P~~V t 75
5 1X, 7 H r F R IOO ,F~~.1,~.4 ~Sc u. , 1h ,, 1 X ,7 h ~c A Y  N O . , I 3 , 2 . H , , i X , 7 1 - 4 u t L ~~

A T , b V ~~

£F6.2 ,1H ,,j X ,3HC ~~= , F~~.~~,1H ,,1X ,6HKR TC L ,F 3.6,//) h jV t 77
HPITE (A , 15 3 )  M _- V ~ 7 E

150 FOR M A T  (1X , lH’4 A~~,1X ,1IX , SX sI H Y ,6X ,j H H , 7 x , L . N 2 A C K , 3 x , L . H .~A V E , 3 x , U - 4 O ,  M O V E  79
I9X ,2 H FK ,- 3 .,1 ,H A L F A , 5 x ,1 HG ,5x ,I HU ,5X ,
51 HV, 5X ,3HHG T ,U~~,2 r1 K ..,,6X, 2 HKF ,7X ,2 HNC ,1.X ,2r1 K-~,7X ,6HFC ToI F ,//) M O v E  81

30 43 PA C K A 4 E 7 . 2 9 5 7 7 ~~51 £ ~ 0 0 K = C N V P S L — P A C K # 1 ~~3. 32
W A V t - A V ~~5 ? .29 ,77951 I VE~~CN V PSA ~~~A V E 4 130 . I 1y1A X : P A X Q — ~ r -O V~
SV A L FA ~~~V A L FA *5 7.29 ~~7795 i M-D V z 3..
IF ( M u E  .O~~. “)  C-U TO 2~ 0 i -- Cv~ 85
SOE P=SOE ~~~0 .3~~-.-3 I SG~~SG~~~.~~C’.d I S A V U z SA V U + J . 3 j~.5 M O V E  86
SA V V SA U *C.3u 140 C r.6T 16T 0 .301.8 M O V E  57

C SP ITE RAY P A - ~T I C U L A ~~S PIO V o
210 ~~< I T E  (6,151) (K9A X ,A ,Y,SDEF , PA G K ,W A V E , 5 0 , FK, SV A L F A ,SG , M O V E

I~~A V U , S A V V , H G T , K S , K F C , < ~~) M OVE 90
151 F O P ’ A T  (1X , 1i-4 , I 3 , 2F7 . 2, F 6 . 2 , 2 F 7 . 2 , 2 E 1 0 . 2 , F8 . 2,~. X , 3 F 6 . 2 , 3 F e . ’. M D V I  91

M O V E  9.-
FUC : FU D+1 I S V A L F O = S V A L F A ’ O . 0 1 7 4 5 3 2 9  M C V I  93
IF ( M O E  . E Q .  U )  GO TO 212 M O V E  9.
S0E P=~~O ’ P / 3 . 3 C 4 -~ S SG~~S O/ 3 . 3 ’ 7 ’.8 S S A V U ~~SA V U f l . 3 3 4~ M O V E  9 5
S A V V S A V V / 0 . 3 J 1 . 8  ~ r IGT - f G T / C . 3 0 ’ . 8 M O V E  96

212 IF ( M L 1 ( F U O , L I )  .S~~. ~.)  GO TO 3 0 44  MOVE 91
W R I T E  ( 6 , i )  (P,-0OJCT ,iA T Ej1,3ATE2 ,NP L OT ,T T ,N , S O L T A T ,CF ,K~~T 0L ~ ‘~O V E  98
W R I T E  (6,150) ~~~~ 99
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C W R I T E  TYPE OF k E F L E C T I O N  h D V t  i C . .
3 366 00 TO (~~7 , 9 G ,9 9 ) , _ E F  M 3 J t

97 P~P1TE (6 ,152) MO V E
152 F O R M A T  I1 X ,1. 3H PE FL ICTI CN I SH ELLS L A W  W I T H  PHASE V E L O C I T Y )  M O V E  103

GO TO 3 33 M D V I  134
98 S P I T E  ( s , 15~~J i-lOVE 13- 5
153 FO P i - ’ AT  ( IA , E4 H R U F L L C T I CN PACKET C U R V A T U P E  i T E R A T I O N  NOT MCVI  106

I,104-’CO SVEkGI ~IG) M O V E  1~~7GO TO .~C3 M O V E
99 W R I T E  (6 ,15’.) M O V E  119

15’. FO R ” A T  (1A ,34~if~~F L E L T I Q N : SE A R  R E F L E C T I O N  PO iNT ) M O V E  110
305 F U C r FU U 4 I .  MD~~f j~~j
1’. IF (PO P .51. C) -SO T O  331 M O V E  11.2

‘-IIT=6 M O V E  113
GO 10 3 3 - M O V E  11 4

301 F L A S 2 = 0 .  PICV ~ 115

C CO~~P U T F  P~~F L~~CT ION A SO L ES M D V I  ~16
I A= 2.~~SvAL FA—A. 3.j’ .j592T S AV Su V MCVt 11?

R CO UN T R C u U N T + 1  . h O V E  1.18
C TEST roc -IF .-ECT ION 5~~. i -~~~~ -~~J D  ICVt 119

IF (F C C L 4 T  .LT . 2> GO 13 305 M O V t  120
MI T~~7 M O v E  121
GO TO 3q MCV I 122

305 FL A G I = t .  M O V E  123
CALL SU FCE ( X ,Y ,A ,FK ,SFK ,NDP ,SAV ) M O V E  12’.
FL A G 1 = C .  £ FAT I= P - O T £ O A T 1 = r J T  ~ FL A G R = 1 .  M O v E  125
GO TO 102 H O V E  126

C O€TE PMI NE IF Po :N~ 1~ TO O C~ 3~>E TO A GR ID EC U S C A R Y  i - C V t  127
92 IF ((XX—j ..5 )~~(( A - 1 ’ — 1 . 5 ) - - X X )  .01. .0 .A53 . MO V ~ 128

S(YY— 1 .5) (( A N N — 1 . , ) — Y Y )  .01. C...) CC TO 3 3 9 1.29
NGO ~ 2 M O V E  130

309 SV X=X £ SV Y = Y ~ ~.~= Xx I Y$ :~~Y S S~~A L F A~~SV A L A  I S V A L F A : 4L ~ A 131
SV~~~A I SV A V :.A V  7 ~ A V = O A V  7 C C L U N T O. M O V L  132
S P E V r P ~~E V  7 P P E V ~~SM V V £ SC E P ~~CL P I 53 - ’ v V : -.i S S~. I U u  I 5 ,~~ M D V I  133
A A A~~.5 (A Oi-A) i A~~.A & A A A V = .5~~(A A v + A V )  I A V Z A A V  £ FK :FKK £ ~J:0 M3 V ~. 13 1.
IF (V.~~FLCT .EQ. 1> GO TO 1.3 M O V r  135

C C O M P U T E  P A ND a FO P T-i E I 1T ~~~h Eu I A T E  POIN ” S  M DV I  136
XX .(1./5 .) CFL X ’ ( AE ~~(CO S(A .~A ) ) ) M C V I  13?
YY=Y. (j./3. )~~CE L Y ( A - 0 ( ~~I’,( A A A ) ) )  7 F L A O j~~1. i - .OVt 13~
C A L L  SU~~F O E ( X X ,~~Y ,A...A ,~~< K ,5FK ,NO P ,A A A V )  M O V E  139
PI POT 7 51=30 1 1 X A = ( + . . ’ . E L X 4 ( A ~~S ( C O S ( A A A ) ) )  143

11.1
CAL L S U P F C I ( X X , Y Y , A A A , ~~K K , S’- K , No P , A A A V )  ? - O V I

P2=F- OT I 0~~~QOT 7 A / = ( G .~~55 1i 72 5~~~[LX’ (~~O 1. ( D . (A A A ) ) )  MO~~E 143
Y Y ~~Y , . 1 , S 5 7 3 7 2~~’ C : . Y ( A ~~S ( S N ( A A A ) 1 )  Lw ..
CALL S U R F C E ( X x ,Y Y , A A A ,FKK ,N~~.~,NC~~,A ..Av) M O V E  11.5
P3= POT 1 D 3~~5C. T I X~~~

( 4 ( 2 . / 3 . ) C E L X ’ ( A 0 3 ( C O S ( A A - ~
) ) )  M O V E  1’.6

1’.?
CALL SU0 F C F (X~~, Y Y , A , , N~~K ,NL P , A ~~AV )  MC Vt 11.8
P4=PO T I Q’ .= 0 ’ l  £ A X = ( ’ . 6 ’O~~L . ( A 8 5 ( C O S ( A A A ) ) )  M O V ~ 1.. 9
YY :Y ,.P~~O fLv’ (~~6S (S:N( A ,~A) fl M O V E  150
CALL S U R F C E ( X * , Y Y , A A A , F K K , N F K , N O P , A A A V )  M O V t  1’~1
P5~ PCT S ;O:aOT M J V t  15E
CALL S U R F C E  ( X S , Y C , . . A , F ( K ,NF K, NOP , A A V )  MOV E 153
F L A G 1 r C  M O V t  154 .

4~ X : X S  S Y Y S  MDVI  155

IIA~ 
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CALL HEIG H T(X ,Y , A ,FK ,NtjO ,M IT , F.FK, N C P ,AV ) M - O V L  156
IF (B°~ •:~~. 1) 00 TO 2 3  Mdv. iS?

C PLA CE A~. G L f ~ Is THU RA N-i ~ T O 36 1 O C G R F t 1 ~ FO P T~1E PRI NT LO OUTPUT. h - V ~ 155
C’~~~0A = L 5 V — ’ O A ~~.0 17L.5 32~~25 I A CNV ~~SA—A .3.14 15927 1.69

51 IF ( A  .01. L .3 )  G~ TO 53 MCVI  1.6.
A r A 4 G . 2 3 1853 P~ )W: 161
63 TO 51 MSI/~ 16a

50 IF (A .LT. ‘.2 831~~53) GD TO 52 h O y t  1b3
A~~A —E- . 2-~31 8 5 3  t-~OV t 15-..
GO 10 50 I t S

52 ~~~~~~~~~~~~~~~~~~~~~~~ 166
A V = C N V P S A - A ~. +~~~~. 1..1E-~~7 hO 167

5’. IF C A y  .01 . 1 .0 )  .,O TO 53
A V ~ AV ’6 .?~~31~~53 M O V E  165
GO TO 54 M C V I  ilu

53 IF (A V .LT. 6.2331 853) GO TO 55 M O V E  171
A V = A V— 6.2 8 .~1853 M 3V ~ 17~
GO TO 53 M O v E  173

55 A I C NV P S A — A V .3 . 1 4 1 5 9 2 7  I C N V R S A = C N V R S A ~~57 .29577951 M C V ~ 174
38 REI U RS M O V E  175

END M O V E  176

SU P O U T I N E ~E IG HT(A ,Y , A , F K , N G O ,tiIT ,N F K , NDP ,AV )  IIt IUtI T j
D I t E N S 1 QN S iS ,6) ,~~i--(6 , 12) ,C (12) ,YV. .i (o) ,r (6) ht ISri T

i,C M A T ( 1 3 0 , 1 O 3 ) ,~.X(~~CU..), A Y ( 2 J U ~~),C C STU c( 9 ) ~-l~~3~~~T 3
U REA L K~~,KF ,KS,K~~TOL,K F h L I - ~~ O 1.

I ,L 1,L2,L 3 ,L L .,L5,L 6,1 ?,L 8 ,Lq ,K1 ,K2 ,K 3,K 1. ,K5 ,KE ,,K 7,K 8,K3 5
I 5 T EG E ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ h :iG i T

CO ’-~’-~OS ~., l ,E ,IV,i , C-~A T ,O, A X ,A’1 ,03N TUR , ~-‘O JC T ,L-k :0 ,~~L O S ,F AS ,O1~ Li. ri- j~~~iT 7

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H~~I~~~T
I ~r - T 9

7 , D C C X ,  S i A  ,T~ I. ~...V, AV , r1I , A L E A ,S V A L F A  , O S A L F -~~, CSJ RSA , tL A , ~~~~ ‘ i: (-hT 1..

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~~S\ r10~~-~,t-i ’. 11
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1.-
I ,SOZ ,-?0Z, Z ,K~~T JL ,K~- , 7CT , D1 ,P2 ,P3 , P..,P5 ,QCT ,~~~,32 , Q3,C. , G5 ri~~1~~~T £3

C IN T HIS SUF ~~O U T I S~ THE M A d E t-IE GHT IS CO’~-o f EJ. rHO T I t- E OTE -
C IS ~UCCE S S i - J E L ~ H A L I E C ,  F EC0SSA~~~, T O ~~ T A 5  1-i l CE S IR E U H: :~~~T 15
C A C C U R A C Y  I N C0”~~UT IS , Tc ’ I R E F P A L T I O N  CCL FFI ~~IF NT , CE THL R A T  H ~~~~~~~~~ 11
C PAT H IF H E A P  F~~~L O C T I CN PO INT. M~~I --H T 17

IF (M A ~~C . ,~ . t CC io ~ n E  3 - C - i-i l 1P
PA T I ~~P C T  I C~~~I=O~~1 ~ -~7TO L = KR T C L -~~ 2 i-i I~~t-t T 13

C COP’P 01c ISITIuL. O (SE TA)/ DT h~~~ ,r1 T 2t.
21

KF=EZ: KS~~1. I ~ KF ’ ZKF H~~~~~~r - T  2..
GO TO 38 i-i I~ , -iT 23

C COM FUIF S’-OOLThE- COLF010IZsf H~ 0 1-MT 2~.
2 KS SO P T (A 3 S (G ? E P J / G ) )  rl - O I ~~ riT

C CO M P U T E  F~~I C T I D r ,  LC~~FF1LI :-~r HE I -:- i-- T 1 6 U

S K H : € . 2 3 : Y 3 o e 0 0 1 / ( d # T T )  )-1~~I C - l a T  27 U

H~~io~-T 2)
KF C~~KFC -~ S P T A I - f 3 - T I £ SSZ=PZ £ S E O Z = J J Z  H-3 - C ,M T 3~
IF (5 c ~ ( .10. 1) G O T O  O~ h: IGM T 31
I~ (PLE 1C ~ .E C. 3) GO 10 3~ H:IG hT 32

C CO M P U T E  (~ A 3 -50 0 (~~ET A ) /31 A N A L V 1  I C A L L Y  S E R  A ~E F L E C T  IO N POX ST H: I GIl T 33
P~~E~~= 3 — O E L A — A L F 3 -  .1 TPI O O3 (P~~EA ) 1-3 1 5 TP~.=a COS (T PII) ~ I~ -’-~T 3-.
Bl COS (A — 3 - L F A ) / C O S ( T c~I) P-l IGH T 3 5
BO Z= . (511 A — c L F A #.2 ,ICD. (TPI) L00- x /GR IO i-1~~I’shT 3r,
IF (FL A -~ -~ .EQ. 3- ) GO TO 71 H It.. 37 U

RO P r O hII~,hT 34
GO TO 7j H~~I~-h 1 33
F (A3~~(Uh1A/G ~~IO) .01 • 0 .0C0~~1) GO 10 31 HEI G HT iO

30 ~fll..I E 2 :E d D Zu .  H EIuH T 1.1
GO TO 71 H :  IGti I ‘.2
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51 ~~!S PAGE IS REST QUAIaIDf F? LCTtCLE~~
ra~ oori zi.~~~si~~ I~O D~C —~

31 j F  (F L AG. ~ .10. 0) GO T O  32 HE IG hT 1 4 3
hE IGHT 4 .

R~ P 0 HoI GH T
C CO M P UT E I r T A  AN i .) f l ( U E T A ) / J T  USI NG FUNG I K U T T A  M E T H O D  H E I G H T  46

32 K 1~~OE LTA T ’3t Z S L 1=— ...EL TAT *(Pu TI’au Z ,QAT I~~~l) hE IG H T 4?
K2= 0E L TA T ~~(U Q Z+ .4.cL: ) li :ItonT
L2 — 0 E L T~~( P 6 ’ ( 3 3 Z t O . - . L 1) ’ G ? ’ ( ~3 Z e C . L .~~K l ) )  h — I u H T  .5
K3 OF LTAT (uO7.3.25E9l76 t~L1,...j557596L.~L2) h IGH T 50
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ HEIGhT 51

£ 0 . 2 9 L ~~7 761~~K 1 # 0 . j 5 8 7 5 ~~~’.~~K 2 ) j  H : IG i - IT 52
H~~3C.H T 53

LL. 0 t L T A T OT ~~( U D Z . I . 2 1 O C 1 . Ll 3 . Q 5 C 9 6 ~~16~~L 2 + 3 . d 3 . ~86 4 7 I L 3 )  h: I~, i-i T 0. ’.
H o I G h T  55

K 5 : C E L T A T (~~O h . L 1 / ! . )  HE IGh T 56
L 5 = — O E L 1 A 1~~~Pi.~~( 3D Z~~L 1/3 .),014 (i3Z ,K1/3.)) hE IGHT 57

K6O ELTA T (~ 3Z+ (6.~ L 5~ -.• ’L1)/25.) ~i: Is-~HT
L 6 = — D E 1 T A T (P2 ~~(JOZ .(- ~ .‘L5 ,4. ’L 1)/25 .)402 (3Ze (6 . ’K5’- k . K1) /25 .>) h:l uhT 59
K 7~~U E L T A T ( C O Z + ( 1 3 . L~~— 1~~.~~L 5 , L 1 ) / 4 . I  H 10hT
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H: ISii T 61

S— 12 . ’K5 4K 1 )/ 1. .)) H :IGII T 62
P t j G h T

~~~~~~~~~~~~~~~~~~~~~~~~~~ .. L 7 ~~5~~.~~L 5 , 9 1 . e L 5 + E . .~~L j ) / 8 1 . ) . Q 4 4 ( 3 Z # H : I G H T  6’.
h I LHT 65

K CEL T A T ’(EJl 4 (d . ’.-f , 1~i . ’Lr~,36. L5+6. L 1 )/ 75.) I l : I tj hT
LQ~~_ D L L T A T (P (J O Z + ( 3 . L 7 + 1 3 . L F + 3 L . L5+6. Li)/75.)G55 (c Z~ h:I1,r~l 67

~~~~~~~~~~~~~~~~~~~~~~~~~ . K 1)/7~ .)) M:ILP- 7 68
H E I G H T  69

7..
I3OZ :bOZ ,O.1 7..76C2~~~L 1~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H:it~-4T 71

12
C C O M P U T E  O I F F E ’ E N ’ C E  DE T ~~O E - 1  • T H  .~.N[ 5T 1- l O~~3E- ’ ~ CLUT 3NS H :i.,l- T 73

E8 ? r B Z _  ~LF i I P OZ~ 622- j O Z5 ~~~ I O H T  7’.
C COMPUTE ~F FE  3 - CT 105 CO~ FF 0.0 I~ ST H _ I CHI 75

71. K~~~1 ./ ( S D P T ( A B S ( 3 Z > ) )  P - 1 I~~ H T  76
IF (~~E F 0 T  .c.G. .~) ~,O TO 4.01 H E I u H T  77
I F  (IF LU .Nt. . ~) uC TO 5 5  M : IU ~iT 78

C N E A F  A ~E F L 0 0 I U N  FOPJ T L~~~I T  THE C H A N C E  IN T~- E P A C K E T  0I~~EO T I 0 N  H L IOe ’ T 79
IF ( A G S ( O E L A )  . L T .  o . J 1 ? L . 5 3 ? 9 3 )  GO TO 22 H E I G h T  63
GO T O  58 H : Z G H T  81

4 3 1  IF ( I F L O  . • ..) ~O TO ~ 5 P-1~~IGhT 52
C REQU~~~E ~w ci ~~H . EE~~A C A L J~~A T I C s  ~‘A S T~~E O E S I R E D  A C C U ~~A C Y  H E I G H T

IF ( A a s ( E - z )  .01.  8ZTJL .OR. Abo (t~3CZ) •G ~T .  BZTGL ) L.3 TO 2 1  HE. .  G i-i T 6w
hLIC-N T

22 IF ( N U HT  .11. 1) SU T O s H IL-p-E~ 86
IF L G= 1 .  H c I U H T
GO T O 5~ H O I G I i T 88

21 P E f ~~C T r 1 .  I P F R - J ~~~1. HE IGhT 89
C B R E A K  i~ T~~~f S T E P  I N I F P v A L  AND RES UM E C A L C U L A f l O M S  HEIG HT

58 O E L T A ~~:.5 * u E L T A T  HEIGN ’~ 91
IF ( C t L T A t  .S t . O .~ - )  0 10 81 H E i G HT  92
M1T~~8 S 3~~K 0 .  I-4~~IChT 33
GO T O  3~ H~ IGh T 9’.

81 G=~~V r, I D S ’ JE L TAr/G ~~r O  I BR K = 1.  £ NUMT Z NJ MT H E I G h T  95
C R E C O V E R  0 A V F 0  V A L U F~ H E I G H T  96

1 Tbis st i t  v me ii t hiis ht -& -n removed. 
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IF ( M A X O  .NE.  2) GO TO 59  H E I G H T  97
— FK ~ S V F K B  H~~X G p i T

GO TO 61 H~ 1,i-i I
59 FKDAR ~~$ V F K - ~ S F K = 3 A V F K  H -j u H l  I C C
61 A S V A  I 0 A V ~~S V A V  I SA d -V Z PR EV S P R E V ~ 5 P R L V  I SV A L F u S S A L F A  H: IL, ri T 13 1

X~~SVX S Y Z S V Y  S 6Z~ I.E3Z 1 BD Z S~~DZ I PAT I~~P S A 1 J  S KFC K F C / K F  HoICrI T
GO TO 3~ H:IG rIT 133

55 INU M = I N U M 4 L .  HE IGh T 134
IF (Ii-4U11 .LT. i~.U M T )  GD TO 6’. H E I U M T  105

C RESUME C A L C ’ J L A T I O N S  W I T H  3 ’ . J G I N A L  T I M E  S T E P  H E  IGH T 1 3 - 6
U IFL S=0 I INU M = 0  I IE L T A I = S O L T A T  S BRK :O HEIGr i T 1 1 7

D= &’CE L TA T /r ,PTD H E I G H T  1 08
GO TO L. H : I C , HT  1 3 - 9

6’. O:G~~D E L T A T / G R I O  I F t . T I = P O t  I C A T I = O O T  H~~I-5hT 11.3-
C TEST FO~ F O C A L  ~ OINT OR CA U T I C  Ii: IL ,HT 1 3 - 1

IF ( 0 2  . G T .  Q . )  GO TO 6? H ’ IGp- i T 112
68 M IT = ’ .  S 3~~K =0 .  P- l: IGPI T 113

GO TO 3 3 H :  IUHT 114
67 3R K= 1 .  ri~~IC ’hT 1~~5

GO TO 38 ~:I0ri T 3 - 1 6
4 IF (02 •Lr . U .) GO TO 66 HE IGHT 117

P A T I~~POT I C A T I r I O T I PEF~~C T t  I ~ EFL C T 0 h - I G h T
C CO~ FUTL H A V O  HEIGHT H: Gni T

HGT HG TZ KS KFC K~ P-i : 3- lIl T .23
IF ( I’ IOCOP .E0. ~i GO TO 38 H:I i,h’ 121

C T E S T  ~~~ ~.t . V I  ~~E3-K HE lOt- i T 1.2 H
IF (HGT/ ( J T T ) .LL . (j./7.)~~TA N H (SKH)) GO TO 38 h E i C r i T 123
M I T S h : j G h l 12’.

38 R ET U FN H j u r i T ~2 5
END ri~~I0,HT

SUEE ~ O U T iN ~ SURFC E ( X ,Y ,A , F K , N FK ,NJ P ,A V) S J R F 3 - C 0  1
DP~~Ni.ION 5 (6, E,, EI- (6,12),C (I2),YV i~(6) ,r(6) C

S,C i-~AT~~1 ..0 ,1C0) ,A x ( 2 . . 0 3 ) , A Y ( 2 J C C ) , C O N r u 2 (9 )  S J R F A L E  3
R E A L  K P .Kf ,P - 3, K~~TO L , K F C
INTE G E P FL A Gj , F L A 5 . ~ SJ~~F 3-..E
COM ~ ON ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SJ~~F 3 - - OE 6

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SU~~F.- 0~ 7
I, r V Y ,S C i P , M ,3 E P ,~~L , V , 3 - d V , P r i~~, S P ” / , U , S A V U , S Z E R O , C , , S G , j V , , UO , P- S S J E F 3 - O 0  8
£,OGD X ,S dA , T P I , S A V ,S V A V ,~~HI ,3- L F3 -,~~VALF.-., LFA ,C~4 V-- -~~3- ,C IL 3-,ur1J ’ ..JLFi.30 -3

IC

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 11
7 , S O l , n C Z , 0 Z, K_ .TjL , k E , ?O T ,P 1, P2 , f-3 ,P4.,r -5,CO T,Q 1,Q2 ,O3,Q w ,Q~. ~~~~~~~~ 1.2

C IN T 4 I S  S U e R O U T : N E  InC SATE .? OE rTH , ~CT A T I C N  3 - S O L E ,  ~A V E L E T  SJ ’~- P-3 - C E
C OI Pt -CT ION , GEOM~~TP~0IC ~~~~~ .ELO CITY, 100FFIC I NTO CF THE RAY S o R F A O E  Ii.
C SE F A R A T I O N E D U A T I O N ,  3 - N  T P-i E P A C K E T  R A Y  CU~~V A T U ~~E A r < E C Dt I P U I L O .  5J~~F 3 - O E  15
C SU0 POU TI N t -~ V E L C T Y  A~~.i CO~4 LJ E R A - E  C A L L E C .  S U R F A C E  16

I=X  £ J~~Y S Fi n  ~ Fj ~~J S XL ~~X . 1. — F I  S Y L~~Y . 1. — FJ $ J R F 3 - C E  17
IF ( M A X Q  . L € .  1) 00  TO 1 S U A F A L :  18
IF (ZI .N E . i -I ) GD TO 1 SJR ~~A C E  19
IF (Z J  .EQ .  FJ )  GO T O  3 SJ~~FA C E 23 —

I Z I= F I  S Z J F J  S J R FA C E  21
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C SULEC I 1 ~1 A T E P  D L F T H  . . B DUT P A Y  P O I N T  S U R F A C E  22
I C ( 2 ) = C ) ~A T ( J . 2 , I )  I C ( 3 ) = C M A T ( J , I . 1 )  S J R 1 M C L  23

C( 4):C~~A T( J ,1,I .~~) I 0 (5 ): C P -A T(J .-2,I ,L ) £ C (6)= 2M A T ( J + 3 ,Ie 1~ SJ k F A C  24
C(7)~~CM A T ( J ,I +2) I (- 3 ) C E A T (J e I ,1 4 2 )  I C(’.’) Ct~AT(J +2,I ,2) 5 U P F A C E  25
C (1u)~~Cr4T (J.3 ,I.2) S C( 11):CSMT (J•1,I+3 ) S G (12 )=C i- .AT (J.~~,I.3) 5J~~FAi E 26

C F IT  Qu3 -O~~3-T10 SURFACE 10 12 W A T E R  DEPTHS SU~ F A C E  27
00 318 3 - 1 : 1 ,6  S J R F A C E  28
Y~~~( I I)~~J .  SJk ~~A C E  29
DO 31~ L~~1,i.2 SURFA CE 3~Y V W ( 1 I ) r n Y V i I ) * D ( L ~~~~ M ( I I , L )  SJ k FA ~. E 31

318 CO S T IF) UE S U R F A C E  32
00 31.9 11=1,6 SJR F3-C: 33
E(II)= Q. SURFACE 34
DO 319 J J = 1 , 6  S J R F A C E  35
E (II)= r ( I ) ,S (J J , I I ) .Y VW ( J J)  EO J RF. C E 36

315 C O P .T I N U E  S U R F A C E  37
C CW-PUTE IS TFR OLA TIO w A T C ~ jEPTH S JF FACE 38

3 DIP E ( 1 . ) G E ( 2 ) m x . .-. 3) ’Y L . E C 4 ) — A L • ~~2 4 E ( 5 ) X L~~YL + E ( 6 )~~Y L ’~~2 ) ’ O 0 0 N  S U R F 3 - O E  39
C CO’ IPL) T FJ PA ~~T j A L  DE R I V A T I V E S  OF )A TL R DEPTH IN FIXED XY—SY~,TEM SU R FA CE

SUR fACE ‘ .1
~ LR F A L E

H XX : 2. 3 i - ( 9 ) I O CC ’ t  ~. hY Y 2 . ’ E ( 6 ) ~~Q CQt .  I HX Y E( 5 ) ~~JC DN SJ RF~~CE 4. 3
IF (OFF .01 . 0 . )  CC TO 32’ .  S~i -RFA CE 4..
NDF~~2 S U R F A C E  ‘ .5
GO TO ‘ 03  S~ R~~A CE 46

.524 IF ( Ut  P /W I  . G T .  .F~~ ) 30 TO 322 SJ~~F3 - Ot -  ‘.7
NFK : 2 S J R F A O o  4 3
GO TO 3 2 3  S U R F A C E

322  NFK ~~1 S U R F A CE
323 C A L L  V E L C T Y ( V , T T , I A X Q , DEP ,NF K , U) S J R i - L C E  51

IF ( N~~K .EQ. 2)  GD TO 4 .3 2  S U R F A C E  52
W : Q .  S U R F A C E  53
GD Tr ~ 10 S U R F A L E  5i~

‘.32 D P.:1. SU R F A C E  55
CALL C O N J E R ( O N ,TT,V ,M ’,x ~~,NFK) SU R F A C E  56 U

W :ON S J R F A L ~E 57

10 ~X :~. H X  S V Y P. HY S CH -J~ n S0R T ((hX ~~~2 )4t HY~~~2)) SUR FA CE 50
IF (A5 ~~(JH 0X/ G P IJ ) .GT . 0.003C 1) GO TO 6 SUR FACE 59
GO TO 9 SURFA ~~E 60

C ~~ ‘~FU TF POT3-TII..s ANGLE S U R FA C E  61
8 A L F A A T A N A (H Y ,P - iX ) SU~~FA C 5  62
9 IF ( FL A G 1  . 5 2.  0 )  GO IC  12 S U R F A C E  63

C CO P-IP OTE W A V E L I T  GI~- E - O T i C N  I~ R O ~~A T E O  x Y — S Y S T E M  USI NG ~ N E L L S LA ~ SU~~F A C E  H’ .
C W! T i - i  V ANC T L.. T FOR T O T A L  ~: FL ECT I  ON ClUE TO THE W A V E L E T S .  S J R F A - C E 65

GP S A V — A L F A  SU P E A C E  66
1*. IF (A E S ( . , P )  .L E .  ~~.2b 3 i~~53 )  GO TO 13 S U R F A C E  67

5F (GP )  16 ,1 3 , 17 S U R F A C E  68
16 GP ..P46.2~~31853 S U R F A C E  69

GO TO 14 SJRFAIE 70
1? GP G P — 6 . ’ 6 3 1 8 5 3  S U R f A C E  71

GO TO 14 S UR FACE 72
13 A R G 1 n V 0 I N ( G~~) / S A V V  SURFACE 73

IF ( A B ~~( A ’ ~G1) .L E. 1 .)  60 TO 18 SURF A C E 7*.
F L A C 2 = 1 .  S J R F A L ~: 75
GO TO ‘o S  SUR FA CE 76

18 F L A G 2 : 0 .  I G P T = A S I N ( A R G I ) S U R F A C E
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~RIs PAGE IS 3~ S’I ~UAL1TY PBkCT1C.L~ 4~
Thj ~ OO2~ 

F~~i~iLS1~~ 
1~O ~~Q .. —.—

IF ( A B S ( G P )  .LI. 4 . 7 1 2 3 8 8 9 )  GO TO 20 S J R F A C :
A~~1-n 6. 2 3 3 1 8 5 3 , C P T  5 J A F p 3 - C> 7-,
GO TO 22 S J R F A L E  Si.

20 IF ( A B S  (G~ - ) . L E .  1 . 571  7963 )  GO TO 23 A CE
A V P n 3 . l ~~1 5 q 2 7 _ G P T  SJRF ..CE
GO TO 22 S U k F  A L E

23 A V P = G ° T  SJ~ F A C E
22 A 1 : A V F I A L F A  S J R F A L E 55

12 PHI A — A V  ~ G :Ua C O S ( P ~11 ) SJ R F A C E  86
O~~DX = , , DH~~X S b A R 3 n l 2 . 5 o 6 3 7 . 8 / T T  $ b A R 4 n 3 A R 3 4 O E P / V  S U R F A C E  87
IF ( N F K . E Q .  2 )  03 T O  25 S-J~~F A C E  88
D U C X = D V D X I C .  S U R F A C E
GO TO 27 S J R F A ~.E S..

25 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S U R F A C E 91
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SJRJ ~~CE 92

S U P ’ c F A CE 93
27 RrIO= 1./U. + T A N ( PH )’TA N( A — A L F A ) )  I SIG~~A=U I N ( P H I ) ’ T A N ( 3 - J — A L A ) / ~~S~~~FLC E 9.

DGOx= ~<hC’(O L O X ’ C O O (F h I ) . S I GM A O V C X )  SJ~- F A CE 35
IF (NF K •cQ. 2) G TO 25 S J R U1 A C E  56
P01=0. £ 0 0 1 = 3 .  1 F K J  • 3 1 . . F A C E  97
GO TO 4~~3 SJ~ . F A C E  96

C COMPU T ~ P IN RO T A T E C  , Y — S Y  S T E M  S J R F A L , :  -
~~~

28 P O T = ( — 2 . ~~2 . . ( A —~~L 1 A ~~4 ) G J X ) / G ~~0[ . S ‘ A V C X : T A N ( A V — A L F , , ) 4 D V D X , V  ~C k t - 3 - - C E 100
~ OF H D X r O . ,O A — L ~~V 3 X SJR~- AO E 1L. j

DR NOQX:— ( -O~~’2 4UA N( A - A L F A ~~~CPHICx/ (CjS(PHI)442 )+ S~~~F A C E  1 . 3 2
IT A (PHI)~~O ALX/ flO~~(A — 3 - L~~A) ’2)) SUR FAC E 1 .3
DSI GC X SIG~~A~ (L iJA/ L 3  JJX /V) $U (CC ~~(PhI) T A N ( A V — A .FA )  C P H  ~~X t  SJ ’~F — O E 3 - - i-.

SSIN PHI~~~~A 9 O X / C3 A d - A LF A ~~~’2H/V SU~~FACE 1.5
O H rXX : (C O S (3 -L F~~) ’2 ~ -l XJ(4 2. S I N ( AL F A ) ~~C 0 S ( A L F A )  4 H X Y # ( S1 N ( AL F A )  • S U R F A C E  1~~6

£ 2 ) ’ ~4 Y Y  S J R F 3 - L E  0 . 7
SMA 6.2 3 3 - 354 /( 32.2~~T T )  I S’A ~~~1./64.... S U R f A C E  1 3 - i
O X X =~~~(i..HC X A , ( C H U x e 2l (—4. S~~A 6 4 (V ~~42)/( (2. 4S~~3- ’ (v4~~2) + L E — 4  S-~~ f A C E  o0

1(1 .— ( S ~~A ’ V )  ‘~~2) ) ‘ 2 ) ) )  S U R F A C E  lii.
O I [ X A ~ - w ( [ . h O X / 3 t ~- - J i O X / V )  S U R F A C E  1 3 - 3 -

~.U~~ FuCE 112
S J R F A - . E  113

30 O U OXX (1 . / (E X F ( 0 . 3 - R 4 ) _ F X~~(_ E 3 A P 4 ) ) ) 4 (_ ( ( (E X P L ~3-~~w )_ E x p (_ 3 A ; .))..5, S~~R F M C E  3- 14
5BA R’.)~~C -. ]AP - V ’0IuX~ (I.— ~A R4/ TANH (b ’P’4)) )~~O I D ~~/TA ~~H (BAR ’.) SUR FACE 115
S, ((EXP(BAP.) SJ’~F L C E  116
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .J- ~AL3 -E 1.07
S .5_ J L./T~~~~(~~A~~41 I • V~ (JIOX X (1. — 6A~- 4 /TA N H LA ’~’.)) .(LIC X~~~3) 2/ ( SJ- F A C E  3 - l à
£E XF (EA~~4 ) L ~~P( :M~~’4))’(3AR’./((EXP( P’.)E XF( -.))~~.5) (EA P (jA 4 5L~~~A CE 119
% ),Ex P (— PA ~~4)I’.5))) SURF A C E  1-2 1

32 O GO X X~~~~J* (COS (PHI ) UJ j XX 4S IG~~A 4OV C XX )+ (CO S (PhI)sURHOOX_~~HO 3IN S~~-~C A U O E  121
5(PhI)’[ 1J~~)U UDx. ( OSI x 4 .IGMA 4ORhOJX)’ i~v3X SJRF A— .: 122 

—
C CO MPUTE 0 3-5 ~OTA FC XY- S YS T E H  SJR.~~A CtT 123

OOT (G’(S N(A-A L FA ) fl*OGUXX )/ (URIO”Z ) SJ~~FAL E 12..
C CO M P U T E  F A C K E T  ~ A Y CU- ~V 6 T J ~~E IN R C T A T L U  X Y — ~~Y S T E M  S U R F A C E  125

F K = S I N ( A — A L F A ) 3T, DX/ G S U R F A C E  1.26 U

4 0 3  RETURN S U R F A C E  i.~T
END S U R F A C E  128
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SU B R O UT I NE V E L C T Y ( V , T I , I A X O ,D E P ,NF K, U ) V E L C T Y I
C IN T H I S  S U C~~O UT I N E  THE P H A S E  V E L O C I T Y  A N D  C O L L I N E A R  GROUP V E L C T Y  2
C V E L O C I T Y  A P E  C U R PJ T EJ .  V E L C T Y  3

IF ( M A X C  .61 . 3 - )  0.0 ID 3 - 3 2  V E L C T Y  I.

T~A R = 6 . 2 8 ! j H 5 4 / T T  £ CX ~~Q : 1T ’ 3 2 . 2 / 6 . 2 8 3 1 8 5 L . I CCC=CX X O V E L C T Y  5
GO TO 1C3 V E L C T Y  6

102 CCC= X C X f  V E L C T Y 7
103 IF (NF K .EQ . 2) GO TO 135 V E L C T Y  8

V :CXX O V E L C I F  9
GO TO 1.06 ~IE LC T Y 13

105 00 I C C O  M l,90 VE L C TY 1.1
V :CX X O ’ TA N H  ( BA F’ JE P /CC C) V E L C T Y  12
IF (AES (V —CC C) .LT • 0. 0~ 005) GO TO 136 VE L C T ’I 13

1000 CCC= (V,-CCC) /2 . ~E i. CTY 14
1.06 X C X F = V  I ~A t 2 = 2 .~~~r .R.3Ep,v V E L C T r  15

IF (NEK •tQ . 2) GO TO 3336 ~E L C T Y 16
U~- . 5 ~~V V E L C T v  17
GO TO 107 V E L C T Y

3036 U= .5 4 V 4 ( 1 . ,2. 4 6 A R 2 / ( E X P (  B A F 2 ) — E X P ( — B A R 2 )  I)  V E L C T Y  19
107 RETURN V E L C T Y  2C.

END V E L C T ( 21

SUB PCU TI~4E C O N G E R ( D N , T T , V , b A X Q ,N FK )  C O N O E R  1
C IN THIS 5(JCi~.OUTj 3- ) E b-~=GN IS OM FU TE O . C CNUL ~. 2

C1 I T / 1 2 . 5 6 6 3 7 C 8  I C2 :5.2831854.’(32.24TT) CCN Ct 3
IF ( N F K  .~~Q. 1) 01. TO 13 -5 C C NJE ~~ I.
C3= C2 V I A1 C 3/ ( . ,C3 1 ~ A 2 C 3 / ( t _ C 3 ~ 1 A~~~A L O G ( 1 . .~~C3 )  CDND E R 5 U

A t.=A LO G(1 . — C 3) I O =(D N/ C1) # (1./ (A1 2 +A 3~~~~A 4) ) CDN LEt b
105 RETURN C DN DL R 7

END C UNUE ~’-~ U

SUBROUTI NE FCJ( C,E ,PC TOIF ) POD 1
D IIiENSI O l C (S) ,-9(1 i) P 3 - C 2

C IN T H I S  S L O O C T I N F  TH~ D~~~F~~RENCE 511 p .EEN THE ~.A T E R  Dt PT H AN D THE P 3 - Q  3
C DE PTH C O I l P U T E C  R R C H  THE 12 —~~O INT t - U~~F A C E  F i r  15 - ) E IER ~~i P:E U F0~ ~:o 4.
C THE 4 G~ 10 POIN1 S CLOSE ST ID THE R AY POINT A N C  THE 9 A X I ~~U M P3 -0 5
C PF~~CEM TA G E  L. IF FER FN C CF T Il E ‘. IS CE T E R ~- IN~~O.  P3- 0  6

IF (C(’.)~~C(5)~~C ( 3)’C~~~) .ME . C .) GO TO 931 POD 7
PCTDI F :99~~. P33 8
GO TO 902  P30 9

901. P t : A B E ( ( C ( 4 ) — ( I ( I ) . E ( f l~- E ( 3 ) , ~E ( 4 ) 4 E ( 5 ) s E ( b ) ) ) / C ( 4 . ) )  PO D i -C
POD 11
P3 - 0 12

13
PCTDIF = 13 IJ. A M A X I ( P 1 ,~~2,P3, P4.) P.O 

U
3.32 RE TURN P3-0 15

END P00 16

SU e RO UT I NE  S T O F E ( A , Y ,~ , K M4 X ,TI~~EQ, KC IN, KRCST I  S T O R E  I
OI HE N S I O N  S (6,6), rP- ~(6 ,12 ),C (12 ), V V~p (6),E( 6) S T O R E  2

% , C P ’ A f l 1 0 3 , 1 3 0 ) , A X 2 0 0 3 ) , A Y 2 t h . 0 ) , C O N T U Q ( 9 )  S T O R E  3
REAL  KP , KF ,KS, K~~T U1 , KF C ST O ~~t
CO bMON s ,Ep ~,E, v v W ,c’~Ar ,;,AA , A v , C oN T u R , p ~ oJCT ,c F Io ,c c oN ,FA ~l , D A r L 1  STO~~E 5

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~T C ~ E 6
S ,SVY ,SDE P ,4 ,CEP ,I.,L, I ,3 A ’ . V ,P~~EV , S PR E V , U , C A V U , 1.ZE O ,G, SG ,T V ~~,C U ø ,KS .T C f  7

,0 G D X , S V A , T P I , S A V , S . I A V , P H I , 4 L F A ,~~V A L F A ,J S A L F A , C N V 1 - ~SL , D E L A , W - 1 O X  S T O ~~t 8

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S T O i~I 9
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 10
STO rE it

C IN T H i S  SU E~~U U T I~~- l it  COD ~~J I N A 1 E S  OF [~~CH - A Y  P 3 3 - N I  A~~E STC !j. SI2j~~r 12
C IF C E S f~~, l~iE L CCA T i~~ . 3~ T ICK P A R K S  AT ICUA L T IPE I U N T t~~~~V A L 3  S T O RE 13
C AL O N G  ~ - E P AY A~~E Cr1~~U TE A s C STC~~ED . 5I 3~- t 1.

IF (CIN .LC . 3- ) GD TO -.~~3 STO i C 15
IF (K I~A A .1~~~~. 1) 00 TO -.31. ~TC~~U 1o
A T - ~. .  S T C - t ~ 17

C STO rc E C O C R C I N A F V S  CF ~‘CINI S7Or~E 16
4. 03 K U ~~— K i -~~~~> + KC . .  I AA t K Q) . I A v ( K Q ) Y Sl O t -- C 19

IF (Cit. • L t .  3.) CC T O ~~ 5 ~T O ~~t 20
4 3 2  ~A~~A $ Z * Y = G  S T O r E 23- .

GO TO 2 -3 5  $10-C 22
4 3 1  c T = T I ~~L c - ~~r S T 3 R ~ 23

IF ( 1 3 - N — E l )  ~~~~~~~~~~~~~ S T- O r- f 24
C ~A Y P03 - P u A I D  T :CK MA’~K C]3-~~CIO~~, ST 3~~E ~ :Tr ~ 5 U 0 ~. T 3 -  ~E X ~ T O ~~E 25
404 KO~~. P A > .KC~~. F A~~~~~~L . ) : — ~ ~ A Y ( . Q ) nY 5 K-~E S T ~~K r E S T + 1  F A T 3 - T + C 1 N  S T O r E  CC

GO TO 4.27 S T O ~~E 27
C CO P~~UT 1  L 3 C A T I 3 - I, OF T~~CK ~i A R K  A N D SlOPE W I T H  SE DA T IV E  x StO~-F 26
405 OCC :(ET—C~~u )  ‘ ( L ~ ’ 7 3 - Y~~ ) 3 6 O 3 - . / ( I ,~~ I 0 2 . )  S T O - .E 29

A A n ( A , Z 0 ) 1 2 .  I X~~’rJSt3 -’CDS (A..) F Yb = LS C SIN (L4 ) SIOrt 30
K Q~~~~~~~X ,KC , S A ((~~~) :_A ,Xh I A Y ( K L ) = Y — Y ~ S T O R E  31

E K C I N = < C I N • 1  S A T = A T + C IN  STO LE 32
03 TO 4 1~~ 3-~ STO rE 33

2 0 5  R E ’ J P N  S T O r E 34
END S I O ~~E 35

SUC~~G U T 2 N ~ E R A -  t : , ,~~~~ X , b(C~~ - , v P E S T )  OR A ~ 1
OI~~~~~ IC~4 S ( 6 . F ) . ~~- ( 6 , 1 2) , C ( 1 . ~) . Y ’ .~. ( b ) , E ( 6 )  O 4 r  2

3
IN TEGE R FAN 4
REAL ,K~~,KS,~~~T O L , K ~~O 5
CO hU ON S,E~~,E ,YV . $C~’AT ,3- , A X , A ~~,CD I , T1 ,F O J C T , G F L C , C C O ;,, F A \ , CA I E :  D-~A~ 6

I ,OATE2,CI 1 , 1 , R u P ,JT, .,-~CC P ,MC E , DY ,CELT AT, S TA T ,3,HUT ,H Z , ~~~A 0 0~ 7

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C A . 8
, J G 3 - X , SJ ~~, I .S A V . S V A J , ~~HI, A L F A , S V A L F A , 0 S A L F A , C V A ,~~~~L A , U .~~~DI C - A . .  9

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C- A r
I, R F F L C T  ,r-~FL EU- ~, -EF~~.T, ~ ~ ~U - ,FjFK , FL t- G 1 ,~ L n G 2 , F L A G 3  , F L 2 G  ,KF  3 , 3 - F  ,8Z ~~ A Ii

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 3- .,GE
C IN T HIS S U F - O U T :~J~ T—4 E - A Y ~~ A t - C  3 P M W N  A N D  NU~~3 E ~~r~~~. IF .JESIP EL ,  ~~~~~ 13
C TICK M~~ KS A ..F CR~.WS ~~ S T~ F ‘D A Y  AT EQUAL I Ii— E INTER VALS • IRA . 14.
C S t J B R O t J T 3 - N r  S ~~ir jE~ A. J 1-L3 I A RE CALLED. ORA ~ 15

X N Z N  S ~ -1 A x = K P - A x . K C I  N DkA~. 16
IF ( A X ( K - ’ -.~~ .Gt . C . )  CD 10 6 0 1  0~~A . 1.7
A X ( f r  H A X )  = — A A  ( K )  A X )  b KRC ST Y R E S T — 1  DRA ~ 3.8

631 IF ( P ) C u ( N , 2 )  .NE. II 30  r o  is’ . DRA..
C BEGIN  (V E t . — N u ’~BE R E O  ~A Y  W IT ~ T HE TErF ~~I N A L  POINT D R A M  20

X T W C n K h ~~~— 0  F K A i C ~~— 1  I L AST :) .  S P~C n K R E S T  # 1 ORA ~ 21
iF ( F A N  .€ Q .  0)  03 T O  23 1 D - A ~ 22
CALL ~-U P 3F” - ( A X ( K M A A ) / u Y , A Y ( X I ~A X ) / D Y , O . 3 - , X N , Q . C , - 1 )  D R A W  23

2fl CA LL P L C T  ( A X ( V t ~M X I / C Y , A Y ( K P ~A x . e / D Y ,3)  D RAM 24
IF  ( X ~~A X  .LF. . 3 - )  ,C T O 106 O RA ~ 25
GO TO 1C5 GRA ~ 2 6

C BEGIN 0 0 0 — N U U - 3 E R E C  R A Y  W I I H  THE IN IT IAL  POINT 0 k A 4  27

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --
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- - 104 K T W 0 = 2  I KA JD : 1  I L A E T : K H A X  I HC =0 .  - -  

(3RAk 28
IF (FAN .t.E. 3) CD TO 13 - 1 CR4 .. 29

C NU” 3ER RAY AT ThE I N I T I A L  POINT OkAi . 3u
CALL NU~~3ER ( AX ( 1 I / O Y ,AY (1 ) /O Y ,Q.1 ,XN , Q .O , — j) DR A M  31

111 CALL PL CT A X( 1} /C.Y ,AY( a /OY ,3) OR A ~. 32
IF (K P 4 X  .LE. 1) 0.0 TO 1.06 D RA,~ 33

105 IF (CIN .L C. 0.) GO ID 3o0 D R A I  34.
IF (A X ( K T n O )  •LT . C.) GO TO 30 ? U R A ~: 35

C DRA W SEGr -CNT OF RAF 0~~4.i 36
330 CALL PLOT (~~X ( K T~~3 ) / O Y ,A Y ( K T W C ) / DY ,2) O R A . .  37

GO TO 33 - 3 C A s  38
302 AX (K T W O ) = — A X  (KT..Q) £ W I : .05 1 ~iC P-C .KA ~~ DRA.~ 39

IF (P ~OD( 9C , 1D) .Nt . 3) 00 TO 530 CR 4 .. 41
WI :.10 D~~A P4 41

50 0 XPN :AX KT~~O~ /D Y S Yi~N:4Y (KT~~3),OY I K Q = K T N O - K A O O  O R A r
4.30 X PL~~A X (K Q )/DY S YP L AY (<Q )/DY D c -AM

IF (A~~~(XP N — X P L )  •LT. 3 .0005 •AN D. O R A . .
$4B S (Y PN — Y ~~L) .11. 3 . C O u S )  GO TO 4.13 CRA p ’ 4 5

GO TO 4 . 2 0  D R O p ’
C POINTS TOO CLOSE TOGETHER ORA..

4 13 K Q : K Q — K A J f l  D~~A ..  48
GO TO 4 . 30  D~~A~ 4.9

42~ D S C : S 0 P T ( ( X P N — X P L ) ~~~ 2 , ( Y ° N — Y P L ) 4 4 f l  D R A . ~ 50
O R A p  51

CALL F L C T ( X F N ,Y~~~,2) C R A ~
X~~=WI (YPN—Y ~~L)/J..C $ ~3=— WI 4 (XPN—XFL)/0iC 0-A .. 53

C D R A W  T I C K  t1AR ~ CN FA Y lEA ..
CALL  PLOT L X P N . X 3 , Y P N 4 Y B , 2 )  DRA ~ 55
CALL PL CT ( X P N — X 3 , YPN - Y 3 , 2 )  URA . .  5t .
CALL PLOT (XPN ,YPN ,2) D R A M  57

3 03 IF ( K T W O  . E Q .  L A s T )  GO T O  126 O t A . .  So
KT WO KTi~O +KAOO CR A W 53
GO TO 135 D R A M  SC

106 IF ( K 0 0 0  .,t . 0) GO T) 108 OcAl . ol
IF  ( F A N  . M E .  2 )  GO TO 23 5  O R O . .  62
C A L L  NU’ - BER ( A X ( 1 ) / o Y , A Y ( 1 ) / DY ,0 . 1 , X N , 0 . O , — 1.) C R 4 . .  63
60 10 235 D RAt - 6’.

3 . 0 8  IF ( F A N  • E Q .  3)  GD 10 235 D R A W  65
C N U P~3ER P A Y  A T  T HE T E R r ~INA.. POINT ORA l. 66

CALL NUM3SrR (A X ( K M M A ) / 3 Y , A Y ( K t ~A X)/ DY,3. j ,X N , O . C , j.) O A W  67
205 RETURN CR4. .  68

END D R A W  69
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CHAPTER IV USING THE COMPUTER PROGRAM

[4 . 1  Preparat ion of the Wate r  Depth Gr id .  Once a
coasta l  area is selected for making  wave fo recas t s  a wa te r
depth  g e ld  rrust be prepared .  Deta i l s  w i t h  r iur ra rous  illus-
t r a t ions  for  p repar ing  water  depth grids are g iven by
W i l s o n  ( 1 9 6 6) .  It is necessary  to obtain char t s  of the
r egion  of in teres t  containing s u f f i c i e n t l y  det ailed
b a thyme t r i c  i n f o r m a t i o n .

A w a t e r  d e pt h  grid is rectangular  in shape . The va lue
of x var ies  be tween  0 and ANN wh i l e  y v a r i e s  f rom 0 to ANN .
The values of AN~- 1 and ANN are -defined by

ANN NM — 1 ( -~—l)

AN N NH — 1 ( 4 — 2 )

where Nib is the number of water depth values i.n a y-co1u~nri
and N b is the number of columns.  The value of ~-N-~ m u s t  be an
in tegra l  m u l ti ple of 16. If  ano ther  number is n i e fe r r e d
the format statcnnnt in the computer program used to input
the water  depth va lues  must be changed.  The maximum values
of MM and NIH depend upon the  storage capac i ty  of the  c o mp ut e r .
In the compu ter program presented in this report t h e  values
of M’- i and Nil are assumed not to exceed 100. If the grid
requirements exceed the storage capacity of tN-n c o mp u t er  the
coastal region of interest can be divided into several
overlapp ing grids.

The xy -coord ina t e  sys tem is ri gh t -handed  w i t h  the  x - s xi s
extending seaward . The d i r e c t i o n  of the x-axis with respect
to true north is defined as CNVRSA . The use of CNVSRA makes
it possible  to de f ine  the  inp ut and ou tpu t  ray d i r ec tions
with respect to true north.

The di s t ance  be tween  water  d e p t h s  in the  x-  or v -d i rec -
tions is a grid interval or grid unit and is denoted by GRID .
This d i s tance  must be small enou gh for the  wat er d epth grid
to describe adequately the bottom topogr -iph -:. If it is
desi ible for rays to start in deep water th - g r id must
extend at leant several grid units seaward of the deep water
deptli of the largest wave period of interest. In this report
deep water is defineu as any depth greater than 0.64
where ~~ is the deep  wate r  wavelength. Th i s  d e f i ni t i o n  of
deep  wat - r  is chosen s i n c e  the  co l l i nea r  group speed is nea r ly
in v a r ian t  In r  grea te r  wate r  d e p t h s .

To d et e r m ne the l o c a t i o n  of the w a t e r  d e p t h s  to be
read f rom a chart l i n e s  can he d rawn on I r a c in g paper
p ar - - -~1lel to -t he  x-  and  -axes of the gr id and separated a
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-~~ st i f l c- e cq- i~ L e g r i d  u n i t .  The rrdcirt e, -:1rer Ls placed
on t~~e ce-a-’ and wUrt er depths ere estimated for the points
de~ ~ned N - ’ the intex seflt ion of the grid lines. The water
depths can he recorded in any system of units.

flne of the program options is to have the shoreline
drawn on a plot. In order for the location of t h e  shoreline
t )  be compu ted it is necesr -a ry  to d e t e r m i n e  nega t ive  values H!-
of water depths for at lea;t two grid points landward of the
shoreline. The negative values are determined by dr — a~.- in g the
reflection of water depth contours on land with respect
to the shoreline . Zero water depths can be used to fill out
a column for grid points more than two grid units landward
of the shore .

[4.2 Preparing a Computer Run . The way in which data
is prepared for a computer run is illustrated on the coding
f orm in Fi gure (L-l). Eight types of computer car-Jr are
used. The columns available for each parameter are outlined
by rectangles. The positions of decimal points for real
numbers are indicated . If there is no decimal point the
number is an integer and is placed in the rectangle as far
to the right sir possible. The input parameters must appear
on each card as shown , and the card types must be in the
order ind icated .

Six computer  cards are required to i np u t the da ta for
both S and TN. These numbers are used in the surface fitting
routine and they are the same for all computer runs.

For the t h i rd  type of computer card , NHTLOT is the
n s l n c U ~ rU of runs for a given operation of the computer program .
The PROJCT is a 6-character i. aLel of am -: combinos iln of letters
and numbe rs. The label can be use d , for example , to indicate
-a project number. An alternative use is to identify which
wat er depth er L d  is use d for  the run . It app ear s in both
the printed output snd on the plot. DATE1 and DATE2 are
used to date the run . TATE 1 can be used for the year and
the month ~n the form Z 7IYY/ . PATh 2 can be used for  th e day
in the form XX . The DIR is another 6-character label of an’.-
combination of letters and number-s. Th i s  la bel appe ars on ly
on the plot. One possible label is- NTVNAh , which con denote
th at wave packet tra~ ectories sir-c presented. If the revs  have
a common i n i ti a l di re ct ion , DIR can be used to indicate that
d i r e c t i o n .

The number of t- -ays for a g iv e n  run , -0R , is input on
th e fourth type of comput--r card . The values of NPT end
SM de termi ne the ir rio ~int of printed n u~~~- - ,~~ . I f  NPT : s not
zero there is printed output for the first ray point , those
points which are an integral multi pl e of SM , and the las t
poin t . I f  NP T is zero printed ontj--u t occurs only for the
ini tial and termina l ray points. The value of HT is the
leng th of the y—axis of i-he plot in inches or c~~ntimet ep :-.
TI CIN is not zero ick ma n-s sine placed on the rays at equal
:nt l-rvals of tray -i time given by th e va lue of CI N in
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- —‘~~ - - -  —-- -- ___~~~~~~(___ =_,______ __- .__ ~~~~~~~~~~~~~~~~~~~ 

‘I 

-



r -

~~~~~~

-

~~~~

- - - --- .—‘

~~~~~~~ 

- - -

~~~~~~~~

- --— ----

~~~~~~~~~

—

~~~~

--- -- - ---

~~~ 

—

~~

-

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

- - 
-

~~~~~~~~a ~~
- .

60

PF1 — - 
~ ~ ~ 1~ 

- ~~~ ~ —: - - -
U

- o 4 J z  -

1 : t

2 U I -

- 1 0 c~~l~ I~~ U
_~cx~f 1  ~~~~- f 

- - - 
-~~~~~

U -

H — - -

_ _  

_ _ _  -

~ii~ T7~~~~~~~ 

i
~~~::

ri 
i—i 

- -

_ ± ±

~~~~~~~~~~~~u~~~~~~ 

~~~~~~~~~~~~~~~~~~~~ 
-~~~~~~~ -~~~~~ ~~~~ - - -~~~~~~~—~~~~~~~~~ --- 

.
-

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

- - -

,

~~~ 
~~~

~~~ri El LL H
- 

— 

- 

~~~ ~r~~i •i — 

-

- .  ~~ I I  ~~~—
. I I ’ — ~ I I i • ~ I I ..—. . I.—’—l

- 

- - - - - ~~I I~~ LJ~~ I I~ _ L L I  ~~I l ’— L_J~ ! 1
I !

- L_J~~~~~’ 1~~~~~1 I ’  r-

.
~~~~~H’~ 

—- f l -‘• MA

H
c_I .

- - - - - - -4
. I— fl

— 
I— 

— 
I—

. 
~~~ J~~

‘ I - —• 
- - 

O H  
- - - 

• c ~ fl1~~
- 

- 
c~~~~~flc~~~~~fl 

-
.

. - -

Q

i[J
~~~~~ 

[J~ 
I— H • H  -

~ t H - }~~~ ~~~~~L1~~~~~~~’ :

- 
~~~~~~~~~~~~~

-— 
- - - - -~~~~~~ — - -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

[-1

seconds. If no t ick marks are de s~ iea C~~ is zero .
The x- and p-axes of the plot w i l l  be calibrated and

labeled if NAX is not zero . If NAN is zero the plot
borders ar e drawn but the axes are not cal ibrated . The
shoreline is drawn on the  sl ot if NSH is not zero . If the
s h o r el i n e  is no t de sired N SH mus t  be zero . The number of
sounding water depths for a plot is N C R . The re cann ot he
more than 9 sounding dcnths , and they ar e inpu t on the
CONT IJR compu te r card. If NT~ is zero there are no s o u n d i n g
depths; i n this case the CONTUR card must be removed from
the inrut . If a water depth grid is to be read in the
input for the cougater run the value of N -T1NA T is zero . If
N X CN AT is rj cr  ze r o the depth grid for the previous run is
used again. This situation can ai- i  se if i-P- :Ph-t T is greater
than one .

The f i f t h  type  of computer’ -esrd con ta ins  the input
d imens ions  - ~e - - ‘ster  depth  g r i d .  A descr ip t i o n  of t~:e
q uan t i t i e s  Nib , H . . Ci- i VRSA , and GRIP  are descr ibed in the
p r ev i o us  section . The an gle CN I VRSA is given in dc-green and
R I — I D  is given in fee t or meters. The telue of DC iN is chosen
so that the pr-a d -act of DCON and a w a t er -  d e p t h  in I MAT y i e ld s
a v tlue with un it s of feet or meters. If Nrsglish units are
to be used i.. the ~f l P U Ut  and output MO E is zero . If MOli is
not zero Metric units are used . The val ue of N N S K I P  is the
:into ;r i t  by wh ich p ~s incremented in selecting column s for
locating soun-ii ng water depths. N-or example , if N ii SKIP is
15 and NH is 6-4 , sounding  wat er de pths are located for the
2, 17 , 32 , 47 , and 62 p—co lumns.

The sixth type of computer card in used to input the
wate r ~epth grhi (‘Ni- T). The units of r TMA T determine the
value of DCHNJ . There  are 16 w-ter depths on each card .
The water depths sirs er~tere i column by column starting
with the first column . There are NH columns . In each
column the wa t c- r depths are enrered starting with the land
valuen . ~f any , and proceed e’ —eaw- :nd . Ti-er-n are ~~ val ues
per column . The forma t for  entering the water depths doe:--
not m ci ede number’s beyond the dec ~~~~~~~ points, bear shore
i t  may be des i r able ~c record water deoths to the nearest
te nth of a foot or meter. ~n some c - a m n n u t e r  s y s tem :  it is
p o s s ib l e  to enter dat routinely in this forms w i t h  the
m d  looted far mat i ~r C -iAT bei ng, c \ — e i - r i  ri o n .  If su ch  a
capabili t-i is not available it may be desirable to ilter
the forma t statement f a r  I ’i-PHT in MAIN .

If NCO is not zero he CONTUR cU s n N u ter  c d n Uj  is used
to i n p u t  the  seund  lug water -iepths in fe’s t or meters. The
nu n : or of n a u r l U i i n f  d e pthr ;  c u  U I  agree w it h  N CO which s b - n u l l
not e~ -on (- - l 9. If HCO is zero t i n e  f l b i A ;  card must he
r- - -m o v e- I

Th e eienth tyne of computer card is used -~~ in~ tb-
p j r - I icfl~i re- for each ray . The’s-s must be as m a n y  r ay  cards
as declared in the inp ut tor NOR . The i n i t i  hi t ime step
interval betw een r - iv  p s  I n t  - in seconds is PFLTAT . Th e w ~ve
per io- l in seconds is TT , and H , Y -ire the Initi iA ray
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coor dinates .~ The init h~i w a y :  p icket and wavelet direction s
are A and AV , respectively . The directions ar-c in -Jegr-e ~-s
and are the directions from which t he  wa’Jt s come with respect
to true north. The initial wave height in f --: t or meters
is HGTZ.

The f rict ion fac tor  is CF.  Th e val ue of K R T O L  determines
the accuracy of the calculations of the refrsc-tion coefficIent
with the exception of near reflection points. As a general
rule , if accuracy is req u ired to the second de cima l poin t
KRTOL is 0 . 01. If accuracy is desired to the third decimal
point KRTOL is 0.001.

To continue a ray beyond a reflection point ROP is set
unequal to zero. If ROP is zero a r-sy is stopped at a
reflection point. A test is made to determine if a wave
breaks if WBCOP i_ s not zero . If dbCOP is zero there is no
test to de termi ne if a wave b reaks .  If th e ray is to be
numbered at its terminal point FAN is set unequal to zero .
A group of rays should be numbered at their  te rm in a l poi nts
if they  have a common ori gin. If FAN is zero the ray is
numbered at its initial point .

A sample of input data for a computer run with 6 rays
is shown in Fi gure (4-2). Since the water depth contours
are par al lel , only one of the 64 column s of water depth
values is shown in the rectangle laf al ed -RMAT . -The compster
outpu t for this run is presented in Section (4.6).
Therefore , if desired , these input  da ta can be us ed to check
the  compute r  proi ’r -am .

4.3 The Printed Output when NPT ~ 3. The most detailed
computer printout is obtained when NPT ~ 0. The first thing
that occurs in the printout is the page bra-ding . This
contains  the PROJ CT , date , plo t number , ray period , n-a’;
number , i n p u t t ime ste p ,  friction fsst-sr , and KFITOL. i f  at
the first ray point this is follow’s- - I by --a statement denoting
wh eth er Eng lish or Metric units are used in the output.
Further , the initiat value of the time derivative of ti- c ray
separatmr rs factor is given .  The column h e a d i ng s  a p p e ar -  n e x t
i n  the out pu t. Beyond the first point of a ray the  s a g e
and co lumn h ea d i n g s  occur a f t e r  every  60 l ines  of ad d it i o n a l
print- at.

The col umn heading s iden t i f y tao ray particular’s - -:h i s i
appear in the output. They contain the ray point numbcr Nu N .
th e ‘sly coordinates X , Y , and the  wa ter depth H in me~~erc or
f e e t .  The wave packet  and wave le t  d i r e c t i o n s  are d e n o t e d ,
r espec t  v e ly ,  by PACK and WAVE. These care the direU tions in
degr ees f rom whi ch the  waves come w i t h  resp ect t o true n o r t h .
The d i s t ance  in gri d un i ts betwe en ray p o n t s  is g iven by F’.
and FM iS the packet ray curvature- in radians per gr id  a n i r
‘Ili e angle in degrees by which the x ’v ’-coordinste svst:m i s
‘s - s t a I r - I  w i t h  r e spec t  to the  p o s i t i v e  N — a x i s  f o r  c o m r u t -i i i o n s
is g iven by ALFA . The g e o m e t ri c  c r - o a f -  speed , co i l . i n ea r  ci cup
speed , and ph i r e  speed are denote , r e s p e c t i v e l y .  by C .
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- i n - ! ~~ . The un :t s  sire in m e t e r s / s e c o n d  or -  feet/second . The
W j ’-jc h ei r I:; HOT in m et er s  or feet. The shoaling coefficient —

is ident ified by iAr , and i<F represents 1 h -  fr i c t I o n  coef f i c i e ro
The nun-in -s r o~ breakups , if any, of t h e  m i t  ial t I me SI -

~~ 
L S

Na ’ . The ‘s-hi r e ’l ion coefficient is -defined by ~~~~~~ An est imsite
of ti c -w well t he e U rri ~~uted water’ bottom surface fits the actual
water - Is-p t hr ; is given by PCTDIF (See the NOTATII Il ). The
small er - ti i c - value the better che fit . The uni ts of H , H~~T ,
C , U , - art I -J ire identified in toe output .

The travel time along t he  wave packet trajectory does
r1 )t app - - i r in the output . Howe’;’-’: , it can be determined by
;u b t r a c t i n r  one f rom MAN an d mul t iplying t l , : result by the
inpu t t i m e  step.

The ‘s y  particulars are printed out for the first ray
point , those points which are an integral mult Iple of bY.,
-s it - I  t h e  l ast  point. Printout occurs for a reflection point
sho uld one occur .  N o te tha t the nu :h i - e r  of so poin ts , NO ,
which occur when there is a break i: - of the input time step
interval is not counted in MAX . There is no printout for
mar ,- points which occur within a breakup.

If there is printed output and a ray i near a
re f l ec t ion  poin t (Sections (2 . 3 ) , b , ( 2 . 5 ) , d , (3.8), and
3.9)) an asterisk appears in the p rintout to the left of the
v alue of FM. If there is printed output when ther e is a
breakup of the  input  t ime st ep interval due to the ::otcll -itions
of the refraction coefficient (Sections (2.5), c and (3.9))
an asterisk appears in the printout to the left of the value
of K R .  If there  is no p r in tou t  (SK > 1) th e as ter i sk  appea rs
with the ray particulars for the next ray point where printout
occurs. Only the asterisk with FM appears in the next
prir~~out should both conditions for an asterisk be satisfiedat preceding ray poin ts wh ere there is no pri nted o u t p u t .  I f
the ray is at a r e f l e c t i o n  point  ( S e c t i o n s  ( 2 . 3 ) , b and ( 3 . 8 ) )
an asterisk occur- : in the p r i n t o u t  to the  left of the  va lue  of
MAX .

A num ber of desc r ipt ive p r i n t o uts  app ear with  th e ray
particulars when certain types of calculations occur or when
a ray terminates. If the ray curvature of the  wave packet
is averaged in computing a ray point (Section (3.8)) the
fol l owing  pri n to ut appears .

(1) PACKET CURVATURE AVERAGED

If SM 1 t h i s  descri ptive printout follows the ray
p i riculars. If SM > 1 the descriptive printout occurs even
if th ere is no pri n te d ou tpu t of the  ray par t iculars . In
this case , the curvat5r-e is averaged for a ray point between
th e ray poi n t s  preceding and fo l lowi ng t h e  d escri f-tive printout .

When there  is a re f lec t ion one of t h r e e  descr i ptive
printou ts occur’s (Section (2.3), b).

(2) REFLECTICN : SNELLS LAW W IT H PHASE VELOCITY

—~ - - __________
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(3) REFLECTION: PACKET CURVATURE ITERATION
C O N V E R G I N G

(nfl REFLECTION : NEAR REFLECTIHN POINT

The Pa ’/ point where one of these three descriptive printouts
occurs is the last ray point if ROP z 0.

When a ray terminates one of the following descriptive
Pr intouts can appear in the output .

(5) TIMENSION OF OUTPUT—ARRAYS EXCEEDED

( 6 )  RAY PEA C II ED SHORE

(7 ) RAY REA CHE D GRID bOU N D A R Y

( 8 )  PACKET C U P V A T U R E  ITERATION N OT C - N V E R G I N G

( 9 )  CAUSTIC OR FOCAL POINT

( 1 0)  WAVE BREAKS

(11) REFLECTION HANG-UP

(12) BREAKUP TIME STEP LESS THAN 0.5 SEC-tND

P r i n t o u t  ( 5 )  occurs if the  sum of the number  of ray points  and
t ick  marks is equal to or greater than  the array dime nsion
Mt-lAX . Printout (6) is obtained if the water depth becomes
zero or nega t ive . Pr in tout  ( 7 )  r e s u l t s  if  th e  ray point  is
within 1.5 gr’~d u n i t s  of a gri d bou ndary . The condi tions for
a ref l ect ion poin t  are no t s a t i s f i e d  if Pr i ntou t (8) occ urs.
Pr in tou t  ( 9 )  is produced if the ray s e m U : s a l j - ~n f a c t o r - becomes
zero or negative . The -condition for Printout (10) is given in
Sect ion  ( 2 . 7 ) .  P r i n t o u t  (11) is o b t a i n - h if the re are
successive ref l e c t i o n s  at the sa me ray poin t . Pr in tout (12 )
can occur if the calculation time step becomes too small in
either calculating the ray path ne-s r -a reflection point
(Sect ion  ( 2 . 3 ) , b) or in calculating the ray separation f-ac t - r
(Section (2.5), c).

~~~ Th e Pr i n t ed Ou tpu t  when liF T 0 .  When MPT 0
there is p r i n t ed  o u t pu t  at only the first and last ray points.
The page l i e - i - d i n g  c o n ta i n s  PROJ CT , t he d a t e , and p 1-s t n u m b e r .
A statement s.ipnifies witetber English or Me tric units are
e m p l o y e d .  The co lumn h e a d i n g s  d e f i n e  t a c  r -r; number  u . ,  t h e
wave period , -I A:-: , X , Y , H , P AC K , WAVE , HOT , t h e  i npu t  t ime
s t e p ,  t h e  friction factor , and KP’i’OL. Al l of these  ray
p - i r t m~~u 1ar C appea r  in the  p r i n t - i - h o u t p u t  at the  f i r s t  ray
point . At  t h e  l a s t  r - r ’~- p o i n t  tb - -s i n p u t  t im e  step,
I t - i c t i o n  fa c t o r , a n - I  K R T P L  are not  r ep e at e d .  In t h e i r
place is a —Th - scr i~ - t i v c  st a t e m e n t  w h i c h  e xp l a i n s  why the ray

- - 
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termin-a ted.
Wh i r EPT 0, Printout (1) —loes not appear . There is no

descri ptive print :’: t for a reflection -ar -iless the reflection
occurs at the last ray point (ROP 0). Then the following
descr i p t i v e  p r i n t o u t  occurs .

(13) REFLECTION

The r e m a i n i n g  descr- ip t ive  p r i n t o u ts  -are the same as discussed
in Sect ion (14,3),

4 .5  The P l o t s .  Each pl ot con ta ins a label consis t ing
of PROJCT , t he  date , the scale f ac to r , the t ime in seconds
between t i ck  mark s on a r a y ,  if any , ti-ic plot  number , and
D I R .  If MAX � 0 the  axes of the  plot  are c a l i b r a t e d  and
labeled . If  M SH ~ 0 the  shore l ine  is dra,-.-n. If M OO � 0
sounding water depth values are labeled. Each ray is
numbered. If FAN 0 the number appears at the initial ray
point , and if FAN � 0 the ray is numbered at it: terminal
p o i n t .

4.6 Examples  of Computer Output . Fi gures  (L4_3)

t h r o u g h ( 4 - 8 )  show the  pr in ted  output  fo r  the  6 r ays  of t he
sample input data presented in Figure (4-2). The plot of
the rays is shown in Fi gure (14_ 9), The examples  i l l u s t rat e
rays beg inn ing  both at an intermedia te  water  depth and in
deep water. Three different wave periods are considered.
The second ray undergoes a reflection (Section (2.1) , b and
Section (2.5) , d ). For the last two rays the friction factor
is assumed to be zero . Tick marks and sounding water depths
are shown on the plot.

Figure (14_b ) shows a portion of t h e  Gul f  of M e x i c o  o f f
the sou thwes tern Florida coast .  A wa ter -- depth grid was
prepared for  this  reg ion with GRID l488F .2 feet (4.537 arm.)
and CNVRSA 180°. A ray plot for this region is shown in
Fi gure (4-11). Figure (4-12) contains the printed o u t p u t
for this plot when NP T 0. The first two rays start at an
in te rmedi ate water dep th , whereas the  r ema in in g rays begin in
deep w a t e r .  Fi gure (4-13) d i sp l ays  p r i n t e d  ou t p u t  for  the
first portion of ray number 1. Since the water depth contours
are n ot para l le l  there is a va riation in ALFA .

Ray number 2 has a reflection . Figure (4 - 14 )  shows a
listing of t h e  ray particulars near the reflection p r int.
The wave pack et and wavele t ang les in the xy- and x ’ y ’ —

coordinate systems are defined by Equations (3-1) , (3-2),
(2- 26), an ’l (2-27). At the reflection point the angle: in the
xy—coordinate system are 274 .860 and 

~~~ 
1.94°. In t h e

x ’y ’—coordinate system 0’ 2.41° and y ’ p 9 , 4 9 0 ,

Ray numb er 12 i l l ust rates th e impor tanc e of ex am i n ing
the r-i’i particulars in the printout . Figure (~~-l5) shows
the printed output for this ray. A message in the output
:tate ’r there is a reflection . However , a ref l e c tion i s no t

~

--

~ 

-- -~~~~~~~~~-



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

€ 7  -

l ik e ly since H , 0’ , ~
- ‘  
, FM , and G 10 not exhibit the behavior

characteristic of a reflection. At  the ray point where the
reflection is indicated 0’ 115. 78° and ‘y

~
’ 117.52°. 1

This false reflection is the result of a large change in ALFA
between successive ray points. When this occurs the water
depth grid is not sufficiently detailed to adE uately 

-
represent the chang ing water d e p t h  contours . -
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NOTATION

The prin cipal symbols are defined. The express”’ ons
in parentheses are alternate representations of the symbol
being defined.

A (AN GLE , PACK , SVA) The program symbol for  6 .
In the input and output A is the direction in
degrees from which the wav e pa cket comes wi th
respect to true north. Internally in the
prog ram A is the direct ion in radians wi th
which  the wave pack e t  moves wi th  respec t to th e
positive x-axis.

AA The wave packet d i r e c tio n  at the new ray po in t .

AAA , AAA V The average of the values at the new and
previous ray points , respec tiv el y ,  of the wave
packet and wavelet directions,

ABAR The average of the wave packet directions at
the pr esent and new point s .

ALFA ( SV A L F A , PALFA ) The p rog ram symbol i’or a.

A N N , A N N  The maximum valu es of x and y ,  respectively, for
a wa ter depth g r id .

AV (AAV , CAM , WAVE , SAG, SVAV ) The pr-ocram symbol
1- . r y. The directions of AV are defi’r .ed
folic,.,51in,~ the same conventions used in the
‘lefinitions of A.

AVP (CP) The nr-ogram symbol for y ’ .

~X , IX The arrays used  to store the 1’ ,’stions of ray
point s and tick marks.

a A constant for a g iven  wave period .

BDZ (SBDZ ) The pi’o~’, ram sym b o l  for  d~~/dt

BDZ5 The L i i t h  order ~unrc—Kutta solution of dP/dt.

BRK Is zero except during a hrea~~sp of the t i m e  step
i n t e r v a l  when the va i u e is one .  A f t e r  re tur ning
to NOVE f rom HEIGHT , the value of BRK d e t e rm i n e s
where the  pro , u” ,~m resumes.

: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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( SBZ ) The program svmL~o] f o r  6,

BZTOL The limiting value for I EBZ~ and EBDZ I in
the Run~ e-Kutta calculations of 6 and d6/dt .
If I EBZ J or I EBDZ I exceeds or is equal to
BZTOL the time step interval is halved.

BZ5 The fifth order Runge-Kutta solution of 6.

b A constant for a given wave period .

C An array of 12 water depths from C~’~AT used to
fit a quadratic suriace in the vicinity of the
ray point .

CF The program symbol for cf.

CIN If CIN is not zero , its value is the travel time
between tick marks along a ray . In the input
CIN is in seconds , but for the calculations CIN
is converted to hours. If CIN is zero there  are
no tick marks on a ray .

CMAT The water depth grid in a two dimensional array .

CNVRSA The direction of the positive x’-axis of the water
depth grid with respect to true north. The use
of this conversion angle permits the ray direc-
t ions to be def ined  with respect to tru e north
in the input and output .

COL If COL is not zero the plotter will pause before
the ray is plotted. If COL is zero the plotter
does not pause,

CONTUR An array conta in ing  the sounding wat er depths
in feet or meters , There can be as many as 9
values,

CORI A conversion factor used in calculating SCLI ,

C5 The constant  of Sn el l’ s law .

Cf The friction factor.

D (PD) The incremental distance in grid units
between ray points.

DADX The program symbol for J 0/dx ’ ,

DATE1 ,
DA’rE2 The yc-Ir , mon th , and day .

_ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~, , ,
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DAVT i< The pr ’o ,c ram symbol for  1i y/ d x ’ .

D(BETA)/DT The Initial value of d6/dt.

A conversion factor to convert the ~‘r~iter deothsin GMAT to feet or meters .

DELA Tue change in the wave packet direction from
the present  to the new ray po in t .

DELTAT ( SDL TA T ) The t im-s step in t e rva l  in seconds
between ray points.

DELX , DELY The change in the  v~~1ues f r o m  the present  to the
new ray points of the x and y coordinates ,
respectively.

DEP ( S D E P , P D E P )  The program symbol for  h .

DGDX (SADCDX ) The program symbol for  d G/ ui x ’ .

DGDXX The progra m symbol for d 2G/ (dx ’)2 .

DHDX The program symbol for dh /dx ’ .

DHDXX The program symbol for d 2h/ (-fx ’)
2 .

DIR A label of 6 letters and numbers used to
i d e n t i f y  a p lo t .

DN An e :< I’Sres s ion  used t o  compute  k .

DPHIDX The program symbol for d’~/dx ’ .

DRHOD X The p Y I ) c r ’ l m s ’ /m L o l  b r  d p / d x ’

DSI CDX Th e p rog ram symbol f or d~~/dx ’ .

DUD The ratio of the p h ase  speed at the  p re sen t  r ay
point to the value at the previous ray p o i n t .

Dy NE Th ’ .i program symbol fo r  ~v / N< ’

DVDXX ‘Th e pr”oprl-lm symbol  for  d 2v/(dx ?) 2
.

DU DX ‘i’he pr op, I- am symbol  f o r  dU /i x ’ .

2,
DUN?,i1 Tue program symbol for d 1/ (ix )

DY The n u m b e r  of p r  N u n ì i t s  per inch or cent metei’
fo r  a p-1 i~ticu1ar plot .

~~~~~~~~-&-- 
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E An array of 6 coefficients of the q’-i5~irecicsur fa ce equat ion whi ch is f i tted to the 12
water  depths in the array C~

EBDZ The program symbol for

EBZ The program symbol for  e 6 .

EM A two dimensional array of numbers used in
comput ing  the array E .

E The wave energy per un i t  area.

F An expres sion used in the deriva t ion  of the
f r i c t i on  c o e f f i c i e n t .

FAN If FAN is ze ro the rays are numbered at t}’teir
initial points, When FAN is not zero the rays
are numbered at thei r terminal points .

ElK ( S V F K B , SAVFIK , PFK) The program symbol for
KG . It is measur ed in r adians /c,rid unit.

FIKEAR (SVFKB) The average of the ray curvature ‘i t

the present and new ray points,

FKK The value of in radians /grid un ir  a C ’.
the new ray p a in t .

FLAGR Is set equal to zero in 1-lAIN at the te~:~ naing
of a ray . The value is changed to one in
MOVE if there is a reflection an-i the ra’,’ is
continued . If FLACR is one , in HEIGHT the
value of ROP is set equal to zero .

FLAC1 If FLAG1 is zero the wavelet direction is
computed and the test for total reflection
is made in SURFCE . If FLAC 1 is not zero
these calculations are not  m a d e .

FLAG2 If there is total reflection -clue to the  wave le t s
FLAG 2 is set equal to one. Otherwise . FLA G2
is set equa] to zero . The r e f l e c t i o n  t e s t  is
made in SURECE.

FLAG 3 In M A I N , FLAG 3 i_ s set equal to zero at t’hc
beg inning of a ray. FLAG 3 is not used in the
~
‘ r ’c cram , and it is avail - -P--ic for checks or
mod ficat’ions to the program.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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FUD An index used to determine when to write page
and column headings depending upon the number
of lines of printout .

f The frequency of the wave ( l I T) .

F The average rate of energy transmission of
the waves.

G (ZCXY , SG , SVG , PC) The geometric group speed .

GRID The number of feet or meters per grid unit for
a particular water depth grid .

GZERO The value of the geometric group speed at the
first ray point.

g The acceleration due to gravity.

H In the theory H is the wave height. In the
printed output H represents the water depth .

HGT (PHGT) The program symbol for the wave height.

HGTZ The initial value of HGT.

HT The length of the y-axis in inches or
centimeters for a given plot.

HX The program symbol for ~hI~ x.

HXX The program symbol for ~
2h/8x 2 .

HXY The program symbol for

HY The program symbol for ~h/~ y.

2 2HYY The program symbol for ~ h/ay .

h The water depth.

I A variable depending on the ratio c~f water
depth to phase speed.

IFLG When IFLG is zero a check is made in HEIGHT
to determine if there should be a breakup of
the time step interval in order to maintain
the desired dccuracy in the calculations of
either 8 or the ray path. If there is :~
division of the time step interval , IFLG is
set equal to one once the time step interval
is sufficiently reduced. When IFLG equals

~~~~~-
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one further checks for a breakup of the time
step interval are not made at new ray points
until the breakup ends and calculations are
resumed with the initial time step.

INUM An index to count the ray points within the
broken interval when there is a division of
the initial time step interval.

j An index to number ray points.

K Expressions used in the Runge-Kutta calculations
of B and dB/dt .

KCIN The number of tick marks along a ray which do
not coincide with ray points.

KF In the program calculations KF is an expression
used to evaluate KF. In the printed output KF
is a label for the values of KF.

KFC (PKF) The program symbol for KF.
KMAX The same as MAX except in DRAW where it is

the sum of MAX and KCIN.

KR (PKR ) The program symbol for KR.
KREST The number of tick marks along a ray .

KRTOL Determines the accuracy in the Runge-Kutta
calculations of the refraction coefficient .
BZTOL depends upon KRTOL.

KS (PKS) The program symbol for Ks.

KF The friction coefficient .

KR The refraction coefficient .

Ks The shoaling coefficient.

k The wave number 2 n I X .

L Expr~ssions used in the  Runge-Kutta calculations
of B and dBldt .

LI When NPT is not zero LI is used to determine
the number of lines of printout between page
and column headings.

LII When NPT is zero LII is used t determine the
number of lines of printout between page and

L column headings.

—
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The perpendicular distance between rays.

MAX (MAXQ , KMAX) An index to number points diong
a ray at time intervals equal to the initial time
step.

MIT If MIT is 1 the wave packet curvature approxi-
mations in MOVE converge to one value . If
MIT is 2 the curvature approximations converge
to two values. If the curvature approximations
do not converge and there is no reflection
Mit is 3. If MIT is ~ a caust~ c or focal pointis computed in HEIGHT . MIT is 5 if it is
determined in HEIGHT that the wave breaks.
When there is a reflection but the ray is not
continued MIT is 6. If MIT is 7 more than one
reflection from the same point is determined
in MOVE. If MIT is 8 the breakup time step
determined in HEIGHT is less than 0.5 seconds.

MM The dimension of x for a particular water depth
grid .

MMAX The dimension of the AX and AY arrays.

MOE If MOE is zero the input and output are in
English units. If MOE is not zero the input
and output are in Metric units.

MXPLOT The number of runs and the number of plots for
a given operation of the computer program .

N The ray number.

NAX If NAX is zero the plot has borders but the
x- and y-axes are not calibrated. If NAX is
not zero the x- and y-axes are calibrated and
labeled .

NCO The number of sounding water depths for a
plot . The values are stored in the CO~~TU R
array . The number of sounding depths cannot
exceed 9. If NCO is zero there are no
sounding depths for the plot .

NDP The water depth is determined in SURFCE . If
the value is greater than 0, NF~F~ is 1
(initial zed in RAYN). If the water depth
equals or is less than 0, NDP is 2 .

I _ A  -~~~~~---~~~~~----
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NFK The value of NFK is determined in SURFCE. If
the ratio of the water depth to the deep water
wavelength is greater than 0.64, NFK is 1.
Otherwise , NFK is 2 .

NGO The value of NGO is determined in MOVE . If a
ray point lies within one and one half grid
units of a grid boundary NGO is 2. Otherwise ,
NGO is 1. (Initialized in RAYN.)

NN The dimension of y for a particular water
depth grid.

NNSKIP The amount by which y is incremented in
selecting columns for locating sounding water
depths.

NO (NUMT , KNUMT) The number of divisions when
there is a breakup of the initial time step
interval.

NOR The number of rays for a given run.

NPLOT The plot number.

NPT If NPT is zero printed output occurs only for
the initial and terminal ray points. If NPT
is not zero printed output occurs for the
first ray point , those points which are an
integral multiple of SM , and the last point.

NSH If NSH is zero the shoreline is not drawn on a
plot. If NSH is not zero the shoreline is drawn .

NXCMAT If NXCMAT is zero a water depth grid is read
in the input for the run . If NXCMAT is not
zero the depth grid for the previous run is
used again.

n An index to number ray points.

PATI (PSAV) A program symbol for p. The value of
p at the point prior to the new ray point.

• PCTDIF An estimate of how well the quadratic surface
fits the 12 water depths used to derive it.
At each of the 4 water depths closest to the
ray point , the percentage difference between
the water depth derived from the surface fit
and the actual depth is computed. PCTDIF
is t~e maximum of these differences.

~~~-
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PHI The program symbol for 4’ .
POT (SPOT) A program symbol for p. The value of

p at the new ray point.

PREV (SPREV) The value of v at the previous ray
point .

PROJCT A label of 6 letters and numbers used to
identify a computer run.

P(i) Program symbols for p. The values of p at
points intermediate to the new and previous
ray points where i 1, 2, ..., 5.

p A coefficient of the ray separation equation .

QATI A program symbol for q. The value of q at the
point prior to the new ray point .

QOT (SQOT ) A program symbol for q. The value of q
at the new ray point .

Q (i) Program symbols for q. The values of q at
points intermediate to the new and previous
ray points where i 1, 2, ... , 5.

q A coefficient of the ray separation equation .

RCOUNT An index to count the number of reflections
at a ray point.

REF The value of REF is determined in MOVE and it
denotes the kind of reflection . When there
is reflection due to Snell’s law with phase
velocity REF is 1. When reflection occurs
because the packet curvature iteration is not
converging REF is If there is reflection
because the ray poi~nt is too near a reflection
point REF is 3.

REFLCT In MAIN, REFLCT is set equal to zero at the
beginning of a ray. In MOVE , REFLCT is set
equal to one for those ray points where the
conditions for being close to a reflection
point are met.

REFRCT In MAIN , REFRCT is set equal to zero at the
beginning of a ray . In HEIGHT , REFRCT is
set equal to one for those ray points where
there is a breakup of the time step i-~terval
due to insufficient accuracy in the Runge-
Kutta calculations of B and dB/dt .
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RFLBUM In MAIN, RFLBUM is set equal to zero at the
beginning of a ray . In MOVE , RFLBUM is set
equal to one for those ray points where the
conditions for being close to a reflection
point are met . The value of RFLBUM is used
to determine which format statement to use
in the output of the ray particulars .

RFRBUM In MAIN, RFRBUM is set equal to zero at the
beginning of a ray. In HEIGHT , RFRBUM is
set equal to one for those ray points where
there is a breakup of the time step interval
due to insufficient accuracy in the Runge-
Kutta calculations of B and dB/dt . The value
of RFRBUM is used to determine which format
statement to use in the output of the ray
particulars.

RHO The program symbol for p.

ROP The initial value of ROP is determined in the
input data. If ROP is zero a ray is not
continued beyond a reflection point . If ROP
is not zero a ray is continued beyond a reflectic~’.
point . After a reflection ROP is set equal to
zero so that a ray is not continued beyond a
second reflection point if one should exist.

RT The length of the x-.axis in inches or centimeters
for a given plot.

S A two dimensional array of numbers used in
computing the array E.

SCL The scale of the plot .

SCLI The reciprocal of SCL.

SIGMA The program symbol for ~~~~.

SM See NPT.

SSALFA The program symbol for the value of a at the
previous ray point .

SG The arc length of a wave packet trajectory
(ray).

The arc length of a monochromatic ray .

T The wave period . 

. 
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TIME (TIMEQ) The travel time along a ray.

TPI The initial value of the wave packet direction
used in the analytical solutions of B and dB/dt .

TT The program symbol for T.

t Time .

U (SAVU , PU) The collinear group speed dwldk .

U m The maximum velocity of the fluid at the bottom.

V (SAVV , PV) The program symbol for v.

VX The program symbol for 3v/3x.

VY The program symbol for av/ay.

v The phase speed of a monochromatic wave .

W An expression used to relate the first spatial
derivatives of v and h.

WBCOP If WBCOP is zero no test is made to determine
if the wave breaks . If WBCOP is not zero a
test is made in HEIGHT to determine if the
wave breaks .

WL The program symbol for the deep water value of A.

X (SVX , PX) The program symbol for x.

XX (XS) The program symbol for x at the new ray
point.

x A Cartesian coordinate of the water depth grid.

x ’ A Cartesian coordinate in a system chosen such
that ~h/~dy ’ 0.

Y (SVY , PY) The program symbol for y. In the
theory an expression used to relate the second
spatial derivatives of v to the spatial
derivatives of h.

YVW A one dimensional array used in computing the
array E.

TI (‘S) The program symbol for y at the new ray
point.

t
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y A Cartesian coordinate of the water depth grid.

y ’ A Cartesian coordinate in a system chosen such
that 3hI~ y ’ 0.

a The angle the x ’-axis is rotated with respect
to the x-axis such that ~hI~ y ’ 0.

B The ray separation factor.

y The wavelet direction defined with respect to
the positive x-axis .

The wavelet direction defined with respect to
the positive x ’-axis.

1* A quantity used in calculating the wavelet
direction using Snell’s law with phase velocity.

The time step interval between ray points.

6
8 

The difference between the fourth and fifth
order Runge-Kutta solutions of B.

£8 
The difference between the fourth and fiftht order Runge-Kutta solutions of dB/dt.

O The wave packet (ray) direction defined with
respect to the positive x-axis.

0’ The wave packet (ray) direction defined with
respect to the positive x ’-axis.

KG The ray curvature of the wave packet.

K y The ray curvature of a monochromatic wave .

K
G
’ The same as KG .

X The wavelength

ii 3.1415927

p An expression used in the spatial derivatives
of G.

Pf The density of the fluid.

An expression used in the spatial derivatives
of G.

~
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T The tangential stress per unit area at the
bottom .

4’ The angle (e-y).

4 ’ ’  The same as 4 ’ .
w The radian frequencey ( 2 i r f )  of the wave .

- -
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