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The FORMAT statements at MAIN 122 and MAIN 124 on
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1 FORMAT (6F10.7)

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 between
the 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 T

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

G = (dw/dk) cos ¢ (1-1)

The symbol w denotes the angular frequency and k is the wave
number. The angle ¢ is the difference between the direction
of the wave packet and the direction of the wavelets within
the packet. The wavelet direction at each point of the wave
packet trajectory is determined by Snell's law with phase
velocity.

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 calculations 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 establiished.

The shoaling, refraction, and friction coefficients used
to compute the wave height are presented. The refraction
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




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

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.




CHAPTER II THEORY

2.1 Ray Curvature for Wave Packets. The ray curvature
Ky of a ray moving with phase speed v was derived by Munk and
Arthur (1852) and Arthur, et al (1952) as

o S e SN L8 (2-1)
Ke* Tag * v(md S~ WY a%)

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 Kg for the trajectory of a wave packet
is given by

= 28 . Lo g3 _ p)
KG_&A@- G(“""eax mefg) (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 geometPic group speed defined by (Breeding, 1978)

where
U= é(._&.)_ (2-4)
JEN
is the collinear group speed, w = 2nf 1s the angular frequency,

f = 1/T is the frequency, T is the wave period, k = 27md is
the wave number, )\ is the wavelength, and

b=90-Y (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
vieinity 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. Accordingly, in the primed system the
space derivative of Equation (2-3) is




%’,.—.%‘m&-umf(%_%) (2-6)

Expressions for the space derivatives of 6' and Y' are derived
from Equations (2-1) and (2-2) where
| |
&X = MU QMY 279
‘&X' = éLA15 wa9'
(2-8)
Thus,
éﬁ _ JamY' Qv
TV TU (2-9)
|
éu%,_ o6 ﬂ&#
v X
ax ¥ (2-10)

where it should be noted that dy = dy', and 46 = d6', ¢=¢ ',

and K, = Kg When Equations (2-9) and(2-10) are substituted
into %2—6) and the terms rearranged, it is found that

5 |
jo | Bron+ daedley gy !
T+ Jon § om0 CHIVEN

F—

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

I QU , Jamd tam X' Av
o+ Qu

o R
%6 = e @' + Jomd Aved' SR

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 «
approaches zero as 6' 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 8'
or y' together approach a direction parallel to the wave speed
contours, k. approaches a finite nonzero number. As y', but
not 0', approaches a direction parallel to the wave speed
contours, K, approaches infinity and the wave group undergoes
total reflection.

For parallel wave speed contours, the value of 6' 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

)
Awn ©
- C,A.

U s (8 -1 i

where CS is a constant. When the wavelet direction is parallel
to the wave speed contours (Equation 2-13) becomes

Aam 8 = 2 UC, A8 )

where the sign is positive or negative depending on whether
sin y' = %1, Equation (2-14) holds for all values of U and

C. only if 6' is an integral multiple of 180°. Accordingly,
a® a reflection point the wavelet direction becomes paralliel
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 contours are assumed to be locally parallel.
From the figure, it is seen that

]
da = —meve dag (2-15)
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Figure (2-1). RELATIONSHIP BETWEEN THE WAVE PACKET
AND WAVELET INCREMENTAL DISTANCES




Equation (2-15) is well behaved except at reflection points
where cos y' = 0 and k. = =,

The wavelet direcgion can be calculated using Snell's
law with phase velocity. This offers the advantage that the
wavelet incremental distance, which must be determined in the
ray curvature method, is replaced by the wave speed which is
computed at each point of the packet trajectory.

In order to be consistent with the rest of the computa-
tions, it is necessary to present Snell's law in a form such
that the incident angle is defined with respect to the posi-
tive x'-axis. To do this, a number of rules are employed
where the subscripts n and (n + 1) refer to consecutive points
of a ray and n is a positive integer. The first step, if
necessary, 1is to successively add or subtract 360° from the
incident wavelet angle until it is within the range
0 <" < 360°. Then, when Snell's law is given by

* - ‘U’ l
Vs, = OntAim (—M_v; mYm) (2-16)
where -90° I *lh < 30°, the angle vy +1’ is defined by the
following scheme. = 3
*
'
\ Yoer \ Y. £ W
- o 1
YN\H o 130" - Ymu ) 90° < T 2 a10° (2-173
o * !

2.2 Spatial Derivatives of G, U, v, and h. In this
section relations are presented for connecting the partial
derivatives of G, U, v, and h.

a. Determination of h and its partial derivatives

For each ray point the water depth h is interpolated
from a quadratic surface equation which is fitted to the water

depths at 12 grid points as illustrated in Figure (2-2). .

The use of a quadratic surface makes it possible to evaluate
second derivatives which are required in calculating the wave
height. The surface is approximated by the general quadratic
equation (Dobson, 1967)

hzB v E x +Ey iy +Egx® + Egxy +E¢ (2-18)
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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).

%% = Byt QE.X t Egy (2-19)
% =By +Egx +2E y (2-20)
% = &E, (2-21)
%1 = Eg (2-22)
;L:; = &E, (2-23)

b. Rotation of axes to make computations

A reference xy-coordinate system aligned with 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 are zero.
The relationships between the coordinate systems, a ray, and

i a depth contour are illustrated in Figure (2-3).

Equations
relating the coordinate systems are given by
X' = KWk + 0y A X
(2-24)
Y = - X Amx 4oy X
(2-25)
'
8 = B -&
(2-26)
'
Y= ¥-K
(2-27)
The angle a by which the x'-axis is rotated with

respect to the x-axis is given by

4 2& o (2-28)
Mo 8 = ™ I




Figure (2-3). RELATIONSHIPS BETWEEN 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 assumption 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
- 9k A A
K (2-30)
b 3 & £
r = LA X + —_— A X A0+
(x> = ox* Xy a-‘i Aore &
(2-31)
’ IR 0
ha -~
(o) (2-32)
ia
ax?:) Tl
% (2-33)
4
Alternative expressions for Equations (2-29) and (2-31) are
L
XN (.S N S L
I ax oX 0 (2-34)
3& % 2
L S I N + IR
(&X' ax* 9\3’ (2-35)
?
, c. Derivatives of v

As a convenience in the computations, the spatial
derivatives of v are expressed in terms of the spatial
derivatives of h. For linear theory (Lamb, 1932) the phase
speed of a gravity water wave can be defined

fomh L (2-36)

s <4
V= = T




e e 2 e - =

12
where
= ;'—11'-{ (2-37)
& = 4L-n (2-38)
= j&{; (2-39)

and g is the acceleration due to gravity. For a given wavelet
period, a and b are constants. It can be shown (Wilson, 19663
Dobson, 19673 Breeding, 1972) that

FURNWELY
X = FI3 (2-40)
FYEWIFLY
9% 9% (2-41)
where
& v (1-oty?)
Further
dv _ . M
rTUlIAY T (2-43)
Differentiation of Equation (2-43) yields after sorn.
simplification
é
A I S V(& )3
(ax')* (9x)* X (2-44)
where
¥a Yobut (2-45)

T [edvE A (-0
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d. Derivatives of U

For linear wave theory the collinear group speed of a

gravity water wave can be defined
e ) I
V=3 (1 + mxg)v

The spatial derivatives of U can be expressed

QU _ ekl . v oI
Ty [(MI*I)E““WU-XMI)]

1U .
é\x')*z mid {‘ [(‘“’““ *”%’r + v%‘ﬂ(u-xwx)] W1 +

s (A I+1) LY L Ay a1 BN,
L IXTF(a‘+ I-leth1)+

£ [ 0100 (B wtr (1 k1 - o]}

e. Derivatives of G

Equation (2-11) can be restated as

86 _ py} av
o = P(evdgn + 05T

(2-46)

(2-47)

(2-48)

(2-49)

(2-50)

(2-51)




(1 + fm ¢ fam 0" (2-52)

V:%A'W\.d)hm‘l'

(2-53)
The second spatial derivative of G is given by
B - p(omd £ 4Ly Y
o B o) ¢ (
3 _9. 4G 4P . (2-54)
s ax')ﬁ' v T ) g
where
ap ! |
0= P e ety 84 g g gt Ty (2-55)
&6 (L& 18wy, v . !
F-U(u‘ix" \;a;')*'{;'(m¢h‘ ﬁ’f"‘”“‘é“‘w'%) (2-56)
The derivatives of y' and 6' are defined by Equations (2-9)
and (2-10), and ]
' g gy
PR .S (2-57)
FEURF T %xr e

2.3 Computation of Gravity Water Wave Packet

Trajectories. 1In this section a method is presented for
computing the surface trajectories of gravity water wave
packets.

a. Determining the path

Successive points of a wave packet trajectory are found
by iteration using Equation (2-12) for the ray curvature. The
ray curvature is calculated on the assumption that the water
depth contours are locally parallel in the vicinity of each
p01nt of the trajectory. At each point of the wave packet
trajectory the wavelet direction is found using Snell's law
with phase velocity as defined by Equations (2-16) and (2-17).
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The coordinates of each ray point are defined by
Ame; = *m + Dy n®

%/n+\ = \Xﬂ\ + Dn\ﬁdN\E

6 = 5(6,%86,,,)

One = O + D8

Mt
A8 = -;-_[(KG),,\+ (Bl | B

D, = G(8t)/GRID

(2-58)

(2-59)

(2-60)

(2-61)

(2-62)

(2-63)

where D, is the incremental distance in grid units between the
points n and (n + 1) of a ray, GRID is the grid unit distance

in units consistent with G, and (At) is the time step.
b. Reflection points

Reflection points require special consideration. The
waves are assumed to reflect if any of three criteria are

satisfied. The first test for reflection is based on Snell's

law with phase velocity. Reflection occurs if

v ; &
i A‘”\'Ym s ]
U—M

As a reflection point is approached the ray curvature

(2-64)

changes so quickly that calculations of the ray curvature by

iteration may cease to converge. If convergence fails
reflection is assumed if the following conditions are met.

UM‘H > ‘
vM

[fom Y| > fam 30°

The first condition requires that the phase speed increaces
between the last two ray points, and the second condition
requires that the wavelet direction be consistent with total
reflection.

A third criterion is used to specify reflection
points in order to maintain accuracy in calculating the wave

(2-65)

e —
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packet trajectory. Very near a reflection point, due to the
rapidly changing ray curvature, the estimates of ray points
can become erratic. Therefore, reflection is assumed if the
following conditions are met

1&m+\
Um

ot & e 885" (2-66)
[fom 6] < fam. T5°

When a reflection point is determined on the basis 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 K., Y', 8', and G
should exhibit the behavior described in Section (2.1), b.

When a reflection occurs there is an option to either
halt the wave packet trajectory or to continue it as a
reflection. When the wave packet reflection option is

chosen, the reflection angles are determined by the relations

o]
1

! 0
n == 6 %+ 130 (2=67)

- Yi.‘ + lsoo

-l
n

(2-68)

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

The ray curvature calculations are more likely to con-
verge and the accuracy of the path is increased if there is
a restriction 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 | A6| is less than 1°. In the event it is necessary to
reduce the time step to less than 0.5 seconds the ray is stopped.

2.4 Wave Height Calculations. Modification of the
wave height due to refraction, shoaling, and energy dissipation
is considered. The wave height H increases when adjacent rays
converge and it decreases when the rays diverge; this effect
is accounted for by the refraction coefficient Kg. The shoal-
ing coefficient Kg accounts for the change in H due 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 Kg.
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a. Without energy dissipation

The average rate of energy transmission F can be
defined

F=£t1G (2-69)

where E is the energy per unit area and £ is the perpendicular

distance between rays. The energy is assumed to be conserved
along the ray. Therefore

Fear & Fy (2-70)

where j and (j + 1) denote consecutive ray points. It is 5
further assumed that E is proportional to HZ. Accordingly, 3
it follows from Equations (2-69) and (2-70) that

g

,‘ Moo, =060 (Ka) . B (2-71)

| i+l S LR /g4 ¥

| where (KS)-+l and (Kz). . are the shoaling and refraction
coefficien%s, respectiae}y, between points j and (j+1).

| \%
| Ko, =(—G.t (2-72)
| Ky Gz'm)
‘ ok
(KR)&*'= (Q§+l) (2-73)

If Hy is the initial wave height, then the wave height
at the n-gh point is

Ho = KgKgH, (2-74)

where

i
P
alo
; o
~——
o

Ko = (Ko (K)o (Ko =

(2-75)
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3
Kg = (KK)|(K&)3_"‘ (Kg)m, = (%:;) (2-76)

b. With energy dissipation

To account for energy losses, Equation (2-70) can be
restated

5
F:*+| = (KF)*“ Fi {2-77)

where (Kg).,. is the friction coefficient between the points
j and (j+1J.7 As a result, the relationship between the wave
heights at consecutive ray points can be expressed by

H@n = (Ks)‘ﬂl (K&)iu(\(p):&“ (2-78)

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

Hon = KsKeKe g (2-79)
where
KF = (KF)I (KF);"'(KF)M = (KF)M\(KF\N\ (2-80)
2.5 Refraction Coefficient. In computing Kg it is

convenient to define
i (2-81)
Lo

where B is called the ray separation factor. Equation (2-76)
for the refraction coefficient becomes

!
Ke = |8 * (2-82)
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a. Ray separation equation

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

'
L6 4¢
I TR Y§E=0 (2-83)
where t is time. For a wave packet trajectory
26 :
JP, :—l(meﬁ +A\M—9%%) (2-84)
3 2 2
. 3,006 . 976 209G
- T3 - MAW G L e — (2-85)
ck'(’( eax g m**meaf)

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

" 86

- 2w e =2
ax' (2-86)

= P gd
GA‘”‘GW (2-87)

Y

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

!
B = Lot Oy (2-88)
QMXOJ

where the subscript 0 denotes the initial value and the sub-
script n depicts the value at the n-th ray point. The time
derivative of Equation (2-88) is
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where Equations (2-8) and (2-10) are used.
c. Numerical solutions of the ray separation equation

Several numerical methods can be used to solve the ray
separation equation. The assumption is made that the water
depth contours are locally parallel in the neighborhood of
each ray point; therefore, p and q are defined by Equations
(2-86) and (2-87). An easy to use fourth order finite
difference solution to Equation (2-83) is the Fox method
(Salvadori and Baron, 1961). However, this method has the
disadvantage that the time step must be constant between
successive ray points. When p and q do not change much
between ray points, the general solution of a homogeneous
second-order differential equation with constant coefficients
(Wylie, 1951) can be used to solve the ray separation
equation. This solution has 3 cases depending on the value of
(p2 - 4g). The value of B at each new ray point is found using
the values of p and q at the last point. There is usually
little difference between the results obtained by this method
and the Fox method.

A numerical method which does not require a constant
time step and which better accounts for the variation of p
and q along a ray is the Runge-Kutta method. This method is
stable. It is also self-starting, i.e., values at the
previous point are used to find values at the next point
(Romanelli, 1960). For these reasons, the Runge-Kutta method
was selected for the solution of the ray separation equation.

In order to use the Runge-Kutta method, Equation (2-83)
is reduced to a system of first-order equations. ;

8 _
= (2-90)

Au
At

Both fourth and fifth order solutions of B are obtained. The
initial conditions are the values of B and dR/dt at the first
ray point. The latter is estimated using Equation (2-89).

The solutions require the values of (pp, qpn) at the n-th ray
point and the values (pp+1, qn+1) at the (n+1) th ray point.
Further, the values of (p . (p 93 )y (py, qy v
and (p qr) are needed aiong the ray a% p01n%s 1nterme 1ate
to the ray p01nts They are determined, respectively, at time
intervals of (A€)/3, (At)Y/u, 0. u5573725(At), 2(At)/3, and

:-(-?u + %p) (2-91)
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0.8(At) beyond the n-th ray point where At is the time step
in the calculations.

A fourth order Runge-Kutta method with a minimum
truncation error bound is given by Ralston (1962). The
solution for the ray separation equation becomes

Bmsr = b + 017476038 K - 0.55148066K, +

+1.20553560K; + 0.17118478 K, (2-92)
&e) N (&)
= - t+ 0.17476038L, — 0.5514306bL, +
(&t Mty ﬁ"\ : ¢ oy
+1.20553560L3 + 0.17118478 L, ”
where
3 4
K\— (At)(}gm (2-94)
L, = - (a1) [ﬁ(‘}-}) t ymbn] (2-95)
K, = (at) [(%Q)M + 0 ‘+L‘] BB
L, == (8t) [ () +04L) 4 G2 (Bnt 0.‘+K‘)] i
K, = (A1) [(%)MJ, 0.29697761L, + o.usmst_J (2-98)
L, =- oD [ J((§), + 0-23637761L, + 0.15875964 L) 4
(2-99)
+ 4y (8a + 0.296977061K, + O.lS%?S%"f‘K;)]
Kw = {&t) [(%%)M + 0.3I8|0040L, E 3'050%5""'1 C3S108

+ 5.33286476 L3]
L, = -(8t) [t,w ((42),. + o.a1gi0040L, - 3.0509S16L, +

+3.83236476L4) + §mi (Bm + 0.21810040K, -
- 3.05096516k, + 3.339.35%7“3)]




o T T

A disadvantage of the Runge-Kutta method is that there
is no simple means for estimating the truncation error
(Milne, 1953). One procedure for controlling the error is
to compute both fourth and fifth order solutions of B and to
adjust the time step so that the two estimates differ by
less than an arbitrary amount.

A fifth order Runge-Kutta method is given by Milne
(1953). The fifth order solutions for B and dBR/dt are

|
@m. =B + 3 (33K, + 135K, - RIK; + 125K,) (2-102)

()
(%f_)mﬂ s (%g)m-b T\l—a (33L,t1a5L, -8ILg + 125L4) (2-103)
where
= (bt) [(—ﬁ%)m"' %L] (2-104)
Ly = =00 [ ((8)n + %) + 41 (8 + &)
Ko = (00) (), + oafth]
(2-106)
Lo = =09 [t () + E5525) 1 g, 000 o)
(2-107) ‘
K. = (At [" + '5LL"3L5*L']
1 ) (ﬁ')m ¥ (2-108)
" i
Lq = -(bt) [’(‘mn((%%)m * IS—LE_%EL&L) t
* e (f&m ey as B
b ~50L¢ +9 :
Ky = (8%) [(& ) e ‘%-‘r OL“LL] (2-110) 1
1
Ly = - (8t) [?“«%%)m L EL LR TR
(2-111) ;
+ Gy (Bm ¢+ Lo =5 ;\mn bk, )]
= (At)[(%g)m-r %L”'%’t’g“s%l"] (2-112)
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Lq = - (8¢) [?s (), + Moty t%istel),

3
8K + 10K, + 30K +bK (2-113)
+ o (6m + 75 ')]

The difference between the fourth and fifth order
solutions of B and dB/dt are

(s)
€a = Bmtr = Bmes (2-114)

()

Ep = (%—)M' - (%Q-)Ml (2-115)

In the calculations both |egland [egi|are monitored. If E
either is greater than or equal to an arbitrary constant i
(determined as an input parameter) the time step is halved, ,
the corresponding (n+l)-th ray point is found, and the B and b
dR/dt calculations are repeated. This process continues, as
necessary, until both ]esfand | egl are less than the arbitrary
constant. If the time step is reguced 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 infinity as the reflection point is approached.
The problem occurs when the wavelet direction is within 15©
of being parallel to the wave speed contours. Accordingly,
for this narrow region, Equations (2-88) and (2-89) for
parallel water depth contours are used to evaluate B and
dB/dt. The equation for B is not only well behaved but
approaches a constant value at the reflection point.

e. Caustics and focal points

The value of B 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. Energy dissipation of the
waves due to bottom friction is considered. The friction
coefficient is determined using a method based on the theory
of Putnam and Johnson (1949) and Bretschneider and Reid
(1954). Other energy dissipation methods can be substituted
if desired.

In this work the friction factor Ce is defined following
Jonsson (1966)

| 2
T = o Pe U (2-116)

where T is the tangential stress per unit area at the bottom,
pf is the density of the fluid, and u, is the maximum velocity
of the fluid at the bottom. The definition for t given by
Putnam and Johnson (1949) does not contain the factor %. When
Equation (2-116) is used the friction coefficient becomes

K. = (Kp D (2-117)

F™ PR m (BA gy ¥ 1

where (Kg)p, is defined by Equation (2-80), (Asg),4q is the
incremental distance between the ray points n and %n+1), and
* 3 ¢
¢ :
F (30 (St (i)
3% Uo J\T i & %
2.7 Wave Breaking Criterion. In the program there is '
an option to determine if the waves break. When this option i
is chosen, the waves are assumed to break when the following i
relation is satisfied.
£
|

H X .
. Tard. AK (2-119)




CHAPTER III THE COMPUTER PROGRAM

3.1 Description of the Computer Program. The computer
program is written in Fortran IV for the Control Data Cyber 70
computer systems and plotters which are compatible with the
Calcomp plotting systems. With the exception of the Calcomp
subroutines, a description of each program subroutine is
presented. The reader is referred to a Calcomp reference
manual for descriptions of the Plot, Symbol, and Number sub-
routines (California Computer Products, Inc., 2411 West La
Palma, Anaheim, CA., 92801). With the exception of the plotting
subroutines, each one is written so that it is possible to
follow the subroutine listing. It will be helpful to make use
of the definitions of the symbols presented with the Notation
at the end of this work.

Including the 100 by 100 array for the water depth grid
the program requires 30976 words (base 10). In order to reduce
the size of the computer program card deck and to shorten the
program listing, several program statements have frequently
been combined on one computer card. This is done by separating
the statements by a blank, a dollar sign, and another blank.

There is often a need to prepare forecasts for a number
of different water depth grids. Further, it is frequently
desirable to make a number of forecasts for the same water depth
grid. To make it easier to handle the input data for these
situations, the water depth grids (XYGRID) are all stored on
one input file. Each grid has its own name, e.g., XYGOM1.

The rest of the input parameters (RAYDAT) are stored on another
input file, and the data for each run has a name, e.g., RAYDATI1.
When using the program an appropriate set of control cards is
used to access the input data. If this feature is not desired,
the READ statements in MAIN should be changed so that the same
input file is used for all the input data.

When checks of the program are made or if there are
modifications to the program, it should be noted that English
units are used internally in the program for the calculations.
In addition, the input and output wave packet and wavelet
directions are defined as the directions from which the waves
come with respect to true north. Before making calculations
these angles are transformed using the following relationships

OC = CNVRSA - BN + 180 (3-1)
Yo = CNVRSA - yy + 180 {3=2) 4
where the subscript C refers to the calculation coordinate

system, the subscript N denotes the true north coordinate

¥
el




system, and CNVRSA is the direction of the positive x-axis
of the water depth grid with respect to true north. The angles
are in degrees.

3.2 PROGRAM MAIN. The MAIN PROGRAM controls the input,
plots, and calculations for all the rays. To begin with, the
values of MMAX, LI, and CORI are assigned values, and LII is
calculated. Two statements are used to read numbers used in
the surface fitting procedure in SURFCE. Then, descriptive
information is read which is used for all plots. Next, two
read statements are used to obtain input parameters 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 water depths are read and stored in
CMAT. If NXCMAT # 0 no water depths are read, and the depth
grid used in the previous plot is used again. If NCO # O
sounding depths for the plot are read and NUMCON is called.

If NCO = 0 no sounding depths are read; in this case there
must be no sounding depth card. SHORE is called if NSH # 0.

Next, the input parameters for a given ray are read.

If MOE # 0 there is a conversion from Metric to English units.
The values of SDLTAT and WL are defined, and the computational
values of the wave packet and wavelet directions are determined.
MAXQ is initialized to one and FUD, BRK, REFLCT, RFLBUM,

REFRCT, RFRBUM, FLAGR, FLAG3, IFLG, and a are initialized to
zero. If COL # 0 the plotter will pause before a ray is
plotted. The values of A and AV are changed from degrees to
radians. Then RAYN is called. After all rays for a given

plot are determined the comment: THIS IS THE END is written

on the output.

3.3 Subroutine TITLE. TITLE 1s called by MAIN to
draw labels and straight line borders on a plot. The labels
consist of PROJCT, DATEl, DATE2, SCL, CIN, NPLOT, and DIR.
If NAX # 0, AXIS2 is called.

3.4 Subroutine AXIS2. AXIS2 is called by TITLE to
prepare xy-axes for the plot. The axes are calibrated with
tick marks, and the origin and every fifth tick mark are
numbered. Finally, each axis is labeled.

3.5 Subroutine NUMCON. If NCO > 0, NUMCON is called
by MAIN to locate NCO sounding water depths on a plot. The
sounding depths are stored in the array CONTUR. If MOE # 0
the sounding depths are converted from Metric to English values
before the calculations are made. The search for the sounding
depths begins one grid unit from the end of a column starting
with the second y-column. The column is searched separately
for each depth. If necessary, the sounding depths are located
by linear interpolation.
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After all the sounding depths for a given column are
found, they are drawn at their respective 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-columns
where the next column is determined by adding NNSKIP to the
number of the previous y-column. The process stops when
the y-column selected is greater than (NN-1). A restriction
on the use of this subroutine is that (ah/BX)]h_O > 0 for
the entire depth grid. g

3.6 Subroutine SHORE. If NSH # 0, SHORE is called
by MAIN to draw the shoreline on the plot. Beginning with
the first y-column in CMAT, each column is searched for the
location of the zero water depth. The search in each column
begins with the maximum value of x, 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 this subroutine it is necessary that <ah/ax)[h=0 > 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. Initially,
NDP, NFK, NGO, and FLAGl1 are set equal to one. Also, KREST,
KCIN, and RCOUNT are put equal to zero. SURFCE is called to
calculate ray particulars for the first ray point. FLAG1l and
INUM are set equal to zero. The saved values of o, Y, h,

v, u, and G are initialized. MOVE is called to calculate the
initial value of D, and HEIGHT is called to determine the
initial wave height. The travel time is initialized to zero,
and the initial wave packet and wavelet directions are con-
verted to degrees and to values measured with respect to true
north for later printout. Then the value of NPT is checked
to determine how much printout is desired.

If NPT = 0 printout occurs at the first and last ray
points. When NPT # 0, PCD is called to calculate PCTDIF and
printout occurs for selected ray points depending upon the
value of SK. The ray parameters which appear in the output
depend upon the value of NPT. The procedure employed to
obtain the output when NPT # 0 is presented below. However,
there is little difference in the routine used to obtain
output when NPT = 0.

Printout occurs for the first ray point or if the number
of the ray point is an integral multiple of SK. Then o 1is
changed to degrees, and if MOE # 0 the English values of the
ray parameters are changed to Metric values. If the ratio of
FUD to LI has no remainder, page and column headings are
written. TFirst, the page heading is written. Next, if the
ray is at the first point the initial value of dB/dt is
written. In addition, if MOE = 0 the printout contains:

THE OUTPUT IS IN ENGLISH UNITS. H, HGT(FEET). G, U, V(FEET/
SECOND). If instead MOE # 0 the printout contains: THE
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QUTPUT IS IN METRIC UNITS. R, HGT(METER). G, U, Y(METER/
SECOND). Then the column headings are written.

FUD is increased by one and the ray particulars are
written. One of three formats is used. If RFLBUM # 0
(determined in HEIGHT) the format for a reflection breakup
of the time step interval is chosen. Further, RFLBUM is set
equal to zero. If RFLBUM = 0 and RFRBUM # 0 (determined in
HEIGHT) the format for a refraction breakup is used and
RFRBUM is set equal to zero. The remaining format is used if
there has not been a breakup of the time step interval.

The value of o is changed back to radians. If MOE # O
the ray particulars which were changed to Metric values are
converted back to English values for use in the calculations.
The values of the ray point number, the coordinates of the
ray point, and the number of breakup intervals are saved.
Then STORE is called.

After returning from STORE, if MIT = 2 (determined in
MOVE), if NPT # 0, and if the ratio of FUD to LI has no
remainder, then page and column headings are written. FUD
is increased by one, and the printed output contains the
statement: PACKET CURVATURE AVERAGED. If after returning
from STORE, NPT = 0 or MIT = 1 the previous write statements
are omitted.

When at the first ray point the value of NDP is checked.
If NDP = 2 (determined in SURFCE) the printed output is: RAY
REACHED SHORE. The ray is stopped and the program returns .
to MAIN. If NDP = 1 the number of the ray point 1s increased
by one, and the dimension of the AX and AY arrays is checked
(described below). For points beyond the first the value of
NGO is checked. If NGO = 1 the ray point number is increased
by one, and the size of the AX and AY arrays is checked. If
NGO # 1 the ray is stopped, the printed output contains:

RAY REACHED GRID BOUNDARY, and the program returns to MAIN.

Before the next ray point is calculated a check is
made to determine if there is additional storage space in
the AX and AY arrays. If the sum of the number of ray points
and the number of tick marks (if any) exceeds MMAX the ray is
stopped. The statement in the printed output is: DIMENSION
OF OUTPUT-ARRAYS EXCEEDED. The ray particulars for the last
point are written if they have not been previously written.
Page and column headings appear when appropriate, and the
format used is determined as explained above for the output of
other ray points. The program returns to MAIN.

If the dimension of the output arrays is not exceeded,
the value of G is saved and MOVE is called to find the next
ray point. After the return to RAYN the ray is stopped if
NDP # 1 or MIT = 3, 4, 5, 6, 7, or 8. The ray particulars for
the last ray point are written unless they have already
appeared in the output. In addition, one of the following
descriptive printouts occurs. If NDP # 1 (determined in
SURFCE) the printout is: RAY REACHED SHORE. When MIT = 3
(determined in MOVE) the printout is: PACKET CURVATURE
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ITERATION NOT CONVERGING. If MIT = 4 (determined in HEIGHT)
the statement is: CAUSTIC OR FOCAL POINT. When MIT = §
(determined in HEIGHT) the printout contains: WAVE BREAKS.
When MIT = 6 (determined in MOVE), which can occur when ROP =
0, there is no descriptive printout. If MIT = 7 (determined
in MOVE) the printout is: REFLECTION HANG-UP. Finally, if
MIT = 8 (determined in HEIGHT) the printout is: BREAKUP
TIME STEP LESS THAN 0.5 SECOND,

After the return from MOVE to RAYN, the ray continues
if NDP = 1 and MIT = 1 or 2 (determined in MOVE). The travel
time is computed. The values of «a, Kqo h, D, 6, v, U, H,
Ks, Ky, and K are saved in case printout is required at the
lastt ray point. The wave packet and wavelet angles are con-
verted to degrees and are defined with respect to true north.
Then, as described above, PCD is called if desired, the ray
particulars are written if required, and MOVE is called if
appropriate to find the next ray point.

3.8 Subroutine MOVE. MOVE is called by RAYN to determine
the path of the wave packet. NUMT and MIT are initialized to
one. The values of the geometric group speed and ray curvature
are saved for use if the time step interval is divided into
smaller intervals. At the second ray point the value of k, is
saved; at other points the values of the ray curvature and’
the average ray curvature are saved.

The value of the incremental distance to the next ray
point is computed. If at the first ray point the program
returns to MOVE. At the second ray point the average ray
curvature is set equal to the ray curvature obtained at the
first point. For points beyond the second this latter step
is ignored.

A check is made to determine if there is a breakup of the
time step interval due to the calculation of the ray separation
factor. If so, REFRCT was set equal to one in HEIGHT.

Further, a check is made to determine if there is or should
be a breakup of the time step interval due to a reflection
oint. If REFLCT # 0 a reflection breakup has occurred; if
tan y'|> tan 75° and [tan 8'|< tan 75° a reflection breakup
should occur. Accordingly, if REFRCT # 0 or REFLCT # 0 or
|tan y'| < tan 75° or |[tan 6'| > tan 75° the iteration for
the next point begins. Otherwise, REFLCT and RFLBUM are set
equal to one before the iteration for the next point begins.
The value of RFLBUM determines the format for the printed
output of the ray particulars.

A maximum of fifty iterations can occur in locating a
new point. On the first iteration the average ray direction
to and the position of the next point are estimated using the
ray curvature of the present point. Beyond the first iteration
the average of the ray curvatures at the present point and the
approximated next point is used to obtain a new estimate of
the ray point. With each iteration SURFCE is called to
calculate the ray curvature and other ray particulars at the
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estimated position of the next point. After the return to
MOVE, the wavelet direction Yy' is computed.

If FLAG2 # 0 (determined in SURFCE) a reflection occurs
due to Snell's law with phase velocity. In this case,

REF = 1 and there is a reflection (described below). If
FLAG2 = 0, DUD is calculated. If MIT > 2 the program returns
to RAYN. If MIT = 2 (described below) a check is made to
determine if the ray is too close to a reflection point
(described below). If MIT = 1 the value of NDP is examined.
If NDP = 2 (determined in SURFCE), h < 0 so the program
returns to RAYN. If NDP # 2 the ray curvature at the latest
estimate of the new point is averaged with the value at the
present point; the average is used in the next approximation
of the new point. The average ray curvature is saved on the
48th and 49th iterations.

The check for the convergence of the ray curvature
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 iteration begins. Beyond the first iteration
successive curvature averages are checked, and if they differ
by less than 0.00009/D convergence has occurred. The new
point is checked to see if it is too close to a reflection
point. If convergence has not occurred the iteration continues.

Beyond the second ray point and on the first iteration
the ray curvature average for the estimated new point is
compared with the ray curvature average of the present point.
If the values differ by less than 0.00009/D convergence has
occurred. On successive iterations curvature averages are
checked to see if they differ by less than 0.00009/D. When
convergence 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 iterations
the ray curvatures onthe 48th and 50th iterations are compared
to see if they differ by less than 0.00009/D. If so, the ray
curvature is assumed to have converged to two values. This
would happen if estimates of the new ray point alternate
between two grid cells. For this situation MIT = 2, and the
average of the ray curvature averages for the 49th and 50th
iterations is determined and used to locate the next ray
point. The point is checked to see if it is too close to a
reflection point.

If after fifty iterations convergence is not achieved
a check is made to find if the convergence failed because of
a reflection point. This is possible since the ray curvature
becomes infinite at a reflection point. Reflection is assumed
if DUD > 1, i.e., the phase speed increases between the last
two ray points, and if |tan y'| > tan 80°. Then REF = 2 and
the reflection begins (described below). If the conditions
for reflection are not met MIT = 3, and the program returns
to RAYN.

It is desirable to get close to a reflection point in
order to accurately define the ray path. But problems occur
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if a ray gets too close to a reflection point due to the

rapidly increasing ray curvature. This can cause the con-
vergence procedure to fail with a resulting reflection as
discussed above. However, very near a reflection point the
estimates of ray points become erratic even if the iterations

of the ray curvature converge. Accordingly, a reflection is
assumed if DUD > 1, |tan y'| > tan 89.59, and |tan 6'| < tan 75°,
Then REF = 3 and the reflection begins. Otherwise, there is

no reflection and a check is made to determine if the new point
lies too close to a grid boundary (described below).

A reflection begins with a check of NPT. If NPT # 0 the
ratio of FUD to LI is checked. If the ratio has no remainder
page and column headings are written. The printout values of 8,
Ys &, and the ray number are calculated. If MOE = 0 the
ray particulars 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 radians. If
MOE # 0 the metric values of the ray particulars are converted
back to English values. Page and column headings are written

if the remainder of the ratio of FUD to LI is zero. Then the
type of reflection is written. If REF = 1 the printed output
contains: REFLECTION: SNELLS LAW WITH PHASE VELOCITY. When
REF = 2 the output is: REFLECTION: PACKET CURVATURE ITERATION
NOT CONVERGING. Finally, if REF = 3 the output is: REFLECTION:
NEAR REFLECTION POINT. After the write statement FUD is
increased by one. The previous write statements are omitted
L NP0

If ROP = 0 the reflection procedure is stopped, MIT = 6,
and the program returns to RAYN. If ROP # 0 the ray continues
beyond the reflection point. After setting FLAG2 = 0 the
reflection angles are calculated and the wavelet direction is
saved. RCOUNT is increased by one, and if then RCOUNT > 2 there
has been more than one reflection at the same point. In this
case MIT = 7 and the program returns to RAYN. ECREOUNT < 5
FLAG1 1is set equal to one and SURFCE is called to calculate
the ray particulars based on the reflection angles. Then
FLAG1 = 0, FLAGR = 1, and the values of the ray separation
coefficents are saved. This is followed by iterating tc the
point after reflection using the procedure discussed above.

With the exception of reflection points and if a ray has
not been stopped, each new ray point is checked to determine
if the point lies within 1% grid units of a boundary of the
water depth grid. If it does NGO = 2. Otherwise, NGO remains
equal to one.

A number of quantities are saved in case a breakup of
the time step interval occurs in HEIGHT. The quantitites
saved are the coordinates of the previous point, the coordinates
of the new point, the previous rotation angle, the present
rotation angle, the wave packet direction, the previous wavelet
direction, the new wavelet direction, the two previous values
of phase speed, and new values of h, v, U, G, and D. Average
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values of the wave packet and wavelet directions are
calculated for use if the values of p and q are determined
at intermediate ray points. The values of the wave packet
direction, wavelet direction, and ray curvature are updated,
and RCOUNT is initialized to zero.

If REFLCT = 1 the values of x and y are updated and
HEIGHT is called. If REFLCT # 1 the average values of the
packet and wavelet directions are used to determine the
values of p and q at the five intermediate points needed
for the Runge-Kutta method. In order to keep the wavelet
direction from changing on the calls to SURFCE, FLAGl is set
equal to one. After all the values of p and q are computed
at the intermediate points SURFCE is called again to
reevaluate quantities at the new ray point. Then FLAGI1
is set equal to zero, the values of x and Y are updated,
and HEIGHT is called.

Upon the return to MOVE from HEIGHT, if BRK = 1 there
has been a breakup of the time step interval in HEIGHT.
Iteration begins for a new point with the new time step
interval. If BRK # 1 the printout values of both the wave
packet and wavelet directions are placed, if necessary, in
the range of 0 to 360°. Then, the program returns to RAYN.

3.9 Subroutine HEIGHT. This subroutine is called to
calculate the wave height. For the first ray point HEIGHT
is called by RAYN. The values of p and q are initialized,
and the tolerance for the fourth and fifth order calcula-
tions of B and dR/dt is calculated. Further, the initial
value of dB/dt is computed, and the initial values of the
friction, refraction, and shoaling coefficients, and the
wave height are determined. The program returns tqQ RAYN.

For ray points beyond the first point this suPHroutine
is called by MOVE. The shoaling and friction coefficients
are computed. The values of Ky, p, B, and dB/dt are saved
in case there is a breakup of the time step interval.

The method used in determining B and dB/dt depends
upon the values of NFK (determined in SURFCE), REFLCT
(determined in MOVE), and |dh/dx'| (determined in SURFCE
If NFK = 1 the values of dB/dt, the difference between the
fourth and fifth order solutions of B, and the difference
between the fourth and fifth order solutions of dB/dt are
equated to zero. That is, B is assumed to be constant since
the ray is in deep water. The value of B is used to calculate
the refraction coefficient.

If NFK = 2 and REFLCT # 0 the ray is near a reflection
point, and B and dB/dt are calculated using the analytical
solution for parallel wave speed contours. If FLAGR # 0
(determined in MOVE),ROP is put equal to zero; as a result,
a ray 1s not continued beyond a second reflection point
should one occur. The refraction coefficient is computed.

If NFK = 2 and REFLCT = 0 the method used to determine

B —

I —




33

8 and dB/dt depends upon the value of |dn/dx'|. If

[dh/dx'| < 0.00001, then dB/dt, the difference between the
fourth and fifth order solutions of B, and the difference
between the fourth and fifth order solutions of dB/dt are
equated to zero. That is, B is assumed to be constant since
the water depth is taken as invariant. If |dh/dx'| > 0.00001
the Runge-Kutta method is used to calculate B and dB/dt.

The fourth order and fifth order solutions as well as the
difference of these solutions are determined for both B and
dB/dt. However, before making the calculations, if FLAGR # 0
the value of ROP is set equal to zero. The refraction
coefficient is calculated using the value of B.

After the refraction coefficient is computed several
checks are made to determine if the calculations are
sufficiently accurate with the time step which was used.

Near a reflection point the ray curvature is large; it is
necessary to reduce the time step in order to keep successive
changes in the wave packet direction small enough to determine
an accurate ray path. When computing the ray separation
factor using the Runge-Kutta method it is desirable to be
able to reduce the time step, if necessary, 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. However, regardless of the value of REFLCT, if
IFLG # 0 the value of the breakup time step has previously
been determined. In this case the value of INUM is increased
by one. The new value of INUM is compared with NUMT to
determine if the next ray point should be computed with the
breakup time step (described below).

If REFLCT # 0 and IFLG = 0 the change in the absolute
value of the ray direction is checked. If the change is less
than 1© the time step is not too large and the value of NUMT
is checked (explained below). If the change is greater than
or equal to 1° there is a breakup of the time step interval
(described below).

If REFLCT = 0 and IFLG = 0 the difference between the
Runge-Kutta fourth and fifth order solutions of B and the
similar difference of the solutions for dR/dt are checked.

If the absolute values of both differences are less than
BZTOL the time step interval is not divided and NUMT is
checked. But, if the absolute value of either difference is
greater than or equal to BZTOL there is a breakup of the time
step interval and REFRCT = 1. Further, RFRBUM = 1 to
determine the format of the printed output of the ray partic-
ulars.

If the calculations meet the criteria for accuracy
using the assigned time step the value of NUMT is checked.

If NUMT > 1 the initial time step interval has been broken.
In this case IFLG = 1. The value of INUM is increased by
one, and the new value of INUM is compared with NUMT to




determine if the calculations should continue with the breakup
time step (described below). When IFLG = 1 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.

When NUMT < 1 the time step has its initial value.

If 8 < 0 there is a focal point or caustic. Then MIT = 4,
BRK = 0, and the program returns to MOVE. When B > 0

the values of p and q at the present point are set equal to
the values at the new point. The wave height is computed.
If WBCOP = 0 the program returns to MOVE. If WBCOP # O

a test is made to determine if the wave breaks. Then the
program returns to MOVE, and if the wave breaks MIT = 5.

The time step interval is halved for a breakup. It is
possible for a time step to be halved many times with
successive breakups. Thus, it is necessary to place a lower
limit on the value of a time step to prevent an inordinate
amount of calculations. The new value of the time step is
checked, and if it is less than 0.5 sec the ray is stopped.
Then MIT = 8, BRK = 0, and the program returns to MOVE,.

If the new time step is greater than 0.5 sec the
breakup continues. It is necessary to return to the previous
ray point. Accordingly, the saved values of G and D are
recovered. To determine a new point in MOVE, BRK = 1. The
number of intervals, NUMT, the initial time step is divided into
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 6, y, a, x, y, B, dB/dt, p, Ky, and the two
previous values of v are recovered. The program returns to
MEVE

There are as many ray points in a breakup as required
for the travel time to equal the initial time step. Thus,
during a breakup, after each new point is determined there
is a check to see if the breakup is complete. If INUM < NUMT
the breakup is incomplete and the ray is continued with the
breakup time step. The value of D is computed and the values
of p and q are updated. If there is a focal point or
caustic MIT = 4, BRK = 0, and the program returns to MOVE.
Otherwise, BRK = 1 and the program returns to MOVE.

When INUM 2 NUMT the breakup ends and calculations
resume with the initial time step. The values of IFLG,

INUM, and BRK are set equal to zero, and D is computed.
There is a check for a focal point or caustic, p and q are
updated, and REFRCT and REFLCT are set equal to zero. The
wave height is calculated, if WBCOP # 0 there is a check to
see if the wave breaks, and the program returns to MOVE, as
explained above.
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3.10 Subroutine SURFCE. SURFCE is called by RAYN and
MOVE to caleulate h, 0, Y. 8, By 95 Kgs and other ray
particulars. At the first ray point twelve values of h from
CMAT are selected about the point as shown in Figure (2-2).

A quadratic surface is fit to the set of water depths. At
successive ray points the quadratic surface is determined
only if there is a change in the set of twelve water depths.
The water depth and its partial der%vati es in the fixed
xy-system, ah/9dx, ah/dy, 82h/3x?, 8“h/93y“, and 9“h/3xdy, are
determined at the ray point by interpolating on the quadratic
surface.

If h < 0, NDP = 2 and there is a RETURN. If h > 0 the
ratio of the water depth to the deep water wavelength is
computed. If h/Agq > 0.64, which defines deep water, NFK = 1,
If h/Aq < 0.64, NFK = 2, VELCTY is called, and after the

return if NFK = 1, W = 0. If NFK = 2, CONDER is:icalled to
compute W. The values of 9v/9dx and 9v/dy are calculated
using W. ;

At each ray point the water depth contcdrs are assumed
to be locally parallel, and a x'y'-coordinate system is
chosen such that the y'-derivatives vanish. The value of
dh/dx' is computed, and if it exceeds 0.00001 the angle a
by which the x'-axis is rotated with respect to the x-axis is
computed. If |dh/dx'| < 0.00001 the water depth is assumed
to be constant and a remains constant.

If FLAG1 = 0, y' is computed, and if necessary it is
placed within the range |Y'| < 360°. A check is made to
determine if there is total reflection. If there is,

FLAG2 = 1 and there is a RETURN. Otherwise, FLAG2 = 0 and
the new y' is computed using Snell's law with phase velocity
following a set of rules. Using the values of y', Yy is
computed. When FLAGl1 # 0 these steps for computing the new
wavelet direction and the test for total reflection are
omitted.

The values of ¢, G, and dv/dx' are calculated. If
NFK = 2, dU/dx' is determined using its unsimplified
expression. If NFK # 2, the deep water formula is used to
calculate dU/dx'. The value of dU/dx' is used in computing
dG/dx"'.

If NFK # 2, the coefficients of the ray separation
equation and the ray curvature are set equal to zero. Then
there is a RETURN. If NFK = 2, p, d2h/(dx')2, d?v/(dx"')2,
d2U/(dx')2, d2G6/(dx')2, q, and Kg are computed. This is
followed by a RETURN.

3.11 Subroutine VELCTY. VELCTY is called by SURFCE to
calculate v and U. At the first ray point the deep water
value of the phase speed and several constants for the ray
are computed. If NFK # 2 (determined in SURFCE) the deep
water value of the phase speed is used, and its value is
saved for calculations at the next point. The deep water
value of the collinear group speed is calculated, and the
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program returns to SURFCE.

If NFK = 2 an iterative technique is used to determine
v. The iteration continues until the estimate of v differs
by less than 0.00005 from an average of the previous
estimates of v or until ninety iterations have taken place.
The value of v is saved for calculations at the next point,
and U is computed using its complete expression. Then the
program returns to SURFCE.

3.12 Subroutine CONDER. CONDER is called by SURFCE
to compute W. After computing some constants, if NFK = 1
(determined in SURFCE) the program returns to SURFCE. If
NFK # 1 the value of W is calculated, then the program returns
to SURFCE.

3.13 Subroutine PCD. PCD is called by RAYN. The
four water depths in CMAT which are closest to a ray point
are compared with the respective depths computed from the
twelve point surface fit. The percentage difference of the
interpolated water depth to the actual water depth is
determined for each grid point, and PCTDIF is the maximum
percentage difference of the four values. If the product
of the four water depth values in CMAT is zero, PCTDIF = 999.

3.14% Subroutine STORE. STORE is called by RAYN.
If CIN £ 0 the x and y coordinates of a ray point are stored
in the Ax and Ay arrays, respectively. Then, the program
returns to RAYN. If CIN > 0 tick marks at travel time
intervals equal to CIN are determined along the ray. The
travel time is computed using the geometric group speed of
the ray. The coordinates of the tick marks are tagged with
negative x-values and are stored in sequence with the ray
points in the Ax and Ay arrays. The program returns to RAYN.

3.15 Subroutine DRAW. DRAW is called by RAYN to plot
each ray. To save plotting time, odd numbered rays begin
at their initial points and even numbered rays start at
their terminal points. If FAN = 0 a ray is numbered at its
initial point, otherwise a ray is numbered at its terminal
point. If CIN £ 0 a ray has no tick marks. If CIN > 0

tick marks are placed on a ray for those positions where

the x coordinate is stored in the Ax array with a negative

value. The negative values are changed to positive values.
The coordinates for plotting the tick marks depend upon

the positions of the tick mark on the ray and the first ray

point that is prior to and located more than a specified
distance from the tick mark. The separation requirement is
necessary since if the two points are too close together
numerical inaccuracies in the calculations prevent the tick
mark from being perpendicular to the ray. Every tenth tick

mark is larger than theothers. The program returns to RAYN.
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3.16 Listing of the Computer Program.

PROGRAM MAIN (INPUT, JUTPUT, RAYDAT, XYGRID, PLOTT, TAPES=INPUT
$,TAPE6=0UTPUT, TAPE1=RAYDAT, TAPE2=XYGKID)
THIS IS A FROGRAM FCR CALZULATING AND FLOTTING THE PATHS OF SURFAZE
GRAVITY WATER WAVE PACKETS ANDO FOF CALCULATING THE WAVE HEIGHTS
ALUNG THESE PATHS CONSIOERING THE EFFECTS OF SHOALING, REFFACTION,
AND £NERGY OISSIPATION,

"THIS PPOGPAM KAS COMPLETED NOVEMBER 1977 UNDER A CONTRACT KITH THE

GEOGRAPHY PROGRPAMS, EAFTH SIZIENCES DIVISION, THE OFFICE OF NAVAL
RZISEARCH. THE PROGRAM Wa3S PREPARED BY
Jo ERNEST 2FEECINGy JRey OcPT, OF OCEANOGRAFHY, FLORIDA STATE
UNIVERSITY,y TALLAHASSEE, FlLe 323ub
K. Co MATSON, NAVAL COASTAL SYSTEMS LAR, PANAMA CITY, FL. 32407
NOUFOLLAH RIAHI, DEPT. OF OCEANOCGRAPHY, FLORIDA STATE UNIVIRSITY

THIS PROGRAM IS BASED ON A PROGRAM FOR COMPUTING THE PATHS OF
MONOCHEQOMATIC RAYS 8Y
We STANLEY WILSON, A XZTHOD FOR CALCULATING AND PLOTTING SU-FACc
WAVE RAYS. TECHNICAL MEMORANOUM NO. 17, CUASTAL ENGINEERING
RESEARPCH CENTEFR, 57 PP, (19656) (AD 636 771).
WITH THE EXCEPTION OF THE FLOTTING SUERCUTIMNZ>y THE WILSON PROGRAM
WAS EXTENSIVELY MODIFLIED IN ORGER TO COMPUTE THE PATH OF A nAVE
PACKET, AND A SUBROUTINE WAS ADCED FOR COMPUTING THE mAVE HEIGHT.

THE PKOGRAM IS WRITTEN IN FORTRAN IV FOF THE CONTPOL DATA CYBEFK
79 COMPUTER SYSTEMS ANG THE GOULD FLOTTER.

INPUT FAPAMETERS,
Ky AV ARE, RESPECTIVELY, THE INITIAL CIRECTIONS FROM KHICH THE WAVE
PACKET AND ®AVELETS COMz wITH RESFECT TO TRUE NORTH.
CF IS THE FRICTION FACLTOR FOR THE FRICTION COcFFICIENT,

MA4IN
MAIN
HAIN
MAIN
MAIN
MAIN
MAIN
MATIN
MALIN
MAIN
MAIN
MAIN
MAIN
MAIN
MA I
MAIN
MAIN
MAIN
Maliv
MAIN
MAIN
HAIN
MAIN
MAIN
MAIN
MAIN
Ma It
MAIN
MAIN
HAIN
MAIN

IF CIN IS NOY ZeRO IT IS THZ TRAVEL TIME IN SSCONDS BETKREEN SUCCESSIVEMAIN

TICK MARKS ON A RAY,
CMAT IS THE WATER JEPTH 5RID.
CNVRSA Io THE DIKECTION UF THE FOSITIVE X-AXIS CF THE mATER 0cEPTH
GRID WITH RESFECT TO TRJE NORTH.
IF COL (IS/IS NOT) ZzZC TAE PLOTTER (KILL NOT/WILL) PAUSE BeFOKE
A RAY IS PLOTTED.
CONTUR SPECIFIES THE SOUNDING CEPTHS IN FEET OR METEKS.
CATEL1, DATc2 OEFINE THE YcAR, MONTH, AND DAY.
OCON IS A FACTOF TO COVVZRT THE mATER CEPTHS IN CHMAT TO FEET
OR METERS,
DELTAT 1S THE VIME STEP IN SECONDBSs
ODIR IS AN IDENTIFIctk.,
EM ARF SURFACE FITIING NUMBERS USED WITH CHAT.
IF FAN (IS/IS NOT) ZeERO A PAY IS NUMBEFRED AT ITS (INITIAL/TERMINAL)
POINT.

FALN
MAIN
MALIN
MEIN
HAIN
PEIN
MAIN
MAIN
MATis
HAIN
MaIN
RAIN
MAIN
MAIN
MAIN

GRIO IS THE NUMBCER CF FEZT OF METERS PER GRIO UNIT FOR A GAVEN RUNGMAIN

HGTZ IS THE INITIAL mAYE HEIGHT IN FEET OR METERS.

HT IS THE HEIGHT OF THE 2LOT IN INCHES OR CENTIMETERS.

KRTOL CETEPMINES THE ACCURACY IN CALCULATING ThE REFKACTION
COEFFICIENT,

MM NN ARE THE MAXIMUFM X,Y FOR A& GIVEN WATER ODEPTH GRIOD.

NNSKIP IS THE AMOUNT AQOtU TO THE Y-COLUMN IN SELECTING THE NEXT
COLUPMN FOR LOCATING SOUNDING VALUES.

IF MOE (IS/iS NOT) ZExU (=NSLISH/METR4AC) UNITS ARE USED.
MXPLOT Is THE NUMGBER OF PLOTS OF CUMPUTER KUNS.

MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
KAIN
MAIN
HAIN

PRACTICABLE
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NAX (IS/IS NCT)
CALIEBRATED.

NCO IS NOT ZERO IT SFECIFIES THE NUMEER OF SCUNDING VALUES FOR
A PLOT.

NOR IS THE NUMBER OF RAY3 FOFR A GIVEN KUN.

NPT IS ZERO FRINTED CQUTPJUT OCCURS FOR THE INITIAL AND TERMINAL
POINTS OF A RAY, ANu IF NPT IS NOT ZERO PRINTEC OUTPUT OCZUKS3
ADODITICNALLY FOR THUSZ POINTS WHICH ARt AN INTEGRAL MULTIPLE
OF SK.

NSH (IS/IS NOT) Z£rRO THE SHORELINE (IS NOT/IS) DRAWN.

NXCMAT IS ZEKO A WATck JSPTH GRID IS INPUT FOR THE RUN, AND IF
NXCMAT IS NCT ZERU THZ DEPTH GRID FOR THe FRZVIOUS PLOT IS
USED AGAIN.

PROJCT IS AN IDENTIFIER.,

ROP (IS/IS NCT) ZERO THE RAY (IS NOT/IS) CONTINUED BEYONT A
REFLECTION FOINT.

S ARE SURFACE FITTING NUMBERS USED WITH CMAT.

SK. SEE NPT.

TY IS THE WAVELET PERIOO IN SECONDS.

WBCOF (IS/IS NOT) ZERO THE WAVe SREAK TEST (IS NOT/IS)

X9¥ AKE THE INITIAL FAY CCOORDIMNATES.

ZERO THE AXES OF THE PLCT (WILL NOT/WILL) 3E

MADE .

QUTPUT OF THE RAY PARTICUL AFS.

ALFA IS THE ANGLE OF TAE ROTATEC XY-SYSTEM (WHERE THE Y=
DERIVATIVES VANISH) PZLATIVE TO THE HWATER DEPTH GRIC AY=-SYSTEY.

D IS THE OISTANCE IN GRID UNITS BETHWEEN SUCCESSIVE RAY POINTS.
O(3ETA) /CT IS THE INITIAL VALUE GF THE TIME JzwIVATIVE OF THE
RAY SEPARATION FACTOR.

FK IS THtE RAY CURVATURE OF THE PACKET IN RADIANS/GRIC UNIT,

G = U CO05 (PACK - mAVE) IS THE GEOMETRIC GROUP SFEED IN
FEET/SECOND OR MZTERS/SECOND.

H IS THE WATER OEPTH IN FEET OF METEFS.

HGT IS THE WAVE HEIGHT IN FEET OR METERS.

KF IS THE FPRICTION ULOEFFLCIENT.
. KR TS THE RcFPACTION CIOCFFICIENT.
KS IS THE SHCALING CUEFFICIENT.
MAX IS AN INCEX TO NUM3:ZR POINTS ALONG A RAY.
NO IS THE NUMBEF OF INTERVALS THE INPUT I IME STEP IS OIVIOZD inT0.

OO0 DODOHOOOOOOOOO

PACK IS THE CIRECTION FROM mhICH THE WAVE PACKET (RAY) COMES.
PCTDIF IS THE HAXIMUM OF THE PEFCENTAGE OIFFERENCES AT ThE 4 GRID

POINTS CLOSEST TO ThE SAY POINT OF THZ SURFACE FIT UEPIVED NWATER

DEPTH RELATIVE T0 THE ACTUAL CEPTH,.
U IS THE COLLINEAR GrROUP SPEED IN FEET/SECONL CF METERSZSEZOND.

V IS THE PHASE SPez 0 IN FEET/SECONC OR METERS/SECOND.
WAVE IS THE CIRECTION FROM WHICH THE WAVELETS (IN A PACKET)
XoY ARE THE COOPOJINATES OF A RAY POINT.

DIMENSION S(by6),yER(6y 12)4C(12) 4, YVN(EB) 4= (E)
$yCMAT(1300,470) yAX(2LU) sy AY(Z0u0) yCONTURI(D)

REAL KR4KF¢KSyKRTOLyKFC

INTEGER DXL +0X24RUPyr3ICOPGFAN,COL yFUDyBRKySKyFLAGRyFLAG3
SyREFLCTyRFLUUMZREF*CTy RFRBUM

COMMON S, EMIEyYVR CUAT yC oy AX 4 AYCONTURFPROJCT 4GRID,OCONFAN,ZLATEL
FoOATECyCINYDIRyROP s TTom3COP yMOE 4OY yCELTATySOLTAT 4Dy HGTynGT ZySV X
$ySVY ySOEPy My DFEPyRL gV ySAVV)PPEV,SPREV. U SAVUyLZERDyGySGySVG LU 4KS
TyO0GOXySVATFI,SAV,ySVAVPHIWALFA,SVALFA,,SSALFALCNVRPSA,UELA,DKOX
‘,SVFKG,SAVFK|FK;}AQ’P‘AX Uy SKyFUDGNUMTy INUP, IFLGyPCOUNTy AMMyANN

COvE.

BEST QUALITY PRACTICABLE
FROM COPY FURNISHED T0 DDC o™

MEIN
HATIN
MAIN
MEIN
MAIN
MLIN
MAIN
MLI N
MAIN
HAIN
M2 IN
MAIN
tAIN
MLIN
MEAIN
MAIN
MAIN
HAIN
MAIN
MAIN
MAIN
MAIN
mAIN
MAIN
":Il"
MAIN
NMATN
MAIN
M&IN
MAIN
MAIN
MAIN
MAIN
MALIN
MLIN
HMAIN
MAIN
HAIN
M4LIN
ralIN
MAIN
MAL N
FeIN
MAIN
MAIN
G I N
MAIN
MAIN
NMAIN
MAIN
MAIN
MLIN
MAIN
MAIN
MAIN
MAIN

TIREFLCT yRFLEUMZREFRCTyRFRBUMyERK9FLAGL yFLAG2 yFLAG3yFLAGR ¢KFC4GCFBZMAIN

"SBZ’BDZ'SaLZ'KRrOL’KQ’pOT’PiiFZ,PS’P“yPSQQOT’QI,QZ,QJ'Q“.QS

MAIN
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C THE

ST QUALITY PRACTICABLE
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MAIN PROGRAM IS USEC TO REAU THE INPUT DATA, TG CUNTROL THE

C CALCULATIONS FOR FACH KAYy, AND TO FREPARE THE PLOTS. SU3SROUTINES
C TTTLE, NUMCON, SHORE, PLOT, AND RAYN ARE CALLED.

L

5

CALL PLOTS (10,404 45HPLOTT,120)

MHAX=2000 & LI=6J § LII=(LI-4)/3 8§ COFI=12.

READ (1,1) ((S5(0X2,0X1),0X2=1,46)40X1=1,6)

FOPMAT (BF1CG.7)

READ (1,2) ((EM(DX1,0%X2),0X2=1412),40%X1=1,6)
FORMAT (36F2.12)

READ (1,3) (MXFLUTFRPOJUT L OATEL1,0ATE2,0IR)
FORMAT (I241X433(A541X) 4yA6)

00 399 NPLOT=1,4MXPLOT

READ (1,4) (NOF yNPTySK T 4CINGJMNAX yNSHyNCONXCHAT)
FOFMAT (3(2X913) 95X92(F3e392X) y&(2X41I3))

READ (1,5) (MM,NN,CNVISAyGRIUyDCONyhOE yNNSKIP)
FOFMAT (2(2X9I3) 3iXyF7 a3 92(1XyF30a3)yt4X3I342X,1I
IF (MOE .EQ. U) GO TO 2]

C CONVEXT TC ENGLISH UNLTS FCR CALCULATIONS

20

11
3339

%35
493

3337

22

4321

15

399

9999

HT=HT/2.5% ¥ CCON=DCON/J.3043 % 5RIC=GRID/0.3CLS
CIN=CIN/30603d., § AMM=M4-1. T ANN=NN-i,

DY=A4NN/HT $ SCLI=GFID®*OY®COFI

CALL TITLE (NPLOTyNAXy3SCLIWHT)

IF (NXCMAT NE. 0) GO TO 3939

READ (2,11) ((CFAT(JI,1)yI=1,4),J=1yNN)

FORMAT (16FS5,.0C)

IF (NCC +LE. Q) GO TO 433

REAC (1,495) (CONTUP(I)sI=1,NCC)

FORAT (SF8.2)

CALL NUMCON (MM 4NN ¢NCO JNNSKIP)

IF (NSH .EQ. $) GO TO 3937

CALL SHORE (M4,NN)

00 15 N=i,NLR

READ (145) (DELTAT 3TT3AyYyA AV HGTZ4CF yKRTOL yFOP,wW3COP,FAN,COL)
FOPMAT (7(FEa292X) 92 Fhelg2X) o4 (Il41X))

IF (MOE .,&Q. w) GC TO 22

HGTZ=HGTZ/0.2043

SOLTAT=UELTAT § WL=22,2%(TT%%2)/6.2331725%
A=CNVRSA-A4+13C., 8§ AV=0ON/RSA-AV¢130, § MAXG=1 § FUO=Q.
BRK=0. % FEFLCT=0. $& RFLBUM=J. 3 REFRCT=0. % RFRBUM=Q.
FLAGR=0. % FLAGI=,. § IFLG=C & ALFA=)].

IF (COL .€0. €) GO 7O w321

CALL PLOT (2es0eby=3)

A=L8*,0174532925 § AV=AV*.(174532925

CALL RAYN(XoYsAyNFLOT o Ny MMAXyLIJNPTLLII AV)
CONTINUE

CALL pLOT (-’!.,-.h,-ll

CALL PLCT (Ue9Cey9399)

CONT INUE

WRITE (6,49999)

FURMAT (1his17H THIS Io THE ENDL)

CALL EXIT

END

HAIN
MAIN
HAIN
MAIN
HAIN
HFAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
HAIN
MAIN
MAIN
MAIN
MAIN
MAIN
NAIN
MAIN
HAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
HMaIN
MAIN
MATN
MAIN
FAIN
MAIN
MAIN
HAIN
MAIN
HAIN
MAIN
HMAIN
RAIN
MAIN
MAIN
MAIN
MAIN
RAIN
MAIN

116
117
118

123
124

1690
161

1643
1446
145
i4k6
167
168
149
150
151
152
153
15«
155
156
157
15¢
159
16
161
162
163
164
165
166
167




0 THIS PAGE IS BEST QUALITY PRACTICABLE
SUBFOUTINE TITLE (NPLOT,NAX,SCLI,HT) TITLE 1
DIMENSION S(Hyb)ycM(B6y 1) 4C(12) 3yYVHIB) 4E(H) TITLE 2
$oCHAT(100,100) yAX(20GI)4AY (2040)yCONTUR(D) TITLE 3
REAL KR,KF,KSyKRTOL,yKF 23 TIiTLE &
COMMON S,EMyEgYVH,CMAT 32 yAX yAY yCONTUR,PRPOJCT yGRIDyDCONsFAN,DATEL TITLE 5
$9DATE2 yCINyUIRyROPyTTy WECOPyMCE,40Y sGELTAT,y SOLTAT 4Oy HGT ¢hHGT Z4SV X TiTLE 6
$9SVY ySOEP, W yDEP WML 9V 9 SAVVyPREV,SPPEVyUySAVUyGZERD 96 9SGy SV5y0UCsKS TiTLE 7
$90GDX,SVALTFI,5AV,SVAV yPHI ALFA,SVALFA,SSALFA,CNVKSA,DUELA,OHOX TiTec 8
S)SVFKD,SAVFK'FKJA'<;rA‘C’5K|FUO,’-‘U.“'T|INUH’IFLG’ECOU“T’MF“,ANN FITLE S
$yREFLCT yRFLEUM yRZF RC Ty RFRBUM EFKyFLAGL FLAG2 yFLAG3,FLAGR KFC42F48BZTITLE 10
$9SEZyB30ZySolZyKRTOLyKRyPOT 4yP14yF2,P34,P4,4P5,0Q0T,Q1,Q2,Q3,yQk,y Q5 TITLE 11
C IN THIS SURROUTINE THE PLOT IS LA2ELEC AND STRAIGhT=-LINc 30FDZIRS T HEE 12
C AKE DRAWN., SUBTOUTINES SYM30L, NUMoERsy PLOT, AND AXIS2 ARE CALLED. TLTLE 13
CALL PLOT(3.50.443) TiTLE 14
RT=4MM/OY § XNPLOT=NPLOT TITLE 15
C DRAW LAEELS FOR PLOT TITLE 16
CALL SYMBOL(1.2542+b942y17HPRCJ. NO. 1990.917) TITLE 17
CALL SYMBOL(1.25ycebye 2y PROJCT 3904 46) TITLE 18
CALL SYM30L(1e¢254%¢0494290ATF19%0446) TITLE 19
CALL SYMBOL (1425154244 2y0ATE2990442) TITLE 20
CALL SYMBOL(1.5393.%4.2,23HSCL = 1/ ¥ CIN =590.3523) TITLE 21
CALL NUMBER (14579240 9e2ySCLIHGCey=1) TITLE 22
catLL NUP‘-3£°(1.53.5.£..ZgCIN’3600. '9Ccv“1) T:TLE 23 2
CALL SYMBOL(147550¢4902919HPLCT NO s DIR: =490.419) TITLE 24
CALL NUF3ERK(147552¢294¢ 2y XNPLOT5904,5-1) TITLE 25
CALL SY“3OL(1.75,H.~.,.2,01Rq9C.,6) TITLE 26
IF (NAX «NE. 0) GO TO 705 - TETLE 27
C ORAW STRAIGHT-LINE 302DERS FOR FLCT TITLE 28 .
CALL PLOT(3.9044y3) TaTue 265
CALL FLCT(3.yHT+4%,42) TITLE 34
GO TO 7C5 TITLE 31
705 CALL AXIS2(24¢90¢ls1HYy 15 HT 590650 .50Y) TITLE 32
g CALL AXIS2(3eyelyiHXy=1yRT4Ce9yCey0Y) TITLE 33
CALL PLCT(3.,HT*#.4,3) TITLE Je
706 CALL PLCT(RT#3.4HT +.4,2) TITLE 35
CALL PLCT(RT#3.y.4,2) Vi DE 36
IF (NAX +NE. 0) GO TO 737 TITLE 37
CALL PLETT3 40 alig2) TiTue 38
707 CALL PLOT(3.40el,y=-3) TITLE 39
YHT=HT TITLE 40 k.
RETURN TITLE 41 :
END TE Tuk 42
!
SUEROUTINE AXIS2(X4Y 4330 yNCySIZEyTHETA,YHIN,OY) AxIS?2 1
DIMENSICN BCD(16) AXISs2 2 !
C IN THIS SUB~NOUTINE THE AXES ARE URAWN, CALIPRATED, AND LABELED. AxIS2 3
C SUBFOUTINES PLOT, NUM3Ek, AND SYM3CL, ARE CALLED. AXIS2 4 ;
3IGM=1.3 AXIS2 5 5
IF (NC .GE. 0) GO TO 2 AXIS2 6 i3
BIGN==1.0 AXIS2 7
2 NAC=TABS(NC) % TH=THETA*,017453294 AXIS?2 8
N=0Y*SIZE+0.5 & CTH=COS(TH) § STH=SIN(TH) & TN=N AXIS2 9 i
X3=X $ Y3=Y § XA=X=U.1*3IGN*STH $ YR=Ye¢J.1*BIGN*CTH AXIS2 14 i




C ORAm AXIS WITH CALIBRATED TICK MARKS

21

CALL PLCT(XA,YA,3)

00 20 I=1,N

CALL PLOT(X8,YB,2)

AC=XB+CTH/DOY £ YC=Y3+STH/DY

CALL FLOT(XC,YCy2)

XA=XAeCTH/DY 3 YA=YAL#3STH/0Y

CALL PLOT(XAyYA,2)

XB=XC ¥ YB=Y(C

CONT INUE

ABSV=YMIN¢TN § XA=XB=(20®BIGN=.05) *STH=,02857%CTH
YA=YE+ (20¥EIGN=.05) *ZTH=,02857*STH § N=N+1

C NUMBER THE ORIGIN AMO EVERY FIFTH TICK MARK

190
34

00 30 I=1i,N

IF (AMOJ(ABSV,5.) «NE. 2.) GO TO 100

CALL NUMBER(XA,YA, «19A3SV,THETA,~1)
A3SV=ABSV=-1. $ XA=Xa=3T4/0Y & YA=YA-STH/DY
CONTINUE

C LABEL THE AXIS

C IN

C DPAWN ON THE PLOi.

TNC=NAC#7 % XA=X¢(S1ZE/2.0-+0b*TNC)I®CTH-(~-.07¢BIGN*.36)*3TH
YA=Y4(SIZE/2.0-030*INCI*STH4(~.L7+3IGN*,.36)¥CTH

CALL SYMBOL (XA,YAyei4y3C0sTHETA,NAC)

RETURN

END

SUEBROUTINE NUMCCN (MM, NNy NCOyNNSKIP)
BIMENSION S(HyE)yEM(6y 12)4C(12),YVH(E) yE(H)
T4CHMAT(123,100) 4AX(23012),AY (20081 4CONTUR(S)
RELL KPyKFyKSyKxTOL,KFC

COMMON SeZMycy YVAyCMAT 42 4AX4AY yCONTURWPTOJCT 4GFIGyLCONYFAN,JATEL
Ty0ATE2 yCINJCIRy=IF ¢TTyn3C0P 1 iCESOY ¢yDELTAT ySOLTAT yUohGT 4 HGT Z43SV X
EySVY,SOEPymyDEP AL gV 9 SAVV g PREV 3 SPREV U, SAVUSGZERO 3G9SOy 5V LUIyKS
$'DGOXQSVA'T‘:IOSAV~;SJkV v)HIv;LFAQSV:‘LF:i yadklLF A‘C-‘W?SA.DELA.DHDX
$ISVFKBy SAVFKgFK2A= gt AX Qy SKyFUCyNUMT ) INU= g IFLGyPCOUNT gnM- g ANN

T T

AXISZ
AXIS2
AXIS2
AXISZ
Ax1IS2
AXIS2
AXIS2
AXIS2
AXIsS2
AXIS2
AXISZ2
&xIS2
AXIs2
AXIS2
AxISe
AXIS2
AXISe
AxIS2
AXISZ
AXIS2
Ax1S2
AXISe
AXISZ
AX IS¢

NJIJMCOnN
NUMC ON
NUMCON
NUMCCN
NUMCON
NIMCON
NJMCCN
NUMC ON
NJMCCON

FIREFLCT yRFLEUP yREFRCT 4 RFREUN yFFK yFLAGL yFLAGZ yFLAG3 W FLAG* yKFL 4o F 43ZNUMCCH

S,SLZ,BOZ,SE»[,KRTJL,K’,DOI.FlyPZ,FJ,PM,PS,QOT,QL,QZ,QS,OM,05

THIS SURBROUTINE SPECific) SOUNLING DEPTHS ARE LOCATEC ANU
SUB=QJTINES NUFSER AND PLOT ARE CALLED.
NOC=Nh-1 § mOOD=M41-1

IF €MOE <E£Qe 8) GO TO 2

C CONVERT TC ENGLISH UNiLTS FOX CALCULATIONS

00 7C0C KC=1, NCO
CONTUR (KC) =LONTUR(KC) /v, 30458

7330 CONTINUE
C SELECT Y=-COLUMN

2

DO 5000 J=2, NODy NNSKIP
YJ=J-1 3 KKK=1

C SELECT SOUNDING OEPTH

DO 3000 KC=1,NCOC
KHIT=0 % NDIF=3 § I=Mv-1

C SEAFCH COLUMN FCR THE GIVEN SOUNUING CEFTH

20
12
14

13
15

00 1010 II=1,MCOD

XI=I-1 3 I(=I¢1 % XL=IL-1

IF (KWIT .67« C) GO TQ 8000

IF (CMAT(J,I) «GT. ¢) GO YO 20

KNIT=1

IF (CMAT(JysI)®CCON~-CONTIRIKC)) 124911,13
AA(KKK) =X1 T AY(KKK) =CONTUR(KC) § KKK=KKK+1 3 NDIF=3
GO TO 104y

GO TO (LB”’;l“)QND:F

NOIF =1

GO TO 101¢C

GO TO (77,15,15) yNOIF

NOIF=2

GO TO 1010

NJMCUN
NJUMC UN
NJ 4C ON
NUMCON
NUNCUN
NJMCON
NUMCON
NUMCON
NJHC O
NUMC ON
NJHMCCN
NUMCON
NUMCCH
NUMCON
NUMC ON
NUMC ON
NJMCON
NUMCON
NUMCCN
NUMC ON
NJMCON
NUMCON
NUMCON
NUMCON
NJMCON
NUMC UN
NUMCCN
NJMCON
NUMCON
NJMCON

e
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4?2 THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COFY FURNISHED 70 DDC
C LINEARLY INTFRPOLAYTE FOKk THE SOUNDING DEPTH NJMCON 41
v SLPX=(DCON®(CHAT (JoIL) -CMAT (JyI))) Z(XL=X]I) NJMCON 4z
| XP=(CONTUR(KC) =CSON*CHAT (JyI)) /SLFXeXI NUMCCN 43
Y AX (KKK)=XP T AY(KKK)=3ONTUR(KC) & KKK=KKK#¢1 NJMCON bl
GO TO (81,82)4NDIF NUMC Ot «5 i
: 81 NDIF=2 NJMCON 6 f
6O TO 1014 NUMC UN 7 :
1 Ben NOIF=1 NJHCON “8
i ;géb goériuur ot ok
‘ 9 3 NUMCON S50
3 C DRAW OUT SOUNCING DEPTHS FOX EACH SELECTED Y-COLUMN NUMCON 51
‘ KKK=KKK =1 NJMCCn 52
i IF (KKK=-1) S50C0,608,672 NJMCON 53
r 670 KKL=KKK=-1 NUMCON 5t
f D0 997 IA=1.KKL NUHCON 55
IAD=IA¢1 NJMCON 56
00 ©97 I13=IA0,KKK NJMCON 57
IF (AX(IA) .LE. AX(IB)) GO TO 997 NJ HC OK 56
AMIN=AX(IA) § AX(IA)=AX(IB) § AA(IB) =XMIN NUMCCON 59
XMIN=AY(IA) 3 AY(IA)=AY(IB) $ AY(I8)=XMIN NUMC CN 60
997 CONTINUE NUMCCN 61
668 IF (MOD(J,2) oNE. C) GO TO 1G4 NUMCON 62
KONE=KKK T KADD=-1 3 LAST=1 NUMCON 63
GO TO 135 NUMCON B4
108 KONE=1 ¢ KADD=1 § LAST =KKK NJMCON 65
105 IF (MOE .EQ. 3) GO TO & NUMC GN 66
C CONVEKT SOUNDING OFP{H4 TO M:TRIC UNITS SEFORE OFAPING ON PLOT NJMCON 67
AY (KONE) =AY (KONED) * 0. 3143 NJUMCON 63
i 4 CALL NUMBER (AX(KONE) 7DY,YJ/0Y,0.1 KONE) 4Jaly=1) NJMCON 59
| IF (KONE «EQ. LAST) G) TO 5u00 NJMC ON 79
KONE=KONE +KADD NUMC O 71
GO TO 135 NJHCON 72
”‘ 5000 CONTINUE NUMCON 73
CALL PLCT(Uue9Cay9=3) NUMC ON Th
: © RETURN NJMCON 75
EJ END NUMCON 76
SUPROUTINE SHOFRE (nM, NN) SHORE 1
DIMENSION S(596)9cM 6y 1c) yC(12) 3YVN(B) 4E(6) SHOKE 2
TyCHMAT(100,139) yAX(Z2Cul ), AY(2JGC) yCONTUR(9I) SHORE 3
REBL KF,KFyKSyKRTOL,KFC SHOKE 4
COMMON SyFMyEyYVmyCMAT 32 g AX 4AY yCONTUR,PPOJCT yGFIDyDCONyFANL,UATEL SHOKE 5
:'JATEZvCIH'CIR'FOF!TTO"Jcopr“ofQDYQD‘:LTAT'SJLTAT'OvaTnﬁbrZ'S\/X SHORE (3]
$ySVY ySOEP Wy DEPyHL 9V 9SAVV 4 PREV 9 SPREVyUySAVUyGZERO 96930y 3SV3 90Uy KS SnOrE 7
TsDGOXySVATFIZSAVySVAV yPHI g ALFAWSVALFAZSSULFAZCNVFESAyOELADHIX SHOwc 8
i $,SVFK? ,SAVFK,)FKBAZ yMAX Qy SKyFUMyNUMT, INUM, IFLGy FCOUNTy AMY 4 A NN SHOAE 9
‘ $ yREFLCT yRFLEUF yREFRCT ) RFROGUMyLFKyFLAGYL oFLAG2 yFLAG3yFLAGRWKFC 4oF 48Z5=0Re 10 ?
$,SEZ,BOZ,SaLZ,K°TCL,K-?,POY,Pi,PZ.PhPB,FS.QST,Q:;QZ,Q.&,QQ. Qs SHORE i1 "
C IN THIS SUEKOUTINZ THE SHIRELINE IS ORAMN. SUSROUTINE PLOT IS US:ZD. SHOFE 1c i
PONT (X1,X2,01,402)=X1-)1%((X1-X2)7/(01-02)) SHORE 13
IC=3 SH0rE 14 ]
C SELECT Y=-COLUMN SHORE 15 i
D0 1 J=1,NN SHOKE 16 s
YJ=Jd=1 § JL=J=-1 § YL=JL-1 $ I=MN SHORE 17 |
C SEARCH COLUMN FOR ZERD wATEXR DEPTH STARTING WITH MAXIMUM X SHORE 18 |
D0 2 II=1,MM SH0RE 19
XI=I=1 & IL=I¢+1 % xiL=[L=1 SHORE 20

IF (CMAT(JyI)) 105,200,300 SHOKE 21
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FROM GOrY FunnlSHED TQDDG
43
]
.
100 IF (IEB GV« @) GO 1@ 102 SHOKE 22
C LINEARLY INTEFRPOLATE FOF ZERO WATER DEPTH SHORE 23
101 XP=PONT(XIsXLyCHATU(J,I),CMAT(J,IL)) SHOKE 24
CALL PLOT(XPAOY Y J2DY 4 IC) S40kE 25
IC=2 SHOKE 26
GO YO0 1§ SHCKE 27
102 IF ¢J »LE. 1) GG FO 13% SHORE 28 .
YP=PONT(YJoYLyCMAT(Jy1)yCMAT(JL 1)) SHOKE 29 1
CALL PLCT (C43,YPZDY 4IC) SHORE 33
JC=2 SHORE 31
XP=PONT (XIyXLsCMAT(J,I)yCHMAT(JIHIL)) SHOKE 32
CALL PLOT(XP/ZDY,YJ/0Y,1C) SHOKE 33
GO TO 1 SHORE 34
293¢0 IF (II .NE. MM} GO TO 221 SHORE 35
CALL PLOT(XI/ZDY YJ/DY, IC) S40kE 36
IF (1€ «6GT« 2) GO TO 204 SHORE 37
IC=3 SHORE 38
GO TO 1 SHOKE 39
204 IC=? SHOKE 4u
GO TO 1 SHOARE 41
201 LF GIE JLE. 2¥ GO 1O 247 SHORE (Y4
B €3 «LEe 1Y GO JO 207 S40Ff c 43
YP=FONT (YJ¢YLsCHAT (Jgl )¢ CMAT(JL 1)) SHO~E bis
CALL PLQOT (C.23YP/DY,LIC) SHORE 45
IC=2 SHORE 46
207 CALL PLCT(XI/DY,YJ/0Y, I3) SHOFE Y4
IC=2 SHORE +8
60 T0 1 SHOKE 49
300 IF (II .NEe. MM) GO TO 2 SHORE 50
EF OIC «GTes 23 GO JO 1 SHORE 51
YP=FONT(YJyYLyCMAT(Jy1)yCHAT(JL 1)) S40Rc 32
CALL PLOT (C.0,YP/0Y,I0 SHOKE 53
IC=3 S40FE Sk
GO T0 1 SHOKE 55
2 I=1-1 SHOKE 56
3 CONTINUE SHOFE 57 -
CALL PLCT(Je9Ca9=3) S4CKE 58 :
RETUFN SHORE 59 ]
END SH4O0KE 60
SUERKOUTINE RAYN(KyY,Ay NPLOT yNyMMAX yLI yNFT 4LII,AV) REYN ;
DIMENSICN S(64+0) 4yEM(6y 12) 9 C(L2) 4 YVHID) 4E(H) RAY N %
SyCPAT(1C0d9100) yAX(2UCU)AY (29CC) yCONTUR(9) RAY N |
REAL KPR ,KFyKSyKFTIL,KFC RAYN 1
INTEGER DX1,0X2ySKyFUJ 4RCOUNT»FLAGL,)RFLBUM,RFREUM RAY N

COMMON SyEMIEsYVA4CHAT 42 9AX9AY yCONTUR,FPFROJCT yGRI0,OCONyFAN,CATEL RAYN
$90ATE2 yCINJCIRyROP 9 TT 4 HICOP yMCE DY yCELTAT ySCLTAT 4 U HGToHGT 24354 X RAYN
8y SVY,SDEP Ny DEP ALy V93 AVV s PREV g SPREV 4 U353 AVUSGZERD 4G 9SG9SVG,0UD ¢KS RAYN
L«0GOXsSVAWTFIZSAV,SVAV PHIJALFA,SVALFA 9SSALFAyCNVKSAy JELA,DHOX KAYN

‘ODNOWMFE W -
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C THI
C PAC
C THE
C PCOD

C ¥kI
200
8

450

455

451

452
851

833

C WRI
210
853

3

431

399

HH THIS PAGE IS BEST QUALITY PRACTICABLE

FROM COPY FURNISHED 10 DDC ___—

S;SVFKB’SAVFK,FKL‘AR,HAXQ, SKyFUDyNUMT, INUS,IFLGy RCOUNT, AMM, ANN

RAYN

LyREFLCTZRFLFUM,REFRCT,y RFRBUMyBRKy FLAGL yFLAGZ yFLAG3 yFLAGRyXKFC4CF4BZRLYN

$,SEZ2,BDZySBLZyKRTOLyKRHyPOT,FP1,F2yP3,P4,P5,00T,Q1,Q2,Q3,Q4, G5
S SUBROUTINE IS USED TJO CONTFOL THE CALCULATIUN OF THE WAVE
KET FARTICULARS, MOST OF THE PRINTED OUTPUT, AND THE PLOTS OF
WAVE PALCKET PATHS. SUGXOUTINES SURFCE, MCVE, HEIGHT,

y STORE, ANO DRAW ARE CALLED.

NOP=1 3 NFK=1 % NGO=1 § KFREST=0 3§ KCIN=U ¥ KCOUNT=C. 3 FLAG1=L.
CALL SURFCE(X,Y A, FKyNFKyNDP,yAV)

FLAGL1=C. & INUM=3 3 SVALFA=ALFA 3 SAV=AV $ SDEP=DEP

SAVV=V i PREV=SAVY ¥ SAVU=U 3 S6=G ¥ GZERO=G

CALL HEIGHT (X,3Y A3 FKyNCOyMITyNFKyNOP4AV)

TIPEQ=0. 3 ANGLE=A®57,23577951 § ANGLE=CNVRSA-ANGLE+18C.
GAV=AV*57.,29577951 & 5 AM=CNVRSA-GAMe«18J.

IF (NPT JNE. C) GO TO 1510

IF (N «LEs 1) GO TC 843

IF (MOD(NyLII) «NE. 8) 50 TO 803
TE PAGE AND COLUMN HcADINGS

WRITE (648) (PFROJCT,DATZ1,DATE2,NFLCT)

FOPHAT (4HL11HFROJECT NOw9habB9dHy 92X 92A641Hy 95X y8HPLOT NO.s1347/)

IF (HQE .MNE. J) GO TO 455
WRITE (6445C)

RAYN
RAYN
RAY A
KAYN
RAYN
RAY N
RAYN
KAYN
RAYN
RAYN
RAYN
KAYHN
RAYN
KELYN
RAY v
RAY N
REYN
KEYN
Ra YN
RAYN
KLY N

FOFMAT (1X,52HTHE CUTPUT IS IN ENGLISH UNITS. H,HGT(FEET) s« GoUyVFELEYN

BL4HI(FEET/SECOND) oy //)
GO TO 452
WRITE (64451)

RAYN
RLYN
KAYN

FOPMAT (1X,52HTHZ OUTAUT IS IN METR.AC UNITS. H,HGT(METER) « J3yUsVRAYN

$LSHIMETER/SECOND) & 9/ /)
WFITE (6,851)

RAYN
REY iy

FORMAT (IXy1HM 42X 4B6HPZRIOU 91X ¢ IHMAX 92X 9 IHX yBXy SHY 9BX g1 HH 97 X g «HPACKKRAY

Ty IX Yy 4HWAVE 32Xy 3HHOT 95X yoHDELTAT 91Xy cHCFy 7X3SHKFETOLyZ/)
ALFA=ALFA*57,2G6577951

IF (MOE +EQ. L) GO TO 213

NEF=CEP*0.3c48 % G=0*7.3348 8 U=U*UL.3048

VaV*¥0e3048 T HGT=HGCT*) 3348 :
TE FAY PARYICULAFRS FORP THE INITIAL PCINT

WRITE (69857) (NeTTyMAXQUyXyYyCEPyANGLE yGAMyHGT y"ELTAT,,CF,KETOL)
FORMAT (1X9I39FBal gl Xy IS5 y2F7eCoFBe292F7e29FBoelgFbe292(1XsFbabi)
GO TO 522

MAXQ=1¢HAXQ

IF (MAXGeKCIN +LT. MMAX) GO TO 399

WRITE (6,401)

FORMAT (83X435HDIMENSION OF CQUTPUT-ARRAYS EXCEEDED)

GO TO 15

ZCxY=0G

CALL MCVE(X3Y4AyFKyNGOWMITyNFKyNDOP,AV,LLI 4NPT)

IF (NOP .EQ. 1) GO TO 336

RAYN
REYN
RA4YN
REY N
KLYN
KAYN
RAYN
KAYN
KAYN
KRAYN
RAYN
RAYN
RAY iy
KAYN
FAYN
RAY N
RAYN
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45 FROM COFY FUKNISHED 70 DDC o
402 WPITE (6,403) RAY N
403 FORMAT (80X,17hRAY REACHZD SHORE) RAYN
MAXQ=MAXQ-1 RAYN
GO TO 15 RAYN
396 GO TO (337,397,406,514,515,525,516,528) MIT RAYN
434 WRITE (6,435) FA YN
405 FOPMAT (40X ,41HPACKET CURVATURE ITERATION NOT CONVERGING) RAYN
MAXQ=MAXQ-1 RAYN
GO TO 15 RAYN
514  WRITE (6,50L) RAY N
504 FORMAT (B8{X,22HCAUSTIZ OR FOCAL POINT) RAYN
MAXQ=MAXQ-1 RAYN
GO TO 15 RAY N
515 WRITE (65505) RAYN
505 FORMAT (33X,11HWAVE BREAKS) RAYN
MAXO=MAXQ-1 RAYN
GO TO 15 RAYN
525 IF (NPT «NE. 0) GO TO 527 RAYN
WRITE (6,526) RAYN
526 FOFMAT (80X,10HREFLECT ION) RAYHN
527 MAXQ=MAXQ-1 REYN
GO TOo 15 RAY A
516 WRITE (6,517) RAY N
517 FORMAT (B8UX,18HRZFLECT ION HANG=-UP) RAYN
HAXQ=MAXQ-1 RAYN
GO TO 15 RAYN
528 MWRITE (6,529) KA YN
529 FORMAT (80X ,3EH3CAKUP TIME STEP LESS THAN 0.5 SECONDI) PAY N
MAXQ=MAXQ~-1 RAYHN
GO TO 15 RAY N
397 TIMEQ=TIMEQ¢{(D*GRIC/(1310.*(G+ZCXY))) 3 PALFA=ALFA®*57.239577951 RAY N
ANGLE=A®57.23577951 $ ANGLE=CNVRSA-ANGLE+180. § PFK=FK RAYN
POEP=DEP % FD=0 & FG=3 3 PV=y & PU=U & FPHGT=HGT § FKS=KS RAYN
PKF=KFC $ PKR=KE 3 GAY=AV¥57,25577951 $ GAM=CNVRSA-GAA+160. RAYN
IF (NPT .€Q. 0) GO TO 151 RAYN
160 CALL PCC(C,E4PCTDIF) RAY I«
IF (MAXQ .EQ. 1 «OF. 40)(MAXQySK) <EQ. C) GO TO 3041 REYN
GO TO 161 RAYN
C WRITE FAY PARTICULARS FOR SZLECTED RAY POINTS RAYN
3041 ALFA=ALFA®S57.29577951 RAY N
IF (MOE «EQ< ) GU TO 230 RAYN
DEP=DEP*0.3C04R 3% 6G=G*) .3048 $ U=U*C.3048 RAYN
V=V¥0,2063 T HGT=HGT*]).5048 RAYN
200 IF (MOD(FUD,LI) .NE. 3) GO TO 3043 RAYN
C WRITE PAGE AND COLUMN HEADINGS RAYN
WNRITE (647) (PROJCTHCATZ1,0ATE24NFLOToTT yN4IELTAToCFy KRTGL) RAY N
7 FORMAT (1H1y11HPROJECT 4OeyABy1Hy 92X 92AEg2Hy 95Xy BHPLOT NO« 9139 1Hy 9 RAY is
$1Xy7HPERIOO=yFS .1y 4HSECu g lH gy 1XyTHFAY NOayI3y1hyydXs7HOELTAT=, RAYN
$F6e291Hy91Xy3HCF=9FRe5 giHy 91Xy BHKRTOL=¢F8464/7) KAYN
IF (MAXQ NE. 1) GO TJ 453 RAYN
IF (MOE «NE. 3) GO TO 455 RAY N
WPITE (6,470) &0Z RAYN
470 FORMAT (1X452HTHE OUTPUT IS IN ENGLISH UNITS. HyHGT(FEET) e 54U,VRAYN
$14H(FEET/SECOND) 4 5 32Xy 13HD(BETA) /DT = ,€10Ue347/) RAYN
GO TO 453 RAYN
465 WRITE (6,471) 802 RAY N

71 FOFRMAT (1X,52HTHE CUTPUI IS IN METRIC UNITS. HyHGT(METER)« GyUsVRAYN
$15H(METER/SECOND) « 931X y43HO(BETA) /0T = 4E10.3,47/)

RAYN
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46 FROM COPY FURNISHED 10 DDC e
453 WRITE (6,150) RAYN 116
150 FORMAT (1Xy3HMAX,1Xg1HXyHX91HY 46X y1HH7X  4HPACKy3A 9y 4LHNAVE,3X y1HD, RAYN 117
TOX 4 2HF Ky 8X yLHALFAV5X 91 HG 95X y1HU.5X RAYN 118
SiHV,SX,3HHGT,5X,2HKS.6X,2HKF,7X,ZHNO,1X,2HKR,7X,6HPCTDIF,//) RAYN 119
30643 FUD=FUD+1. RAYN 120
IF (RFLBUM .NE. 0) GO T 918 RAYN 121
IF (PFREUM «NE. J) GO TO 520 RAYN 122
WRITE (64612) (MAXQyXy9 Yy DEPJANGLEyGAMoDoFKyALFAGyU W oHGT, RAYN 123
ETKSyKFC 4KR4PCTGIF) RAY N 124
612 FORYAT (1Xy9gIlby2F7.2y)F3 292F7e¢292E10.29F8.251X93F6.2, RAYN 12%
P3FBaby X yFIelyF742) RAY N 126
G0 TO 522 RAYN 127
518 RFLEUM=RFRBUM=( RAYN 128
C USE FOPMAT FOR REFLECTION EREAK UP OF TIME STEP INTERVAL RAYN 129
HRITE (6,612) (MAXQy Xy YyDEPJANGLE yGAMyDyFKyALFA3G U3V HGT, RAYN 130
EKS yKFCy NUMT yKR 4 PCTCLF) KAYN 131
613 FOPMAT (1XyI432F7.29F3 e292F7e29E10e291H*9E9.29FB4291Xy3F6.2y RAYN 132
$3FRaby1XyI3,FQ.4yF7.2) RAYN £33
60 TO 522 REYN 134
520 RFRBUNM=(. RAYN 135
C USE FORMAT FOR FEFRACTION (SETA) tREAK UP OF TIME STEP INTERvVAL RAYN 136
WRITE (64614) (MAKQyXy YyDEPyANGLE yGAMyDsFKyALFAZGyUyVoHGT, FAYN 137
TKSyKFC 3 NUMT y Ky PCTOLF) RAYN 138
614 FOPMAT (1X T4 2F7.24F3 4292F7.292E10.25F8.291Xy3F6.2 RAYN 139
P93FBaltgyI1XyI341H*yFBalayF742) RAYN 140
522 ALFA=ALFA*0.J1745329 RAYN 161
IF (MOE JEQe u) 53 TO 161 RAYN 142
DEF=DEP/0.3C48 ¥ G=0G/J.3048 $ U=U/C.3043 KAYN 143
V=V/0.3c48 T HGT=HGT/J +3048 RAYN 166
161 KMAX=MAXN 3 PX=X § PY=Y § KNUFT=NUMT RAYN 145
CALL STORE(X,YyAyKMAXy TIMEQyKCINyKREST) KAYN 146
GO TO (10,11) FIT RAYN 147 1

11 IF (NPT .EQ. 3) GO TO 1 RAY N 148
IF (MOD(FUO,LI) NE. J) GO TO 3GS3 RAY N 149
HPITE (6,7) (PROJCTDATC1yDATE2yNPLOT,TT yNoyOELYAT,CFy KRTOL) RAYN 150
NRITE (6,15C) RAYN g
v 3053 FUC=FUDe¢1. RAYN 152
WRITE (6,9) RAYN 153
9 FOFMAT (33X425HFACKET CURVATURE AVERAGED) RAYN 156
10 IF (MAXQ 6T« 1) GO TJ 13 RAYN 155
GO TO (2,402)4NCP RAYN 156
13 IF (NGO .cQ. 1) GO TO 3 RAY N 157
WRITE (6,407) RAY N 158
4J7 FORMAT (8IX,y25HRAY REACHZD GRIOD BOUNDAFRY) RAYN 159
15 IF (NPT .NE. 0) GO TO 130 RaYN 16u
IF (FOE .EG. 0) GO TO 212 KAYN 161
POEP=PDEP*0.3L48 § PG=F5%(C.304L8 5 PU=PU*0.3J48 RAY N 162

PV=PV*#(.3048 % PHGT=PHGT*0.3048 KAYN 163 i
C WRITE FAY PARTICULARS FOR THE TERMINAL FOINT RAYN 164
212 HWRITE (64R5L) (NyTT4K4AX yPXyPY yPOEPyANGLE yGAH 4PHGT) RAYN 165
854 FOPHMAT (1H® 3y I3 yF54191XyI592F7e29Fb6e292F7.29F8aty//) RAYN 166
190 IF (MAXQ +LEe 1 «0R. NPT <EQ. 0 +OR. RAYN 167
EMOD(MAXQ,SK) LEQ. Q) 50 TO 1900 RAY N 1638
C RAY PAFTICULARS HAVE NOT 3EEN WFRITTEN FOR THE LAST POINT RAYN 169
IF (MOGO(FUDLLI) «NE. 3) GO TO 30631 RAYN 170
WRITE (647) (PROJCT,DATC140ATE2,NPLCT,TTyN,OELTAT,CF,yKRTOL) RAYN 171
WRITE (6,4150) RAYN 17¢
3031 IF (MOE .€£Q. C) GO TO 3030 RAYN 173
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PDEP=PDEP*( 3048 I PG=PG*(0.3048 $ PU=PU*J.3(48 RAYN 174

PV=PV*(C.3048 * PHGT=PAGT*0,3048 RAYN 175

3030 IF (RFLBUM «NZ. 0) GO TO 558 RAYN 176

IF (RFRBUM NE. J) GO TO 563 RAY I 177

WRITE (6y5012) (KMAXyPX yPY,PUEP 4ANGLE yGAM,PO4PFKyPALFA,PGy RAYN 178

EPU PV FHGT yPKS yPKF yPKR4yPCTDIF) RAYN 179

GO TO 130U REY N 18C

558 RFLBUM=RFRZUMH=] KAYN 181

HRITE (65613) (KMAX,PXPYyPOEPyANGLE yGAMPOyPFKyPALFA4PG, RAYN 182

F$PUSPV,y PHGT y PKS y PKF s KNUMT yPKRyPCTOIF) kaYN 183

GO TO 1940 KAY N 1864

560 RFRBUM=Q. RAY N 185

HRITE (H,614) (KMAX,PL 4yPYyPDEF yANGLE GANM PO PFKyPALFA4PG RAYN 186

EPUWPVIPHOT yPKS ¢ PKF yKNUMT yPKRWPCTDIF) RAYN 187

1900 CALL TRAW(N,KMAX,KCIN,; KREST) RAY N 188

RETURN RAYN 169

END RAYN 1940

'SUEROUTINE MOVE(X Yy Ay FKyNGCyMITyNFKyNOPyAVyLIZNPT) MOVE 1

OIMENSION S(696) yEM(6y12) 4C(12) yYVN(D) +E(H) MOvVE 2

ByCHAT(L1LI+130) yuX(2003)4AY (L030)yCONTUR(I) MOVE 3

REAL KPyKF¢KSyK TOL,KF < MIVE “

INTEGEF REF yROF4R-FLCT y2ZFRCTyFLAGL1yFLAG2 yFLAGIWRCOUNT 4FUD +2RK HINe 5

COMMON Sy2MyEgsYVAgCHAT gC o AX gAY yCONTURWPROJCT yGF 104 LCON9WFANZCATEL MOV E 6

Ty0ATE2 yCINGOIRyROP 9y TT 9y W3ICOP yMUEyDY yLELTAT ¢SPLTAT G CoHOTWHGT ZySV X tovVe 7

s,SV',SDFP,NyO:pyNL,V,SAJV,chV,SPKEV1U,uAVU)G£€KO'b93u)SV3)bUJ,KS Moz 8

By0GOXySVASTPIySAVySVAV yPHI g ALFAJSVALFAZSSALFAZCNVRSA,CELASDHOK HoV o S

$ySVFKu s SAVFKyFKEAR g+ AX Q) SKyFUDyNUFTy INUYy IFLGyFCOUNT,y aMr 4 ANN MOVE 10

CyREFLCT yRFLEUMyFEFRCT y IF RBUMyEFK9yFLAGY yFLAGR yFLAG3WFLAGF 4KFCyZF4BZNMCVE 11

S.SEZ,ﬂOZ,SBCZ,K¢TOL,K?,POT,FI,P2,93,PL,?5,OOT,QL,Q2,QA,Qk,GS MOVE 12

C IN THIS SUEROUTINE THE PATH OF THE WAVE PACKET IS CZTERMINcC. mCve 13

C TESTS ARE MAJE TO LOCATE & REFLECTION FCINT, AND IF DESIRED HMOVe 14

C THE RAY PATH IS CONTINUED c=SYOND THE REFLECTION POINT. MOVE 15

C SUEROUTINES SURFCE ANU HEIGHT AxE CALLEC. MOVE 16

NUMT=1 3 MIT= MIOVE b

C SAVE VALUES IN CASE OF BREAK UP OF TIME STEF INTERVAL MCVE 18

SVG=6 MOVE 19

IF C(FAXQ «NE« 2) GO FO 3033 MOVE 20

SVFKB=FK MuVE 21

GO 10 222 MOVE 22

3033 SVFKB=FK3AR § SAVFK=FK MOVE 23

C COMPUTE THE INCREMENTAL CISTANCE TO THE NEXT RAY POINT MOVE 24
232 D=(5*SOLTAT)/GRIO MC VE 25 1

203 IF (FKAXGC-2) 33,102y910% MOVE 26

102 FKEAR=FK MCVZ 27

C CHECK FUF TIME STEP 8xEAK UP CUE TO BETA CALCULATION OR REFLESTION MOV E 28

104 IF (REFRCT «NEs ¢ «Okse REFLCT «NE. © MOVE 29

$.0Re ABS(TAN(SAV=SVALFA)) <LE. 3.7320°5308 MOVE 30

$.0Fe ABS(TAN(A-SVALFA)) CGE« 3.7320508) GO TO 8% MOVE 31

REFLCT=1 § PFLBUM=1 MOVE 32

C ITERATE TO FIND VALUES FOX THE NEXT POINT MO VE 33

84 00 2¢ IT7=1,50 mIvE 36

39 DELA=FKBAF®*D $ AA=A+DELa § LBAR=A+(0.5*0€LA MOVE 35

DELX=D*COS(ABAF) § UELY=D*SIN(ABAF) T XX=X+0ELX 3 YY=Y+DELY HlvVe 36

CALL SURFCE(XX,yYY, AAyF KKy NFKyNOPy AAV) MOVE 37

AVP=AAV=-ALFA MOVE 38

IF (FLAG2 .EQ. 0) GO TOQ 86 MOVE 39




48 FROM COPY FURNISHED 70 DDC o™
REF=1 MOVE
GO TO 13 MOVE
86 DUC=SAVV/PREV MI Ve
GO TO (1)1,6438438,38938,38,38),MIT HOVE
101 IF (NDF .EQ. 2) G2 TO 33 MOVE
FKEAK=0,5%(FK#+FKK) MlvE
IF (IT JNE. 49) GO TO 83 MOVE
SVFK=FK3AR MOVE
88 IF (IT-48) £,37,3 RJVE
37 FKKPP=FK3AR MOVE
5 IF (MAXC .GY. 2) GO TO 9 MO VE
IF CIT JLE. 1} GO TO 24 MIVE
C TEST THE CONVERGENCE OF THE RAY CURVATURE CALCULATIONS MOve
9 IF (A3S(FKKF-FK3AR) +LE. 0.000C09/0) GO TO ® MO VE
20 FKKP=FKBAF MOVCE
IF (ABS(FKKFP-FKBAR) JLte 0+0LC09/0) GO TO 18 nOVE
C ODETERMINE IF CUNVERGENCt FAILED DUE TC A REFLECTION PQINT MOVE
IF (DUD «GT« 143 +AND. MIVE
SABS(TAN(AVP)) GT. 5.5712818) GO TO 91 MOVE
MIT=3 HOVE
GO TO 38 tove
91 REF=2 MOVE
GO TO 13 MIVE
18 FKBAR= 4S* (FK3AR+SVFK) & MIT=2 MOVE
G0 TO 39 MOVe
C DETFRHINE IF YOO CLOSE TO A REFLECTION POINT MOVe
6 IF (DUD .LE. 1.0 .OR. MO VZ
FASSCTAN(AVP)) +LE. 11%.588650 «OR. MIVE
SABS(TAN(A-SVALFA)) JGE. 3473205.8) GO TO 92 MOVE
REF=3 MOVe
C BEGIN REFLECTIQOM MOVE
13 IF (KPT .cQ. U) GO TO 14 MGve
IF (MOD(FUD,LLIY JNE. 3) GO TO 3043 MOVE
C WRITE PAGE ANU COLUMN RZAJINGS MCVE
WRITE (6436) (FROJCT4IATEL4OATER24yNPLOT»TT,yNySCLTAT,CF,KETIL) KIVE
96 FOEMAT (1H19y 11HFR0JECT NO«yAB91Hy 92X 32A651H 95K y8HPLOT NC.yI3yiHyy MOVE
$1X.7H°f‘?100=,FS.l,M-‘SEC. |1H001X'7HKAY NQ .« !Iz.lH!'IXQ?HGELTATz' MOVE
$FO.291Hy 91Xy 3HCF=9F2 a0 91 Hy 91X EHKFTCL=4FB.6477) HIVE
HRITE (6, 15C) MOVE
150 FORMAT (1Xy3HMAXy1X,14Xy6X91HY y6X g 1HHy7X 9y 4HPACK s 3Xg bHRAVE43X 4LHDy MIVE
TOX 3 ZHF Ky 8XyGHALF Ay SX 31 HG9S5Xy1HU»5X MOVE
$1HV95X’3HHGT,SX,2HK.),6 X, ZHKF, 7X,2HNC’ 1X, ZHK;,7X) SHFCTJIF"/) MCVE
3043 PACK=A*57.29577551 3 P ACK=CNVFSA-FACK+12], MOVe
WAVE=AV*57.29577351 $§ WAVE=CNVFSA-PFAVE+13C0. ¥ KMmAX=MAXQ-1 MOVe
SVALFA=SVALFA*57.295773S51 MOve
IF (MOE «EQs ?) GO TO 210 HOVE
SDEP=SDEP*0 3048 % SG=S0%u.3043 8§ SAVU=SAVU*J.3048 MOVE
SAVV=SAVY*0 3040 § nGT =406T*0.3048 HIVE
C WRITE RAY PARTICULAFRS MOVE
210 WRITE (E4151) (KMAX, Xy YySOEF FACKyNAVE 9SO FKySVALFA,4SGy MIVE
TSAVULSAVV yHGT 3 KSyKFC yX &) MOVE
151 FORMAT (1X,1H* 3 13,2F7¢2)FBa292F74292E1042,F84291Xy3F6.2y3F8.6 HOVE
$yuX4F9,4) MOVE
FUC=FUD+1 % SVALFA=SVALFA®*(0,01745329 MOVE
IF (MOE .EQe. 0) GO TQ 212 MIVE
SOEP=50fP/0.3048 $ SG=55/0.3048 § SAVU=SAVU/T.3048 MOVE
SAVV=SAVV/0.3048 3 HGT =4G6T/Ce30Q48 HOVE
212 IF (MOTC(FUDyLI) «NEe 4d) GO TO 3044 MOVE
WRITE (6,96) (PrOJCT,DATELyOATE2yNFLOT 4TT4NySOLTAT,CF 4KRT3L) MIVE
WRITE (64150) MOV
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! 49 FROM COPY FURMISHED T0DDC __—

T C WRITE TYPE OF REFLECTION KOVE 10¢
3044 GO TO (97,3R,99),REF MOVE 101
97 HRITE (6,152) MOVE 102
1 152 FOFMAT (1X,L3HREFLECTICNt SNELLS LAW WITH PHASE VELOCITY) MOVE 163
GO TO 3u3 MOVE 104
98 MWRITE (6,152) MOVE 165
153 FORMAT (1XK,L4HREFLECTICONS PACKET CURVATURE ITERATION NOT MOVE 106
391 0HCONVERGING) MOVE 137
GO TO 2uo0 MUVE 108
99 WRITE (6,154) MOVE 1469
154 FOFMAT (1X,34HREFLECTIONS NEAK REFLECTION POINT) MOVE 110
306 FUC=FUC+1. MOVE $11
14 IF (ROP .NE. 0) GO TO 301 MOVE 112
MIT=6 MOVE 143
GO TO 33 7 MOVE 116
341 FLAGZ2=0. MOVE 115
C COMPUTFE REFLZCTION ANGLES MIVE il6
SAV=2.#SVALFA-SAV¢3.1415927 § A=2.*SVALFA-A+3.1415327 $ AV=3AV MOVE 112
RCOUNT=RCOUNT#1. MOVE 118
C TEST FOF REFLECTION HANG=UP HOVE 119
IF (FCOUNT .LT. 2) GO TO 305 MOvVe 125
MIT=7 MOVE 121
GO TO 38 MO VE 122
305 FLAG1=1. MOVE 123
CALL SURFCE(X,Y,A,FKyNFK,NDP,SAV) MOVE 1264
FLAG1=0. $ PATI=POT 3 QATI=Q0T $§ FLAGR=1. MOVE 125
GO TO 1352 MOV E 126
€ DETERMINE IF POINT I5 TCO CLOSE TO A GRIO BOUNDARY MO VE 127
92 IF ((XX=1.5)%((AdM=1.5)-XX) +GE« GG oAND, MOV 28
$(YY=-1.5)%((ANN=1.5)~YY) GE. C+U) GC TO 309 MOVE 129
NGO=2 MOVE 130
309 SVX=X § SVY=Y % XS=XX 3 YS=YY $ SSALFA=SVALFA % SVALFA=zALFA MUVE 131
SVA=A ¥ SVAV=5AV § SAV=AAV T FCOUNT=J. MOVE 132
SPREV=PREV ¥ PPEV=SaVV 3 SOEP=CEP § SAVV=V & SAVU=U § SG6=G5 H“OVE 133
AAR=,5%(AA#2) 3 A=AA B AAAV=.S*(AAV+AV) § AV=AAV 3 FK=FKK % S5)=0 MIVc 134
IF (PEFLCT .EQ. 1) GO TJ 46 MOVE 135
C COMPUTE P AND Q FOF THE INTZIGMEuIATE POINTS MIVE 136
XX=X4(1./3.)*CELX* (AB3(COS(AAL))) MOVZ 137
YY=Y+(1./73.)%0DELY® (ABS(3INCAAR))) T FLAGL=1. HOVE 138
CALL SURFCE(XXyYY,yAlAy FKKyNFKyNOP, AAAV) MOVE 139
P1=POT % Q1=Q0T & XX=X +,4*UELX*(AES(COS(AAA))) Move 14y
YY=Y4,L*0ELY*(A3S(SIN(AAA))) MOVE 161
CALL SURFCE(XX oYY ALfAy FKXK NFKyNOP4ARAV) RIVE 142
P2=FOT ¢ Q2=Q0T § XX=X¢,45573725%*CELX® (ABS(COS(AAA)D) MOVE 163
YY=Y4,45573725%0ECY*(A3S(SINCARA)Y)) MO VL 166
CALL SURFCE(XX yYY 4 AAA, FKK yNFKyNDP g AxAV) MOVE 145
P3=POT % A3=Q0T $ XX=X4(2./3.) *CELX*(ABS(COS(AAAI)) MOVE 146
YY=Y4(2./73)*DELY® (ABS(SIN(LAA))) MOV 167
CALL SURFCE(XXsYY AAAy FKK o NFKyNOP 4 ALAV) MOVE 148
P4=POT § Q4=QO0T $ AX=A ¢, B*OFLX*(ABS(COS(AAA))) MOVE 1649
YY=V4.8*0ELY®C(ASS(SINC AR MOVE 150
CALL SURFCE(XX yYY yAAAy FKKyNFKyNOPyAAAV) MOVE 151
P5=POT $ @5=Q0T MOVE 152
CALL SURFCE (XS,YSyaly FKKyNFK,NOP,AAV) MOVE 153
FLAGL=0 MOVE 154

4o X=xS § Y=YS§S MOVE 155

s ——a



50 ,np‘ﬁxfl

CALL HEIGHT (X, YAy FKyNGO4WMIT,NFKyNOF,AV) MOVLE

IF (B°K .EG. 1) GO TO 233 MOVL

C PLACE ANGLES IN THE RANGE J TO 360 DEGREES FOR THE PKRINTED OUTPUT. MOVE

1 CNVPSA=CNVRSA®. 0174532925 § A=CNVRSA-A+3,1415927 MOVL

51 IF (A .GeE. LJO) GO TO %3 MOVE

A=RA+6.2831853 HOVE

GJ TO 51 MJVE

50 IF (A <LT. 6.2831953) 60 Y0 52 MOVE

A=A-6,2331853 MIVC

GO TC S¢C mMIve

52 A=CNVRSA-A+2,1415927 MOV

AV=CNVRESA-AV+32.1415927 MOV

54 IF (AV GE. C0.C) 0O TO 53 MIVE

AV=AVe¢6.2831353 MOVE

GO TO Su4 MO VL

3 53 IF (AV .LT. 6.2831853) GO TO 55 nKOVE

AV=AV-6.2331853 MOVE

GO TO 53 HOVE

55 AV=CNVFESA-AV#3,1415927 § CNVRSA=CNVRSA®*57.29577351 MO VE

38 RETUFRN MOVE

END MOVE
SUBRQUTINE HEIGHT(XyYy Ay FKyNGOJMIT ¢NFKyNDP AV) HEIGHT
DINENSION S(646) 4=+ (6,412),4C(12)4YVh(D) 4,E(H) HEIGHT
ToCHAT(130410)) 4AX(cGA3)yAY(2d00) 3 CONTURID) HZ I GHT
REAL KPyKF,KSyKRTOLKFC HEIGHT
Tallal24L 33 LU sLS3LB sl 7y LByL3yKLiyK23KIsKGyKSyKD9KT7 3KB4KI Az 1GHT
INTEGERK DOX1,0X24W3COPy REFLCTHyREFRCTyFLAGRyFFL UMy RFFBUM,yRXK H=Z IGHT
COMMON oSS yEgyYVUMyCHAT yCoAXH AY,CONTURyFX0UCT yGRIDyOLONyFANZCATEL HEIGHT
Ty PATE2 yCINGyCIRGPOF g TToW3COP yMOE ¢ DY yUELTAT 4 STLTAT4yCoyhGTyHGT Z 43¢ X HzIG6mT
$ySVY ySDEPymyDEPYRL gV S AVVyFFEV 9y SPREVyUySAVUyGZFE=0,yG9ySGyoV¥oyUlyKS HZ1ounT
$90GOXySVAWTFI¢SAVeSVAV yPHI yALF AySVALFA SSALFAWCNVRSA,DelL Ay CHOX HzICHT
PySVFKBySAVFKyFKEAZy“AX Qy SKy FUDGNUF Ty INUM) IFLGyFCOUNT AP iy A NN HE LGHT
TyREFLCT yRFLEUMgEFRCTy RFREUMWEBFKgFLAGL y" LAGC9yFLAG3 ¢FLAULF yKFCooF «GZHZILHT
£95S824302y350uZ9yKRTOLyKR yPCT9yP1,yP2yF3yP4,F5,00TyQiyQ2,Q3yCiy Q5 HEZ IGHT
C IN THIS SUBROUTINE THE wAVE HEIGHT 1S COMFUTE0e. THZ TiIME STEP HEIGHT
C IS SUCCESSIVELY HALVEC, IF NECESSARY, TC MAINTAIN THE CESIRED HEIGHT
£ C ACCURACY IN COVFUTING THE REFRACTION COEFFICIENT, C= THt =AY HEIGHY
C PATH IF NcAR A FEFLECTICN PIINT. HEIGHT
IF (MAXQ +oTe 1) GO TO 2 HEIGHT
PATI=FCT § CATI=Q0T § RZTOL=KKTCL**2 HE IGHT
C COYPUIE INITIAL O(BETA)/OT HZIoHT
BOZ==TAN(A-ALFA)*5IN(A=-ALFA)*CGUX/GFID HEIOHT
KF=5Z=KR=KS=1s T HGT=AGT Z*KS*KF¥Kr & KFC=KF HEIGHT
GO0 TO 38 HE TOGHT
C COMFUTFE SHOALING COEFFICIZNT HEIGHT
2 KS=SQkT(A3S(GZEFO/G)) HIIOLHT
C COMPUTE FRICTION COEFFICIEZ NI HEIGHT
SKH=6.283185308%JEP/(V*TT) HZ IGHT
KF=14/(KFC*.8195* F*HG TZ*D*GRIU/Z((TT**3) &G ZERO) * HEIGHT
T(2*KS/ (ZXP(SKH)=cXF (=SKH)))**3+¢1 ) HEIGHT
KFC=KFC*KF % PSAV=FATI § SBZ=RZ § SEDZ=40Z HZ 1GHT
IF (NFK .E£EQ. 1) GO TO 4o Ho IGHT
IF (PEFLCT .EG. J) GO TO 33 HEIGHT
C COMPUTE BETA AND C(LETA) /DT ANALYTICALLY NEWR A REFLECTION POINT Hz IGHT
PREA=A-DELA-ALFA § TFPII=COS(PREA)/3Z ¢ TP4L=ACOS(TPII) HEIGHT
BZ=COS(A=ALFA) ZCOS(TFI) HEIGHT
BOZ=~(SIN(A-ALFA)**2)/COS(TPI)*CLGOX/GRID HEIGHT
IF (FLAGR EQ. C) GO TO 71 HEIGHT
ROP=( HEIGHT
60 YO 71 HEIGHT
23 IF (ABS(DHDX/GRID) .GT. 0.00071) GO TO 31 HE IGHT
Fp' 30 802=€€£2=€£302Z=4d. HEIGHT
- 60 TO 71 HEIGHT

156
157
1556
159
16¢
161
162
163
166
165
166
167
ibo
169
17¢
T
172
173

174
175
176
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31 IF (FLAGR +EQ. Q) GG TO 32

ROP = 0

C COMPUTE EcTA AND D(HETA)/07T USING PUNGE KUTTA METHOO

TH1S PAGE IS BEST QUALITY PRACTICARLE

FROM COPY FURNISHED 70 DDC e

32 Ki=UELTAT*30Z § L1=-UELTAT®(PLTI®BUZ+QATI*82)

K2=CELTAT*(30Z+.4%L1)

L2==0ELTAT* (P22 (307¢0.5"L1) ¢+Q2%(BZ¢0 ,6*K1))
K3=DELTAT*(0DZ+¢J.29637751%L 1¢L.15675364%L2)

L3=-DELTAT®*(P3*(307¢(0.23697761%L1+0.15875964%L2) ¢Q3*(32¢

$0.29€97761%K1+40.158753€64%K2))

Ke=UELTAT® (u07¢..21510040%L1-2,05096516%L2¢3,.83280476%L3)
L4==0ELTAT*(POT*(3024J.21810040%L1-3.05096516%L2+3.83286476%L3)
T4QOT*(EZ2¢7.2181003640%KL -3.05090516%Kc+3,03286476%K3))

KS=DELTAT*(BDZeLL/2.)

LS=-DELTAT*(P1*(302¢L1/3.,)+01%(82¢K1/3.))

K6=0ELTAT*(BOZ+(6.%LS*G. %L 1)/25,)

LE6=-DELTAT*(P2*(30Z2+4(0+*L5¢4,%L1)725.) ¢Q2%(3Z¢(6.*KS+L.*K1)r25.))

KZ=0ELTAT*(COZ+ (15.%L5-12.%L5¢L1) /4D

L?7=-CELTAT#(POT*(BCZ#( 15.%L6-12.%LS¢L1) /4 ,)¢QOT*(BZ+(15.%Kb

$-12.%K5¢K1)/4.))

K8=DELTAT*(EDZ2418.,%L7~50 .%L6#90.*¥L5+b6 %L 1) /2%.)
L3=<=DELTAT® (P42 (307¢(3 o*L7=5u.%LH*I0.*LS5+¢0.%L1)/B81.)¢Q4*(32¢

$(3.%K7-50.%KHh¢9L *K5¢3 ,*K1)/81,))

K9=CELTAT*(BDZ4(3.%L 7+ 10.%L6#36.%L5¢6.*LL)/75.])
LI9==BEL TAT*(P5% (302 (8 *LT+10.*L 6436 *L5¢E6 L)Y /75.)+Q5%(E 2"

C(B.*K7¢10.%K6¢36.%K5¢3 ,*K1)/7%5.))

BZ5=82+(1./192.)%(22,*K1L#125,%Kb6-81.%K3+125.%K9)
BUZ5=80Z¢(1./192:)*(23 *L1#125.,%Lb=Bl.*L3+125.*L9)
BUZ=b0Z¢0.17«76023%L 1-0s55148.66%L2¢1.2.553560%L3¢0.17218-+7E% 4
BZ=PZ+0 .174760283%K1~0.55148C0h"%K2#1.21553560%K3¢0.17118473*%K4

C COMPUTE OIFFEFENCE BZTwhiied «TH ANC 5TH ORJOER SOLUTIONS

EBZ=87Z-325 & E£RDZ=B0OZ-3]25
C COMPUTE REFRACTION COz FFICIENT
71 KR=1./(SQRT(ABS(3Z2)))
IF (REFLCT .cGe 4d) GO TO 601
IF (IFLG +Nee G) GO TO 55

C NEAR A REFLECTION FOINT LIMIT THE CHANGE IN THE PACKET DIFECTION

IF (ABS(DELA) «LTs 54117453293) GO YO 22

GO TO 58
%31 IF (IFLG <NEs U GO T3 55

C REQUIRE THAT THc EBEIA CALSULATION nAS THE DESIRED ACCURACY
IF (ABS(£EZ) +.GE. BZTOL «OR. ABS(EBGCZ) .GE. BZTGL)

22 IF (NUMT .Lt. 1) GU TO «
IFLG=1
G3 7O 55

21 REFRCT=1. § RFR3BUM=1L,

C BPEAK UP TIME STEP INTEFVAL AND RESUME CALCULATIONS

58 DELTAT=.5%0ELTAT
IF (CelLTAT .GE. J.5) 50 TO 81
MIT=8 & 3RK=0.
GO TO 38
81 G=SVG T 0=G*UELTAT/GRIO § BRK=1.
C RECOVER SAVED VALUES

¥
This statement has been removed.

3 NUMT=2®NUMT

HEIGHT
HE I GHT
HEIGHT
HETGHT
HEIGHT
HZIGHT
HEIGHT
HZIGHT
HE IGKHT
HEIGHT
HE IGHT
HEIGHT
HEIGHT
HEIGHT
HEIGHT

HZ I GHT
HEIOHT
HIIGHY
HEIGHT
HoIGHT
HZIGHT
HEIGHT
HEIGOHT
HzIOGHT
HEIGHT
HZIGHT
HZIGHT
HEIGHT
HELOGHT
HCIORT
HEIGHT
HEIGHT
HZIGHT
HZIGHT
HE IGHT
HZ IGRHT
HELIGAT
HZIGHT
HEIGHT
HEIGHT
HE IGHT
HoIGnT
HEIGHT
HE IGHT
HEIGHT
HE IGHT
HE IGHT
Ho IOKT
HEIGHT
HEIGHT
HZIGHT
Hc IGHKT
HEIGHT
HZ IGHT

AT o T
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|
IF (MAXQ «NEs 2) GO TO 59 ' HEIGHT 97
FK=SVFK3 HEIGHT aa
GO TO 61 HEIGHT a9
59  FKBAR=SVFKB $ FK=5AVFK HE IGHT 10C
61 A=SVA § SAV=SVAV 3 SAVV=PREV ¢ FREV=SFREV & SVALFa=SSALFA HEIGHT 101
X=SVX ® Y=SVY ¢ 5Z=582Z $ BD2=SuDZ % PATI=PSAV $ KFC=KFC/KF HE IGHT 102
GO TO 38 HZIGHT 103
55 INUM=INUM+1. HEIGHT 104
IF (INUM LT+ NUMT) G2 TO 64 HZIGHT 155
C RESUME CALCULATIONS WITH ORIGIMAL TIME STEP HE IGHT 106
IFLG=0 5 INUM=0 3 CELTAT=SOLTAT 3 BRK=0 HZIGHT 137
D=G*DELTAT/GRID HE IGHT 108
GO TO & HEIGHT 139
64 0=G*D=LTAT/GRID 3 PATI=POT % QATI=QOT HEIGHT 114
C TEST FOR FOCAL FOINT OR CAUSTIC HE IGHT 111
IF (BZ .GT. 9.) GO TO 67 HEIGHT 112
68 MIT=4 ¢ 3FK=0. HZIGHT 113
GO To 38 HE IGHT 116
67 3RK=1. HEIGHT 116
GO TO 38 HEIGHT 116
4 IF (BZ .Li. 0.) GO TO 68 HE IGHT 117
PATI=POT % NATI=QOT % REFRCT=¢ $§ FEFLCT=0 HZIGHT 118
C COMPUTE WAVE HEIGHT HEIGAT 1193
HGT=HGT Z*KS*KFC*K= HEICHT 120

IF (WBCOP .EQ. G) GO TO 38 HEIGRT 123 i

C TEST FO2 mWAVE BFREAK HEIGHT 122 {

IF (HGT/Z(V*TT) L. (L /7 )*TANH(SKH)) GO TO 36 HELIGHT 123 :

MIT=S HEIGHT 126 L |

38 RETURN HEIGnAT 125
END HEIGHT 126

.
. SUBPOUTINE SURFCE(X Yy AyFKyNFKoNDP,AV) SURFA4CE 1
DIMENSION S(696)yENLEy 12) yC(L2) 3 YVR(E) 4FE(6) SURFACE 2
ByCMAT(1.004120) 9AX(2L00)4AY(200C) yCONTUR(Y) SURFACE 3
REAL KF  KF,K3,KnTOLKF C SJRFALE &
INTEGEP FLAGL,FLAGZ SURFALE 5
COMMON SyEMyE g YV, CPAT 4CyAX AY JCONTURGP20JCT yGRIDDCON,FAN,DATEL SURFALCE 6
E $y0ATE2 yCINGCIRGBOP 37T 9 H3COP yMUE DY yCELTAT y SOLTAT ) O9HGT o HGT 24 SV X SURFLCE 7
ToSVY 4SOZP Ry DEP WL 4 V43 AVV 4 PrEV s SPREVGU,SAVU,GZERD 4G +SG VG 40UD oKS SURFACE 8
$50G0X,SVATFIySAV,SVAV yPHI,ALFAySVALFAZSSALFA,ZCNVRSAy CELAy UHIX SJIRFACE 9
TySVFKS s SAVFKyFKEA2 g MAX Qy SKyFUD ¢NUMT 9 INUY 4 IFLG o FCOUNTy AV g ANN SURFACS 10
$yREFLCT yRFLEUMyPEFRC Ty RFREUMY gt KKy FLAGL yFLAUZ 9FLAG3yFLAGR yKFCyCFybISURFACE 11
$4SBZ4B0ZySBLZyKRTULIKR JPOT yP14P24F3,P44P5,00T4Q1,02+Q3,Q0%4Q5 SURFALE 12
C IN THIS SUBROUTINE THZ WATE? DEPTH, RCTATICN ANGLE, WAVELET SJRFACE 13
C DIRECTION, GEOMETRIC GFLU® VELOCITY, COEFFICISNTS OF THE RAY SURFACE 14
C SEFARATION EQUATION, AND THE PACKET RAY CURVATURE ARE COMFUTED. SJRFACE 15
C SUBPOUTINES VELCTY ANO CONDER AFE CALLECD. SURFACE 16
I=X & J=Y § FI=I & FJ=J $ XL=Xe1.,-F1 $ YL=Yel.-FJ SJRFACE 17
IF (MFAXQ JLE. 1) GO TO 1 SURFACE 18
IF (2t JNE. FI) 6O 70 1 SURFACE 19
1 IF (ZJ «EQs FJY 6O 1O 3 SUKFACE 20

1 ZI=FI $ ZJ=FJ SJRFACE el
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C SELECY 12 WATER DcPTHS ABIUT RAY FOINT SURFACE
CCl)=ChAT(JU*14I) 5 C(2)=CHAT(Je2,1) T CU3)=CHAT(J,I¢1) SURFACE
C(6)=CMAT(J¢1,I¢1) § Z(5)=CMAT(Je2,I¢1) § C(B)=CMAT(JI+3,I¢1) SJKFACE
C(7)=CMAT(JyI42) B C(3)=CHAT(J*1,1¢2) 2 C(O =CHMAT(J¢2,1¢2) SURFACE
C(10)=CHAT(J¢3,1¢2) § C(11)=CHAT(J¢1,1¢3) § C(12)=CrAT(Jecy1¢3) SJRFACE

C FIT QUADRATIC SURFACE TO 12 WATER DEPTHS SURFACZ
DO 318 II=1,6 SJRFACE
YVR(II) =0, SUK FACE
DO 313 L=1,12 SURFACE
YVHCIT) =YVRNCII) (L) *ZM(II,0) SJRFALE

318 CONTINUE SURFACE
00 319 II=1,6 SURFACE
ECII)=C, SURFACE
00 319 JJ=1,6 SURFACE
E(II)=E(II)¢SCJIIyII)*YVA(JIJ) SURFuCE

319 CONTIMUE SURFALCE

C COMPUTE INTERFOLATED WATER JEPTH SUKFACZ

3 DEF=(E (1) #E(2)AXLHE(I) *YLEE(L)SAL*22¢E(5)*XLOYL+E(6)®YL**2)*0C0ON SURFACE

C COMPUTE PARTIAL DEFIVATIVZES OF WATER DEPTH IN FIXED XY-SYSTEM SUPFACE
HX=(E(2)+#2.%E(L)*xL+£(5)*YL) *DCON SURFLCE
HY=(E(3)+L(5) *XL¢c(6)*2.*YL)*CCON SURFALZ
HXX=2.*E(L)*DCON & RHYY =2 .,*E(6)%0CON 3 HXY=E(S) *OCON SJRFACE
IF (BEP 6T« 2<) GO TO 324 SURFACE
NOF=2 SURFACE
GO TO 403 SJURFACE

324 IF (OtP/WL .GT. .6&) 530 TO 322 SURF&CE
NF K=2 SJRFACE
GO TO 323 SUFFACE

322 NFK=1 SJRFACE

323 CALL VELCTY(V,TT,11AXQy DEPyNFK,U) SJRFACE
IF (NFK .EQ. 2) GO TO W2 SURFACE 52
W=0. SURFAC:E 53
G) TO 140 SURFALE Sk

432 DN=1. SJRFACE 55
CALL CONJER(ON,TTyV,yMAXQyNFK) SURFACE S6
W=ON SJR FACE 57

10 VX=h*HX § VY=W¥HY & CAOX=SQRT((HX®*2) 4+ (HY**2)) SURFACE 56
IF (ABS(DHOX/GFIJ) .6T. 0.0G3C1) GO TO 8 SURFALE 53
GO TO 9 SURFACE 60

C COMFUTF FOTATION ANGLE SURFACE 61

8 ALFA=ATANZ (HY,HX) SURFACE 62

9 IF (FLAGL «NE. 0) GO TO 12 SJRFACE 63

C COMPUTE WAVELET DIFECTION IN ROTATED XY-SYSTEM USING SNELLS LAR SURFACE bl

C WITH VvV AMC TEST FOR TOTAL ReFLECTION CUE TO THE WAVEILETS SURFACE 65
GP=5AV-ALFA SURFACE 66

14 IF (AES(LP) JLE. 5.2631853) GO TO 43 SURFACE 67
IF (GP) 16413417 SURFACE 68

16 GP=(GP+6.2331853 SUR FALE 69
GO TO 14 SURFACE 70 J

17 GP=GP-6.2831853 SURFACE T3 |
GO TO 14 SJRFACE 72 |

13 ARG1=V*SIN(GPI/SAVV SURFACE 73 |
IF (ABS(ARG1) «LE. 1.) GO TO 18 SURFACE 74
FLAGZ2=1. SJURFACE 75
GO TO 403 SURFACE 76
18 FLAG2=0. $ GPT=ASIN(ARGYL) SURFACE 77
{
|
i\
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IF (ABS(GP) JLE. 4.7123889) GO TO 20 SURF ACE 78

AVP=6.2831853¢GPT SURFAC: 73

GO To 22 SURFACE 8¢

20 IF (ABS(GP) .LE. 1.5707363) GO TO 23 SURFACEZ 31

AVP=3,1415927-GPT SURFACE 82

GO TO 22 SUKFALE 83

23 AVP=GPT SURFAC:E 86

22 AV=AVFeALFA SURFACE 85

12 PHI=A-AV § G=U*COS (PHI) SURFACE 86

DVOX=n*DHDX § BAR3I=12.50637308/TT 3 BARL=3AR3I*DEP/YV SUKFACE 87

IF (NFK .EQ. 2) GO TO 25 SURFACZ €8

OUCX=0VOX/2. SURFACE 69

GO TO 27 SURFALE SJ

25 DUCX=(1./(EXP(3ARL)-EXP(-BARL))) * (SARI*DHOX-3AR4*(BAR3*OHIXx=-33R4 SJURFACE 91

TEOVOX) * ((EXF (BAF4) #EXP (=BARL)) /(EXP(3AFG) ~EXP(=8ARL)) ) +LVIX* (ZXP( SURFACES 2

$8APL) -EXP (-0ARL))/2.) SURFACE 93

27 RAO0=14/(1.4TAN(PHI) *TAN(A-ALFA)) ¥ SIGMA=U*SIN(PHI)*TAN(AV=-ALFA)/VSURFACE S

DGDX=RHO* (DUOX*COS(FHI )¢ SIGMA*DVDX) SURFAC:Z 35

IF (NFK EQe 2) GU TO 28 SURFALE 6

POT=0. 3 Q0T=0. % FK=J. SURFACE 97

GO TO 4i3 SURFACE 96

C COMPUTE P IN ROTATED xY=-SYSTEM SURFACE 39

28  POT=(=-2.%COS(A=-ALFA)*IGJIX)/GRIU 3 ODAVCX=TAN(AV=-ALFA)*0OVOX/V SURFACE 100

DAGX=TAN(A=-ALFA) *DGCX/ 6 $ DPHIDX=CAUX=-CAVOX SJKRFACE 101

DRHOOX ==(RHO®*2) *(TAN(C A- ALFA) *CPHICX/ (COS(PHI) **2) + SURFAC:S 192

STANC(PHI)®DACX/(CO5 (A-ALFA)*+2)) SJRFACE 103

DSIGCX=SIGMA® (CYUX/U=DVIX/V) ¢U*(CCS(PHI)*TAN(AV=-ALFA) *OPHIUX® SIRFACE PR

$SIN(PHI) *CAVOX/(COS(AV-ALFAN**2)) /v SJRFACE 1.5

OHPXX=(COS(ALFA)**2) *4XX+2 +*SIN(ALFA)*COS(ALFA) *HXY #(SIN(ALFA) ** SJURFACE 1ub

§2)54YY SJRFACE 137

SMA=6,2831354/(32.2%TT) $ SMAE=1./bb.4 SURFACE iC3
DVPXX=KE*(UHC XX+ (DHDX®*2) ¥ (=L *SHAB*(V**2)/((2.%SMAB*¥(V**2) ¢ .cP* SURFAC: 10

$(1.~(SHASV)*™2))*+*2))) SURFACE 119

DICX=oAF&®* (LHOX/DEF =0V OX/V) SJRFACE 111

DIDXX=(OIDX*%2) /3AFR4 ¢3A4* ((OHOXX=(CHOX**2)/0EP) /DEP-(DVOXX SJURFACE 21

$-(CVOX**¥2)/VI/V) SJRFALE 113

30 DOUOXX=(1./(EXP(5ARL) =EXP (=BARG)D)) ®* (- (((EXP(oAFG) -EXP(=34R4)) *.5¢ SURFALCE 114

$BARU) *CVIX+V*OIUX*(1e=- 30RL/TANH(BAPGL)) ) *DIDX/TANH(BARY) SURFACE b %

$e ((EXP(BAFG) SJURFACE 116

T-EXP(=EARL) ) * . 5+34K4)*OJOXX+0VUX*CICX* (24 ¢ (EXP(3ARL) #cXP(-BAKH))® SURFACE 117

$.5-UAFGL/TANHIRA=GL) ) ¢V* (JIDXX*(1.~0AFL/TANH(DARL)) ¢+ (LIDX®¥2) *2/ ( SUKRFACE 110

BEXP(BAFG) ~EXP(=CARL) )* (BARL/ ((EXP(BARL) -EXF(-BARG)) *.5) - (EAF(3A%4 SUKFACE 119

$) +EXP(-PAFL))*,5))) SJRFACE 12C

32 DGOXX=FHO*(COS(FHI)®*OUIXX+SIGMA®*DVOXX) +(COS(PHI)*GRKOOX-KHO®*SIN SURFACE 121

$(PHI)*CFHIOX)*0UDX ¢ (R4U* OSILOX ¢SIGMA®DRHOOX) L VDX SJURFAct 122

C COMPUTE Q IN POTATEC AY=-SYSTEM SURFACE 123

QOT=(G*(SIN(A-ALFA) **2)*0G0¥X) /(GRID**2) SURFACE 12«

C COMPUTE PACKET FAY CUxVATJRZ IN ROTATED XY=SYSTEM SURFACE 125

FK=SIN(A=ALFA)*0GOX/G SURFACE i26

403 RETURN SURFACE 127

END SURFACE 128
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SUBROUTINE VELCTY(V,TT yMAXQ4DEP,NFK,yU) VELCTY
C IN THIS SUZROUTINE THE PHASZ VELOCITY AND COLLINEAR GROUP VELCTY
C VELOCITY ARE COMPUTED. VELCTY
IF (MAXQ .GYs 1) GO T2 102 VELCTY
BAR=642831854¢TT 3 CXK0=TT*32,2/6.2831854 $ CCC=CXXO0 VELCTY
GO0 TO 1C3 VELCTY
102 CCC=XCXY VELCT Y
103 1IF (NFK .EQe 2) GO TO 135 VELCTY
V=CXX0 VELCTY
GO TO 106 VELCTY
105 00 1CC0 M=1,9C VELCTY
V=CXXC*TANH(BAK*JEF/CCC) VELCTY
IF (AES(V-CCC) «LT. G.030085) GG TO 136 VELCTY
1000 CCC=(veCCC)/2. VELCTY
106 XCXY=V § BAR2=2,.%BAR¥DEP/V VELCTY
IF (NFK .£Qes 2) GO TO 3336 YELCTY
=S¥V NELTTY
GO To 107 VELCTY
3036 U=o5%V*(1.42.%BAR2/(EXP(BAR2)-EXP(-BAK2))) VELETY
107 RETURN VELCTY
END veLCly
SUBFOUTINE CONDER(DONT Ty VyMAXQUyNFK) CONDER
C IN THIS SUEROUTINE W=0ON I3 COMPUTED. CONUER
C1=TT/12.5663708 3 C2=5.2831854/(32.2*TT) CONOct*®
IF (NFK .cQe 1) GO TO 15 CONODE®
C3=C2%V & A1=C3/(1+4C3) § A2=C3/(1-C3} 3 AZ=ALOG(1.%C3) CONDER
A4=ALOG(1.-C3) 3 ON=(DN/CL1) *(1./(AL1+A2+A3¢(~AL))) CINLEFR
105 RETURN CONDER
END CONUOER
SUBROUTINE FCO(C,Z,PCTOIF) PCO
DIMENSION E(6) ,C(12) P20
C IN THIS SUBROUTINE TH:t D4FF-ZRENCE BETWEEN THE WATER DcPTH AND THE P30
C DEPTH COMPUTED FRCM THE 12-20INT SUPFACE FIT IS JETERMINEU FO® PCO
C THE & GFIO POINTS CLOSEST i3 THE FAY POINT AND THE MAXIMUM P
C PEFCENTAGE OIFFERFNCZI OF THZ & IS OETERMINCO. oo
IF (C(L)*T(5)*C(B)*C(3) «NEf. ULs) GO TO 901 PCO
PCTDIF=993., Pou
GO TO 9¢2 PCO
901 PL=ABS((C(L)=(E(L) +Z(2)¢E(I)*E(H) +E(S) +2 (D)) /C L)) P30
P2=ABS((C(5)=(E(1) ¢ (2)¢2.%(3)+E(4L)*+E(5)%2.4E(H)*4,))/C(5)) PSD
P3=ABSC(C(3)=(E(L) ¢£(2)%2.¢E(3)+E(L)*L.+E(5) ¥ +E(B))I/C(8)) PC0
PU=ABS ((U(9) =(E(L1) ¢E(21%2.+4E(3) %2 +E(L)*L ¢E(S) ¥4t (D) *6.))/C(I))FPLO
PCTCIF=100.%AMAX1(P1,4P2,P3,P4) eC0
332 RETURN P3O
END PCO
SUBFOQUTINE STOPE(AyY A yKMAX,TIMEQy KCINyKREST) STORE
DIMENSION S(696) 4By 12) yC(12) yYVH(E) 4E(H) STORE
$HCHAT(L004+100) yAX(2003)4AY (200L0)4CONTUR(I) STORE
REAL KPyKFyKSyKRFTUL,yKFC STORE
COMMON SyEM4EyYVHyCHMAT 42 g AX gAY CONTURyPROJCT yGRIDyCCONWFANLZOATEL STORE
TyOATE24WCINVOIRWPOP 4T Ty ASCOP yMOEOY yOELTAT ¢ SILTAT 4Dy HGT 9 HGT 2 4SV X STOKE
!,SVY,SOEP,H,DEP,h;,V,SLVV,PFEV,SP&EV.U,SAVU,GZEFO,G,SG,SVS,CUJ,KS ST OkE
B9O0GOXySVASTFIZSAVySVAV yPHIWALFAZSVALFAZSSALFA,CNVRSA,DELA, OHOX STOKE
"SVFKS'SAVFK'FKjAK'HA‘O’SK,FUU’NUFY’INUH’IFLG'FCOUNY'AH!,Ah“ STOkt
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$,SLZyBUZy>3DZyKRTNLy K 4P 0T 4 FL4P2yF3,P4,P5,Q0T,C1,02,Q3,04,Q5
C IN THIS SUBROUTINE Tdc COJRIINATES OF E~CH KAY POINT ARE STOREuU.
C IF CESIREU, THE LOCATION OF TICK FARKS AT EGUAL TIFE INTERVALS
C ALONG THE RAY AFE COMPUTED) AND STOFED.
IF (CIN +LE. C) GO TO 433
IF (KMAX .GT. 1) GO TO 401
AT=C.
C STORE COCROINATES COF POINT
403 KQ=KMAX+KCIN § AX(KQ)=X 3 AY(KQ) =Y
IF (CIN .LE. J.) GC TD 235
402 ZA=A § Z2CXY=0
GO TO 235
401 ET=TIveQ-AT
IF (CIN-ET) L3S,4ulb,y4)3
C RAY POINT AND TICK MARK COINCIDcy STORE WITH NEGATIVE X
404 KOQ=KFAXKCIN T AX(KQ)==-X 3§ AY(KQ) =Y T KREST=KnREST+1 % AT=4LT+CIN
GO TO 4cC2
C COMPUTE LOCATION OF TiCK MARK ANO STOFE WITH NEGATIVE X
405 DOSC=(ET-CIN) ®(GeZiXY)*3500./(GFID*2.)
AA=(A¢ZA) /2. T XM=DSC*COS(Ax) F YM=LSC*SIN(AA)
KQ=KFEX#KUIN § AL(KWI =-x¢XM § AV(KQ)=Y=-YM
KREST=KrFc5Te¢1 ¢ KCIN=KCINe¢1 3 AT=AT+CIN
GO TO 411
205 RETURN
END

SUBFOUTINE ORAW (H,KMAX,KCIN,KREST)

DIMENSION S(646)4yEMIHy12)3C(12)4YVH(D) 4E(B)
BoCHATC10041C0) yAXCZL L)) 9AY(2000) 9CONTUR(I)

INTEGER FAN

REAL KR KF KSyKFTOL.+KFC

COMMON S4EMyE,YVALCMAT 42 yAXyAYCONTUR,PROJCT yGFLDyCCONyFAN,DAIEL
$90ATE2 yCINJUIRyROP g TTy w3COP yMOE DY yCELTAT ¢ SCLTAT yOyHOTyHGT ZyV X

QUALITY PRACTICABLE

EyREFLCT yRFLEBUMGREFRCT,y IFROUM\BFKy FLAGL 4FLAG2 yFLAG3FLAGR yKFC 4CF 4BZSTURE

STore
ST Okc
STORE
STOKE
STOKE
STO~E
STOrc
STOKRE
STORE
STOFE
STOwE
STOrE
STORE
STORE
STO~E
STOrE
STOFE
STOKE
STOKE
STORE
STORE
STOFE
STOr€E
STOrE
STOrE

OXAn
b~ An
DRAN
D<Ak
D2 Aw
D<A¥
O~Aaw

‘)SV"SOFDQF,JFP,ﬁL,V,SAVV,p:EVQSPFEV)UOSAVU,GZEQQ,G,SG)SVS'DUJyKS U-Aw

T40GOXySVAZTFI,SAV,SVAV 4PHI¢ALFA,SVALFA,SSALFA,CNVRSA,CELA, UHDX
:,SVFK{),SAVFK'FKJAi,F;I‘ Wy SK,FUU’NU"'T, INUH, IFLG’LCOUNT, A"'")ANH

C<Anm
DrAn

$yREFLCT yRFLEUM,REFRLT,y RFRBUMyEFKyFLAGL oF LAGZ yFLAG3FLAGF yKFCy2F48Z0<An

s'st’nDZ' S:’OZ,KFTOL' K< ,JOT,pl,FZ,PS, p“,P5'QOT901102'Q3’Q‘0, (FE)
C IN THIS SUERQUTINE THE mAY ., ARE JFAWN AND NUM3EREC. IF DESIRZD,
C TICK MAFKS AxE [RAWN UN T4E RAY AT EQUAL TIME INTERVALS.
C SUBROUTIMNES NUK3ER AND FLOT ARE CALLED.
XN=N § KMAX=KMAX¢KCIN
IF (AX(KMAX) +Gce 0s) GO TO 601
AX(KMAX) ==ARX(KFAX) & KREST=KREST-1
601 IF (MOU(Ny2) «NE. 0) 530 TO 104
C BEGIN EVEN-NUMBERED RAY WITH4 THE TERMINAL POINT
KTWO=KMAX=-1 3 KADO==1 § LAST=1 % MC=KREST+1
IF (FAN .€EQ. Q) GO TO 2J1
CALL NUM3ER (AX(KMAX) 7 UY JAY (KMAX) /DY 3Je19XNy0asCy=1)
201 CALL PLOT (AX(KMAX)/DY AY(KMAX)/ZDY,3)
IF (KMAX LE. 1) 50 TJ 106
GO TO 1G5
C BEGIN ODD=-NUMBERED RAY WITH THE INITIAL POQINT

OU<Aw
ORAW
ORAMW
D= AW
D<Aw
D<Aw
D= AN
DRAnm
OFAm
OR AW
D= Ar
ORANW
DR AN
DRAW
GRAW
Ok AW
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FROM COPY, FURNLSHED 70 L0C —
T 104 KTW0=2 3 KADD=1 3 LAST=KMAX 3 MC=0. Ei UR Ak 28
IF (EAN .NE. 3) GO TO 1% DI AN 29
C NUM3ER KAY AT THE INITIAL POINT DI AR 39
CALL NUM3ER (AX(L1) /DYy AY (1) 70Y 90e1 yXNy0o0y=1) DIAK 31
111 CALL PLOT (AX(1}/CYAY (1)/DY,3) DRAR 32
IF (KMAX LE. 1) GO TO 106 DR A 33
105 IF (CIN .LE. 0.) GO TO 340 DK Al 34
IF (AX(KTWO) «LT. G.) GO TO 302 DRAM 35
C ORAW SEGMENT OF RAY OR AW 36
300 CALL PLOT (2X(KTHO)ZOY yAY(KTHO) /DY ,2) 0R AW 37
GO TO 303 D% An 38 i
302 AX(KTWO)=-AX(KTnO) 3 AI=.05 $ MC=MC+KADD DRAw 39 |
IF (MOD(MC,19) .Nc. d) 50 TO 530 DSAN «G %
WI=.10 02 An 41 |
500 XPN=AX(KTKO)/0Y 3 YPN=AY (KTWO) /0Y & KQ=KTWO-KADO DI AN 42 |
430 XPL=AX(KQ)/0Y $ YPL=AY (KQ) /DY D% An “3 |
IF (A3S(XPN=XPL) «LT. 3.0005 «AND. OFR AN oy 1
$ABS(YPN=-YPL) oLT. G.GJu5) GO TO 410 DR AR 45 |
GO TO 420 DR Ah 46 |
C POINTS TOO CLOSE TOGETHER DIAn o7 |
410 KQ=KQ-KAJD DX An “8 '
GO TO 430 DF AN 49
420 DSC=SQFT((XPN-XPL) **2+ (YON-YPL) ¥%2) DAn 50 ;
O~Awm 51
CALL PLOT(XFNyYPN,2) 0% Ak 52 1
X8=KI* (YPN-YPL) /D5C § Y3=-WI®*(XPN-XFL)/D5C 05 A 53 |
C DRAW TICK MARK ON FAY OF Am Sk
CALL PLOT (XPN#X3,YFN¢Y3,2) DAk 55 4
CALL PLCT (XPN=X3,YPN-Y3,2) 02 Aw 5¢ g
CALL PLOT (XPN,YPN,2) DIAN 57 “;
303 IF (KTWO .EQ. LAST) GO TO 136 0° AW 58 i
KTHO=KTHO+KADOD 04N 53
GO TO 145 OF Aw 50
106 IF (KADD .GE. 0) GO 7D 108 DxAR 51
IF (FAN .NEs 3) GO TO 235 03 Ah 62
CALL NUMBES (AX(1) /DYy AY (1) /0Y 9001 9XNyDOoeOy=1) DI AN &3 |
GO TO 205 0 AN 6l ;
108 IF (FAN .SQ. 0) GO TO 235 eV 65 1
C NUMSER PAY AT THE TERMINA. POINT 0 AN 66 dq
CALL NUM3ER (AX(KMAX) /DY gAY (KIAX) /DY g0l XNy 040 y=1) 0F Ak 67 %
205 RETURN DIAN 68

END D% AR 63




CHAPTER IV USING THE COMPUTER PROGRAM

4.1 Preparation of the Water Depth Grid. Once a
coastal area is selected for making wave forecasts a water
depth grid must be prepared. Details with numerous illus-
trations for preparing water depth grids are given by
Wilson (1966). It is necessary to obtain charts of the
region of interest containing sufficiently detailed
bathymetric information.

A water depth grid is rectangular in shape. The value
of x varies between 0 and AMM while y varies from 0 to ANN.
The values of AMM and ANN are defined by

AMM = MM - 1 (4-1)

ANN

NN - 1 (4-2)

where MM is the number of water depth values in a y-colunn
and NN is the number of columns. The value of MM must be an
integral multiple of 16. If another number is preferred

the format statement in the computer program used to input
the water depth values must be changed. The maximum values
of MM and NN depend upon the storage capacity of the computer.
In the computer program presented in this report the values
of MM and NN are assumed not to exceed 100. If the grid
requirements exceed the storage capacity of the computer the
coastal region of interest can be divided into several
overlapping grids.

The xy-coordinate system is right-handed with the x-axis
extending seaward. The direction of the x-axis with respect
to true north is defined as CNVRSA. The use of CNVSRA makes
it possible to define the input and output ray directions
with respect to true north.

The distance between water depths in the x- or y-direc-
tions is a grid interval or grid unit and is denoted by GRID.
This distance must be small enough for the water depth grid
to describe adequately the bottom topography. If it is
desirable for rays to start in deep water the grid must
extend at least several grid units seaward of the deep water
depth of the largest wave period of interest. In this report
deep water is defineu as any depth greater than 0.64 Ay
where \gq is the deep water wavelength. This definition of
deep water is chosen since the collinear group speed is nearly
invariant for greater water depths.

To determine the location of the water depths to be
read from a chart lines can be drawn on tracing paper
parallel to the x- and y-axes of the grid and separated a
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distance equal to a grid unit. The tracing paper is placed
on the chart and water depths are estimated for the points
defined by the intersection of the grid lines. The water

depths can be recorded in any system of units.

One of the program options is to have the shoreline
drawn on a plot. In order for the location of the shoreline
to be computed it is necessary to determine negative values
of water depths for at least two grid points landward of the
shoreline. The negative values are determined by drawing 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 wunits 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
form in Figure (4-1). Eight types of computer cards 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 as possible. The input parameters must appear
on each card as shown, and the card types must be in the
order indicated.

Six computer cards are required to input the data for
both S and EM. These numbers are used in the surface fitting
routine and they are the same for all computer runs.

For the third type of computer card, MXPLOT is the
number of runs for a given operation of the computer program.
The PROJCT is a 6-character label of any combination of letters
and numbers. The label can be used, for example, to indicate
a project number. An alternative use is to identify which
water depth grid is used for the run. It appears in both
the printed output and on the plot. DATEl and DATE2 are
used to date the run. DATEl can be used for the year and
the month in the form ZZ/YY/. DATE2 can be used for the day
in the form XX. The DIR is another 6-character label of any
combination of letters and numbers. This label appears only
on the plot. One possible label is WAVPAK, which can denote
that wave packet trajectories are presented. If the rays have
a common initial direction, DIR can be used to indicate that
direction.

The number of rays for a given run, NOR, is input on
the fourth type of computer card. The values of NPT and
SK determine the amount of printed output. If NPT is not
zero there is printed output for the first ray point, those
points which are an integral multiple of SK, and the last
point. If NPT is zero printed output occurs only for the
initial and terminal ray points. The value of HT is the
length of the y-axis of the plot in inches or centimeters.

If CIN is not zero tick marks are placed on the rays at equal
intervals of travel time given by the value of CIN in
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seconds. If no tick marks are desired CIN is zero.

The x- and y-axes of the plot will be calibrated and
labeled if NAX is not zero. If NAX is zero the plot
borders are drawn but the axes are not calibrated. The
shoreline is drawn on the plot if NSH is not zero. If the
shoreline is not desired NSH must be zero. The number of
sounding water depths for a plot is NCO. There cannot be
more than 9 sounding depths, and they are input on the
CONTUR computer card. If NCO is zero there are no sounding
depths; in this case the CONTUR card must be removed from
the input. If a water depth grid is to be read in the
input for the computer run the value of NXCMAT is zero. If
NXCMAT is not zero the depth grid for the previous run is
used again. This situation can arise if MXPLOT is greater
than one.

The fifth type of computer card contains the input
dimensions for the water depth grid. A description of the
quantities MM, NN, CNVRSA, and GRID are described in the
previous section. The angle CNVRSA is given in degrees and
GRID is given in feet or meters. The value of DCON is chosen
so that the product of DCON and a water depth in CMAT yields
a value with units of feet or meters. If English units are
to be used in the input and output MOE is zero. If MOE is
not zero Metric units are used. The value of NNSKIP is the
amount by which y is incremented in selecting columns for
locating sounding water depths. For example, if NNSKIP is
15 and NN is 64, sounding water depths are located for the
2, 17, 32, 47, and 62 y-columns.

The sixth type of computer card is used to input the
water depth grid (CMAT). The units of CMAT determine the
value of DCON. There are 16 water depths on each card.

The water depths are entered column by column starting

with the first column. There are NN columns. In each
column the water depths are entered starting with the land
values, if any, and proceeding seaward. There are MM values
per column. The format for entering the water depths does
not include numbers beyond the decimal points. Near shore
it may be desirable to record water depths to the nearest
tenth of a foot or meter. On some computer systems it is
possible to enter data routinely in this form with the
indicated format for CMAT being overridden. If such a
capability is not available it may be desirable to alter
the format statement for CMAT in MAIN.

If NCO is not zero the CONTUR computer card is used
to input the soundingwater depths in feet or meters. The
number of sounding depths must agree with NCO which should
not exceed 9. If NCO is zero the CONTUR card must be
removed.

The eighth type of computer card is used to input the
particulars for each ray. There must be as many ray cards
as declared in the input for NOR. The initial time step
interval between ray points in seconds is DELTAT. The wave
period in seconds is TT, and X, Y are the initial ray
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.
coordinates.” The initial wave packet and wavelet directions
are A and AV, respectively. The directions are in degrees

and are the directions from which the waves come with respect
to true north. The initial wave height in feet or meters

is HGTZ.

The friction factor is CF. The value of KRTOL determines
the accuracy of the calculations of the refraction coefficient
with the exception of near reflection points. As a general
rule, if accuracy is required to the second decimal point
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 ray is stopped at a
reflection point. A test is made to determine if a wave
breaks if WBCOP is not zero. If WBCOP is zero there is no
test to determine if a wave breaks. If the ray is to be
numbered at its terminal point FAN is set unequal to zero.

A group of rays should be numbered at their terminal points
if they have a common origin. If FAN is zero the ray is
numbered at its initial point.

A sample of input data for a computer run with & rays
is shown in Figure (4-2). Since the water depth contours
are parallel, only one of the 64 columns of water depth
values is shown in the rectangle labeled CMAT. The computer
output for this run is presented in Section (4.6).

Therefore, if desired, these input data can be used to check
the computer program.

4.3 The Printed Output when NPT # 0. The most detailed
computer printout is obtained when NPT # 0. The first thing
that occurs in the printout is the page heading. This
contains the PROJCT, date, plot number, ray period, ray
number, input time step, friction factor, and KRTOL. If at
the first ray point this is followed by a statement denoting
whether English or Metric units are used in the output.
Further, the initial value of the time derivative of the ray
separation factor is given. The column headings appear next
in the output. Beyond the first point of a ray the page
and column headings occur after every 60 lines of additional
printout. f
The column headings identify the ray particulars which
appear in the output. They contain the ray point number MAX,
the ray coordinates X, Y, and the water depth H in meters or
feet. The wave packet and wavelet directions are denoted,
respectively, by PACK and WAVE. These are the directions in
degrees from which the waves come with respect to true north.
The distance in grid units between ray points is given by D,
and FK is the packet ray curvature in radians per grid unit.
The angle in degrees by which the x'y'-coordinate system is
rotated with respect to the positive X-axis for computations
is given by ALFA. The geometric group speed, collinear group
speed, and phase speed are denoted, respectively, by G, U,

Lo

he initial ray points should be at least two grid

from a grid boundary.
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and V. The units are in meters/second or feet/second. The
wave height is HGT in meters or feet. The shoaling coefficient
is identified by KS, and KF represents the friction coefficient.
The number of breakups, if any, of the initial time step is
NO. The refraction coefficient is defined by KR. An estimate
of how well the computed water bottom surface fits the actual
water depths is given by PCTDIF (see the NOTATION). The
smaller the value the better the fit. The units of H, HGT,
G, U, and V are identified in the output.

The travel time along the wave packet trajectory does
not appear in the output. However, it can be determined by
subtracting one from MAX and multiplying the result by the
input time step.

The ray particulars are printed out for the first ray
point, those points which are an integral multiple of SK,
and the 1gst point. Printout occurs for a reflection point
should one occur. Note that the number of ray points, NO,
which occur when there is a breakup of the input time step
interval is not counted in MAX. There is no printout for
ray points which occur within a breakup.

If there is printed output and a ray is near a
reflection point (Sectiomns €2.3), b, (2.5), d, (3.8), and
3.9)) an asterisk appears in the printout to the left of the
value of FK. If there is printed output when there is a
breakup of the input time step interval due to the calculations
of the refraction coefficient (Sections (2.5), ¢ and (3.9))
an asterisk appears in the printout to the left of the value
of KR. If there is no printout (SK > 1) the asterisk appears
with the ray particulars for the next ray point where printout
occurs. Only the asterisk with FK appears in the next
primtout should both conditions for an asterisk be satisfied
at preceding ray points where there is no printed output. If
the ray is at a reflection point (Sections (2.3), band (3.8))
an asterisk occurs in the printout to the left of the value of
MAX.

A number of descriptive printouts appear with the 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
following printout appears.

(1) PACKET CURVATURE AVERAGED

If SK = 1 this descriptive printout follows the ray

pariculars. If SK > 1 the descriptive printout occurs even

if there is no printed output of the ray particulars. In

this case, the curvature is averaged for a ray point between

the ray points preceding and following the descriptive printout.
When there is a reflection one of three descriptive

printouts occurs (Section (2.3), b).

(2) REFLECTION: SNELLS LAW WITH PHASE VELOCITY
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(3) REFLECTION: PACKET CURVATURE ITERATION NOT
CONVERGING

(4) REFLECTION: NEAR REFLECTION POINT

The ray point where one of these three descriptive printouts
occurs is the last ray point if ROP = 0.

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

(5) DIMENSION OF OUTPUT-ARRAYS EXCEEDED
(6) RAY REACHED SHORE
(7) RAY REACHED GRID BOUNDARY
(8) PACKET CURVATURE ITERATION NOT CONVERGING
(9) CAUSTIC OR FOCAL POINT
(10) WAVE BREAKS
(11) REFLECTION HANG-UP
(12) BREAKUP TIME STEP LESS THAN 0.5 SECOND

Printout (5) occurs if the sum of the number of ray points and
tick marks is equal to or greater than the array dimension
MMAX. Printout (6) is obtained if the water depth becomes
zero or negative. Printout (7) results if the ray point is
within 1.5 grid units of a grid boundary. The conditions for
a reflection point are not satisfied if Printout (8) occurs.
Printout (9) is produced if the ray separation factor becomes
zero or negative. The condition for Printout (10) is given in
Section (2.7). Printout (11) is obtained if there are
successive reflections at the same ray point. Printout (12)
can occur if the calculation time step becomes too small in
either calculating the ray path near a reflection point

(Section (2.3), b) or in calculating the ray separation factor
(Section (Z2.5), 2}«

4.4 The Printed Output when NPT = 0. When NPT = 0
there is printed output at only the first and last ray points.
The page heading contains PROJCT, the date, and plot number.
A statement signifies whether English or Metric units are
employed. The column headings define the ray number N, the
wave period, MAX, X, Y, H, PACK, WAVE, HGT, the input time
step, the friction factor, and KRTOL. All of these ray
particulars appear in the printed output at the first ray
point. At the last ray point the input time step, the
friction factor, and KRTOL are not repeated. In their
place is a descriptive statement which explains why the ray

R —————————————
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terminated.

When NPT = 0, Printout (1) does not appear. There is no
descriptive printout for a reflection unless the reflection
occurs at the last ray point (ROP = 0). Then the following
descriptive printout occurs.

(13) REFLECTION

The remaining descriptive printouts are the same as discussed
in Section (4.3).

4.5 The Plots. Each plot contains a label consisting
of PROJCT, the date, the scale factor, the time in seconds
between tick marks on a ray, if any, the plot number, and
DIR. If NAX # 0 the axes of the plot are calibrated and
labeled. If NSH # 0 the shoreline is drawn. If NCO # 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 its terminal
point.

S

4.6 Examples of Computer Output. Figures (4-3)
through (4-8) show the printed output for the 6 rays of the
sample input data presented in Figure (4-2). The plot of
the rays is shown in Figure (4-9). The examples illustrate
rays beginning both at an intermediate 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 (4-10) shows a portion of the Gulf of Mexico off
the southwestern Florida coast. A water depth grid was
prepared for this region with GRID = 14886.2 feet (4.537 km)
and CNVRSA = 1809. A ray plot for this region is shown in
Figure (4-11). Figure (4-12) contains the printed output
for this plot when NPT = 0. The first two rays start at an
intermediate water depth, whereas the remaining rays begin in
deep water. Figure (4-13) displays printed output for the
first portion of ray number 1. Since the water depth contours
are not parallel there is a variation in ALFA.

( Ray number 2 has a reflection. Figure (4-14) shows a

] listing of the ray particulars near the reflection point.

The wave packet and wavelet angles in the xy- and x'y'-
coordinate systems are defined by Equations (3-1), (3-2), !
(2-26), and (2-27). At the reflection point the angles in the §
xy-coordinate system are b = 274.86° and Ye = 1.94°, 1In the
x'y'-coordinate system 6' = 2.41%and y' = 89.490,

Ray number 12 illustrates the importance of examining
the ray particulars in the printout. Figure (4-15) shows
the printed output for this ray. A message in the output
states there is a reflection. However, a reflection is not
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likely since H, 6', y', FK, and G do not exhibit the behavior
characteristic of a reflection. At the ray point where the
reflection is indicated 6' = 115.789 and y' = 117.520,

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 changing water depth contours.
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Figure (4-3).
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NOTATION

The principal symbols are defined. The expressions
in parentheses are alternate representations of the symbol
being defined.

AAA, AAAV

ABAR

ALFA

AMM, ANN

AV

AVP

AX, AY

BDZ
BDZ5

BRK

(ANGLE, PACK, SVA) The program symbol for 8.
In the input and output A is the direction in
degrees from which the wave packet comes with
respect to true north. Internally in the
program A is the direction in radians with
which the wave packet moves with respect to the
positive x-axis.

The wave packet direction at the new ray point.
The average of the values at the new and
previous ray points, respectively, of the wave

packet and wavelet directions.

The average of the wave packet directions at
the present and new points.

(SVALFA, PALFA) The program symbol for a.

The maximum values of x and y, respectively, for
a water depth grid.

(AAV, GAM, WAVE, SAV, SVAV) The program symbol
for y. The directions of AV are defined
following the same conventions used in the
definitions of A.

(GP) The program symbol for y'.

The arrays used to store the locations of ray
points and tick marks.

A constant for a given wave period.

(SBDZ) The program symbol for df/dt.

The fifth order Runge-Kutta solution of dR/dt.
Is zero except during a breakup of the time step
interval when the value is one. After returning

to MOVE from HEIGHT, the value of BRK determines
where the program resumes.
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BZTOL

CE

CIN

CMAT

CNVRSA

COL

CONTUR

CORI

g

DADX

DATE1,
DATE?

(SBZ) The program symbol for B.

The limiting value for |EBZ| and | EBDZ| in
the Runge-Kutta calculations of B and dR/dt.
If IEBZF or |EBDZ| exceeds or is equal to
BZTOL the time step interval is halved.

The fifth order Runge-Kutta solution of R.

A constant for a given wave period.

An array of 12 water depths from CMAT used to
fit a quadratic surface in the vicinity of the
ray point.

The program symbol for cg.

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.

The water depth grid in a two dimensional array.
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-
tions to be defined with respect to true north
in the input and output.

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

An array containing the sounding water depths

in feet or meters. There can be as many as 9
values.

A conversion factor used in calculating SCLI.
The constant of Snell's law.

The friction factor.

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

The program symbol for d6/dx'.

The year, month, and day.




DAVDX
D(BETA)/DT

DCON

DELA

DELTAT

DELX, DELY

BEP
DGDX
DGDXX
DHDX
DHDXX

DIR

DN

DPHIDX
DRHODX
DSIGDX

DUD

DVDX
DVDXX
DUDX
DUDXX

DY

The program symbol for dy/dx'.
The initial value of dR/dt.

A conversion factor to convert the water depths
in CMAT to feet or meters.

The change in the wave packet direction from
the present to the new ray point.

(SDLTAT) The time step interval in seconds
between ray points.

The change in the values from the present to the
new ray points of the x and y coordinates,
respectively.

(SDEP, PDEP) The program symbol for h.

(SADGDX) The program symbol for dG/dx'.

The program symbol for de/(dx’)z.

The program symbol for dh/dx'.

The program symbol for dzh/(dx')2.

A label of 6 letters and numbers used to
identify a plot.

An expression used to compute W.
The program symbol for d¢/dx'.
The program symbol for dp/dx’'.
The program symbol for dg/dx'.

The ratio of the phase speed at the present ray
point to the value at the previous ray point.

The program symbol for dv/dx'.
The program symbol for d2v/(dx’)2.

The program symbol for dU/dx'.

The program symbol for d2H/(dx')2.

The number of grid units per inch or centimeter
for a particular plot.




EBDZ
EBZ

EM

FAN

FK

FXBAR

FKK

FLAGR

FLAG1

FLAG?

FLAG3
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An array of 6 coefficients of the quadratic
surface equation which is fitted to the 12
water depths in the array C.

The program symbol for €ge

The program symbol for €g-

A two dimensional array of numbers used in
computing the array E.

The wave energy per unit area.

An expression used in the derivation of the
friction coefficient.

If FAN is zero the rays are numbered at their
initial points. When FAN is not zero the rays
are numbered at their terminal points.

(SVFKB, SAVFK, PFK) The program symbol for
Kge It is measured in radians/grid unit.

(SVFKB) The average of the ray curvature at
the present and new ray points.

The value of kg in radians/grid unit at
the new ray point.

Is set equal to zero in MAIN at the beginning
of a ray. The value is changed to one in
MOVE if there is a reflection and the ray is
continued. If FLAGR is one, in HEIGHT the
value of ROP is set equal to zero.

If FLAGl is zero the wavelet direction is

computed and the test for total reflection
is made in SURFCE. If FLAGl is not zero

these calculations are not made.

If there is total reflection due to the wavelets
FLAG2 is set equal to one. Otherwise, FLAG2

is set equal to zero. The reflection test is
made in SURFCE.

In MAIN, FLAG3 is set equal to zero at the
beginning of a ray. FLAG3 is not used in the
program, and it is available for checks or
modifications to the program.
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GRID

GZERO

HGT
HGTZ

HT

HX
HXX
HXY
HY.

HY Y

IFLG
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An index used to determine when to write page
and column headings depending upon the number
of lines of printout.

The frequency of the wave (1/T).

The average rate of energy transmission of
the waves.

(ZCXY, SG, SVG, PG) The geometric group speed.

The number of feet or meters per grid unit for
a particular water depth grid.

The value of the geometric group speed at the
first ray point.

The acceleration due to gravity.

In the theory H is the wave height. In the
printed output H represents the water depth.

(PHGT) The program symbol for the wave height.
The initial value of HGT.

The length of the y-axis in inches or
centimeters for a given plot.

The program symbol for 3h/dx.
The program symbol for 32h/8x2.
The program symbol for Bzh/axay.
The program symbol for 3h/3y.
The program symbol for azh/ayZ.
The water depth.

A variable depending on the ratio of water
depth to phase speed.

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 accuracy in the calculations of
either B or the ray path. If there is a
division of the time step interval, IFLG is
set equal to one once the time step interval
is sufficiently reduced. When IFLG equals




INUM

KCIN

KF

KFC

KMAX

KR
KREST

KRTOL

KS

LI

LII
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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.

An index to count the ray points within the
broken interval when there is a division of
the initial time step interval.

An index to number ray points.

Expressions used in the Runge-Kutta calculations

of B and dRp/dt.

The number of tick marks along a ray which do

not coincide with ray points.

In the program calculations KF is an expression
used to evaluate Kp. In the printed output KF

is a label for the values of Kr.
(PKF) The program symbol for Kg.

The same as MAX except in DRAW where it is
the sum of MAX and KCIN.

(PKR) The program symbol for Kg.

The number of tick marks along a ray.
Determines the accuracy in the Runge-Kutta
calculations of the refraction coefficient.
BZTOL depends upon KRTOL.

(PKS) The program symbol for Kg.

The friction coefficient.

The refraction coefficient.

The shoaling coefficient.

The wave number 2u/X.

Expressions used in the Runge-Kutta calculations

of B and dp/dt.

When NPT is not zero LI is used to determine
the number of lines of printout between page
and column headings.

When NPT is zero LII is used to determine the

number of lines of printout between page and
column headings.

"&___m—




MIT

MM

MMAX

MOE

MXPLOT

NAX

NCO

NDP
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The perpendicular distance between rays.

(MAXQ, KMAX) An index to number points along
a ray at time intervals equal to the initial time
step.

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 4 a caustic or focal point
is 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.

The dimension of x for a particular water depth
grid.

The dimension of the AX and AY arrays.

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.

The number of runs and the number of plots for
a given operation of the computer program.

The ray number.

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.

The number of sounding water depths for a
plot. The values are stored in the CONTUR
array. The number of sounding depths cannot
exceed 9. If NCO is zero there are no
sounding depths for the plot.

The water depth is determined in SURFCE. If
the value is greater than 0, NDP is 1
(initialized in RAYN). If the water depth
equals or is less than G NDP is 2.




NFK

NGO

NN

NNSKIP

NO

NOR

NPLOT

NPT

NSH

NXCMAT

n

PATI

PCTDILF

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.

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.)

The dimension of y for a particular water
depth grid.

The amount by which y is incremented in
selecting columns for locating sounding water
depths.

(NUMT, KNUMT) The number of divisions when
there is a breakup of the initial time step
interval.

The number of rays for a given run.

The plot number.

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 SK, and the last point.

If NSH is zero the shoreline is not drawn on a

plot. If NSH is not zero the shoreline is drawn.

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.

An index to number ray points.

(PSAV) A program symbol for p. The value of
p at the point prior to the new ray point.

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 the maximum of these differences.

v =




PHI
BOT

PREV

PROJCT

P(1)

QATI

QOT

Q(i)

q
RCOUNT

REF

REFLCT

REFRCT

AP ot ey ah 4 sl
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The program symbol for ¢.

(SPOT) A program symbol for p. The value of

p at the new ray point.

(SPREV)
point.

The value of v at the previous ray
A label of 6 letters and numbers used to
identify a computer run.

Program symbols for p. The values of p at
points intermediate to the new and previous
ray points where i = 1, 2, ..., 5.

A coefficient of the ray separation equation.

A program symbol for q. The value of q at the
point prior to the new ray point.

(SQOT) A program symbol for q.
at the new ray point.

The value of g

Program symbols for q. The values of q at
points intermediate to the new and previous
ray points where i = 1, 2, ..., 5.

A coefficient of the ray separation equation.

An index to count the number of reflections
at a ray point.

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 point is too near a reflection
point REF is 3.

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.

In MAIN, REFRCT is set equal to zero at the
beginning of a ray. Lh HEIGHT, REERCT 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 dR/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

1 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 reflecticn
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 o.
SK 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).

Sy The arc length of a monochromatic ray.

i The wave period.
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TIME (TIMEQ) The travel time along a ray.
TPE The initial value of the wave packet direction
used in the analytical solutions of B8 and dB/dt.

{ TT The program symbol for T.

= Time.

8] (SAVU, PU) The collinear group speed dw/dk.
‘ o The maximum velocity of the fluid at the bottom.
| v (SAVV, PV) The program symbol for v.
F VX The program symbol for 9dv/9x.
I vy The program symbol for 3v/3dy.

% 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 dh/93y' = 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. )
7 (YS) The program symbol for y at the new ray

point.
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A Cartesian coordinate of the water depth grid.

A Cartesian coordinate in a system chosen such
that ah/3y' = 0.

The angle the x'-axis is rotated with respect
to the x-axis such that dh/3y' = 0.

The ray separation factor.

The wavelet direction defined with respect to
the positive x-axis.

The wavelet direction defined with respect to
the positive x'-axis.

A quantity used in calculating the wavelet
direction using Snell's law with phase velocity.

The time step interval between ray points.

The difference between the fourth and fifth
order Runge-Kutta solutions of B.

The difference between the fourth and fifth
order Runge-Kutta solutions of dB/dt.

The wave packet (ray) direction defined with
respect to the positive x-axis.

The wave packet (ray) direction defined with
respect to the positive x'-axis.

The ray curvature of the wave packet.

The ray curvature of a monochromatic wave.
The same as Kg*

The wavelength

3.1415927

An expression used in the spatial derivatives
of G.

The density of the fluid.

An expression used in the spatial derivatives
of G.




s e A . Pl abaci el 1S g s S S i
— ainsted 3 0 e gl o> o

— ol - ; e o T — R o ” i
g A W i e P S B 2 =R

95
i
T The tangential stress per unit area at the
bottom.
) The angle (p~v).
¢' The same as ¢.
w The radian frequencey (2nf) of the wave.
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