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ERRATA SHEET

Page 10
Figure 7C. Number XIII should read VIII.

Pages 30 and 31

Equation {4) and the sentence immediately following it appear as the
last paragraph on page 31. They should be inserted on page 30 immediately
preceding equation (5).
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INTRODUGCTION

The most important fact to Kkeep in
mind is that ocean surface waves, like any
waves, transmit energy. In the end, that
energy, whose original source was the
energy of the wind, is expended on the
shore where it plays an important role in
coastal ercsion. The direction in which
the wave energy is transmitted and which
part of the coastline it will attack de-
pends on the wave length and the depth of
the water in which i1t runs,

To visualize the effect of depth on a
wave train consider Fig. 1. ©Qffshore in
deep water the wave crests are parallel
and the energy they carry, which is propor=
tional to the square of the wave height,
is transmitted perpendicular to the wave
crests along the wave rays. The energy
between wave rays, whatever it may be,
remains constant. The speed of energy
propagation depends on the length of the
wave, the longer the faster, and is un-
affected by the water depth. The bottom

is too far away to have an influence.

DEPTH
CONTOURS

Now, suppese this offshore wave train
approaches an even, greatly zloping beach
at an angle as shown in FPig. 1. 0On the
right the wave reaches shoaling water, be-
gins to "feel bottom,"” and slows down
while on the left it continues to run at
speed. As a result, the crest becomas
bowed and the rays curve since the direc-
tion of propagation remains locally per-
pendicular to the crest. The entire
train is slewed around and approaches the
beach more nearly head on. In short, the
wave 1s refracted, being bent toward shal-
lower water.

When the c¢oastal bathymetry is more
complex the direction of wave energy prop-~
agation can be very substantially altered
and the energy may be either focused or
defocused. Consider a wave rolling in
over a submarine ridge as shown in Fig. 2.
The center of the train meets shallow wa-
ter first. On either side of the ridge it
is still in deeper water and continues to
run faster. The rays are bent inward
toward the ridge, 5Since energy between

rays remains constant, the converging rays

SHALLOW

DEEP

WAVE CRESTS

Fig. 1 The refraction of a wave train approaching
an even gently sloping beach at an angle

[Kinsman, 19a5].
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Fig. 2 The refraction of a wave train over a submarine
ridge [Kinsman, 1965].
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Fig. 3 The refraction of a wave train over a submarine
valley [Kinsman, 1965].



confine the energy within a smaller area
and the waves respond by becoming higher.
Wave energy is focused over a submarine
ridge. (Coastal headlands are freguently
associated with submarine ridges which ex-
tend out from them. These ridges focus
wave energy on the headlands which are
typically sites of rapid ercsion.

Exactly the reverse process OCCurs
over submarine valleys, Fig. 3. Over a
valley the center continues at the higher
speed while the parts to either side in
the shallower water slow down. The rays
diverge and the wave heights decrease.
The wave energy is defocused. This phe-
nomenon is well known to fishermen who
anchor over submarine valleys where they
can safely ride out even quite severe seas.

The changes in water depth illustra-

ted in Figs. 1-3 are what might be called

WAVE
CRESTS

I >

O

"gentle". Adjacent rays which start off
parallel change direction and converge or
diverge but they do not cross. The more
abrupt changes in bathymetry often found
in nature lead to crossing ray patterns,
Fig. 4. On the argument that the energy
of the wave train between adjacent rays
remains constant and that wave heights in-
crease as the distance between rays de-
creases one might argue that in the vicin-
ity of the creossing point the wave height
must increase indefinitely. ©Of course,
this does not happen. There is a limit to
the height of a wave in relaton to its
length beyond which the wave becomes un-
stable and breaks. The Stokes thegretical
maximum is H/L = 1/7 = 0.143. Waves this
high are seldom found at sea; H/L from 0.1
to 0.008 being typical. When waves be-
come "too high" they break. 1In breaking,

RAYS

Fig. 4 Crossing rays.



part of the energy carried by the wave is
converted to disordered turbulent motion.
Increased turbulence is effective in
speeding diffusion which, unlike the
transmission of energy by waves, is pri-
marily & local process.

The partition between wave energy
transmitted through a ray intersection and
wave energy converted to turbulent energy
is not well established. For practical
use it is as well to visualize a ray as
the transmission path for a packet of wave
energy. If the ray does not cross others,
it delivers its entire packet to its
coastal target. I1f it ecrosses cther rays,
at each crossing its energy will be frac-
tionally reduced. Areas of multiple ray
crossings will be areas of increased tur-
bulence. As a first order estimate of
locations of active wave attack and how
they will be affected by changes in bathy-
metry it is useful to ignore energy losses
to turbulence.

The concept of rays 1s very old. It
is the foundation of Newton's "Optics" and
we have known for many years how to con-
struct the ray patterns associated with
ocean surface waves. What is needed is
the water depths, which can be had from
charts of an area, wave lengths, or equiv-
alently wave periods from which the wave
lengths can be calculated, and the initial
direction of wave approach. From this in-
formation wave rays can be traced from
their offshore positions to their final
impact on the coast.

Until the advent of the high-speed
computer our ability to trace wave rays
has been of little practical value to
those who must make decisions about
coastal protection and the issuance of
dredging permits. The process required
months of tedious labor at the drafting
board for even the simplest situations.
Today, wave ray tracing is a practical
tool. The existing bathymetry of a region
can be stored in the memory of a computer
and rays for the characteristic systems of

waves which exist offshore rapidly traced

in to their points of impact. This iden-
tifies those parts of the coast under in-
tense wave attack and permits comparisons
of energy expended on the several sections
of a coastline. More important, it offers
a relatively simple way to determine the
effect of any proposed dredging on the
distribution of wave encrgy aleong the
coastline Lefere any dredging is done.

one simply alters the bathymetry in the
computer memory to conform to the depths
of the proposed dredging, recomputes the
ray patterns, and compares them with the
previous results.

Tt should be stressed that altera-
tions in water depths are neither good nor
bad per se. Even though dredging may be
confined to a small area its effects can
ke felt over much wider areas. Wave at-
tack can be intensified in already active
areas, or it can be reduced, or areas not
presently under attack can become areas of
active wave erosion. Ideally, if no other
object were in view but the minimizing of
wave erosion, depth changes would be made
that would spread the wave energy uni-
formly along the coastline. Or perhaps,
the structural strength of the coastline,
its "erodability", would be considered
and the wave energy distributed according-
ly. Wave ray tracing can not tell you
what decision to make but it can tell you
what is likely to happen as a result of
any decision you are considering. It will
answer the guestion: "Wwhat if I de...?”

Perhaps the best way to see how wave
ray tracing can serve you 1s by way of an

illustration.

NEW YORK HARBOR, THE LOWER BAY

The Lower Bay of New York Harbor is
the sort of area in which ray tracing can
aid decision making. Its bottom shows
naturally variable depth complicated by
abrupt changes associated with the sever-
al dredged channels, Fig. 5. Sand and
gravel is also mined there. Currently un-

der consideration are permits for mining
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Fig. 5 Map of Lower Bay showing the irregular topography. <Contours are in fathoms.



on the East Bank adjacent to Ambrose Chan-

nel from buoys 8 to 18, Fig. 6.

The guestions are:

{l1) What is the present distribution of
wave energy along the coast of the
Lower Bay?

{2) What will be the present distribution
of wave energy along the coast of the
Lower Bay if selected areas are
dredged to specified depths?

To answer the first question the
bathymetry of the Lower Bay must be digi-
tized and stored in the computer memory.
This is the most tedious and time-consuming
part of the preparatory work. Fortunately,
for any area under consideration this task
need be done only once and since the in-
formation is necessary for many kinds of
studies other than ray tracing and may be
used repeatedly, the effort is worth while.
At this point a number of cholces must be
made.

Since wave energy propagates, the
area to be covered is much larger than the
immediate dredging area. It must include
all regions from which waves may come and
all to whieh they may go. For the Lower
Bay the area selected extends from
74°53'35" West Longitude {the Amboys) to
73¢52135" West Longitude and from 40°23'38"
North Latitude {Long Beach) to 40°36°35"
North Latitude {Verrazano Narrows).

(A preliminary study in which the
area was extended much farther seaward
only confirmed what is already well-known:
New York has an excellent harbor. Much of
the wave energy which offshore is aimed at
+he harbor mouth between Sandy Hook and
Rockaway Point is refracted by the Hudson
canyon and goes ashore on the Jersey coast
or on the south shore of Long Island).

For convenience in summarizing the ef-
fects of wave refraction, the shores of
the Lower Bay have been divided into eleven
sections as indicated on Plate O, Fig. 7,
and listed in Table L. This is the second

choice to be made.

Bathymetry

The third choice concerns digitiza-
tion. Since the water depths must be
digitized for use in the computer, a grid
of points at which the water depths will be
recorded must be chosen. A number of con-
siderations, some of them conflicting,
govern the choice. Most important, the
grid peints must be spaced closely enough
so that the depths recorded give a good
picture of the bathymetry of the area.
Abrupt changes in water depth between ad-
jacent points are to be avoided wherever
possible. This consideration calls for a
small mesh and many gqrid points. On the
other hand, many grid points tax the stor-
age capacity of the computer and increase
computing time and ceosts. A balance must
be struck. Then too, there is the guestion
of how well the water depths are actually
known. The usual source is navigation
charts. These are generally quite good
although sometimes in need of up-dating
but they may not be precise enough about
fine details unless they happen to inter-
fere in some way with ships.

Published charts may be supplemented
with unpublished "boat sheets" which re-
port the data on which the charts are
based. Boat sheets record many more
soundings than do charts.

In extremis a program of measurement
can be undertaken but this is both costly
and time-consuming and can not usually be
justified unless the area in question is of
the utmost importance and very sensitive
to small changes in water depths as well.

For our example we chose a grid with
a cell size of 0.1 nautical mile (185.2 m)}
on a side. In the porth-south direction
130 grid points were used and in the east-
west direction 180. This gives us 23,400
water depths to store in the computer.
Over most of the Lower bay the digitized
data give a good picture of the variations
in water depth and are roughly in line
with the quality of the information from
NOAA Chart 12327 (68th edition, 7 Aug. 1976}

from which the depth values were read.
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Table 1. Division of the Shoreline
of the Lower Bay
Impact bescription Strip
Strip Length
{m)

I Sandy Hook, seaward face 5,186

11 Sandy Hook to Perth Amboy 62,968
TII Wward Point to Hugenoct Beach 6,852
v Hugenot Beach te Great Kills Harbor 3,611
v Crookes Point, NE 2200 yards 2,074
vI End of Vv to Midland Beach 4,093
V1T Midland Beach to Verrazano Narrows 5,593
VIII Gravesend Bay 4,093
IX Coney Island 6,908

X Gerritsen Inlet 4,074

X1 Rockaway Point, seaward face 1,926

The chart datum is mean low water.
The tidal range in the area is 4.5 to 5.0
feet, Thus, there will be a difference in
the ray patterns at high and low water.

If the changes in water depth are suffi-
cient to raise questions about where wave
energy comes ashore, a small subprogram
can be used to correct the mean low water
depths to high water and the rays traced
at high water for comparision. In fact,
it would be simple enough to adjust the
water depths by a time varying function
representing the tide but such refinement
seems unwarranted unless the tidal ranges
are extreme.

One feature of the bathymetry of the
Lower Bay i1s not well-represented by the
grid size used: the dredged channels; Am-
brose, Chapel Hill, Sandy Hook, Terminal,
and Raritan. In passing across the chan-
nels the water depths characteristically
double in a2 few hundredths of a nautical
mile. For proper representation, i.e., to
keep changes in depth between adjacent
grid points modest, we would have to use a
grid mesh of something like 0.0l nautical
miles on a side. If we did, we would have
to store 2,340,000 water depths instead of

23,400 which is impractical--and the

11

bathymetry of the Lower Bay is not known
that well in any case. The difficulty in-
troduced is that from time to time the
computer will be faced with such large
depth differences that it can not decide
in which direction to continue the ray.
When that happens the computer simply
abandons the ray it is working on and he-
gins again on the next ray. The aborted
ray is left hanging and its point of im-
pact on the shoreline remains unknown.
some information loss results and must be
borne but it is not large enough to be

crippling.
Wapes
The fourth cheice is: What waves

to use? The wvery best wave information
would be a knhowledge of the directicnal
wave energy spectra for the wave systems
which appear off the area of interest,
their frequency of appearance, and their
seasons; in short, the wave climatology
for the area.

4 directional wave energy spectrum
is, conceptually, a very simple thing. It
sorts the wave energy of a complex wave

system, which is proportional to the



square of the wave height, by frequency
{the reciprocal of the wave period) and
direction of travel. Unfortunately, very
few such spectra have ever been measured
so that it is most unlikely that a clear-
cut, well-established wave climatolagy
will be available. To undertake the dif-
ficult measurements necessary and to ex-
tend them over years is not usually
within the scope of decision-making and
planning agencies. Such work is perhaps
best left to an agency like MNOAA.

Some wave information can be gathered
from watermen and sailors. These men,
who work in an area, can tell you from
which directions waves generally come and
furnish some estimate of their periods.

In the total absence of wave informa-
tion one can fall back on an exploration
of waves of all periods and directions of
approach which could affect the area of
interest. This is not entirely satisfying
since waves of some periods and with some
directions of travel may seldom or never
be provided by existing natural conditions
and will thus be practically irrelevant.

ENERGY —>

on the other hand, an exploration of the
full range of possibilities will guard
against surprise after the fact.

In & semi-enclosed area like the
Lower Bay locally generated waves are of
relatively little importance. There isn’t
enough room for them to grow to any appre-
ciable extent. It is the offshore waves
which reach the area through the mouth he-
tween Sandy Heook and Reockaway Point that
supply most of the energy.

In the open ocean the nondirecticonal
spectrum, cone which sorts energy by fre-
guency only, usually looks something like
Fig. 8.
waves with very low frequencies (very lecng

There is very little enerqy in

pericds) but as one goes to higher fre-
quencies {somewhat shorter periods but
still long) there is a very abrupt rise in
the energy to a peak after which the energy
tails of more or less as the -5 power of
the frequency. For our illustrative calcu-
lation we have selected six waves to
suggest the spectrum. How many you should
use depends on how well you know the

characteristic spectra for your area, how

FREQUENCY, 7 (cps) —
-— PERIOD,TETI;- (sec)

Fig. B

Non-directicnal energy spectrum

sorted by freguency.



Waves Selected for Ray Tracing

in the Lower Bay

Table 2.

Period Direction Frequency
{sec) {°T) (cps)

2 270 0.5

2 297 0.5

& 270 6.167

b 297 0.167
10 270 0.1

10 297 0.1

comprehensive you want to make your analy-
sis, and how much you have to spend for
computing. The selected waves are listed
in Table 2.

The three periods were chosen to il-
lustrate three conditions: 2-second waves
have speeds dependent only on wave length
and are unaffected by refraction over most
of the Lower Bay, 6-second waves have
speeds which are significantly affected by
both the wave length and the water depth
over most of the Lower Bay, lC-second
waves have speeds determined by the water
depths {The wave length no longer plays a
part.) over the entire Lower Bay. The two
directions chosen for waves of each of the
three periods were directly from the East
traveling toward 270°T and parallel to
Ambrose Channel traveling toward 287°T.

Wave periods are most often used to
specify waves since they are their most
easily measured feature and do not change
during refraction. Their corresponding
lengths may be had from the formula
L = 5.127%, T in seconds and L in feet.
There is no unique height associated
with waves of a given period. Heights may
range from infinitesimal to the Stokes
theoretical maximum, one-seventh of the
length.
proportional to the square of the wave

height,

Since the energy of a wave is

if each wave has grown to its
theoretical maximum, the energy ratios

would be 1:81:625 corresponding to the

13

Stokes
Length Max Ht. Plate
(£t) (£t) Code
20 2.86 27270/~
20 2.8%6 2/297/-
180 25.71 6/270/-
180 25.71 ©/297/-
500 71.43 10/270/-
500 71,43 10/297%/-

period ratics 2:6:10. Waves seldom grow
to these heights and experience suggests
energy ratios of 1l:8:6--values which have
been used in cur illustrative calculation.
1f the energy spectra are known, the ener-
gy ratios will, of course, be taken from

them,

Dredging

An area for which sand and gravel
mining permits have been sought is shown
in FPig. 6. Its relation to the rest of
the Lower Bay appears as the shaded area
in Plate 0. It is a comparatively small

area but, as will be seen, the effects of
deepening the area will be widely felt.
For the purposes of our calculation we
have considered 4 cases, Table 3.

The first case is the pattern of wave
refraction as it now exists with no
For the second and third cases
8¢, B8AC, 10A,

The selected areas are identi-

dredging.
4 subareas were selected:
and l4C.
fied by number in Fig., 6 and by heavy
shading in Plate 0. For the second case
the selected areas were dredged to a depth
of 45 feet and for the third case to a
depth of 90 feet.
entire shaded area was dredged to 90 feet.

"bDredged”

Ffor the fourth case the

in this context means simply
that the computer was instructed to sub-
stitute the specified depths for the

actual depths storad in its memory for



Table 3. Dredging Cases Considered
Case Description Plate Cede
1 No dredging -/=/0
2 Dredging selected areas to 45 ft. -/=/45
3 Dredging selected areas to 90 ft. -/-790
1 bredging entire area to 90 ft. -/-/%0a

those grid points falling within the spec-
ified areas., Each case is identified on
the wave ray plates by the third number

of a triple:

0 for case 1, 45 for case 2,

90 for case 3, and 90A for case 4.
THE RAY DIAGRAMS

There are 24 ray diagrams grouped in
4 sets of & according to the amount of
Table 4.

overlaid on Plate Q,

dredging, Each of these ray

diagrams, traces the
energy paths for the wave through the Lower
In

each case an initial wave crest perpendic-

Bay tc its impact on the coastline.

ular to the direction of propagation was
taken off the mouth of the harbor and 25
egqually spaced rays were traced. The rays
are numbered at their initial and terminal
ends to make it easy to see where the
energy from any particular ray comes
ashore. The numbers of rays whose impact
points shift with dredging have been cir-
cled.

was unakle to continue the ray to the

In the two cases where the computer

shore the initial number is crossed with
a slash and no terminal number is shown.

Aleng the rays, ticks are entered at

l-minute intervals. From these the pro-

gress of the wave energy can be judged.

They may usefully be thought of as the

position of the wave crest from minute to

minute--at least so lohng as the rays do
not cross. When the rays become tangled
the concept is less useful., The lines
representing wave crests, those joining
corresponding ticks on the wave rays,
could have been entered on the ray diagrams

but have not been since they would serve
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no purpose and the diagrams are already
It should be noticed that
as a wave crosses shoal water and slows

tangled enough.

down the time ticks become more closely
spaced. This is particularly evident in
the diagrams for the 6- and l0-second waves
as they come ashore, e.q., Plate A 6/297/0,
ray ¢ and Plate & 10/297/0, ray 15, since
the longer period waves travel faster in
deep water but it is egually true of the
2-zecond waves, Plate A 2/297/0,

6.

e.g., ray
There are many interesting things to
be seen on these ray diagrams and we will

discuss some of them for each plate group.

FPlates A

This group of plates shows wave re-
fraction within the Lower Bay as it pre-
sently exists to the extent that NOAA
Chart 12327 accurately portrays the bathy-
metry.

For 2-second waves, whether traveling
toward 270°T or 297°T, there is little or
no refraction until the waves begin their
run-up in the shoaling water fronting the
In & 2/270/0 with the exception of

17, and 22-24
tially straight lines.

shore.
rays 16, the rays are essen-
This could have
been anticipated since waves are not re-
fracted when the water depths are greater
than half the wave length. For 2-second
waves the length is 20 feet and the Lower
Bay is almost everywhere deeper than 10
feet. Rays 16 and 17 are hent as they pass
over Romer Shoal to the west of Ambrose
Channel where water depths shallow to as

little as 5 feet. Rays 22-24 are bent in



Table 4.

Wave Ray Diagrams

Plate Wave Initial Direction
Number Dredging Period of Wave Approach

{sec) (°T}
A 2/27T0/0 2 270
n 2/297/0 2 297
A 6/270/0 None [ 270
A B/297/0 6 297
A 10/270/0 1o 270
A 10/297/0 10 297
B 2/270/45 2 270
B 27287745 sSelected 2 297
B 6/270/45 Subareas 6 270
B 6/297/45 45 ft. 3] 297
B 10/270/45 10 270
B 10/297/45 10 297
c 2/270/90 2 270
¢ 2/297/9Q Selected 2 297
€ 6/270/90 Subizeas 6 270
C 6/297/90 o0 ft. 6 297
C l0/270/90 10 270
c 10/2971/90 10 297
D 2/270/90A 2 270
D 2/297/90A Entire 2 297
D 6/270/90A Alea 6 270
D 6/297/90A 90 ft. 6 297
D 10/270/90A 10 270
D 10/297/90A 10 297

passing over the East Bank just east of
the mining area where depths as small as
before and af-

7 feet are found. However,

ter passing the shoals the paths of even

these rays are straight lines. 1In
A 2/297/0 the results are similar. Ray 3
is refracted over Flynns Knoll, 10 and 11

over Romer Shoal, and 14, lé, and 17 over
East Bank.

since the 2-second waves are not re-
fracted while passing over the mining
area, it is obvious that further deepening
of the water will not affect them. Plates

B 2/270/45, ¢ 2/270/90, and D 2/270/90A
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will be identical with Plate A 2/270/0 and
Plates B 2/297/45, C 2/729%7/90, and
D 2/297/90R with Plate A 2/297/0.

The ray diagrams for the 6-sacond
waves are more interesting. The rays set
off briefly as straight lines in the
from time to time.

Their

initial directions and,
have reasonably straight segments.
length is 180 feet and, while the Lower

Bay is nowhere 90 feet deep, it still has
areas deep encugh to make refraction, lo-
cally, minimal.
A 6/270/0 and A 6/297/0 makes it more than

A glance at Plates

obvious that refracted rays, more often



than not hit way wide of the pointsat which
they were initially aimed.
in Plate A 6/270/0 the Point Comfort-

For example,

Port Monmouth stretch of impact strip II,
which would seem to be well-sheltered from
waves from the east by Sandy Hook, is
14, and 20. Ray 15,
initially aimed at Red Bank on Staten
Island,

Following the paths of individual

reached by rays 10,

comes ashore in Gravesend Bay.

rays can be informative and sometimes sur-
prising. For example,
Plate A 10/297/0. It starts out at 297°T
toward impact strip VI on Staten Island
but by the end of the fifth minute it

consider ray 10 on

finds itself crossing Ambrose Channel
aimed at Coney Island, impact strip IX.
For the next 18 minutes it rolls on toward
Coney Island but is then bent sharply
around to the southwest and recrosses am-
brose Channel after which it is again
sharply bent to the left onto & more or
less southerly ccurse and finally comes
ashore in impact strip II just behind
Sandy Hook in Navesink Park.

If you will spend a few minutes
following the individual ray paths, you
will find it easy to assent to the propo-
sition that it is very difficult, if not

impossible, to say, a rrisei, where wave
energy associated with a particular wave
period and initial direction will come
agshore.

Interesting as tracing single rays
considering groups of rays may be
Oon Plate A 10,/297/0

and 18 approach Ambrose

may be,
even more informative.
14,16,
Channel on its side--ray 13 actuwally runs

rays 13,

along the Channel for the first 4 minutes--
but all appreoach at angles so small that
they can not cross the Channel and are

bent away to the right. None of these
rays is initially aimed at Coney Island,
impact strip IX, but all of them wind up
there in a tight cluster. Ambrose Channel
acts somewhat like the reflection of light
from a smooth water surface and is re-
sponsible for the heightened wave action

focused on Coney Island.
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Rays 10, 15, 21,

cross Ambrose Channel in tis upper reaches

and 22 do manage to

where the approach is more nearly perpendi-
cular. For waves of any particular peried
there is a critical angle of approach. If
the angle is less than the critical angle

the ray will be "reflected" by the Channel.

The same situation is found on the
western side of Ambrose Channel. Rays 6
and 11 approach but at too fine an angle
and can not cross. They finally come
ashore at Annadale, impact strip IV--
another region of heavy wave activity.

It is common knowledge that impact
strips IV-VI and impact strip IX are among
the regions of the most intense wave ero-
sion in the Lower Bay. It would not be
too much to say that they are the direct
handiwork of the Ambrose Channel. We will
never get rid of Ambrose Channel but it
would be interesting to "fill it in" in the
computer memory and see whether the con-
centrations of rays in impact strips IV-VI
and IX were not much reduced.

A speculation of more practical po-
tential starts from the notion that, if one
deep channel can reflect waves, so can
another. Might not the sand and gravel
mining area be profitable relocated close
off Coney Island instead of next to Ambrose
Channel and oriented so that a trough
dredged along it would reflect the ap-
proaching wave rays? In this way coastal
protection for Coney Island might become a
cost-free by-product of mining. Ambrose
Channel and a trough of the proper depth
and orientation could be made to form a
sort of "wave guide” that would divert the

wave energy. Of course, the redirected
energy must come ashore somewhere and its
ultimate destination had better be care-
fully anticipated. Relief for Coney Island
that became a concentrated attack on the
Verrazano Narrows could be quite unpopular.
The best solution would reduce the concen-
trations and spread the energy more evenly
around the whole shoreline.

The position of Ambrose Channel is

very clear on Plate A 10/297/0 even



Table 5.

Impact Shifts when the Selected

Areas are Dredged to 45 Feet

Plate Number Ray Number

B 2/270/45
2/297/45
B 6/270/45

none

w

none
15
16
18
19
22
23
B 6/297/45 12
14
16
17
18
19
22
B 10/270/45 15
17
18
20
B 10/297/45 14
16
17
18
22

without bothering to overlay the ray dia-
gram on Plate 0.
Plates & 10/270/0 and A 6/297/0.
on Plate A 6/270/0 although
Plate O helps.

It is equally clear on
It can
alsco he seen
in this case
Now

50 much for things as they are.

let us go on to interfere with them.

Plates B

Plates B show the wave rays after the
four selected areas {heavy shading, Plate
0) have been dredged to a depth of 45
feet. Only the rays whose impact points
are changed by the depth change need im-
mediately concern us. Their ray numbers
have been circled and the changes are

given in Table 5.

Present Impact

Impact Strip

17

Strip After Dredging

VIII TX
VII VI
VI VII
IX v
v v
VI VI
X IX
IX IX
IX IX
VI VII
VII VI
VI VI
VI VI
v II

v 1T
IX IX
IX IX
IX II
IX X
VII IX
1% v
v v

Plates C

Plates € show the wave rays when the
four selected areas
0) have been dredged tc %0 feet.

{heavy shading, Plate
The ray
numbers whose impact points have been

changed are circled, The changes are
given in Table 6.

C 6/270/90.

Ray 19 aborts on Plate

Plates D

Plates D show the wave rays when the
Plate 0) has
The ray numbers

entire mining area (shading,
been dredged to 90 feet.
whose impact points have been changed are
cirecled.

Ray 16 aborts on Plate n 10/297/%CA.

The changes are given in Table 7.



Table 6. Impact Shifts when the Selected

Areas are Dredged to 90 Feet

Plate Number Ray Number Present Impact Impact Strip
Strip After Dredging
0/2710/90 nohe - —_
c 0/297/90 none - -
6/270/90 15 VIII IX
16 VII VI
18 VI II
22 v v
23 VI vI
C 6/297/90 12 X Ix
14 IX iX
16 X VI
17 VI VIX
18 vII IX
19 vI Vi
22 vIi v
¢ lo/270/90 15 v v
17 \4 v
1g IX X
20 IX IX
C 10/2%7/90 14 X
le IX X
17 VIT X
18 IX v
22 v v

ENERGY DISTRIBUTION ALONG
THE SHORES OF THE LOWER BAY

The contemplation of wave ray diagrams
may be satisfying to those interested in
waves and their behavior but for managers
and planners some more succinct presenta-
tion is needed. They are not so much con-
cerned with the details of the transit of
wave energy through the Lower Bay as they
are with where it is finally expended.

We have noted that waves of the sever-
al periods need not all carry the same en-
ergy and have suggested that an energy
ratio of 1:8:6 corresponding to the peri-
ods 2, 6, and 10 seconds would be reason-
able to use. We will, therefore, assign to
each ray of the 2-second waves 1 arbitrary
unit of energy, to each ray of the 6-second
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waves 8 units of energy, and to each ray of
the l0-second waves 6 units. Thus, in each
of the 4 cases we are considering that
2%25x1 + 2x25x8 + 2x25x6=750 arbitrary
units of energy start off initially and,
barring aborted rays, come ashore somevhere.
1t is only necessary to cumulate these en-
ergy packets by coastal impact strips to
form an idea of the distribution of wave
enargy around the shores of the Lower

Bay.

If there were no refraction at all,
the wave rays would move in straight lines
until they met the shore. 1In that hypo-
thetical case we would have the distribu-
tion shown in Table 8.



Table 7.

Impact Shifts when the Entire Area

Has been Dredged to 90 Feet

Flate Number Ray Number

D 2/270/90A none
2/297/90A nona
D 6/270/90A 15
16
18
19
22
23
D 6/297/90A 12
14
16
17
18
19
10/270/90A 15
17
18
20
10/297/90A 14
15
17
18
21
22

L]

=)

=)

From Plates A we can estimate the
wave energy distributicn for the Lower Bay
as it exists according to the depths shown
on NORA 12327,
Table 9.

Iin a similar way we get the wave

The results are shown in

energy distribution for the Lower Bay
when the selected areas are dredged to 45
feet from Plates B with the results shown
in Table 10.

From Plates C when the selected areas
have been dredged to 90 feet we have Table
11.

From Plates D when the entire mining
area has been dredged to 90 feet we have
Table 12.

For easy comparison Table 13 displays

Present Impact Impact Strip

Strip After Dredging

VIIL IX
VIT VII
VI VITI
IX VII
Iv v
VI vI
X Ix
IX X
IX i1
VI VIII
VII IX
VI IX
v v

v b4
IX b
IX IX
Ix IT
IX VII
VII IX
IX v
v VI

v v

the energy per meter of shoreline for the
hypothetical case of not refraction, Table
8, and for each of the 4 dredging situ-
ations under consideration, Tables 9-12.
The first and most obvious thing that
strikes the eye is that impact strips I
and XI, the seaward faces of Sandy Hook
and Rockaway Point, are subjected to the
heaviest wave attacks which is only what
we would expect. What seems a bit star-
tling is that dredging in the mining area
could increase the weight of the attack on
these seaward faces. When the selected
areas are dredged to 90 feet the energy

“ on the seaward face of

per meter % 10~
Sandy Hook increases by 31.2 units (8.3%).

To see why this is so look at



Impact
Strip

II
ITI
v

vI - X

XI

Impact
Strip

VI
VII
vIII -
X1

Impact
Strip

II
I11
v

VI
VII
VIIT
IX

X1

Ray
Numbear

1 -9
10 - 13
14 - 18

19,20
21 - 24

25

Ray

Humber

Table 8.

Energy Distribution in the

Absence of Wave Refraction

a. Approaching toward 270°T

Number of
Rays

!HO-@-NU‘!.&&\D

[ (%)
wn

Energy Associated

with
Waves of Periods
2 6 10
9 72 54
4 32 24
5 40 30
2 16 12
4 32 24
Q 0 0
1 8 6

B. Approaching toward 297°T

Number of
Rays

mhu [=RRE - BT, B S N

Energy Associated

with
Waves of Periods
2 6 10
2 16 12
0 0 0
5 40 30
8 64 48
7 56 42
0 a 0
3 24 18

¢. Total Energy Distribution

Total Energy

165

)|
0
=

20

Total Energy
toward
27a°7T

135
60
75
ip
€0

¢

15
375

Total Energy
toward
297°T

75
120
105

E-N
L

LeJ]
-
L

Total Energy
per Meter of _
Shoreline (x 10 *)

318.2
9.5
109.5
83.1
650.9
293.2
187.7
6.0
0.0
0.0
311.5



Table 9.

Wave FEnergy Distribution for the

Lower Bay as it is Now

Total Energy
Impact Wave Wave wWave Wave Wave Wave Total per HMeter of
Strip 2/270 2/297 6/270 6/297 10/270 10/257 Tnergy Shoreline
$ of |E it of |E [ of |l E | of | E 4 0of | E |# of} E {EE) (x10=")
Rays Rays Rays ays Rays Rays
I 9 9 2 2 9 72 3 24 7 42 5 30 179 345.2
1 3 3 0 0 3 24 0 0 0 0 1 6 33 5.2
IIT 5 5 0 0 0 [ 0 0 0 0 Q 0 5 7.3
IV 3 3 1 1 1 3 3 24 2 12 4 24 72 199.4
v 4 4 4 4 o ¢ 0 0 5 30 3 18 56 270.0
VI 0 0 8 8 5 40 8 64 1 [ 2 12 130 317.6
VII 0 0 7 K 2 16 2 16 1 6 1 6 51 31.2
VIII v} 0 0 0 1 8 0 0 0 0 0 0 ] 19.¢
IX 0 0 0 0 3 24 5 40 6 E1 6 EL) 136 196.9
X 0 a 0 0 0 0 1 8 0 0 0 0 8 19.6
xt | L opa) 3| 3] 1| o8] 3| 24f 3 [1ef 38| 72 373.8
25 25§ 25 251 25 |200| 25 |200 25 J150f 25 150 750
Table 10. Wave Energy Distribution for the
Lower Bay when the Selected Areas
Have been Dredged to 45 Feet
Total Energy
Impact Wave Wave Wave Wave Have Wave Total per Meter of
Strip 27270 27297 6/270 6/297 10/270 10/297 Enerqgy Shoreline
tof |E [sof{E [#0f| E [t of|E [# of [E |# of| E (IE) (=107
Rays Rays Rays Rays Rays Rays
I 9 2 2 3 72 3 24 7 42 5 30 179 345.2
II 3 3 0 o} 3 24 0 0 2 1z 2 12 51 8.1
IIT 5 5 0 0 0 Q a 0 0 0 g 0 5 7.3
v 3 3 1 1 0 0 3 24 2 12 4 24 64 177.2
v 4 4 4 4 2 e 0 0 3 18 4 24 66 318.2
vI 0 0 8 8 5 40 8 64 1 6 2 12 130 317.6
VII 0 v} 7 7 2 16 2 16 1 3 0 4} 45 80.5
VIII 0 v} 0 a 0 0 0 0 0 0 0 0 0 0.0
iX 0 0 33 0 3 24 6 48 6 EL 5 30 138 199.8
X 0 0 0 0 0 0 0 0 0 0 0 0 Q 0.0
)t 13|31 8|3 | 24| 3 |18f 3| 18] 72 373.8
25 25| 25 25| 25 |200| 25 004 25 |[150| 2% | 150 50

21




Table 11. Wave Energy Distribution for the
Lower Bay when the Selected Areas
Have been Dredged to 90 Feet
Total Energy
Impact Wave Wave Wave Wave Wave Wave Total per Meter of
Strip 2/270 2/297 6/270 6/297 10/270 10/297 Energy Shoreline
dot| E b of| E |t of| E W of] E o] B |# o] | PP (x107")
Rays Rays Rays [Rays Rays Rays
I g 9 2 2 a 72 3 24 7 42 6 36 185 356.7
I1 3 3 0 0 4 32 0 0 0 0 1 6 41 6.5
ITT 5 5 0 0 0 0 0 0 0 0 0 4] 5 7.3
v 3 3 1 1 0 0 3 24 2 12 4 24 64 177.2
v 4 4 4 4 1 2 1 8 5 30 4 24 78 376.1
Vi 0 0 8 8 5 40 7 56 1 53 2 12 122 298.1
VII 0 0 7 7 1 8 2 16 1 6 a 0 37 66.2
VIII 0 0 0 0 0 0 a 1] ¢ 0 0 0 0 0.0
IX 0 0 0 0 3 24 3 48 5 30 4 24 126 i8z.4
¥ 0 4 0 0 0 0 0 0 0 0 1 8 6 14.7
¥XI 1 1 3 3 1 8 3 24 4 24 3 18 78 405.0
25 725|725 | =51 & (192 {25 |Z00 [ 25 |150[ 25 |150 T4
*Ray 19 for wave 6/270 aborts; 8 energy units unaccounted for.
Table 12. Wave Energy Distribution for the
Lower Bay when the Entire Mining Area
Has been Dredged to 90 Feet
Total Energy
Impact Wave Have Wave Wave Wave Wave Total per Meter of
Strip 2/270 2/297 6/270 6/297 10/270 10/297 Energy Shoreline
¢ of| E |4 0| B |t of| B [ o] B [# of] & |8 o & ] CEF (x107")
Rays Rays Rays Rays Rays Rays
I g 9 2 2 g 72 3 24 7 42 5 30 179 345.2
II 3 3 0 0 3 24 1 ] o 2 12 47 7.5
I1I 5 5 0 0 0 v} 0 0 0 0 0 5 7.3
v 3 3 1 1 0 0 3 24 2 12 5 30 70 193.9
Y 4 4 4 4 1 8 0 0 1 24 1 & 45 z221.8
vl 0 0 8 8 4 32 5 40 1 6 3 18 104 254.1
VII Q 0 7 7 3 24 1 B 1 1 6 51 21.2
VIII 0 0 0 0 1 8 1 8 0 0 2 16 3g.1
1% o (] 0 0 3 24 B 64 5 30 4 24 142 205.6
X 4] 0 8] 0 0 Q 0 4] 2 12 0 0 12 29.5
X1 1 1 3 3 1 8 3 24 3 18 3 18 72 373.8
35 |7z8|"Z® [7=5| 25 l200 {5 [Z00 [ 25 |IS0| A+ (144 L5
*ray 16 for wave 10/297 aborts; 6 enerqgy unit=s unaccounted for.




Table 13,

Wave Energy Distributions

Along the Shoreline of the Lower Bay

In Arbitrary Energy Units per Meter of Shoreline » 107°

For the Hypothetical Case of Wo Wave Refractien

And for Four Dredging Situations

Impact Strips

I IT ITY v v VI VII VIII IX X XI

Ne Refraction 318.2 | 9.5 |109.5 83,1 | 650.9 | 293.2 (187.7 6.0 0.0 6.0 | 311.5
No Dredging 345.2 | 5.2 7.3]1%9.4 | 270.0 | 317.86 91.2 | 19.6 [196.9 [ 19.6 | 373.8
Selected Areas

Dredged to 45 ft. 345.2 | 8.1 7.3 | 177.2 ) 318.2 | 317.8 80.5 0.0 | 199.8 6.0 | 373.8
Selected Areas

Dredged to 90 ft. 356.7 | 6.5 7.3 177.2376.1 ] 298.1 66.2 0.0 | 182.4 | 14.7 | 405.0
Entire Mining Area

Dredged to 90 ft. 345.2 | 7.5 7.3 193.9 | 221.8 | 254.1 92.1] 39.1 | 205.6 | 29.5 | 373.8

Plate € 10/297/90.

arbitrary energy units and starts parallel

Ray 14, which carries 6

to Ambrose Channel and to the east of it,
has its direction completely reversed,
passes back out to sea, and is refracted
to come ashore on impact strip I. This in-
stance is very striking but Table 13, as

a whole, confirms that the effects of
dredqging in the comparatively small

mining area are felt to a greater or lesser
degree in the wave energy distribution
around the entire periphery of the Lower
Bay.

Within the Lower Bay there are two
regions of heavy wave attack: the region
composed of impact strips IV, ¥, and VI
{Hugenot Beach to Midland Beach on Staten
Island) and impact strip IX (Coney Island).
This is so now and it is apparent that it
will remain so whichever of the three al-
ternative dredging schemes is permitted.
That these are now regions of heavy wave
activity in the Lower Bay is common knowl-
edge and it is reassuring that our analysis
for "No Dredging” confirms what we already
know. It gives us more confidence that
the analysis for situations which could
only be verified by irremediably tearing
up the Lower Bay are also valid.

While the two regions of high wave

activity remain so, there are shifts in
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the intensity of the attack on points

within them under different dredging con-
ditions.
areas are dredged to 45 feet (13,7 m) the
attack on.IV is abated,
(the spit enclosing Great Kills Harbor) is
intensified by 48.2x10”% units(17.9%),

and the attack on VI remalns

For example, when the selected

the attack on V

the same. If
the selected areas are dredged to 90 feet
{27.4 m),

changed,

the attack on IV is net further
the attack on V again increases
by 57.9x107" units--a total increase over
the present heavy attack of 39.3%--, the
attack on VI actually decreases from its
current value by 19.5x10~" units, a drop
of 6.1%.

schemes is permitted,

If either of these dredging
the spit protecting
Great Kills Harbor may be in a bad way.
0f the three dredging schemes the
proposal to dredde the entire mining area
to 90 feet is best for the Great Kills
Harbor region impact strips Iv-vI. While
nct exactly turning the region into one of
peace and guiet it does reduce the wave
intensity in all three impact strips:
strip IV by 5.5x107"% units (2.8%), strip
v by 48.2x10"" units (17.9%}, and strip
vI by 63.5x107" units {20.0%).

what you gain on the swings you lose con

However,

the roundabouts. The improvement in

strips IV-vI must be paid for by an in-




strip IX,
L

creased attack on Coney Island,

where there is an inerease of 8.7x10°
(4.4%).

The easing of conditions on Staten

units

Island would make them a little harder on
Coney Island. Since both islands have
serious shore erosion problems, the choice
will be difficult. The dredging of the
selected areas to 45 feet and te 90 feet
intensify and reduce wave energy on Coney
Island,
If Coney Island is your only concern,

respectively, but not very much.

then you will issue permits to bring the
selected areas to
drop of 14,5x107*

It should be

90 feet which brings a
units (7.4%).

pointed cut that the de-
cision to be made is not limited to a
choice between no mining and mining to
some selected depth. There is also the
option of mining and then back-filling to
a selected depth. While the mining is in
progress a transient redirection of wave
energy will occur. However, its effects
can be minimized by concentrating dredging
and back-filling in a bhrief period selected
to coincide with the most favorable wave
climate. Once the sand had been removed,
the pit could be back-filled with unwanted
fine-grained dredged material, thus solving
two problems: provision of construction
The final

depth of the sand cap would be chosen to

material and disposal of wastes.

give the most desirable distribution of
wave energy.

Whether back-filling and capping
is a feasible operation and whether
it would immobilize deeply buried con-
taminants to a sufficient extent de-
serves study. The possibility of solving
two problems at once is intriguing.

1t should also be pointed out
that if changes in bathymetry associ-
ated with sand mining are unacceptable,
there may be a solution short of pro-
Mining could be re-
be

to relatively great

hibiting mining.

stricted to small areas that would
intensively mined
depths. Once the

moved, the pit could be back-filled

sand had been re-

with fine-grained dredged material and
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capped with sand. If these operations can

be successfully combined, it would solve
two problems--the need for sand and the
need for acceptable disposal sites for
contaminated dredged materials. This is a
problem worth investigating.

The decision is yours and this analy-
sis can't make it for you. However, it
can and does tell you what you are letting
yourself--and everybody else--in for 1f
vou follow this course of action or that.

WHAT REMAINS TC BFRE DONE

Obviously, it would be unwise to make
any decision about the Lower Bay on the
bagis of our illustrative calculations.
We have considered waves of only 3 periods
and 2 directions of travel. When the
trends of the New Jersey and Long Island
coasts are considered, it is evident that

waves traveling anywhere between 260°T and

350°T can enter the harbor mouth. Further,
wave pericds from 2 secconds to, perhaps,
16 seconds should be considered. If we

feel that increments of 5% and 1 second
will give a sufficiently detailed estimate
of the wave energy distribution around

the Lower Bay, 285 wave ray diagrams (15
periods, 19 directions) would have to be
calculated, appropriate energy weights
assigned to each, and the total energy

per unit length of impact strip determined
The final result, the wave energy distri-
bution around the shoreline cf the Lower
Bay, would be no more difficult to under-
stand or cumbersome to use than the illus-
trative distributions we have already seen
It is the labor involved in arriving at
them when not 6 but 285 wave ray diagrams
must be plotted and handled that gives
one pause.

It is true that, if it is known that
waves of some periocds and directions of
travel neper occur off the mouth of the
Lower Bay with appreciable energy, they
may be omitted and the number of wave ray
diagrams somewhat reduced but this doesn't
really relieve the difficulty of handling

large masses of graphical material. And



remember that this unwieldy mass is gener-
ated each time some new alteration in water
depth is explored. The prospect is about
as uninviting as an invitation to read the
Manhattan telephone directory in detail
from cover to cover.

Another difficulty with the graphical
presentation of wave ray diagrams as used
in our illustration lies in the incompati-
bility between the computer and the plot-
ter.
fast).

{as slow as the proverbial molasses in

Digital computers are fast (very

Plotters are, in comparison, slow

January). 1t takes slightly longer than
forever to get the plets made and runs the
cost up. What is needed is some way to
get the whole job carried through to the
wave energy distributions rapidly and
easily so that many alternatives can he
explcred and compared.

Fortunately, there is a way to meet
this demand which is well within the state
of the computer art. The trick is to
leave it all up to the computer. A pro-
gram associated with the ray tracing pro-
gram can persuade the computer to take
each ray as it comes ashore, multiply by
its energy weight, assign the energy to
the proper impact strip, and cumulate the
energies as it goes along. The final

print-out would be the wave energy distri-

buticn; {(in ocur illustration, one line of
Table 13) for each dredging situation
considered no matter how many periods and

directions have gone to make it up.
The drawback to

is that the wave ray

this simple solution
diagrams are lost
in

and they can be useful, For example,

our illustration, without the wave ray
diagrams we would not have noticed the re-
flecting properties of Ambrose Channel nor
would we have been led to speculate on

the possibility of creating "wave guides"
by dredging as a means of coastal pro=
tection, ©Of course, one could have the
computer store the ray calculations and
print them out later--much later--for
visual inspection but this would put us

right back to sgquare cne with a mass of
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graphic material on our hands. Even worse,

most of it would be of no interest. What
we need is a way to pick out from the mass
those few diagrams which will further
study.

The solution is a visual output on
line with the computer which will show the
rays and ray patterns as they develop.

For purposes like this a cathode ray tube
{(television tube} has already been used.
the screen could be made to
say 4/275 for a

4-second wave traveling toward 275°T,

For example,
display an identification,
and
the ray pattern traced on the screen as it
developed. If the operator saw anything
worth further study, he would press a but-
ton instructing the computer to store that
particular ray diagram for use in the
plotter. If the ray pattern were of no
interest, the operator would simply let it
pass. In this way only those ray diagrams
necessary for further consideration would
be preserved in permanent graphic form.

The final step to make this a prac-
tical working toel is to provide for easy
and rapid alteration of the input.

COne needs digitized bathymetry for
the area of interest. 1In the course of
preparing this paper we have digitized the
hathymetry of the Lower Bay. It should be
stored so that it can be used for subse-
quent studies of the area. As additional
areas such as sections of the North Shore
of Long Island and Fire Island come under
study their digitized bathymetries should
be added to the library. Ideally,

end the library will cover all the

in the
coastal
areas Df a political unit like New York
State and any manager who wants to explore
the effects of a proposed alteration in
water depths will have the digitized
bathymetry he needs at hand.

The operator needs a way to alter the
bathymetry either at selected clusters of
grid points to simulate local dredging or
over the entire grid to simulate changes
in the tide level.

An easy way to divide the shoreline

into impact strips is needed. There is no



one all-purpose division suitabkle for

every problem that comes to hand and the
operator should be able to change the divi-
sion at will.

The periods, directions, and energy
weights of the waves it is desired to use
must be entered. Again flexibility and
ease are the prime considerations.

All of these additions to programs
They will take

time and ingenuity and they will have a

and hardware can be made.

price, However, if the tool appeals as

worth having, the toecl can be bought.
Let it be stressed again: This wave

ray-computer method will not make the

decisions. Wave erosion is only one of

the processes that enter. There are others

Kinsman, Blair.

1965.

which can be gquantified such as long-shore
currents (whose study also needs the
bathymetry) and shore ercdability (whose

study does not}. In addition, there are

nonguantifiable, intangible factors such

as political advisability which must affect
the decision. In the end, only an acute
intelligence supported by judgement and
wisdom is gualified to decide; not a com-
puter,

not science. As Dr.

Hiriart LeB. once gracefully expressed it,

Girardo

"Lo gue la natura no lo da, Salamanca
ne lo presta.”
The GI's of World War II put it more
brutally,

"There ain't neo issue number for

brains."

WIND WAVES their

generation and propagation on the ocean

surface,

Cliffs, N.J.

Prentice~Hall,
676pp.
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APPENDIX

DESCRIFTION OF COMFUTER PROGRAM

The computer program for the calcu-
lation and plotting of surface wave rays
consists of a main program and ten
subroutines which are listed here plus

three standard Calcomp plotter subroutines.

A generalized flow chart of the program
{tnot including the plotter subroutines)

appears in Fig. A-1.

MAIN PROGRAM

MRIN consists of two major sections
which control the operation of the
computer program. The first is the
input section where the five major card
groups depicted in Fig. A-2 are read in.
More detailed information on these

parameters may be found in the section

DESCRIPTION OF INPUT PARAMETERS.

The second section of MAIN is the
computation section consisting of three
major control loops. The first loop
seguences through each of the INA ray
angles defined in the input. The second
loop sequences through each of the INP
ray periods defined in the input.

Once an angle and a period have been
set, TITLE is called to initialize the
plotting area. The final loop is then
executed to sequence through the NgR
wave rays defined in the input, a call
being made to RAYN for each of them in
turn. a&n individual plot therefore
conslists of N@R wave ray tracks each of
which has the same initial ray angle and
ray period but a unigque ray origin.

When the three loops are exhausted,
the number of plots drawn, which should
equal INA times INP, is printed and the

job terminates.

MAIN
// \
TITLE RAYN
AXIS MOVE PCD STORE DRAW
SURFCE
VELCTY CONDER
Fig. Al Schematic flow chart of computer program,

excluding plotter subroutines.
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Fig. A-2

Schematic diagram of input card deck.




SUBRQUTINE TITLE

TITLE is the first subroutine called
by MAIN and it must be called to initialize
the plotter for each new plot. The routine
begins by centering the new pleot vertically
{(Y-direction) and by establishing a new
plot origin at the lower left corner of the
plot border. A label is then plotted to
the left of the border consisting of the
project number, date, plot number, plot
scale, wave period and time between crest
marks. A straight line rectangular border
is then drawn and depending on the value
of NAX, an optional call to AXIS may be

made to add calibrated X- and Y-axes.

SUBROUTINE AXIS

AXIS,
labels the

if opticnally called by TITLE,
X- and Y-axes and draws calibra-
tion marks at integral grid locations

For proper operation of

both the X- and the Y-axis

along each axis.
this routine,
should be an integral number of grid units

in length.

SUBROUTINME RAYN

RAYN is called by MAIN for each new
wave ray to determine its path from origin
RAYN calls M@VE to

determine the c¢oordinates of each new point

to termination point.
along a ray. The goodness of fit of this
point to the least squares plane computed
by SURFCE is then made by a call to PCD.
RAYN then calls STPRE to save the coordi-
nates of this new point for subseguent
Plotting. A wave ray is considered termi-

nated if it reaches the grid boundary, if

it reaches shore, or if the curvature

iteration in M@VE fails to converge. Once
the ray has reached its
RAYN calls DRAW to plot

Depending on the value of the print
flag (NPT},

either of two formats.

termination point,

its track.

RAYN outputs information in
I1f NPT equals zero,
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then wave ray characteristics are output
only for the rays origin and termination
peints. If NPT is not equal to zero,

then wave ray characteristics are output

for all points along the ray.

SUBROUTINE MOVE

MFVE is called by RAYN to calculate
the coordinates of each new point along
a wave ray. The incremental step (D) is
computed and together with the curvature
used to cbtain the present point, the
approximate location of the next point is
MAVE then calls SURFCE to

obtain the curvature of this new point.

computed.

Curvatures of the current and new points
are then averaged with this new curvature
being used to obtain a new approximation
of the next point. This procedure con-
tinues until one of three termination
conditions is reached.

If two successive curvature averages
differ by a factor less than 0.00009/D
then convergence is assumed and the new
point is accepted. If the average curva-
tures used on the 18th and 20th iterations
differ by a factor less than 0.0000%/D,
then the curvature used to cobtain the new
point will be the average of the curva-
tures computed on the 13th and 20th
iterations. This is done due to the fact
that the curvature approximations have
converged to two values and the iteration
is oscillating between the two.

If neither of the prior two condi-
tions are met, then the iteration has
failed to converge and no new point is
accepted. Finally, MPVE checks to see
if the new point has reached the grid
boundary and control is returned to RAYN.

SUBROUTINE SURFCE
SURFCE is called by M@VE to calculate

ray curvature (K] for a specific point

along a wave ray. For this point a plane
is fitted by least squares to the four

closest depth values in the bathemetry



matrix. The water depth (h) is then
cbhtained by interpolating on this plane.
If the water depth is less than or
equal to zeroc, then the ray has reached
shore and control is returned to MOVE.
If water depth is greater than zerco, the
partial of water depth with respect to
the direction normal to the ray (n) is

computed using:

3h _ _ 3h sin A + (L

3

an 34 3
where A is the direction of travel.

VELCTY and CPNDER are then called to
compute wave speed (C) and the partial
of wave speed with respect to the normal,.
If water depth divided by deep water
wavelength (WL) is less than or equal to

0.5, then ray curvature is computed using:

1 ,=-3C
K = a ( gﬁ) (2}
Ctherwise, ray curvature is set equal to
zera, Deep water wavelength is defined by:
2
= g7
W 5 {(3)

where g is the acceleration due to gravity
in feet per second per second and T is

the wave period in seconds.

SUBROUTINE VELCTY

VELCTY is called by SURFCE each

1f
the deep water
0.5, then the
the deep water

time a wave speed is to be calculated.
the water depth divided by
wavelength is greater than
wave speed is set egual to
(Ws).

speed is given by:

wave speed The deep water wave

(5)

This equation is iterated until successive
values for C differ by a factor less than
0.00005.
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SUBROUTINE CONDER

C@NDER is called by SURFCE to
convert the partial of water depth with
respect to the direction normal to the
ray into the partial of wave gpeed with

respect to the normal. This is given by:

3C _ 3k |y

¥In 9n (6)
where
W o= 1_ )
ok

1

" "
%Tc" 1—EE"E + 1n(1+k"C)-1n{1-k"C)
' T
k=4
noo_ g_l
k" = 5T

SUBRQUTINE PCD

PCD is called by RAYN after each
point along a ray has been calculated in
order to get a measure of the goodness of
fit of the linear interpclation plane com-
puted by SURFCE.
depth values closest to the point, FCD

For each of the four

computes the percentage difference hetween
the actual value at that point and the
corresponding point on the computed plane.
The maximum o¢f these is then taken as a
measure of the goodness of fit.

SUBROUTINE STORE

After each point along a ray has
RAYN calls ST@RE. The

X~ and Y- ccoordinates of the point are

been calculated,

stored in two arrays so that they will

be available later for plotting purposes.
Additicnally,
is greater than zero,

if the input parameter CIN
the X- and ¥- coordi-
nates of the wave crest marks will be

If CIN eguals

zere, no crest mark positions will be

calculated and stored.

calculated or stored.



SUBRCUTINE DRAW

When all points have been calculated
RAYN calls DRAW to plot
the entire ray track from its origin to

for a given ray,

its termination point or vice versa
whichever is optimal in terms of pen
movement. Depending on the value of the
variable FAN, defined in the BLECK DATA
section of the program, the rays
If FAN is
than zero, rays will be numbered

If FAN is greater than

may be
less
at their

zero,

numbered on the plot.

origins.
rays will be numbered at their termination
points. If FAN equals zero, ray number-
ing will be suppressed. Additionally, if
the input parameter CIN is greater than
zero, marks will be placed aleng the rays,
normal to the direction of travel, to
designate crest positions. If CIN equals

zero, no crest marks will be drawn.

DESCRIPTION QF INPUT PARAMETERS

The input data for this program
Plot
cards, Bathemetry cards, Ray angle cards,

consists of five major card groups:

Ray period ecards, and Ray origin cards.
Each of the input parameters on these
cards will be described in a four column
format. The first is the variable name
used for the parameter in the program.
The second column contains the starting
and ending columns on the input card for
that parameter. The third column contains
the PERTRAN input format used to read the
parameter, The fourth and final coclumn

gives a description of the parameter.

T
3 (4)

n

W =
s

If the water depth divided by the deep

water wavelength is less than or egqual to

0.5, the wave speed is computed using:

REFERENCE

Wilson, W.

Stanley,

i964.

A Methed for

calculating and Plotting Surface Wave Rays,

Technical Memcrandum No.

17, U.5. Army

Coastal Engineering Research Center.

il



Card one:

PR@JICT

DATELl, DATE2

Card two:

N@R

NN

GRID

DCON

NPT

NAX

HT

CMAT{I,J}

10-13

14-17

18-24

25-31

32-43

44-47

48-51

52-58

59-67

PLOT CARDS

Ab Project number.

2n4d Date field (MM/DD/YY).

5X Blank.

I4 Number of rays to be calculated for this

set of plots.

I4 Number of rows in the bathemetry matrix.
T4 Number of columns in the bathemetry
matrisx,
F7.0 Number of feet per grid unit in the

bathemetry matrix.

r7.0 Multiplicative factor to convert input

bathemetry matrix to feet.

12X Blank.

I4 Print flag. 2ero indicates abbreviated
printout, non-zero indicates

unabbreviated printout.

14 Calibration flag. Zero indicates plain
borders, non-zero indicates calibra-
tion marks are to be drawn at each

grid unit on the border.
F7.0 Time between crest marks along a ray
expressed in seconds., Zero indicates

no crest marks should be drawn.

F9.3 Height for a specific plot expressed in

inches.

BATHEMETRY CARDS

10F6.1 Bathemetry matrix. Read by column, the
first depth value of each column

beginning on a new card. Each column

32



will take (MM+9}/10 input cards and
there will be NN such groups.

RAY BANGLE CARDS

Card one:

INA 1I- 3 I3 Number of initial wave ray angles.

Remaining cards:

ANG({I} 1-64 8Fg8.3 Initial wave ray angles, expressed in
degrees, measured counterclockwise
from the positive x-axis. There will
be (INA+7)/8 such cards.

RAY PERIOD CARDS

Card one:

INP 1- 3 13 Number of wave ray periods.

Remaining cards:

PER (I} 1-64 8F8.2 Wave ray periods, expressed in seconds.
There will be (INP+7)/8 such cards.

RAY ORIGIN CARDS

X 1- & F6.2 X-coordinate of ray origin expressed in

grid units.
Y 7-12 F6.2 Y-coordinate of ray origin expressed in

grid units. There will be NgR such
cards.,
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PLATE A

LEGEND: 6/270/0
PERIOD: 6 sec
LENGTH: 184 ft
BEARING:270° T
MINING: NONE
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PLATE A
LEGEND: 10/270/0
PERIOD: 1Qseac

LENGTH : 512 ft
BEARING: 270°T

MINING : NONE
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PLATE A

LEGEND: 6€/297/0
PERIOD: 6 sec
LENGTH:1841ft
BEARING : 297° T
MINING : NONE
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PLATE B
LEGEND: 6/270/45

PERIOD: 6sec
LENGTH: 184 ft
BEARING :270° T

MINING: 8C,8AC, 10A &
14C to 45t
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PLATE B
LEGEND: 6/297/45

PERIOD: 6 sec
LENGTH : 184 ft
BEARING :297°T
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PLATE C
LEGEND: 6€/270/90

PERIOD: 6sec
LENGTH: 184 f¢
BEARING: 270° T

MINING : 8C, BAC,I0A &
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PLATE C
LEGEND: 6/297/90
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LENGTH: 184t
BEARING : 297°T
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PLATE D
LEGEND: 6/270/90A
PERIOD:6sec

LENGTH : 184 f¢t
BEARING : 270° T

MINING: ENTIRE AREA to 90 ft
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PLATE D

LEGEND : 10/270/90A
PERIOD: (Osec
LENGTH : 512 ft

BEARING : 270°T

MINING: ENTIRE AREA to 90ft
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PLATE D

LEGEND: 6/297/90A

PERIOD: 6 sec
LENGTH : 184 ft

&

BEARING:297°T
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PLATE D
LEGEND:

10/297/90A

PERIOD:10sec

LENGTH : 512 ft
BEARING:297°T

MINING: ENTIRE AREA to 90ft
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