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ABSTRACT

A series of computer programs has been developed for the
calculation of the acoustical field in long-range, low-frequency under-
waier sound propagation in the deep ccean. The programs involve the
extraction of data inputs from availablc data banks, the calculation of
ray trajectories, and intensity calculations that are based on the mapping
of ray densities into the far acoustical field. This report outlines the
methods used in the calculations and provides incidental commentary on
the results of the program and its application to underwater sound propa-

gation,
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CHAPTER I

INTRODUCTION

1.1, Objectivea

The resuits of a number of experiments in low-frequency, long-
range underwater sound propagation have shown that bottom interactions
as well as changes in the velocity profiles with range will play important
roles in determining the efficiency of the acoustical tranamission between
an underwater source and its receiver. To include these effects in the
analysis of experimental data, Hudson Laboratories has developed a ray
tracing program which is especially adapted to multipath long-range
acoustical propagation - oriented toward ranges of several hundred to
several thousand miles ~ with the point of view that the program should be:

i) at least semi-quantitative with respect to the prediction
of acoustical transmission losses,

ii) a flexible research tool that can be used in connection
with the analysis of results from specific experiments
to choose parameters needed for the prediction of
intensity, and

iii) as complete as possible in terms of assimilating and
organizing for convenience a variety of data inputs and
presenting computed results to the scientist for his
interpretation,

This complete ray tracing program, of, more accurately, the
system of programs that has been developed (Fig. 1) is discussed in
this report with the motives that led to the selection of certain techniques.,

The work can be divided in a natural manner into three major
groupings:

i.2. Data Inputs
1.3, Ray Tracing
1.4, Intensity Calculations
and these groups are also consecutive steps in the data flow. The over-

all program can be illustrated in terms of representative outputs for each

group above, which will also serve as an introduction to the details of, and

a summary of, the present program.

e i rnbtsrnst s Hene e




1.2. Data Inputs
Figure 2 indicates a great circle path from 30°N, 20°W to 50°N,

O Ur ~ma skl Al 14 ] : M -
or W it {5 dcsirced to sobtain data for

mission loss. Coordinates for this track, or for tracks specified by an
initial position and bearing, are computed so that the path can be plotted
on standard bathymetric charts to obtain a bottom profile. Figure 3 is
an example of the track coordinates printed at 25-mile increments,

If no special velocimetric data are available for this path, e.g.,
data from a parxticular experiment, or if given data are to be checked
against standard data for the area, the magnetic tape files of the National
Oceanographic Data Center {NODC) can be searched for data of given
months for sound velocity profiles that possess depths equal to or greater
than a Maximum Depth of Obscervation (MDO), and which lie within a
specified range or zone width from the given track. Figure 4 gives the
identification numbers of all velocity profiles catalogued by NODC for the
months 10, 11, 12 with an MDO greater than 1500 meters and which lie
within 50 miles of the track of Fig. 1.

All the velocity profiles selected as pertinent to a given track
from any input data source are converted to a standard form for
editorial review before insertion into the ray tracing program,. Stations
given in terms of temperature, salinity, and depth are converted to
sound velocity and depth entries by use of Wilson's equaticm.l Also, if
the MDO of a station is less than a maximum bottom depth for the ray
tracing, an inverse solution is made of Wilson' 2 equation to determine
the water temperature at the MDO and the profile is extrapolated to
greater depths by assuming that the water temperature is constant and
the sound velocity is a function of pressure only. Figure 5 shows the
standard form used for the profiles. A four-point fit of entered data
points is used to determine the sound velocity at 20-meter intervals to
2000 meters and at 100-meter intervals to the greatest depths. The
MDO of the profile of Fig. 5 was 5277 meters and the eatered velocity
represented a water temperature of 1.818° for an assumed salinity of
35.0%.. Insofar as the roughly 1.8° temperature is typical of deep
water in the geographical area of the profile, this velocity profile and
its extrapolation were accepted as valid for .uiclusion into the ray tracing

program.

lReferem‘:es are compiled at the end of each chapter,
Py A




R 1)

Any number of velocity profiles can be inserted into the program
to construct the total velocity field; additionally;, and provided that
profiles can be obtained at the beginning and end of the acoustical path,

a number of shallower profiles, e.g., BT or X-BT casts, can be in-
serted to fill in important detail relating to the surface or near-surface
velocity structure, This process is described in detail later in this
report (Chapter II). The net result is the construction of a set of velocity
profiles ordered in range over the acoustical path which constitutes the
velocity field for the subsequent ray tracing., Accompanying this data is
a bottom contour, i.e., a set of bottom depth vs range entries.

The variation of the velocity profiles with range can be inspected
in detail by plotting the difference betwecen successive entries with respect
to a standard, usually the initial, velocity profile entry. This is shown in
Fig. 6. The multiplot not only indicates typical local variations among
the set of profiles but shows the manner in which the velocity profile
structure, e.g., the profile shape and the depth of the sound channel,
changes over the acoustical path., Thesc changes represent propagation
through different ocean regions such as thosec defined by the major oceanic
currents, The changes permit profound modification of the acoustical field
via interactions such as the trapping or ejection of rays from surface or
secondary sound channels,

A control form, '""Ray Trace DNata Search Specifications, " is shown
in Fig. 7 and this is used to initiate data selection from available data
banks.

1.3, Raz Tracing

Figure 8 gives the control form for the '""Ray Trace Program
Operating Specifications.'" The form is used to specify the initial conditions
for the ray tracing iteration and also to select parameters that control the
accuracy and computational speed of the program., For a given source
depth and initial angle the ray is traced in the velocity field and in con-
junction with the bottom profile prepared previously. Usually a range of
initial angles is specified together with an angular increment and the ray

trace is repeated for each increment until the entire angular spectrum has

been traced.




o PTG TR

Figure 9 indicates a printout that is available for each ray traced.

Range, depth, angle, travel titne, and height above bottom are printed
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oni the bottom, and the top plot depicts the progress © etween
the surface and the bottom. Printout intervals, tynically 1.0 or 2.0
miles, are selected and extra printouts are given at each turning point

and surface or bottom hit.

An objective of the program is to determine the principal arrival
structure that constitutes far ficld illumination., The angular increments
are chosen smail enough so that, insoiar as possible, each arrival is well
defined. In practical situations this usually requires from one hundred (o
two hundred rays or more. Summary informatiun of the total tield is ob-
tained by compiling the data {rom the individual ray tracings on an output
tape to produce multiplot data or data for the intensity calculations dis-
cussed in Chapter 1V. Figures 10a through 10d indicate the build-up of
the total field by the variovs rays {rom the source. To reduce confusion
in this representation of the field patterns, =sach plot is limited to a maxi-
mum number of 30 rays,

More specific data are given in the Ray Depth Distribution Plot of
Fig. 11. These piots can be obtained at every range that is also a print-
out interval of the ray trace program. The sequence of the plotis in
terms of the angular increments used in the ray trace and the asterisks
show the depth of that ray at the selected ranga. A ray will be osciliating
in depth about that range (F'ig. 9) and the maximum and minimum depths
of the oscillatinons that cccur about the printout range are indicated bv the
plus and minus signs in Fig. 1la. The extreme right-hand side of the
figure plots the travel time for each ray.

It is clear that if a vertical line is drawn in Fig. 11, representing
a given depth between the surface and the bottom, the line will intersect
certain families of rays and each intersection will give a differvnt arrival
that can contribute to the acoustic field. In this figure the shallower
angles correspend to sound duct propagation and the steeper angles repre-

sent RSR and bottom bounce propagation.




1.4. Intensity Calculations

Figure 12 is the control form for the '"Ray Trace Intensity
Calculations'' and indicates a number of parameters that are included
in the calcufation such as wave unctions, source and
receiver directivity functions, etc. These are described in Chapter IV,
It iz a feature of the calculations that intensity is determined as a
probability distribution that is obtained by mapping the arrival structure
depicted in Fig. 11 across the ocean depth at a given range. This per-
mits a calculation of the intensity at a given range and depth, and there-
fore the transmission loss. It also determines the distribution of in-
tensity in depth as the sound propagates between the confining sea surface
and bottom pianes of the ocean,

All such calculations are subject to uncertainties in the input data
and must be interpreted as averages over '""representative' data. Addi-
tional averaging is necessary to account for the fluctuations that are due
to multipath structure. In a coarsec differentiation corresponding to
limiting physical situations, the intensity calculations have been classified
into three types, only two of which, types Il and III, are considered for
long-range propagation,

The Tyne II intensity calculation is applicable where the depth
distribution of acoustical intensity will change with range. Figure 13
shows a printout that gives the transmission loss calculated at twelve
depths and for nineteen equally spaced range intervals, usually two-mile
increments, that are centered on a given range. These data could be used,
for example, to construct the predicted transmission loss to a given re-
ceiver from a source that is towed in range at a specified depth. Suc-
cessive outputs of the type of Fig. 13 can be continuously plotted to give
the transmission loss as a function of range in the form of Fig. 14,

When the input data becomes uncertain, and at very long ranges
such that convergence zone structure is ""washed out, '' it becomes
preferable not to predict the range-dependent Type Il transmission losses
but instead to average these over a large range interval that would cor-
respond to a convergence zone. For this limit of averaging a Type 1II

transmission loss is calculated with the printout shown in Fig. 15, The
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calculation is based on a representative range R and takes the form of
h

- 1A

a depth distribution uf iranamiasion les

a in whies
S o wnhic

vhich every rav that is traced
can make a contribution provided the ray has not suffered so great an
attenuation prior to range R that it has been terminated earlier in ihe
program.,

It is not the function of this report to undertake detailed compari-
sons of the data coiputed by these programs with specific experimental
results. However, as an indication of the ability of the program to pre-
dict acoustical transmission using realistic oceanographic envirommental
data, the predicted curve of Fig. 14 may be compared with Fig. 16 which
gives a transmission loss measured by A, N. Guthrie and J. D. Shaffer
during a summer 1967 tow of a 13. 33 Hz projector over the Hatteras Plain,
Velocity profile input data were obtained at approximately 30~-mile inter-
vals using Sippican X-BT casts to 750 meters and deep velocimeter casts
were obtained at the end points of the tow. The bottom profile was taken
fromn the PFR records of the towing ship (USNS J. W, Gibbs). The trans-
mission was monitored from the USNS Mizar by a sonobuoy-suspended
hydrophone at a depth of 100 meters. The depth of the towed projector
was 30 meters,

The velocimeter casts indicated a strong thermocline to the sur-
face from a depth of 150 meters with a roughly isothermal layer of about
200 to 250 meters below the thermocline. The latter layer strongly af-
fected the transmission, acting as a partial sound channel. The experi-
mental data, obtained from digitized records, are based on an intensity
average taken over a 2-mile range interval.

The agreement between experiment and theory is partially
fortuitous because:

i) application of ray theory to the very low 13, 33 Hz
frequency is questionable, and
ii} the bottom reflectivity loss function used in the calcu-
lation is an extrapolated estimate.
Nonetheless, this and other comparisons that have been made with ex-
periments are highly encouraging; they also indicate that the details of the

transmission loss vs range plots are highly sensitive to specific

ESJEOTN




features of the input data, e.g., horizontal gradients and certain types
of bottom features, and that these must be included in any realistic

predictive model.
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The examples of Figs. 1 through 15 serve as an introduction to i

. the program. They indicate the computational velume that is required '

to obtain a reasonably complete deacription of a sound field that may
contain twenty to thirty arrivals or more, and also to estimate the distri-
bution of these arrivals with depth at given ranges. With the GE-235 o

computer available to the Laboratories, a program extending to a 1000~ 4

mile range that computes 200 rays will require about 10 to 15 hours for
the ray tracing itself plus about two hours for associated plots and in-
tensity calculations. With a modern higher speed computer and,
admittedly, with technical improvements in programming it is estimated
that the computational time could be cut to one-fiftieth to one-hundredth

of the present running time, Features of the present program that are i

discussed in detail in subsequent chapters of this report include:

i) a capacity for the inclusion of mixtures of all types of
velocity profiles, e.g., surface BT casts, deep Nansun
casts, etc., to obtain as precise a construction of th:
velocity field as the data permits,

ii) the inclusion of horizontal gradients, earth's curvature
corrections, and available bottom data in a straight-
forward manner,

iii) a capability for 'trading-off" computational accuracy in
terms of shorter computer running times according to

the nature and reliability of the input data and the type of

calculation desired.
Separate experimental studies in long-range acoustical propaga-
. tion (not reported here) have shown that the horizontal gradients and at
least a limited number of bottom interactions must be included to obtain
agreement between predictive models for the sound transmission and
- experimental data, especially at low acoustical frequencies. As a

generalization, the bottom interactions that are most important for long-

range propagation are of three types:
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i} the terrain local to a source that can either augment

the ray field by slope-aided rays that propagate to the

far {ield ur can alienuaie thie [ield Ly Gbsliudling maiy -

rays that could otherwise propagate, l
ii) prominent rises, e.yg., seamounts or ridges, at inter-

mediate ranges that obstruct the ducting of the sound

energy, and

iii) terrain at the farthest ranges that can obstruct the sound

by additional terrain shadowing or, conversely, can
i create '"hot spots' due to favorable slopes.

The sound paths and bottom interactions shown in Fig. 17 are
typical of physical conditions that prevail in the real ocean and represent
the type of propagation toward which the present program is directed.

The source is located on a bank at range zero. The sound energy spreads
hemispherically, neglecting bottom proparation, to a near range, R ,

1
but during this propagation the steep rays interact strongly with the bottom

so that only a fraction n of the source power radiates ocutwardly beyond

R1 and the fraction (i1-m) is lost to the bottom. The propagation to n

range Rl acts like a filter that eliminates all but the shallow angles.

-
" : If the bottom is deep between ranges Rl and a further range R2 ,
| .

almost all of the m fraction of the source power propagates as cylindrical n
spreading with very little decrease in the value of n . An intervening

obstruction at range R, will cause a further filtering of the ducied energy

2
and will produce a distinct decrease in 7 to a value 1’ after which the

power will again spread cylindrically with a nearly constant fraction v’

Finally, if there is an interaction with the bottom at range R3 , there

will be a further attenuation in the power; however, low-angle reflections

from a slope at R can give an increase in the intensity observed at 3

certain depths at thi range of R; . 3

: The frequent observations of nearly ideal cylindrical spreading i

' from intermediate to long ranges give such a model a strong empiric basis ’
as, at least, a good approximation for cylindrically spreading waves. Also,

the fractions 1 can be measured in given ocean regions if the total in-

tensity that propagates throughout the full depth of the ocean can be measured,




The present program attempts a predictive model of such
acoustical transmission with special concentration on:

i) the intensity distribution in depth and as a function of
range of source and receiver,

ii) prediction of the loss fraction % as a function of the
depth of the source, the prevailing bathymetry, and the
dominant velocity field,

iii) the effect of changing velocity profiles which, by their
change through ocean regions, contract or expand the
duct that controls the cylindrical spreading of the sound
field.

Reference for Chapter T
1. W. D. Wilson; J, Acoust. Soc. Am. 23, 10, 1357 (1960).




Ray trace data flow diagram.

1.

Fig.
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. Fig. 2. The ray path between 30°N, 20°W and 50°N, 25°W drawn on a great
circle chart, Marsden squares were computed by program A-173-F1.
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DATA BEARCH PROGRAN {An173¢F1) o R p MININGWAN
GREAY CIRCLE BDEARINGS AND DiISTaARCES

COMPUTED ON CLARKE 1864 SPHEROID- OI1STANCE IN MILES

HAJOR RADIUS o 3443,999097 mMiNOR RADIUg @ 3432,200999
7RO LAVITUDE  LONGLTUDE  TO LATITUDE LONGITUDE DISTANCE BRARING
3 LI N ] o 0, 30 0 9, 2% 0, 1220,3400 3%0,600%
RANGE LATITUDE LONGITUDE QEARING TO

FINAL POINT

29,0 30 24 40.16 20 4 41,42  3%0,6902
50,8 30 49 20,104 1] 9 29,19 3%0,48110
1,0 31 13 99,% 20 14 14,38 3%0.%71%
100,40 34 30 39,61 20 49 0,03 3;0.9:03
12%,0 32 3 19,08 20 23 94,21 390,4887
190,94 32 27 sa,W 20 28 44,99 390.4462
173, 12 %2 V. 20 33 64,43 390.402°
200,00 33 17 16,38 20 38 40,39  390,388¢
229,90 33 43 85,09 20 43 42,99 380,343%
2%9,0 34 6 33,60 20 40 47,38  350,207¢
213,90 34 31 13,9 20 53 33,14  390,2204
308,90 34 59 30,01 20 %9 9,91 390,172%
39,0 35 20 27,00 21 4 19,78 390,123
380,80 39 4% 5,.% 24 9 36,00 380,073%
® 42,97 24 14 57,08  390,02%?

490,90 36 34 20,16 21 20 20,68  349,9207
a0, 3¢ 58 87,42 24 2% 47,70  3e49, 9477
45V,0 37 23 33,83 21 31 10,32 349,043
473,90 37 48 10,28 21 36 82,33 349,0004
Sou,8 38 12 46,48 21 42 30,12 349,732%
$29,0 30 37 22,42 24 40 44,70  Ye9,0947
950,90 3 1 958,08 24 53 97,1%  3e9,636%
79,0 39 26 33,44 21 39 44,57  349,5763
400,90 39 si 8,%¢ 22 5 40,08  349,5153
29,0 40 19 43,36 22 11 37,78 349,483
0.0 40 40 17480 22 17 39:.78 349,389
07%,0 44 4 352,06 22 23 44419 349,329
790,0 43 29 29,93 22 29 97,14 }a9,2%80
729,¢ 41 53 94,48 22 34 $72,73  349,101e
784,90 43 18 32,790 22 42 33,10 349,1227
77%,0 42 &3 9,9 22 &b 853, W7 349,0820
000.9 43 7 30409 22 %5 26,68  340,9818
82%,0 43 32 30,23 23 2 4,16 348,9087
50,0 43 56 42,04 23 8 44,95 348,833
07%,0 48 21 13,44 23 19 31,19 348,7880
00,0 a4 4% 44,09 23 22 23,09 348,0807
92%,0 4% 10 31%,07 23 29 20,64 348,0019
"y, 4% 34 4%,2¢ 23 36 24,19 348,%216
979,86 4% 99 19,04 23 4 3,7 348,439
1000,9 46 23 44,30 23 S0 49,04  348,3%¢7
102%,0 40 48 13,20 23 %8 11,90 a0
10%0,0 47 12 47N 24 % 40,74 348,1062
19730 a7 3 7 24 13 16,34  348,0092
1100,0 4 1 9,0 2¢ 20 98,06  344,0134
1412%,0 48 24 4,3 24 28 40,7 347,9233
1180,0 48 S0 30,7 24 36 48,31 347,6362
1179, 49 14 56,00 20 44 49,%0  3J47,.793%
1200.0 4% 319 2.0 24 53 0.9 347,600

Fig. 3. Great circle computed along ray path at 25 n,m. increments.
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HUDSN LABORATORIES OF COLUMBIA UNIVERSITY
ANALYSIS DEPARTMENT DATA PLOW SYSTEM
SENTOR SCIMNTIST RAY TRACE REQUEST FOHA- PART i

Ray trece number BT Date

Senior scientist __ Operation

BAY THAGE DATA SEARCE

1. Ray path (answer eilther a or b)

a. DBegining positions Latitude Longitude .
(origin) deg ®in sec deg min sec

nding position Latituds Longitude .
deg min ssc deg min sec

b, PBogining positions Latitude Longitude
) deg min seéc deg min sec

(origin

Initial bearing (deg): .

Pinal range {n.m.): .

Ray path printout increment (neme)s .
2, Maximum width of velocity dats zome (nem.)s . .
3. Acceptable month ror veloclty date: .
4, Acceptable yesrs for velocity data: .

5. Minizum acceptable ganple depth for published veolocity data: .

6. Bottom oantour increment (fathoms} 1 .

7. Indicate below sxperimental velocity and bottom date that are to

be used; indicste opsration nuabers, dates, locations, etc.

Fig. 7. Ray trace request form used to specify the data that are to be
used in the Ray Trace Program.
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Ray treoce nusmber BT Date
Senior Scientist Operation

RUNSON TARORATORTES OF COLINRYA 1w YVIRQTTY

ANALYSIS DEPARTMENT DATA PLOM SYSTEM
SENIOR SCIBNTIST RAY TRACE REQUEST PORM- PART 2

BAY TRACE GPIBATING SERCIPICATIONG

1.

2.
3.
b,
Se
6.
7.
8.
9.
10.

11.
12.
13,

Initial depth of rey (at range 0):

&, Give depth from surface (meters): y or
b, Check if on bottom: __ .
Kaximun iteration inorement (meters): .
Minimum iteraticn inorement (meters): .

Required acouracy for predioting velooity field,€ (m/sec): 2

Maximus nusber of allowed surface hita: .

Maxipum number of allowed bottom hits: .

Maximum allowed grezing angle (degrees): .

Pinal rangs of ray trace (nautical miles): .

Printout increment (nautioal miles): .

Initlel angles to be traced (degrees): from Lo by
Check for earth's ocurvature correction: XES ' MO 2
Depth for the extrapolating parameter beta (meters): .

Other information:

Fig. 8, Ray trace request form used to specify parameters used in the
Ray Trace Program.
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Ray Trsce Number RT Date

Senior Scientist Operation

HUDSON LABORATORIES OF COLUMBIA UNIVERSITY
ANALYSIS DEPARTMENT DATA FLOW SYSTEM
SENIOR SCIENTIST RAY TRACE REQUEST FORM - PART 3

ANALYSIS SPECIFICATIONS

IC

i1,

MULTIPLOTS (limit of 30 rays per plot)
1. Angles to be plotted (degrees):

a, from to c. from to

b, from to d, from to

RAY DEPTH DISTRIBUTION FLOT

1. Bottow loss (answer a or b):

A

22
a, ~  (fractional)= Cexp o [ (Ao)e + B(SIN 9)°g ]

Sigma Table
Range Interval : Sigms C =
£ero to H B = meters
(n.m,) i
to : A - seters
to : A = _
H
to :
b. Specify function with three parameters:
2. Surface loss:
a. B =1, of 1
b, Specify function: g =
3. Center ranges for calculatioa:
a, Ranges (naurical miles):
b, or,specify initial rvange with distribution every nautical

wile. initisl range: .

Fig. 12 (a-c). Ray trace request form used for specifying data reduction
procedures that are to be used on the output of the Ray Trace Program,
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9

2.
3.
4,

3.

6.

7.

Ray trace number RT Analysis Specifications Page 2.
! _
111, TYPE II INTENSITY CALCULATION

a. Initial range _ with calculation every n,m,

b. or, specify ranges

Depths for calculation (msters):

Vavelengths for calculaticn (meters):

Bottom loss:
a, Check 1f same as for Ray Depth Distribution Plot or,

b, Bpecify function with three parameters:

Surface loss
8, Check {f same as for Ray Depth Distribution Plot: or,

b, Specify function with thres parameters:

Source Directivity Funciion

e. ftw]l, or

b, te § SIN2 ( -g{— 2z SIN @) , 0SzSr) , r (integer)

or,
¢, Specify function:
Raceiver Directivity Function
e, g~1, or
b. s~ 4 3IN (2L 2 SIN o), 0S25r' ) ' (tnteger) or,
¢, $pecify function:
Distribution Density Function
& '(bz") Mg 1. (P(z-zJ)/zB)e P — T,
b wlz-z) v EXP [f—(-z—;:d:le r._

vz, B

N = pumbar of rays (180°/49)

Fig. 12 (b).
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Ray trace number RT Analysis Specifications Page 3.

IV.  TYPE III INTENSITY CALCULATION

1. N » number of rays (180°/A¢) .

2. M » pumber of depth intervals (integer),

3. Wavelangths (meters):

4, Ceuter ranges Zor calculation (n.m,)

5. Loss and directivity functions:
a, Check 1f sene as for Type 1I Intensity Calculation or,
ra

b, Specify functions:

v. OTHER INSTRUCTIONS

Fig. 12 (),
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Fig, 14, Transmission loss curve calculated from ray tracings based on data
taken in Hudson Laboratories Operation 251,
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DATA INPUTS AND PROGRAM ORGANIZATION

2. 1. Introduction

This chapter of the report is concerned with the selection and pre-
paration of data inputs which are used to construct the velocity field and
bottom profiles for the Ray Trace Program. In application, the program
must be able to accept data from many different sources, and for this
reason it was necessary to develop a series of programs into a data flow
system. The specific programming details of the system are not given
in this chapter, but only the basic principles upon which the system was

designed,

2.2, Data Flow System

Over-alil objectives in the data flow system have been on:
1) Flexibility
2) Speed of data assembly
3) Error detection
4) Documentation
2.2.1. Flexibility
Applications of the ray-tracing program have ranged from time :
calculations over a short path with data printouts every tenth of a nautical mile,
to estimates of transmission loss using relatively crude input data with
data printouts at widely separated ranges. The source of the data varies
from program to program and all data must be reduced to common formats.
The data flow system has been designed to accommodate as many types of

inputs as possible,

2.2.2. Speed In Data Assembly

Speed in assembling data is accomplished by having the computer do
most of the necessary reduction procedures. The output of one program is
the input to another program and thus, once having entered the system,
there should be no further need to manipulate data by hand. Time is also
saved by having the computer print out a variety of visual displays and

plots of data, which are formated for use in reports. A number of forms
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(data reduction sheets) have also been developed to effect with ease the
initial entrance ot data which are not on a medium that is readable by the
computer, i.e., card or tape, into the system. Data from any sourze

can be written on forms and punched on cards for special entries.

2.2.3. Error Detection

Every program checks data for consistency and physical impossi-
bilities, e.g., successive range entries must increase in magnitude and it
is impossible to have negative depths. This eliminates gross accidental
errors in the final data package but final validation depends on editorial
review by a scientist as to the acceptability of the input data.

2.2.4.Documentation
Fvery reduction procedure that is performed on the data is documented
by printouts which are labeled to allow cross referencing of its information
with the original source or other data reduction printouts. Many of the
: printouts are self-explanatory and can be copied for use in reports without
long explanations.

2.3. Program Management

; The first stage of the data flow system funnels data from the various
k i sources into one package (a card deck) for the ray calculations. The second

stage calculates the ray paths, and the third stage analyzes data based

g on the ray paths to give inteneity calculations, distribution plots, etc. '
The three stages of the data flow system are directed by the scientist :

with the use of three forms, The intent of these forms is as follows.

(1) Data search specifications, Fig. 7. This form specifies the
Pl acoustical path and its length, requests searches for velocity field and
| bathymetric data, references actual experimental data that would be appli- i

cable, and indicates the accuracy that is required for the data inputs.

(2) Program operating specifications, Fig. 8. This form details
the functions and the parameters that are to be used in the Ray Trace Program.
Program accuracy is implicitly controlled by specifications on this form,

e.g., the maximum iteration increment, the required accuracy for pre-

dicting the velocity field, and the number and initial angles of rays used

in estimating a ray probability distribution.
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(3) Analysis specifications, Fig. 12. This form controls the
selection of various printout or plot options that are available and also
specifies physical data such as bottom attenuation functions or directivity
functions, The more commonly used ray trace analysis routines have
been programmed and are immediately available. They are:

a) Type II Intensity Calculation

b) Type II Intensity Calculation

c) Ray Depth Distribution Plot

d) Multi-Plot of Rays

e) Transmission Loss vs Range.
At this stage, the scientist may also request a special program to be
written which would analyze the results of the Ray Trace Program in some
unique manner.

The description and the effects of various parameters used in the
forms can be found in the appropriate chapters of this report. This chapter
specifies the use of the first form and affords some information on the
second, Figs. 7 and 8, The flow diagram in Fig, 1 shows the data process-
ing channels of the data flow system and provides an cutline for this

chapter.

2.4 .Ray Path Specifications

A ray trace path may be specified as:
(1) Between two positions each located by their latitude and
longitude, or
(2) An initial position, initial bearing, and a final range.
In either event, track information is developed at specified range

intervals along a great circle as in Fig. 18.

2.5, Sources of Sound Velocity Profile Data

Primarily, the .ound velocity profile data that are used to con-
struct the velocity field will come from three sources:
(}) National Oceanographic Data Center. NODC has compiled
physical and chemical data from more than 300,000 oceanographic
stations located throughout the world, Hudson Laboratories has references

to all these stations and the data for the majority of them. Velocity
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profiles are immediately available for the Pacific Ocean and for much of

the Atlantic (Fig. 19) and information for the other areas can be obtained

)

ition of velocity
profiles in the North Atlantic that are deeper than 1, 950 meters is shown
in Fig. 20, and Fig. 21 shows the distribution in the month of December.
(2} Published Data from other than NODC. The Hudson
Laboratories library receives 'data publications' from many oceanographic
institutions during a year. All the publications that contain information on
the temperature, salinity, or sound structure of an area are indexed with
respect to geographical location., Atlases, technical reports, and any other
published information which could be helpful in the construction of the
velocity field are also indexed in this manner.
(3) Hudson Laboratories Experiments. Experiments that
include velocimeter, X-BT, or BT data taken along the total length of
the acoustical path will allow the construction of the best possible velocity
field. Even a partial experimental coverage of the path is a help in the
selection of the most appropriate information from puhlished data. Experi-
mental data can be combined with published velocity profiles with prudence;
i.e., one can take the upper portion of the profile as that of a shallow BT

cast but use published data to represent more stable, deeper profiles.

2.6. Selection of Velocity Profile Data

The data flow systemn is grouped into sub-systems. Some of these
assist in the selection of velocity data from large sources such as NODC
and the Hudson Laboratories library where it would be difficult to retrieve
information without a predefined procedure. The major criteria for
selection are:

(1) Proximity to a designated ray path
(2) Month or season

(3) Maximum Depth of Observation (MDO).

2.6.1. Proximity
There is a maximurm distance from a ray path such that velocity
profiles which lie within the area determined by the ray path and a data zone

width are considered acceptable. This area is called the '"velocity profile
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data zone.' The NODC Data Search Procedure (Fig. 22) generates this
zone by first computing the great circie between the beginning and end
point of the ray path (Fig. 18) and then computing Marsden Squares

(1 degree areas) that lie in its path and on each side of it, out to the

designated maximum distance (Fig. 23).

2.6.2. Season
Profiles are also classified and searched for according to months
to permit the selection of profiles which will reflect seasonal characteristics

of an area (Fig. 24).

2.6.3 .Maximum Depth of Observation

A minimum of two deep profiles are needed to construct the velocity
field. They are used at the beginning and at the end of the ray path and
should have a maximum depth of observation (MDO) for which the water
temperature and salirnity have become constant.

After a general sclection of profiles has been made, it is the
responsibility of the scientist to investigate each profile's finer characteristics,
e.g., the year in which the profile was taken, the institution which conducted
the survey, the shape of the profile relative to other data being used in
the program, and other factors which would deterinine its application for
use in the Ray Trace Program, This final selec*ion constitutes a data-

editing review.

2.7 .Velocity Field Construction Program

Velocity profiles are entered in the Velocity Field Construction
(VFC) program in order of increasing range from the beginning position
of the ray path to the end position. Only data in the form ''depth vs
velocity' are used in the program; therefore, it is necessary to convert
information that exists as pressure, temperature, and salinity combinations
to this form. This conversion is usually done prior to the running of the
program by a sub-system of the data flow system.

The first step in constructing the velocity field is to extrapolate

all of the entered profiles to a depth equal to the deepest bottom point

along the ray path. Two types of profiles are recognized for this procedure
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and are treated differently. Profiles are tagged '"deep" or ''shallow" before
they enter the VFC program and are distinguished by the following detinitions:

(1) Deep profiles have a MDO at a depth where, with further

E
H
£
i
1
£
H

increase in depth, significant changes in temperature
and salinity would not be expected; thus the velocity at
greater deptils can be extrapolated as a function of
pressure alone,

(2) Shallow profiles have a MDO at a depth where, with further

increase in depth, changes in temperrture and salinity

could be expected, and these changes must be included
in the calculation of velocities at greater depths (Fig. 25).

2.7.1. Profile Extrapolation

Deep profiles are extrapolated by first calculating the temperature
at its MDO and then using this temperature in Wilson's equations to calcu-
late velocities at greater depths. The salinity is considered constant at
35 %,, and the temperature is calculated by using the depth and velocity at
the MDO in an inverse solution of Wilson's equations, Fig. 26.

A procedure is available for extrapclating shallow profiles if they
have two bracketing deep profiles, i.e., a deep profile at a range greater
than the shallow profile, an¢ a deep profile at a range less than the shallow
profile. At great depths the velocity values of the shallow profile are
calculated by linear interpolation with respect to range between the two
deep profiles. Although the linear interpolated values may be a satis-
factory representation of the trite velocity structure at great depths,
these values will usually not match the MDO of the shallow profile. For
this reason, an adjustment is made between the MDO of the shallow
profile and a much deeper depth to insure that the interpolated profiles
will be continuous. The depth P is chosen as the {arbitrary) depth at
which linear interpolation between the deep profiles is permissible,

Figs. 25 and 27.

Figure 27 is a schematic illustrating the extrapolation procedures

for deep and shallow profiles. Parts of the schematic have been exag-

gerated for the purpose of clarity and it should not be considered to represent
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proper proportion. The interpolation «nd extrapolation formulas are
given in Fig. 25 and an example of extrapolated profiles is given in

Table 5. 3.1,

¢.7.2 ,Curvature and Gradient Dala

The second step in the Velocity Field Construction Program is the
calculation of curvature and gradient parameters for all the depths of a
profile where there is a value for the velocity that is either given as input
data or calculated by one of the foregoing extrapolation procedures. A
modified 4-point interpolation is used between listed points on the profile;
thus, the vertical velocity structure can be completely defined at the range
of the given profile. The formulas for calculating the curvature and
gradient are given in Fig. 28, The modificd 4- point interpolation pro-
cedure, also known as the "Special 4-point fit, '" i8 a weighted average

of two 3-point parabolic fits,

Only the curvature and gradient parareters at data points are
calculated in the VFC program and entered on the data input tape. The
interpolation of velocitics and derivatives, vertically and horizontally,
is done directly in the Ray Trace Program (Chapter III), usirg the cxpansions
of Fig. 28 in depth and linearly interpolating all the parameters in range
between the ranges of successive vr:loi:ity profile entries, The result of
this ficld composition is the set v(R,z), Z%(R,z), D(R,z), and G(R, z)
defined continuously over the range R and the ocean depth z , and these
are used in a Taylor expansion of the velocity from any point as digcussed
in Chapter III, Eq. (3).

2.8, "Four~Point'' Fits

There are, of course, many types of 4-point fits for estimation of

the trend of a function between discretely entered data points. The selection
of the special 4-point fit used in the present program was guided by its
relative simplicity and by the fact that it gave a smoother approximation
than alternative {its which could permit very large local curvatures, To
illustrate this, Fig. 29 gives a comparison of the effect of a single displace-

ment from an otherwise constant function according to fits obtained by:
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i) linear interpolation

ii) Lagrange 4-point

‘i iii) bedford lnstitute 4-point
iv) Special 4-point.
% The Bedford Institute method has been tested and adjusted for
E = optimum agreement with experimental data. See Fig. 30 for formulas
2.9, Sources of Boettom Data
) : The horizontal bottom profile along the ray path has proved to be

an important factor in ray trace programs. Geological features suchas
seamounts or banks can totally obstruct, partially attenuate, or redirect
rays as they travel along paths determined by the velocity field.
Primarily the data for constructing the bottom profile will come
from two sources:
(1) Published charts. The USN Oceanographic Office has
published BC (bottom contour) charts that cover most
of the world's oceans. Foreign countries, e.g., Russia,
Germany, Great Britain, ete., also publish charts with
bottom countours. Charts depicting the detailed structure
of a small area are often found in technical reports.
(2) Research Experiments. As was true with velocity data,
the best source of bottom data comes from bathymetric

P surveys along the ray trace path,

2.9.1. Bottom Proiile Construction

The Ray Trace Program presently ccads bottom data in the form

i- of range vs depth, which is usually obtained in the following manner:

E (1) The ray path is plotted on the appropriate BC charts,
: : and then
(2) The distance from the beginning position of the ray path
! to each of the contours that cross the ray path is calculated.
This distance can be computed by having a printout of
the great circle (Fig. 18) which lists: range vs geographic
position, at small increments (25 miles or less) along
the ray path. The ranges for contours between the listed
positions can then be read graphically from the BC chart.

; -38-
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Contours are usually read at 100-fathom intervals, but the selection of
a emaller or larger interval may be necessary to emphasize special features,
The Bay Trace Prograsm lineariy interpolates between input points
to provide a continuous trace of the bottom. This fit has proved reliable
for most ray traces; however, it is occasionally desirable to have a
smoother representation of the bottom. This can be obtained by using
a 3- or 4-point fit, prior to running the Ray Trace Program, to generate
additional points between those originally listed. This procedure should
be adopted with caution and used only in an area where one has an intimate
knowledge of the geology and feels that the smoother bottom is closer to
the actual situation then the linearly interpolated bottom with discontinuous

slopes.

2.10. Inputs to the Ray Trace Program

At this point in the data flow system the velocity and bottom data
can be combined into a data package for the Ray Trace Program. Associated
with this package must be operating instructions, which are taken from the
Ray Trace Request Form - Part 2 (Fig. 8), and provide the following
information to the program:

(1) Initial depth of the rays to be traced. This is in
reality the depth of the sonic source or receiver
at range zero.

(2) The initial angles to be traced. Each angle in the
program is traced separately from range zero.

(3) Final range of the ray trace.

(4) Printout increment. Information concerning the
position and angle of the ray is printed at any desired
increment (usually 1 or Z n.m.) along the ray path.

(5) Iteration parameters. The rays are traced through
the velocity field by computing the position of the ray
every few meters. The increment at which the ray
path is computed is variable and depends on the iteration

parameters selected (Chapter Il ~ 3,3). These para-

meters control the accuracy with which the ray path is




pradictad: the amaller the iteration increment, the
better the prediction but consequently the longer the
computing time. All ray traces do not require the
same accuracy. A balance must be considered between
the prediction of the ray path and the accuracy of the
data: using very small iteration increments will not
improve the quality of the input data used for the
velocity field or the bottom.

{6) Physical parameters. The Ray Trace Program accounts
for energy losses due to bulk absorption, bottom hits,
and surface hits. The attenuation functions that are used
to compute the losses are specified as inputs. The
computing of a ray path is terminated when the accumulated
loss of a ray meets a specified maximum. The details
of these procedures are described in Chapter IV.

The operating instructions for the Ray Trace Program are entered
separately from the data package. Thus, it is possible to run different

ray traces, i.e., different spccifications, on the same data.

2.11. Outputs of the Ray Trace Program

The outputs of the Ray Trace Program are a printout and a magnetic
tape with numerical values, at the specified printout intervals for the:
(1) depth of the ray,
{2) angle of the ray from the horizontal,
(3) accumulated travel time of the ray, and
(4) the distance to the bottom from the depth of the ray (bottom
difference).
In addition to the record of this information at the specified interval, the
program prints the same data when the ray hits the bottom, hits the
surface, or the angle of the ray is zero. A plot of the bottom, the surface,
and the path of the ray accompanies the numerical values on the printout.
Analysis of the ray trace can be made directly from the printout

or by other computer programs that are capable of reading the Ray Trace

Program's output tape. As has been previously mentioned, there are




standard analysis routines that have been prograrmmed, but the scientist

is at liberty to develop other analysis procedures for his specific purpose,

2,12, Conclusion

It has been the intent of this chapter to give the reader an over-all
viewpoint of the Ray Trace Program, and concepts rather than cperational
details have been presented. Parenthetical cross references to other
chapters were given to direct the reader to a more detailed explanation of
the topics being discussed. The Ray Trace Program has been defined as a
series of programs and procecdures, organized into a data flow system for
advantages in speed, accuracy, and flexibility in data processing. It is
believed that throuvgh this approach, the Ray Trace Program will have its

greatest effectiveness as a tool for the acoustical scientist,
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HUDSCN LABORATORIES OF COLUMBIA UNIVERSITY
ANALYSIS DEPARTMENT DATA FLOW SYSTEM
RAY TRACE VELOCITY DATA SEARCH PROCEDURE

Ray trace dats search specifications:

1. Begining and ending position of ray path.
. Ray path printout increment,

3, Maximum width of data zone,

4, Acceptable months for data.

5. Acceptable years for data,

6. Minimum acceptable sample depth for data,

Punched

RAY TRACE VELOCITY DATA SEARCH PROBRAM.........toserneeen.s
Calculation
of the ray
path (great
circle)

escrmnsasogsasastunnas
L]
Wessseseasteressessnss

Calculation
of Marsden
Squares along Ref,
the ray path- file

esscessaseqsaarconesan tape

ceanseene susosusne

Selection of
references
from data
reference file!

o Vel.
data
tape

Punched
bibliographx
card

Ray Trace
Velocity
Profile [
Punch Program

5

Y S S I

Printout of Printuut of

Fig. 22, Flow chart of the Ray Trace Velocity Data Search Procedure
which extracts velocity profiles from NODC data tapes,
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MARSDEN
4395
4396
7904
7905
7906
7944
7915
7916
7917
7924
7925%
7926
7927
7935
7936
7937
7938
7945
7946
7947
7948
7986
7987
7958
7989
7966
7967
7968
7969
7977
7978
7979
7987
7988
7989
7998
7999
8370
8080
8090
8091

11508

11509

11600

SQUAKRES "CST RUN

Fig. 23. List of Marsden Squares calculated along a ray pa

output of Ray Trace Velocit

y Data Search Procedure,
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EXTRAPOLATION OF SHALLOW PROFILES RY INTERPOLATING
BETWEEN TWO DEEP PROF ILES
vo(z) = VELOCITY AT DEPTH z OF THE SHALLOW PROFILE.
vS(MDO)= VELOCITY AT DEPTH MDO OF THE SHALLOW PROF ILE.

D(z) = VELOCITY AT DEPTH z OF A DEEP PROFILE AT RANGE 1.
(z)= VELOCITY AT DEPTH z OF A DEEP PROFILE AT RANGE 1+1.

1+1
RS = RANGE. OF THE SHALLOW PROFILE WITH RisR <RR .
1+1
g = AN ARBITRARY DEPTH PARAMETER.
FOR M)O(z(B.
vS(2) = v)(z) + —5—5—[ i) = ) ]
1 141
1+1 1
gz [ +300) - V2000 ]
rRS-RD o
( ‘35%66)(;5—3;5) E Vi4y (M0O) - vi(WO)] .
141771
FOR B S z,
vS(z) = v{(z) + -o——-s [vmm - vi(z) ]
1

Fig. 25. Formulas for the interpolation and extrapolation of shallow
profiles by interpolating between two deep profiles,
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VELOCTTY CALCULATIONS GIVEN TEMPLRATURE - WILSONS EQUAT ONS |
GIVEN DEFIH (2Z) IN MUIERS CALLULATE PRESSURE (P) IN KQ/'CM‘?

FOR =z § 200 METERS I
aqu-3,54428T-12 , B=9.961477T-4 , z=wz

Ppg;=((-B+(82-baz)?) /(2a)) /689,47

FOR z > 200 METERS
a=-2,62085T-12 , Pug,0U4765T=4 , nu2, UOUU3TL] ,zZeez
Ppsn'((-ﬁ+<82-ua(n+z))1/2)/(ea))/539.1.-,

FOR ALL DEPTHS

Pxa/cM(2)"Pps | (0.0703)+1,0332

WILSONS EQUATIONS P=PRESURE KG/CM® SeSALINITY 0-00 T=TEMPERATURE DEG. C.

AVTah ,6233T-5,4585(10"2) 1242, 822(107%) 135, 07(10°7) ¥,

AVP=1,60518(1071)P+1,0279(1072)P%43.,451(10°7)p3-3,503(10"22)p",

AVS=),391(5=35)=7,8(20-2) (5=35)2.

AVSTPa(S235)(=1,197(1072) 142,61 (10=1P-1,96(10°7 P22, 09(20°8)PT )+
P(-2,796(10"*)T+1,3302(1677) 726, 644(10"8)13)4pP2(-2.391(10~T) T+
9.286(20719)72) 1, 745(201%)p3r,

v=1449, 224 AVT+AVF+AVS+AVSTP,

TEMPERATURE CALCULATIONS GIVEN VELOCITY (ITERATIVE METHOD)

GIVEN Vyno » Pupo CALCULATE Ty

(1) ASSWME T=10

(2) CALCULATE WITH WILSONS EQUATIONS v USING T AND S=35

NOTE THE UNDERLINED PORTIONS OF WILSONS EQUATIONS ARE EQUAL
TO ZERO WHEN THE SALINITY IS 35,

(3) IF Vi=Vppo THEN Tyng=T OTHERWISE CONTINUE,

(4) AV=Ven=Vy

(5) AT=av/4

(6) T=T +AT AND GO TO STATEMENT 2,
TEST ACCURACY TO 2 DECIMAL PLACES,

Fig. 26. Wilson's Equation for calculating velocities.
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SPECIAL FOUR POINT FIT
CALCULATION OF CURVATURE (21) AND GRADIENT (oi) AT z..

- ez, V(y, v M=z, .-z )2
7 (ga3=vy Y2y em Yooty v ¥z, 2y

1 (24120 0(2y -2, 0(z 52, 3)

(Voq=vy (2, =z )elv, ov )z, , 4=2,)
D1 -2 __l1%__1___1?%__1____*il_.1___it*__1=
294172471 2 1721 21172101

FOR z, s§z28z2

1+l »
(z-2,)
a o - e
vy v1+21(z z1)+01 5
. ( 141 )2
Via™ Visrtlign(2-249 40,
_LﬂL___ a
viz) = ———1——- v1+1+ Zy417%3 vy
1+1 1
v -v
141 i
y + [: Z,,, +0 (z -z ):]
Zya1 ~ 24 Zi41 - i+l 1+1

¥4 -Z

—1.‘:];———' 21 + Di (z -zi) l ©
A -

i+l 1

2‘(21.‘_1 -2, + 0 ., {z -zi+1) ~ 0, (z =z )) + (D i*l(z -zi) + 0, (zi+1 -z))

D=
(Zi41 =2 )

EARTH'S CURVATURE CORRECT ION (BREKHOVSKIKH, L.M, = WAVES IN LAYERED MEDIA)

z
V- vi( 1 + ——é—- ) . awb,37 x 106 METERS.

Fig. 28. Formulas for calculating curvature and gradient.
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LAGRANGE FIT

Ne NUMBER OF POINTS FITTED

N 1.1 N
(z-z,) T (2-z,)

o AN T T 4 3 A
v(z) = (v(z), ( — - .
(zi-zj (zi‘ZJ
- J=1 Jul+l

BEDFORD INSTITUTE FOUR POINT FIT (REPORT NO, BIO 66-3)

Vpy= PARABOLA FITTED TO (1),(2), AND (3).
Vpo= PARABOLA FITTED TO (2),(3), AND (4),

(Vg'v3)("za) + Vv,  LINEAR INTERPOLATED VALUE

v A-

(z2-23) BETWEEN (2) AND (3).
v (Va‘V;)(z‘”gl + v, LINEAR EXTRAPOLATED VALUE
g (za-zl) USING (1) AND (2),
Vs (vy=vy)(z-2z3) vz LINEAR EXTRAPOLATED VALUE
c (2y=25) USING (3) AND (4).
_%_ ( (VA'VB)QVC+(VA'VC)QVB REFERENCE
v vV, +
R A (VA'VB) +(VA'VC) CURVE
VoeVpe + | Vo=V, v
viz) | vg Py | ve=vpd Vpy

Fig. 30. Formulas {or Lagrange and Bedford Institute method of fits.

-54-

PR




s g

i

e e s VT (o B £ e

CHAPTER IIl

RAY TRACING

3. 1. Introduction

A number of references discuss the ray approximation to a spreading
wavefront and the conditions under which it will be valid. L2
The two primary limitations are:
i) there shall be no abrupt changes in the spatial derivatives
of the velocity field over a distance that is comparable to
a wavelength, and
1i) the space rate of change of the amplitudes of the waves rnust
be small enough so that the waves can be described by '"local
plane waves, !
In practical terms condition i), above, will be satisfied in the ocean except
for very low frequencies and at the boundaries of the medium, and condition
ii) will be satisfied except at source points and at ray crossing points where
the rays focus or form caustics. In the latter regions the field amplitudes
must be determined by wave solutions but, provided that condition i) remains
valid, the ray solutions can be continued through the crossing regions and

into the far field without ambiguity. (This is further discussed in the Appendix.)

3.2. Development of Sclution
3.2.1. Ray Equation

In ray tracing the propagation is represented by the geometrical
spreading of the wavefronts from the source, and the latter are described
by their orthogonal trajectories or ray paths. Itis assumed that everywhere
in the ocean the velocity field is known and given by  v( ?) , l.e.,, as a
scalar function of the position vector T in the medium. If the vector A
specifies the ray path and ds 1is a differential increment along the path

the ray equation is

v(r) v{r)

The ray tracing solution to (IIL. 1) is determined by an initial position r

and an initial direction ?S from this origin which is considered a source
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point. The geometrical acoustical field due to the source is given by the
mapping into the far field of all the rays considered as functions of i‘s
Thus, the ray solution is given by a continuous function of position

A = 'A’(}’ ,;B) (IIL. 2)

3.2. 2. Expansion of Velocity Field
In applying (IIL 1) to the practical case of cylindrical spreading, it is

convenient to use the coordinates of range R and depth 2 measuring
these from the origin and the sea surface, respectively, and to measure

the ray angle from the horizontal, 6 , with a positive angle pointing to
deeper depths. At any point (Ri , zi) in the medium the velocity field
program of Chapter Il gives not only the value of the velocity at that point,
viEV (—x_':) , but also the vertical and horirontal gradients as well as the

vertical curvature of the velocity field. Thus, if a ray has been followed

to (Ri 2 the velocity at a neighboring point (R'H-l ’ zi+1> can be
approximated by
Vitl (Rm ""‘i"+1) =Y (Ri ' zi) + 2 (zi+1 - zi)+ G (Rm ) Ri)
<Z'+1 _ z.>2 (III. 3)
+ D, 1 L .
i 2

In (III. 3) Zi is the vertical gradient, C'i is the horizontal gradient,
and Di is the vertical curvature of the velocity field, all evaluated at
position (Ri vz . A ray at this point and with a ray direction 9.1
can be iterated to a further position by use of the velocity field expansion
parameters of (IIl. 3) and in terms of an iteration parameter. In the
present work the arc length of the ray has been used for the iteration
parameter in preference to other parameters such as an increment in
range or in depth. However, two comments must be made before Eq. (III. 1)
is expressed in a form suitable for solution by computer iteration.
3.2.3, A Semi-Invariant for the Iteration

It is well known that if the medium is purely horizontally stratified,
i. e., with no horizontal gradients Gi , a simple invariant exists for

each ray path. This is

-56-
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BLa

c = = constant for G=0 . (111, 4)

Equation (IIl. 4) has greatest application to predicting the depth of turning I
peints of the ray and thus the amplitude of the vertical oscillation of the

ray about a sound channel as a function of an initial ray angle and the sound

velocity at the origin of the ray, i.e., the depths z, at which cos 8 =

1 =cos 8 V(zt /v (zo) . In the ocean the average horizontal gradients of

the sound velocity field are weaker than the vertical gradients - this does

not mean that they can be completely ignored ~ and it is permissible to

e A e T T £ S 2 £ S R TR s e g

regard ¢ of (IIl. 4) as a semi-invariant, i.e., changing only slightly

during an interation from ¢, to Cip] A detailed expansion of ¢,

i ! in terms of an arc length increment 4 from (Ri , zi) gives

c. = c_.-c.ZG. 1+tan2 9. A+c.3G.Z. tan 9, l+t::m2 9. A2+... . (III, 5)
i+l i i i i i i
In the program (IIL 5) is carried as a parallel iteration with those
giving the spatial coordinates (R, z) and is also used to define the
cosine of the ray angle at each iteration in the form

(IIL. 6)

8851 T Vin S
Besides the use of the cosine of the ray angle, the iteration ex-
pansion also requires the sine and tangent functions of the angle. If these
are obtained in every iteration by inverse trigonometric soclutions or, for
example, by sin@ =£n1 - cos® @ , the high order expansions used in
the machine programs by such functions represent a penalty in terms of
machine accuracy and, especially, in terms of machine computation time.
To avoid these limitations the trial sin 8 1is calculated by a separate itera-

{
f tion expansion that involves only machine multiplications and additions,
i
¥

2 i
; . (sm 0. +l) = gin ei Ci vi(Z. G. tan 6, )A
i - ciz(Zi2 sin 9 Z G cos 9 t v, D sin 8, )ez— (IIX, 7)
: 2 2 2 a3
3 ~-c, 134, D, 8in" 9, - ¢, Z, cos 9.(2. +v )
‘ i i~ i i i\ i
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and the trial sine of (IIl, 7) is further corrected to agree with (1L 6) bv*

in @ = /"\ \ . /" - \ - ,
" T C Titl), for {sin ei+1}t 01
Y cos® 8.1 (IIL 8)
) sin eiH + (sm 91+1)t for (sm 9i+1)t > .01
t

The tangent of the angle is given by

sin 9,

+1
tan 9, = 1
i+l cosOH_1

. (111. 9)

The development of the trigonometric functions of the ray angle
via Eqs. (IIL 5) through (IIl. 9) possesses the following advantages:
i) accuracy throughout the entire iteration to an extent
determined by the accuracy of the corrections of (IIL 5)
to the semi-invariant of (III, 4},
ii) adjustment of the ray angle at any position to a value
determined by the velocity field program at that point,
iil) speed of computation. (The coefficients of the arc
length and its powers in (II. 7) are also required in

(IIL, 11) so that this computation is not wasted, )

3.2. 4. Range, Depth, and Time Iterations
From the above (IIL. 1) can be developed to give the increment in

range and depth for travel over an arc length &

2
R.. = R.+cosB A+ c.(Z. sin @, - G, sin €, tan e.)é—
i+l 1 i i\ 1 i 1 1 i
2 2 ~
+ < [Di sin Gi -V Zi (Li - Gi tan Oi) z (111, 10)
-3z (4v.D. sin®, + Z. G, cos 8, + ZZ sin @ at
i “i ii i i i i i i)24
* " 2 .2 .
(IIL. 8) comes from the condition that cos” @ + sin” ® =1 and, if

sin @ = (sin e)t + ¢ , by assuming that 13 ¢ > e’
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2
)
=z, +sin9;A - r"' v, (Z‘. -G‘. tanB;)

Ty

rﬁb

FA
i+ 1

3
-r.z(zf" $in® +7 G cos 8 +v. D sina\.‘ﬁ_ (I 1 1)
1\ 1 1 PO 1 11 1/ ©

4
-c2|32. D, sin% 6, -c.Z. cos®, (zz+v D)-‘-‘-—
1 i i i1 i i 24

A similar derivation can be used for the travel time of the ray

A d
T = J S (IIL. 12)
vir)
or, as an iteration,
T, = T, +2|1-c (2, tane +G )2+ (22 -y D tane’+
i+l v, 2 1 i1 i

2
1
2 2 1 (111, 13)
22°tan 8+ 2 Z. G, tan 0. +2 G )
1 1 1 1 1

The accuracy of the above iterations is discussed in Chapter V,
with respect to smooth velocity profiles that are characteristic of
theoretical models with known ray solutions. Over all, the results
indicate that these expressions permit the use of very large & incre-
ments that approach 1000 meters per iteration. Associated with large
A values, of course, is a reduction in the computation time that is re-
quired per increment. In ray tracing in the ocean the rays spend most
time in the deeper regions where the vertical gradients are small and
are nearly constant and this encourages the use of large & values for

efficient utilization of the computer.

3. 3. Adaptive Controls of Iteration Interval

In surface waters generally and wherever velocimetry casts have
been taken with small depth intervals to show detailed structure in a
velocity profile, the approximation (IIL 3) breaks down and may become
unreliable over vertical distances of the order of tens of meters, or less.
Such data, for example, can show vertical gradients that approach unity

2 . )
(meters/sec/meter), or 0.1 (meters/sec/meters”) vertical curvature,
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and with these coefficients both (IIl, 3) and all the iteration expansions
become invalid unless & is kept small. It is to be noted, on the other
hand, that if data have been taken at widely spaced depths, as may be
typical of older data taken by Nansen casts, the 4-point fit used to obtain
a contihuous representation of the velocity profile (Chapter II) will effect
an automatic smoothing of the data to yield gradients and curvatures that
can be several orders of magnitud smaller than the values indicated
above.

Under these circumstances the selection of & as an input
parameter is conditioned by the nature of the input data and A becomes
limited by the largest gradient and curvature values that can be expected
as these are determined by the tabulations of the input data listings. As
an alternative to the use of a small fixed A for the entire ravy path, the
present program establishes a series of control tests for the purposes of
adapting & to control the accuracy of the calcilation with respect to
specific structure of the velocity field at any one point and to determine
the interval over which the expansion {IIL. 3) will predict the field in the

neighborhood of a given point.

3.3.1. Sine Increment Test
After any iteration to a given point, the velocity field program is
entered to determine the velocity v and the parameters < Zi , Di ,
and Gi at that point. From these, and from (IIL. 6) and (III.9), a tenta-
tive calculation is made with (IIL. 7) tc obtain the sine of the ray angle that
would result from an iteration over the maximum A thatis set into the
program. A new iteration interval A'l is then selected that is the least of
i) A , or

. S
i) \/@n 0. 1>t - sin 6, | & (IIL. 14a)

where S is an input parameter, typically 0.01 to 0.1. Equation (III, 14a)
cuts back A to a value such that the change of the sine of the ray angle

in the next iteration is of order S
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The use of the square root in ([Il. 14a) assumes that the change
in the sine of the ray angle for the iteration A exceeds S primarily
because of the magninide of the cosfficienta of the tarma A~ and A
in (III. 7). The assumption is based on the maximum magnitude of the
veriical curvaiure that is typical of many velocity profiles, approaching
0.1 meter/sec/meterz , and because the curvature exceeds the gradient
term in the iteration expansions by the ratio v D.l/Zi2 . Thus, the
overwhelming necessity for the cutback in A is due to profiles with
high curvature.

The test of (IIl. 14a) is by itself not a sufficient test for the ac~
curacy of the sine iteration of (IIL. 7), for it may happen that the higher
order terms of the expansion are large but accidentally cancel each
other, In order to catch such accidents (IIl. 14a), resulting in A'l ,
is followed by a further test that cuts back A’ to a value A such

1 1
that A ig the least of

1
1Y

i) A’l , or

5
ii) -\/ . . : (1. 14b)
<" 2; D, @'1) l

The criterion for {IIL 14b) is effectively six times the A term