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f! Foreword (U) o o . -

(U) The Acoustic Model Evalnation Committee (AMEC) has
been chartered to serve as an advisory group to the
Director, Naval Oceanography ©Divieion (0P-952), on
natters dealing with model evalustion. Im fulfillment
of it's charter, AMEC will produce a series of reports
detailing the results of model evalustioas. Volume I
described the evaluation methodology selacted and the
manner 1in which it has been 1implemented. Volume IA
describes experimextal propagation 1loss data asets
suitable for the evaluation of models in a range
depeudant enviromment. Volume II1 presented the results
of evaluating the FACT PL9D propagation lnss model.
This report, Volume III, presents the results of
evaluating the RAYMODE X propagation loss model.
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Executive Summary {U)

. 1

"
o .-~ . -~ .______~° -°- .- ] .
.
o (U) The Acoustic Model Evaluation Committee (AMEC) has Hi
0 applied the methodology described in Volume I of this N
series of reports to evaluate the RAYMODE X propaga- ;3
- tion loss model. The accuracy of RAYMODE X has been By
{Q asgsessed by quantitative comparisons with eight set of :f
e experimental data covering a brocad spectrum of en- N
viroomental acoustic scenarios. The physics of RAYMODE (4

»
4.

i:: ¥ has been examined by R. Deavenport of the Naval
b Underwater Systems Center, New London Laboratory.
RAYMODE X typfcally has run times between 5 and 30
seconds on the UNIVAC 1108 computer. The model is
poorly documented with the exception of a well-written
user's guyide; this extends to a severe lack of com-
ment cards within the computer code. The program could
clearly benefit from an improved surfs:e duct module;
no other serious deficiencies 1in <che physics of
RAYMODE X have been notad. Various versions of RAYMODE
exigt in fleet operations: These versions do not con—
tain identical physics, are written 1in different
conputer languages, and are fun on hardware utilizing
different word 1lengths. Consistency of results from
- these versions has not been demonstrated. It 1is
- recommended that a program of configuration management
be aplied to all RAYMODE versions. RAYMODE X has many
useful features including eigenray information, inde-
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B pendence of initial range and range increment for is;
propagation loss calculations, provision for vertical .
o beampatterns and the ability to input an external a!
' bottom loss table. This evaluation was completed 1in o
September 1980. S
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Preface (U)

(U) This report was prepared under the joint sponsor-
ship of the Naval Sea Systems Command, Program
Manager, P. R. Tiedeman (SEA 63D3), PE 63708N; the
Surveillance Environmental Acous .ic Support Project,
Program Manager, Dr. Robert A. Gardner (NORDA Code
520), PE 63795N; the Tactical ASW Envirommental
Acoustic Support Project, Program Manager, E. D.
Chaika (NORDA Code 530), PE 63795N; via the auspices
of OP-952D (Capt. J. Harlett).
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The Acoustic Model Evaluation Committes (AMEC) Reports
Volume I, Evaluation of the RAYMODE X Propagation Loss Model (U)

1.0 (U) Introduction

(U) This volume 1is third in a series of
Acoustic Model Evaluation Committee
(AMEC) reports. Volume I deals in detail
with the model evaluation methodology
and its implementation in fulfillment of
AMEC's charter. This volume details the
application of that methodology for the
evaluation of the RAYMODE X model as run
on the UNIVAC 1108 computer at the Naval
Underwuater Systems Center, New London
Laboratory. The RAYMODE X evaluation was
completed on 30 September 1980. No modi-
fications of RAYMODE X were required in
order to perform the accuracy assessment
portion of the evaluation; of importance
in this regard, the RAYMOLE X model has
the capability of accepting an external
bottom loss table 1input and provision
for writing propagation 1loss versus
range results to an external file.

("\ The modal evaluation

s L a

methodolaay 1g

BBV AR SO

described in Section 1.1 f this volume
and in grester detall in Volume I of
this series. The primary areas in which
we seek to provide model evaluation
information are (1) model description,
(2) physics and mathematics, (3) run
time, (4) core storage, (5) complexity
of program execution, (6) ease of ef-
fecting program alterations, (7) ease of

implementation (on a different compu-
ter), (8) cogniz-at i{individual(s) or
organizational el uent(s), (9) byprod-
‘ucts, (10) special features, (ll1) ref-
erences, and (12) accuracy assessment.

(U) RAYMODE X 1is a computer program for
the prediction of transmission loss ver-
sus range in an environment which can be
characterized by a flat bottom and a
single sound speed profile. This mo.Jdel
is in exteasive fleet usage, supporting
the Optimum Mode Selection systems for
TRIDENT, the BQQ-5, and the BQQ-6 in the

- -
- o
R S} - 7

submarine fleet and 1s the transmission
loss module in the Sonar In Situ Mode
Assessment System (SIMAS) usud in the
surface fleet. RAYMODE X has been dis-
tributed to other naval activities and
Navy contractors.

(U) Four classes of models are described
by Hersey (1977): Research Model, Candi-
date Model, Navy FEvaluated Model, and
Navy Operational Model. With the publi-
cation of this report, RAYMODE X has
fulfil’ed the requirements for status as
a Navy Evaluated Model. The RAYMODE mod-
el (in a variety of versions) has been a
Navy Operational Model for many years.

(U) As we shall see below, RAYMODE X
typically hes run times ranging from 5
to 30 seconds on the UNIVAC 1108 with
the EXEC VIII operating system. The core
required by RAYMODE X as dimensioned for
400 points and 50 modes and ray paths is

1721Q Aactmal r.vnv'dn { aval --ni\vn anf “nlne
- T e A LGS A WA WO

\WwAaL Ao (O R 8 P

routines). These run times and core
requirements allow RAYMODE to be imple-
mented in deslitop calculators (HP 9845
and Tektronix 4051) and to meet opera-
tional requirements for run time. As of
the termination of this evaluation on 30
September 1980, RAYMODE documentation,
both internal and external to the com-
puter code, was lacking with the excep-
tion of a user's gulde (Yarger, 1976)
and a technical memorandum by Leibiger
(1971) that presented the essence cf the
RAYMODE method but did not tie in to the
computer code. The theory of RAYMODE is
further described by DiNapoll and
Deavenpcrt (1980).

(U) The version of RAYMODE herein evalu-
ated 1s RAYMODE X as resident and run on
the UNIVAC 1108 computer. Other RAYMODE
versions were not tested but are descri-
bed 1In section 10. References to these
verslons are provided as avallable.
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1.1 (U) The AMEC Methodology

(U) Volume 1 of thls series of reports
presents the AMEC model evaluation
methodology 1in detail. The following
list is a synopsis of this methndology;
the items are taken from an information
request form sent to those persons re-
sponsible (usually the developer) for a
model which 1s to wundergo evaluation
and, taken together with the physics
review and accuracy assessment, consti-
tute the evaluation.

(U) Range Independent Propagation Loss
Information requested for AMEC:

1. (U) Model Description

e Purpose(s) of the model.

e List of 1Input variables and their
units (inputs obtained from assoclated
data bases, internal routines, functions
or tables should be so identified).

e List of output options. Examples of
tabular and graphical results.

® A list of systems (e.g., sonar predic-
tion, engagement model, etc.) supported
by the model, including the role of the
model in the system and the stated pur-
pose of the systems.

o Limitations designed into the model,
through inherent limits of the physics,
mathematics, environm ntal description,
computer implementation, etc. These lim-
itations, taken together, define the
model's domain of applicability and in-
clude frequency, bandwidth, range, etc.
Also included are limitations involving
cholce of computer, graphics, and telem-
etry links. Please outline the extent to
which the limitations result from design
decisions based upon the basic purpose
of the model development effort and/or
tradeoffs required by time (run time or
product delivery), cost, and computer
assets.

e A list of extant model versions. Note
differences between versions including
computer, changes 1in inputs and outputs,
assignments of default values, graphics,
program language, use of overlays, etc.

2. (U) Run Time

e Provide run tlme as Ffunction of com-
puter, number of polnts and fnput/output
selections, and model version. Divide
run time 1into computation time and time
required for printing and plotting.
Describe tradeoffs :tween accuracy and
run time as affected by input options.

3. (U) Core Storage

o Provide 1information on core storage
requirements on a version basis. Identi-
fy techniques wused to reduce core
requirenments including use of overlays,
memory mapping, disk memory swap and the
use of techniques such as 1nterpolation
in place of calculation.

4. (U) Complexity of Execution

e Provide a prcgram listing.

e Define all input and output parameters
under user control.

o What default values or conditions are
assigned with the program?

o Identify restrictions on
values.

e Identify unusual parameters and pro-
vide guidance for their selection.

® Does a user's guide exist? If so,
please give reference.

parameter

5. (U) Ease of Effecting Progream Alterations

e Supply a program flow chart.

e A list of program variables and their
definition.

e Extent to which a model is tied into a
specific computer executive system or
special equipments or programs, library
routines, etc.

6. (U) Ease of Implementation on a Different
Computer

e List of computers (and executive sys-—
tems) on which model is presently run-
ning.

e List of military and civilian activi-
ties using the model.

P
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e Computer language(s) used by the model
(all versions).

e Special co-es (=.g.,
tines, librarv functions).
e To what extent is the program depend-
ent on a given computer executive sys-
tem?

e Identify test cases to assure proper
running on a new computer (including
scenarios treated); are all subroutines
and lines of code exercised.

e A list of all errors returned and the
situations which cause then.

plotting rou-

7. (U) Cognizant Individual(s) and/or

Organizaticnal Elements, Names and Addresses

of Those Reponsible for

Theory upon which model is based.
Model development.

Computer implementation.

Model maintenance and configuration
management .

8. (U) References

(U) A 1list of references, 1including
those which discuss theories upon which
model 1is based, and numerical methods
employed. References worthy of special
mention are (a) a user's guide; and (b)

a response to SECNAVINST 3560.1, Tac-
tical Digital Systems Documentation
Standards of 8 August 1974, or to DOD

Standard 7935.1-S, Automated Data Sys-
tems Documentation Standards of 13 Sep-
tember 1977, or to other Navy or DOD
documentation requirements.

9. (U) By-Products

e A list of output by-products (e.g.,
elgenray information, arrival angle vs.
range, ray diagram).

e A 1list of by-products not available
externally but which are internally cal-
culated.

10. (U) Special Features

e A list of special features {e.g., pro-
vision for beampatterns, multi-frequency
results through interpolation, etc.).

(U) The review of the physics and math-
ematics and computer Implementation of a
given model 18 undertaken by an inde-
pendent expert in the appropriate field
of modeling. In particular, the physics
and mathematics are examined to define
the model's domain of applicability
through assumptions, approximaticns and
the ussignment of "nominal values” to
various parameters.

(U) The reporting of the model's physics
includes the basic foundations and agp-
proach and any unusual tecliniques and,
especially, any extensions to theory
and/or unique capabilities otherwise
unavallable. Examination of the model's
physics and mathematics 1is to 1include
consideration of environmental inputs,
including theories and the appropriate-
ness of data base selection. The com-
puter 1implemeantation 1s examined to
agsure that the calculations required by
the theory are correctly performed. The
efficliency or other aspects of the pro-
gram code are not addressed here.

(U) Two accuracy assessment procedures
are employed in AMEC evaluation. Both
yleld quantitative results and involve
comparison of model outputs with experi-
mental d~ta or the output of a reference
model. The steps of the first procedure,
called the Difference technique, follow:
(1) Smooth the reference data set (only
if CW or exhibiting large fluctuations)
and the output of the model (only {if
coherent phase addition was wused) by
applying a 2 km moving window. (2) Sub-
tract the model output from the refer-
ence data set (after appropriate smooth-
ing). (3) If possible, divide the dif-
ference curve into range {intervals -or-
responding to direct path, bottom inter-
action and convergence zone modes. 1If
not possible, either (a) do not subdi-
vide 1into range 1ntervals; (b) wuse
quasiarbitrary intervals, which may be
tactically useful; or (c) subdivide on
the basis of any features evident 1in the
measured data. (4) In each range inter-
val calculate the mean u and the stand-
ard deviation o of the differences. (5)
Analyze results, attempting to identify

CONFIDENTIAL
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causes of discrepancies. The above steps
are suonported by figures as follows:
measured data, smoothed measured data,
mocdel output, smoothed model output, and
difference between smoothed curves.
These curves are drawn to the same scale
and may be overlaid on a 1light table,
facilitating eyeball comparison and
diagnosis. As useful as thils technique
is in 1identifyiig significant differ-
ences and facilitating diagnosis, it has
a numbar of shortcomings: (a) misleading
in convergence zones where range errors
are as significant as errors in level;
(b) it 1s conceivable that large errors
occur at dB levels of no consequence for
operational systeme; and (c) the differ-
ence approach leads to answers which are
not particularly useful to fleet pur-
poses, especially in the context of spe-
cific sonar systems. These shortcomings
are eliminated 1in the second accuracy
assessment technique, called the TOM
(Figure of Merit) technique. In this
technique the data is once agaln smooth-
ed as in step (1) above. FOM are then
selected in 5 dB steps. For each FOM,
detection range 1information 1s tabu-
lated: range of continuous coverage,
ranges of convergence zone starts and
ends, and in range intervals over which
detection coverage 1s zonal in nature—-—
the percentage of the interval over
which detection can be made. This FOM
vs. detection range analysis is perform-
ed for model and reference data set, tbe
results compared and reasons sought for
significant disparities.

(U) Taken together, the two accuracy as-
sessment techniques, the Difference and
FOM techniques, lead to results useful
to scientific analysis and for system
performance estimation.

2.0 (U) RAYMODE X Description

(U) RAYMODE X 1is the most recent in an
evolutionary chain of RAYMODE models and
is the basic version. The term, RAYMODE,
indicates a method of calculating propa-
gation loss that utilizes both ray and
normal mode theories. In addition to the
calculation of rropigation loss versus

-spaced between

range, RAYMODE also calculates arrival
angle versus range and travel time
versus range for the various rays and
groups by index: surface duct (J=1),
convergence zone (J=2), and bottom
bounce (J=3) paths.

(U) The model is dimensioned to give a
maximum of 400 range points at which
propagation loss 1s calculated (using
either coherent or incoherent phase ad-
dition). These range poluts are equally
user—specified minimum
and maximum ranges. Beam patterns may be
input for both source and receiver. Al-
though RAYMODE has an 1internal subrou-
tine from which bottom loss versus graz-
ing angle is specified given a bottom
type (1 to 9), a bottom loss versus
grazing angle table may be input from an
external source. The bottom loss curves
were obtained from Marine Geophysical
Survey) (MGS) data (Podezwa, 1975). RAY-
MODE contains a subroutine for the cal-
culation of surface loss (Beckm=n and
Spizzichino, 1963). As run at NUSC, RAY-
MODE contains graphics routines utiliz-
ing Integrated Graphics System (IGS)
software and the Information Interna-
tional FR80 hardware.

(U) A list of physical variables used in
the RAYMODE program is given in Table
2-1. The Fortran label (or variable is
glver in the left-hand column and the
definition in the right-hand column.

(U) In addition to a sound speed versus
depth or temperature versus depth plus a
constant salinity value, the program can
access historical sound speed data
fields. Adjacent equal sound speeds or
temperatures are modified to avoid a
zero gradlent condition.

(U) Systems supported by the versions of
the RAYMODE model (not RAYMODE X as it
exits on the UNIVAC 1108) are:

e Optimum Mode Selection (OMS) for TRI-
DENT

e Improved Sonar DProcessing Equipment
(ISPE) —- sonar'sulte replacement on SSBNs
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Table 2-1. (V) Physical varlables used in the RAYMODE program

Absolute value function in Univac Library; takes real argument, gives
real result.

Arccos function in Univac Library, -1.< argument <l., result in
radians.

Natural log function in Cnivec Library.

Log10 in Univac Library.

Univac function to select maximum of 2 real numbers.
Univac func.ion to select minimum of 2 real numbers.
Subroutine.

+ Maximum sonar angle in degrees or velocity terms (input--see
Yarger (1976)).

+ Minimum sonar angle in degrees.
+ Maxirum sonar angle in degrees.

+ Minimum sonar angle in degrees or velocity terms (input--see
Yarger (1976)).

Internally computed range value in yards.

Subroutine.

Largest mode trapped.

Array of bottom loss values in dB {may be input --see Yarger (1976)).
Large integrei multiple of 27 for use in SQUD subroutine.
Array of profile velocities (input--see Yarger (1976)).
Intermediate wave number.

Difference between wave numbers.

Maximum wave number trapped by an angular interval.

Array to save CAMAX values to provide plot routines.
Minimum wave number trapped by an angular interval.

Array to save CAMIN values to provide plot routines.

Wave n .aber assoriated with receiver depth.

Wave number associated with bottom depth.
UNCLASSIFIED
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. -~
CANU: Wave number associated with source depth, -
CAONE: Wave number associated with surface depth. sa
.
CAX: Wave number associated with maximum sonar angle. i
CAY: Wave number values defined at points along a path. ;j
" .‘
CAO: Wave number associated with velocity C,.
By
CMAX: Maximum velocity trapped by an angular interval. f?
CMIN: Minimum velocity trapped by an angular interval. N
P
CNU: Slightly adjusted velocity to search for phase changes. &
COs: Univac Library function for trigonometric cosine; argument in 52
radians, "y
CP: Array of adjusted profile velocities in yards used internally. )
co: Maximum velocity between source and receiver, slightly shifted.
. )
D: Term containing surface, bottom, and beam losses for bottom bounce. pa!
Y
DC: Range derivative array associated with cycle range at each point
along a ray.
-
DD: Range derivative array associated with range adjustment to cycle
range for receiver depth. 4
€9
DEG: Constant number of degrees per radian. 3
DELIM: Imaginary part of complex propagation loss contribution. Ea
DELRE: Real part of complex propagation loss contribution.
DELTAR: Range increment (input--see Yarger (1976)). h; 1
1
DJ: Array of terms containing amplitude, surface and bottom losses for W
bottom bounce. S
{
DJCUT: Cutoff to determine if losses are so high as to be impractical to - ’
: compute, Ed
-
DL: ‘ Array of losses in dB for source deviation loss table (input--see
Yarger (1976)). =3
3
DLJ: Computed beam loss. -
bd
DL2 Array of losses in dB for receiver deviation loss table (input--see !Q

Yarger (1976)).
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DS: Range derivative array associated with range adjustment to cycle
range for source depth.

i e a —— e a e h e st o

DTAPLT: Subroutine.

EMDEL: Difference between mode numbers.

ENL14: Factor determining spacing between wave number points along a path.

EXITG: IGS subroutine to terminate plotter. 1
EXP: Univac Library for to power.

F: Frequency in Hz (input--éee Yarger (1976)).

FIRST: Subroutine\to initialize time clock to O. y
FLOAT: Univac LibraryAfunction to convert integer to real variable, é
G: Gradient.

GETPRO: Subroutine.

HALFPI: /2.

HC: Phase array associated with cycle range points along a path.

HD: Phase array for .eceiver depth adjustment associated with cycle

range points along a path.

HDP: Point linearly interpolated from HD array.
HDR: Header array in format 12A6 (input--see Yarger (1976)).
HS: Phase array for source depth adjustment associated with cycle range

points along a path.

e e

HSP: Point linearly interpolated from HS array.

IDL: Number of points in source beam pattern (input--see Yarger (1976)).

IFIX: Univac Library function to convert real numbers to integer, i.e.,
truncated.

IFLAG: Flag set by subroutine LINTRP indicated point to be interpolated
' already existed. -

1JDL: Indicator if >o that either source or receiver (or both) beam
patterns exist.

W e—— ® » & & W R e AT & SO -

INPUTS: Name of NAMELIST inputs set.
INT: Univac Library function to convert real argument to integer.
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TOCEAY: Ocean code (input——see Yarger (1976)). - ﬁ
IPRINT: Print option (input--see Yarger (1976)). & !
IPROFL: Profile code (input--see Yarger (1976)). !
. !
. } N
I1Q: Cycle number index. o
IQMAX: Maximum cycle number. —_ I
o
\_".l “
IQMIN: Minimum cycle number. v {
{
IQO: Cycle number internal value. :3 |
¢
| ]
IR: Range index.
ISEASN: Season code (input--see Yarger (1976)). E;
ITAB: Number of points in bottom loss %table fmavbe input--see Yarger -
(1976)).
NH Index of angular interval trapped by profile.
N §
i
JDL: Number of points in receiver beam patiei-i. QA :
\
K: Generally used to index points along a ;ath ur wave numbers, Ei
&
KEEPMU: Save receiver index MU as input. e
KEEPNU: Save source index NU as input. :i
L: Path index.
- R
LAMDA: Number of cycles for non-bottom bounce (input--see Yarger (1976)). &
LAMDAB: Number of cycles for bottom bounce (input--see Yarger (1976)). 2
D]
‘\ 1}
LAMDAJ: Array to save number of cycles for each angular interval to pass to wd
ray and travel time plot routines. .
Ny
LAMMIN: Minimum cycle (input--see Yarger (1976)). N }
{
LEROY: Subroutine. -
3
LINTRP: Subroutine.
M: Mode index. Sk ‘
MAX: Univac Library function to pick maximum of 2 integers.
e
MAXJ: Parameter to show maximum number of allowable angular intervals for !: :
dimensions. !
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MAXK:

MBIGST:

METRIC:

MGSBL:

MGSOP:

MINMOD:

MJj:

MM1:

MODESG:

MS:

MSMLST:

NEGB:

NKEXP:

Parameter to show maximum number of points along a path for
dimensions.

Parameter to show maximum number of modes trapped for dimensions.
Maximum mode number (input--see Yarger (1976)).

Parameter to show maximum number of allowable points in profile and
input tables.

Parameter to show maximum number of ranges allowed for dimensions.
Biggest mode.

Metric input/output option (input--see Yarger (1976)).

Subroutine.

MGS bottom loss province (input--see Yarger (1976)).

Minimum mode number (input--see Yarger (1976)).

Number of modes between biggest and smallest.

Number of bottom bounce J index.

IGS subroutine to initialize plotter.

Number of points in surface loss table.

Smallest mode number.

Receiver index on profile (may be input--see Yarger (1976)).

Mode cutoff (input--see Yarger (1976)).

Number of points in input profile (input--see Yarger (1976)).
Indicator to sense numbers beyond certain limits for mode summation.

Exponent to determine spacing of wave numbers along a path (non-
bottom).

Number of points along a path.
Adjusted number of points along a path.

Array to save NLP per angular interval to pass to ray and travel
time routines.

Number of modes.

Adjusted number of points in velocity profile.
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~
| N
NR: Nunber of ranges.
e Index of source depth of profile (may be iaput--see Yarger (1976)). \ﬁ
NXPO: Exponent to determine spacing of wave numbers along a path. R
OMEGA: 21 frequency. _ ?3
ONE3RD: 1/3. N
PHI: Total phase clange. i}
PHI1: Upper phase change. és
PHI2: Lower phase change. o
PI: T = 3.1415926535. ﬁ:
PL: Array to accumulate real vs. range part of property loss calculation Za j
for coherent phase.
PLIM: Array to accumulate real ve. image part of property loss calculaticn e !
for coherent phase. :3 |
PLOTCZ: Plot option (input--see Yarger (1976)). |
PLOTOP:  Plot optioﬁ (input~-see Yarger (1976)). !! \
PLbTPL: Plot optinn (input~-see Yarger (1976)). Qﬁ %
PLOTT: Plot option (input~-see Yarge: (1976)). - ]
PLPLOT: Subroutine. | ~ " |
PLRMS: Random phase propagation loss vs. range. - j
PLO: Minimum dB for scale of property loss plot. » 23 ‘
PROFIL: Subroutine. Tﬁ J
Pl1: Sign of receiver depth range adjustmwent. }
P2: Sign of source depth range adjustment. és i
Q: Cycle variable: B i
QoMU : Receiver term for amplitude calculation. §§
QOMUP: Receiver term for amplitude calculation. ii \
QONU: Source term for amplitude calculation. <
QONUP: Source term for amplitude calculation. \%
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3
R: Minimum range (input--see Yarger (1976)). i
RANGE: Range array in yards. !
. RAPLOT: Subroutine. S
‘E RAYBLK: Common block for plot routines. g
™ RC: Array of cycle ranges for wave numbers along a path. i:
'ﬁ RCMAX: Maximum RC value for a single J index, all 4 paths. "
RCMIN: Minimum RC value for a single J index, all 4 paths. J
RD: Array of range adjustments to cycle range for receiver depth. !
RDP: Linearly interpolated RD value. ':
REK: Real part of a complex term for each mode. 3
RESS: Surface losses in dB.

RMAX: Maximum range (input--see Yarger (1976)). :
RS: Array of range adjustments to cycle range for source depth. i

RSP: Linearly interpolated RS value.
RSS: Subroutine. E‘
R1l: Surface loss values. §
R1J: Linear interpolated Rl at a particular wave number. l
R2: Bottom loss array dependent on wave number. ,i
S SALNTY: Salinity in 0/00 for XBT conversion (input--see Yarger (1976)). §
™ SETSMG: IGS subroutine to set. l
;;j SIN: Univac trigonometric function for sine; argument in radians.
g SMLM: Smallest mode trapped. :;
SQRT: Univac v~ function. !
;{ SQUD: ' Subroutine. 3
" TESTB: Used to determine range cutoffs for "RAYMODE Method". “
E TESTQ: Used to determine range cutoffs for "RAYMODE Method". E
i‘}; TESTQP: Used to determine range cutoffs for '"RAYMODE Method". E\
i UNCLASSTFIED p
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THEDA:

THEDAZ2:

THETA:

THETAS:

THREEH:
TTPLOT:
TWOPI:

WS:

ZSP:

Array of angles for source deviation pattern (input--see Yarger
(1976)).

Array of angles for receiver deviation pattern (input--see Yarger
(1976)).

Bottom loss angles in degrees for bottom loss table (may be input--
see Yarger (1976)).

Surface loss angles in degrees for surface loss table (may be
input--see Yarger (1976)).

Subroutine.

Subroutine.

27 in radians.

Wind speed (input--see Yarger (1976)).
See XRE b. low except for imaginary part.

Term containing real part of complex expression for property loss
done by mode summation.

Profile depth array (input--see Yarger (1976)).

Bottom depth (input--see Yarger (1976)).

Depth array in yards of adjusted velocity profile used intermally.
Receiver depth (input--see Yarger (1976)).

Receiver depth in feet or meters to put in plot key.

Source depth (input--see Yarger (1976)).

Source depth in feet or meters to put in plot key.
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e Submarine Systems
Assessment (SUBSEA)

e Submarine Active
(SADS)

e BQQ-5 Sonar OMS

e BQQ-6 Sonar OMS

e Sonar In Situ Mode Assessment System
(SIMAS)

e Fleet Migsion Library

Effectiveness and

Detection Systems

(U) The RAYMODE X program consists of
fifteen subroutines as follows:

I. RAMODX  Propagation Loss Model.
Main Program

II. LEROY Temperature to Velocity
Conversion

III. RSS Surface Loss Computation

IV. MGSBL MGS Bottom Loss Computa-
tion

V. THREEH Ray Computations

VI. GETPRO Historical Velocity Pro-
file Retrieval

VII. PROFIL  Profile Manipulation

VIIT. LINTRP Linear Interpolation

IX. BE.AM Deviation Loss Computa-
tion

X. AMPTUD Amplitude Calculation

XI. SQUD Reduction of Trig Func-
tion Argument

XII. DTAPLT Plot SVP and Input Loss
Tables

XIII. RAPLOT Plot Source and/or Re-

celver versus Range

XIV. TTPLOT Plot Travel Time versus
Range
XV. PLPLOT Plot Random and/or Coher-

ent Propagation Loss ver-
sus Range

13

(U) In the user's gulde of Yarger (1976)
an * marks RAMODX lines of code and plot-
ting subroutines DTAPLT, RAPLOT, TTPLOT,
and PLPLOT to be removed when the IGS
graph plottii.g capability is not avail-
able.

{(U) The RAYMODE model has error stops
generally whenever inputs go beyond the
allowable range as given in Table 7-1 or
exceed dimension parameters established
in the program. If an error exists on
the HVP (Historical Velocity Profile)
tape input, an error message will print
the NTRAN sgtatus. Certain error condi-
tions are automatically corrected by the
program, for example, a zero profile
gradient or illegal MGS province.

(U) In addition to accepting a user-
specified sound speed profile, RAYMODE X
at NUSC/NL can access historical veloc-~
ity profile (HVP) data. The historical
velocity pruofile data on magnetic tape
is taken from NUSC Technical Documents
5271, 5447, 5555, and 6035 by E. Podes-
zwa that contain Sound Speed Profiles
for the North Pacific Ocean, North
Atlantic Ocean, Indian Ocean, and Nor-~
weglan Sea, respectively.

(U) A chart to illustrate the path and
cycle structure as well as signs of ray
angles in RAYMODE 1is given 1in Figure
2-1 ]

3.0 (U) The Physics of the RAYMODE X Modal
by R. Deavenport

3.1 (U) introduction

(U) RAYMODE X 1is a computer program
developed by G. A. Leibiger at the New
London Laboratory of the Naval Under-
water Systems Center. RAYMODE [ calcu-
lates the acoustic pressure field P(r,z)
at range (r) and depth (z) due to a
point harmonic source, or angular fre-
quency o, located at (r=o, z=zg) in a
p'2cewise-layered medium (see Fig. 3-1).
Transmission 1loss 1s then calculated
both coherently and 1incoherently. De-
tails regarding actual running of the
computer program can be found in Yarger
(1976).
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*Sign of angle is opposite sipgn of ranpe term - -

for both source and receiver,
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Velocity c(z) Range
-1
|
@ Receiver
(r,z)
# Source
j (O.zs)
g |
< |
@ |
A B |
a |
=] !
|
L/ Bottom ‘ |
z z ‘
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Figure 3-1. (U) Diagram of Velocity Depth Profile
Showing Location of Source and Receiver
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{(U) The philosophy adopted by Leibiger
is to utilize the simpler tools of ray
theory while retaining the more exact
formulation of normal mode theory. Two
benefits are thus realized: (1) it 1is
possible to interpret mode theory ex-
pressions in a manner similar to ray
theory, and (2) the use of ray theory
simplifies some of the computational
aspects of normal mode theory, allowing
for considerable savings 1in computer
execution time.

(U) The basic idea of RAYMODE is to par-
tition the wavenumber integral solution
for the acoustic field into expressions
which individually have meaning in terms
of conventional ray theory. This 1is
accomplished ty using the velocity-depth
profile to divide the wavenumber domain
into regions corresponding to surface
duct (SD), convergence zone (CZ), eand
bottom bounce (B8B) propagation paths.
Each wavenumber integral is then expand-
ed into four parts corresponding to the
four rays associated with the upgoing/
downgoing eigenrays at the source/re-
ceiver. These upgoing/downgoing ray in-
tegrals are then numerically evaluated
by either normal mode theory or via a
multipath expansion. Therefore, each
propagation path consists of four parts
and the total field 1s the result of
summing all paths (i.e., SD + CZ + BB).

(U) This synopsis attempts to present
the theory and approximations leading up
to the equations which are wultimitely
used in the RAYMODE X program.

3.2 (U) Theory
Integral Solution (U)

(U) The acoustic pressure P(r,z) 1is
found by .applying the Fouriar-Bessel
transform to the Helmholtz wave equation
in cylindrical coordinates (r, 6 , z),

A%, w? —iw 8(r)éfz-z )
Y+t L -z (3-1)

‘m
o
e

-

(r

|

@

r

c2(z) 2

@
"

where azin .al symmetry is assumed and
c(z) is the sound speed as a function of
depth. In addition, a time factor of exp
(iwt) has been used. The Fourier-
Bessel solution of {3-1) is given by

P(r,r,z,) = {-""lfc(z.z_;t) MG Q-2

vhere H2 18 the Hankel function of order
zero and G 1s the depth dependent
Green's fun:ztion. In general G is a very
complicated expression for a plecewlse
continuous medium. However, 1f it is as-
sumed that sound speed profile disconti-
nuities do not backscatter appreciable
energy, then the Green's function can be
written as

latz,) + RE £xIleqa) + &) g(o)] -3

1.: :,zlc[;k‘zN]| z\ls

G(x,x ;8) =

2ie 'k

_k N 2143
N1 R, Ry e l(n]

and f and g are linearly independent
traveling wave solutions of the separat-
ed wave equation in the depth variable
z,

2 f(z)
(e v o

where

2
qlz) = (E§?;7 - Ez)

z
and the wave phase ¢£¢is defined by

2 N > 3 .
¢ N = f W~ (1-5)
X (J(Z) ) dz
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(U) The depth 2z, 1is the phase refer-
ence depth for the wave functions in
zg, and is either the ocean surface or
an upper turning point depth correspond-
ing to a downward réfracted wave. Like-
wise, zy 1is the phase reference depth
for the wave functions in 2z and 1is
either the bottom of a surface duct, the
ocean bottom depth or a lower turning
point depth corresponding to an upward
refracted wave. The superscripts K and N
on the reflection coefficients Ryand Ry,
refer to the above reference depths,
zy and zy, respectively. Thus, RE is
evaluated at zp and Rg is evaluated at
zy. The subscripts u and d on the re-
flection coefficients Ry and Rg refer to
the direction (up or down) of propaga-
tion of the wave functions that are re-

flected at zx and zy. Thus R Ié f(z)
repregsents the reflected wave of the
upward traveling wave g(z). Likewise

RNg(z) is the reflected wave of the
downwnrd traveling wave £f(z). The re-
flection coefficients must therefore be
chosen such that the boundary conditions
at zy and zy are satisfied.

.Depth Dependent Solutions for a Segmented
Velocity Profile (U)

(U) The RAYMODE method assumes that the
sound speed profile c(z) can be approxi-
mated by segments such that q(z) 1s a
linear function of 2z in each segment
(layer). Therefore, within each layer
segment, independent traveling wave so-
lutions of (3-4) are exactly given by
Hankel functions of order 1/3 and may be
written in WKB form as

b
£(2) = V(2)exp ;-1f q"(;)dz)} (2-6)

"

z
g(z) = v'(l)axp : 1/ ql‘(z)dx} (3-7)

"

vhere the amplitude V(z) and its complex
conjugate V*(z) are given in Appendix
3A. It 1is important to note that the
profile is parti:ioned so that there is,
at most, only one turning point (i.e.,

depth for which q(z)=0) within any
layer, so that V(z) 1s boundad near to
and at the turning point.

Continuity Conditions and Reflection
Coefficients (U)

(U) Due to the layering of the profile,
the solutions f(z) and g(z), and their
derivatives, should be continuous across
all interfaces. This matching of the so-
lutions (for exponential layers) is done
exactly in the Fast Fleld Program (FFP).
However, in RAYMODE X this matching {is
only done for the interface at the bot-
tom of a surface duct, where RY 1is re-
placed by a reflection coefficient ob-
tained from the continuity conditions
for a bilinear profile. Everywhere else
Leibiger makes the approximation that a
wave 1s totally transmitted across all
interfaces until either a 1layer 1is
reached where a turning point exists o-
the wave interacts with either the ocean
surface or bottom. At a turning point
the reflection coefficient is assigned
unit magnitude and a w/2 phase shift.
At the ocean surface a plane wave re-
flection coefficient is assumed with a
-7 phase shift and a magnitude obtained
froni a semiempirical formula based on
the works of Beckman and Spizzichino
{1563) and Marsh and Schulkin (1962).
Surface loss (i.e., -20 logjgiR|) ob-
tained from this magnitude consists of
two parts: a high frequency loss, SLy,
and a low frequency loss, SLj. The
surface loss SL; is given by

SL, = =20 Loglo (l—V3)5 (3-8)

3

where

ag®
exp( 4 ) sind

sing - ———/ L

(ua)" ¢

V3 = maximum of (3-9)

siné

"
2

and a = [2(.003 + 2.6 x 1073 ws)]~1,
WS 1is the windspeed 1n knots; 61s the
grazing angle 1In radlans. If V3 1ie
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larger than .99, then V3 ig set equal to
«99. The loss SLp is given by

.7
(1+.01 (2 ¢

(3-10)

SL, = =20 log,y } .3 +
2 10 { T }

where f 1s the frequency in Hz. Details
regarding the derivation of (3-8), (3-9)
and (3-10) are given in Appendix IIIB.
(A user of RAYMODE X can also specify
his own surface loss.)

(U) At the ocean bottcu the phase of the
reflection coefficient is assumed zero
and the magnitude is obtained from a set
of modified MGS curves or by directly
entering one's own bottom loss table. 1f
nothing is specified, zero dB loss 1is
assumed.

(U) Due to the fact that the MGS curves
were originally meant for frequencies
greater than 1000 Hz (specifically 3500
Hz), the RAYMODE X program modifies
these curves for frequencies less than
1000 Hz. Tn particular for 100 Hz and
below, & single curve derived by Christ-
engen, et al. (1973) is used for all MGS
provinces. This curve ylelds bottom loss
BL; (6) as a function of grazing angle
(9) in degress and is given by

..........

(U) The above assumptions regarding the
reflection coefficlients are equivalent
to approximating solutions of equation
(3-4) over [zx, zy] by generalized
WKB solutions which are valid at turning
points.

Integration Limits (U)

(U) For computational purposes the inte-
gration limits on equation (3-2) are ap-
proximated and the integration performed
plecewise. For example, for the profile
given by Figure 3-2, with source and
receiver both in the surface duct, the
integration limit; are partitionod so as
to correspond to ray angles appropriate
for surface duct (SD) paths, convergence
zone (CZ) paths and bottom %»ounce (BB)
paths. Thus,

o

™ 5o
[
- [ & &2 &3

(sD) (cz) (BB)

(3-13)

or

“Ye; (1=0,1,2) and the
ad Cp are de-

where
velocitites Cg, €y
fined by the profile in Fig. 3-2. &4

Ei =

T VRN 4 N 4. A s v eEmmw v v

g BL,(8) = -3.11 + L4048 - 4,98 x 10702 + 2.89 x 107%9° (3-11)
) is defined by the largest source (graz-— p
- 9.0x107%" ing) angle 6 g to be considered by us- {
Ei ing the relstion, -
‘ i
(U) For frequencies between 100 Hz and |
E! 1000 Hz bottom loss BLy (6) as a func- z;-(aﬁff)mw. (3-14) ;
(u tion of frequency (f), province (P) and rowEe .
grazing angle is found by interponlating &
Fﬂ between the 100 Hz curve and the MGS (U) In general the limits c¢i integration .
C§ curve for the particalar province. are approximated as follows: start with -
the Min {co' Csource creceiver‘ = !
" (U) Explicitly, BLy (8) is given by cMin and search for the next velocity N
’z maximum cy; this defines the first set 3
- . of limits, (&1, &EpMayx)» Where Epg.= -
- . x Log. (. (3-12) ’ 4 ax/» Max 3
' FL,(8) = BL, (8) + [BL,(8,P) - BL (8)]  Log,(.0Lf) ®eMin+ From cj to the next velocity N
ES maximum c¢; yields the secon! integra- -
tion interval (&2, £1). This process is E
where BL3 (6,P) represenis the appro- continued until the last velocity maxi- W
[yl priate MGS curve as a function of mum i3 reached, which 18 usually the S
FC grazing angle ¢ and province b, water velocity cg at the ocean bottom. N
:
x =
5 CONFIDENTIAL

19

«

i

vorLs

RIS

#

I I Y A SR N T RIS XS
o
.

a - e e M LY. LI R I B T - yae - .
S SO AT -‘,n_"\-‘" e -, R ) \“..-_:.\\ ‘\_._‘_.. Tt T AR .‘.__\_._-‘ RS RO TS 9. I re
) "‘l&MME&&&l‘MﬁT&?&:}m‘ﬁL.}:;. S.'-Ii. VAR RERL G RS URE AT ) Nttt L PO PR

rj
rl




WWUTIUNIWCLINS N T T

R R A R R T

CONFIDENTIAL

The final set of Integration limits are
then (& ¢ynal» &p) Where final 18
determined by equation (3-14) when the
largest desired source angle is spezi-
fled.

(U) From the above description of the
integration 1limits it 1is d{important to
note that, for surface duct situations,
complex source angles are included in
the {integration, thus allowing for
leakage (diffraction) effects.

|Upgoing and Downgoing Paths (U)

(U) Each of the E-partitioned integrals
for the pressure P is now rewritten as
the sum of four integrals

(Pgg = Ppg, * Tnp, * Ppny * Pppy)

obtained when the numerator of the
Green's function (3-3) 1is expanded in

(3~2). These four 1ntegrals can be
identified with the four ray paths
associated with the upgoing/downgoing

elgenrays at the source and receilver,
for that particular £ -partition. For
example, when the { -partition is for
bottom bounce paths, the four integrals
correspond to the paths shown in Fig.
3-3. The easiest way tc see this associ-
ation 1s to use first order WK forms
for the solutions ¢ and g, and then
integrate each integral by statlonary
phase. The stationavy phase points are
simply the target (eigen-) rays for the

four upgoing/downgoing rays at the
source/receiver combination. This 1s
interesting, but only gives a way to

obtain ray theory from a wave theory.
Leibiger has generalized the above
picture by using generalized WKB forms
for f(z) and g(z) and the integrating
the above ray path integrals very
accurately.

Numerical Evaluation of Integrals (U)

(U) %®ach of the four {integrals l1s
evaluated by elther normal mode theory
(when the number of mnodes within the
E-partition is small) or via a multipath
expansion. Leibiger has found that when

. )
A;xﬁkgmh£41 “

S eATA Il TMT Tl . miim m e s e
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the number of modes exceed ten 1t 1s
computationally expedient to calculate
the field integrals by the multipath ex-
pansion method. This allows for a con-
siderable savings 1in computer execution
time since the multipath expansion
nethod effectively sums the higher order
modes in one fast integration. In both
instances the 1integrals (for same
g -partition, £,, £&p), to be evalu-
ated are of the form,

&
o afP Amzgnet Giom (B
),

|3 N -2i¢
& Q- R d )
(3-15)

91"/25 L
A(ans;E) - -i( ) vi(z,) V(z)

27r

where for 1llustrative purposes only
P( of the above four integrals is
considered. Also the first term 1in the
asymptotic expansion of Hgn(Er) is
assumed.

Normal Mode Evaluation (U)

(U) When normal mode theory is utilized,
the singularities &, assoclated with
the modes are assumed to be simple poles
obtained by solving the equation

WE) = (1 -k gl ") 0 (3-16)

(U) The normal mode residue associlated
with (3-15) then becomes

- A _ LY
Py, = L L e R S -7y
a; £

Details regarding the numerical deter-
mination of the complex eigzavaluves ¢y
and specific evaluation of the normali-

zation term
dix 3C.

-g—‘ﬂzmcau be found in Appen-
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Figure 3-3. (U) Upgoing and Dowugoing Bottom Bounce Paths--for One Cycle
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Multipath Expansion (U) )

(U) For the multipath apprcach, the
denominator of (3-15) 1s expanded so

that
£

s B I Y [ S P ETS, -
POy, J)'b[ Azyzi€) (RS RDT & [k K K “] (-18)
A

The interval of integration is divided
into a number of unequal sections based
upon the number of rays traced (which is
an Input parameter). The value of ¢ for
some of these sub-sections 1is suffi-
ciently far from a stationary phase
point so that their contribution 1is ex-
cluded. Although stationary phase tech-
niques are not wused, the stationary
phase points are available from ray cal-
culations. The justification for neg-
lecting such sub—sections 1is 1involved
with the spiral-like nature of the cumu-
lative result for the field. When a sub-
section does not meet this criteria the
phase term 1s approximated by a quadrat-
ic expression in £. The amplitude of the
kernel is assumed to be slowly varying
over the sub-interval so that it can be
evaluated at an interior point and re-
moved outside the integral. The result-
ing integral can be expressed in terms
of Fresnel integrals by a suitable
transformation. The Fresnel integrals
are then evaluated numerically. Fresnel
integrals can be used to evaluate the
integrals over the sub—intervals because
of the smallness of the integration in-
terval. If larger intervals were used
the computation time would increase due
to the need of evalvating incomplete
Alry functions.

(U) The series given by (3-18) renre-
sents the multipath expansion of (3-15).
The advantage of (3-18) is that not only
are the upgnirg-downgoing paths deline-
ated but the number of cycles that a ray
(wave) undergoes is counted by the index
J. In RAYMODE X the number of cycles
necessary for a ray path to reach a
given range is calculated so that the
infinite series in (3-18) may bLe approx-
imated by summing only a few j's. For

example, if the E-partition correspends
to convergence zone paths and one is .i-
terested only in the first CZ, ‘"::n
terms for j>>1 would only yleld .i-e
structure effects cn a propagation loss
versus range curve.

Transmission Loss (U)

(U) The acoustic pressure field as de-
termined from (3-17) and (3-18) is modi-
fied by a beampattern attenuation factor
characterizing the off-axis beam posi-~

"tion of an equivalent ray. This beampat-

tern attenuation ls similarly applied to
the other three pressure components
P¢ )p» P( )3 and P( )4 for
each £-partition. The real and imaginary
components of pressure,

Re {P( )i} and Im {P ( )3}
are then used to form a rms intensity

and a coherent intensity for each range
point desired and for each E-partition.

(U) Transmission loss (relative to unit
intensity at unit distance from socurce)
is then calculated from the incoherent
and coherent intensity sums. For exam-
ple, in the case described in Fig. 3-2,
the transmission loss TL is given by

(¢ 4
TL (Coherent) = -10 log,, “E

3 [Re{PSDi} + R‘“’czi} + Reirni}])z

1

4
+(1Z-'1 [Im{PSDi} + Infe 1I + zm{enil)z}

+ ar (3-19)

and

4
TL = (incoherent) = -10 log,, /2 [(refrg, D22+ (mipsni})z
~1 1

\{
+ (Re Pg, D2+ (m Py, 1?2
i i
+ (Re| v,,,,ii 124+ <ImiP“1b 2

+ ar  (3-20)

where a is Thorp's attenuation

coefficient.
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3.3 (U) Summary of Basic Assumptions

e Velocity profile fit with segments
such that the index of refraction
squared is a linear function of depth.

e Multiple reflections due to velocity
discontinuities ignored except in sur-
face duct situations.

o Plane wave reflection coefficients as—
sumed.

e Surface & 4 bottom loss expressions
assume ~he validity of experimental
data, which may be questionable.

¢ Only a finite number of ray cycles are
considered in the multipath evaluation
of the pressure integrals.

o Velocity profile does not change with
range.

o Harmonic source assumed.
o Density of 1 assumed.

e Only one source and recelver allowed
per run.

e Constant bottom depth.

3.4 (U) Suggested Test Cases for RAYMODE X

(U) The RAYMODE X program has been com-
pared against both experimental data and
other computer programs. In general the
comparisons tend to validate most of the
assumptions listed in Sections 3.3 of
this synopsis. However, there are a few
cases that may possibly cause RAYMODE X
to gilve unsatisfactory answers. Results
for two cases are given below:

(U) Case I: Cross layer surface duct
problem with source in the duct at 250
ft and receiver below the duct at 450 ft
for frequencies of 10, 50 and 100 Hz.

The velocity profile for this case is
shown in Figure 3-4.
given by FNOC type 5.

Bottom loss 1is

R

23

(J) In this case RAYMODE does not prop-
erly account for the surfact duct (SD)
contribution because only trapped modes
are presently used in the UNIVAC 1108
version. Trapped modes are here defined
to mean those modes whose elgenvalues

are real and lie between &1 = w/c)
and §2 = w/cy, where c3 is the
velocity at the layer depth and cj is
the larger of the source/receiver

velocities. For the lower frequencies
one must also allow for the leaky modes,
i.e., modes wvhose eigenvalues are com-
plex. The 1leaky modes correspond to
eigenvalues between &, = w/c, and
£y = (w/cgource) c08 65, where C,
is the velocity at the surface and 64
is the larzest source (grazing) angle.
The SD part is described as allowin~ :ior
both trapped and leaky modes. Thatv °s,
the SD integration interval extends from
Eo to &, . However, this version does
not exist on the UNIVAC 1108 although it
does exist on the HP9845 and the
Tektronix 4051 computers.

(U) For the in-layer case (source at
76.2 u, receiver at 45.72 m) ccherent
RAYMODE (Figs. 3-5 to 3-7) predicts no
trapped SD modes at 50 Hz and 100 Hz.
Therefore, only the direct path and bot-
tom bounce contribute at these frequen-
cles. In order to evaluate RAYMODE, Fast
Field Program (FFP) predictions were
made (Figs. 3-8 to 3-10) since the FFP
considers all modes. When RAYMODE 1is
compared with the FFP, one observes that
in the first bottom bounce region the
leaky mode contribution is masked by the
bottom bounce energy. However, beyond
the first bottom bounce region the leaky
modes are the significant contribution.

(U) For the in-layer case at 2U0 Hz
RAYMODE predicts that one (unattenuated)
trapped mode exists. When compared with
the FFP it 1is clear that RAYMODE pre-
dicts much more trapping (approximately
10 dB) than actually exists because even
at 200 Hz the true trapped mcde has a
significant imaginary component. This
imaginary part attenuates the SD mode

contribution. (Note: Incoherent RAYMODE
results are givean 1in Figures 3-11 to
3-13.)
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SOUND SPEED (FT/SEC)

DEPTH (KFT)

(%]

10

4850

4900

4950

5000

5050

0.0
318.0
328.0
492.0
627.0
932.0

1227.0
1840.0
1801.0
1968.0
2352.0
3281.0
3609.0
3937.0
4593.0
4921.0
5741.0
6562.0
7533.0
8202.0
9045.0

5043.30
5049.20
5047.60
5015.70
4989.20
4959.30
4923.90
4895.00
4888.40
4883.20
4876.00
4878.90
4881.20
4884.50
4892.40
4897.00
4909.40
4922.60
4939.00
4950.40
4965.50

I

UNCLASSIFLED

Figure 3-4. (U) Velocity Depth Profile for Test Case I
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(U) In the cr.is-layer case (eource at
76.. m, recelver at 137.15 m) RAYMC. E
(Figs. 3-14 to 3-16) showed basically
guod results compared to the FFP (Figs.
3-17 to 3-19) for all trequencies con-
sidered despite the fact that it does
not allow for below layer leakage
erfects. That 1is, in the present 1108
version it does not matter in the cross
layer situation whether or not there are
trapped mecdes in the duct since no ener-
gy is allowed to escape. (Wote: RAYiIIODE
inccherent results are given in Figures
3-20 to 3-22.)

(U) In summary, Case I shows that the
present UNIVAC 1108 version of RAYMODE
can yield pcor surf.ce duct results at
the lower frequencies. This deficlency
in RAYMODE has been recognized by Lel-
biger for some time, and has been cor-
rected in the HP and Tektrouilx versions.

(U) Case II: Depressed sound channel
problem with source and receiver both in
ttie deprzssed chaunel at depths of 270
fit and 220 ft, respectively, and for
frequencies of 10, 30, 100 and 300 Hz.
Velocity profile for this case 1is shown
in Figure 3-23. Bottom loss is given iIn
Table 3-1.

Table 3-1. (U) Bottem Loss Versus Graz-
ing Angle for Test Case II

Angle (degrees) Botitom Loss (dB)
L) BL(8)
0.0 0.0
0.5 2.8
1.0 5.6
1.5 8.6
2.0 11.5
2.5 14,2
3.0 16.7
3.5 18.8
4,0 20,5
5.0 23.0
6.0 24,4
8.0 25.7
10.0 26,1
15.0 26.4
90.0 26.4
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(U) Case 1I 1is concerned with low fre-
quency propagation 1in an euvironment
where the velocity profile (Fig. 3-23)
exhibits a depressed channe! above the
SOFAR channel. The source and receiver
are located near the axis of the
depreseesd channel. For a frequency of 10
Hz, RAYMODE (Fig. 3-24) doer not see the
depressed channel (depressed modes below
phase-integral cutoff) but only scme
combination of ccanvergence zone (CZ) and
bottom bounce energy. The FFP (Fig.
3-27), however, seems to 1indicate

" trapping within the depressed channel.

When the frequency 1is increased to 100
Hz, RAYMODE (Fig. 3-25) still does not
calculate depressed modes but predicts
more loss than at 10 Hz, which is diffi-
cult to understand since there should be
more trapping at 100 Hz. The FF¥ for 100
Hz (Fig. 5-28) does predict more trap-
ping withia the shallow channel as well
as some CZ energy at 40 km and 80 km. At
300 Hz RAYMODE ¢{¥ig. 3-26) appears now
to be predicting one totally trapped
depressed mode along with some CZ energy
at around 43 km and 86 km. The FFP for
300 Hz (Fig. 3-29) predicts strong de-
pressed channel trapping (approximately
12 dB less loss than RAYMODE) witl only
hints of the CZ energy at 40 km and 80
km. (Note: RAYMODE incoherent results
are giver in Figs. 3-30 to 3-32.) In
summary RAYMODE does not  properly
account for depressed chann:l propaga-
tion at the lower frequencic:s (<300 Hz).
The exact reasons are not clear but seenm
to be related to the fact that in RAY-
MODE there 18 no consideration of
partial trapping of energy within the
depressed chennel. This low frequency
trapping, however, is masked many times
by low loss bottom bounce energy.

Appendix 3A. Depth Dependent Solutions

for a Segmented Velocity Profile (U)

(U) The RAYMODE method assumes that the
sound speed profile c(z) can be approxi-
mated by segments such that q(z) 1s a
linear function of 2z ir each segment
(layer). Therefore, within each 1layer
segment, independent traveling wave
solutions of (3.4 are) exactly given by
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Figure 3-23., (U) Velocity Depth Profile for Test Case 1II
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