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ABSTRACT

. This report presnnts an experimental and theoretical
analysis of the transmission of. underwater sound in shallow
water, taking inte account the influence of the bottom, The

_ analysis is particularly concerned with frequencies »t which the

wavelengthe are comparsble to the nhysical dimensions of the

~acons%lc svstem

The examinat*on of 96 ranae ‘run recorﬁs from two loca-'

 tions in the Potomac River ares shows, within the frequency range

70-400 cps, different rutes of attenuation of sound pressare level
with distance. denendiny unon the acoustic nronerties of the bot~
tome . ~ : ,

. The records indicate e low rate of attenuption over hard
bottom in »ronounced dieagrepment with the rate predicted from
the transmission theory based upon normal mcoustic impedance, It
is concluded that the imnedance i¢ insufficient to determine the

- general nropagnxion constants reuxired for solvinp trnnemission
R problems° ‘ , :

A new analysis of underwater sound pronafetion is nivan C

in terme of the normal modes of vibrption of the scoustiec cystem

" of the sea between surface and bottom. The botton is character-
4zed only by a density and a velocity of sound, The experimental
o resulis are intervreted successfully ‘and in detnil in terms of the -
“dnitial stimulation, ‘the relative attenuation. And tre nlisse veloc~ o
1t1es of the modes . . R , . , SRR

: _ Lt is shown that the observed uhenomena eannot be exnlain-~t“'
ed a6 the result of interference hetween direct and surface-refl eote b
. ed eound beams, except under special limiting conditions such s
) ?reat water depth or complete abqorntion of sound at the bottom,

Methods ere describeﬂ.for snecifv!nr thé character of the

:tranémisaion and compuling the nropaeaticn constants. when the 7
' ‘ﬂensitv and the velocity of sound of the ‘hotton material are Rnown. f -

The use of acoustic meaqurements an nransm!seion criteria
is d*scussad together with the estimation of acoustic constants

“‘from hydrophone so;ndinrs, bottam samnles and hydroprpnhic data,

Computation of transmiSQ1on cnaracteriqtlcs fxom the daté
1< fqgilitated by the use of six charts wh1cn are renroduced ln

'. the renorh
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“ppulicaticns of the analvais tg nfodlems of speeific in-
it K ) !

tereat to the ¥evy are diszussed. Ths primary suolication is to

the inteynreistion of n°n=urament of inderwater souwnd fields in

the ncouetlc system of the sea. Such measurements must be made in-
$he testing of scoustic miunesweeping devices, and in the study of

ghip neises. The analysis may be enplied to the nredictior of
ninésweening ra:ge> from hydregravhic and acoustic data ﬁAﬁ to
the estimatiuﬁ of aanmarine 11atening ranrns :
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The experimonta.l work on whioh thic report is based wag. porformed

by Dr. John M. Ide and Messre. Donald E. Albert and Richard F. post,'
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.The theoretical derivations were obtained by Mr. William J. Fry, -
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INTRODUCTION.

| 1. Understanding of the relationships ‘between the hori- '

‘zontal propagaticn of underwater sound from e ship-mounted
source and the acoustic characteristics of the underlying sea
botton is vital for the correct interpretation of the trans-

"~ mission measurements which must be made in the testing of
acoustic minesweeping devices, the study of ship noises, and

1.-the estimatiom of submarine listening ranges.

2. For example, the effectivaness of acoustic mine-
sweeping operations may depend as much on the geometrio con~
figurations and-on the acoustic behavior of the bottom as on

... the sound output of the gear itself, ' Although the character- = -
 istics of the sweeping geer may be determined by acoustic :

 measurements at short distance (e.g. 6 £t), the influence of
‘the boundaries (surface and bottom) on the sound pressures at
“greater distances gives rise to extremely complicated phencme-

These phenomena, particularly at frequencies where the

'“uavalengths are comparable to the physicel dimensions involved,

- have not heretofcre been.adequately explained.

s The underwater sound pressure distributions dlrectly

. bemeath & ship-mounted source have been investigated by this
- laboratory, and a formal report has been eubmitted (Bibliog. 4).
. The resulte of experiment were shown to be in close agreement
with the free field acoustic ﬁmpedance theory (Bibliog. 11).

,j R - A study has now been made of the related\problem of

. the propagation of underwater sound es & function of the hori-
 zontal -distance from the ship-mointed source. A préliminery

report has been mubmitted (Biblicg. §), in which the nethods

and results of the NRL enalysis are briefly outlined. In the _

 formal report presented herewith, much of the experimental

" evidence is reproduced and discussed, the consequences of the

‘new theory are deduced and fully explored, and the analys1s 13
"‘&pplied to the interpretation of the observed phenomens., g

. .Be The report is divided into a number of sections,
~many of which are provided with separate summaries for con-
_venience in following the argument. The rsader who does not

‘have time for detailed study of the report is advised to read
all of Sections I, II, and 111, the summsries only of Sections
- IV and V, all of Section VI, the summary of Sectlion V11, and
all of Sections VIII, IX, X, and XI. - By following this proce- T

‘ dure the gist of the new analysis may be obtained.
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. Be Applications of the results to problems ot‘ N&val
o interest are discussed in Section X. The mathematical -
- ‘derivations relevant to various aspects of the eubgect w111
‘be found 1n the five appendioes.

: 7. It is planned to continue the study of low fre- .
- gquency sound propagation by meking additiona.l range tests

-and hydrophone soundings in the Cheaapeake Bay area and
'Avalong the nearby sea eoasts. o ‘

\\'-. .
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I1. EXPERTMENTAL FROCEDURE: CONDITIONS OF TESTS.




© II. EXPERTMENTAL PROCEDURE;
’ CONDITIO 5 OF TuSTS. '
8. - For the investigation of underwater sound propagatlon o

B deséribed in thie report the experimental procedure consisted
-of setting up a ‘sound field of high intensity, and recording ‘the

- pressure legvel reogistered by a hydrophone plaoed at different

. depths and distences fram the aource.

e 9. During the tests the sound source wau mounted at an
efféhtive depth of 10-12 £t beneath the USS AQUANARINE (PYo 7),
‘@ converted yacht assigned to the Sound Division of the Haval . |
" ‘Reszearch’ Laboratory, or from the bow of the USS ACCENTOR (AMo 36),
' a coastal minsswésper. The XUR-2 mechanically driven sound
- generator, mounted in the 36" well of the AQUA&ARINE or swung
~from the bow of the ACCENTOR by & 24 £t boom, wes employed as
 sound source in most of the tests. For a few tests, the BRL -
- Hodel X-3 magnetic type underwater loud-speaker, mounted in the i
: AQUA¥ARINE, was employed. Theee devicee haye been,previouely
described (Bibhog. 1, 2, end 3). . ]

: 10.  ‘Both the loud-speaker and the ‘mechanical generator
were in effect point sources of sound, since their dimensioms |
were small in comparison.w1th ‘the wavelength. ‘The output from

" both may be characterized as polyphonic, a word here used to = '
_designate a fundamental frequency zccompanied by harmonics the'

"_vvintensity of which decreases with the order.

11. - The' eznerimental records obtained were of two types, R
rangs run r recordings and hydrophone soundings. ‘The renge rumn
‘recordings show the sound pressure level received by a hydro-
phoné planted 1} £t above the bottom, as the test vessel tra~
versed a straight course several thousand feet long end passed

B j.directly over the hydrophons. During each run the source was

~operated at a constant leével and frequency. The- hydrophone
_soundings are records of the vertical distribution of sound
.pressure level. . These were made by raising the hydrophone

- from the sea bottom to the surface, at constant rate, with the"

_output of the sound source maintained constant and the test
vessel at anchor. Typical hydrophone soundings mede directly

~ beneath the eource have besn reproduced and discussed in de- .

' tail in a recent raport (Bibliogs 4). The hydrophone soundings »

desoribed in Section IX of the present report were made at con~
siderable distance from the source. .

- CONFIDENTIAL S Y




\

_ .12, The measurement equipment, includinc NRL tourmallne
‘hydrophones, ERPI Sound Frequency Analyzer (RA 277 F), and
ERPI Graphic Level Recorder (RA 246), was the same as that
‘described in previous reports (Bibliog. 2, 4, and 6§). The "
~ealibrations of the hydrophones wére checked by comparison = -
with the Bell Laboratories Type 34 stendard crystal hydrophorie,
which had been compsred with the MIT standards. Extraneous '
- noise was oliminated by tuning the ERPI analyzer to the fre-

.;quuency of the source, with the filter set to~ pass a frequency
“band only 5 cycles wide. - The combination of a constant sound

‘source-of high intensity and a calibrated sharply-tuned re-
¢eiving channél wes found to be highly satisfactory for the
quantitative sfudy‘of transmission phenomena. o

: 13., The receiving and recording apparatus was arranged

© to be battery powered, and was deployed in a 12 ft surf boat

~ for many of the range runs and for hydrophone soundings made -
at s distance from the test vessel. For the latter, the hydro-
‘phone was lowered and raised by hand fronm a bathythermograph

" cable reel. For some of the range runs the receiving appara=~
tus was located in the NRL range house on the main east pier
of the Potomac River Bridge, snd a cable run to the hydro- .
‘phone planted near tbe bﬁttov ine p051t1on 200 £t west of
’the pier. ‘ : , -

C 14., The tesus deseribed in’ thxa report were made in two
locations, 1) at the Potomac River Bridge near Morgantcwn,
_Marylend, end 2) near the Potomac River louth, centered about -
‘& position 3000 yards south of St.- George Island. Portions

. . of the hydrographic charts for the arees in which’ the tests
‘" were made are reproduced in Plate 1. The range courses, the

‘hydrophone locatione, and the bottom contours are shown. The
- first course was along the channel between the deep water piers
. of the Potamac River Bridge, with the hydrophone planted 200

j'f% west of the pier on the Maryland side of the main span.

e 15. The Bridne was 8 particularly ‘convenient 1ocat10n o
,‘because the gecmetry of the course could be determined accurate-
1y by taking bearings and stadimeter sighté on the piers and
girders. It was fomd by experiénce that a reliable distance
‘gcale for the range run reoords was obtained by marking the re-

. cord ag the bow and as the stern of the test vessel passed the

recording station on the pier. The speeds of the vessel and

. of the recording paper were aubsnantially'conwtant during each

run. On the River ¥outh range course the passage of the ship
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gave the only data for es*&bliehing the distance scales. The
~‘accuracy of the latter is beheved to be of the order of 10%

16, At the cen’cer of the River Bridge course the water .
.depth was 57 ft, and at the center of the River Mouth course, .
.65 fts At the Bridge, the Yottom sloped up stream about 3 £t
per mile; at the River Mouth, the bottom sloped down stream
~about 10 £t per mile. The area of su‘bstan‘bmlly flat bottom
 .was larger et the River Mouth than at the Bridge. Since in
“'Eboth locations the bottom irregularities along the course were
‘small-in comparlson with the depth or with the wavelsagth of

' . the propa_gated sound, the transmission measurements are con-

. sidered ® be characteristic of those which might be obtainable '
“,over an ideally flﬁ.t bottcm-. C o S

17. The locations chogen for thi.s investigation represent

‘different acoustic conditions. It was shown by the measure-
‘ments of bottom impedance described in the previous ‘report

(Bibliog. 4) that the soft mud bottom &t the River Bridge is
acoustically "soft" in summer and highly absorbing in winter,
and that the hard sandy mud bottom at the River Mouth location
. 18 scoustically "hard™ both in summer and in winter. At the’
Bridge, the loes per normal botitom reflection is 6-9 db in sum-

- ‘mer, and 18 db in winter; at the Hiver Mouth, relatively inde- |

‘pendent of season, it is 8-14 db. At the Bridge the normal
‘bottam inpedance at low frequencies is amaller than the im-
;pedance of water. Thie impedance increases with frequency, and

' " a phase transition takes plaoe above 500 cps in summer and at

about 150 eps in winter. At ‘the River Mouth location the mea-
-sured normal impedance is real, and equal to two or three times
_ the water impedanoe. ‘The terms "soft", "hard", "tranaitxonal"

. and "impedance are defined in B:.bliog 4, q.v.

: 18.' The exper:.mental material en which the conclus iona of

: thi's report ere based consists of 96 range run recordings listed

in Table I, end about 80 hydrophone soundings made along the

“‘range courses at the River Mouth and at the Potomac River Bridge._'

About 50 additional range run recordings and several sets of
* hydrophone soundings have recently been made in the Chesapeake

- Bay end Rappahannock River aress. A full discussion of ‘the re- "" '

cent records will be reserved for a su’oaequent report.
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_TABLE I. RANGE RUN RECORDINGS.

. Number of . ' ‘ . Sound . - Frequency

Recordinge Location 1Date N Source s Range ‘
10 P.R, Bridge iug 6, 1942 L X-3 Speaker 200—400 ops
i0 P.R., Bridge  Sept 30, 1942 - . XUR-2 '70~186 cps
13 . River Mouth Oct 1, 1942 - - XUR-2  ~ 70-200 cps
*51 .~ P.R. Bridge Oct 13-15, 1942 = XUR-2Z  70-200 ops -
2 - River Mouth ~ April 7, 1943 XUR-2 - 70-100 cps
I0  P.R. Bridge April 8, 1943 - XIR-2 70-200 ops

#USS ACC“VTOR'ectzng ag test vessel.'

19, Bottom 1mpedance data from’ soundings directly beneath :

- the source were obtained at the River Mouth in February 1943, =
and at the Bridge in August 1942 and February 1943. On April 7,
1843, hydrophone soundings for frequencies in the range 70-300 cps
were made at the River Mouth at horizontal distances from the T
-source of 100 ft, 350 ft, 1000 ft, and 2000 ft. On April 8, 1543,

* hydrophone soundings were made at the Bridge at horizontal dis-

'tances from the source of 200 ft, 500 ft, and. 1000 ft, for fre-
Cquencies in the range 70-200 eps. .

‘ 20. Eleven range run recordings selected from the groups -
made in August and September at the Potomac River Bridge are . °
- reproduced in Plates 2, 3, and 4. Nine recordings made at the

- -~ River Mouth in October are reproduced in Plates 5, 6, and 7.

Typical hyﬂrophone soundings at considerable distance from the'_:,,
‘source made in April 1943 ere reproduced in P&ate 11. :

' 21. The db reference 1eve1 for these and for a11 reproduoed‘c
'records is 0.0002 dynes/%q. cm., unless specifically stated to he
.otherwzse. : : '
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' III. DISCUSSION OF EXPERIMENTAL RESULTS.
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SUINARY
‘ Egpurlmantal ‘Results

22, The study of ths range run recorda shows that the
_observed attenuation over soft bottom at the Potomac River
Bridge is in substantial spgreement with that computed from
measured values of bottom impedarce. The observed atten-
‘,uation over hard bottom &t the River Mouth is extraordinarily
. low compared with values computed from the theory 1nvolving '
impedgnce. : : . e

: . 28, This d1screpancy between observed and computed results
s traced to the. irherent limitations of the normal acoustic im-
pedence. A new analysis of underwater sound propagation is pro-.
posed In which it is aesumed that the bottom is a ‘homogeneous

'medium completely characterized for acoustic behavior by a density
~end e wvelocity of sound. Although details of the new analyeis are

- not presented in this section {See Section IV), it is shown from
elementary comsiderations that total internal reflection of sound
waves at 8 hard bottom should be expected under certain condi-

tions, and that the occurrence of this type of reflection would

explain the low rates of atteauat1on observed at the River kouuh. 3

24. Additioral exper;mental results, such.as the "inter-
‘ection loops™ which are prominent on the records,: the "initial
. drop" of sound pressure level in the first 250 £4 of source-re-
‘celver separation, and the consistency and reproduelbility of
'.3the data, are briefly discussed. :

P
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111, DISCUSSTON OF EXPERIMEVTAL'RESULTS"‘

- A Characteristlca and Cons;stencX.of Raqg; Run Data.

25,  The ualzent features which emerge from a study of .
“the range rua records for the two locations are: (a) that all
records except those at the lowest frequencies (70 and 80 cps)
exhiblt a succession of strongly marked loops, with maxime and
" minima of sound pressure alternating as the distance from the
‘source increases; (b) that ell records exhibit an “inltlﬂl
drop , or rapid decreese In sound level in the first 250 £t of
source-receiver separation, followed at greater distances by a -
~more gradual rate of decrease; (c) that the records made at the
River Mouth, showing propegation over hard bottom, exhibit a -

much lower rate of attenuation of sound pressure level with uisé - 

tance than those made at the Brldge.‘

26, Interaction L00ps. ‘The alternat ng loops which charac~
) terize most of the records are graphically illustrated in Plates
. 2,3,4,5, 6, 7, and 8. The ‘phenomenon was first reported by
- this Laboratory about & year ago (Bibliog. 2). Although indi-
- cations of the effect have been observed (e.g. Bibliog. 13), the
‘cause does not appear to heve been generallyx‘ecognized. A de-
tailed discussion of the "interaction loops", as they may be
termed,_ls given in a later section of this report, where they
ars explained as due to the intéraction of the normal modes of

vibration which characterize the ‘sound waves confined between Ly

the surface and the sea bottam.'

, 27. Initial Drop. The relative sound pressure levels ob-

- tained from range runs at various frequencies over various types
'of bottom are superposed, and plotted in Plates 9 and 10 as a -
function of the distance between source and receiver. In Plate
10 the plotted levels represent the envelopes of the respective

renge records etp*essed in db referred to the peak level directly

over the hydrophone. In Plate 9 the envelope curves are expressed

in db referred to the sound output level at a distance of 6 ft

from the source mounted on the ship. A comparison of the envelope
curves, as well as of the original records, shows that the "ini-
“‘tial drop", or the decresse in sound level in the first 250 ft
- of source-receiver separation, is relatively independent of the
" frequency or of the character of the bottom. The amount of the

~Minitisl drop", from the everage of 60 determinations is 173 2 ‘u:,.'

dbg- The water depth was 56 ft 1n all cases.
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. 28. Atenvation at Considerable Distance, . In order to .
“show the influence of different bottom conditions on the propa-
gation for a constant frequency, Lhe envelopes of three charac-
teristic range recordes are shown in Plate 9 for 100 ops and for
70 Cps, respectively. Thess curves show prc,ounced differences
in the attenuation at considerable distances from the source,
- corresponding to diffsrences in the ecoustic properties of the -
bottom. Curves (a) representing trensmission at the River Mouth, -
. over hard bottom, indicete much smaller rates of attenuation -
than the curves representing transmission at the Potomac River
‘Bridge, over soft mud, ’For’example'the'aberagé slope of curve
(a) in Plate g for transmission over hard bottom at 100 cps, is

~‘less than 4 db per 1000 £t at considerable distances (1000 -

N

2000 £t), and the rate of attenuation decreases with increasing” - . .-

- distance. It may be seen from Plete 10 (b) that the curve for

100 ¢ps 18 representative of those obtained over hard bottom,

‘8ince the curves for other fregquencies also correspond to low
rates of attenvation. The original recg«ds of the two excep=
tionally long rune over hard bottom, for 70 eps and 100 cps,
respectively, sare reproduced in Plate 7 together with the fatho- '
meter record of the depth. Curves (a)-in Plate 9 are the
‘envelopes of thess records. R T

" 28, "The rates of»atténuation‘indicated by the records
made over soft bottom at the Potomas River Bridge aure larger -
by an order of magnitude than those observed at the River
Mouth. Curves (b) in Plate 9, for the Bridge in September,

have average slopes of about 18 db/1000. ft after the "initial
drop"; ‘ctirves (c) for the sdhe location in April have average
slopes of about 40 db/1000 ft. It may be seen from Plate 10
(&) and (d) that these average slopes are representative for
‘a1l frequencies in the range 70-200 eps. 'The bottom impedarnice -
data indicate "soft" bottom reflections at all seasons in the
River Bridge location at these frequencies, although the ab-" -
sorption per bottom reflection is about twice as large in April
a8 in September. - The difference in average slope between the . :
- two sets of curves for soft bottom, (b) szd {c) of Plate 9, i
~ ‘éxplicable in terms of the higher. absorption at the River Bridge
“in Apri) compared with that in September. -On the other hand,
the extraordinarily low values of attenuation ‘shown by the
curves fcr,transmissionlover hard bottom at the River‘Mouth v
(8og. curves (a) Plate ) suggest that the factors which govern
transmission over hard bottom may differ in some essential way
~ from those which control transmission over soft bottom,
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30. Consistency of Range Kun Data. The ‘¢onsistency of
the data, end consequently the significance which may be at-
-~ tached to the trends indicated h" the records, may be gauged
by the superposed ervelope curves shown in Plate 10, (a), (b),

~ (e), and {d). Records at various frequencies are shown gzrouped

‘as follows: (a) records from the Potomac River Bridge in Sep--

* tember, in the frequency range 70-186 cpss (b) records from

- the River Mouth in October, in the frequen o range 70-200 cps;
(¢) records from the Potomac River Bridge in April, in the range

'f170~100 cps; and (d) records from the Bridge in August, in'the

'frequency range 200-400 cps. The study of Plate 10 shows that
. each group of records is self—conaistent and that in general
there appears “to_be a small systematic reduction in ettenuation

_asg frequency increases. ‘The trend with frequercy is best 111us—

trated by record groups (a) and (d\ in Plate 10, made at the'
.nBridge in summer. _ : .

o 3l. The ehvelopes of the range run records at various freu
quencies (Plate 10), for a given location and acoustic condition
of the bottom, show the same general course except for the slight
dowmwerd trerd of attenuat‘on with freqaency noted above. A few

‘7'curvas, such ag that for 200 eps in Plate 10 (b), show unaccout~

ﬁ ably broad central peaks. This is probebly explained by the
' failure of the test vessel to pass di rectly over the hydrophone
"during the run,

32, ﬁhen t 1€ frequenc1es as well as the bottom condltlons
wers malntalned constant, répeated range run records ‘closely :
; uuplica*ed éach other in all except the most insignificent de-
."tails. “Records made at the Bridge with the X-3 loud-speaker,
‘reproduced in a previous report {Bibliog. 2), showed close dupli-

cation of interaction spscings, levels at various distences, and
other details when runs were made at the same fraquency with the

~ ‘test vessel running alternately north and south slong the courses.

Many dup‘lcate runs were mode in ‘the large group obtaimed with o

‘the source mounted on the USS ACCEJTOR. partlcularij at 70 cpe

.end at 90 cps. Those for the same frequency wore almost identi- -

- cal except for the region close to the central pesk. The minor

“differences which did occur may be attributed to the occasicnal .

‘ departurs of ACCENTOR frowm the courss, espeaially whén passing
over the hydrfopnone. The AGUAVARINE, having had more experlénce
“in this type of maneuver, was relatively more successful inre-

- peating runs. The effects of surflace roughness, interfersnce
“from the ship's hull, wakes, direction of tidal flow, and ather

- ‘possible cause of variaticn in range run reccrd s -appesred to -
be relatlvely unimporiaute ‘ : Lo
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"the fallow1n« results are obtuined-f

Jevel with d:stance, for source-rece’ ver separa t)ﬂﬁ¢ rron
- than about 500 fcet mav‘ue en*lrplv acrﬁuntad for by bhe

B. Correla*lon of Transmi581or At+enuat~on W:th Bottom Igp dance.

30. A method 09 compavl the ho‘lZOQtal atuenua ien for
utransm1881on of sound over = cattom characterized by a piven -
“normel acoustic impedarce is cutlines in Bihllc& .‘b“'l- The
attenuation to be sxpected at the River liouth snd & ‘
-in summer ‘and in winter be conputed by this method
bottom impedance measursments for these IOCatloﬂ {

A d'
s “3

;TABLS’:I,'

ntbbxuatlon Between 500 f‘eet anﬁ 1800 'eet from’

- Sound Source, ‘Computed From Theory Besed on Nor-

mal Impedance, With Addition of Cylindr i,al ,g
eaklnﬂ‘ 100 »psc'  TR :

 Computed -Obeerved

“Potomac. Rlver Bridge S ) ‘ - ©
Soft Bottam 14 db/A000 £t lé'db‘l&ﬁn re
opmmer Conditions ' ' e -

Potamac Rlver Brldge e PRI ‘
Soft Bottom - . 33 abA1000 ri B8 dbA000 ft
ﬁlnter Canditlons ‘ S PR P

'betomac klver houth P

cdard Bottom . 55 ab1000 ft

: ‘ﬁlnter Cana;thns L : :

 ,$ The MIT megnou h¢49“ upon Tierme b a3 oustlﬂ‘iﬁpedaﬁce,
ives ronputea results in substantinl agreement with experis

‘183“ inr the rete of attequAtlon aver sci 't actno wt tHe

“ofom&c tiver Brldre, in summer ann in winter.,  Fhs peihcd

‘gives comﬁletely srronecus results,’ hoveﬂrr,j.nr the attenu-

stion to be expected over hard bottom s the Fotoumme River e
antn. The computed rate of nttenuatica fur‘;hi¢ ;:cation; S
/;OOO Tt, differs by en ‘order af. ~n1t de Prom “s‘f‘”eVJ‘J‘

‘”at seniation of 2-4 db/iOOO 't at con51derab1~ 61 stunces fra;, .

the source. 'Indeed, the observed decrease in aound praossure

<

Lindrical soreadinz of the sound waves in the wgdium‘e“ﬂ'
Ly the surface aﬂd the bottom. This is shumn by ithe doitel.

u”“rv on Plate 9, whlcb was computad Pcr 2 dcure'a in gauvmo

\
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: pressure proportiona1 to the square root of the distance from

the source, and superimposed at arbitrary level. There is no

' evidence on curve (a) of Plate 9 of appreciable loss of enerpy

..~ by absorption at either surface or bottom, after the first few
_ hundred feet. Since in April the water temperature at the sur-

~face was 35°F, temperature gradients conld not have played &

- significant role, ' The prevailing acoustic conditions at the

~ 'Potomac River Mouth were such as to result in the propagation
.‘of underwater sound with total internal reflection at the lower

‘boundgry, the sea bottom. All of the records made in this loca-
‘tion, in Qctober and in April, at frequencies from 70 cps to '
200 eps, showed thls type of transmisslon.‘ R .

.\\

N C. Transmission Over Ehrd Bottom, Proposed E§planation.

: 35. The observed p .nomenon of proPagation of underwater
sound with negligible attenuation over hard bottom cannot be
explained by the transmission theory based upon normal bottom -

- impedance. - Observed and computed slopes for curve (a), Plate 9,
differ by 65 db, corresponding to a pressure factor of almost
600. VWhen theory end experiment give results differing by such

a wide margin, the basis of the theory requirea re—examinatlon;i

‘ 36. Careful study shows that the dlff*culties may be
traced to the inherent limitations of the normel ‘acoustic: 4me -

_pedance concept. Indeed, the usefulness of this concept for the

- ‘evaluation of boundary conditions in‘transmission problems is
. found to be limited to certain special cases. ' For air-borne
..sound waves incident on acoustic absorbing material, and for
water-borne sound waves incident on & "soft" bottom, ~the wave
velocity relatlone at the boundary are such that the latter may
‘be usefully charcterized.-by a normel ecoustic 1mpedance. inde-~
‘pendent of the angle of incidence. For the special case of the

. "goft" bottom at the River Bridge (curves (b) and (o) of Plate 9,)

‘it has been shown above that values of horizontal attenuation in
substantial agreement with range run datd may be ccmputed from

measured values of normal impedance by employinb the method out- -

- ‘1ined in Bibliog 10 .  Wheu used to compute the transmission
f'joxg;,hand—hntzgm, this method gives erroneous results because

~ the normal impedance does not adequately express the boundary
conditions for the propagation of sound waves impinging at large
angles of incidence on the boundary betwsen a medium of low
velocity and a medium of higher veloclty. . :
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- than the velocity in the water, the bottem impedance will

- bottoms in which the wave velocity is much smaller than that in

- lated without characterizing the bottom by a normal acoustic im-

" wvalid for both "soft" and "hard" bottoms, in which the solutions

oy
i
josn)
wEn

-
L

37, Although the séund pressure distribution directly . = , -
beneath a ship-mounted source is best interpreted interms of - Ry
normal impedance, the edequacy of the concept for ‘expressing
-the acoustic properties of the sez bottom for other angles of

~ incidence has been shown to be open to question.

.38, In'a recent NOL Report (Bibliog 12) the normal im-
pedance is computed for various types of sea bottom, including
viscous fluid end elastic medium. The impedances are derived
as complicated expressions involving the angle of incidence

and the d nsities and velocities in the media. It is shown
- that if the velocity in the bottom is comparable to or greater

depend ‘appreciably-on the angle of incidence. A normal impe-
~dance can still be-msaeured, and a reflection coefficient
(ratio of reflected to incident wave pressure) may be formu-
" lated in terms of it, but under these conditions the impedance
alone is not sufficient to determine the propagation constants
‘which are required for solving transmission problems. ' :

. 89 Fortunately the situation is not so unfavorable as
1is implied in the NOL Report (Bibliog 12). . The bottom impe-
' dance measurements made in the Potomac Hiver area (Bibliog 4)
indicate the common occurrence, in land-locked waters, of "soft" -

‘water. In this case the impedance is relatively independent of
_ the angle of incidence, and the transmiseion theory based upon

- impedance should be valid. The experimental results depicted .
~in Plate 9 curves (b) and (c) verify this expectation. In con-
‘trast, if the bottom impedance measurements indicate acoustical-
1y "nard® bottom, it is at least probable that the wave velocity
‘in the bottom is greater than that in water. In this case it is
to be expected that the transmission theory based upon normal
impedance will not pive valid results. The failure of the theory
‘%o account for the experimental results at the River louth is

~ thus explained. - R S o

C 40, Thé:problem can be'solvéd,lhowevef;1by a theoretical :
‘analysis in which the appropriate boundary conditions are formu-

pedance. - Such an amalysis of low frequency sound propagation,

~of the wave equations are ¢btained in the form of normal modes ‘ B

.of free vibration between the surface and a homogeneous fluid ~ Y
‘bottom, is presented in Section IV and in Appendices A and Do = ——e %?&

:The term "fluid bottom" is used to denote a bottom in which com- R
~pressional waves alone need be considered and for which the i '
enerzy in shear waves is negligible, - o ” o

' CONFIDENTIAL ~16-




a. This analysis is valid for a w1de range of acouetic
.conditions at the bottom, since the formulation of boundary -
conditions is quite general. For convenience, the results are
f;obtalned in terms of the densities and velocities of sound in
" the water and in the wmateriel of the bottom. It is shown

- {a) that if the velocity in the bottom is appreciably less than R

“that in water, the transmission should be essentially the same
“as that predicted by the theory based on normal impedance; and -
... {b) if the velocity in the bottom is preater than in water, the
',"transmission et all frequencies above a certain critical fre-
_quency’ should be charscterized by negligible horizontal attenua-"
" tion at considerable distances from the source. An explanation
is thus providesd for the low-loss propagat1on observed experi-
*,mentally over the‘hard bottom. - ‘ co

42, Although the detailed analyais in terms of normal .

‘modes is necessarily complicated, the basic phenomensa may be

" ¥isualized from the classical theory of reflection and réfrac-
> tion of sound at the boundary between two homo"eneous media.
- It is pointed out in the standerd texts on acoustics, begin-~
‘ning with Rayleigh, that plane waves of sound incident on the
 boundary betwsen two homogeneous medie will, under certain con--
-ditions, suffer total internal reflection. These conditione
- are: (a) that the velocity of sound in the refracting medium
- (the bottom) is larger than that in the incident medium (the
water) and; (b) that the angle of incidence of the waves at
the boundary is larger than a eritical snpgle defined by the
_.relation sin 6 = c1/c2, where © is the angle of incidence and
~c) and o2 are the velocities in the incident and refracting -
~.media, respectively. It may be shown that the effective :
. angles of incidence ard the expected velocity ratios sre favor-
'Wable for the occurrence of total 1nterna1 refleculon.v

. 43, The velocity of sound in the bottom matcrial is sel-
v-ﬂ‘dom directly known, although the probable range of velocities,
- from geophysical data, is 5000-6500 ft/%ec for compact sandy '
- mud, and may be as high as 20,000 ft/sec for rock. - It is en-
- tirely reasonable that bottoms classified by normal ‘impedence
‘measurements as "hard" {Z;.>/) may have sound velocities preater
- than that of water. ' The transmission of low frequency sound over
'them at considerable distances may therefore be characterized by

“total internal reflestion. Under these conditions the only causes

. of attenuation would be the cyllndrical spreading of" the waves,
. and the losses (usually small) from reflection or scatterlng at
. ‘the surface. The experimental record envelopes reproduced in

~ .ourves (a) of Plate 1 demonstrate this type of propagation.
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' 442 Phenomena, 1nvolving total intersal reflection at
~ the sea bottom have received practically no notice in the
"literature of underwater sound tansmission. From the ele-
" mentary considerations discussed above this type of trans-
- .mission should be extremely common. For example, the en-

~ tire continental shelf along the Atlanmtic coast of the

- United States, outside the harbors snd river mouths, is

. charscterized by bottoms of sand, shell, and hard sandy mud.'

Similar conditions obtain along the Pacific Coast, at the’

approaches to San Francisco Bay, on both sides of the English'
Channél, and along much of the southem shore of the ¥editer- = .
" ‘ranean Sea. The ecoustic conditions for "hard" bottom trans-

 mission of IOW'frequency gound should be realized over most
y-of ‘thege ereas. fqu~ :

- 45. Although long ranges have baen observed, particu-
. lerly for explosion waves employed irn sound ranging, the
 possibility that total internal reflection at the sea bottom
-may be the dominant factor in the transmission of underwater
sound at low frequencies secms to have been entirely over-

looked by prior investigators. The scarcity of relevant ob-

- servations on this subject may perhaps be accounted for by

the complexity of the experimental equipment end of the ar-

rangements required for the quantitatlve atudy of underwater
“gound propagation. ‘ :
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IV, I“ITRODUC"‘IOI; T0 NOR!\»:.L ODE THEORY OF PROPAGATION ‘
: ‘ O"" U“IDER"‘IP.TER SOUND OV"R HOImOGENECUS BOTTO!‘:E ‘_ R
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STIMRKY

. Introduction o Normal ode Theory

45, The problem of the prdpagatlon‘of low frequency sdﬁﬁd in
- water, taking into aceount the influence of the bounderies on the
‘transmission, is enalyzed in terms of the normel modes of vibration

" “of the mcoustic system of the ser between surface and bottom. This

“analysis is particularly sdapted to frequencies at which the wave-
“lengths are comparable to the physicel dimensions of the system..
‘The results should be valid for e wide renge of acoustic conditions’

‘:‘at the ses bottom, and free from the 1imitations inuerent in the use’

,of normal imyedance._

47, The acoustic fleld surroundinp a shlp-mounted sourcé in

‘shallow water is treated theoretically by studying the sound pres-

. sure field set up by a point source placed at any point in a non-

~ dissipative homogensous medium, the water, confined between two
‘infinite plave boundaries. Reference is wade to Appendix D for
‘details of the general derivations. I order to' surmount the dif-
ficulties which arise in the integration of the gereral equations,

 the actusl acoustic system is replaced by a rectangular tube with
rigid side walls., The derivations for sound propagation in such &
tube are outlined in fhis section and g;van in detail in Appendix A.

48. The prineip&l result of both the general analysis and
that in which the pipe artifice is employed is a transcendental
equation relatmb the distribution constants of the acoustic system

to the elastic constants (density and velocity of sound) of the bot~

tom. Five chdarts (Plates 12-16 inc.) have been computed and plotted
from this equation, by moans of which the distribution constants for
the first and second modes may be evaluated once the acoustic proper-
ties of the bottom are kmown.  The propagation constants for each .
mode (damping and phase velocity) may be determined from the ‘distri-
bution constants by means of a conformal chart, Flate 17. The =
‘analysis thus permits the propagation to be computed by adding the
contribu 1ons from'the sﬁparate modas, each datorm1ned as abave.

49, Brlef dlscussions are given of prooagation over un elastic

‘bottom, and of propagation over & stratified bottom. - Reéference is
. made to Appendices B and C, respectively, for additional details,
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"IV. INTRODUCTION TO NOKMA ODE THEORY OF FROVAGATION OF
- UNDERVWATER SOUND OVER HGMOGEREOUS ROTTOR.

A. Statement of:the Froblem

‘ 850+ The problem of the pr opag&tlon of low frequency sound in
water, taking into eccount the influence of the boundaries on the

- transmission, may be satisfactorily analyzed in terms of the normal
modes of vibration of the acoustic system of the sea lLetween surface
and bottom: This ig & method of great power, because the individual

-modes of vioration ven be separately considered and their effects

- eombined to giva explanations of complex pthomena in terms of rela-

tively simple component factors. The analysis is particularly ef-
fective for frequencies at which the wavelengths are comparable to
the physical dimensioms of the system. At these frequencies other

theoretical treatments, such as the method of imepes, are virtually
wv—\/\\_,/\/’\_/\—/\__—-—b

inapplicadble. -

. 51, The use of normal modea - eigenvalues or characteristic

~functions - for the solution of vibration problems hes long been a

- standard method in many fields of physics. A classical 1llustration -
' from mechanics is the consideratxon of the normal modes of wvibration »

of a taut string excited by plucking. Although these methods.were

. Tirst applied to acoustics during the last centuryl, the application

of normal modes to room scoustics has undergone extensive develop-

~.ment in the last decadeZ2. The attempt to adapt these methods to the
‘treatment of underwater sound transmissicn has heretofore achieved .

‘only partial success, owing to the imadequacy of general formula-
‘tions ir terms of normal impedance. The need for & theory which is

- -valid for a wide range of a coustic conditions at the sea bottom, and

free from the limitations inherent in the use of normal 1mpedance.
',has been denonstrated in the foregoing discussion.

: ‘52. It is the purpose of this eecnion to describe such a
theory of low frequency sound propagation in shallow water. The
~method and the results of the apalysis are discussed in the text
. -and the mathematical derxvations are giveu in Appendicas A, B c
: and Da ‘ ‘ o

B ‘53. The aooustic fleld surraundxnr & ship—mounted source in
shallow water may be troated theoxetlcally by studying the sound
pressure ffeld set up by a point source placed at any point in a

' -,‘Fbr example, Raylel h Bibliog. 8.

2 Hotably PuY Lorse, R.H. Bolt and thelr co-workers.
See for ex&mple Blbliog. 7 10 17 and 18, o
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: non-dissxpatlfe homageneous medlum, the water, confined between '
two infinite plane boundaries. At the upper boundary, the ses _
surface, the sound pressure is taken to be everywhere zero. The Ceom
" lower boundery, the sea boftom, is visualized for this analysis ' o

as the upper surface of a second homageneous med ium ertending in-
‘definitely downward, Thé pressure field in the meighborhood of

the source and dirsctly: beneath it has been previously discussed'
© (Bibliog. 4). - :

54, The field equatibns for the acoustic system described
Vabove may be set up end the general sclution developed as a sum~
metion of term53 Since these terms involve integrals which
‘have thus far not beesn evaluated, this form of the analysis does
not at present lead to solutions useful for the computation of

© amplitudes or of attenuation. The reletions between the con-

stants which govera the pressure fisld distribution and the "
acoustic constants of the bottom are, however, derived for the
-general case. ~ : \ :

55, The behavior of the acoustic system maj be alternatively
derived by extension from the solutions for the propagation of
sound in a rectangul&r tube?. These solutions’ may be obtained ;
more easily than those for the general case described above, - The
‘tube is assumed infinite in length, bounded at its two sides by
rigid walls, &t its top by a free surface, and at its bottom by
a homogeneous fluid medium. The replacement of the actual system -
by the tube with rigid side walls is an artxfice which enables the
. difficultxes of the general treatment to be surmounted.r  a -

: 56. The analysis is based upon the aasumption that the bottom :
48 & homogeneous medium. The medium mey be described as a fluia, )
‘since its acoustic behavior is considered to be completely deter-
“mined by the demeity end the ‘velocity of sound (compressional wave

velocity). Thie amounts to neglecting the effects of shear waves »
in the materlal of the bottom. . :

BT The analysis maj also be applied, at least in principleg»
to a stratified bottom consisting of a -single layer of homogeneous
fluid, underlaid by an extended medium of different acoustic proper-
“ties5. Although mumerical computations from the solutions would be
cumbersome, they could be mede in special instances. In practice,
however, the effects arising from stratifxcatian of the bottom are

‘seldom pronounced. o Lo

'3, For details see Append1x D and Addpnda
. 4. /For details sece Appendix A '
5. For details see . ppendix C.
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. B8. A complete analysis of propagation over an isotropic o
~solid bottom has not been made, but the modifications required . o o
%o adapt the propagation theory derived for a homogeneous fluid .. A
. bottom to the special case of an isotropic solid bottom in which -
.shear waves occur are discussed in Section VII (Reflection Laws
_.For Different Types of Bottom). The discussion is based upon an
" analysis, given in Appendix B, of the boundary conditions for
this case. The principal result is that the shear waves may
... usually be neglected, in the types of bottom to be expectad. :The
ﬂbasic acoustic pheunomens may be explalned %o a close approximatlon.
‘:in terms of the analysisfbr a fluid medium. ’ .

594 COns1daration of the propagation of sound in a rectangu-

“lar tube of the type chosen to represent the acoustic system - -
bounded by the surface and the sea bottom, shows that the simplest
‘class of "transverse" scoustic waves which may be set up will have-
a uniform distribution of pressure across the tube normal to the

- rigid walls. :In other words the pressure variations will be two-

- dimensional, with & pattern of nodes and loops between the top and
‘the bottom but not slong lines perpendicular to the rigid walls.
The waves are "transverse" in the sense that in general the parti-”
‘cle displacements have components perpendicular to the axis of
“the pipe. The waves propagate by alternate reflection at the top -

~and bottom. This is also the class of wuves which will be propa-" .
gated through & medium enclosed between parallel planes such as the

‘-sea bounded by surface and bottam. S S

, -60. The transm1551on in the sea will, however, be modlfied
by cylindrical spreadlng which is not present in the’ idealized
- acoustic system, the pipe. Physical considerations indicate that

-the attenuation due to cylindrical spread:ng will be 1ndependent
of that dus to absorption at the boundaries, and that the total

';attenuatlon may tharefbre be ‘obtained by simple addition. With

- --this modification, the solutioms for the pipé may be employed to .
‘ give the transmission in the actual acoustlc system .

“G, A comparabla problem of sound transm1351on in pipes, with the
- boundary conditions expressed in terms of impedance, ‘hus been
“treated by P. M. Morse (Bibliog. 18). "Iransverse" acoustic
waves in rigid tubes, enalogous to the electro-magnetic osc11-"'
letions in hcllow metsl tubes and dieleotric columns or “wave
- guides™, have been treated by H, B. Hartig and C. E. Swanson
- {Bibliog,19). Hartig's derivations, following Rayleigh (Bibliog.
8), were restrlcted to propagation in tubes with rigid wallsar
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'B. Outline of Derivations.

61. The actusl derivations for the propagation of sound in

& rectangular tubs bounded by two rigid walls, a free top surface,
and a homogeneous fluid bottom, are presented in Appendix A. The

« solution of the wave equation is obtained for the pressure distri-
~bution in a single mode of the simplest class of "transverse" '

waves. The solution represents the product of (a) a progressive

~ wave, damped exponentially as it travels down the pipe parallel to

the long axis, and (b) a stending wave system between the top and

the bottom of the pipe. The progressive wave has & complex propa~ .

| gation constant ¢+;T. The real pert o determines the dumiping

along the pipe, &nd the imaginary part determines the phase velow =

¢ity of the wave C4- - -The latter is always larger‘thgn c,‘the
~¥elocity of sound in the "frec" medium. The phase velocity may
be defined s the frequency times the distance betwesn wave crests,

The standing wave system between surface and bottom consists of a

_pattern of nodes and loops given by the complex distribution con- -

- stant sp,

~the distribution constant by the equation’

62, It is fouud that the propagation“cdhstanf is:related to

et i (gt =0

" where %, = 2 ig the vater depth measured in half wavelengths.
This equation hes the same form regardless of how the boundary
conditions arc evaluated. The same equation was obtained from
the impedance theory (Bibliog. 10). The phase velocity and the

damping can be found for any value of 1, . once & and « are known,

such_as‘thqt reproduced in Plate 17. -

by computation from equation (§) or by consulting a conformal chart

83, Assuming & pressure distribution in the bottom repre-
sented by an exponential decay both along the axis of the pipe
and in the direction normsl to the bottom, a relation similar to
" -that of equation (5) is found between the propagation constsnt
- end distribution constant for the second medium, SR .

64. & relation (xquetion (7)) between the distribution and
propagation constants of the second medium and those of the first

7. The numbeis‘df‘all equations are those used in the”Appendiéesa AV/
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medium is then Obualﬁﬁd by the application of the conditicns
that the pressure and the normal particle velocity must be
_continuous at the lower boundary. One result of this is an

’ equation (16) which relates the propagation constants of the

 two media. A further and most importent result, after applying

» thie relation and. making appronriate transf‘ormatione R is

o

fuk*’fr (K-ﬂ' “ ___: . |
LR R .t T AR C L B |
e a8 o (H ) o (o)
in which R | o : s
A= e B = (2 ’“)/‘ = “f L'(‘/,) .7”‘L

65. Comparison of equa"io:i (20) with the corresponding rela-
tion (Equation (135)) derived in Appendix D shows that the two ex-
pressions are identical. The walidity of the pipe artifice em-

; ployed for the aenalysis in Appendix A is confirmed by this agree-
ment, since the general theory for the pressure field. surrounding

- . a point source between two infinite planes is shown to result in
- the same relation between the distribution constants as the ‘special -

'theory restricted to pmpegation in e pipe.

'66. By neens of equations (5). (7), (16). and (20) in Appen~

' ‘dix A, the distribution and propagetion constants for any mode be-
‘longing to the simplest type of "transverse” waves in the first
‘medium (density 0, and velooity ¢, ) may be determined in terms of
‘the acoustic properties of the bottom (density 0, and velocity ¢, ),

- and the geometrical conditions ( , » the depth of the water, mea-

. sured in half wavelengths) The effective derslity and velocity of
" .sound of the materisl of the bottom may be estimeted with suffi-
~cient accuracy from hydrographic dats, sampling, snd acoustic
~measurements of 0O,C, , as discussed in Section IX (The Use of A-
Jcoustic Lleasuremen 8 as Transmission Criterw.).

, 67. For convenience in the interpretation of the solution

for the distribution constants in terms of the acoustic properties
of the bottom, the charts ‘shovn in Plates 12, 13, 14, 15, and 16
~have been prepared. These charts wers derived from equation (20)
by computing ang piottine- the values of A and B which correspond

to various assumed wvalues of & and 4 - Plates 13 and 14, for values

of/U. between 0 and 1, and Plates 15 and 16, for values of /A between - '

1 and 2, correspond to the solutlons for the first and second modes;
respectively. An assembly of Platas 13~16 ‘on & reduced scale is
show'x in’ Plate 12,
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, 88+ Once the co«ponents of the distribution constant ere
determined from these charts, the demping and the phase velocity
‘for the particular msds mey be obtained from enother chart, Plate
17, which gives orand v in terms of « and u 'This chart is
identical with that reproduced in Bibliog 10, p 315, and corres-
-~ ponds to the relations ziven by equation (5). " Plate 17 glves
solutions for a wide range of values of/LL; and consequently for
: aeveral lower modes. ‘ .

69. The final pressure dlstributlon may be built up by

| adding the contributions of the various modes, each determined by‘
- the method outlinad above. L S

NOTE: aince the foreroina wAs written it hpe been found no*-“

((‘ ztf‘

- sible to evnlunte the genersl pressure integrsls in Aopendix D -

in terus of Hankel functions. The general treatment isa thus com-
nleted, and it is now poasible to compute, in terms of the nor-

mal modes, the pressure at any voint in the acoustic fle‘& sur~,‘,9

rounding a noint source between two infinite flat nlates, ' The
‘mathematical key to the intepratlions was obtained from Remort Yo
- 65, receutly received from the Minesweeping Section of the Burepu
~ of Ships, This is a theoretical study by G.}. Roe, entitled “"The
- Propagation of Sound in qhallow Hpter” T PR

,  After e7?1uation of the intaprpl° tbe norma1 mode qoluxionr
Cdin Annenfxx D, may be shown to be identicnl ‘vith the solutions for
Dressure obta*ned by a different method in Renort No. 65, : Detnils
- of the inteprations will be found 1n the Addencr to the p“egent '
»renort o ‘ IRRES RS

”he treatment in. Renort No, 65 mpkeq use c; ) Faneralized :
‘bottom imnedance -which is allowed to vary vith ‘the enrle of in-
cidence. -~ Although the nethod 1= different from ‘that emvlnved in

~Section IV above, the final  result i similer in that the behPV1or‘““,
of the bottom is not charseterized by normal irmedsnce alone, but

- by a more comvler functlnn vhich inv’uﬁvv ﬁdﬁit*onel acouqtlc in—
»formntion. ' : P N

‘ The renoraTi?cd imﬂﬁd ance wou‘d FnonPr to be e npthemptic»l N
9b°traction which is not useful for c>mnutntinn. If horevpr the
- »nlane wrve ‘reflection law rvolvinp densities ~nd Veiocitie ne '

- Fiven in enuat*on (LR) be inscrted into equation (24) of Roe's
~revort, and anvrouriate trensformations be carried out,’ the: sane
Cirens scendentul eruation as that from which the charts vere com-

-puted is obtained, The charts in Plates 12 -16, renresentins nlnt¢ 

~of this equntion, therefore nrovide a eirmle means of obtsinine
numerieal results, vhether the nreccure equations sre derived
directly in tbrms of normpl modes or b" corbinine e?enentnrv olane
waves, , ‘ :
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V. THE GHARACTER OF THF SOLUTION .
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- SBARY

-Charzecter g{ the Solution

70. Tne charactar of the sound propagatlon.predicted by the
theoretical analysis is discuesed.”’ Interpretation of the charts
(Plates 12-16 inc) shows that for any one mode the transmission
. mey be classified as either "guided", "damped”, or "hybrid", de-

- pending upon the acoustic constants of the bottom. "Guided” .
transmission, with very low ettenustion and no bottom absorption,
should occur over hard bottom at frequencies higher than a critical
frequency. This type was observed experimentally at the Potomac
River Mouth. "Damped” tr&nsm1ss1on, with considerable demping due

'to bottom absorptzou, -should oceur over soft bottom at all frequen-

eiess ‘This type was observed experimentaily at the Potomac River
. Bridge. "dybrid" transmission, also with considerable damping,

‘should oceur over hard bottom at frequencies below the critical fre-

quency. This typo was recently observed ‘experimentally in the Rap-
pehanncex River area. The critical frequancy is slightly higher
than »hat for which the water depth is a quarter wavelengtho

Tle4. phyaical picture of the sound preaau‘e fields which

- correspond to "guided" and "damped” transmission in the first and
second modes 'is given in the form of isobar plots which show the
‘distribution of the lines of constant pressure between uurface and
bottem and along the direction of propagation. ;

72, I a discussion of the relative attenuat;on of the various
modes it is shown that the rate of damping with increasing dlstance
“rom the source will be greater the higher the order of the mode. ‘A
a result, the higher modes tend to disappear more rapidly than the
lower ones. At distences greater than a few times the water depth

- most of the emergy is cerried in the first one or two modes. The
vertical standing wave pattern between surface and bottom becomés

progressively simpler as higher modes disappear. “Althoigh the rela<

tive degree of initial stimulation of the modes depends upon the

nature and location of the source, the lowest modes are usually the
most strongly stimulated es well as the least damped. A descriptive
‘explanation of the observed trensmission phenomena is given in terms

of the relative st1mu1a+ion and damping of the normal modes.
73. An internstmb analogy is presented betwaen sound trans-

mission in the acoustic system of the sea between surface and bot-
fom, and’ electromagnetic wave tran5m1sslon in "wave Guides a
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Vo U4E CHARACTER OF THE SOLUT IO&.

Ao Thxee Ty;ee of Transmiesion, Illust*ated by the
Flrsu and aecond Yodec,

74. The transmiasiou of underwater sound in the first and
second modes will depend upon the acoustic propertiss of the bot-
tom in accordance with the distribution and proPagatlon constants -

o plotted in Pletes 12, 13, 14, 15, 16, and 17. Physically, the

'diQtrlbutlon constant x-iﬂ-deuerm€nes the character of the s»and~_7
ing wave pattern between the surface and the sea bottom. The

' real part X is a measure of the damping of the pattern, and the

imagirery part At determines the distribution of nodes and oops’ be<
tween the boundaries. Small walues of 4L {between O and 1)are as-
sociated with the first mode, and correspond to the simplest dis-

" tributions,’ lsrger values correspond to hlgher mcdes and to more.

~complicated diatributions. For all modes of vibration of the a-

- coustic system the surface is a pressure node; and the bottom a .

. node if "soft", snd an approximete anti-node if "hard". The vert;.-=
cal pattern of sound pressure for the first mods is the elmplest
‘which will fit the boundary conditions, i.s. a "half-wave" loop
above a "soft" bottom, with nodes at surface and bottom; and a

~ "guarter-wave" pattern sbove & "hurd" bottom, with & node at the
surfece and arn snti-nods at the bottom. The dlstrlbu*loa pattcrns
'_for hlgher modas will be dlSCuS ad :atelc'

75° The chart for each mode, in the assembly Plate 12, shows
~three types of solutions of equation (20). These soluticus cor-
'“‘respond to dlfferent acoustic cordltions-' ' o K

(a) Values of B ;maginary and greater than a
ficrltlcal value {4 for the first mode and
‘13 for' ths second mode). This corresponds
. to sound velocities in the bottam greater
" ‘than in the watsr (cl<'cn) and to exciting

frequencies greater than a. critical or "cut-
;off“ frequencya x :

 (5) Positlve values of B, corresponding to lower’ R
'sound velocity in the bottom than in +he
water (cl} eg)e -

{c) Velues of B Imaginary'and less than the
- criticel wvalues steted in (a)s This corres-
pouds to sound velocities in the bottom
greater than in the water (c~(‘02), and to '
exciting freguenc:es lower than the crlticnl
frequencye : ‘
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‘76, Thc fhree port1ona of each chart correspond to
three types of sound propagation in each mode. - These may be

, clnssified by thelr physioal characterlstlcs as follows.

(a) "Guided" tr&nsmlss1on, associated with ”
"hard“ bottom. S

(b) Damped transmisaion, associated with
soft“ bottom. , .

(c) "Hybrid" transmission, associated thh
‘ "hard" hottom, at very low frequenvies. y

\.

_»The reasons for this nomenclature will be clear after con81d~
~eration of the physical character of the waves whose distribu--

tion constants are represented by the various portions of the

N cmrts -

77. In guided“ transmiaéloh, A, the real. part of the .

- distribution constant, is zero for the allowed values of

(between % end 1 for the first mode)s The standing wave pat- |
terns betwsen surface and bottom therefore have zero damplng,
and no abeorption at the boumderies. If A is zere, k-2 + the

real part of the propagation constant, must also be zerc. Thls'
"is shown in Appendix 4, Pert 2. Under these conditions the

progreeaive wave is propagated with zero absorption at the bounda-

.ries. This means that the cylirdrical spreading from the source, -
‘amounting to 3 db per ‘distance doubdle, is the sole cause of 2t~
tenuation. Transmission tekes place by means of "guided" waves,
| confined between' the surface and the bottom, with total internal
' 'reflection at the lower bourdsary. This type of transmission is
- -illustrated by curves (a) Plate 9, for the exporimental results
'7-over hard bottom at the Pbtomac Rlver Eouth. ; L R

78. "Guided" transmission can ocecur only if the real part

of the distribution constant is equal to zero. The sectione of -

the charte which correspond to this type of transmission are de-
rived from the solutions of equation {15) for which « is equal to

-zero. Such solutions exist only for imaginary values of B, grea-

ter than certain critical values. . From the definition of B {equa-

T fiom (21)) it may be seen that this corresponds to exciting fre- -

quencies hlgher than the critical frequency for the first mode
given by . .

ey '_
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79, "Guxded" tranem1331on Wlxl occur if the veloclty 1n R

. the bottom is greater than that in the weter and if the source -

. freguency is hirher than the critical frequency, f. determined

primarily by the water depth as compured to the wavelength.

* This type of transmission cannot occur at frequencies below the

 first made crltical frequency given by equation (31) It is
‘clear from this equation that, if eg c1, the eritical frequency _

for the first mode will be that for which the water depth is a

. .quarter’ wavelength. ‘For example the critical frequency may be -

8 ops_if the depth is 150 ft, or 24 cps if the depth is 50 ft.
If eo is only slightly larzer than ¢ the critical frequencies
will be substantially higher than those given by the quarter
.wavelength rule. The relation between the critical frequency
for any mode and the.critical angle for total internal reflec-
. tion is discussed in Section VII-B. The equation for the

- critical freguency of eny mode is (2n - 1)f,, where n is the

' order of the mode and fc is given above. R

80. "Damped' transmlss1on is represented by those portlone'

“of the charts (Flate 12) for which the real part of the distribu- -

tion constant, & , is not zero, and for which the velocity of
_gound in the bottom is less than that in water. The standing
wave patterns between surface and bottom are damped, owing to :
absorption at the lower boundery. Uhder these conditions: trane-
‘mission takes place by means of a progressive wave train’ pro-
ceeding with phase velocity ¢/ , and with damping determined
~ by the value of o associated with each value of x . The attenu- -
ation with distence is made up of cylindrical spreading (pressure
varying as 1/4/T, decreasing 3 db per distance double) plus ab-
sorptlon at the bottom (pressuwe amplitude decreasing in accordance
‘with e "qﬂ', or 54.6 o db per wavelength.

81. : Danned" tranamission occurs over soft" bottom, since

-~ the ecoustlc condition required is that the veloclty of sound in

the bottom be loss than that in the water (B’ positive, ¢1> c2)e
. This type of transmission is illustrated by curves (b) and {¢) of
Plate 9, for the experimentsl results over soft bottom &t the '
Pbtomac Rlver Brldge. L v :

82. Hybrid" tranemissioh is represented by tuose portions c»‘

“or the oharts which lie between the sections identified with ‘
"guided” and "demped" tranemission. The characteristics of “hy-
. brid" trensmission are mixed. In general the wave patterns are
highly damped (r(>0), and tkey ‘pecur only over Hard bottor {cy&
ci B imaginary and less than & for the first mode snd less than
1% for the second mode) at frequencies lower than the ‘eritical
frequencj'of that particul ar mode for gulded transmission. The
experimental study of "hybrid"” uransmiesion is d1f 'icult since
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“very low excitation frequencies are required. A ‘series of
range runs which demonstrate the transition of "puided"
transmission into "hybrid" transmission as the frequency is

~decreased below the "cut-off" for the first mode, was obtained

. recently over hard bottom in the Rappahamnock River ares. - Some
of these records will be reproduced in 8 ‘later report, F

- 83. The previous discussion has shown that one of three .
.- types of transmission, "guided", "damped", or "hybrid", may oc-
“eur in‘the propagation of underwater sound, corresponding to the
. 8imple-distribution patterns which cheracterize the first and
- second modes. Additional consideration of the transcendental .
~equation (20),the roots of which are shown on the charts (Plate
12), indicates that the roots are eyclic. If curves are plotted
. for successively larger values of the complex distribution con-
‘stant K4, they will cross over the curves previously plotted

~and again cover the plane of the chart. The equation thus actual<
ly defines a multiplicity of charts, resembling a fanily of Rie=

mann surfaces. ,

 84. The physical eignificance of the charts is that each
" "sheet™ corresponds to one mode. In order completely to describe
the characteristice of the system, an infinite number of .such

‘charts must be plotted. Fortunately, for reasons which will be“

‘discussed later, in most instances only the lowest modes need be
considered. o : \ ST B AR PR ‘

'~ 86.  For any one mode, the propagation can be ¢lassified us -
corresponding to one or the other of the three types of transmie-
sion. For any given depth, the type of transmission will be deter-
mined by the exciting freguemcy and the velo¢ity of sound in ‘the

bottom, which together fix the value of B on the chart. The ordi- -
~ nate A is the specific gravity of the material of the bottom, = . . =

. 86 Tﬁe'chart4fbr the second mode is éimilah°in ééneral'
form to that for the first mode. -Plate 12 gives the assembly,
‘and Plates 13-16 the detailed charts. The following differences

‘between transmission in the first and second modes are indicated -

- by the charts:
SEE “(a) ths critical frequenc¥ for the second mode;v‘;
S ~eorresponding to 4 =l3, B = jl}, 16 three

. times the critical frequency for the first

~ mode (equation §31)):

(b) the dsmping cdnétant‘fbr'ﬂamped" and “hy-
- brid" transmission, primarily a function
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of K , is about twice as great for -
the second mode as for the fxrst and

(c) . the portion Whlch represents "hybr1d"
. transmission is relatively more exten-
~ 'sive in the chart for the second mode
"than in that for the Plrst» ‘

. The range of frequencieu, density rat1os ‘and velocity'ratioa for
.thlch "hyhrld" transmission can occur istherefore greater for
the sécond mode thau for the first. Indeed, this range increases
with the order of the mode. ‘In the trensmission over hard bottom
of frequencies’ beldw the critical frequency for the first mode,

* the energy may be oarried by several lower modes in “hybrld" form, ;

‘and these will in general be hirhly damped.

: 87.  The distribution constants whlch correspond to the hlwner
_modes may be worked out in detsil from equation (20). Values of s
bstween 2 and 3 correspond to the third mode, values of AL between
~ 3 and 4 to the fourth mode, etec. The chart for each mode will ‘have
 the same ‘general form as those reproduced in Plate 12, with sections

corresponding to the three types of transmission. “Gulded trans-

mission, without damping by bottca absorption, will occur over hard

tottom, for emch mode, at frequencies above the crltlcal frequency -
for that mode. The crztlcal frequency increases with the order of
the mode in accordance with the ratios 1:5:7: etc. "Damped" and
"nybrid" transmission by means of each of the higher modes will be
‘chardetérized by a damping constant o  governed by the value of K
‘from the appropriete chart. ‘The. damping constant will incredase with
~ the order of thé mode. =~ ' F I U

8. A Physlcal Picture of the Sound PT&SSLre Fields‘

o v88;‘ A pnyoical g:cture cf the sound pressure £i ldq which _
correspond to "damped” and "guided" transmission in the’ Firet and
second mOdes may be obtained from Figs 1, (o), (b), (c) and’ (d,.

89. The figure shows the distribution c“ the llncs of con-
stant sound pressure, or isobars, botween the surface sud bottow
and along the direction of propagation of the waves. The resre-
sentatlion in each sketch is for a singie instant of time. dctuel-
1y the entire distribution progresses at the group weloelty; in
 the direction of propagation. The gréup veiocity, at whick the ,
energy ie transferred, is always smaller than the veloecity of
sound in the free médium (the water). In fact, the latter is
squal to the geomstric meean of the group velocity and the phose
velocity of the waves, ' R
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90. As shcwn by the skatches, the pa*terns repeat Bt 1ntn.«
‘vals of @ half wavelength, computed on the basis of the ghasc ,
vplocity, c/’t « = Since the phase ve‘nc‘ty increasee 8§ Irequensy
decreases, all the patterns lengtheL ag the freqv ency is 1owe~au.
4t the critical freguency of tae f'irst mode, over hars botiorn, the

phase velocity approacnes the velocity in the bottom. and ths rrouy

velocity becomes cl/bea For the cese of rigid bottom (op infir 1ie,,

the lsobars become straight lines paralla‘ to suriace and both: .
*For this limiting condition and at lower “requen les nc wave qf th’
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 type is propagated. The sketches indicaute thé greater complexity =
_of the pressure patterss for the second mode then for the first, -
ae well as the relative damping rates for the two modes over soft -

' 91.’ The isobar plots for the pressure field distribution cor- .
responding to higher modes will o similar to those shown in Fig. 1, "
except that the number of lgops between surface and bottom will im- = -
cresse with the order of the mode. R Lo

" C. Relative Damping of the Modes.

‘ 92, ‘1%‘ig_necéssary'ﬁo'cénSider the distribution of the sound
. energy &mong the zormal modes of the system, since the gsctual sound
pressure at any point is the sum of the pressurss asgociated with =

" each of the modes présent. The partitioning of energy in the

acoustic system wnder consideration is closely enalogous to the disi'
" trivution of vibrational energy emong the normal modes of a plucked -

’v,string. The overall decey of the sound energy with distance is

 determined by & summation of the decay rates of the individual modes.
From basic considerations it may be shown that the higher modes have
‘more repid decay rates than the lower modese o

93. The lowest mode corresponds to e wave traveling nearly

tangentially to the boundaries, with comparatively few reflections.
"The higher modes correspond to waves traveling with relatively fre- -
quent reflections between surface and bottom. The higher the order
of the mode, the more nearly the angle of incidence of the corres-
ponding waves approaches normal ‘incidence. When sound 1s propagated .
" & considerable distance in shallow water, thaet part of the total -

energy which has been reflected the largest number of times in tran-
~git will be carried by the highest mode present; and the energy which
travels at nearest grating incidence will be carried by the lowest

. ‘modes - . .

.94, It is evident that the rate of attenuation with increasing =
- distance will be greater the higher the order of :the mode. - For ex-
.ample, the assembled charts on Flate 12 show that the damping as-
 ‘socisted with the second mode is very much greatér then that expec-

" ted for the first mode, For transmission over soft bottom.. Because °

. of their hisher decay rates, the higher modes tend to disappear more

" Fapidly than the lower ones as the distance from the source increases.
‘The propagation of low freguency sound in shallow water usually takes
‘place under conditions which ensure that, at distances freater than &
few times the water depth, most of the energy is carried in the [irst -
one or two modes. When total internal reflection ‘takes place in the
-propagation of such frequencies over hard bottom, either the lowest

~or the first two modes may travel with zero atténuatibn‘dub‘to the
-‘pounduries, while the highar modes may be very highly dampedgiyf“
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v 85. As the hlvher ﬂmdea dlsappear w1th 1ucre451ng c*stanua -
L ir01 +he ‘source, the vertical standlng wave patiern of sound

pressure between surface snd bottom sghould become prorr6331ve1y
sinoler. The vertical patiern, determlned by hydrophene soundlngs,
" ghows the meximum number of nsdes and loops directly beneath the
 source, where the maximuin ouzber of modes are present. These pat-
-terns, for various acoustic conditions, are discussed indeteil in
‘& rscent report {Bibliog. 4). There is egain a close analogy be-

f’__twpen this pattern and the normal modee of a vibrating string. The

first all owed mode of the string consisis of & single” loop between
the su9p9n51on points, end higher modes appear as more complex
distributions of Yoops and nodes between the supports. Slmllarly

- ths ‘scund oressare distribution benéath a ship-mounted- source may
be & comb*lcafed sequenoe of nodes and loops, in which the complexi—
~ty of the pattern serves 2§ &n index of the number and strength of
the modes present. It is evident, then, that if kydrophone sound-

" ings are made at progressively greater distonces from the source,

the vertical pattern should become simpler as the hlvher modes are
danped out. : .

96; It is shown in later sesctions (SectiénsiVI,‘VIII, and -IX )
that the experimental records mey be interpreted in terms of the
expected relationships between the modes. The relatively hlghar
damping rates of higher modes,.and the prcgressiwe 51mp1L41cat1on
‘of the vertical pressure distributions with increasing dlstance
‘1from the yource; are contlrmed by . experiment°' .

~ D. Initial .:timn‘atmn of the Kodes.

: e The 1n1t1a1 at mulatlon of each mode, that is, the
‘relaﬁlve amoun+ of the total energy wr’.i is carried by it at the

origin, is détermined by the pature and location of the source.

- Consider, for example, the anelogous system of the vibrating string.

-+ The ‘lewest mode of a string stretched between rlgid supports is of

~course ¢ single loop with nodes at the ends. - Maximum. stlmulatlon
- of the first “mede will ocecur if the string is bowed or otherwise ‘
" ‘excited at a point midway between the supports. - If the string is

bovied at any other point, except precisely at the poinis of support,‘:‘

“the first mode will be stimulated tc some extent, althou ch not so
strongly as when bowed et the center. The second allcwed mode of
the strinz is two loops with e nodal point midway between the sup-
yorts. This second mode will receive maximum stimulation if the
exciting force is epplied at a point one quarter of the string -
‘length from ‘cither support. Althcugh bcw1ng the string at the
 ceuter (or at the end points) will not stimulate the second made,

_ bowing =zt sny other point will stimulate it to some extent.
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98, Slmilar considerations epply to the stimulation of
the modes of vibration of the actual acoustic system, although

-the boundary conditions are different from those for the string.

The analopgy of the vibrating string indicates that in the ‘acous-

" tic system of the sea betwssn surface and bottom: {(a) the first
mode will always be stimulated and the decree of stimulation

will not be a critical funcition of the source depth (in wave-
lengths) or of the character of the bottom; and (b) any given
higher mode may or mey not be effectively stimulated, depending

" upon the exciting freguency and upon whether or not the sound
- sourcé-is located at a nodal point for that mode. .The location

of the nodal points, determined by the order of the mode and by -

~ the boundary cdndltlons, may be computed in desired cases and

may be demonstrated experimentally by hjdrophone soundlngs.

99. Since the nodal points for the various higher modes'
will seldom coincide with the location of the source, most of
the modes will be stimulated to some extent by & given sound
gource .at eny depth.: Although there exist an infinite number
of moder of the acoustic system, the amount of energy carried -

by each mode in general decreases rapidly with its order, and
most.of the energy is cerried by the lowest modes. That this
~ is true of the acoustic system of the sea, in common with most

vibrating systems, may be‘seen frcm the general mathematical

treatment in Appendix D,

- 100. The relative degrse of stlmulation of the various
modes is also a function of the freguency of fhe sound source. -

- "Referring egain to the mechanicel analogue, if the vibrating
‘string is excited at varicus frequenciea by a periodic force, - .
‘that mode whose "natural frequency" corresponds to the frequen -y
o7 excitation will be strongly stimulated, and modes whoee L
“natural frequencies" differ from this frequency will be less
~strongly stimulated. The "aeturel freguericy™ of @ mode in the
acoustic system of the sea is that frequency for which ‘the half R
“wavelength {in free water) is approximately equal %o thc dstance =
‘between pressure maxima (or minima) in its vertical standing o

wave system. It is therefore the variation of sound pressure

©with time which most nearly corresponds to the de31red pressure
‘distribution in space. ,

101. In the actusl acoustie system the sound pressure at a
glven poznt will not necessarlly be greatest under conditions of
"resonance” with a' given mode, but the proportion of the total -

-energy carried by that mode will tend to be a maximum. The ‘con-
¢cepts of "resonance" and "natural frequency are not strictly ap-
?plicable to the normal modes of an acoustlc system excited intcr-
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“5na11y, and it should bs kept in nind that tPe mo*ns corresponﬁ

cprimarily to speciel rather tnan to temporal dlsuributkons of i

sound pressure.

SR 102. A descriptive explanation may now he wlven for the
‘underwater sound pressure phenomens. to be expected in the’

vicinity of the source. It has been shown that:: (a) close to

 the source all the normal modes will be stimulated in greater

..~ ,or lesser degrea, and the amount of total radisted energy car- ,j,';~?1
ried by a given mode will, in general, decrease with the order -

of the mode; and (b) the rate of attenuation of each node with

: 1ncreesing disterice from the source will, in general, be greaterw

the hiwher the order of ‘the mode. The sffects of spreading of -

,v:tions governod by the normal mrdes.f

- 103. If the requltant pressure fleld be probed bJ moving a

:-hydrophone horizon+a1 ly outward from the source, the following :

',effects should occur:

(a) in the immed‘ate v1cinity of the ‘source
- the primary factor in the pressure vari-

etion should be geometric spreading,

é;with the influence of the boundariea

. (S)

‘ 1p1aying 8 minor role.

At distances greater than that between E

. the source and the surface or bottom, a
further sharp decrease .in resultant pres-
‘sure with distance from the source should
oceur, caused by the combination of wave e
spreading and the rapid decay of the . .~ = - - .. o

- higher normal modes. The influence of

(c)

the modes, representing the- effects of
_reflection from the bounding surfaces,
- becomes 1ncreasing1y 1mportant in thls'

region.»

At yet greater distances frqmizhe source, B
of ‘the order of several times the water

" depth, the rate of attenuation w1th dis-
- "~tance should become much smaller, corres-

‘ponding to cylindrical wave spreading com-

‘bined with the relatively gradual ‘decay of =
~ the remaining low order modes. At moder- .
- ately low frequencies the first and second
- modes usually persist to considerable d1s~
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‘ 104» The gererax cnaraoter of the obsorved'transm1831on,
. ‘shown on the experimental curves of Plates 9 and 10, is 'in ac-
' cord with these predictions. A mcre detailed discussion of the
. attenuation to be expected under verious acoustic conditions
- will be found in & lster sertion_(Sectlon VIII, Attenuation)

».E. Acoustic Analog cf Elactromagketic Wave Guideso Ll

: 105. In the fore501ng theorethal and experimantal analy31s.

. it has been shown that under certein phye1ca11y realizable condi-

" tions the propagation of low frequency sound in shallow water

over a hard bottom™ may be of the" type encountered in the electro-
magnetic "wave guide", j.e. the waves msy be guided or charnelled
. betwesn two bounding surfaces without loss from absorption at the
boundaries. - The analogy between the acoustic .and the electro-
magnetic “wave guide™ systems is very close, ‘if the letter be =
visualized &s & dielectric medium bounded at the top by a perfect-
1y conducting surface having infinite dielectric constant, emd at "
' - the bottom by a second dielectric medium having higher veloeity

. than the first. Density and compreasibility of the media in the -

 mcoustic’ system are analégous to permeability and dielectric con-

stant in the electiromegnetic syatem. Viscous losses in the media
_of the acoustic system are analogous to dislectric losses in the
‘media’ of the eclectromagnetic system. Similar relations exist be-

: tween pressure, partlcle velocities, phase velocities, attenuaticn,
. eritical frequencles, and other constants of the two systems.8

106° In brief, the analysis of propagation of electromagnetic

. waves in hollow guidss, tubes, or pipes shows that these waves may
be divided into several clasces or "modes”, the distinctions being -
made on the basis of the configuration of the electric and magnetic
‘fields within the guide. The lowest modes correspond to the sim- .
plest field céufiguratlone, and higher modes to increasingly more
complex fleld distributione. The "cut-off" phenomenon is en- =
countered in "wave guides", and under ideal conditions the guide
- mey be completely "transparent® to a given mode at frequencies
" higher than e critical frequency, and completely "opagque” to the

same mode at lawer frequencies. e Tl

8. Although special cases of "guided" transmission in both acoustic

. and electromagnetic systems were treated by Rayleigh many years
_ago, attention was first directed to the specific analogiea betiresnu
them by L. Brillouin (Bibliiog. 21). For discussions of the electro-
‘magnetlc case, reference is made to the basic studies of G C. South- -
worth {Biblieg 22), Jo R Carson, S. P, Mead, and S. A. Sﬂhelkunoff
“(B1blior. 23), and L. Page and N Ic Adams (Blblﬁog. 24) ‘
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107. The pkysical procesa 1nvolved 1nxthe transmission of
- waves through a guide is difficult to visvalize from a ‘descrip-
tion of the field configurations within the guide. & physical

- picture of this typs of transmission has been suggestod by P&ge'i;;i i
and hdams (Bibliog. 24) in which the "guided” waves are snown S

to be analyzable into twc sets of elementary plane waves”,

v ',travellng at an angle with the axis of the tube, and propagateé”;‘

‘down the tube by alternate reflections at the walls of the guide |
'ﬁas shown in the accompanying f;gure° o '

Flgure 2.

N

108, Althougb this picture of gulded transmisszon is’ open e

to certain objections discussed by Schelkuroff (Bibliog 25) the

‘mathematical end physical eimplicity of the conception recommends T

it. For example the relation between the critical ‘angle and tha

critical frequency for propazetion in the analogous acoustic sysw L

tem can be clarifled from this standp01nt.

109. Some dlfferencas exist between sound propagatlon 4n the‘ “;1%1'3:ﬁv

scoustic system of the sea between surface end bottom, &nd the

";prOPagation of electromagnetic waves in" guides™. The most impor41 §”’5

tant difference is that, in the development ‘of the acoustic‘iilT
. theory, provisior for various values of density of the bottom '
. material must be made. Dens*tj in the acoustic system corres~;-
 ponds to permeambility in the analogous dielectric system. aince
“dielectric medis with permeebility different from unity do not

. “exist, the exact electromagnetic analog of (he acoustic GVstem 13”7“* ff

_no+ physlcally re&lizable. ‘

110. Addltlonal dlfferences between the acoustic systen unée‘
discussion and the usual wave guides are: (a) that the acoustic
system is nen-symmetricel in ths sense ‘that the two bounding sur-

faces have in general different acoustic properties, (b) that types

of waves may be propagated in the electromagnetic system which have
no ‘acoustic analog, and {c¢) that the acoustic systex is not clesely

"analogous to the tynes of wave guides of most nractlval impo**ance@v:"

“vthnse with conductlng meual wallso

QQV(See Section VI, and Appendix;ﬁ; Part 4).
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111}  The vhencmena which occur in hollow metal puides are
ir many ways ‘simblel” than those to be exnected in the dielectric
guide which is the actual an?log of the ecoustic- qutem

112° ‘Study of the 1iterature on electromarnetic wave nropa-'

gation elso reveals sn interesting optical snalogy with the ‘hy-
- brid" sound transmission discussed in Section V-4 nbove. T, C.
 Pry (Bibliog. 20) has used the ternm "hybrid® to denote the type
-'of plane waves which occur in nature on the dark side of & prism
-within which Yelementary nlane waves" are beins subjected to
totel internsl reflection. S. 4 Schelkunoff (Bibliog. 25) has
suggested that the Yerm may logically be extended to include the
electric field distribution which exists in a dissipative wave
guide, or in a dissipationless wave gulde at frequencies below
%the critical frequency. The parallel is almost exmct between
. the latter use of the term *nybria and 1ts use in this revort
to descride transmission of sound over'a hnrd battom at frequen-
: cies below the c*itical frequency, :
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‘Interpretation gg.Range Records

 STMMARY

118° ‘Since the modes travel along dlfferent effective paths »

and hence with different phase velocitiss, it is to be expected

that interference phencmena will occur when low frequency sound -

- This type of interference hetween the _
 warious modes is graphically illustrated by the "interactlon 1oops

is propagated in water.

vwhlch‘appear on most of the experlmental records.

114. Excellent quantitatlve agreement is obtained bet"een ‘
- observed and computed spacinge for interaction between the lower

wmodes, particularly between the first and the second.

'The ob-

~ served spaclngs cannot be explained by interference between sound
‘"beams or rays from & succession of virtual sources. :

‘ ,'115. Con51derable 1nformation about the number and relatlve
importance of the modes present in any given case may be obtained
from the interaction spacings on the experimental records. Various

- characteristics of the modes are illustrated by these spacings, for
example (a) the relatively higher damping rates for the higher than» |

* for the lower modes, (b) the critical frequencies of the first.

three modes over hard bottom, and (c) the occurrence of "hybrid” R

‘ transmission.
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. 'minima will be the distance required for the fastex‘ of the twov |

VI. INTER‘PRE‘I'ATION OF RANGE RECORDS‘ IN TERMS ‘oF TIIE 1ODES.

A. Interaetion Loope, - Compu"atlon of‘ Spaoinge.

116. The prope.gat on of low frequency ‘sound in shallow water
has been resolved by this analysis into the transmission of a _
serles of distinct modes, which may be considered separately or .
" may be added together to give the actual sound pressure at any
point in the acdoustic system. The primery advantage of this ,
andlysxs is that it makes possible the explanation of extremely
complex phenomena in terms of the interactions and combinations -
" of relatively-gimple components. This ie i}lustrated by - the L

© interpretation of the "interaction loops" graplﬁca11y ehown on
‘most of the range records on P&ates 2-8. . . : ;

. 117. The simul taneous existence of two ¢ or more dlstinct
modes traveling through the same system but along different ef-
~ feetive individual "paths" and hence with different phase velo-
.cities, suggests that interference phenomena may be expected.’
'The pressure level for each mode, considered by itself, is in _
general smoothly attenuated with distance from the source. The
~ resultant sound level from two co—exietent modes, traveling with
different phage velocities, should show maxima and minima as the
.pressure due to the two modes comblne alternately in phase and ‘
out of phase with each other. o :

118. Consider for example the spacing of the minima to be ‘
‘expected from the interaction of the first and second modes. At
low audio frequencies this should be the most ‘common and the most
peralstent spacing, since the lowest modes in general carry most
_of the sound energy. ‘Minime can be recorded only at points at .
which the waves edd in opposite phase independent of ‘the time, be< -
_~cause the hydrophone used to probse the field measures only rms .

' values of pressure. Obviously the spacing ‘between successive

.modes to gain & phase wavelength on the "slower" mode. By "phase
wavelength" is meant the wavelength, / » which is associated with
_ the phase velocity,S4. These constants for the acoustic system
. between houndaries are always larger than X ‘and ¢, the wavelength
and the velocity of sound in an infinitely extended body of water.

_ 119. If the phase wavelength of ‘the faster mode is e/r , ond
that of the slower mode is c/‘[_' the dutance 5 between minima :
© will be given by the relatlon , ,

s g_n S (n%l) .2\_
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- From one minimum to the next there will be n phase wavelengths ™
-of the "faster" wave, and n + 1 phnse wavelengths of the “slower® o
- wave, The above two forms of the exoression for S may easily be
comdbined, with elimination of n, to give ' :

s = e-2§-- ﬂl’ :> 27’
. v 1:;.,15} S .
The ”iq eraction snacinp“ between succesqive ninina charpcteristicf 
} of the interference between eny two modes may be comnuted from
“this formul°, once the anprovriate values of nhase constant ¢~ are
known ‘from measurements of the acoustic pronerties of the bottom
. (e,g, from the results of hydrophone soundinpq combined wiuh the
~ use of the charts, Plates 12-17 inc). B

‘ 120. The interaction rpacinps corresnonding ‘to the first two
- modes appear prominently on the records reproduced in Pletes 2 and
3. Observed and comnuted values of these spacinps for the fre-
quencies of the records are shown in Table III below, together with
‘the corresnonding values of’l.‘ and 'Z;. The latter were computed
from the charts, Plates 13, 14 and 17, using an assumed density
‘ifabeanI to 1.2, #nd a velocity ratio c1/c2 equal to 0,291, cor-
fesnonding to & G equal to 0.35. This was obtained from hy-
~drovhone qounding Bibliog. 4). R .

‘TABLE 111,

Obqerved and bomputed Interaction Snacinps For Interference .
' - Between the First and Second Modeq ' :

Frequenc 4 en D Observed S aci
‘ .’equen y | | ‘_£ | z) A ‘:_u-’: ‘ ‘serve it ng
93 cps - 0.882 0,355 .98 e 10 ft
100 ‘0,897 . 0,800 . 120 L0
110 S 0,918 - 0,810 142 - - 150
@ - - . 0,945 . 0,755 188 T 200

186 . 0.972  .0.885 A 300

The apreement between obsorved and comnuted snpcinys 18 '
‘obviously within the accuracy of the distance scale on the re-
corde, : : . , : _

121, A r:onounced variation in enacing with freauency is in~
dicated by the table, The resson for this is that the nhase veloc-
Aty for each mode decreases as frequency increases and tends to on-

i proach asymptotically to the velocity of sound in the extended med=-

qum., The c1oser the annroach of the two phase velocities to
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: :aeach other, the larger the number of phase wavelengths which
. will be required between successive cancellations, and the
larger the value of the spacing Se - “

A 122. In addition to the spacinga given by the interaction
. of the first and second modes, other spacings may be observed
 close to the dentral pesk on the records for 135 and 186 cps on
~Plate 3, and on the records for 200-400 cps on Plate 4. These
correspond to interactions between higher modes, notably between
the first and third, and between the second and third. A de-
tailed oheck between computed and observed spaclngs is hardly
to be expected at frequencies hizher than 200 eps, owing to the
_complicated interactions which occur when ‘several modes are '
~ simulteneously present. The component spacings for the higher
frequencies could doubtless be extracted from the records by’
an elaborate stetistical analysis, but ‘this does not seem worth-
while for’ preeent purposes. ~ c '

.Bs InterpretatiOn gg'RecordaQ o

123. ' The relatively high rafe'oanttendatien witﬂeinereesing

. distance from the source, which has been shown to be character-
 istic¢ of the higher modes, is clearly evident from the distri-

“bution of the interaction spacings on all the higher frequency
records. This is shown by smaller spscings close to the source
~ which fade out with increasing distance. These are vigible on

_-all the records for frequencies higher than 135 cps. The rela- -

ei'tively greater persistence of the lower modes is indicated by
~“the simplification of the loop pattern with increasing distance
from the source. :

124. The records reproduced in Plates 2 and 3 5raphica11y

illustrate the decrease in the damping of the second mode as the -

- gource frequency increases from 70 cps to 186 cps. The bottam in
this location, the Potomac River Bridge, is acoustically "soft"

" and the "natural frequencies of the first and second modes are - -
' 45 cps,and 90 ops, respectively. For an exciting frequency of 70

" ops all the ensrgy is carried by the first mode, and the pressure
©level decreases uniformly after the initial drop. At 80 cps the -

~ second mode is stimulated, but is very rapidly damped out, At
distances greater than about 100 ft the energy is carried by the
first mode. At 93 cps, however, the stimulation of the second
.mode is sufficient, and its damping low enough, to cause well

- developed interaction spascings out to 500 £t from the source. At

. 100 cps, and progressively at the higher frequencies, these
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“spacings become better developed and persist to greater and
greater distances. The spacings shown by range run records
'may thus be made to yield considerable information about the
- number and relative importance of the modes present in any

- given case. : SR e

125, The occurrence of pressure maxima and minima from

the interaction of the modes may be demonstrated even when &

. complex underwater sound source is employed. For example, the
‘records reproduced in Plate 8 were made at the Potomac River |
'Bridgs, employing both the parallel pipe device towed by USS

- ACCENTOR, end the ship noise produced by USS AQUAMARINE. ' The

~loops characteristic of interference between the first and

- second modes are clearly observable on the records of noise

from the parallel pipes, when recorded throush a 5 cycle band ;
filter. The spacings, 260 It at 150 cps and 120 £t at 100 eps,
are in exact agreement with those determined from the records
for the single frequency source presented in Table III above.

' The loops are obsérvable'although not pronounced in the record
‘of ship noise analyzed in a 50 cycle band centered at 140 cps.”

The loops do not appear in the broad record (200 oycles wide) =

~of ship noise, on account of the averaging effect of the many
- superposed freguencies. S

.. 126. These records indicate that the interaction loops may
 be expected to appear whenever either the noise source or the
~ receiving equipment has an effective band width of less than 50
cps. It is probable, for example, that a resonant receiving

" unit such as the German acoustic mine would be responsive to thé '

interaction loops produced by ship noise or by the complex -
sources used for mineswesping. If the band width of either
 source or receiver is only a few cycles, the interaction loaps

. will be a prominent feature of the records of sound transmission.

~127. The loops which oceur on the records taken over hard
- bottom at the Potomac River Mouth illustrate the relations of

 the modes for "guided" and "hybrid" transmission. 1In this loca-
-tion the critical frequencies of the first three modes are about
30 cps, 90 cps, and 150 cps, respectively. ‘The records on Plates

5, 6, and 7 show that the interaction between the first end
‘second modes is characterized by loops with a spacing of 230-300
ft. These are prominent on the records for 90, 100, 110, and

135 cps, and persist to distances of at lemst 4000 ft (Plate 7).
This spacing does not occur at frequencies lower than 90 cps, =

presumably because these frequencies are below the critical fre-

quency for the sécond mode. Similarly the record for 200 ops
shows a spacing of 160 ft, which does not occur at lower frequen-
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cles, - This spacing, probably revresenting interaction.between ‘

the firet and third modes, is shown only by the 200 cos record,
-since the critical frequencv for the third mode occure at about
- 150 cns,

‘128, The critical frequenéy‘fdr the first mode in this

location (about 30 cps) could not be reacked with the evailable

- sound sources. ' Hence 811 the records taken at the River Mouth
primarily illustrate “guided" transmission, It 4is probabdle,
‘however, that some of the rudimentery interaction loops which

. otcur on the records for 70 and 80 ens reoresent partial ianter-

- ference between the "hybrid" form of the second mode and the
“guided" form of the first mode. Thewe loops fade out rapidly

with distance, owing to the high. damping rate associeted with
"hybrid" transmission, Interaction smacings computed from the

charts, (Plates 15, 16, and 17) - using a velocity ratio of 1.42

fcomnuted from the eritical frequency of the second mode, and a
density retio 2, 0, - are 240 ft for the first vs second modes of
~ Yguided" waves, and 129 ft for the first mode of "guided" vaves

- interfering with the "hybrid" form of the second mode, The ob- n

served spacinrs agree with these values within the accuracy of
the distance scale of the records. OCommitation shows that over

hard bottom the spacings should increrse only slightly with fre-

quency, and this alqo vwas found to be the case°

129, “Hybrid“ tranemiseion 1s also 111ustr?ted bv recordinps

" (not reproduced inthis report )uede recently over hard bottom in

" the Rapnzhannock River area, In this location the eritical fre-

~quency for the first mode was 72 cvs. At frequenciee below this
. "cut-off", interaction spacings were obteined which corresnond - o
to interference between the first and second modes, both in *hy-

brid" form, At yet lower frequencies (38 ¢ps), these snacihge
were not present, presumablv because the second mode was not

_stimulated and all the energy was carried in the first mode ("hy-
- brid® form), High damping rates were observed at all frequencies

" below the first mode eritical frequencv and neglipible dsmpinr
at’ hlpher freouencies° ;

130, The records made over hard bottom (Plates 5, 6, “and 7)
do not show quite such smooth loons as those over soft bottom

- (Plates 2, 3, and 4), The renson is that the phenomena which oc-
 cur over hard bottom are critical functions of the exciting fre-

quency and of the geometry of the system. ﬂmall variations in
,derth along the range course or minor chanpes in velocity and

»denqitv of the bottom material waald be sufficient to cause ob-
servable anomalies in the records, . An acoustic system which in~

cludes a eoft bottom, being in generel more highly damped° should

be less sensitive to amall irregularities,
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~ .in a vertical line with the actual source,

,,,,,

131. The interaction spacing S, characteristic of any pair = * . oo
~of interfering modes, remains the same for any given exeiting e
frequency rejardless of the distance from the source. This is e
true because the phase velocity is a constant for the mode, and .
does not depend upon source distance. The fact that the experi- -
‘mental records show constant spacings is scceptable proof thit
the observed maxima and minima dare not csused by interference be- -
tween sound "beams" or "rays" from & succession of virtual sources

.- 132, The spacings which may be derived from a group of image -
- sources must become larger ae the distance from the line of sources
‘increases, and -these spacings should be smaller the higher the fre-
© quency of excitation. The observed spacings follow neither of
. these rules, and have dimensions which cannot be checked by compu-
- tation from any possible disposition of fixed image sources. - The
image theory is inadequate to account for the observed interaction

"aphenomena because the sound pressure distribution in the actual

acoustic system presents a three dimensional diffrsction problem,

: - which cannot in general be successfully treated in terms of the

. tributions directly beneath a ship-mounted source, a case which

optical analogy of simple rays from point sources. -

133. - The image theory may, however, be expected to give an 1
acceptable acount of underwater sound oropagation phenomena under RN
& few special conditions, such as: (a) when the exciting frequen- !*
- cies are so high that the wavelengths ere short in comparison with = !
_ ‘the image distances; (b) when the bottom absorption is very high
- and the proportion of reflected energy so small that the normal -
modes are weakly stimulated and strongly damped; and (c) when the =~ !

water depth is 8o great that the effects of reflections from the :
‘ bottom may be neglected. The image theory also pives good agree~ = !
ment with the results of experiment for the sound pressurs dis- "_"

is discussed in detail in a recent NRL report (Bibliog. 4). o ;?f‘

134. The general theory of underwater sound propagation by
- means of normal modes, as developed in the preseént report, should
be valid for all frequencies, for all distances from the sound

. 'source, and for transmission over the most commonly encountered
- types of bottom. Detailed computation from this theory may be
difficult or unwieldy if meny modes are simultaneously stimulated
at high frequencies, or if the bottom has a complicated leyered
- structure. The derivations of Appendix A are not strietly valid
if a significant proportion of the refracted energy. is converted
-'into shear waves in the materiul of the bottom, or if there is :
- scattering or absorption in the medium itself (the water) as dis- -
tinet from the boundaries. Other factors than the normal modes -

¢
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1fmay be important under speclcl conaitions such as’ those mentioned
~ in the preceding paragraph. In genersl,. however the normal mode
theory presented in this report tives an account of underwater

‘sound transmission which is in satlsfhctory agreement with obser- :
 vation, and which permits quantitative prediction of the principal

'phenomena to be expected over uifferent tynes of sea bottom.
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~ VII, REFLECTION LAWS FOR DIFFERENT TYPES OF HOTTOM,
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SUMMARY
Reflection ngg

’135; Different laws for the reflection of nlane waves at -
. the sea bottom may be derived depending upon whether (a) the
‘bottom is assumed to be a homogeneous medium of specified

 density and velocity of sound, or (b) the botium 1s aeeumed

to be a nlsne boundary having impedsnce Z independent of the

‘3Tang1e of incidence. The analysis presented in Section IV is
. based upon the firet assumptlion; the transmission theory

- involving imnedance is based unan the seccnd assumption,

1%6. If the bottom 1s s0ft, the two lawe give substantially

 the same variation of reflectiop coefficient vs angle of inci-

dence, The higher ‘the absorption coefficlent the greater the

 difference between ref cotion coefficiente computed from the
.two laws, If the bottom is hard, the twe lays give completely

| - different reflection coefficlents, and may de reconciled only

" by adopting & most imorobsble variation of Z with angle of
incidence. - Even if such a variation is sccented, the reuntant
impedence 1s not useful fox comnuxing transmiss

137 It ie concluded that the acoustic behavio; of the sea

bottom is not comvletely determined by its imnedance, although
it 48 determined to & close first sovproximaticn by the density
and velocity af gound o the material of the bottom

: 188 ”he Drobleu of sound prOpagation over an elastic bot- ‘
tom, in which both.conprescional and shear wavee may be set uo S
by the inéident sound, is diccussed in termé of the raflection

lew computed for ‘thie case., ' Reference is made to Appendix B

for details. It is shown that the loss of energy to shesr vaves

~will be negligidle unless the velocity of these waves in the
“bottom is greater then about 2400 ftfsec, or 1L/2 the velocity of
sound in water. Such velocities ars imorobeble in the mud and
‘sand commonly encountered at the see bottom, It is concluded

. that in general the effect of shesr waves may be neglected. -

"The trensmiseion in such cases may tben bhe correctlv comnuted
in th~ meanner deecribed in Secticn v, : ‘

139, A discussion is'given of the relation between the
eritical engle for total internal reflection of vlane waves,
and the critical frequency below which “gulded" transmission
“over hard dbutiom is replaced by “hybria transmission. It is
shown that the critical angle is the smsllest angle of inci.
dence at which provagation of the. "guided" type can take place.

: compmiu o '-52.
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140, "he effectq of viecous loaqes in the material of the

bottom on sound transmission over it are discuseed and the con—»x:

“clusion reached thet these effects will in general be of the
“second order, elthough they may be observahle over harﬂ bottom
as extra demning, S R
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.VII, RWFLECTION LAWS FOR DIFFRKRNT TYPES OF BOTTOM

A. Beflec ni-_m - Soft, gg_a.m&__m_m.g

141, The'plane wave reflection lavs which result from the
anplication of boundary ccnditions in various ways provide
" meane for visunlizing the difference between the analysis .
“of underwatér sound oropagatlon oregented in this renort and
~ that based upon the use of normal imnedance (Bibliog, 10)e The

computation of the reflectior laws for different types of bottom §

gives means for estimating the effects of special acoustic con~

ditions on sound transmission, These include the case of rel-

atively high bottom absorpbion and the case in vhich shear waves
are excited in addition t¢ the usual compreasional waves 1n the

bottom .

142 TheJreaéoh why ths pronsgation theory besed npon

acvugtic impedance gives sorrect results for transmission over L

;"soft“ bottom, and erroneous results for transmission over
."haord" bottom, may be seen from examination of the pressure .
~ ‘reflection coefficients comvuted as a function of the angle of
" incidence for (a) 2 sea bottom cheracterized by dessity and
‘velocity ratios for two homogeneous flulde; and (b) the same
sea bottom characterized by a normal acoustic inpedance %,
‘The plot of these coefficlents in Fig. 2 shows the equivnlence

of the two characterizations for reflection problems inwblving‘ S

Hgaft bottoms, as well as the complete failure of the imped-

- ance theory to give the correct reflection law for “harﬁ" bottoms.‘“
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_ 143, Figure 3 was c“JP wted by asqigning reaqonable valuevA
%o the constants in the formulas for the ratio X of reflected
.to incident wave pressure. The formulaq which correspond to

- cases (a) and (v} above are:

Case () | ” / _, ‘g’ ,cz‘ cas O,
. ,‘f: ‘ Acz cos e'
: [ -4- L tos Os

'Z cos 8,

Bl

-

'2 cos&,

‘where the densities and velocities in tne water and in the R
‘bottom have their usual designations, e and S, are the angles
of incidence and refraction, and 2 is the normal imnedance of
‘the bottom. The derivations of these formulas may be found
";elsewhere (e,g. Bibliog, 6, 7, and 12“) ; s

144, l-rom Snell's 1aw :t’or refractionwze have

cose,, = {l - (—3»') sm"ejy" | “ (50)

| u The conmarison of the reflection formulas after the 1ntroduction

of Snell's law into the expression for case (a), shows clesrly

that the impedance Z cen dbe independent of the ankle of 1ncidence |

onlv under the comition that

This will be true only over goft bottoms. in which the velocities o ':‘

of sound are consideradbly smaller than in water, . The reflection
lav given by eouation (48) should be valid for any bottom which

is homogeneous and in whlch the enerf'v converted into shear waves" , o S

~ vis negl igible.

145, The analysis presented ‘ln Section IV, as well as the .

‘experimental results discussed in Sectinn 111, show that low
frequency sound may be provagated over hard bottom with vir- '
tuallv no loss due to absorption at the 'tmttom°
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- This tyne of nronagation is to be exnected 154 the reflection Yaw
 :for such o bottom is glven by eauation (48). 1If it 1s glven by
equation (49) there is no single value of lmedence which is
'consiatent with the observed transm*ssionh ' ‘

. 146. A comparison of he two equations shows thpt the pen-
erel relstion (Equation (48)) mey be reconciled with the imped-

ance law (Equation (49)) either (a) if the velocity of sound in

the bottom 1s sufficiently emall for relation (51) to be valid,
or (h) 1f the impedance Z varies inversely with the cosine of -
the engle of refvcction, If ¢y is groater than ¢, (hard bot-
“tom) the angle of refraction becomes end remains imaginary as -
“the angle of inéidence recches end exceeds the critical angle.
“n order o yield the general reflection law, the impedance in
a tyoical instsnce wovld have to vary as follows: ss the angle
of inecldence increases from 0% to 90° Z must increase from its
normal value (2ssumed real) to 1nfin1ty at the critical angle,
must ecome imaginsry at that sngle, and then, egontinuing to ‘be
imaginary, must decrease smoothly to somewhat less than the o
original avsolute value, It is obvious that an impedsnce having
such prOperﬁles is a mathematical srtifice rather than an ex-’
"oression of ohysical relatlcnshivso ‘ S

147 Aaother proolem arises however 1f the attemnt 1s ‘
made to compute transmission by using an impedance which varies
with angle of incildence. The resulting transmission equations
are indeterminate, and their solution by the usual methods im-
.practicable. The most satiefactory course is to abandon the use
of imvedrnce in transmission problems except for the special o
‘case of goft bottom for which the relation (51) is velld. "1t
‘hae been shown in Sectlon IV that transmie~ion may be correctly
computed in terms of two quantities, the velocity of sound and
,the density of the bottom, The 1mnedance alone 1s lnsufficient

‘ 148 Althongh the relevance of 1mnedance for transmission
over “hard" and "soft” bottoms hae been discuased, little has
. been sa2ld ebout intermedinte conditions, The 1ntermediate' :
conditions corresmond to the tranamission of considerable energy

into the bottom. This energy may either be reflected back from

underlying layers or be absorbed in the mnterial of ‘the bottom,
The reflection law will be determined in the first crse by the

acoustic oroperties of the dominant layer or layers and in the -

‘second case b} the effective abqorotion coefficient of the bot«
ton“
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tion coefficients and impedance ratioe a'pply to reﬁections at
ncrmal 1ncldence. . : . ;

149, Reflection coefficients corresnonding to three values

"0f bottom absorption ere vlotted in Fig, 4, the full 1line curves
" being computed from equation (48) and the dashed line curves

from equation (49), The absorption voefficlents (,) for the

- three ceses are 0.1, 0.2, and oo, or 6 db, 12 ét, and com-
‘rlete loss mer botton rsflection resnectively. ‘The corresovond-

ing impedence ratios (Z/oc) are 0.3, 0.55, and 1.0, These absorp-

T :

1.0+
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150 The ﬁgure shows that the closer tha lnmedance of ths

[lbdttoxn aporoaches that of water the greater is the departure of
- the two formulas from each ‘other, and the greater must therefore
- be the error in computing transmission attenuation from inmedancs.

' The figure shows also that considerable reflection may be ob-

. CONFIDENTIAL =~ <57~

" teined at large engles of incidence, esven from s bottom whose
- impedance perfectly "matches" the impedance of water. There will
“be no reflections if both density and velocity of sound ere the
same in the bottom as in the water, but an impedance "match" 1e

. not sufficlent to 1nsure negngible reﬂections at an angles at
- the boundary. : : v ,

181, },gs&ig V' Bottom. b‘:"Coﬁﬁu‘bétioh of the reﬂe&tidn '1an

"~ for a bottom in which both compressiona) and shear waves may be
set up by the incident sound gives the nlot shown in Figure 5.
“The method by which the reflection coefficient for such a bot-
‘-tom wasg comnuted is outlined in Ap’nendix B, Pgop% 1o_x_; ng
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1562, ' This figure ‘shous that_fbr the computed casea: {a) tke

. eriticel angle at which reflection is total and beyond which the

.refracted compressional wave in the bottom is imaginary, is mot

‘altered by the presence of shzar wavas ; (b) at angles of inci- -

dence less than the critical angle, the reflection coefficlent

is smaller than at the seme sngles over a fluid bottom; (c) at

o angles of incidencs nidwey between the critical angle and grez- -~ = . -
. ing incidence, the reflection coefficlent is Teéduced by the T

1b3. The lose of engrgy to ehear waves 1s nerlipible unlesa o
‘the velocity of these waves in the bottom material is greater
than sbout 2400 ft/sec, or ane-half the velocity of sound in
.weter, Shesr wave velocltles lorger than this are highly ime"
probable in the muf and ssnd commonly encountered st the sea .- =~
bottom, It is probuble thrt observable indicrtions of loss of
energy to shear waves could be obtained by making transmission
‘measurements over a hnard rock bottom, Such measurements will :
" be attemnted if a snitable 1ocation 1s found

— e e e
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B, Relattng §vgeg r;tiga; éggl ggg Gritigal EZQQQ_Q_X

. 1564, The general law for the reflection of nlane waveq.
~ illustrated in Fig. 3, shows thet sound waves are totally :

reflected at a hard bottom (c,» 1) if their angles of incidencef
. are greater than a critical angle, given by sin® = eyfe,.

. The normal mode solutions for the sound wressure diqtribution

"~ in the acoustic system of the see between the surface and &
hard bottom showed that for each mode there exists a critical ~ = &
~frequency below which the transmission is highlv damoed (hybrid) .

. “and above which the pressure waves are pronapated without ad-
 -sorntion st the bottom (guided). Since critical ovhendmena in
. trensmission over ‘hard bottems are predicted from two comnletely
 different methods ‘of analysis, it is Teasonable to inquire if

" there may be a relation between the critical angle and the

eritical frequency. That such. a relation exists mey be shown
by making use of a result from the analysis of electromegnetic
*wave guldes", ‘ ‘

155, In the discussion in Section V couqtic Agg;dg §f B

Electromagnetic Waye Guides, and alse in Annendix A, Part 4,
the suggestion is made that the "guided® wave assoclated with
"anv one mode in either the acoustic or electromepnetic qutem
‘may be interoreted as the synthesis of two sets of nlane waves,
‘The two setls travel at t he same velocity and at the seme sngle
with the normal to the boundaries, making e criss-cross vettern
- a8 they propagate horizontelly awey from the source by alter- -
nately reflecting at surface and at bottom. The angle of re~
flection is determined by the phase velocity, which is in turn
. determined by the ratio of the denth to the wave ength and by
" the order of the mode.' e L

156 At the critical frpouency of the firqt mode, the nhaee”
vélocity is equal to the velocity of sound in the bottom This
is shown in Avvendix A, Part 3. In Part ¢4 it is ghown ‘that, at
the criticel frequenyy, the angle which the ‘direction of the
waves mistes with the normal to the boundnrieq is piven bv the - .
',relation : ‘ R : .

Swo = C/c?_ SRR PR (sn)

, But thiq eynression is exectlv the same as that yiven above for
" the critical angle for total internal reflection. ' :

157, rThe relation between}the two critical nhenomena is
novw clear. The critical angle is the angle vhich the direction
‘of the waves makes with the normal to the boundaries, at the

“criticel frequency, if the "zulded" wave be visualized as bro-
. ken up 1nto its conqtituent sets of nlanenpves, qince ruided" :
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. transmission can oceur only if there 1s no mbsorotion at the
_ bottom, the criticel angle is the smallest anele of incidence
at which propsgetion of the "guided" tyme can tnke place. At
frequencies below -the critical frequency of the first mode, the
pressure field distribution will echanee, absorntion at the bot-
- tom will occur, and the “guided“ waves will dxranne?r

c. Effectg of §g§¥em Viscgsitx on Transmig on.’

15‘ Viscoue lossea 1n the matarial of the bottom. which
have been neglected thus far in the discussion, undoubtedly
vlay some role in the vronagnation of underwatpr sound, ‘since, -
although the water itself may be considered to be non-dissipative
‘at audio frequencies, viscous losses rmst occur in the material
of the bottom., The erverimental results indicate that the influ-
. ence of such losses on sound transmission ih the acoustic system
- of the =ea between surface and bottom will in general be smell.
- These, nogether with other second order effects, u111 be 1nves-.'
tlgated further as onportunity nrises, '

159, These may be compared with dielectric losses in the
boundary material of the analogous electromagnetic wave  guide
“system, - .The dielectric materisl of the guide itself 18 vis- ,
ualized as dissinationleqs. like the water, but the lower boun-
dary consists of an inberfect dielectric medium, - corresnonding
- to the ses. battom in the acoustic svstem.' ;

160 The effect of viscous IOSees in the material of a “soft“
_ bottom should, so far as tranemission measurements in the water -
Hererencsrned be 1ndist1nguishable from transmisgion intc the bot- j
tom., Thus, regrrdless of the degree to vhich viscoaity may con-
iribute to the total loss of energy, “damoed” transmission over
‘a soft bottom may be comnuted succeesfullv from measured acoustic
'constants o . g

- 161. The effect of viscous losses in the material ¢f & "herd"
bottom should be to introduce a small amount of demoing ver unit
distance. The experimental records made over hard bottom at the
Potomac River Mouth do not show any effects which may be defi-
nitely traced to viscous damning, It 1s vossihle, however. that
additional transmiesion etudios mav reveal quch effectQ.
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SUMMARY

Msemation ey

162, The attenuation of underwater sound vropagrted in
~8hallow water is shown to result from the operation of two . -
- factors, damning and soreading. Demoing 1s differentiated in. | R
%o first order damping, due to absorption at the bottom; and ey
second order damving, dus 60 a number of cruses such as scat— I .
tering, viscons losses end shesr waves in the bottom. Secomd i a
“order demping is ordinarily important ocly at the higher fre.
“auencies.  Cylindrical spresding, amoiniing to & do per distance -
doudle, is present in a1l cazes of nropagation between two mlsne

e T e 4

boundirg surfaces;,

163. 1If the pottom is scouséically ierd the attenuation of
low frequencies is dominated by cylindrical spreading. If the

frequency ie sufficiently high for many modee to be stimneted,
‘the second orier demping terms‘may'combine %o give a wessure~

@istance relatfon which spproximates an inverse nower curve, )
Sueh & curve may be charncterized by a “transmissioh“e;ppnent“, :

. 164, .If the bottom s acoustically soft the atvtenuation is
dominated by first order damving, although cylindrieal snreading
ax -wecond order demping are algn present. If many modes are ,
present the data may be repreeanted by & "tranemission sxuonent"
Tor & few hundred feet nesr the source, . AN e

165, At extremely low frequencies, over both bard and soft
bottom, extrmordinarily high attenuntions may be exvected, and =
the demoing is governed primarily by the ratic af the water
deoth to the wavelength, R L e

. 166, If the bottom ig'étrongiy found ab9¢rbéﬁt &r the S
water depth is great, the rttenuation is Characterized by "dipole
spreading”, which amounts to 12 db per distence double. o :
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© VIII ATTENUATION, A SYNTHESIS OF THE COMPONENT FACTORS.

4. The Primary Factors: Soresdips mud Damning.

- 167. Understonding of the phyalcal factors vhich determine -
the attenuation of sound with distence in the acoustic system of
 the sea should meke possible the explanation +7. the observed

© - trenemission and the prediction of the expected ‘sound levels at

‘verlous distences and cver various types of bottom, In this
revort the term "attenuvsticn® 1s used to s8ignify any overall -
decrease i the rms sound oresgure level which occurs in moving
away from the ecurce from one position in the system to another,
‘The system Ls assumed t0 b in the steady state.  In this section -
' “only envelope or averaze levels are considered, sineé the inter.

ference ohenomena which mey take vlace hirve been separately die-
. ‘cnaeed in Section VI, o . U R A R

- 188. In general, ithe observed atteaustion of sound level with .
increasing distance from the smource results from the influence of
two primary factors, spresding snd damning. . . . . . ..
169,  Spreadipg occure in all cases, and is thet prrt of the
attenuation which arises from the gesmotricel divergence of the
waves with increasing distance. Spherical spresding, in which
the sound nressure veries ‘Inversely with the distanice from the
source, is the type which occurs if the medium is infinttely -
extended. Cylindricel spresding, in which the vressure varies
inversely with the square root of the distance from the source,.
is the 4yve which cecurs in a medium enclosed by two infinite =
flat planes, such as the sca between surface and bottom,. It
1s obvious that cylindrics1 svresding ie to be ‘expected when
sound is propagated tiroush shallow water over a ‘substantially
flat bottom, ' R R E SR

170. Damping occurs under certainconditions, for examole
over goft bettoms, and Teoresents the “tapoing off" or leskage .
of wave energy from the acoustic system. It is assumed through..
out this discussion that ‘there are no losses due to ‘absorption
or scattering in the water 1tself ae dietinct from the bounding
surfaces.  The $otel attenuation between two points in the ses
will in general be the result of cylimdrical soreading between
“hem plus the damplng wiich nay exist, I

171, Physicelly the two ccm’nonehts‘”of the Attenuat‘{on
manifest themselver in quite different ways. 3
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.divergence vhenomenon, flepsnds’ merely woon the ratig of the

172.  The cormoxixent‘ due to snrei\drin; being 2 geometrical

distances - measured from the sowrce - of the two noinmts uader = '  (i

- consideration. Therefore the sound pressure decreases inversely
. with some power of this ratle, When sound pressure levels aTe
memsured 1p decivels, &t is often convenlent to describe at- .-
~ tenuetiom due to spreading in terns ¢f "@b ver distence double®,
. This consiant, provided that the attenuation is caused primarily
by spreading, should be independent of the distance from the
'source. For ecylirdrical spreadipg, the geomstric ettenuation

constanit is 3 &b per a4l stance double; for spne'f’ical snreading.

it is 6 db per dist pace doub}.e. o

173.. Damping is evidenced by a uniform nﬂrcéntage reduction s

~ of the sound energy se ai stance increases. The amount of dawmp- L
ing 1s 1ndepandent of positmn in the syste:n and may therefore o

be convenlently expresssd in decibels per upit distepce (e.g.
db ver 1000 £4). This 12 equivalent mathsmatically to a pressurs~

distence law having the form P~e~KX, vhere x is the distence

and k 1s the danping constent,

174.' The actua.l attezma’cion in the acoustic system of the

i sea results from & syntheses of the two factors, damping and

spreas.inbg The attenusntion of sound betveen any two points -

‘lying on a line through the source may be dsrived from a pres—
" sure forrmla .uwin,, the mathematicql fom I’r e k%, (y) Y

178B. "'hie expression. 1nvo?w ng a eingie o.arning factor

'emresses the physical relationshivs for transmisston in a
. single mode. 'I¥ many modes are rresent thie resultant nréssure -
. will be the sum of a series of pressure terma, each having the

abcve form amledistinctive d.amning conqtant, onﬂ for each modeo S

:1'?6, ‘I‘he fom of the trensmiesion curve obtainsd win be

. determined primarily by the exvorential damniug fnctors e~ nX
if the botiom 1s soft, end by the s vreading factor X~ %4t the :
_bottom ie hard, Assume for simplicity that only one mode is
- present, Then, 1f the bottom 4is sofi, a decibel (logarithmic) -
. nlot of pressure level versus dfstance (linear) will, excent for
the "initisl drop" near the murce, be substantially & straight
‘line., 1If the botiom is hard. the slope of the {ransmiselon

curve nlotted as db vs distance will decrease gradually with

ineressing dlstance. “Damoed" transmigsion over soft botton,
with & linear decline of preseure level with dlistence, is 11- s

lustrated by the lower curvee on Plate 2,  “Guided® transmis- .
sion over herd boitom, with a rete of attenuation which Gecreases .
ae digtance incresses, is illustrated by curves (a) on Plate 9.
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v .1‘7‘7. Various cdmbina_ticx‘is of damping and snreading sre _
illustrated by the synthetic transmiseion curves in Figs, 6 end 7, .
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178. The ordinetes in both fisures are preseurs levels in
~db. The abscissas are distences, nlotied to a linesr serle in
- Feg. 6 and to a loprrithmic scele in Fig. 7. Curves (a) and (b)
‘beginning at a point 200 ft distent horizontallv from the source,

- 11lustrate attenuation due to spresding slone. Curve (a), cor-
resvonding to cylindricnl anreading. dﬁfineq the ideal lower limit

.of attenustion in "guided" provagation over a flat bottom. Trans-

~mission over a hnrd bottom may aporoach this -curve if losses from

__ scattering and other sscond order effects are sufficiently small,

. Curve (b) cor*eqnonding to snhericpl soreac : ng, is assumed to
start from the same initial level as curve (n) e

, 179 Curves (e) and (d) are typical examnles of the com-

 bination of spreading and demning to give "damped“ transmission,

with small and large damning, resvectively. These curves in~

~ dicate the upper and lower limits wiihin which the observed
'transmission over soft bottoms will probably lie, at frequencles

" for which the wavelength is of the order of the water denth or

- "less, Although the effecis of spreading are included in curves
(c) ana (@), the tranemission is domineted by exponentisl damo-

ing which causes the curves to approximate straight lines. The

- slopes of these lines are the damping constants, 12 db/1000 £

~and 40 db/1000 f£t, which correspond at these frequencies to
minimum and maximum damping respectively. Reasonsble initial
‘levels ere a ssumed for the starting points of the synthetic curves

- 180 The differences between “damped" and "guided” trans- ,
~mission, over eoft erd hard bottom respectivelv, ere granhically .
illustrated by tbe synthetic curves, The superiority of the
' provsgation over hard bottom to that obtainable over soft bot- -
. tom is well shown. It 1s evident that the nature of the physical
. processes involved should be keot clearly in mind when discus-

‘ging the decrease of sound preesure level with distance. Although B

_a "ab per distance double* relation may closely anmhroxim~te the
attenuatlon to be exnected over hard bottom, ‘or in other snec1a1 
cases described below, such a relation esmnot adequately ren. -

‘Tesent "damped" transmission (e.g. the lower curves of Plate 2).
Similarly, an attenuation exvressed in "ad per 1000 £4* may ac-

- ‘curately renresent low frequency pronapntion over soft bottom at

~ considerable distance from the source, although this form of ex-
_.nresslon has 1little vhysical aipnificance if amnlied to "guided”
ftransmission over h:rd bottom, When spreading is the dominent -
factor, the rate of attenuption per unit distance chanpeq with
diatance from the source : L SR
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181, The difference between thé two basie fvnes of trans~

‘misslon ie illustrated eounlly well by Feg. 6 and by Fig., 7.
It would seem most convenient to use a linear diotance scale in

- plotting curvee showing "dammed” transnission, and a logarithmic  ;fi1
 distance scole in plottine curves shouing guidﬁd" transmiasiono e

182, It should e remembered that the svnthetic curves do ‘ 4,,?
not pive the sttenuations expected at extremely low frequencies, =
for which the wavelangtns are considerably lonrer than the water o

nentb

. “~.

B _g_lgeggg.g..._s___.ﬁeégs - Ezagsmzzziga E&n_n£n£~

135 " The synthatic curve- Figs (] and 7 «re idealized
" They are strictly awlicable onlv if 2ll the energy is cerried
7. in the lowest mode, since the observed attenuation has no con-
nonent ceuses other than damping end epreaﬁing, In spite of the
 restrictions on their generality, the synthetic curves provide -
. a clear picture, in terms of phyeical processes, of attenuation
, 1n shallow water at moderately Ylow frequencies.

- 184 The nrimary damninv factor is the 1oqs of euergy
from the system to the bottom. The first order damning is
- -eomputable from the elastic nroperties of the bottom, in terms

of the constant ¢~. Additional demning may result from a num-

_ber of other factors which caunot be ignored, although their
“.effects are usually of secondery immcrtance, The second order’
g damning factors include: (a) the influence, increasing with

frequency, of viscous losses in the bottom; (b) the loms of sound

energy to shear vaves in the material of ths bottom; {e) the

~mcattering of sound waves at the surface of the sea; (d) the pos.

- sible scattering and 1r*egu1ar reflection at the bottom: and {e)
the absorntion and scattering in the medium itself, Factor {a)

is discussed in detail in Section VII.C; factor (b) is discunsed"‘”“'”

- in Section IV.\ and in Appendix B; and factors {c), (a), dnd (s}
. are considered to be negligible at the frequencies of primary
concern for this analysis, alfhouyh.they may be very 1mnortant
.a% higher freouenuies, ‘ ‘ ST

‘185,' The combined influence of t!w second order lése fmtov's
may ressonably be simulated by the sunerposition of 2 single

demping term on the overall cviin rical soresiine of the energy, =

‘ The thpes of the ~urves for transmisqicn cver soft bottnm will

»boxrxn=§gxﬂL -




‘not be altered by the effect of aduitional damvinga‘ The shanes
-‘0f the curves for hard bottom will be altered if the aempin?
term ie comparabie %o the inverse pover term in the nressure

. “equation, The experimentsl curves (Plate 9 (2) ) indicate that
.. soreading weg the dominent factor in tranamission over hsrd bot-

- tom, as far as the records were carrled. It is concluded that,
‘under the conditions of the measurements‘ the second order damp=
ing was very smell, , : :

186 The sctuel t“anemission curves may differ from the
_3dealized synthetic curves beceuse of the different decav rates
of the constituant modes, I% has been shown that if only one’
~mode is presesnt the rate of sttenuntion is determined by a sin-
gle damping constant, At moderate freouencies, however, many
modes are stimulated, ‘each of which contributes to the overall
‘transmiselon. It was ghown in Section ¥~-C thet the damning rate
increases with the order of the mode, The modes sre vronagated
by alternate reflections 2t top and bottom; moreover the mumber
of reflections per unit horizontal dietance increases with thas
order of the mode. Except for absorntion in the water itself,
the second order losa terms all denend unon reflection, The
effect of these terms must therefore incresse with the order of
. the mode, and also with the frequency., The increase of scat-

g tering uith frequencv ia nn;tlcumarly oronounced oo :

187, “ha ‘actual transmiaaion curve mny be canqidered to be
"thc envelope of a group of curves, oae for each mode, " Each
fcurve starts from a different initial level, and each hag a
cherscteristic downwerd sliope. The sloves of these curve~ ine

-crease with the order of the mode because both firet and secoud lf
“order damping terxms increase in this menner, . The combination ofv

& number of straight lines, each vith a different slove, nay
have an overall envelope which closely enproximrtes an inverse

- -power curve, It is therefore possible for the envelope trans-

‘mission curve, if many modes are precent, to slope dovnwsrd in

:accordance with any vreassigned inverse power of the distrnce.

A curve similer to (b) in Pigs 6 and 7 may thus result from the
comdinetion of severnl curves similar to (¢) snd (4). In this

“cage the observed trensmission phenomena may spvear to be Tep-

resented Ly a pressure-distance relation of the "spreading®

tyve, althouzh actunlly the attennation may be domin?ted by the

"effects of aamning.

. ' 188, The fact that an inverse vower ‘curve nay reprpsent
‘over certein ranges, the transmission of sound in meny modes,
- 18 the sole physical justification for presenting the results
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~of tests: in the form of “transmisgien ex“onents" k It has been

 reported thet the results of transmission measurements in the

- aporoaches to Sen Frencisco Harbor may be characteri: -ad by

| ' j'1nwerse ‘DPOWEY Curves over ranges from 500 to 2000 yerds, The = ~ .

results (Bibliog. 13) were nlotted as pressure level in db versus
© the logarithm of the range. In gensral, straight lines were =
obtatned, the elopes of which determined the *transmiesion ex-
“ponents”, The latter vere estimated by reading the ordinates of
- the curves at two ranges differing by a factor of 10. The daif.
ference between the two ordinates, 10 n (4b), gsve the transmis-
“sion exponent, n. This exponent is acsoclated with the atten-
uastion of sound 1nteneitv. The nressure exvonent s of course
one helf of ths intensity exponent. ' The intensity exnonent for
-¢ylindrical spreading should be 1, and for svherical soreading,
2. 'In the Sen Frencidco study, transmission exnonents were
obtained renging from 1.4 to 3.4, vith a medisn value of 2.3
The median value corresponds to a rate of attenustion slightly
) hipher than thst aesociated with snherical spreading. :

: : 189. The resu’ts of the San Francisco survev may be readily :
‘jinternreted in terms of the normal modes of the system. The fre-
‘quency at which the measurements were made, although mot stated,
"1s presumed to hpve been in the ‘Tange 300-1000 cps, where many
modes would be stimulated. The bottom in the area stuﬂ:ed is
marxed ”hard Sand" on the hydropravhic chart ‘

190 Inverse power attenuntion with an exuonent of 2. 3 could L

“not hLave been obtained 1f sll the eound energy had been cnrried
" in a single mode, because the sunernosition of a ‘single danping
term (expressing second order losses) on cylindricel spresding
of the sound energy cennot yield an inverse nower relation with

such o bigh exponent es 2.3, Inverse power attenunation with this

‘ exnonent can, however, be exnlained as the resultent of many modes
. "each characterized by cylindrical apreading and a distincfive '
w_dampiag term. ” AR _

191. “1f measurements had been nade 1n thls area at lower

' ' £requenc1es, for examnle 100 cps, the median transmiasion ex-

-ponent would doubtless have been considerably smaller The

- ¥RL data suggest thet the ideal transmission exnonent unitv;”héy'
'be closely annroximated when sound is propsgeted over hard bot- =

' tom at sufficlently low frequencies, Additional measurements at
the Potomac River Mouth at higher frequencies (200-1000 cps)

would obviously be deqirahle in order to clarifv these relatiod- 7>Av

. shins
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'192. The record at the bottom of Flate 4 for tfanémiééion;

. over a soft bottom at 400 cps is another example of propagation

 in which the sound pressure varies inversely with & power of the

- source-distance. It also satisfies the conditions thet & number
‘of modes shall be stimulated, end that the damping of sach mode’
zhall increass with the order of the mode, The envelope of this
record can be accurately fivtad by an inverge mower curve. &
olot of pressure level in db versus log distance, using data -
from this record, 1s a straight line with a slope corresponding
t6 & trapnsmission exnonent of 2.5, This exvonent fits the date,-
although 1t hes 5o direct int ernretation in terms of snreading
alone,» s ‘ . S S AT RN B

- 193o "Bven at hiph frequencies. ‘the nronagatlon over soft
jbottom 13 not so good as that over hard bottom, This is in-

dicated by the fart thet the transmission exnonent noted adove

.48 higher than the exnonentq found by the San Frenclsco study
<for corresnonding aource distgnces iless than 1000 ft) ’

L 194 ‘The nrobable mechenism of et*ennation at moderately
high frequ»noies is nov clear. ‘

‘ a) The physical relationéh'na involved in sound -

- transmission require thot the mreading which can |
occur between two infinite parallel nlanes be :
cylindrical, corressonding to a trqnqmission ex-

~ nonent of unaty. SR :

'b) Thsv alqo requi*e tnst tle effect of a11 loss
“ferms on the oronsgation of any one mode nay be
. renresented by a single drmoing term :

, c; Tach rode has a chpr~~teriqt*c dnnﬂin? constont,
~eni the rate of derming increases vith the order of R
,,the node. regardless of whether the damning is caus- =
“ed by bottom abserntiom or bv qecond order pf’ectq

’H‘sucn as scattering R ‘ S

d) 1f the measured trensmission curve declines in
accordance with a higher inverse power than 1/2
(i.e. with a higher transmission exponent than unitv)
‘the nresence of several nodeq is 1nd1cated

‘e) “he comhined decay of several modes at different
. rates ia able to produce an overall transnission re-
coré which is indistineuishab e from an inverse nover
‘curve, the tranémission exuwonent. of which may be
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: Cohsi&éfably higher than”ﬁnity';.thé exnct value
- depending upon the relative degres of stimletion
and the relati"e dpmpinp rates of the variou“ modes

c _mn_n@szmm .a;;mmg:m

fflgs; The 1nfluence of the boundarlps. particularlv of . the
bottom, on the attenuation of underwater sound mey be estimated

in terms of demping end spresding, and actusl levels st different |

distances from the scurce may be compuxed for special cases,

This is done as fallows. The bottom in a given arenls classified

on the basis of hydrogravhic data and hydrophone - soundinps ag

' acoustically "soft® or "hard®. The moundings provide values of

~ the effective p,c , the normal imoedence of the bottom. Although

density and velocity ({Qz and c,) are interdenendent, these quan-

~titlesn may be aenarate es*imated

195. Dsmning conatants (o) and phase velocities (c/ ) are

” ';éeterm1ned for each mode, once the density (£,), the velocity

c ), and the depth in half wavelengths ( 77,) are kmown, Nu- -

;me?ical comvutations are facllitated by the use of charts (Plates'”

1217 ine.), the origin end sienifican»e of which are discun«ed

v"‘,‘in Sections I? and V,

o197, Comnuted valucs of attenuation are rhown in Tahla IV
for an $1lustrative specinl case. It ie assumed that all the
. -energy is carried by the first mode, The water depth is ‘taken -
. %o be 60 ft, the exciting frequency 100 cps, and’ computations -

.ﬂlgs:e nade for bottoms hawing a wide range of acoustic nroperties,
Cylindrical soresding is assumed. and the total ettenuation s

-~ the sum of this term plus the damping dve to absorption at the
. bottom, Secondary dampina factors such as scatterinr ere neg-
lected, - % ‘ et

S 198; The pressure level differences betwaen 6 ft from the
'ﬁsouree and a distance equal to nbout three times the water depth
were estimated for Table IV from representative experimental data.

V»The procedure described on the ‘preceding page sufficed %o avaluate‘

the sttenuations between this point and grester distances. If &
. technique now being developed proves successful, the short range
- . pressure differences may eventually be céomnuteble’ entirely from

‘theoretical considerations., The would make possible the exact
comnutation of sttenuation over wide ranges. starting from the i
sknown levels at 6 ft from the ‘source. R
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. lustrate what may be expscted under related conditions, For er~ R -

.....

Ty
hordl

199, The tabulated attenustions are quantitauivelv reliable o
" _'or ‘propegation st the assumed frequency snd water denth and 11« SRR AR T s
‘emple, 1f the depth 60 ft be doubled to 120 f£t, the results in the
table will be epvroximately correct for a frequency of 50 ¢ng, and

. 'all values of total attenuation from 6 ft will increase about 6 ab

owinp %o the spreading of the available energy through & volume
Ctwice as great as bvefore, If the denth be increased the central -

- peak on the range Tune should dbecoms less prominent, ‘but the slopes

- of the curves at eny considersble &lstance (500 to 1000 £t) ghould
‘be eltered only slightly, If the frequency be increased without -
elteration of thu depth the attenuations will be elightly decreas-

" ed, ms shown by the superposed range runs on Flate 9, ‘This effect -

1s due %o ths influence of the higher modes, If both frequency
- and depth be somewhat ‘increesed, the changes ip attenustion will

be: small, since the resulta of the various e’fects tend to counp
teract sach other, ~ : :

: 200 The differencas 1n attenuation canaed by variations in

' the acoustic character of the bottom are ¥ very much more importaent
then thoge which may be exvected from variationz in denth or fre-
. quency, provided the frequency ig ‘anpreciably higher than the

" “natural frequency" for the first mode. The _range of attenuations

o shown in Table IV for different tyves of bottom should be generslly

» - walid, and with gome reservations the values given in the table

~ "should be annrovimately correct for other depthe and frequencies

than the 60 ft and 100 cps for which they were comnuted. The close

. agreement between the values in Table IV 2nd the ernerimental re-
“eilte shown in Plates and 10 1s worth noting, S »

. D Att ng&tiog _g ;}g lx Lov Fggagegcieg

g Z\L,‘ The thPory predicts that, 1f ‘the exciting freuuency is
fysubstantially lower than thaet for which the denth is a wevelensth,
the damping constant for the firat mode over acft bottom will be
 very large and stronfly dependent unon frequency. This is not'~
true at the higher frequencies discussed in the nreceding para-

egrevhs, it is to be exnected that nrc.:..iced. changes will occur _
.~ -in the attenustion over soft bottom ss the frequency is reduced, L

- ‘end that these effects will predominate if the free wpvelenptb

apnroaches or exceeds twice the water denth :
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B 202, The exmected varlntion of damnlne for trensminsion
) Frover soft bottom as a function of frequency may be comvuted with -
. the 21d of the charts (Plates 12-17 inc.). Computed results, for -
" the acoustic conditions which exiet at the Potomac River Bridge -
" in summer, are plotted in Figure 8. 'The damning 'raites, 4n 4b ver .
‘”1000 £t, »re shown for the frequency range 20 to 100 cos. - '
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. 203. The striPinr eature of the nlqt is the eXoremely L
rapid incrense in the do sning trate of each mode a6 the frenuency
‘decreases below a certain value., A% any given frequencv ‘the

"damoinp rete of the second mode is much greater then thnt of the f

“first mode. The damning of each mode becomes nronounsed o8 the
- frequency aoproaches the "patural freguency" of the particular

mode,. In this case the "natural frequencies" which corresnond td B

7the firqt and sscond modes are 45 e¢ns and a0 cns, reqnectivelve

204. The significance of the curves in Fig, 8 will be ap- -

parent-if they are cormared with the experimental records in Plate
" 2. At these frequencies the overall transmission 1s poverned ori-
marily by the damping rate of the first mode, although the sezond -

mﬁemydmbewmmtemwmnymntMsmme Mfmwwff

~ cles above 100 ens, the f1r~t two modes are strong enough to give
interaction loovs to considerable distances. As the frequency is
lowcred from 100 cps to 80 cps, the damning constsnt of the second

~mode increases so ranidly tbat the second mode is present only in

-the immediate vicinity of the source ot frequencies lower than

‘abart 90 cos. The transmiseicn is carried by the first mode aloné;'

‘without excessive damming, rs the frequency is lowered toward 60
‘cps At frequenciee lower than 60 eng (wavelenpth equal to about
1 1/2 times the denth) the damping constants of the first mode
- increase at extraordinsry ratee, reachias 80 dv/1000 £t nt 50 cns,
1280 db/lOOO ft at 40 ang, and 350 dh/lOOO £t at :so oos. _

. 205e 1f the water denth were halved theqe damning rateq
 ‘would annly to double the indicated frpquencieq  Similarly if
the wnter denth were doubled, the damning would be thpt for hal”
“the indlented fr’equenc.ese The basic variabdble is of course nei

.ther denth nor frequency, but the ratio of wster denth to wnvewv7.‘

jlenpth

. 206n -he intersct;on loon@ o the recr!ds 1n Plate 2 iie"
;luﬂtrate the ﬁisannearance of the gecond mode as thﬁ'.recu;ﬁc"
decreases t¢ 70 cos. Recent range runs &% the River Bridee,

not reported in devail st this ¢ime, confirm the eynected high

"damnina rakes at fregusnzies lower than 70 zva, For emﬂmnﬁe

~the following attenuations wera c%served* 44 db'lﬂoﬂ ft ot 56 ops,
83 ab[1000 £t ‘at 48 ens, 210 db/1000 £3 at 45 cos, and 230

4pf1000 £t a% 22 1/2 cps, mheﬁe veluee are in good &Vreemant
with the ccmnuted curves, . ,

207, 1% 16 “u= aredicted from theorv “and »on::rr¢u b;

observation, that: {a) for a soft bottom of sziven scovetic prov-
‘ert1~< the facVO“ which determines the “ranﬂgntion as lav
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frequencies is the ratio of the water denth to the free WAVE-
lensth of the socund; (b) for frequencies higher than that for
which the depth is a2 Wavelength, the danning rate is emall rel-
ative to that at lower frequencies, sand is not a oronounced fune-
tion of frequency er denth; and (e) for extremely low frequencies,
below the "natural frequency" of the lowest nmode, the demming rate
- 18 extrsordirarily hiah end 1s a nronounced function of frequency

. and depth, , L |
208, Over hard, bcttom the transmission of extremelv low
 freouencies is cha;acterized by a sharn transition at a definite

eritical frequency.  This frequency, as previously noted, is slight- o

1y higher than that for which the depth is one quarter wavelength,
Above the eriticel frequency the damping is zero anfl below it the
damoing increnses with extraordinary ranidity as the frequency -
decreases, This variation, for a typical instnnce of hard bottom\
transmission, is 111ustreted bv the dashed curve 1n Figure 8.

‘E mmm&mm

_ 209, If the bottom 1s almost comnletelv sound absorbent for
normally 1nc1dent waves, there will be no apnreciable standing ,
wave pattern between surface snd bottom, and the normal modes will .
be weakly stimulated and high .y damped. This carresnonds to a
normal reflection coefficient which iz almost zero and a bottom
impedance nearly equal to that of water. In thin special case the

:-attenuation may be closely approximated by assuming | dipole source,’

the actusl source snd its imape above the surface, radiatinp sound
ginto & semi-infinite medium, ' The comvutation results im & inverse
‘power curve cherecterized by a tranemiesion exnonent (1ntensity)

" af 4, If the bottom 1g sufflcientlv sound absorbent an attenua- .

 tion of 12 4b per distance aouble should therefore be exnected

210, At high frequencies or at great distances trom the ‘

‘ source the interference patterns may become imperfect, In this
case the %dipole spreading® descrived sbove degenerates into
spherical spreading with an attenuation of 6 db per distance

. -double., Also, at large distances fronm the source, reflections from
B 'th» bottom ot hiph angles of incidence may become annreciable. o
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It is shown by equation (48) in Annendix A, that thcre may be ‘
conslderable reflection at large angles of incidence, even if the
"f_c of the bottom "matche¢" thau of the water.

A1, “he values of attenuation 1n Table IV for an aeeumed
‘1mpedance ratio of uaity, were comuted in accordance with the
. dipole spreading law, equation (62) in Apmendix'A, Locstions =~ . -
- ‘have been found in the Chesapeake Bay area and at the NMVTS acous-
' tic range, neer Solomons Islsnd, where the measured bottom imped- -
~ance .is very nearly equal to that of water, and where the standing
wave system between surface and bottom is very noorly developed,
- In these locations ‘Yhe material of the bottom Chesnneake "blue
clay" is highlv dissipative

e 212. Range runs 1n these areas at frequenciee between 38 cps "; .
~end 300 cps resulted in good experimental confirmation of the at-
‘tenuation nredicted by the dipole spreading law, One of the re-
cords is illustrated in Fig, 9 in Section X (Avplications of Re-
sults). Additional discussion of the tests in the Chesapeake Bay

and at tne NVWTS range wi‘l be reeerved for a qubqeouent report.-~‘

?13 The attenuation which occurs in tranemiseion over a

. strongly sound absorbent bottom amproaches as a 1imit the atten-
‘uation to be exnected if the bottom were renlaced by additional
- water extending. indefinlitely downward, The nrovagation of low o
frequency sound in deep water should therefore approximate that .
. over & completely absorbing bottom,  In this snecial case the nor-f'
- mal modes sre not immortant, since thev denend unon reflections

lfrom the bottom° g : : P

HOYE: The 1nteeration of the general preseure equations of Ap- }
- pendix D, accomplished after the revort was written (See Addenda),
mekes poselale the computation of the resultant sound pressure at
.any. point in the field of the acouetic system of the sea between
surface and bo*tom o A

It is shown in Section VIII-C that the methods already described -
are entirely adequate for the computation of transmission curves '
for s ource~-distances substantielly greater than the depth, The e
comlets pressure equations are required, however. in computatione
* for shorter sonrce-diztances, Transmission data, including actual
pressure levels, may now be commuted for all types of bottom snd

fc? all source~denths and source-dietancee,'
) : S
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SUMHARY ‘
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-“214; The acoustic 1nformhtion reou1red for the cemnutation

- of pronagation constants may ‘be obtained by making hydronhone o

‘-soundigpq beneath a sound source mounted on an exnerimentsl ves-
sel, The effective density of the bottom and the velocity at

- which sound in transmitted theough it nay be obtained from such
soundings, combiried with available knowledge of the reneral chnr—

seter of the bottom’ (mud, sand rock, ete. ). : ,

215 By making use ef these values of density ‘and velocity.

- and the water depth in half wavelengths, the distribution constants |

Zor the first and second modes may be obtained from charts (Plates

12-16 ine), and converted into damping and phase conastents by mesns

‘of another chart {Plate 17). "If the bottom is definitely "soft"
~or "hard", the tranemission may be computed with considerable me-

curacy; if it 1s "transitional®, the acoustic behavior may be es-

- timated by considerine the influence of lower 1avere or strata.

216 Although eoundinge beneath the source are sufficient

‘to characterize the acoustic behavior of the bottom, it is de-
sirable if facilities permit tc supnlement there with similar
soundings made at a considerablé horizontal distance from the
source. The interpretation of these soundings in terms of the
physics of sound propagation is simple and direct, provided that

they are mede under: conditions which ensure thet only the first
- mode is present. and that the effective anrles of incidence are

large. R : , L : ;
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;_iIx THE USE OF acou‘ulc' MEASURMMENTS AS TRANSMISSION cm'cmtm;’

A. Hvdronhone Soundinge Beneath the Scurce

?17 Consider an area in which' the water 1s cox:maratively

... shallow and the acoustic character of the bottom is unknown.
~'What acoustic mensurements are required to enable a feir estimate
. 9 be made of the low frequency sound trensmission vhich may be
. - expected? An attempt to ansver this que°t10n 18 made 1n thiq sec-
tion. o B AT =

TN

: 218 1% has been showri by the foregoing analysiq thnt the

character of the transmission can be specified, and the pmpaga— '
- tion constants computed, orovided that the density of the bottom -
‘material and the velocity of sound in it are known. .It 1s“pos—‘
slble that the effective viscosity will aleo heve to be known
_..An order to give a complete account of transmission over hard bot-
~ .tom, but the experimentsal results indicate that a close apnroxima-
tion may ‘be o'bta.ined in tems of density end velocitv alone., o

) : 219 The moqt practical acoustic measurements which give the -
desired 1nformation are hydrophone soundinys beneath & sound source

. mounted on the experimentsl vessel, These messurements give records
- - at various frequencies of the vert:.cal diqtribuﬂon of sowd pres- '
' ,._sure level between the source and the sea bottom. . i

2?0 The method of. making such soundings and their mter-

pretation in terms of the normal acoustic impedance of ‘the bot-
‘tom has been @iscussed ‘in a previous report {(Bibvliog. 4). :'I'he
_frequency range in which the verticel soundings give the most
:interpretable records is that for which the wnter denth is be-
- tween one and four wavelengths. The source depth should be a
. _quarter wavelength, elthough thie 1s not critical, and the outvut
of the source should oreferably be a simnle rather than a conpleu
* sound "apectrum" ~1f a complex sound source is used, the receiv- -

ing system must include a sharp filter. The receiver should in~

.clude a hydrophone, an amplifier, & band pass filter, and a level

recorder, The procedure consists of recording the sound level as
‘a function of time (or depth) while slowlv raisinp,the )\vdronhone
from the bottom to the surface.
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221, The analysia of 'ahe nydronhone aounding recorc‘q permitq

“the evaluation of the normal ccoustic impedence of thes sea bottom - :
in the desired location. The impedance cencept is of course ent.lre- S
1y velid 1f restricted to systems in which the sound waves impinge
at normal incidence. On the beele of hydronhone soundings the bot-
tom may be tlassified pe Ysoft", "hard®, or "transitional“. cor-
resnonding to three typee of bo«tcm reflection,  "free-boundary™,

- "rigid-boundary® and "transitional®, Velues of impedance which

ere predominantly real and smaller than the radistion resistance
e ( r c)\pf water correspond to "soft" bottom; values vhich are ore- o
dominantly real and greater than the 'radiation resistence of water .
corraspond to "hard® bottom; and valves vhich are predominsntly S
" imaginery (resctive) snd of the seme order of magnitude as the ra- ..
diation resistancs of water corresnond to "transitional” acoustic
conditions at the bottom. Yet another condition is occasionally
encountered, in which the bottom is strongly sound-sbsorbent, with
en impedance nearly equal to that of water, Fortunately the in-
 termediate conditions cccur infrequent'y, and in most instances the
. bottom cm be dcfinitely classified from hydrophone soundings as
fsoft" or "herd". If the measured imvedance varies with frequency,

“the impedance st the lowest frequency may ususlly be tsken ss most
'rapresentative of ths .‘mfluence of the bof.tom vpon sound transmis- -
~ sion. g ‘ ‘ . :

222,  The impedance determined from '}nraroﬁhdne sbundinga s

‘an effective value of o< {density timee velocity of sound) for the

. materiel of the bottom, The eveluation of iransmission constants

"..requires that o and c be separately known. The density may easily

be determined from the weight and’ volume of a samnle of the bot-

~ tom material, A bottom sample also givee a desirable cross check
on the impedance measurements and on the data givenby the hydro-

- gravhic charts, Once the donsity is kmownt the velocity in the bot- .
L 4tom may be comuted from the masuréd value of /‘ac : S

o228, It it 13 mdeeirable or difﬁcult to take sanmles, the C
density of the bottom may he guessed within close limite from ite
general character and from the impedrnce dntsa. Thus the density
of mud and clay may safely be pseumed to 1ie betwean 1.2 and 1.6;
‘that of sand and gravel between 1.8 and 2.2; and that of rock be-
‘tween 2.4 and 3.0 devending upon the tyne. Mixturés such as sandy
mud mey be assumed to have intermediante densities, A rough rule
‘ot thie sort should be adequate for most prectical cases, although
an imnedance measurement would ;vive sn additional indlcation, The
lovest density range should corresvond to immedsance rrtios less
than unity; the intermediste density range t o imvedence ratios be-
tveen one and four; and the high densitv range to mned«mce ratios‘ -
rreater then four. : S ‘ :
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224, Two definitions of “soft" and "hard® bottom have been

.- elven, one in terms of lupedance (5ibliog. 4) end cne in terms of
- veloeity ratios (Section IV), The definition in terms of velocity
ratios would appesr to hdve grester physical simmificrnce tham that
4n terms of 1mpeaanc’e. ‘There 4e¢ no conflict betwem the definitions
if the bottom is definitely either soft or herd. Some confusion
. may arlse, howevsr, 4f the impedance is p-reatsr then that of water,
end the veloelty slightly less than ~9ESF that 4in water, In vrac-
“%ice this should cause no difficulty beceuse such bottoms will be
clasgified as either sirongly absorbent or "transitiomal®. ' The
aecnustic behavio*' of these tynes of bottom is diqcussed in a later
nars-granh ‘ : : o : R

225, The vsﬂocitv of sownd in, azd the dpnsity of the mate-

“ial of the beotiom, end the deoth o“’ the water in half wavelengths
are sufficient to determine A ard B through equation (21) S
guantity A ie the svecific gravity of the bottom. The excitation o
freguency enters inte the comnutrtion of the depth in half WavE-
‘lengths, The latter, umltinlir'd by the facto; [\C’éz) ——I] p'ivns B,

L 236, bnon consiltation 6f the charts for diqtrihutior con-
stante of the firat and second modes (Plates 12-16 inc), a set of
' values of A and ,u may be obitalped, corresvcnding to each set of
values of A and B, . These values’ anplied in turn o the chart which
‘ givea the relat io*z% between the dtstribution and 'oronagation con—
. -stants (Plate 17) determine the correqnon&inp values of o and i of
‘for the first snd second modPs. «

: 227, Ahe damninr oonausmt c‘ and the nhase oonstant Z’ for ,
each mode may thus be determined from the basic phvsical constants,
~density ,o v veloelty o, . and depth in half wavelengths 7, e

- Sample com mta.tions ere glven in Appendix E, The phane constant

C' is chiefly useful for the comvutation of 1nter'tction snacim o
as descrived in Section VI, The nhase velocitv of the mode is o
c/r + and the nheqe wavelenpth is A/7: S : -

: 228, The damnina of the pressure wave 1n a distance of one
wavelength A 1s given by the exoression £ ~*"C or 54.6 O db ver
wvavelength. Thls 1s easily converted into db ver 1000 £t or into

_____

‘other desired unigs, The attenustion caused by geometricsl snread-‘ S :

“4ing ebout the source (3 db ver distance double) should be added to

the damming term in order to obtsin the expected rate of attenuation  7,‘
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- for the'perticular moée. The final cornosite treusmission curve
- may also include the effects of other chtore discussed in
Section ViI1. : ‘ SN S

. zme, 1e the botton is hard (c ) °1) and the frequency is

- higher than the eritical frequency. it will be found that «¥=0,

© 6 =0, apd thet cylindricsal snreading is the only attenuation fac- '
tor. A% frequencles below the eriticel frequency for a particular
. mode, that mode can exist only in the "hybrid" form discuesed 1o
f‘Section V;a (‘Three Tynes of Transmission). o v ‘

i 230 Gomoutation of the prooagation constants as described
2bove should enable the most important transmission phenomena to
be quantitatively redicted with considerablaaccuracv in crse the
‘bottom is "soft", and.&:th.fair sccuracy in cese the bottom is
Mhapd®, Fortunatelv. rough estimates of density are usually suf-
ficient %o give relisble values of dampinp conetant O, since
- under most conditions this quantity does not vary in & crit1ca1
,way with density for a given PC . _ ,

231, If the hydrophone soundingq indicete intermediate ,
acoustic conditions ‘at the bottcm, the detailed ﬂﬁxﬂatation of )
trensmission constants mey be difficult, One intermediate case, =
- thet 0f the strongly sound-absorbent botton, was discussed at the

end of Section VIII (Attenuation). Another intermedinte case is
‘that for wnich the measured normal acoustic immedsnce of the bot-
tom is predominantly reactive. The acoustic behavior of such a .
bottom will be dominated, at least abt certain freouencies. by re-
flections from an underlying layer or layers. In this case thé
. transmission will vary with frequency, ‘and "resonance® effects
- will take place 2t frequencies for which the “path! lengths in -
' the bottom to the reflecting boundarv, are half wavelengths or
multinles thereof ' . e

o 233. Beflections from lower 1aycrs will povern transmission o
~only at certain freqnencies. distances, and ‘angles of incidence.

- For exmple, if two modes are present in transmlssion over hard
~bottom, one mode may seem to disapnesr, and to reapvvesr at a great-
er distance from the source, - The overall attenustion may not be

: greatly affected if considerpble energy is tnansmitted in the other

4 - 233. The records mede 2t the River Mouth show evidence of
this type of "selective fading" .‘some of which may arise from non-
homopeneities of the svstem and some from the influence of under-

lying leyers. Although such effects may exiqt they seldom dominate
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-rvthe transmiééioﬁ. ‘Detailed computation of nrouagation constants
“for the layered bottom could doubtless be made from the final

equations’ of Annendix c (Propagatixn Over Stratifie* Bottcm)

- B H.mr_o..:z____hone _Smgingg at » Q.Lam;_ I.I:L m

234 Sufficient infarmation about the ‘bottom " to enable its

'.1inf1uence on sound transmission to be predicted may be obtained
~from lvdronhone soundings made directly ‘beneath a s hip-mounted
~source, It is desirable however, vhen practicable, to sunplement

these by hyﬁronhone soundings made at a considerable horiszontal
distance from the source. This may be done by denloying the re-
ceiving equipment (battery powered) in a small boat, and lowering ‘

. end raising the hydronhone with & small cable reel

235 ?he hydronhone soundinps at a distance from the source‘f"l

vermit the determination of (a) the actusl wressure level at s

_‘distance, vhich may be compared with the expected level at that
distance over hard or soft bottom; end (b) the vertical distri- _
‘bution of pressure level between surface and bottom, The scoustic

, _properties of the botton may be derived from' intervretation of this
. pattern, . Samples of hydrophone soundings at a distance are re- ;

pro&uced in Plate 11,

236 The internretation of verticnl nressure distributions

-made at consideradle distance from the source is difficult if more
‘than one mode is renresentéd on the records. Since the higher
~modes are damned out more ravidly with increasing distance than -
“the first mode. the soundings over soft bottom may easily be made
‘at sufficient distance to ensure that the sound nressure distribu~
tion 1s due almost entirely to the first mode, Over a herd bot--
“tom any mode which is excited above the eritical frequency ‘will be
~only slightly attenuated with distance. In this case the hydro-

phone soundings at a distence should be made at freguencies low

enough ‘to ensure ‘that only the first mode 18 stimulated above the
criticel frequency. In all cases, 1t is advisable to make sound— :
.ings at several frequencies to obtain renreqentative arerages,

‘287. An analvsis of the vertical distribution is riven in

Appendix A, Part 5. It 1s shown, &s might be exvected, that the
pressure pattern in theffirgt mode should have an approximate
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jéntihode at & herd boﬁtbm,iaﬂd & node nt a soft bottom, The form
- of the pattern should corresvond anslvticnlly to a section of a '
- aine curve - :

!NL"(X)(K"-‘)“] o : Sxﬁce K=

-uhe undamped distribuuion over hard bottom ie represented by the
‘sine of & resl engle, and the demped distribution over soft bot-
- tom 1s represented by the sine of a complex angle.  Observed end

computed patterns for the first mode are 1llustrated in Plate 11,

 for the soft bottom conditions st the Potomac River Bridge. - The

comwu\ationa were nsde from the distribution conetants derived

from hydrophone soundings beneath the source, and the egreement

between theory &and axperiment is shown to be very clcse, Although

'A: similar computetions may be made from the constants of the hard -
bottom, experimental. data have shown that in this in=tence the

sgreement will probably be less sattsfnctory. -The general pat-

© terns of records obtained over the two tyves of bottom Plate 11)
vlare however entlrely distirct : o ‘

8, :Bydrophone so‘unéings made‘ et coné'iderable distancé

‘from the #ource possess certoin advanteges as experimentgl‘éri—f‘
- teria for the study of ecurd transmission. The conditions under

which they sre made insure that the effective angles of incldence

‘of the sound waves striking the bottom between the source and the
“hydrophone will be large, and that only the first mode will be

present &t the point of measurement. Hydronhone soundings be-

“neath the source are made under conditivug’ which insure normal

incidence of the sound waves at the bottom, end.a stinulation of
the méxd mum number of modes. Although hydrovhone soundinge be-

~ nemth the source are sufficlent to detsrmine the acoustic con-

- stants of the bottom, soundings made at a distance from the' source

‘provide an experimental measure of the pressure field distribu~ -

. tlon at a selected location on an actusl transmiseion vath, The
Anteryri-tation of such soundings in terms of the nhysics of aound ;
prouagation is therefore direct and immediate. T

‘339 1t oracticpl actual renge run recordings should be

' ﬁ~méde, since they offer the most effective means of investigating

the conditions which goveran underwater sound trensmiesion in any
given area. A comnleta experimental study should include range

Tan recordings, hydronhone soundings at a distance_from the sou:ce;'
- and hydrophone soundings directly beneath the source, If test
facilities are limited, soundingas beneath 'the source should be

sufficient to characterize the acoustic behavior of the bottom,
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f:;Experimentpl recordings should be made at several frequencies, and o
Cparticularly at frequencies lower then 200 cps; The interretelion

" of the vhyeical phensmenn will in general be moet clear and setis-

. factory from records meds at those frequencies which coTTespons. to
the simplest distribution patterne and to thp modes of lowest order
iespecially the f'rut and seconﬁ ~ : ~
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: X, APPLIOAIIOFS Oz THE KF&UHTS

240, The primary apnlication of the foregoing analysiq is
to the interpretaticn of measurements of underwater sound fielde
" 4n ‘the acoustic system of the sea between surface end bottom,
The transmission of sound in the ses ie in general strongly in-
fluenced by the acoustic proverties of the bottom slthough the
'affect of the bottor is least important if the water is deep or
Af the bottom is strongly wound-absorbent., The anclysis spnlies
4o all situatione in which there exi-t verticsl standing-wave

pstterns of sound pressure, corresoonding to- the normal modes of  -"

‘vibxation. ‘of the systemc_v

2“1. The analyais is anolicable to the sound vresaure fields N
produced hy effective or aporoximate point sources such as shiv®s

propellers and suxiliaries, ship's hulls in vibration, torpedoes, -
. Pessenden Oscillators, non-directional underwater projectors, end
acoustic minesveening devices (hammerboxes. parallel pipes, aud
kindred devices). The relatively narrow beams from standard echo
ranging progectors eve of course much 1esq 1nflnenced by bottom

' reflectlons. . o :

o 242, Although axmlicable to all frequencies. the analysis .
~in terme of normal modes is most effective apvlied to sound fields -
- of low audio frequency, whers the wavelengths are comparable to

B the ohysica_ dimensions of the acoustlcé system, This is precisely’

the frequency renge in which other me*hoda of analysis are vir- ,

tually inapolicable.',‘ _ N o :

S 24 The measurement and analysia of underwater sound trana-
mtsslon. making use of the principles described in this report,

- may contribute to the solution of many snecific problems of in-
terest to the Navy, Such problems arise for example in tests of

"’acoustic minesweeping devices and other low frequency sounﬂ sources;

An the design of acoustic mines‘ the atudy of ship noises; the
: prediction of minesweepins ranges from hyérogranhic and acoustic

"data; the estimation of listening ranges for submarines over various_r'f :

‘types of sea snd harbor bottom, and of the effectiveness of echo
 ranging in shallow weter with small vide beam wrojectors (e.g. QBG
.ghc WEA-1), It may slso be possible for our submarines to make

‘use of the acoustic propert*es of the buttom 1n evasion tactics. I

s44, In the study of ship noises and in the testing of acous-

tic minesueening devices, the scoustic properties of the range
course (water depth, velocity of sound, and density of the bottom)
‘will determine the rate of attenuntion of the sound level with
“distance and will strongly iafluence the actnal sounn levels measur-
ed at various points in the system° B
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, 245, ’I’he measured sound level for example. et a distance
‘of 1000 ft from a given nineseéeping gource operating at 100 cps ,
in water 55 ft deep may be as much as 30 db higher (factor of 32)

- 4f the bottom 1s hard than if it is strongly sound-absorbent,

 The difference between the level if the bottom 1is hard and the

j,;,.level 1f the bottom is soft but a good reflector, may be about

15 db at 1000 f%, Transmission curves are shown in Pig 9 for
- . three cases for which exverimental dats are avsilable: (a) hard

" _bottom at the Potomac Biver Mouth, (b) soft reflecting bottom at

"'the Potomac Biver Bridgs, and e) strongly sOund-abfxorbent bottom .
in the Ghesaoeake Bay south of Smith Point ‘ ,

b o
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"’246.‘ It is clear from the fie'u.re that a sound source of suf-
' ﬁcient mtensity to sweep a 100-cycle mine at a distance of 1800

ft over the hard bottom, would have to approach within about 400 o

£t %o fire the same mine over the soft bottom, and within 200 £t
%o fire it over the absorbing bottom. Ancther conclusion which
. may be drawn is that e glven 1ncreaqe. say 6 &b, in the pressure o
. “level obtainable from a sound source for minesweevlng. mey increase
© the firing rsnge from 500 £t to 1800 £t if over a h~rd bottom, bdut
‘only from 130 £t to 200 £t if over an absorbing vottom, The in-
creased renge obtained from a small improvement in the equipment
fis therefore nmch greater ovm hard bottom thon over soft bottom., .

247, A very low frequencies (1 6. when the derpth ie eub-
-Btantially less then a wavelength) the ¢ifference in sound level
at a given dlstance from the source may be very much greater than -
that 1nd1cated in Flg, 9, depsnding upon whether the ‘bottom 19 o
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hard or soft. At thene frequencies conditions may be imagined
for which the difference between the sound level over a hard and
_over a soft botton may amount theoretically to more than 200 db
.8t a distanca of 1000 ft, Under such conditions the gound level
~'from a poverful sourds would, at distances of the order of 200 to
800 £t from the source, Grop below. ths water noine level, Recent
exnerimental results sre consistent with thid'gxnec;;iioaa

‘ ' 248, The effectiveness of & sweeping device may depend more
up0q;the acousiic properties of the bottom over which it 1s used .
then upon 1ts inherent cspacity for generating sound, Measurements
of the latter, including the sound output at ‘6 ft distance from
the devics, aré-entirely insufficient to ensble the sweeping range
to be estimated. “Acoustic messursments of the performance of g
device on & given rasge course will not in genersl renresent its

. performance on other coursee or in other aress. For some sound
- sources, such as the parallel pipes used 4in acoustic minesweeping,
the performencs tests must be made with the devices in motion on
a range, Measurements made-on-different courses may, howevsr, be

- reconciled snd correlatsd, in accordance with the principles dis-
cussed in this report, by interpretationin terms of the acoustic
properties of the bottom, . 1 T

249, ' If measurements are made in an area wﬁéfe‘the bottom

1s acoustically soft, the acoustic properties of the bottom, and

. hence the sound transmission characterintics of the range, will
change with the geason (Bibliog. 4), The best provagation will
occur in summer, and the poorest in winter, ‘The seasonal dif-
ference may be very large at moderately low frequencies. This

" fact, heretofore unrecognized,jhas?resultéd in ‘the reporting of
apparent anomalies in the performsnce of scoustic nolse-makers.

_ 250, It should be possible to predict with reasonable ac-’
curacy the effectiveness of a sweeping dév!ce in any area for )

.which adequate acoustic daia can be odbtalned, In areas for which
no acoustic data sre available, a rough estimate of the sound
tranemission cen frequently be made from hydrographic information

. mlone. This should include the water depth and the materisl of .

‘the bottom, classified for examnle as clay, sand, hard, or sticky.

There anpears to be a close correlation between ohysical and . .
acoustic "softness®, and between physical and scoustic “hardness". '
“Soft" bottoms sre in general assoclated with fine mud or clay

deposits in semi~stognant landlocked basing such as estunries and ; "

river channels, and *hard" bottoms are associsted with ssnds,

gravels, and other coerse denosits common along the ses comsts and .

the continental shelves, The information on the hydrogranhic charts
is, however, freguently imcomplete, and in many cases out of date,’
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251. If the 1nformation on the .charts could be supnlemented
with ncoustic data, it should be possible to make reliadble esti~
mates of the underwster sound transmission to be expected in any
desired area. Such data, obtained from a nrogram of hydrovnhone
soundings in key harbors and operational waters, would have great
value for the problenms of acoustic minesveeping and of underwater

listening, Methods of meking and 1nterpretine the soundinrs ere
described in Section Ix and in Bibliog. 4,

252, If studies of ship noise, particularlv at low frequencies.>

are to be significant or valuable, the exact conditions under which

~ they are mede must be stated ané all possible information sbout the
‘acoustic properties. of the range course and the test equipment

" should be recorded. Correct interpretation of experimental results ‘
‘may sometimes depend upon factors the relevance of which is not
npparent at the time of measurement. R

o 253, The chpracter of neasured transmiasion curves, for ex-
ample, may be drastically altered by the effects of harmonic fre- -
-quencie§ which have slipped through the filters without being =

recognized, This effect should be takern into sccount in acoustic- -

mine design by makins sure that the mine cannot de swept or fired
by higher frequency compenents than those for which 1t was designed.
This is particulsrly important if the transmission varies markedly
. with frequency, 3.s,if harmonics may be received at much higher
level than the fundamental

i 254 A feu of the factore which may 1nf1uance the resnlts

- of ship-noise studies or transmission tests are: the frequancy or

frequency range invelved in the: ‘tests, the placement of the hydro-

vhone in relation to the bottom, the season of the year and tem-

perature of the water (the acoustic vroperties may change with

‘season and with gar content of the mud), and the roughness of both

" water surface and bottom. ‘The effects of roughnass. although un-
imnortant et low frequency, deternmine the 1nf1uence of scatterinp

fat higher frequencies, - ; B

285, An exsmnle of the difziculties which may>arise in the
'1nternretation of trensmission messurements is given by tests made
near New London, The meagsurement of very high “transmission ¥ds-
ses" at frequencles of about 200 e¢ns in this area has been reported
(Bidliog, 165). It seem nrobable that the high att auations re- |
- sulted from the fact that the wevelengths wers of the order of twice
" the water d epth, and that the first mode was therefore strongly
demped (See Fig. 8, Section VIII).  The results of the measure-

"ments made 11 very shallow water (lns° then 16 ft) over soft o:ttbm.

.
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“are not at all representative of the trensmission which would have
“been o'btal ned over the seme bottom in water 50 ft or more in depth.

, 256 Other difficulties nay arise if “transmission lc sses“
are estimated from point by voint observetions made close to the

source, The dangers of the point by noint method will be obvious =~

efter studying the records reproduced in Plates 2 and 3 of this
report - , _ , ‘ ‘

2@7 For most of the ranees on which shi-p-noise studies have
been mnde, neither low freauency range runs of adequate length nor
bottom impedance data are at present avallable, It geems clear
. from published ship—noise contours tnat the MIT range at Ngshant -
_has a relatively "herd* bottom, the acoustic properties of which "
are not uniform elong the course. The Wolf Trap range seems to -
have a relatively "soft" bottom, with considerable adsorption. ,
It would be a simple matter to characterize these ranges by meking

apwronriate acoustic measurements nt several voints along the courses,

‘e, The properties vhich determine the influence of the bottom on
undervater sound transmiesion may be estimated either from hydro-
phone soundings, or from range runs made under controlled condi-
tions, Long runs at low frequencles are required to separste the
effects of the modes. Such memsurements should be made and 1nf.er— :
preted for all the ranges emnloyed for ship nolse studie-a. R

258, In the location of new range sites. the choice of an
.acoustically suitable location for ship nolee or trsnsmission
studiee would be facilitated by a preliminary survey of the acous-

- tic properties of the bottom, using the methods described in this

report (Section Ix. 'l'he Use of Acoustic Measurenents as ‘l‘ransmie- :

 slon Criteria).

o 289, Und.a'water sound mes-surements may be mnnenced by
' two other factors which have not elways received adequate consid-
eration. These are the position of the méasuring hydrophone with -

‘reference to the bottom, and the effecthe depth of the sound. source

'beneath the vater surt’ace. -

- , 260 1n ord.er to measure representauve average values of

sound pressures, hydrophones for the study of underwater sounds
should be located a subatantial fraction of a vavelength away from -
“the bxunding surfaces (surfece and bottom). If the hydrophons is
plac 1% such a boundary it is necessary to correct for, or other-.
~ vise take into account, the nosition of the hydrophone in the stand-
ing wave vattern. This factor has 'been discu'\eed 1n detau 1n a
nrevlous renort (Bibliog.4). |
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261, The effective denth of the sound source should also bde
considered, since it determines the relative degree of stimulation -
of the poseible modes, If the source denth is subject to control,
‘a8 in acoustic mineuweeping tests, 1t should be made at least a
quarter wavslength for ‘the lowest emitted frequency, in order to
assure Pdequsue ot*mulation of the 1oweqt noce, . ,

‘ 262 If the scurce is shipumounted ‘1t srou?d be locnted
~at least a quarter wavelength from the nearest "oredsure release"
,;surfecg, At frequencies lower then about 1000 cps the ususl ship® s
-hull behaves acousticelly in a manner similar to the surface of
‘the sea, The effective normal impedance of the hull is very low, .
_end the surface of. the hull is an approximate pressure node at ’

"‘,these frequencies. These considerations have been shown to be of |

- the utmcst importance to the desigm of mounting eear for acoustic
'minesweevinq. esveclially at the lower freouencies s

263, The renges at which oroneller soundq from enemy vessels
mey be heard will devend unon the pronertips of the bottom in much

"_ .the same manner as &1d the minesveeping renges discussed previously, -
"‘Extreordinarilv long lietening ranges have been renorted from our

submarine vairols in the southwest Pacific. These were undoubtedly ‘
" made poesible by rulded" transmission over the hard bottor which s
.is prevslent in the arsa,  Comperatively short listening ranges

are to be expccted over “goft* or strongly abqorbing bottomq. the
,transmission over which nay be strongly damned ‘

. 264, Estimateq ana preﬁictions of aubmarine listeninp range

.?‘based upon tests in & given ares,will in general be valid only

~for that area, unless changes in the character of the bottom are
‘Cpronerlv alloved for, Obviously muck work remains to be done be-‘”'
- fore the effect of the bottom on long range transmission can be

reliably computed The importance of this factor, and the magni-
tude of the errors which may arise from neglecting it, Pre 11—,-‘ .

jflustrated by the results of the nresent analysis.’

2Gb The nossibility thpt low audio frequeneies may suffer

*Lfconsiderable distortion in transmission over hard bottom may -be

- deduced from the enalysis of the critical vhenomenon (Section V

and Section VII-R), It hes been shown that under certain condi- ‘
. tions a critical frequency may exist below which the transmission
" 4s highly damped ("hybrid" transmission) and above which provaga-
“tion takes place with very low attenuation ("puided® transmission).
The system of the sea between surface and bottom may therefore rct
‘as if 1%t were a hlgh-pass ecoustic filter with a definite "cut-off™
frequency. . Souad waves of 1ower frequencv than thax for which the

N
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~water denth is 2 guarter wavelength will be vpoorly transmitted
‘over hard bottom because of the critical phenomenon. The damoing
- of such frequencies over soft bottom is extraordinarily high (See L
Fig. 8), Adventage could be taken of the poor transmigsion of =
.the exiremely low frequencies, in the design of an acouqtic mine
“which would be effective but difficult to sween. ‘ ‘

v266 Another tyne of disto"tion which may occur over both “

- hard and soft bottom erises from the faect that the modes travel
~with different phase velocities, This effect may be visualized

as & type of dispersion, in which cese the remulting distortion .
will be somewhat analogous to that exhibited by a lon~ non-loaded
telephone cable.. The distortion, which should manifest itself as

a loss of intelliéib%?ity of speech or signale, should be most
“pronounced under conditions which involve tranqmission 1n a small
,number of modes° ' o o

267 The annlication of the normal mode analysie to very
high frequenclies is comnlicated by the strongly directional char-
acter of supersonic besms, and by the existence of additional

. foctors which are unimportant at low frequencles, There are re-~
fraction due to gradients of temperature, hydrostatic pressure, o
end salinity, and attenuation caused by absorption and scaxtering

in the water itself as dlstinct from the bounding surfaces. It

18 not profitable to distinguish between the individual modes at

supersonlc frequencles, because many Are stimulated and adjacent‘,eb
modes are close together, Since the wavelengths are short in com- - -
parison with the dimensions of the acoustlc system, the optical '

~enalogy of beams snd rays from point gources is valid, md com-

vutations based unmon the image theory (Bibliogu 14) give reasonable
agreement with experiment

268, Although the analyeis into indtvidual modes is aot ime

"mediatelv heloful in vroblems of hirsh frequency sound tranemisQion,f‘?"
" the acoustic characterization of the sea bottom on the bases of ‘
" hydrophone soundinp« may have important apolications, For examnle

4t is possible thet familiarity with the types of bottom associated

_with poor sound propagation might be of assistence to a submarine

employing evasion tactics, This could teke the form of rendering
the enemy listening less affective by "hiding" above a soft or
strongly sbsorbent bottom, or of renderins the gubmarine difficult

%o pick out from the background by “matchins® the lmnedance of the

submarine .to that of the hottom, Although 1ittle is known at nre- '
sent about the imvedsnce of submarines, the possibility existe o
that this quentity may be subject to alteration by acoustic treat-
ment of the hull surfaces, The impedance of the bottom in the
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arsar of operation cowld of course be mersured and known beforehsnd.

-

Tests are under woy to determine the extent to which the pcoustic
claseification cf bottons, mads from low freqnencv hydronhone saundm
in?eﬁ ere va7id at eche r,Agirr freq“encieg.'- ,

‘ nq a result of thP ana-yqis given in this renort the
intn*ference rauterxs observed on the experimaabal reco*ds have
‘besn exnlalned guentitatively and in detall fu termq of the 4nter-

_actions of vhe normsl modes of vidbration betveen surface and bot.

tom, Recent attemnte, both in this couvnitry snd abrosd, to inter-

 oret low. frequency transmissicn phenomena as the result of inter
ference tebwean direct and surface reflected "beans", would apuvear

from our analysis to be doomed to failure, It was stated in Section
Va (Internretauion oi Kange Records) thet the anerved patterns could
not requ‘* from any pozs ivie combination of dirsct and reflected '
"rays¥ from fixed point s ources, The inege theory is velid only
~upder specisl limiting cundi‘ions. such as very grest water denth

or commlete avacrption of sound at the hottom. Under these limit-

ing conditions the effects of “ottom reflecilons on transmission

are negligible, andthe normal vodes are weakly stinmvlated and
highly damped, The imsge thsory cannot te expected to give valid
explanations of trans mission vhencmena which occur when bottem re-
flecticuq are important, : : ‘ ,\
: 2’70o “An neneral the *nfluﬁncc of bottom reflections 15 nro~
nounned #nd the normal modes play a dominant role in transmission,
Althoxrh this was pcirtec out by the MIT group in 1941 (Bibliog, 10),
the *mportance of the modes as aids to 1nternretation doea net an»
verr to have been ganerallv recognized., This ' nay be attrib ted,
‘at least in part, to the inadequacy of the transmissioa theory for-
mulated in terms of normal impedance. The shoricsmings of the
‘theory involving impednnce heve been discussed (Sections IIT and
VII) and remedied (Section IV), and a new analysis in terme of the
modes has been presented in detail (Sections IV, V, VI, and IX). =
The new anelysis gives reasonable 1nternretationﬂ of the nhenomena
which have been observed to date S :
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| XI. CORCLUSIONS.

My, lhe correlnaicn and’ tbeoretinq} analvsiq of a ls?ge N

'fnumber of transmission meaeurements mede in the Potomac River and
E icheqaneake Bay aress wsrrrrt« the concluq on% wbica follow

22, Given a eource of avdio freauencv sounﬂ in water, *he

- sound pressure level which may be memsured at asn jorecisble distences | .
~will be influenced in a corplicated way by the boeadnrieq, éspecially =
by the bottom. The ses bottom may bte classified by 1te behevior for
sound as "sofi', -“nard”; or intermediate in character. Swecifically,
 the veloeity of sound and the density of the bottom may be estimated
. from agoustic measurements (hyﬂrOtbone soundings qnd renge runs) by '
‘fsamplinﬁ. ‘end from hydrozrtnhic data,; . - : : :

2?1 The effevt of the boundaries on,sounﬁ n*onagatlon from a

féhin-mcunted source may be determined from sn analvsis of the normal
~ modes of vibration of the scoustic system of the mea between surfoce
..end bottom, The analysis is particularly effective for frequencies
g% which the wevelengihs are comparable to the uhvsical dimensions
“of the system. For low frequencies and given bottom conditions, the
most important factor governing the pronagation is the ratio of the
. ‘depth of the water to the free wavelength of the sound. A detailed
gfinterpretatlon of the obnerved transmission phenomena may be given
... in terms of the initial suimula‘ion, the relative attenuation, and
. 'the phase velocities of the modes, Dampiny and phase constants
.- may be determined for each mode by means of epecial charts ‘which
o 8lwe the nrepagation and uistribuxion constants in terms of the °
- ~.acoustic pzonerties of the system., The overall transmission is
' :given as the sum of the efiects aroduced bv the individual modes. L

2?4 “Damped” tranqmission. which occurs over "soft“ bottom,"

”v“is alwayq accompsnied by considerabtle attenuation, the emount ranea"i"‘ E
.ing in practice from about 12 dbf1000 ft as a lower 1imit to about

240 dv/1000 £t under conditions of strong bottom absorption, The

" attenhuation over soft botuoms 1s relatively indevendent of frecuency -
~in the range vhere.the wavelength is substantially less than twice

‘the depth, The attenustion becomee much ‘#repter than the above - . .

. "limits and the sysiem becomes more dlfficult ‘to excite as the fre-

. quency is lowered below the "mstural frequency" of the first mode,

~at vhich the water denth is approximately a half wavelength.  "Soft®

bobtoms are freouettlv encountered in lenalocked bnsins such ase

»;fiords, eqthﬂrieﬂ and river channels.
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275, “Guided“ transmisaion, which occurs over “hard" bottom SRR R
&t all frequencies higher than a minimum critical frequency, is s
. characterized by negligible demping due to bottom absorption and IR

- by en attenuation with distence caused nrimarilv by cylindrical S '
- spresding from the source. The latter amounts %o 3 db per distance
~double, ' “Hybrid" transmission, which occurs over hard bottom at
‘frequencies below the lowest critieal frequency, is associated with
large and erratic damning from bottom absorption.. The critiecal -
- .. frequency depends upon the hardness of the bottom, and is slightly
. ‘higher than the frequency for which the water denth is equal to a
quarter wavelength, The scoustie system of the sea between the - .
surface and 2 hard bottom thus ects as if 1t were a high-pass fil-~ ,f

- ter, analogons “to. an e’ectromapnetic Hyave guide",  This tvpe of

.. ‘sound transmission 1g very c0ﬂmon1y encountered eince hard bottom
. predominates along the sea coaqts of all the continents° ’

L 276 The measurements and anﬂlvsis of underwpter sound trans-
- mission, making use of the princinles described in this renmort, may
_contribute to the solution of scpecific nroblems of Faval interest
~arising, for example, from tests of acoustic minesweening devices,
‘the design ‘and location of acouqtic mines, the study of ship noises;
the prediction of minesweeping renges from hydropgranhic and acoustic
- data, the estimation of listening ranges for submarines, and the

‘ effectiveness of echo ranp1ng in shallow water, ‘ S

277, Previouq analysds of nnderwatar sound transmission in
shallow water bave been inadequate to explain the results of ob-
servetions, The analvsis described in thie report baqed upon ac-
‘cepted nhysical‘princinleq gives consiqtent -coherent, and reason-

- #bly comvlete explamations of the obderved transmission phenomena.,

. I% not only-exvleins certain apnarent anomslies of underveter sound
“transmission but resolves many discrepancies betueen the results
‘previously obtained by varioue laboratories. - o o ;f ff‘ ”y
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NORMAI. HOEE THEORY 0? PROP}CATI(‘N OF U}W.R"IATER SOUND
B OVER HOHOGEEF}OUS BOTTO '
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1.

APPENDIX A.

' NORMAL MODE THEORY OF'”KD”APATIO OF UFDFHNATER Q“Uﬁﬂ
' ‘ OVV}R HO!IOG..NT"OU‘i ?BO’I'TOM '

Dezivat;og_gu &pg Eoua tig1 Which Exngesqea 3gg ;gggé _g _g_

. 4Mries e tl:e Fin'ld qu?ringtion.

T~

- 278, mhe mathemptical der;va*ions anw 1cab;e to the nrooagap -

>

tion of lo&~freqaencv sound in shallow water are wresonted in this

zecticn, The thee;y for the actusl #Acoustic syatem, consisting of
an infinite exnanse of -water confineﬂ Petween the gurface and the
gea bottom, may be derived h} extension from the genersl theory of .

the prepagation of sound in rectengular tubes. The transmission
in the sea will bte medified by cylind“ical s sreading which 18 not

present in the ideslized cvstem, the pine, The conditions under

_wkich the enalysis is valid and the significance of tne theoretica*“

reaJluq ‘are discnszea in the text .

279. The weve equa*i on for: souna nressure (Seé fqr;éxample o

_‘Bihxiog4 7) B2y h written

tep
‘FJ : I (1)
AR v [Sah YRR S LR
. 250,  For the de%ailsu analysir we-ﬂuﬂlﬂongider the rectang~
vler vipe 4in the coordirate system shown in Fig, 10, - The origin -

i3 taken at en upper corner, . Let the’ height be h, measured along

the y axis; the width w, measured alons the z axis; and the length .
infinite in the direction prrsllel to the x axis.‘ Let 1t ve as-

~ sumed that the two sides, prrallel to the x-y vlane, sre rigid;

“,;that the ton. perellel to the x-z vlane,. i1s a free surface (nerfegtly

.reflecting); end that the bottom of the tube 1s bounded by n homo-

genecus fluid 1afinitely extended in a directicn normal to the xuz"'

: nlane. The pos*tive di*ect*on for y 13 taknn downmyrds. S
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‘ 281, The simplest clase of ®tranaversg® waves whick may be -

Propegeted ‘down the tube w1ll have uuiform nressure distribution

in the ¢ direction, and the nressure veriations in the tube may .
_therefore be exnressed ag Tuactions of x ang ¥ only, The solution -
of the wave equation (1) for the wressure distribution in & single

mode of the “Sransverze" class of waves may be written, for the
‘ath mode, - L A - AL

R Y(Y):Yécm«(’"%}(rs” —J/un) i

| ‘éag,"rhé"fﬁpctioﬁ\X(x) represents a hrbgraési?e“whfeaiﬁf4
- tenuated exnonenti a4t travel = pi |

does not limit the generality of the ‘expression, 1s‘assugpd.‘gThe o
“anguler veloclty ¢ 13 equal to 21 times the frequency of the sound

: N nlex pronagetion consiant o't for the wave con~ -
81sts of a real part o-which'determines'the'attenugtion in the x (e
~_ @irection, and en imaginery warg ¢ which determines the nhese velo-
T elty, The vhage velocity of the wave che is alvays greater than
¢, the velocity in free space, = DR R T

| © o283, The function Y(y)'féprésenté 8 standing ﬁabe‘system be-
. tween the top and‘the‘hottom of the vips, having a pettern of nodes

. 'and loops given:“b,v'"the“complex distridbution’ constant K-;.‘V:.'. The
"sinh“tather than the cosh form’of‘expreSsion’iSTused_in order to

make the Iressure reduce to 2ero at the freevsurface. ¥y=0..

the system for the varticular mede.  The components of the dls.
tribution constant «-ju are determined for each mode by the C
: bouhdary‘éonditiona'in a manner discussed lster, The components -
- of the provnagation constant o +iT Aare related to K-and AL, and
~ through them to the boundary conditions. The actual sound pres-
' Bure at any given point inside the pive will be given by the sum-
- mation of the contributions from ali the nmodes, taking both magni-
tude and phase iato account, 3 R R

285, The disbxissibn ﬁil\(zdnfin‘zé i_n-'te‘mé of the ‘solﬁt‘.iic;n
- for a single mede, with the uwnderstanding that the behavior of the -
system for differentkmodes'wi}l’differ only through the values of
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the distribution and propagation constants, Subscrints indicating
the order of the mode are dropped, and herenfter ‘the subscrint 1 1is
used for quantities in the first medium, inside the pine, and the
subseript 2 for qnan‘*i%ies m the eecond medium which ﬁllu the
reglon y,h , - ‘

286, The nresst.u-e ﬁistribution .'m the medium enclosad by the
‘pi'oe, for a typlcal mods belonying to the simmle “transverse“ ‘class
- of ves,‘is then . S

) E.m.t %(Gth)X] (3)

.

P.= P swx[‘% (K—W))E

» 287, To determine the manner in which & and/u depend vpon
Cand T, equation (3) is substituted into the wave equation, (1)
: Thls results in a relatien bet ween the censtants,

(h)* (K-/(L) - (%,J (c'+.|'t) (% ‘(45’

-‘I‘he further subqtitutlon ) Zh/ R uhere )\ ggg. 1‘3 the wave~ S

length in free space having- velocitv c, . yields the fon

(cw.x'l:) + /;z(K—J;L) /. ==O (5)

o op88, Th» relation between c‘+4t and K-.VA given by this’ equa~
tion has exactly the same form, whether or not the boundery condi- -
tion® are evaluated in terms of an moeda.nce. Consequently the =
chart reproduced in Bibliog. {10) p. ‘315, giving the conformal trane-
- formation between the components of the distribution constant &7
-and those of the provagation constant o-+iUis equally svplicable
to the problem under discussion. By means of such a chart, or by

- computation from equation (5), the phase velocity and the attemn-

Jtion can be fou.nd for any va.,u.e of ¥) once xn and/u are known. E

: , : The componentq of the distribution conqt.ant I('.g,u must ,
now be ewlu:ted in terms of the boundary conditions, Since these
will not be represeated by a norial ilmvedance, it will be necessary
to assume a pressure distridution in the second medium, the homo-
geneous fluid, Since the second medium sxtends to infinity in the
'y direction there can be no reflection terms, and the distribution
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for any one mode mey be represented by n meneral exponential decay @

- term in the y direction as well es in the x‘direction ‘The general
‘expression for the pressure diqtribution 1n the second medium may
“therefore be writtens ,

o R y ~w ;,- e
R

Tkhere the nrimﬂd cuantities represent the comnonents of the dis—
tribﬁtion constant K—.yA snd provagation conrtent c%JT1n the
'second medium. ' The significance of these quantities is’ qimilar

%0 that of the‘analopous constants 1n ‘the first medium,

290 Substi tution of eouation (6) into the wave equatlon |
_ for the second mediwm results in a relation between the conetante
‘of the second mediun which 1s of the seme form as equation (5)°
Thus ' , , ‘ -

(O‘ +4Z‘) +- 1/7 (ﬁ'"‘%)z : ; 30 (7)
o= *2”/4

291, A relation between the distribution and nrouagation =
constants of the second medium and those of the first medium may
‘now be obtained. In oréer to do this, the boundary conditions

- of contimuity of pressure and of normal particle velocity mst be 0

apnlied These are , |
| f "'P,' =
| & =80 Wl
292, The normal comnonent of the narticle velocitv 1a piven |

Iin terms of uhe pressure and density in each medium bv the rela— Y
.tionq : N : » ,

&= /of“'ar 'a"d_.‘s_z A sy @

Annlyinﬂ the second bonndarv conditicn o , LT ,
. 22 - 1 98 R |
ﬁ Y. = A oF g (10)
cle o Do and f%_pre deneitieé] L
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An'plyinp the first boundarv cc-ndition. '.Pl = ? at y h

z.wt %@mt}d '—pr«~w£@wt°f€,.(6~umx3 "(1‘1)_'«"

l%, sfnx, if(fr~1/4) € =lat

: PO%,  This equation, cone*&ﬂreu as & rel tion between co
* oproducts of the form [X(x): Y(yi} [X(x) Y(y) . can be sema~
..rated into twoLX(ﬂ}‘ z [X(xig and [x(3)}4 = [Y(y%_} which muet
be true independently sincs the functions of x sre not functions
of y and vice versa. This means, from the phyvaical standvoint, s
that the character of the pressure distribution in the y direction o
.is not a function’ of nosi*ion g ong the tube. ‘or of timeﬂ :

"  294,v Senaratin? euuation (11‘ into tvo nartq we' hsve :
/C,,(d‘* Z’) /Cz (¢ +JZ’) (12) :
F:,, sinh f"(:*‘-y&) = P E MI"’ ﬁ’“) , (13)’

285, Apnlication of . equation (10) for continuitv of normal
varticle velocity at the boundary to. eauetion (11) piv09

,/o!%, (k .:/u.)casb Y(Kyu) -‘-,/o,, Poz (K",u )5 (/r ”'uj (14)

- 286, If equation (101‘3e divided by equation (14) a transcen-
dental equation is obiained relpting the distribuxion conqtnnts in o
the two media . '

M&- Ko = —-—-ﬁ—-—-—, AR (15) |
297 "his equation cen he eynressed in:a forn more eonvanient
lfor compuxation by eliminating 4’ and,dx vy means of the previously

determined relations between the conetants. in equatione (), (7},
and (12). R ‘

208, Since Z/ . equation (12) ‘mAy be rewritten |
(er LT) %(0"1-4 ), _: (16)

.-by ce'nbination of (16) wit.h (?) (m (5) e Obtain D o
(”"" ” = (5= * £
/{j 7 J/“) % (17)
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‘ 299 The se’paration of the real apd imapinary 'oartq of
equation (17) nrovidee ‘the relata.ons

A p gt = o g , _.
/.,ur /al,(z ‘\ (18)

The substitution of these equati.ons 1nto the sqnare ot equationk
(15) gives S ;

feﬂ t_a,,h (K'J«) : - A
(K-J/a)" o /r /u =24 (? ..7~) (19
vhence RN ‘ i o
Taphimik-ies _~ __ _A: "
- 7 L v L LI
in which L - ' ' R T E
A = /0:.,70,

300, With the derivation of equation (30) the obJect of the‘

"‘analyais is achieved, since a relationship has been obtained be-
- tween the acoustic properties of the media (density and velocity

~ Tatlos), the geomstrical conditions (the denth of the water meas-
- ured in helf wavelengthe), and the distribution comstant #(~gs

8 :-4_ O *J" ?Ec%a fJ -?“’ n:(%y rJ’a Z

~

for any mode belonging %o the simnlest tyoe of "trensverse“ weves ’

1n the first medium.

: L“]. Once the comnonentq 1{ and /.( of the distri‘uution coni~

étant are known from equation (20), the attenuation and the phase‘ f
velocity of the vwave, for the varticular mode, may be obtsined by -

commutation from equation (5) or more conveniently from a chart
(Plate 17) giving ¢ and T in terms of & and 4 . The final pres-

sure distribution may be built up by adding the contributions of R

the various modes, eech determined bv the n\ethod outuned above.

Z. E.szmg £ Xhe mgsmm_g..mmnm

‘*03. Although there are no simple anplytic means of solving"

equation (20) for & end 4 in terms of A and B, 1t may be solved

. CONFIDEWTIAL = -106-




for A and Bin termr of k’andju . If thié 1s dogé the foilowing'
' expresqions are obtalned’? ‘ S S

- A:— Pa  cosh 272?)’ — cos 2/‘;« ‘ e o
. ,0, { ][J/nh zmrsmzzza] +zsw/;zrrx+smzm/(&.»b2fmvsm2 )]‘(’L

B ““'}'EQ] gu*x..émh aﬂ'/r fpu-vf):mzi;m f(p--&)&%ﬂk’wd-k)sm 2‘”}'&’ e K" 12 |
[ ..ts._}[&m, ;mmmz ]+1_(5m62,~rk+s,nez;'¢o(s,uhzm—-—smcryc)_{ / e '

~.
-..\

» 'rThese exnressicns were used 1n comnatine those portions of the‘
. distribution charts which corresnond to "dammed® and "hybrid*
~ transmission. The charts were plotted for convenience on a 105—‘ ‘
" “arithmic scale for B end & linear scale for A,  If, however, the
~_‘computed velues sre nlotted with linesr scales for both A and B,
the curves anproach straight lines for values of B greater than’
‘those appearing on the charts, This fact might be useful in ob-
tailning epproximate extrapolation curves for values of B beyond
_the limits of the phb‘lished charts (Plates 12—16 1nc) '

o ?01 Tne nortions of the chprt% which correrpond to “guided" o -
" transmissioh cannot bYe obtained directly from ecuation (20).
. They may be obtained, however, by settin( equel to rero in
| eqnation (15), which is ther written in the form =
'°" (m“) H wul ‘**(.34) g
L 704 The uietrlbubion conqtsntﬂ for the qecond medium. f( A
‘v‘and/4g must be eliminated from this equation. If reals and imag-"
- inaTies are sevarated from equations (5) (7)), and (16) the fol—
' lowine re ations are cbtainsd' . . :

II

Rl
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On substuunon of A =0 into (?7) it may be seen that o must
equa]; zero, since v and T are alweys greater than zero, If o is
zero, the traveline- wave will be pronagated without dampine, t-md '
the tranqmiss!on will be of the guided“ type. ‘ o

- 305. In all but the limiting c»se, ﬂ’ must be nositive and"‘
finite,‘since it deternmines the rate of decay of enasrpy with in-
‘crensing distence into the bottom Nerotive values of A’ would ‘

- .correspond to an incresse in energy with increasiny distance down- -
ward.. Since this is physically impossible K' must be always posi-
tive. ZEquation (27) requires that, if K equals zero, the uroduct

- 0’ must also _equal zero. Since K’ is known to be finite, /u

‘st equal zero and equation {34) therefore reduces to '

fan/a:—A /("

fv,This equation cﬁn be satisfied only by values of,xtbetween certain.k
1im1ts ‘ ‘ Sl

po={n- [A>a>°); #;i. nso. )

Thus /a 1/3 to 1, 11/2 %o 2, ete. Only values of ,a vithin the ,
allowed limits may be used for computing points for those nortionq‘
of the charts vhich renresent “euided“ transmission ‘

206. The actual exnressions used for computinp the curveg
on Plates 13 and 14 are obtrined by qetting f; O 1n the tranf
scendental equation, (20) ‘Thas ‘ S

B = Az,,.mm , e

_or

JB | : ,‘m %\/ﬁ + l'an ﬂ}“- ('30)

where the allowed values o{)ﬁaare those eiven bv (28) above,‘

307 Each range of values o{/! 1s limited bv a critical

iniue. 1/2 1 1/2, 2 1/2, etc. at ‘which the constant U curve degen-" ; )":”

-erates into a straight line parallel to the A axis and having the
 ebscissa jB = -4 . Each of these lines defines the critical fre-
-quency for a mode, Since the lines are pArallel to the A axis,
‘the eriticnal frequencv must be independent of the denaity ratio,
‘and *denendent only upon the water denth and the velocity ratio.
The critical frequency for the n th mode may be obtatned from ‘the o
definition of B, equaxion (?1) ' e 3 '

CONFIDENTIAL 07




308, The critical valueq of &4 are M, =1/2 (2n ~1) and the G

_ 'correqnondmg critical frequencieq m'e

=Gl @

4h [I-—(% ]/z

If e, is apwreciablv greater than c, the emreqsion [ - (CA:\ lé

13 néarly equal to unity, eand the criticsl freauency for the first
. ‘mode will have & value slightly higher than that for which the

- ;depth is a quarter wavelength

U~

309, Forms of equations (2?) and (23) which are valid for |
: .conmutations in. the limiting crse when ,‘(-PO are .

A o (/- cos 2me) ; Co e
“".9 (6'"2’}“(2% G'"Z/u} S ¢
B o AL (m)f
‘,”/r-b-‘q S (Slh'z ’___2,7/«(1)/2 o : ‘ ‘
, ;In the 11m1§»1h5 ca‘séuheh/i——rb, ;h.h.gse‘ lie‘éoﬁé
A   ¥1.;>'  ) (cosh2mw =1) (34) .
M0 {Smh 27«(6::7/72#« :zrrx) g |
B _ amh e
e \(zmr_-—sm/;_rz )i/z | S

Relations tweeg the Constants.

‘ 'no .he.el&iquh;&mn&hgmmmm the@.i..&..x:m
tion constents 1= £iven bv enuation (5) in Aovmendix A, oert one.-

" This relation 1s shown graphically in Plate 17 for a considerable‘ :

~ range of values., ’s‘.xtraﬂolation to values not given on the cha.rt
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should be fncuitated by using the followinr forms of equation (5) S ‘ ‘uj’:j}

kY § 0 Separatiny reals and imﬂyinaries in equation (5) ve lmve
Rt n
Let kK = [Aiéa. . | T Aay

5 "3_‘9 :

ama s o= ) ( A T S (za)
‘ ! 31? Emnlaying theqe abbreviations it may be shown that
gequations (36) vield the relations ‘ | L

c*fr oHsr)-R =0 : <ss>
R A T (s+f)- R=0 = o

| 'o“: ((S+/)+J(6+/)"+4R }72 S ,-jf L ‘,(41)“
‘ In the special cane for which o'<< t’, equations ('&6) reduce to BN

"(H-s

= ‘//./-5 "

: ﬁl ‘ The comﬁation of the nhase velocitv of g_.g._ mode at
its ritical freg ney exhibits en interesting re‘ ation. ‘ ‘

—-—.

) ’314. The ohase velocitv ‘of the n th mode has 'been defined
1n n»rarrwh 61 Section 1V, as ‘ ‘ ,

-109-
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‘ anele of incidence is

. ,1. N \// ]é’ ZZ‘ZN‘O"

-‘The quantitv Z’ may be expresqed from emmtion (36) as N -

o= /.- /‘*‘N/y o ‘: (46)

whi.ch 1ig vnll& if K anda-are 7e=ro Bv definition ! 4{161'/

At the eriticnl frequency equation (45) may be rewritfen, with

Tw expressed in terms of 4{, and & throueh enuations (28) and (31)‘
'l‘he resuls of ‘hese sub%titutions 18 B , v

Eo S Lo ca (gy)

= ¢
 Vaeyies /L= ("b]
/315, This formula shows that for any mode at 1ts critical o

- frequency, the phase velocity of the "gulded®* waves becomes equal
‘ to the free space wave velocity in the bottom. ‘

316 _’ljhg ggngz;g_l reflggt;og lz_a_g_: for g sea pogtom character— E o

_;Zed by density and velocity retios a3

317. The reﬂection law for the same sea bottom. character— .
1zed by 8 normal acoustic impedance. Z 1s AN : :

]{ — /.""p’;/sten

e w

Snell‘s law for sound refraction is

COS 9 = (/ (C‘/Cc)%wza}/’ T (50)

'l’he condition under which the 1mnedance A 1« 1ndependent of the

SowtpRNTIAL . .o

]

ot
g

o

sz

=y

e
¥ 2]
e
i

ry

=




B8, The .@'_e.;_nzs at any mLu; %, 7. in the pressure field

 of an scoustic dipole (source and its virtual inage above the sur-

, .face) may be written

& B‘ { P 7’:’. —,:%,;; cos[% r: ) }/‘" j‘;;..;‘(s?,-,'
Cw s evETTT
N A "
:x ' 1s the horizontal distance from the source,“ ‘
d 1svrt\_he sgjxrce depth‘. N
: Y ‘ ,13 the "x'écf;iv::ez“i depth. k »

»4 M& .Qi: Ms ..maeﬂ_gs i __m.a &mn&m _Lg_
| - 319, ' In the text, Section VII-B the "puided" wave ascociated
vith any one mode of the acoustic system was interpreted as ‘the

‘syuthesis of two-sets of elementary Dlane waves, The derivatione S

vhich justify thie interpretation are vnresented in this vortion of

L _,bguendix A, It:%111 be shown that the: critical frequency of a mode
- in Yguided® transmission corresponds to that frequency for which .
- the elementnry nlane waves are incident at ‘the bottom At ‘the criti—'

L .‘cal engle for total internal reﬂection. The 1a‘cter 1s gi.ven 'by

o Snell's Iav. equation (50).

R 3.30 Eor “guided" transmission. k andG‘ are both zero. a.nd
- the expression for the sound pressure .'m the a ‘th mode (equation 3)
T j takes the !cm SR . Lt :

o ,'.l'his may be written

\ P,, = C,v sm (my) COS((K - ‘*’t) _-‘”(.5,4’

where

m TW“A' oo 1’ '~= wt%
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321, Equation (54) may be rearranged as follows S

[sm(ﬂx+my cot) S{b(fx /ny wr)j (55)

The form of this expression shows that the pressure field for

‘each mode may be considered to result from the combinntion of two

sets of plane waves reflected alternately at the surface and the -

bottom, and meking an angle 2] with the normal to the boundaries,

, ‘For the angle e

~+4 . __“ Yv.p SIS or
fane :t/;;, sme-_h e

‘The positive sign correquonds to one set of vaves ‘and the negative
sign to the other set :

322, Equation (56) above may be e:mreqsed 1n terms of the

- constants of the system, ¢ /co and h, as follows: Equation (46) =

becomes, at the critical :t’reau.ency of any mode

% “‘-ﬁ 5o R O

.From the definitions ‘of m and 1:

_(&L%?'_(& _,%;) ( ”}2,'

z Fm?= S
- Thus gt the _critical‘angle O,

Sz‘hec = (59>

uJ
yc,

Inserting values of @) end /u,, from eqnations (28) and (31) the e

,above expression ma,y be reduced to

.‘sin ec =%z Ty ,f('so)"j :

This is Just the critice.l angle i’or total internal reﬂection of
plane weves, in accordance with Snell’ s law of refraction. ’
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328 The form of the pressure distribution 'betwaen surface 3
~-and bottom, which corresponds t6 & given mode in the acoustic
~ system,, has boen given in equation (3). Writing only the term

" " “which gives the variatior of sound presaure with deuth. y. we =
}have : '

:\‘b

334 Equation (61) nay ve expanded .’mto the form .

~ ! Smrb(—J-’K) cos(m’/u) Jcash(m’K)s:«(J,«):l (62) g

' The rms aound pressure measured bv t.ha h,vdroohone is pronortional
to the squere root of the sum of the squrres ‘of the real and im—
eginary parts of equation (62) Thus : |

P o) cos*(uwcos»*/zf/«) sw’r%e«)] =

, ‘l‘his may be simlified to the form

IP‘ 3 [ mhz T\I K) =¢ osa.( .FZ/U.)] 7;:, : '. ; k(‘ 6%)

: Anplying the half-angle formulae this reduceﬁ to

lP‘ ™ [Cosh(u")” C“‘(-ﬁ!/*) 72 i (65)

T '.325. ‘I'his exoression rives the vertical distri‘bution of
- aound pressure corresponding to any given’ mode, in terms ‘of the

distribution conetants for that mode. In general the measured

preéssure distribution will be a summation of the pressures -due to

each mode nresent. This will be difficult to 4nternret unless

: »the condu;ions ‘'of measurement are such that only the firat mode

. contributes appreclably to the nattern. Experimental curves made

under these conditions are illustrated by Plate 11, and ere dls- .

cumed 1n Section 1X of the text

326, Heasured and comrmted diqtributions for a fmecific case ..
are ehown 4n the lower helf of Plate 11, The distribution constants ‘

for this case were obtained from‘hydrouhone’spundings beneath the
ship. The agreement between measured and computed curves is very
close. o SRR Co R A

PETT I
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337; For the case of transniqsion over hard bottom at fre- o

' quencies higher than the critical frequencv, ‘18 zero, and equa-
tion (64) reduces to SR L o

JNThis shows that the vartical sound preseure disnrfbuzions over ‘ -
hard hottom, for frecuencles above the critical fquuency, should
be sections of undamped sine waves. The experimental results

o confirm this, e T e e e L
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 PEOPAGATION OVER AN ELASTIC BOTTOM.
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APPEHDIX B

°RDPAGA*ION OVWﬁ AN ELASTIO BOTTOM

528 The simp1e°t approach to the problem of undarwater
sound propagation over an elastic botiom, taking 1nto soeount the
influence of shear waves in the bottom, ig through the compuxation
of the-pleane wave reflectlion law which applies to this case. The
“bearing of the reflection lavs on sound tranamission is discuesed
in Section VII of the tert o

329, The pressnre coefficienx of reflection - the rabio of -

refiectea to incldent piessure amplitudes - may be computed as a
- function of the angle of incldence for nlane waves incident from
‘water on thé boundary of an elastic medium. This may be accam-

‘»;pliehed conveniently by using an analyeis of the general boundery
condisions for the reflection and refraction of elastic waves pub-

- lished by C.G, Knott meny yeers ago (Bibliog. 26). A summary of

thie analysis is glven in “Exnloration Geonh;sics” by Jode Ja}rosky°

, 330 The special case which is relevant to ‘he unéerwatsr
sound problem is that in which s compraessicnal wave, originating

. in the fluid 1s incident et the interface of a fluld and en elastic‘j _V'A

solid, ‘In general, the energy of the incident wave will be dis- .

tributed emong three new veaves, reﬂected compressional wave in
- the water; & refractea comnressional wave in the solid, and a re-

“fracted sheur wave 1n the solid. There 1s no reflected shear waveQ

331. The 'ormulas piven bv Knott utilize the following ?b-

"ﬂ' bréviations.

e A Gotaneevt of angle of incidence of compressional
: L wave 1n the first medium (the water)

R L Cotangent of ‘angle of refraction of comnressional
: vave in the second medium (the bottom),

LY - Cotangent of anale of refraction of shear wave 1n
3 _the second medium, SR ; e

Y o Hodalus of riridity of the second medium

B ./o)fQ! «l‘Denqity of the first and Pecond medium. reSpectively.
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A ».-,- Bnergy factor of the incident compressional wave, S  "'~.1"1
Al - Energv factor of the reflected compressional wave.,u t | :
Y S Energy factor of the rerracted compressional wave,iird

2 B . Ihergy ractor of- the refracted shear wave, .

o - 332, Tha geometric relations at the interface are indicated
on Plg. 11, in which ©,1s the angle of incidence, ©, the angle of

- refraction for the compreesional wave,and ¢the angle of refraction
: for the shear weve. _ .

I o | ’Wafer (/57" /\’}ec/)
17/////7//‘//////// D n
o R : Bof)"om @hd ﬂed)

o - F ‘8. !1 S
- 333, 'l‘he anples made by the rays with the nomal to the
boundary are related by the" equation which expresses Snell's law-_ JREREE

gin i sin @z sin¢ Vz s vz :

.where the angles are shown in Flg, 11, v, arsd V, sre the velocities R L
.in the first and in ths recond mpdium. r%enectively. ‘and vy is the - e '
velocity of shear waves in the second medium. e S oo

3’54 The enerpy equation states that‘ e

c,oA—-cpA = C,OA’+7 B

(67)
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. '3'%5 The boundary conditions require that the sun oi’ the
' ‘components of the displacement on both aides of the boundary must
- be the seme and that ‘the sum of the normal and the tengential com-

vonents of stress must be the same, The satisi’action of the 'boun- ‘) '

' _.dary conditions leads to three eouatione‘ o

B'= ———T—--A TS

A A, 15—‘—’—-/‘\ @

C‘)”

A+A ’Q 7‘:26/ . ‘7/2/ """

336 B;y makinp use of thece three equations. toeether with

Snell'a law end the energy equation, -4t is possible to comnute ‘the

"~ ratios of the energy factors AJAY |, A fAY | AlfA and BY/A%, which
fcorresponxl to assigned values of de-z ty and velocity ratios for
the two medisa.  The pressure reflection coefficient discussed in
the. text (Section VII) s &l/A At certaln angles of incldence
some of the energy factors are imaginary or complex, In these

‘ cases the a.’osolute magnitudes alone are considered R

| 387 conmutations have been made for various aneles of inci-‘ B

' tiexice, for the’ fonowinp asswned retios of density ﬂnd velocitv'
‘,(é) Vl 2 ¥y ‘v_z L3 3u': and,O}}g.. 2 s
(o) ¥ : V51 9522 3 ‘ Plp "1.‘”

HERA

e

The results of the comnutations ére ‘shown in 'l’e.'ble v

{See Teble V on pege 11@)
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o TABLE va‘ . '
PFRCENTAGE ENFRGY DISTRIEUTION BETVEEN REFLECTHD,
' REFRACTED, AND SHEAR WAVES. ELASTIC BOTTON,
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' PROPAGATION OVWR A STRATIFIFD BOTTON,
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338 Although most cases of low frequencv sound nropagatia: o
4in shallow water are adequately deecrided by the theory derived in
“Appendix A feor a simple bottom, the derivations may readily be ex-
tended to include the more genersl case of a stratified bottom,

In these derivatione the effects of reflection from a stratum be-
- low the actual bottom are taken into account by treatinp an acous-

tic system which" comnrises three media. The three media are the
~water, a single layer of homogeneous fluld of svecified density

and velocity of sound, -and an underlying fluld of different den- =
‘8ity and veloeity of aound ~ The unﬁerlvinp fluid extends 1ndef— S
'1nite1y downvard S

. 339. The form of the solution in termg of the normal modes '
of the two upper layers is similar to thnt derived for the simple

- ‘bottom, although it is more complicated algebraically beczause of
“'the add*tional parameters, The derivation is carried out for a

typleal mode of the “transverse” class of waves transmitted through

‘a rectangular tube. : ‘ ;

‘ g340 Consider for the analysis. the pipe svstem shown in '
Fig. 12. This includes the water, the intermedinte bottom layer.
ené the underlying bottom material extending to infinity. Let
_the water depth be by, and the thickness of the bottom layer be

. The thicknesses are meesured along the y axis with positive
>4 belng teken downward, The length of the tube aystem is consid—
ered 1nf1n1te in the x direction. . ‘

- "FR'EE SURFACE

47 /

e

INFINITE
// mEIUr

N
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'341v For the simnle 3 class of "transverse" waveq the nresa 1,,,
_ sure diatributions in the water, the bottonm layer. and the under-
lving strv.cture. will hpve the folloming forms. ‘

PI: P smh [’EL(K— )]€ ﬁwc g!(¢'+,‘§)x] S :,;(71);::.,
g »&é .,,smh{-‘t« z,u,)]E[""t ’ét«wm S m
E} e, e [w“r-w«ﬂ g Bot- ~‘*’—(«+s )x] (ﬂ.,’

The distribution constants k’and,a. and the nronapation eonstants -
B and'f have the meaning given 1n ﬁppendix A ' o

‘ 342, Substituting the«e relations 1nto the vave equation N T
yields the following relations between the divtribution and prop— SRS
agation conqtants° ' : Ll :

)

!l
0‘““ Co

(07*5 ., (K //«,) + /

lem ) 1 o wm

‘ﬁhere [ T
L _ 2k o L 24
7= T, | 7 ‘ ‘Z = ’3‘:

'34% The general boundary conﬁitions to be anplied are those

of continuity of ' preesure and of particle velocity at the’ boundaries; .

2E3 ﬁ.U u:.‘fi‘

Y. 28

Pm:
._'_ ‘..l..
oY o FK, 3;‘ /°

F%
3R -
9y -

=;«>;'~fa~o |

h

_'?ogs S
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‘ 844. Apnlving the ﬁrst bmmdarv conditlon. M&x of
;g g g;;g to the wg&er-hgtgom jgggg_m there results Co

=y sm/) Eyr(,r-/a,ue[ ‘*’t (0' i Z’)x] :

()
Jwt (6" iljx S
S/I?/)f?f —-‘)(Kz-J/L,_) r:ﬁzjef S}' v Z;) ] :
. This expreesion must be an identity indenendent of time and dis-— | .
.Yance slong the tu’ba For this to be true the following relations
-nmsthold : . Y L T e

& T, 3 4+ JT,

‘T‘“I o :;—3—f——4—+f | , :(‘79) K
¢, . Ca

Paslrt = mm.) «»-M o

»Apnlying the second boundary condition, gogtig_t_t_igv g_ gargicle
, Iglgc;tz to the W’lt?r-m houndary, there re.sults S

RRE

345, Continuitx of pressure at the 1ower m of the M—

v m ;_exg,g. yields the relation

| u&»h[ir(ﬁo‘wg,«pz]gf"“’t ca("i*“,)?(] 036 ﬂ(A’z—#t; €'J.wf'-9’ (U‘,f.;tz)] (32)

- Aaain. this e,‘pression must be an identz.{',y S.ndenendent of time
~and distance slong the tube system, ¥rom this the followine re—
lations are obtained. ; , ‘

6L T, _’_  ! <‘5’+.:'Z" B f R
e = “‘L"‘"’“ca el @)
A un/;[’T(K i) ¥ cp] "’("?"’.“9 o (8)
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ggim;g x _g__ nart;gl ve;ocitv at the 1 gwcr _m_r" g of uhe .99.&-
tnm laver gives the exuvression

P (ﬁf‘/“%)PoamSﬁUrf ’-"-Y“l)" ?’J 'ﬁ ‘”3‘4/“3) ,35 (GF’JZD( 5) 1 1

846, Dividing '(ao’) vy '(81) there r’es;ulte the‘trénsceﬁllentai -
equat\on ‘ ‘ I g

" oh tank n{xv.yu | : &; f‘whiﬁ(::(ffa%)*ﬁ]
a B e O ‘/“*

) 'lm'—,mng (84)5 j‘by (85) r‘esm,svm' .

- ah, 7‘3"” [ 'wﬁ@zl f.—gz‘ Ay e

~ ‘Combining (79) and (83)

Gl Gl G il

From (74) (75). (76). and (ee)

z (/ /*)~ —7:(& /A; -W(K d/as) (39)
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”Fibﬁ'(ee). let

,T?'é¥ ﬁapfiiﬁ( )(“h %ﬂ‘) * qp]

u\\

g o YPole]
et /—-Vm»h[w( )(K .J/,,_’)}

f“‘From (87) let

fanh [:r(ﬁg-w,)*- 9%] - ,o,, (“‘:‘{‘ﬁ%

fan /) 902 = U T‘anla[ w(K -4/*-)]

¢ ‘g/*a

/ - Ufan/; Evr(xz-.w;]

vff'Cdﬁﬁininé (91) And (93).‘thﬁre‘resu1ts\"

: = 17' 73)7£»[3T( )(Ka'if‘;jj

_g;‘ ;_ ‘ 7= I’Tﬂﬁﬂ7fnﬂ3)0<-%uél
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348, Substituting for U end V yields the final transcendental

-‘eoﬁation.‘,'

4 ;oo;gl,_ ( -JPI)TM‘) ﬂ'(K “.y,l) f@nh [ﬂ’(.d) K*-"‘)'\é:‘
’_ }‘og?& (r. «.,u )ra"" 7?“{A’ %)fanhfﬂ(‘-*al yu,)]

[N .

(-fzj—_i}‘-::) —-ra»m W(K;;Wf-)

I+ ,o, M" ) Tanh ’7( K z-.J/L.,)

J/‘a

L 349 ' Beceuse of the additionsl peramsters 1ﬁtfbducedv ﬁhié.
”,expression is much more comnlicated than that obtained for the

simnler conditions of Apnerdix A, For this reason it is not pos- Lo

. 81vle to plot the general results on a single series of charts
‘such as those plotted in Plates 12-16. Charts could be computed,
‘although with difficulty. for specific snecial conditions. for

. example a definite assumed thickness of intermediate leyer, =

 Some simplification of the expression results if attention is
confined to transmission over hard bottom above the eritical fre-

~ quency, Detailed computations for these cases have not been made.'f'ﬁ




APPENDIX D

GENEhAL NORMAL MODE THEORY FOR A POIN’I’ E

SOURCE BFTWFEH INFINITF PLA"FS
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. app mmlx B

GENFRAL NOEMAI ODE THFCd' FOR & POINT
' SOURC? BETWEEN INWIHITE PLATu;.'

: 350 The purpose ot this annendix lq to deriva d;rectlv the
erﬂagation rel ations for the penersl case ¢f a noint ‘source of
sound located between two parallel nlanes, the surfece and the .
bottom. In Apnendix A the vromapation of sound in shallow water \

. was derived by extension from the theory for tr nnqmiseion in a ’, K
rectangular pipe, The artifice of the nive is convenient because

1t pérmits complete solutions to de obtrined, It is not entirely
general however, ' The treatment in this annendia is peneral al-
 $hough the resulis are expressed in the form of integrals which
“have not yet beer’ evaluated, 10 Phe most relevant result of the der-
ivations, the eaLntion which exvres=es the influence of the bound- .
‘aries on the field distribu»ion, w1ill be found to be identical

‘with that derived under the simpler assumvtions of Anpendix A,

The yeneralitv of thla equation is’ thuq Preat1v enhanced

, 351; The wave equat1on for a region in which there 1% a ‘.‘v
sound source is - o o -

B ep _;&_ i
V P .é—fi T e bt : (96)

where q is the sourc9 function and p 1s the pressure, o

?52, The region considered is defined by two in’inite nar-”

hllel planev distant h from each other, 2s in Fig, 13. The qusce‘A"“

- between the two planes is assumed to be filled with water, The
.upper boundsry is taken to be a free surface, The lower nlane is
‘taken to be the boundsry of a homogeneous fluid 1nfinite1v ‘extended
An a direction normal to the boundary, Cv‘indrical ‘coordinntes are

-emnloyed, ‘and the origin is taken at the surface on a vertical 1ine”f:.__ 7'

paseing through the source, The location of any point in the 8y~
‘ten is described in terms of its distance from the surface (¥), its
‘dlstance vedially from the origin (r), snd 1ts nptmuth anrle (9)
from any piven reference radial line. P

R /_ sovrce o
; - T

1 | f—.-*t;* L ,":fl‘ ‘1?v: R
l | :"—“‘“———T‘ ﬂ(y,ﬁ
\\\\\\\\\\\\ \\ \.\ \\

E 10 ' The interralq were evaluated Ffter the text was written,
See Addenda, ' S . . _
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. 353 The theory of partial differentisl equations shows that = A
- the entire solution of equetion (96) for the steady stnte nay be S rm
_obtained by solving the equation with the ripht hand side equal to o
zero, and by expanding the expression on the right hand sdde in .
‘terms of the characteristic functlons(normal modes) thus obtained.

| 354, Since the treatment is concerned only with the steady
state sclution of (96) for a sinusoidsl source ( a complex source

- may be analyrzed into & series of sinusoidal sources if the eystem = -
4% lipear), p and q may be defined as follows = Coo

iy o e C
P o= Plyrge 0 (97)

= aUmee

'The 'éguaticn .(96) xio;: ‘beébﬁg’s ‘
(V7+ &)Phma = vopQyne o

| . 356, For eny system the solution in cylindricel coordinates
of (98) with the right-hend side equal to zero is o

 Pare = 3 T3 g cosg@Bmsin gl 8D o

' This equation describes the pressure at sny point (,r,8) in the
region, in terms of summations, in which the values of the terms
~ are determined by the separation parameters Uy o % o 808 Yp.

- These parameters correspond vhysically to complex distribution

constants, -whose values depend wpon the boundnary conditions. If

the pressure at any point in a glven acoustic system is defined o

by the swmation of the Tiressures at that point due to & number of -

- mormel modes, than each term of the summation (99) may be consid~ =
-.ered to represent one of the normal modes of the system, It follows
.that the pressure at any point due to the nth mode will be given

by an expres=ion of the form L : o

L Atere = 0w Yo -Rm 0
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356, mhe adnissible valuen of the comolex di«tribntion con—"
- stants ¥, . ¥, , ¥p are determined by the boundery conditions im- .
nosed by the nhyqical constant g and by the geometrical confiFura-
‘ tion of the evetem, napely. L e .

(a) The system is synmetrical about the origin, -
P will therefore bv 1ndependent of @, .

J'(b‘ ‘The upper boundary is considered to be an inpv
~ . finite, plane, free surface. P is therefore equal
lto zero at all points on the unper boundpry.

(e) The lower boundary 1s taken to be the nlane
upper sur;ace of an infinitely extended homogeneous
fluld,  The battom is considered parallel to, and
at a distaace h from the upper surface. The con-
ditions which must bé satisfisd at the lower boun—
© dary are those of continuity of pressure and of
normal parolcle velocitv, o S ‘

. .‘357 These bomndary conuitions 1mnose four restrictions on
the distrihution conctants., . T

(a) Condition (a) requireq that zf 0 since the system o
ic svmnatrical aboux the origin,, ' G S ;f‘

C (v) Oonaition (v) requires thattb = 0, since the nressure
'f:*must reduce to zero at the eurface S - '

= Ae) Thp third condition gives rise to a transcendental
- equation relating the distribution constant ¥y and the
physical conatents of the bottom, The roots of this
equation will glive the allowed values of K’  The de~
. rivation of the expresaion will be given 1n e laxer L
: 'section. g o L SRS

(d) Since ‘the d*menqion in the:s direction ie finite. L
- discrete valuss of the distribution constant ¥y are
obtalned, corresnonding to the aliowsd configuraetions
+ of the pressure field ia the "% direction. 'Since the’
. medium is infinite in the r ‘direction, there are no
_ G1screte values of ¥- . The valueq of ¥ therefore
‘ form a ”continuoue" snectrum. ‘ ~
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358 Consider now the form of eouation (99) v&en the abovef :

restrictions have been placed uoon it. We have

P(g . Z Z A( ,x,)smc) 3, (%—-) (103):""";‘:

Since eqpation (99) is the mcet peneral solution for the pressure: L

et eny point in the field, obtained without specifying boundary
condit*one. equation (104) must be the moat genersl solution for

the pressure under the assumed boundary conditicns, Since the ;,,:"
values of the aiqtribution constants E’ form a discrete snectrum.~»“

- znd the vnlves of ¥ form a “continucus“ spectrum, the most gen-
‘eral soluxion must contain en infinite summation of terms 1nvolv-

. ing 3% and azn integral over the range of noseible velues of 24-.7

'Lquat on \10?) may therefore be uritten

Pt = 3'"(%) f? @, <!=~>d<z=> Coaw

‘where the function F, GgO 18 to be determined Since this exnres—k,if“;‘
‘slon satisfles the above requirements it must be the most general o

,form of the eoluxion,‘

o 859. - The characteristic functions of the above expression
are now used to obtain an exnansion for the source function,._\+‘

awn = «m(*"“)f G <-=>J (—%—)d(a <1°4>

where G (~£) 15 to be determined Multiply both sides of thie ff

:-equation by s:h(_uﬂ)

Q(g)r)&n(.&.ﬂ) ( ZS/?’)(JM‘/)[G (!n)\]-(i.)cl(.r)
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: 360, A nat henatlcal device, similar to that uqed to obtain
‘Fourler series ‘expansions, will now be emnloyed : The device con-

' sista of the assmnption of orthoponalitv for térms of the tyne

sm(mx) srn(nx)

,me“conamm for drthogonality wmc"h 'mstjbe- gh“tvis:fiie'd‘ s

fsm(mzf}s/n(,w)o’x o for au fnfﬂe n
o #O Foh au ' m:.—.n

"Assuminp orthogonalitv of the terms ‘ sln .%_i)sm( k'.,

‘integrating over x from O to h, and rioting that all terms of the R
‘summation vanish #xce')t those for'm .; n. ) he following emrnsipn

13 obtalned:

f Qcy r-)gsm(lfgi\d\( = f sin (.. d)f )J ({p_)d{") (106)' 3

Let

H(r) /Q(sm) °rr(M)dq e

/ 3/77 _.a_.‘i) d EE S B o

Equation (106) then becomes

H (r') = / G, (g:)J (.4_ )J({:) ; }__" f._(;ﬁé)' .
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361, The function G, (-—t'-) mey now be obtained by mmlving
the Fourier-Bessel theorem (Bivilog, 9, o 385, ex 44), This =
“theoren glves a transformation which allows solution for an un~
' known fumection ¢ccurring inslde an integrel. Thus if f(x) and
\ 'g(t) are twe functions, the theorem states that ‘ ‘ .

| f(x) ftg(thf{tx)-’/z

éi.yg(t) ; f )(f(x)\f{tx) (/Z‘

I-etting f(y) = ﬂn(v‘) t r(t) = Gn(") yzr t= (%). ;Gn({s) B
may nov be obtained in- the form e Tty

G (Yj = th’ (/‘)\f(%f) f‘df"‘ ‘ ;(109‘)

'%62 For any given soirce Q(y.r) Hn(r) ey e eva]uated by
. ‘means of (107) and then substituved into (109) to calculate € (-r).
B For the special case of a point source. there resulte .

,?u A ‘h’A z .LA
o i e {"'; o Z‘,f‘{:" ._.»}
and Q()’ r) o at a.ll other pointq o 5 (110)

yo = source denth, .

. From equétion (107) o R

| . o 9#-!-—49 I [ |

Qﬁ:f (¥9%
vay OTE,

| Hn r = |
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: where

K 5”72(&’—“9@ —'3'-{ ‘z‘ e ;Sm(._m_..i” ")J (11?)»?'*'

macmr, ‘this value of Hn(r) into equation (109) results m the fol- =
_lowing exoression for G ({n). : o gho ‘

\ b’Qo sm(—ﬂ—‘i)f & grdh Qosm(z{i"‘ja) |

‘ '36'2 Thia exnression may be substituted into equation (104)
; to obtain an emlicit exn:msion for the source 'unctio'x..

Qun .__Zsm-‘-’ﬁ-—ﬂ)] ¢, (é){ (-?%ﬁ)’: g { ~,_if];<’ne? ety

: . 364 Continuing with the develonmen* of ‘the solution, return
~ to equat ton (103), where ¥, (%) 1s to be determined, Substitute
. ;equations (104) and (10'*) 1nto the wave equation (96) ’

,{ %—,sm(—ﬂ——“')f (% (“)om}{co ' zr}-

i | jw;a, {? m( é__a)/ G @_’:)J (é'r-'")d(-r)
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‘o meke this expression an 1dentity, F, (XZ) must have the follow-"“‘“

ing form
8= S

o 365, The final soluxion for the vresqure ‘then becomes AiL :""

Y

Nhel h

';‘ryr\ i [ J%%QL 5 n(—-%nﬁ‘) sm(—‘ﬂ-‘i-)/m V- f) "

This exuress%gn gives the pressure at any poiht in the qutem asf'
the summatlon_the pressures due to all the modes of the system. o
The integration over ‘the distribution constant (¥) may be taken

. for real values only, with no loss of generaltty,‘ For the first - S

: mode the expression has the fnrm

P L*-’%-zé——J aingis )w(ﬁ-—b) ,‘;ai’(f,’) “5?

‘fNLNSSB The definite integrnl ‘o the exnression has not been
‘gvaluated® dbut 1t is vossible to deduce sone 1mportant properties

“of the solution by inspection. These will be discusaed, followingv*;.'{
- “the derivation of an equation which fives the admiqsihle values SR

of the distribution constant, (UQ).,_.|».

367, The soluxion giVen by equation (117) for the 1 presqure .
field at sny point in the ersten denends unon tbe ‘boundary con-
ditions et the bottom, wh teh, in turn. determine the values of the

11, Sée\Aﬂdenda,
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Adistribution constant (X). The formulation of the ‘boundery con~

f‘.aitiona therefore determ nes the nature of the complete solution,

IR 368 Conqider the n‘h tem of t.he series renresented by t.he
“equation for the pressure at any poiat in the system (117). This
‘torm represente ths wessure due to the nth mode of the sv«teme

- 1% may de reuri‘ten more simply in’ the form “

g5 x.m S b =
e T

“The boundary conditiomz of continuity of pressu.re and normal par-
ticle velocitv give rise to the follcwing exuressions ‘

| dt y = h o
RS »)
! aP - / YA R

lo: —Sf = pz b’j

B As in Appendix A, the pressure distribution in thz second medium '

~ ‘the bottom, must be known. The requirements that the pressure

'must dacrease with increasing dowaward distance €rom the boundaxy; ‘:

‘end that tbe pressure must be continuous st the boundary at all

T points in the system, nacessitete the’ fbllowinp form for the sound

“v“pressure distribuzion 1n the bottom.~?.7
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@64.' Anplving the ire oqggg gogﬁigggg continuitv of

nressure, yields

I‘

vc .sm(-ﬂfj)[-ﬂmé@—{f“ d '-) C e( f;réﬁ)-“@l (139) :

N

' Since this must be true 1ndependent of the distance from the origin.

the followinp re‘abions are obtained

~

3.70 The m,g. :mm_m s.gnizﬁign requires tha'i L

”idividing‘(12§),br (126)'giveé”the equatio# -
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871, Additional relations are obtainea bv setting the expres-

W'”isions for the distributions in the two media into the wave equation ' R
- (96), with the right-hsnd side equal to zero. In orltndrical co-
_fiordinates the wave eouation has the form ' A T e

'*""':PL ‘5‘( )‘f’““a'f"_’ =0

| *&lcﬁ, o
iy
. P13 - ;

..  ,Substituting the expression for the distribution in the first medi- o
?f um (equation (118)) 1nto the wave equation resultq 1n : .

;'From this arise% the relation ;

SN s“bStituting the expression (equaxion (121)) for the- ‘pressure 5a

=:" ;the second medivi 1nto the vave GQnation 2 e;milar relation is ob# a6

|2.

X

o Combining equaeions (123) (130) and (131) results in o

{3;) (C 9,, tw "[ ‘74,)] (133)

,,(N B Thie relation also arisee from the combination of (12?)

and (124) becaute of tha conditions which vere lmnoqqg 1n obtain- f o

'ﬂing the final pressure exnression )

 corimTIn S e 1. -

=0 . e
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372 How let a{‘, J}’T({f %)h

Equation (127) reduces to

Tanh? 77(}??.9'4) .. | (’a}//O,

TR . Cg)‘{(««ﬁ*M"M;é ‘1} o am
- | : | 71 | o G
Le"' _Ab.: M?/-C/)) Re= [C)Q J where 7, = -/\—; (134_)
‘ Equat1on (ITQ) reduceq to
‘?"abff(kﬂ)..‘l A* T
n -J B ST I T
e et o

_ a73, This equation 1s 1dent1ca1 with equation (?0) in Appen—"

) diy A, . Since equation (135) was derived oa much more general as-

sumptions then equation (20), the vaelidity of the relativelv sim-

‘ple itrestment in Avpendix A is consideradly enhsnced. An addition-

sl result is thet the solutions of equation (20), computed and -
"vlotted in charts (Plates 12-16), are ann11cable to the penersl
‘analysis of Annendix D as well asto the spncial analvsiq of Ap-
‘pendix A, It may be shown that the same equation is valid also

. .for the cond*tionq aqsumed 1n Appendix C (Pronagaxion Over A %tra~,.‘
‘»tifiea Bottom) ‘ , T S o

. 374 An equation in 1ntegra1 form (equation (117)) has veen ‘
‘ obtained for the pressure at any peint 4in the acoustic system, and -
also a relation (equation (135)) wkich expresses the influence of
" the boundaries on the field distribution, Consider equetion (117),
the finel expression for the complete pressure field, Fxamination

| of the admissible values of the distribution constent ¥, shows

‘that this constant increaces consistently with the order of the
mode, Examination of the demominator of the integral expression

- shows that for moderately low exciting frequencies, for which
% lﬁgﬂ,' and n is large, the stimulation decreases with the )
order of “the mode. The stimulation of any mode may be definzd as
the pronortionate part of the total energy ‘which reqides in thqt '
mode. : : , . ,

CCONFIDENTIAL 189~




375, One corollary of the sbinu;ation law ig thﬂt tke modes
of high order are weakly stimulated at low frequenciee, and their
excitation requires only a small fraction of the total rauiated _
‘energy. Another corollary is that the modes of low order are less
- -strongly stimulated and the modes of high order are more strongly
stimlated, as the exclting frequency increases, At high frequen-
“cles many modes sre strongly stimulated. ‘The ctimulation of modes
of low order is not negligible, however, even at high frequencies,
The small damping rates of the lower modes insure that most of the
-energy at large diqtances over soft bottom will ‘be cerried by thase
~modes, . o : P : £
. a6, The“term sin ( X ) involving the source depth Yo

eglves the variation- 1n stimilation of the modes as a function of
. the gource location, It may be eeen from this term that the sti-

. mulation of the system is zero for all modes when the source is

at the surface, It i3 aleo clear that the source should be lo«
cated as nearly as possible midway between surface and bottom in
-order to nrovide the maximim stimulation. under varving bottom ,
conditions, of the modes of lowest order and smallest decay rates.
It also follows that if the source is located at a point for which

3n$g'is small for a,given wode. the qtimulation of that mode will
‘e weak _ _ S , .

- 377. The transcendental term ‘”‘(?g} yhich 1nvolfes the dis-

. tence from the surface, y, #ives the vert cal distridution of, the

- sound pressure for eny given mode, This expression may be reduced
to the vertical pressure distribution relation given in Appendix
&, Part 5. The interaction spacings caused by interference between'

' the modes may be determined from examination of the coincidence
polnts of the maxima of the Bessel funetlion terms in the integral

expression, Good agreement is obtained between cbeerved inter-

- -aetion spacings end spacings computed by the above method

‘878, Symmary., An integral expression has been derived which T

“gives the sound pressure at any point in the acoustic systen de-
fined by two infinite parallel planss, surface and bottom, with a
‘point source located between them., 1In formulatinp the boundary
condléions it was assumed that ths bottom is homogeneous to0 an
infinite depth (1.6, reflections from lower strata were assumed
naglipible) and that shear waves in the bottom may be negzlected,
‘Both asswmptions appenr justified by the results., It seems pro~ = -
bable that the transmission of underwater sound in the actual '

. physical system closely approximates the predictions of the theory.
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 'SAMPLY CALCULATIONS




APPEKDIX E

».;.snm* cu.cummons TR e

_ - a79, The purvose of this a.ppendix is to present a typical
~ ealculation of the attenuation of sound pressure level between two

glven points in line with a sound source, uaing the propegation ,

theory developed in the text. The examvle chosen for computation

4s represented by the third record from the tov of Plate 2, made
"8t the Potonan . River ‘Bridge Range under summer conditions. at a fre~ S
‘quency. of 80 cps.. The transmission is of the "demped" type end is . = =
: doninated by the firqt mode at distances ereater tth two or three ' R
'utimes the water devnth." .

380 Tha data are :

Prequency L : £ T Lo ‘ 80 cps

-

Hater depth : L ‘he o 55 ft
Telocity of Sound in weter B 6 T  ‘4800 ft/sec
 Formal Imoedance Ratio ,ng R 0.3
o (i’rom hydrophone sou.ndings) /qcf' e S -
‘Specific Gravity of Bottom - /%40 = a4 S N2
f(ertimated from samles) ! B T T SR
: E -381. The comuuta.tions follow : B ’ o ‘
Free Field Wavelength - » )\ C/ ,‘ g 60 ft R
' :Depth in Half havelengths - Z ﬁ,/ , 1.83 o
'Velocitv Ratio e C‘, - A . 4 33 o

'Abscissa on Chart’ (Plate 15) B :g'ﬁ_/[ :)”]
| ' bd’otb? 6{. 33"/) 7, 73

382, The above values of A and B are ent.ered on the anpro-
printe chart (Plate 15), and values of K zmd/u. are determined
'?rom the chart 'C"O 054 and /4-(.- 0,,99'? _
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283, Next the pronapation constants “’and‘z are determined S
using the chart on Plate 17, or the anvroximste relations in equa~
" tions {43) and (44) 'I'he valuee obtained are fz-_ 0. 839 and 0”—
oomq T O R SRR '

- @84, The dampinp per wawelength cauqed bv abqorntion at the _7
 bottom is 54,6 = 1,03 db per wavelength. - In terns of dbllOOO ft
~ thie is 54, sr'/, , or'17.1 av/1000 fo. .

‘ 385. Consider a point 200 ft from the eource and another o

point 1200 £ from the source. The total attenuation between these

. two points is the sus of that caused by dampine. 17,1 db 1in thie
‘case, ‘and that caused by cylindrical spreading, amountinp to 7.7 db

in this crse., The total attenuntion should be the sum’ ‘of these L

figures, or 24.8 4b, The measured attenustion between 200 ft and

.. 1200 ft from the source. on the correqnondinp exnerimental record

ie 23 dbv, R ‘ » ; .

386 The deviation between observed and comnuted values. 1.8 db
© s well within the experimental error of the acoustic measurements,’
- the distortions caused by irregularities of the svstem, nnd errors
~4n the eqtimatien of distapces and water denths," ‘
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YADDENDA.‘

387, The f;nal expression, equaticn (117) in &nnendix D

. system of the sea. contaixe an 1nteﬁra1 of the form‘v*“‘

J/ZY; T)d(& »f
,.;- LA

Ju

e

" .whe*e the meaninp of the svmbolq ia defined in Aunendix D,

388, This integral may be evaluated bv follov mp the method

-~ emloyed far a similar case in a renort (Jo. 65) recently received
from the Minesweeping Section of the Bureau of Ships. The method
1s to write the Bes<el function in the intesrsnd as the sum of
‘two Hankel functions, end then to integrate the Hankel functions
.arcund apwronriate contnurs. Thns. if W= u+ Jv is a complex '
' ,vanable :

3 (wr) k3 n‘"(wr) + oA (wr) Q)

289, By making this tvpe of transformation the evaluation of

 the integral in equation (117) may ‘be reduced to the evaluation of "‘ f‘]fﬂf’“”‘

 'the palr of 1ntegrals

w/'/“’ i) aw
W1

w/-/’(/ﬂw)dw +  o

,w’-

~ where fhe abbreviations w = 3}é and. a Eljﬁﬁ have been made
for convenience, o e R

- The problem takes the form of findinp A contour around
: which each inuegrand mey be integrated, to give the above integrals

as a resultant. The proper contours are indicsted in the accomvany-

,1no skeiches, The first quadrant contour is emnloyed for the first
Integrand and the fourth qzadrant contour is emnloved for the qee—

ond intersrand, : . i “f
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for the found pressure at any point in the field of the acoustic C




, C
 be shown from the relations between th

‘ 391, ‘Proﬁsion must be made for ‘the‘ f.
functions heve braneh noints at origin,
- must avold, The contribution of the veth

infintty s Ho(Jv) = - Ho (= v ) the intesrals along the 1p.
aginary axes cance?, aving 3)

‘ : ‘the inteprala along the
resl axes, fThis is equal to 247y times the sfum of the residugs;
The residue at the pole in the first susdrant ig all that remaing,

N

S ’393, The final solutfon for the“pr‘e‘ssuryé a‘t_'ansr point in g
~the field becomes, if the interrals are evaluated in the above
‘Banner, = - : TR AT

o) ) ‘/OIQ e ‘ ) . 4 (7] R ey }

WBSTe e waen Oy g I A
where the 'subsyti‘tution @ = (2 = O,y =3 has been made, It may

. ‘ : e constantsa (Appenaix n)

that_ Kﬂ =27 (o~ rd T')% and ¥ ) :

. n, 8o and X, nay be évaluated 15
- terms of K, a.nd,ﬂ,, S Haking the neces's, atﬂ)&_tit’utions R
V R’".": T

SCeit)p

e

(a) Stimlﬂ.aﬁgn. 1nvolv1ng .sour_ce-;strén'gths and source dépthé. ‘ _
(v) py ‘ ties and verticay

CONFIpmWPLy, - 145,

“wE = J’?TIL{, (r‘a) (137)




' 394 in the th&ore.ical treatment emn‘cvinp the nine artifice
(Apnendix A) only the propagation frctors (b) were rtporous-v de-~
rived, “although the effects of cvlindricrl enreading were inchded
as a result of physical reasoning. ' For source-distences ‘preater
‘then one wovelength the simpler treatment of underwater transmie-
rion is adequate excent far the computationq of . stimulatton terms,

.1t has now been demonstrated by a general derivption thet factors

~{b) end (c) are =orrectly amnslyzed in the sirnler treatment, In

- addition, equation {139) is an exact expression, valid for all
- ‘source-distances, This permits complete computetions, 1nc1uding
'the exact pronafation function end the stimulation terms°
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