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A PRCGRESS REPORT IN SHALLOW WATER RESEARCH

INTRODUCTION

Tnis is an introduction to the short note of Drs. Levin and
Brown on preliminary results of some refraction shooting work
performed at Panama City, and for the note of Dr. Tolstoy on CW
propagation near the Virgin Islande. Complete repocrts on the work
will be issued later but those speclal parte of the experiments
which are purely exploratory are reported sarly because of thelr

importance to the programming of research in the shallow water
field.

The easence of the i1deas involved are discussed in a speclal
reportt prepared by the Hudson Laboratories last November. 1In
thai report, the general status of the sltuation concerning the
shallow water program was revliewed. It was suggested that new
approaches to the problem were desirable and two such approaches
were outlined. This report i1s, in essence, & progress report on
thegs 1deas as of thie time. The remailnder of this introductlon
treats these subjects 1n each of two separate paragraphs.

I. Well Hydrophones

Detalled studiee of the thecry involved in the propsgation
of iow frequency (2-250 eec‘I) sound in shallow water show that
the underlylng geology plays a prominent part in the transmission
of this sound. If the bottom consists of two or more well defined
horizontal layers, 1t ie conceivable that reception can be ade-
quate in a deep well reaching through these layers even inough
the source 1s in the water. The essence of Brown's and Levin's
results is that acoustic reception in « deep well on shore 1is
about the same as for a hydrophone in the water at the same dis-
tance from the source. The dlstances involved in this preliminary
experiment were of the order of two to three miles. Applying ex-
traordinary optimlsm to the situation, one could predict that a
series of 40 wells on Fire Island spaced approximately 25 feet
apart in a stralght line, the norme. to which faces seaward,would

lApproachee to Studies of Shallow Water Sound Propagation,
by I. Tolstoy, F. K. Levin, R. A. Frosch, end W. A.
Nierenberg. Coclumbla Unlversity, Hudson Labcratories,
Miscellaneous Report. December 10, 1953.

This Report d4id not recelve wlde circulation and is there-
fore appended to this Progress Report for conveniqu‘.
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give long ranges of shallow water detection. The output of the
hydrophones in these wells would be fed into a delay line Lofar
system simlilar to the Caesar system. In addition, since the
wells could be 10C0 £t deep, there may be room for 40 hydro-
phones on a string in each well, glving sn additional factor of

4C in signal-to-noise. A suggested sesquentlal program is the
following: _

l. Drill one well on Fire Island.

O AR MCT P |

2. Measure the absolute intensity of received CW (say 30 ~ )

sound and explosive shots as a fuacticn »f depth in the well
fcr the closest poselble distance.

3. Repeat as a function of range, to estimate the absorp-
tion.

4, Measure the relative phase of the received CW as a func-
tion of depth for the verticali array.

5. Drill a second well 1000 ft from the firset on a line
parallel to the shore.

6. Repeat all the earller experiments with the second well.

7. Combine the output of the two to give a Coreair type

test, l.e., "white light" fringes to check the coherency
of the signeal.

8. Fill in with 38 additional wells and check the signal-
to-noise and signal vs range.

The advantages of such a system are obvious but are listed
here anyway:

1. Eliminates the need for expenslve armored cable.

2. Offers tremendous advantages in simpliclity of design
and malntenance.

S It is invulnerable to attack by sneak submarines.

The prcposed scheme may never be fully realized for any one
or more of the following reasons as yet not understood:

l. The absorption in the underlying strata may be st too
high at these frequencies. ' ,<$>
IAL
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2. The phase distribution in the vertical may be too com-
- plex for compensation.

i 3. The amblent nolse may be tooc high.

ey ——— ——— i ———— =

4. In general, the geologic beds are wuot horizontal nor
uniform. They often appear as wedges opening seaward. The

present theory gives no clue as to the effect of this ge-
ometry.

It should be emphasized that even if such & system should
e have some degree cf success 1n one area, 1t may not 1n another
for the reasons enumerated.

II. PFrequency Peaking

. Another prediction of the theory in tihe lcw frequency re-
4 5 glon was the theorem that for CW propagation the acoustic exci-
o . tation would vary approximately as the reclprocal of the group

veloclity for constant energy input. 8ince such a minimum gen-
erally does exist,this would imply a certain optimum frequency
for low fregquency acoustic mine sweeping.

: { The effect was looked for in experiments off the Virgin
L e " Isles and was demonstrated to exist. Dr. Tolstoy's prelimin-
ary report 1s included. The effect can be predicted with the

; knowledge of the velocities and densities of the underlying
s beds. However, since the Alry phase arrival 1s at essentially

= the same frequency, it would seem that a single shot judicilous-
ly disposed and analyzed would give some of the salient infor-
mation required. This would reduce enormously the present pro-
& gram of harbor surveys with regard to low frequency sound trans-
i misesion. Such a method would slec be the only feasible one for

"quick" surveys of harbors that political expediency would other-
o wise prevent.

T W. A. Nierenberg
Il WAN: fpr Director
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) SOUND DETECTION IN A WELL
by

s Omoh B - o e = te e

F. K. Levin arid M. V. Brown

Introduction

Sound from charges detonated offshore was detected with a
hydrophone in a well at Panama City, Florida, during the last
] two weeks of May, 1S54. The investigation was incidental to the
. shooting of a reversed refracticn grofile in 8t. Andrew Bay and
> was conducted Jointly by Hudson Laboratories and the U. 8. Navy
T Mine Countermeasures Statlion. Although analysis of all data has

) not been completed, the preliminary results are considered wortn
. \ reporting.

Fregh water for t?e Mine Countermeasures Station 1s supplied
by two 600 foot wells. Each well 18 14 inches in diameter and
has 200 feet of 12 inch casing. Samples taken durlng drilling of
one of the wells gave the following geologic column:

- O - 40 feet 8and
P’ 40 - e0 " Loose Shell
_ g g0 - 210 * Compressed Shell
el 210 - 600 " Coral Rock i

On May 19, 1954, one pump impeller was pulled and a hydro-
. phone lowered into the well. At that time the water level stood
at 39 feet below the surface. Reversed proflles with charges and
\ hydrophone on the bottom were shot in St. Andrew Bay on May 20,
- T 21 and 25, 1954. The shots were heard clsarly on the well hydro-
| o phone and some of them were recorded on a 8ix channel Brush os-
¥ L cillograph and on an Ampex magnetic tape recorder. The nolsge lev-
i e 1k el in the well wae high but during one particularly quiet period, {
: an electrical cap detonated in the Bay more than three mlles from 1
5 the well was detected in the well. On May 26, 1954, Hudson Labora-
: torles' twelve channel SIE oscillograph and assoclated eqQuipment
] s used in the refraction 'wvork was brought to the well slte and on

.",,'f‘

linformation in this paragraph was furnished by Mr. J. W.
Fairall of the U.3. Navy Mine Countermeasures 8tat}éQ in
a private communicaticon to the authors.
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the following day records were taken with the hydrophone at 60,
150, 300, and 500 feet. 8Shot poslitions in 3t. Andrew Bay were
1.5, 1.8, 2.5, and 3.2 miles from the well. The shots were re-
corded simultanecusly by Countermeasures Station sclentists on
Brush and Ampex units. Figure 1 showe the location of the well
and of the two recording positions for the refraction profiles.

Results

The well records of May 27 were compared with refraction
records teken on May 21 and 25, 1954. All records had three
traces set at different gains which were fed through a low-pass
filter. Thlse filter nominally paeseg 60 cps down but the ac-
tual 0.9 point was c¢loger to 30 cps.® Amplitudes of outstanding
events were measured on the well records and on refraction re-
cordes for the same source-detector separation (Figs. 2 - B5). The
pressure level in dynes/cm€ equivalent to one volt was furnished
by the Mine Countermeasures Station from Ampex data. Amplitudes
were reduced i? those from one pount of TNT with the usual pres-
sure (PX W 1/8) 1aw. 8Since the sensitivities of the SIE gal-
vanometers were unknown, amplitudes were compared with an arbi-
trary standard. Table I presents the pertinent results. Figure
6 shows the same data in graphical feornm.

Figures 2 - & are tracings from the SIE oscillograph records.
These selected channele were measured in setting up Table I. The
top three traces were recorded on May 21 at the point designated
YR in Fig. 1. "Radioed Shot" represents the explosion as received
at the firing ship and radioed to YR. "YR Water Arrival' is the
high frequency water-borne impulse received by a bc*tomed hydro-
phone at YR, the charge being fired in the bay on & iine jcining
YR and Barge and at a distance equal to the separation of Well and
YR in Fig. 2. "YR Ground Arrival' is the earth-borne signal in
the 30 cycle low-pass band as received at YR. The "YR to Well!
traces corresponc¢ to explosions at YR received at the well at 60,
150, 300, and 500 ft depthe. A similar procedure wae followed for
firing points designatcd at C7, N6, and C5.

2Well traces from a 15-40 cps band-pass filter looked
“cleaner" than those from the low-pass filter, but the
15-40 cps unit was not ueed in the refraction progranm.
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An examination of Table I leads to thc following conclusions:

(1) wWithin the rather large experimental scatter, amplitudes
of sound detected at all depths in the well ere the same

as those detected with a bottomed hydrophoine at corres-
ponding source-detector separations in the water.

(2) All measured events have abcocut the sume peak-to-peak
period ( ~s 0.035 sec).

S8everal apparent velocltles were found for events recorded in

the well. (Table II)} Time "picks" for velocity determinations
vere made moetly on later arrivals and, hence, are uncertain.

TABLE IT
Depth of Hydrophone Velocities in ft/sec
60 feet 62580, 7600
1560 * 5700
gco M 8800, 8850
500 " 7200, 8850

Too much weight should not be assigned these values since the
shot points were widely separated.

Preliminary analysis of the refraction data gave a subbot-
tom consisting of 100 ft of 5300 ft/eec materigl, 200 ft of 6100
ft/sec material, & 500 ft layer with a velocity of 7300 ft/sec
and a thick bed with a velocity of 8800 ft/sec.

The nolse level in the well \as nmuch higher than that found
in 8t. Andrew Bay. Part of the nolse was 60 cps electrical pick-~
up due to ground loops and aggravated by rain dripping through
the well house roof onto the equipment. The greatest part of the
nolse geemed to be mechanical and was traced to nearby machinery.
When the machinery was shut down, the noise level dropped. The

?oise level ?ecreased markedly with increasing hydrophone depth
Figeo 2 i 5 .
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CONFIDENTIAL - 17 -

RESPONSE PEAXING IN SHALLOW WATER TRANSMISSION
by
I. Tolstoy

The predictlon of a peak CW response for frequencles close
to the alry frequency was verified by COW experiments in 8t.Thomas,
V.I., conducted at the beginning of February, i954. This result
is 1llustrated by the following comparisons of preessure levels
for different frequencies along neighboring tracks:

a) 4 plot ?n log-log paper of the pressure ve range curves.
{Fig. 1).

b) Pressure levels for different frequencies at 1250, 1000,
and 750 yards from the esource were averaged to eliminate
local effects insofar as possible (Fig. 2).

Figure 2 shows a pronounced peak at about 25 cps, which is
effectively very close to tie Alry phase frequency as determined
from shot data ( ~ 21 cps). This 1s the predicted reesonance ef-
fect. However, the phenomenon appears tc be considergbly sharper
than that predicted on the basls of any reasonable theoretical
model. The cause for this sharpening 1s unknown at present. It
cculd be due (0 a combination of topographilc and structural effects.

Figure 1 shows that had we used some process of averaging
which would include the whole run from, say, 100 to 1500 yards,
the peak shown by Fig. 2 could have been flattened.

Both refraction and submarine topography surveys in this lo-
cation showed the bottom to be far from ideal for the purposes of
our experiment. Marked local departures from predictions based

upon any crude average plcture deduced from refraction data are
therefore to be expected.
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CONFIDENTJ
INTRODUCTION

The enclosed memoranda form a serles of comments by members

of the Hudson Laboratories with regard to possible directions ef
research in shallow water sound propagation in those areas where
ray tracing is either too cumbersome or neglects wave effects to
an extreme. Theas memoranda have been assembled for convenience.

A cursory examinaticn of the problem reveals it to be not
one of equipments, but situations. The maximum use of given

equipment will vary widely from site to site, perhaps to the

."-

extent that widely different frequency bands must be utilized

both for passive and active ligtening.

yops i d

From this viewpoini, these memoranda achieve three results.
p— ' They suggest definitive experimental procedures which limit the
= reseﬁ}oh to amassing the data that will be necessary for defense.
i They suggest definite experimental procedures that are required
for ths identification of acoustically similar areas. Finally,
. 4 tney suggest several new approaches to the problem of shallow
D e water listening and active ranging that derive from the theory.
P j As examples of the value of these memoranda, we would like
2 to employ this space to re-emphasize two of the new approaches.
- I B In a situation where the water is underlald by perailel layers

2] of increasing veloclty sediments and rock, the theory is sufe

o —— ficiently good to estimate the variation of the group veloci-

< ties with frequency. 8ince the C.W. excitation for constant

energy input varies inversely as the group velocity, we eé§sot
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& max citation for a minimum of the group veloclty curve

of any mode, and vice versa. These maxima can in themselves be
useful and they also indicate the distortion that would be pres-~
ent in a given speotrum. In the same sifuation we may find that
& cut-off frequency for a given depth of water may not be cut-off
when an intermedliate rock layer is considered. Consequently, a
listening device in a narrow bore reaching to the center of this
layer may give enhanced reception.

The contents of these memoranda were dilscussed by their

authors before an interested group in the Department of thc Navy
on November 25, 19563.

7 . ]
W e wbors
W. A. Nierenberg d/
Director

Contract N6-ONR-27135
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Date: October 19, 19563

Dr. W. A. Nlerenborg

Dr. Ivan Tolstoy
Sound Propagation, Shallow Water Locations

-l GBS UdE. oM g

F LS

’ﬁ“r! P+

The following are a few suggestions for remedying the
largest and mest cbvious gape in our knowledge ooncerning
sound propagation in strategic shallow water locations (such
as the vieinity and interior of harbors).

C.W. work was ocarried out in the vicinity of Ambrose
Light in conjunction with a refraction profile. The results
obtained were in rough agreement with Pekeris' shallow water
theory. In other words, it is plausible to assume %hat in
order to understand low frequency sound propagation in thse
cage of approximately smooth and horizontal bottom structure,
what will moatly be required will be some additional numer-
ical and theoretical work along similar lines. However, the
Ambroge Light experiments represent the cnly C.W. work that
haa been carried out successfully in conjunction with a knowl-
edge of bottom struoture.

Present day knowledge of bottom structure in cshallow wa-
ter is insufficient to enable us even to classify by type the
major: harbor areas of the world, let alone to predict the
properties of low frequency sound propagation in these areas.

A very rough clasasification by bottom type is perhaps
possible for a few locations, mostly along the East Coast of
the United States. Even in these places (Boston, Portvamoutih,
the entrances to the Delaware and Chesapeake Bays), 1t wilil
be necessary to carry out refraction measurcments at each C.W.
location before interpretation of eich work can be made with
assurance. The data for these areas are due primarily to
staff members,present and past, of what 1s today the Lamont
Geologiocal Observatory. By means of some rather gross ex-
trapclation and interpolation of their results, we have ar-
rived at the following picture of some shallow water types
in areas of interest:

Newfoundland Coast, gouth of Placeniia Bgy - Unconsolidated
sodiments are thif (500 ft thick, velocity 5300 ft/sec). They
overlie a 6000 ft layer of 14,500 ft/sec roock.
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Portsmouth, Maine - Sediments very thin (a few bundred feet at
most) perhaps absent. %Basement" velocity 17-18,000 ft/sec.

Boston, Massachusetts - Similar to Portsmouth. (Interpolated.
between Woods Hole and Gulf of Maine data.) Peculiar bottom
topography features (deep holes of over 200 £t depth).

»

Now York ares -~ Good data &t Ambrose Light. Oliver and Drake's
profiles south of Block Island and Shinnecock are very similar,
indicating a reasonable degree of prédictahility of hottom con-
ditions in this gsneral area. It appears that there is a lay-
er of 56800-6900 ft/sec “"unconsolidated" sediment (400-750 ft
thick) over a 6400-6900 ft/sec sediment (1000~-2000 ft thiock)
over a basement of about 19,000 ft/=sec velocity.

: Delaware entrance ~ The Cape May profiles give a 5600 ft/sec
~g- ey layer (2000 ft thick) overlying very thick sediments of 10,800

= ft/sec velooity. It is possible that a more detalled profile |
& 3 would show layering in the 5600 ft/sec¢ layer. In other words, j
e o ) the velocity c:o )ss-section of the upper 2000 ft 1s not neces- ‘
garily too different from that of the New York area.

s Chesapeake Bay - The Cape Henry profiles show a layering near
S5, i the entrance to the Bay analogous to the New York area: a lay-
= er of 5560 ft/sec (1600 ft thick) over a 7350 ft/sec sediment
N (1300 £t thick) over a 17,500 ft/sec basement. The Solomons
3 ‘ shoal and deep statione wlthin the Bay ylelded different results:
G 4 the shoal ctation gives 3000 £¢ of 5200 ft/sec over 15,200 #t/sec .
s basement (in 52 £t of water) whereas thc deep station gives 10CO
’ ft of 6080 ft/sec over 1800 ft of 6980 ft/sec over a 18,000 £t/
gsec basement (in 110 ft of water). These two profiles were not

reversed so that there 1e considerable room for inscrpretation
of the data.

&
B

he . West Indies - Lines suggest that here too the shallow water sed-
o iments consgist of a 5600 ft/sec layer over thick high velocity
e sediments.
R : Recife, Brazlil - Offshore from Recife unpublished Lamont Geo- -
N logicai Observatory data indicate in 50 ft of water, 5000 £t of
: i J roughly 11,000 ft/sec coral limestone overlying 19-20,000 ft/seec
LR basement. There appear to be almost no unconsolidated sediments.
U o»

3 Dakar, A.0.F. - Unpublished Lamont data indlcate a very great

: thickness orf unconsolidated sediments (mors than 4500 ft thiok),

S ——_ the velocity of which varies apparently from normal (5600 ft/
sec) to less than the speed of sound in water.

Bermuda -~ High velocity rough coral limestone bottom (> 13,000
: . ft7eeo; with practiceally no sedimen’.ary cover. ‘ﬁt §
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This ‘orief and incomplete summary of existing data snows
that a GiW. survey wlll have to be carried out in conjunction
with a refraction profile and a fathometer survey for each lo-
cation. Furthermore, i1t 1s not possible %¢day toc conclude any-
thing about shallecw water propagation in any areas in which
actual experiments have not been carried out. Ths first steps
towards an overall understanding of shallow water sound condi-
tions the world over may be conccived as fcllows: atarting with
approximately smooth and horlzontal bottom conditions -

a) Investigate the losations that appear roughly similar
to us today: the New York area, and the entrance to the

hegapeake and Delaware Bays, and ascerteln whether or not
the relatively small differences in type nave important

effects upon ¥.f. sound propagation. Naturally, such dif-
ferences will have to be correlated with the theory before
we would feel confident in making forecaste for unexplored

areo n

areas of similar uypé.

b) Investigate locations that we know to be of radically
different type from the above, such as Portsmouth and Boa-
ton Harbor areas. Here the gediment i1s very thin &nd per-
haps non-existent in many places, so that solid bottom
theory will have to be uged, As for rough bottoms, they
will often be rocky - Bermuda ig an example (St. George's
and Hamilton Harbors and the narrow shallow water ghelf).
Sloging bottom studies ehould, of courae, be carried out
in locations where the velocily sections are known.

Such C. ¥W. experiments must, of course, bYe paeralleled by
the comgilation of all avallable geological and topographical
data. Iniormation about velocity cross-sections in shallow wa~-
ter seems to be very sparse. It 1s needless to stresa the orit-
ical and unique importance of obtaini this data. The nccessity
of doing considerable refracticn work 2 and near areas of stra-
tegic intercast is therefore obvious. With any kind of launch-
ship combination a reversed refractizn prcfilc

- mon Yo~
- M WE K WO WO 8“00988—
fully compicied 1n one day. It 1s therefore feaslble %o cbtain

velocit = t i A =
the°a04ls 8128 8n 0 “tuont s br 2R oty o aeacsef o iant 1A various”

aregeaaz:ound the world would be a grcat help. The exiatence of
{uch dava 15 a gins—-qua~non for the ocssB8 O s) roheneive
G.W. p;ogrﬁﬁ.“ it“2p382527%nererore,“¥n§%’§ aﬁaf&gw Sg er reé-
fraction profile program should be set up as a separate unit to
complement the C. W. research,

The question naturally arises as to whether this program
las to be limited to short profiles which would just give us the
detall of the upper few Km or to longer ones giving us the whole

crogs-section up to, say, 20 Km. The arguments in favor of long
profiles are: Q
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a) The deep "refracted waves" may be, in many cases, of ccon-
siderable practical interest, since they represent the first
arrival at large distances.

b) The amount of additional time required to lengthen a
profile 1s negligible compared to the time and labor in-
volved in all the operations attendant upon setting up such
an experiment, as for example, assembling equlpment, per-
sonnel, vessels, and bringing them to a given location. I,
therefore, feel that this course 1s to be recommended, pro-

viding that the close-in shots be not neglected in favor of
the distant ovnes.

When sufficient ocnfidence 1n our interpretation of C. W.

work will have been achieved, 1t 1s reasonable to expect that
glven the velocity cross-scction in a—glven area (or a good
guess for 1t) 1t will be possible to forecast the shallow water
sound conditions with a good measure of success.
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Dr. W.A. Nierenberg

To:
From:

3ubject:

COLUMBIA UNIVZRSITY #14

Ae)%?i\' Interdepertment Memorandum

Date: October 20, 1953

Pr. Ivan Tolstoy

Shellow Water Progran

This gives an cutline of some 1deas concerning ths shallow wa-
ter program. It will be noted that the last two ltems mentloned
are alsoc applicable to deep-waier -rork.

types:
A.

B.

c.

The suggestions made here are, broadly speakling, of three

Those dealing with experiments that can be usefully per-
formed ut the present time without prellminary numerical
or theoretical work.

Those pertalning to experiments,the exact specification
and uvgefulness of which will depend upon the avellabillty
of numerical data, which although not necessarily avail-
able "today can be readily obtained from extant theory.

Thoss pertaining to experiments, the specification of

which is contingent upor. the conclusion of thegretical
work now in progress. ;

Under (A) we would have the continuatlion and expansion of the
C.W. work, in the fashion desoribed in Menorandum #l3. In other
words, C. W. work may be usefully produvuced in conjunction with re-
fraztion profiles and fathometer surveys in order to determine em-
pirically the effect of bottom geology upon low frequency sound
propagation.

Under heading (B) would com

1.

2.

Establishing a correlation between the experimental re-
sults of the aforementlioned C.'7. work and the Pekeris

"shallow water theory" whenever pessible. This would in-
volve numerical calculations based upon Pekeris! or sim-
ilar formulae and applied tc the bottom structure as de-
termined by the refrastion prcfiles.

This iast suggestion ocould be consldered as a step towards,

or as an integral part of, a more general numerical pro-

gram involving the tabulation of eome of the thecoretically

simpler features of shailow water theory. Examp 3 of
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these are the dispersion curves fcr the normal modes
and the distribution of maxima and minima of functionn
of the type Ho ( k.- ) determining the normal mode am-
plitudes ﬁs a funotion of range (k, is the wave number
of the nth mode, r the horizontal radial distance from
the source).

A ccnsequence of this numerical atudy would be to pre-~
dict the frequencies assocliated with etationary values
of the group velocity in a given locaticn. The theory

of undamped normal mode propagation predicts that trens-

mission would be most efficlant for these frequencles.
It 1s important to deteriine whether this fact can be
exploited for C.W. iransmission.

It 18 quite certain that s80ild bottom theory willl have
to be used in locations for which the sedimentary cover
is thin or negligible (Portsmouth, Boston Harbor, Ber-
muda, are posalble examples of this). :

Under (C) we would include:

1.

2.

Determination of frequencies of minimum reververation

and most efficlient transmission of high frequency sound,

both in stratified media and in media with continuous
velocity and density gradients.

Determination of the disrersive properties of normal
nodes in media involving many layers, with or without
centinuous gradations of properties. As an sexample,
this would inglude the detecrmination of ths normal
modes of the Sofar channel.

These are Just two possibilities that have sugzested them-
selves to us under heading (C) as consequences of & theory of

annA

ccund provnagation in inhomogeneous media that will be put into
usable form during the next two munths, and are contlingen% upon
the feasibility of a moderately large computing progcem based

upon 1it.
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CONFIDEN TIAL -2
THE USE OF MODELS IN SHALLCW WATER SOUND PROPAGATION STUDIES
By
F. K¢ L6vin

The phenomens involved in low froqua:noy sound propagation through

shallow water are inherently quite complex, It has been found experi-

mentelly at two lcoaticns thet the scund amplitude from a zingle frequency
source goes through numerous maxims and minima with increasing source=

detector sepuration. Explanatlons of the sounc intensity patterns have

been sought in the "normal-mode™ theory of Pe k eris and others; in general,

the agreemont between theoretioally predicted and experimentally measured

results has been very satisfaotory.

On the basis of the experimental work done thus far, it is felt that
the .normal-mode thaory cen predict scuad propagation expeocted in the shallow

water at a glven place if the physical properties of the water and bottom are

Imown_and if, the bottom and subbottom consist of few relatively thiock, flat

layers. In its present fora, the ftheory can hundle severel liguid layers

!
\
over a flat, sclid layer; many lcoations cf interest to the Navy can be

represented very well by a ssotion of this type. There are, howsver, other

areas which cannct be desoribed simply as water over a flat, infinitely

thick solid bed., Either the bottom slopes sr there are several underlying

beds or bcth, To predioct the sound amplitude-distance behavier for such
areas requires a mathematioal ocmputer, A partioularly uimple oomputer is

y
an analogue computer or modsel,

An analogue oamputer (model) solves protlems of thin type by
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representing on a redused rsale sownd propagating in the water and bottom,
A convemient scile is e thousend foet of motual water anéd bottom to one
foot of models 100! of wste~ biomes 1,2" in the model and e digtense of
1000 yde. on location ascrricponds to 1 yd. in the model, If the liga:id and
solids used in the mode)l have the seme velocities (and dorsities) as those
encountered at tho losation of interest, reducing the dimensions by a
faotor of a thousend requires incroasing the frequencies by the same faotor
if the wave length to water thickness ratlo is to remain unchanged. Field
froquencies of 10 to 1000 oycles/sec. become mcdel frequencies of 10 to
1000 kilooyolee/sec. values extending well into the ultrasonic range.
Teohnioves and equipment useful in this range are well devaiopad, sinoce
wltraecnic models are in operation at several petroleum companica’ labora-

tories and at wnivarsities. As a rough estimate, equipment required to
gonerate and detect ultrascanls waves wovld sosb lsss than $5000, sxclusive
of menpower == which should nct reprosent more than an adcitional $1000 =
to build special oomponente, Tho mecdsl iteelf would bs inexpensive, for
the logioal materials are cement and water or oil, Thus for a oost
estimatod generously as $10,000, an analogue computer oapable of pre-
dicting the shallow water sound propagation in situations too complex for

oomputatlon could be put irto operation,

I+ is reasonatle to ask if thy results from a model would be the same

as those produced by & solution of the correspording mathematiocal equations,
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Fortunately, there are avallabls now rsporis of 4wc experiments whiczh

indicate that the agreemsnt bectween model results and mathematicel pre-
diotions is very good indeed, At the Institute of Geophysics Teohnical
Conferenoe, UCLA, November 4 and 5§, 1952, soilentists from the Shell and
Standard oll companies deseribed work with ultrasocaic mcdels et their
laboratories. The Stanolind experiment ropresented a dir?ot oheok of the
Pekeris liquldeover~1iquid theory: the revord from the model was nearly
identical with the theoretically predisted wave oomplex, even minor detalls
being reproduced. The Shell model oonsisted of a shallow water layer over
sonorsets. Hors caly group volocity surves were zhown but again the experi-
nl:anhal points fell exactly on the theoretical plots, In view of the
.rems.rlmble confirmation of normal-mode theories by model results for two
simple configurations, it ias felt that an ultrasonic model can be used to
prediot sound propagation for cases which can not now be treated theo-
retically. |
Although the overall possibilities oi aiding field operations with model

expurigents are good, there are several forseeable difficuities that should
be mentioned, Firet, a model to represent an extended shallow water ares
on a scale of a thousand to one would be impraoticably large. Second, in
the same vein, a model once conatruoted would not likely be flexible and e
new model would have to be oonstruoted to repregsnt a new situation. This

.« _

“would not limit the assooiaied equipment whioh could b used with all mcdsls
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= : In any case, models would not be expected to be expensive. Third, there
': : would be little shance of acaling the sound source snd detector, although,
! if the Shell and Stanolind results are typlecal, oversized sourczes and
deteotors would introduoce ns error. Finally, it 1s not now knovn how
deteiis of the bottom affect shallow water sound propagation. It certainly
‘\ . ) would not be easy to represent small bottom features in the model, The
: quastion ¢f attenuation of sound in certain bottoms may be considereds
: however, nothing can be sald at present, since the absorptlion properties of
- - bottom materials are unlknown,
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Resonant Freguencies in Shallow Water Sound Propagation and Other
Sugzestions Concerning the Shallow Water Program
By

Ivan Tolstoy

I. The Normal Mode Theorv of Sound Propagestion

The normal mode theory of socund propagation in layered liquids
b
spaces (standing waves) tc the cuse of spaces that are unbounded in
some direction or set of directions (traveling waves). To use an
analogy due to Pekeris a fluid-filled parallelepiped such
full of air is characterized by an infinite set of well defined
characteristic acoustical frequencies. If the walls of this room
be expanded indefinitely, we have a space of infinite extent in all
horizontal directions bounded by two horizontal plancs {floor am &
ceiling). This space is still characlerized by an infinity of

characteristic frequencies or modes which are now propagating modes.

In oiher wordg; the enser

12 energy radiated by a source within the prescribed

boundarises is no longer constricted to remain within a given volume,
but #ill travel outwards to infinity and dissipate iteelf in all

horizontal directions.

I1I. The Perfect Acoustical Wave Cuide
If this fluid layer is bounded by perfectly reflecting media;
i.e. if the wall and ceiling of our expanded room are infinitely

rigid, 811 of the eaergy produced by a source of sound in it remeins

% 4
¢ nid }‘
W

hie concept of normal modes of vibration in enclosed

as a room
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within it, and we have the so called perfect acoustic wave-guide.
The propagation of this acoustical energy is dispersive, i.e. the

velocity of propagation depends upon the frequency, and one must

distinguish between phase velocity and group velocity. The phase

velocity may be defined as the instantaneous velocity of a point of
given phase in the horizontal direction {such as a wave crest). The
gcaup velocity is the velocity with which energy propagates in this
wrmal woede of propagation is characterized by its

own set of phase and group velocity curves (Fig 1.).

being the wave length, k is the wave number
c] is the speed of sound in the layer

c 1s the pnase velocity along the layer
U 1is the group velocity
n is the thickness of the layer
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In this perfect wave guide, the group velocity tends to zero for

infinitely long wave lengths, and the phase velocity tends to infin-~
ity. This correcponds Lo normal incidence, i.e. to weves houncing

back and forth normally from the two walls. Since no energy travels

iaterally under these conditions the group velocity is zero.

IIXI. The Imperfect Acoustical Wave juide

Pekeris has dealt extensively with the case

in which the fluid
layer overlies a fluid body of higher sound velocity, the upper
surface of the layer being free. His well known work on the subject
was intended to represent a layer of water over unconsolidated or
semi-consolidated sediments. In this case, if & point soarce be
located within the layer, only the energy in a certain solid angle
(corresponding to angles of incidence greater than the critical
t the bottom) remains trapped inside the layer. The rest is
leaked off since upon each reflection at this lower boundary a certain
fraction of the incident energy gets transmitted and lost into the
underlying medium. At large distances from the éource, the recorded
disturbance is thus dre almost exclusively tc the energy contained
within the cone of total reflection: this corresponds to the undampsd
normal modes of propagation.

Since only part of the energy procuced by a source in the layer
remains completely trapped within it, this situation may be called

an imperfect wave guide.

e v o

»

o 4 2 ” & g o 2

B

sy 3 il VYW
s - i




—————

X

3 o e
R—— PR i T Tl
1 e T W T i B e P T, S e e " Bt

)

.

The existence of a critical angle corresponds to a cut off for
long wave lengths. Wave lengths greater than these are attenuated
because they correspond to angles of incidence less than criticail.
For water 50 feet deep and a sediment velocity of 6000 fi/sec the

corresponding low frequency cut-off for the fundamental mocde would

be of the order of A5 cps.

It i5 clear that normal incidence cannot be attained without
resulting in attenuation of the propagating wave system, so that a
zero group velocity 1s never achieved. The group and phase velccity
curves for the first mode are sketched in Fig 2. As in the perfect
wave guide, the group and phase velocities tend to the speed of sound
in the water-layer for high frequencies (large kh). For decreasing

k, the group velocity U starts downwards, reaches a2 minimum,

awnAd
ne [53 4103

then starts up again until it reaches the cut-off corresponding to

¢ =0U=¢cp (this point corresponds to the ground wave or s¢ called

nrefracted wave'").
< U A
Ca; ‘Z, cz U= Ce

,‘ EXLITATION FoR

CONSTANT POWER

ra =
c

, : .5 -
Hﬂzf”"”rjﬁﬁil
c’l
o i kh

Figure 2.
2r

k = =—

h is the thickness of water layer
¢1 is the speed of sound in water
c2 is the speed of sound in tha sedimentary bottom §-7
¢ is the phase velocity i
U is the group velocity '
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This minimum group velocity has been called the Airy phase, The
higher modes of propagation are also characterized by Airy phases.
When the high velocity sediment underlying the water is itseif
compounded of layers of different acoustical properties, the group
heracter and each mode will
in general be characterized by several minima and maxims (which we
may still call Airy phases). The values of the group and phase
velocities, as well as the frequencies corresponding to these Airy
phases, depend upon all the parameters involved (thickness, sound

velocities and densities).

IV, Properties of the Airy nhase

The best known phenomenon associated with the Airy phase, one
that has been pointed out and investigated by a number of authors in
the scientific literature is its gelectiv fect: if an impulsive
point source be used to excite the medium, the fregquencies &associated
with the vicinity of the Aliry phase arrive last and form a prominent
wave packet that becomes one of the outstanding features on any re-
cord made at a sufficient distance from the source. In other words,
if the water-sediment acoustical system be likened to a filter, the
Alry phase frequency corresponds to a resviant frequeney of the

filter. This feature has received abundant experimental verification

both in shallow water explosion work and in earthquake studies.
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This filter analogy suggests a second property of the Airy

phase frequency which can be verified mathematically: if ihe frequen-
cy of a simple harmonic source in the medium be varied continuously,
maximum excitation amplitudes will be obtained near the Airy phase
frequency, exactly as in the case of a filter, the lowest impedance
is secured for a rgsonant frequency. This phenomenon 4oeés not

; appear to have been investigated experimentally. It gets more

i pronounced as the sound velocity c, of the bottom increases.

ap

In Fig 2, we have made a rough sketch of the amplitude at a

- .k given range as a function of the k at the source k = §?¥ %?f ,
i : . f being the freguency in cps . Figures 3 and 4 give the relative
ioa

pressure amplitudes for a constant power simple harmonic point

pors source as a function of source frequency.
a e V. Practica ications of the Airy phage
5 These two important properties of the Airy phase suggest
5 - G several rractical applications:
>

s 1. In constant frequency work, it should be possible to exploit

the relatively higher excitation amplitudes near the Airy phase

13

S frequency for iow frequency ranging purposes. By using this
i‘ frequency in a given location one should be able to:

&2 2

¢ a) increase the effective ranging distance

Aet

b) secure greater legibility of records at shorter ranges
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As mentioned above thi

high speed bottoms,

We believe that the investigation of this effect should be

included as soon as possible in our shailow water progrem.

~9-

o~ wih

¢ rhenomenon should be most striking for

This

would of course necessitate the use of continuously variable frequen-

¢y sound sources cov

2. In other types of shallow water work s c1 as the detsction

ring a broad range (30 to 300 cps).

of ship noises it might prove useful to Yr al.e to peak listen-

ing dev

In any event

he Airy frequency proper to a given location.

clearly emphasizes caution in interpreting

relative strengths of spectral lines in different oceanographic

regions. As an example low frequencies below the cut off

frequency for the two layered case may propagate as undamped

modes in a multi-layered case.

A hydrophone about half-way

down the 2nd layer might be more sensitive to these frequencies.

3. The frequency, pnhase and group velocities of the Airy phase

depend upon the water depth, densities and sound velocities of

the various layers involved.

sedimentary ¢t

hensive low frequency shallow water program.

It was stated therein

that the most efficient method of determining these guantities would

ket Lo - I gty
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be to institute a refraction grofile sub-program as part of our
shallow water 1ﬁvest1gations. A simultaneous investigation of the
Airy phase produced by explosions (which incidentally, would not
involve the use of any additional equipment) would provide:

a) an independent check upon the refraction data

b) an estimate of the sedimentary densities, resulting in

an unambiguous determination of bottom reflectivity

c) 2 direct measure of the optimum frequency {in the sense

of paragraphs V 1 and 2) and of the associated group velocity.
VI. Numericzal Program

The interpretation and most efficient application of the abwe

principles (espepially V paragraph 3) would be contingent upon

the calculation of tables d@escribing the dispersive properities of ’
most two, three and four layer ceses likely to be encountered in

the field. These computations are pertectly straightforward and

routine but quite lengthy. A several wmonibs long computing program

is thus urgently needed to complement cur understanding of low fre-

quency so>und propagaiion in shallow water.
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1.20
NORMAL MODE PRESSURE AMPLITUDE P(f), PHASE
AHD GROUP VELOCITIES (c,U) AS FUNCTIONS OF
FREQUENCY FOR A SIMPLE HARMONIC FOINT SOURCE
OF CONSTANT POWER OUTPUT
SPEED OF SOUND IN WATER: c,* 5060 ft/sec P()
.4 DENSITY OF WATER: ,
e S [\ DEPTH OF WATER: 50 ft
1.20 SPEED GF SOUND IN SEDIMENT" ¢ = I.2¢,—1——020
N / \ DENSITY: p = 20
F ]
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1 L3
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“SURFACE SOUND CHANNEL IN SHAL!OW WATER LISTENING
by
R. A:. Frosch

INTRODUCTION

It may be possible to utilizs the surface sound channel,

when it exists, to improve the performance of systems for the
passive and active detection of submarines and ships in shal-
low and

mocderave Gepth water. As will be seen below, such a

gystem would require considerable flexibility of frequency of

operation, and for greatest efficilency would require frequent

collection of hydrographic information in the operational va-

Surface Sound Channel Transmission ;

In winter in many localities (e.g., New York Bight), the

customary heavy weather and high winds produce mixing of ths

surface water. Thig mixing may frequently extend to a depth

of geverszl

lwundred feet or to the tottom in reglone of moder-

he
ate depth. Such a mixed layer has a sound velocity which in- ul
creases with depth dque to the increase of pressure with depth.
The gradient ie of the order of .02/sec. In such a region sound
of appropriate froquencies 18 propagated with negligible leak- .
age from the duct. i
{
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Voorhis of Woods Hole Oceanographic Instltution(l) haa pre-
sented an analysis of this effect baced on a variety of sources.
He gives curves for the attenuation of sound due to leakage from
the surface duct: for example, 1 kc sound traveling in a sur-
fasce i1sothermal duct 150 to 200 feet deep would have a lzakage
attenuation of .1 db/kiloyard. The exact isothermal duct depth
corresponding to this leakxage depends on the preclse thermocline
conditicna beiow the isothermal layer. The actual attenuation
of th: sound in such a duct 18 determined, in addition to the
leakage effect, vy two other factors: scattering from the sur .
face and real volume absorptinn of the sound.

Tne effect of scattering from the surface is diffiocult to
estimate precisely. but would probably be relatively minor for
reasonably low frequencies (<« several k¢) and deep channels

(> B0 fest). This effect would depend of course on sea and

swell state, and could be investigated.

Absorption of sound in the reglion of frequency up to 20 ko

San be approximately represented by the formula
.01 £2 db/kyd

with £ in kc. Combination of thig absorption with the
ileakage attenuation, using duct thickness as a parameter, pro-

duces curves of attenuation va fr:squency for easch transmission

mode which have pronounced minima (see Table 1). The existernce

of these minima has been verified by Officer of WHOI(Z)
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The effect of oc2an bottom closely underlying an isothermal
duct would be to increase the sound intensity in the duct, due

to partial reflection of sound fromw the bottom.

Use_cof the Duct Transmlgsion

Suitable choice cf frequency for particular conditions of
water might well lead to good active and passive ranges, par-
ticularly A4f used with suvitabls fiiters. 1In the passive case,
for example, it might be well to listen through filters whose

shapes were the inverse of the duct attenuation curves.

Seasonal Effects

Efficient nse of these ducts would require constant knowl-
edge of an adjustment for the particulsr conditions prevalling
at the time of use., 1In general this transmission would be ef-
ficient only during the winter months when the ilsothermal 1:=y-
ers and pcsitive sound velocity gradients exist. At other tlmes
of the yecar, and particularly during the summer,the gradients
(3;

may be negative. Under these conditions transmission would e

Pe expecied to be very poor as the sound would be funneled inte
the pottom by the velccity structure of the water. Th ~ is
prchably this explanation of the seasonel variability of per-
formance of %he prewar Coast Artillery binaural ranging sta-

ion at Sea Bright, New Jereey.(é’s) -
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C TABLE T
!
Zuct Thickness Frequency of min. Attahuation at
attenuation min.
50 £t 6300 cps 0.54 d&b/kya
100 f¢ 2800 cps 0.09 dab/kyad
200 ft 1200 cps 0.015 db/kyd
REFERENCES
1. Sound Transmission in the Surface Isothermal Channel

[

3.

5.

Part I ~ An Application of Normal Mode Theory, by
Arthur Voorhls. Woods Hole Oceanographlic Institu-
tion Reference No, 52-90. November, 1952.

Sound Transmission in the Surface Isothermal Channel - .
Part II - Experimental Measurements, by Charles B.
Officer, Jr. Woods Hole Oceanographic Institution
Reference No. 53-18. March, 1953.

The Oceanography of the New York Bight, by B. H. Ketchum,
A. C. Redfleld, and J. C. Ayers. Papers in Physilcal
Oceanography and Meteorology, Published by Massachusetts
Institute of Technology and Woods Hole Oceanographic
Institution, Vol. 12, No. 1, 1951.

Modiflied Rotating Beam Installation (Subaqueous Sound
Ranging). Proceedings of the Coast Artillery Board,
Project No. 993. January 3, 1935.

Ocean Temperatures Off New York Harbor, Narragansett Bay,
and Boston, during Marci~June, 1942, and Their Rela-~
tion to Underwater Sound Ranging, by R. B. Montgomery.
Signal Corps General Development Laboratory Engineering
Report No. C-2. August 22, 1942.

et Al B o Sy o o e et i A & o e B & - - - o



	AD035047_Page_01
	AD035047_Page_02
	AD035047_Page_03
	AD035047_Page_04
	AD035047_Page_05
	AD035047_Page_06
	AD035047_Page_07
	AD035047_Page_08
	AD035047_Page_09
	AD035047_Page_10
	AD035047_Page_11
	AD035047_Page_12
	AD035047_Page_13
	AD035047_Page_14
	AD035047_Page_15
	AD035047_Page_16
	AD035047_Page_17
	AD035047_Page_18
	AD035047_Page_19
	AD035047_Page_20
	AD035047_Page_21
	AD035047_Page_22
	AD035047_Page_23
	AD035047_Page_24
	AD035047_Page_25
	AD035047_Page_26
	AD035047_Page_27
	AD035047_Page_28
	AD035047_Page_29
	AD035047_Page_30
	AD035047_Page_31
	AD035047_Page_32
	AD035047_Page_33
	AD035047_Page_34
	AD035047_Page_35
	AD035047_Page_36
	AD035047_Page_37
	AD035047_Page_38
	AD035047_Page_39
	AD035047_Page_40
	AD035047_Page_41
	AD035047_Page_42
	AD035047_Page_43
	AD035047_Page_44
	AD035047_Page_45
	AD035047_Page_46
	AD035047_Page_47
	AD035047_Page_48
	AD035047_Page_49
	AD035047_Page_50
	AD035047_Page_51
	default20

