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AESTRACT

This is the final report of Contract N00014-70-C-0205;

NR 083-325, between the Woods Hole Oceanographic Institution and

the Office of Naval Research. This contract supported , from

1 August 1969 - 31 December 1976, a program of basic research

whose broad aim was to investigate those aspects of undersea

acoustic propagation that relate directly to present and future

Naval requirements.

A review of the highlights of the research in each

area , and a bibliography of published and unpublished reports ,

is presented .

I -



TABLE OF CONTENTS’

Introduction I

Sunsuary of Investigations

Ocean Acoustics 1
Acoustic Navigation 2

- Long Range Echo Ranging , 3
Microearthquakes. 3
Nodified Acoustic Ray Theory 4
Ambient Noise . 4
Volume Reverberation) 4
SOFAR Channel Transmission 4

The Development of Computer Use 6

Ocean Dynamics and Acoustic Environment 7

Bibliography

By W .H.O.I. Reference No. 13
f ly W .R.O.I. Contribution Nc. 17

Figure - Instrument Package 10

Table - Suzmnary of Tow Data 11

k 
_ _ _ _  _ _ _ _ _  _ _ _  -_ _ _ _ _ _ _ _  _

-

~~~~~~~~



1 NTRODUCTION

This is a final r port of the research activities under the

Off ice of Naval Research Contract N00014-70-C-0205;NR 083-325, at the

Woods Hole Oceanographic Institution during the period from August 1969

to December 1976 .

The work was performed by members of the Department of Geology and

Geophysics until 1971 and then after internal reorganization at this

institution by these peop le , now under the auspices of the Department of

Ocean Engineering . The seven year period of work reported herein was

preceded by Contract Nonr-4029(OO); NR 260-101 , and has been superseded

by Contract N00014-77-C-0196. in order to preserve continuity and

efficienc y , each contrac t change has inc luded transfer of equipment ,

reports and contractual obligations.

SUMMARY OF INVESTIGATIONS

Ocean Acoustics

The principal goal of the research performed under this contrac t was

to investigate those aspects of undersea acoustic propagation that relate

directly to present and future Naval requirements. Our response to

currently perceived Navy needs has been the single major factor in shaping

the genera l direction of our research . We have completed various studies

in such diverse areas as undersea ambient noise , ray and mode theory propa-

gation analysis , acoustic dispersion , volume reverberation , spli t sound

channe l effects , amplitude and phase fluctuations at low frequencies ,

acoustic-interna l wave effects , temporal and spatial coherence , bottom

reflectivity, long-range side-looking echo ranging , etc. As a necessary

adjunct to these programs a number of unique and generally useful instru-

ments have been developed . They inc lude core head and trawl wire veloci-

meters , high frequency sonars for volume reverberation , ambient noise
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processors , environment sensing depth controlled towed fish (salinity,

temperature , pressure , sound veloc ity), pulse and Doppler prec ision

ac~)ustic navigation systems , analog ambient noise buoys, and a digital

acoustic buoy . A computer system devoted solely to acoustic signal

processing has been developed . We have also responded to Navy requirements

through partici pation in several large-scale acoustic exercises including

projects NF~AT I and II and other LRAPP sponsored activities. The primary

resu lts of these endeavors have appeared in the form of Woods Hole

Technical Reports , the publication of scientific papers in both the

classified and unclassified literature , the presentation of oral reports

at various technical society symposia and Navy sponsored workshops , and

technical lectures and brief ings to an assortment of Navy and N~iT0

organizations. This material is inc luded in the bibliography appended

to this report.

An important , though less reported , function throughout the contrac t

period has been our capacity to function as an advisory agency to a wide

variety of Navy activities. These have included representation on Navy

panels concerned wi th oceanographic and acoustic problems in the

Mediterranean , towed array systems , mine defense , ambient noise , and low

frequency propagation . Advisory discussions wi th the Sixth Fleet , NkVOCEANO,

FtMC, NOL, USC , SACLANT, COMSUBDEVCRU TWO, Naval War College , Navy League,

SUBFLOT TWO and others have occurred on a continuing basis.

The following paragraphs suninarize the major areas of research

pursued under the auspices of this contract.

Acoustic Navigation

A new and novel type of acoustic navigation has been developed

under the initial sponsorship of this contract. It operates on the Doppler
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princ ip le , using three acoustic beacons moored close to the ocean bottom .

Each beacon emits a high frequency stable acoustic tone near 13 kHz. The

tone s arc received by the  o b j e c t to  he t r acked  and are exami ned fo r

Dopp ler shift. Accuracy over a short t i m e  i n t e r v a l  is  severa l  c e n t i m e t e r s .

Togethe r with ARPA support , the  sys t em has been combined w i t h  a conven t iona l

p u l se  type  (t r a v e l  tone ) a c o u s t i c  navi g a t i o n  system tha t  has enabled the

f o r m a t i o n  of s p a t i a l  s y n t h e t i c  ape r tu re s in the  ocean for  the  purpose of

acqu i r i ng  s p a t i a l  cohe rence da ta . The combined pulse Dopp ler  system has

a l so  made poss ib le  the  un ique  acous t i c  f l u c t u a t i o n  and coherence work

per formed  under th i s  and other  con t r ac t s .

Lung Range Echo Ranging

Two long-range side—looking echo ranging schemes were developed

and tested at sea near the Blake-Bahama escarpment. The first system

emp loyed a deep-towed (2000’) hydrophone array and explosive acoustic sources

and mapped submarine features at a range of about 200 NM. The second system

used a similar array together with a coherent , swept frequency acoustic

source .  Process ing  gain using matched f i l t e r  techni ques was about 15 db

indicating that a 300 NM ocean path is sufficientl y phase stable to support

coheren t  processing schemes.

Microearthguakes

An acoustic navigation system was used to track the position

of drifting sonobuoys for the purpose of forming arrays to detect and

locate small seismic events near the Mid-Atlantic Ridge . The frequency,

magnitude and spectral characteristics of the se microearthquakes were

anal yzed. The location of many events was pinpoin ted , using maxim likeil-

hood spec t r a l  t echn iques , to w i t h i n  200 meters .

-I
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Mod i f  i t d  A coustic Ray Theo~~

A ray theory of a c o u s t i c  p ropaga t ion  desi gned to y ield  a c c u r a t e

range e s t i m a te s  a t  low f r e q u e n c i e s  has be en d e v e loped.  C e r t a i n  d i f f r a c t i o n

ci  f e c t s  are  accoun t ed for  i n  a ray t h e o r e t i c  framework and the  c a l c u l a t i o n s

can be t ak en  t h r o u gh  shadow ?one s and c a u s t i c s .  The modi f i  e d  ray theory

has been compared , v i a  computer  m o d e l i n g , w i t h  e xac t  norma l mode s o l u t i o n s .

A m b i e n t  N o i s e

Quantit ative ambient noise measurements in the A t l a n t i c ,

C a r i b b e a n , and M e d i t e r r a n e a n  have been repor ted . Ambienc no i se  anal y s i s

from p r oj e c t  NEAT and o the r  LRAPP a c t iv i t i e~; have also been repor ted .

Volume _ Reve rbera t ion

Volume r e v e r b e r a t i o n  d a t a  in the  A t l a n t i c  and M e d i t e r r a n e a n

have been ana l yzed and repor ted . S ing l e  f r equency  and broadband ana lyses

have been performed . Reve rbe ra t ion  f rom the deep s c a t t e r i n g  layer  ha s

been compared e x t e n s i v e l y w i t h  s i m u l t a n e o u s  biologic samp l ing . Correla-

t i o n s  b etween s c a t t e r i n g  s t r e n g t h , oceanographic  f e a t u r e s , and b i o l o g i c

species have been made.

SOFA R Channe l Transmiss ion

Dispersed  h igh-o rde r  modes were observed at f r e q uen c i e s  up to

300 Hz and ranges of 600 km for  shots de tona ted  in  a M e d i t e r r a n e a n  SOFA R

channe l . WKB mode theory was used to predic t  accurately the observed

g r o u p - v e l o c i ty p r o f i l e s , and to pred ic t  the pressure f i e l d  in  channels

w i t h  a r b i t r a ry  v e l o c i t y  p r o f i l e .  Observat ions of combined ray and mode

behavior ar~ a l so  p r e d i c t e d . A computer  code was developed to e s t i m a t e

t h e  wideband p r o p a g a t i o n  loss tha t r e q u i r e s  an order of m a g n it u d e  fewer

c a l c u l a t i o n s  than  an harm on ic  anal y s i s .

Fluctuations and Coherence

A program to investigate acoustic fluctuations and coherence effects

in low frequency, long-range transmissions has constituted a major portion
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of  t h e  re scare Ii c e l n duc  ted ~nide r t hi’ . l U S j )  C e S  01 t h i s  cont  rae t d u r i n g  t h e

v -ar ; l~ / 2- 1976 . ‘the program has h e n  a combi ned e x p e r i m e n t a l  and

l ic or e t lea 1 i i  r t  and has  r e s u l t e d  in a number  of new measu remen t  t e c h n i q ue s

and theoret I a 1 dev& lo pm e ’n t s  . These i nnovations are described in comp lete

d etail in t h e  appended l i s t  of p u b l i c a t i o n s .

One of the mor e signi ficant technical advances has been the develop-

ment  e l f  sv t it h etic apertur e te ’ hni que’s for measuring acoustic fluctuations

and co h erence ’ . ‘liii’ technique- is based on an acoustic Dopp ler navigation

system capable’ of resolving relativ e motion of a liydr ophone (or other

tracked object) to within a fraction of a meter . This system has enabled

the formation of synthetic aperture s up to 10 km in length. ‘I’he Dopp ler

system has been combined wi Ut a convent lonal pulse type navi gati on system

(based on t ile measurement of acoustic t ravel t ime s rather than Dopp ler

s h i f t )  to form a powerful acoustic navigation tool that gives absolute

p o s i t i o n s  to w i t h i n  f i v e  to it) m and r e l a t i v e  pos i t ions  to w i t h i n  0.1-1

m e t e r .  A l s o  of n o te  has been the development of low frequency (100 and

200 l I z )  s e l f - c o n t a i n e d , moored ace ustic sources. These have found ( ‘ X tef l -

sive use in our f l u c t u a t i o n  s t u d i e s  and are now finding their way into

other Navy programs.

At-sea measurement of acoustic fluctuations were made in a series

of four major experiments. Fluctuations of signal amp litude , phase and

— 
phase-rate’ were observed on a function of depth , range and frequency.

Signals were received on ship-suspended drifting hydrophones , hydr ophones

suspended from dri fting sonohuoys and moored hydrophones at various depths.

The moored hydr ophones are coup led to small data processing and digital

record ing buoys developed speciall y for this work . Data have been used

extensive ly to compare observed fluctuations with predictions based on
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t h~’ore’ t i cal i eli as di  ~ ‘ ‘ loped i t  Wood s tin li and e l  sewhere

Sons of the more significant findings o this research have- been:

1) I - o r  t i m e ’  p e riod s ~r e a t e - r  than t h e  loca l  i n e - r t i a l  pe r iod  and

l e s s  than the’ local h l l e k ’ : l n c y  p e r i o d  acous I I c f l u e  t u a t  I ons  , and there fore

t . ’n iper a l and s p a t i a l  coherence , are strongl~’ dependent on ocean internal

waves unless the number of acoustic paths is large .

2~ when t h e  number  of acoustic paths is large , by virtue of source

and receiver placement (for examp le , at very long ranges) fluctuations are

dominated 1w mu ltipath propagation and t h e  re-ceived signal o’~~v s the

statistics of a phase’ random process.

3) Signal fluctuations scale ~ itlt frequency, at least in the

hundred to several hundred Hz range , as predicted b y weak scattering

t h~ c’ rjt -

h i t  Development of Computer Use

Between 19(19 and 1973 the Acoustics Group used the computers pro-

v ided by the - shi p board c o m p u t e r  svs t e-T-s . These’ systems were based around

}Iewleu Packard  m i n i c o m p u t e r s  l o c a t e d  on e a c h  shi p,  p lus one sys t em on

shore .  These systems cons i s ted  of a H/P  2116 computer , a paper tape reader/

punch , a magnetic tape’ drive , and a Calcomp plotter. The shore sys tem was

used to deve lop  programs to ‘l i e ’  run  at sea .

Each p r oj e ct  had i t s  own specia l ized computer peri pherals .  The

A c o u s t i c s  Group owned a magne t i c  tape- dr ive , an analog to  d ig i t a l  converter ,

a graph ics t e rmina l , and a time code generator . These devices , were used

under computer  c o n t r o l  to  acqu i re  data from the ocean and record it on

magnetic tape for later analysis on shore .

The length and comp lexit\’ of the acquisition programs , and hence the

sophistication e l f  the ’ experiment , was limited by the available compute r



— 7 -

ha rdw ar ~- . A sm;t I 1 c sengi t o  ;l p rogram re- qui red around 30 m i n u t e s  , s

p~~ grauls Se idoin c x c  t ’e-ded i, ( )( l  1 i ne S o f  code . As acous t cs i xper iin i- n t s

bec ame’ more comp l e x . i n c l u d i n g  suc h f e a t u r e s  as F o u r i e r  t r a n s f o r ms and

p ita s~ a n a l  v si  s , t i l e  p rog rans; r e -qu  i red to  con t ro l the - se exp e  r eine ’n t s grew

bey ond the- c ap ah i  l i l y  e f  t h e ’  a v a i l a b l e -  ha rdware , in  1973 the Acoustics

( ;r oup  p u r c h a sed  a H/P 2100 m i n i c o m p u t e r  sys t em to aid lf l  t i l e  deve lopmen t

of t h e  I r a c qu l  s i t  I on an(1 anal ys i s  p r o g r a m s .

T h e  19 7 3  d a t a  ana l y s i s  f a c i l i t y  cons i s t ed  of the- e a r l i e r  p e r i p he r a l s

p l u s  a 11/P 2 100 con ipu t e ’ r , two d i s c  d r i v e s , one m a g n e t i c  tap e- d r i v e , and

a pape r c ap e ’ re a d e r / p u n c h .  ‘[‘lie d i s c  d r i v e s , running  w i t h  tile D i s c  O p e r a t i n g

S y s t e m  s o f t w a re  ( D O S — M ) ,  gave the  a c o u s t i c i a n s  the c ap a b i l i t y  of w r i t i n g

ac qui s iti on programs which included on—line signal processing options.

F l i t ’  d a t a  ana lysis f a c i l i t y  was expanded in  1974 w i t h  a Calcomp p l o t t e r , in

l~~~ 5 w i t h  a h i g h speed l i ne  p r i n t e r  and a console  terminal , and in 1976

wi t h  a n i ’diutn sp ed l i n e  p r i n t e r  for  use at sea .

T h i s  t ;ee - i l i t y  has successfull y provided software support for on-line

acoustic data acquisi tion. During the time period funded by this contrac t ,

computer app lications have grown from very simple da ta logging programs

to  ve ry sophist i c a t  i d  e o i i t r i i l / a c q u i  s i t  i o n / n a v i g a t i o n  programs.

ean D~ n ant ics a nd Ac oust j c  K nv j ronnie ut

Throughout the life- of the contrac t there was a continuous and

vigorous program of stud ying the spatial variations in the ocean with an

a p p r e c i a t i o n  of the  e f f e c t  t h a t  these v a r i a t i o n s  have on acoust ic  t r ansmis s ion

i n  t h u  ocean . Obse rva t ions  have been mad e simultaneousl y with transmission

( ‘x p e r i m e n t s , hu t  the  b a s i c  e f f o r t  was to s tud y the s t a t i s t i c a l  p r o p e r t i e s

ol ocean  v a r i a b i l i t y

The backbone i i i  these s tud i e s  has been several gene ra t ions  of tow

_____ 

______ _______________________________________________________
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I I Sb st e -m s  whi  cli  c-vol ved from a We - i g l u t  — d e p r e s s e d , wi re ’ — c o n t r o l l e d

d e p t h , s i n g le  se-nsor package t o  a n e u t r a l  tow bod y .  i l e c t r o n i c a l  ly  con-

t r o l  I c-el d e p t h , miu l t i —sensor package . A s c h e m a t i c  of t lie sy s t e - n :  ( a l m o s t

t o t a l  I ‘
~ 

di ve lope d i, u i i d t -r  t h i s  coot  ruc t l>e ~ I l in ing  in 19 72)  as l a s t  f l o w n

is  shown in  F i g u r e  1 , The p roven  capali i  I I I i  e s  of  t i u i  s s y s t e m  i r e  a s

f e i l  l ows :

1 Has b een  towed f o r  a t o t a l  of 1000 hou r s  a t  speeds of !cUS k n o t s .

2 )  Has t r acked  an isop l e t h  to w i t h i n  ~ l m e t e r  f o r  It ,  h o u r s .

3 . h a s  f l own  a t  d e p t h s  of 10 to 800 m e t e- r s .

4) Has towed v e r t i c a l l y separated sensor packages front  e ig ht  to

70 met e r s  apart w i t h  57. v a r i a t i o n  in s e p a r a t i o n .

~‘ ‘  h a s  f l o w n  f o r  over three days on a single- dep loyment w i t h o u t

d e g r a d a t i o n  of pe r fo rmance  or s i g n a l .

I . Has measured t empera tu re , v e r t i c a l  tempera ture  g rad ien t s ,

s a l i n i t y ,  sound v e l o c i t y ,  dissolved oxygen and ocean c u r r e n t s .

I t  is p resen t ly f u l l y ope r a t i o na l , though s t i l l  being improved . A comp le te

and anno ta ted  l i s t  of tows are shown in  the t ab l e , w i t h o u t  reference  to

the- tow s y s t e m  dep loyed .

The o b j e c t i v e -  of our  tow f ish  program has been to enhanc e our under-

s t a n d i n g  of t h u t .- 0cc- an b y d e s c r i b i n g  the s p a t i a l  v a r i a b i l i t y  of i t s  d e n s i t y

and c u r r e n t  f i e l d s  and d e l i n e a t i ng  the d ynamic processes which  are ac t ive ly

r e s p o n s i b l e  for  t he  v a r i a b i l i t y .  T h i s  v a r i a b i l i t y  is  known to degrade

coherent  a c o u s t i c  p ropaga t ion  in  the  ocean and i s  t h e r e f o r e  a l i m i t i n g

fac tor to coherent array design.

The results of the program have had a direc t i nput to acoustic

prediction via th e’ m o d e l i n g  of internal waves. Our measurement s of the

energy spectrum in the vertical disp lac ement field , as a function of
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ho r i zunt  a 1 wavenumbe- r has demoust r a t  e d  t h e  I sot ropy and stat i onar it y

of i n t e r n a l wave induced m o t i o n s  and has made- an importan t contribution

t o  d e m o n s t r a t i n g  the  u n i v e r s a l i t y  of t h u  s I i  ‘I d .  As t i i t  f i r s t  set ot

m e a s u r e m en t s  w - I  1 b~’ low the  s u r f a c e  l a y e r s , i t  h a d  a spe c i a l  val iw at t i t t -

t i n  c The continuation of t h i s  s tud y ,  i n t c i  t h e  ve r t i c a l  coherenc e i f  t lie

d i s p lacement  f i , ’ld , i s  e xpec ted  to play a ro l e  in t i n ’  present activity

of  r e v i s i n g  (and tuning) of the - se  m o d e - I s .  The mos t  r ecen t  e f f o r t s  have

bee- n t owards  i n v e s t  i ) ’a t  ing  f i n e  s t r u c t u r e  in the’ oce-an (i  . e’ . , sca l e ’s

sinai I e r  t i t an  co l ic - ren t  i n t e r n a l  waves)  and ~s ge-nerat  ion  b y shear  c u r r e n t s

i n  t h e  od - , ’an ,

.\ second area of con t inued  i n t e r e s t  has been f r o n t a l  s t r u c t u r e s

( b o t h  su r face  and s u b s u r f a c e )  in the- ocean . T h e i r  ro le  i n  d i s t r i b u t i n g

a cou s t i c  propagat ion  i s  q u a l i t a t i v e ly obvious , because-  of the- gene ra l l y

sharp  change of t e lL .p ( -ra ture (hence sound v e l o c i ty )  across  them ( g r a d i e n t s

1000 t ime s large ’  than n o r m a l ) .  Our i n t e r e s t  has been d i r e c t e d  at the ’

s t a l l i I i  t v of fronts , work which will hope full y l ead  t o  an u n d e r s t a n d i n g  of

f ro ictol ~’sis.

II

_ _  

--_
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