
UNCLASSIFIED

AD NUMBER
ADC020797

CLASSIFICATION CHANGES

TO: unclassified

FROM: confidential

LIMITATION CHANGES

TO:

Approved for public release, distribution
unlimited

FROM:

Controlling DoD Organization. Naval Ocean
Systems Center, San Diego, CA 92152.

AUTHORITY
ONR ltr, 31 Jan 2006; ONR ltr, 31 Jan 2006

THIS PAGE IS UNCLASSIFIED



CONFIDENTIAL(

T D z0

00
z to

-4

Technical Report 466

BEARING STAKE
ACOUSTIC ASSESSMENT (U)

AL Anderson, Report Coordinator
RR Gardner, Project Technical Director

Research and Development: January - May 1977
rV

& | 28 September 1979

D-TIC
, r,'_LLECTEgmh
I•. MtAAR 2 11980

Classified by, OPNAVINST S5513.5-03 INATIO~aL SECURITY I17PUTI A
Review on: 8 October 1994 k

- �'"�OU'rauthorized Disclosure Subjeot to Cr•linei
Sanltions*

NAVAL OCEAN SYSTEMS CENTER
I •SAN DIEGO, CALIFORNIA 92152

- CONFIDENTIAL
80 3 20' 51r:



CONFIDENTIAL
.I

"NAVAL OCEAN SYSTEMS CENTER, SAN DIEGO, CA 92152

AN ACTIViTY OF THE NAVAL MATERIAL COMMAND ]
SL GUILLE, CAPT, USN HL BLOOD

Commander Technical Director

ADMINISTRATIVE INFORMATION (U)

(U) The work in this report was sponsor-ed by the Naval
Electronic Systems Command (PME-124) under X0755104. 1]

(U) Technical reviewers were E. B. Tunstall and R. R. Gardner.
Work was performed from January through May 1977.

Released by Under authority of
N. 0. BOOTH, HEAD J. D. Hightower, Head
Environmental Acoustics Environmental Sciences

Division Department

CONFIDENTIAL ,



CONFIDENTIAL
3. q~~'ECU1,ITY CLASSIFICATION OF THIS PAGE (When Date Entered) ___________________

REPORT DOCUMENTATION PAGE EFREA COSTRLETIONGSOR

1. REPORT NUMBER 2GOTACESSION No. 3. RECIPIENT'S CATALOG NUMBER

NOSC Technical Report 466 (TR 466) _________________

4. TITLE (and Subtitle) 5 TYPE OF REPORT 6 PERIOD COVERED

/ EJARING STAKE ACOUSTIC ASSESSM ENT (U)R&:JnMy17

-6. PERFORMING ORG. REPORT NUMBER

7. AUTNOR(a) '.,/ V9O~.~
A.L. Anderson et al e) nd ('eori m ~ 2

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK

Naval Ocean Systems Center AE OKUI UBR

San Diego, California 92152 *7504I

11. CONTROLLING OFFICE NAME AND ADDRESS Q2. REPORT DATE

Naval Electronic Systems Command 28 September 1979 %
Washington, D. C. 20360 13 NUMBER OFPAE

280
4 TOR;N (AGENC NAM &ADESfdifrnfom Controlling Office) 15. SECURITY CLASS. (of this report)

I jLt ~cc/rrR~~L &QiCONFIDENTIAL
15a. DECLASSI FICATION/ DOWNGRADING

SCHEDULE
Review% on: 8,October 1994

16. _lTRIBUTION STTEEN tohij 9QO..

I; VI K.<
Izc-

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse aid* If necessary anid Identify by block number)

Z Acoustic surveillance
Ambient noise
Propagation

~I Reflectivity

20. ABSTRACT (Continue on reverse aide If necessary and Identify by block number)

3 (C) Presents findings and conclusions based on the at-sea exercise BEARING STAKE and the extensive analysis of
U the data base which has been generated. The BEARING STAKE exercise was conducted by NOSC at five sites in

the Northwest Indian Ocean between January and May 1977.

DD IFR JN317 EDITION OF I NOV 65IlS OBSOLETE
s/ 01N 73. 1473 460 CONFIDENTIAL

SECURITY CLASSIFICATION OF THIS PAGEI (Wben Data Entered)

r~\ q,9 ;J9



4- *A h

I CONFIDENTIAL

I

i' BEARING STAKE ACOUSTIC ASSESSMENT (U)

Report Coordinator: Aubrey L. Anderson
Naval Ocean Research and Development Activity

Project Technical Director: R. R. Gardner
Naval Ocean Systems Center

with contributions from:

Don F. Fenner and William J. Cronin, Jr.Naval Ocean Research and Development Activity

S. K. Mitchell and K. C. Focke
Applied Research Laboratories/University of Texas,

and

Edwin L. Hamilton and Richard T. 8achman
1Melvin A. Pederson

R. A. Wagstaff and J. W. Aitkenhead
J. A. Neubert

Naval Ocean Systems Center AccesionFar

1T IS GFRA&I I
]DC TABSnminounc ed

c a.

}j ~CONFIDENTIAL



CONFIDENTIAL

FOREWORD (U)

(C) The BEARING STAKE exercise was conducted in the Northwest Indian
Ocean from January to May 1977 with preliminary bathymetric surveys being
conducted from October through December 1976. The objectives of the exercise
were to conduct acoustic measurements of the area utilizing near-surface, mid-
water, and bottom-mounted receivers to determine the following acoustic
parameters:

-- ('Propagation loss versus frequency, depth, rangej

(2_Omnidirectional ambient noise

Ambient noise directionality3

K Wavefront coherence-

4) Vertical arrival structure,

Bottom interaction

/-?Bottom reflectivity0•,,- ý. _,

(C) The exercise was sponsored by NOP-095 through the Undersea Surveil- --

lance Project (PME-124). Conmander of the exercise was CINCPACFLT. Opera-
tions were administered by COMSEVENTHFLT (including air operations through the
Officer in Tactical Command CTF 73). MSCLANT and MSCPAC provided logistic
support for all U.S. ships involved. I

(U) The participants represented a Navy laboratory-wide effort and vari-
ous contractors. Dr. E.B. Tunstall (NOSC) was the Associate Technical Direc-
tor and was responsible for the overall operation at sea during the second
half of the exercise on board the USNS MYER. Scientists-in-charge aboard the
ships were A.E. Fadness (TRW) and B. Steinberg (NADC), USNS WILKES; J.W. Reese
(NOSC) and W. Toy (WECo), USNS MIZAR; T.H. Steen (WECo) and R. Hoepple (WECo),
USNS KINGSPORT; W. Redden (WECo) and E. Dawley (WECo), USNS MYER. Serving
aboard the HMAS DIAMANTINA was Dr. A. Fabula (NOSC) with G. Myers of WRE,
Australia, the engineer-in-charge. ACODAC Operations on the USNS MIZAR were f
under the direction of Dr. E.E. Hays (WHOI). Principal investigators for the
analysis were: Dr. S.K. Mitchell (ARL/UT) for Bottom Interaction; Dr. D.F.
Fenner (NORDA) for Oceanographic Data; Dr. L.P. Solomon (PSI) for Surface
Shipping Surveillance; Dr. E.L. Hamilton (NOSC) for Bottom Geoacoustic Models;
Dr. R.A. Wagstaff (NOSC) for Ambient Noise; Mr. Ron Scudder (WECo) for BMA
Data Analysis; Dr. J.A. Neubert (NOSC) for Coherence Data Analysis; Mr. M.A.
Pedersen (NOSC) for Acoustic Propagation Analysis; Dr. A.L. Anderson (NORDA)
for Acoustic Assessment. The enthusiasm, dedication, and hard work of all
these individuals and the others in their organizations are gratefully
acknowledged. j

(C) This acoustic area assessment presents findings and conclusions based
on the at-sea exercise and the extensive analysis of the data base which has
been generated. In addition, each measurement system has a data report and
each major environmental and acoustic subject has an analysis report which are

2
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referenced herein. The data base for this ocean area is now well established
W and is available for further studies as appropriate.

(U) Special appreciation and thanks are due RADM D.M. Jackson for
S3 continued support during the exercise as the Surveillance Project Manager.

i R. R. Gardner
BEARING STAKE
"Technical Director

SI

I

I
I
{
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SUMMARY (U)

GENERAL (U)

(C) The BEARING STAKE exercise has produced data allowing a description
of several acoustic environments in the Northwest Indian Ocean. Specifically,
on the basis of data acquired during the period from January through May 1977,
the following parameters can be described for the Oman Basin, Arabian Basin,and Somali Basin:

Sound speed profile

Bottom bathymetry and geophysical parameters

Bottom loss from 25 to 400 Hz

Propagation loss from 20 to 290 Hz for source depths from 18 to 245 m and

5 receiver depths from a few hundred m to the seafloor

Omnidirectional ambient noise from below 20 to 200 Hz for receiver depths
from a few hundred m to the seafloor (with data available up to 800 Hz for
receivers on the seafloor)

Directional ambient noise from 20 to 40 Hz for shallow depth (200 to 300i m) and for bottom horizontal arrays

Phase coherence from 22 to 290 Hz for a bottom horizontal array and from
22 to 25 Hz for a shallow (200 to 300 m) towed array

Array signal gain at 25 Hz for a horizontal bottom array and for shallowi (200 to 300m) towed arrays

SOUND CHANNEL (U)

3 (C) Sound speed profiles from the Northwest Indian Ocean characteris-
tically exhibit high sound speeds at the ocean surface and wide sound channels
with large axis depths (frequently on the order of 1800 m). Some sound speed
variability is exhibited, especially between depths of 100 and 1000 m. The
sound channel is bottom limited at all times throughout the region with the
exception of the northern Somali Basin, which exhibits some small and

i seasonally dependent depth excess (during BEARING STAKE, depth excess ranged
from 0 to 121 m).

SEAFLOOR (U)

(C) In addition to coastal shelves and slopes, the seafloor in this
region consists of bare rock or partially sediment covered ridges plus sedi-

I ment filled basins with relatively flat, featureless floors. Sediment fill in
these basins is among the thickest known, with several hundred metres of un-
consolidated sediment overlying additional hundreds or even thousands of
metres of sedimentary rock for a total sediment section over basement basalt
of upto 9 km.

5
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BOTTOM INTERACTION (U)

(C) Waterborne acoustic energy impinging on the thick unconsolidated
sediment sections of the basin floors apparently penetrates into the sediment,
is refracted upward by the sediment sound speed profile, and returns to the
water column with low loss. When low frequency bottom interaction data are
analyzed and interpreted in terms of bottom reflectivity, the resulting bottom
losses are quite low. Such bottom loss measurements in the basins of the
Northwest Indian Ocean indicate lowest loss (e.g., about 0.1 dB per bounce for
low angles at 25 Hz) in the southern Arabian Basin, with increasing, but still
low, bottom losses observed in the northern Arabian Basin, Oman Basin, and
Somali Basin, respectively. Higher losses are inferred for the coastal fea-
tures and partially sediment covered ridges surrounding the basins with
highest bottom losses inferred for the topographically rugged, bare basaltic
ridges such as the Carlsberg Ridge.

PROPAGATION LOSS (U)

(C) Signal propagation, as expressed by propagation loss, is highly
variable over short range intervals (fluctuates relatively rapidly), with no
evidence of convergence zone structure (except for higher-frequency data in
the Somali Basin). Average propagation loss over the sediment filled basins
is generally quite low. For example, over the Oman Basin, 50-km-range-
averaged data at 200-km range showed propagation losses of 84 to 87 dB at 25
Hz, 85 to 91 dB at 140 Hz, and 82 to 94 dB at 290 Hz. In general, propagation
loss throughout the region is usually equal to or better than the familiar
Eleuthera reference curve. Highest losses are exhibited for receivers blocked
by bathymetric features or mounted on the higher bottom loss ridges or topo-
graphic highs of the region; or for source-to-receiver tracks traversing some
of the higher loss, rough bottom regions. Throughout the bottom limited
region average propagation loss is virtually independent of depth for sources
or receivers more than a few wavelengths away from the surface or bottom. The
usual surface image interference effects are shown for sources near the ocean
surface. A related interference effect, prodU:cing a source-depth and
frequency-dependent near bottom propagation loss maximum ("notch"), is theo-
retically indicated and partially supported by data. If confirmed, such a
propagation loss depth dependence could be used to optimize signal-to-noise
ratio by height-off-the-bottom selection for near-bottom sensors. In the
Somali Basin, convergence zone structure is exhibited with frequency-dependent
(and probably sound-speed-profile - i.e., seasonally - dependent) convergence
zone strength. For frequencies above 50 Hz, in this basin, optimum propaga-
tion (minimum average loss) is exhibited for receivers near the conjugate
depth of shallow sources. For lower frequencies, average propagation loss
exhibits a complex dependence on receiver depth and frequency.

AMBIENT NOISE (U)

(C) As is true for range averaged transmission loss, for receivers over
the bottom-limited basins the omnidirectional ambient noise is essentially
independent of depth for receivers removed from the ocean surface or bottom by
more than a few (perhaps two) wavelengths. The low transmission loss,
together with high shipping densities, produces high noise levels throughout
the region. Highest omnidirectional noise levels (90 to 95 dB from 10 to 50
Hz) are observed in the Oman Basin, with only 5 - 10-dB lower levels observed

6
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SI in the Arabian and Somali Basins. Noise levels for frequencies above 50 Hz
U• are also high but with less dependence on the basin (and probable stronger

dependence on wind speed/wave height). Persistent anisotropy of at least 10
dB is shown by the horizontal directional ambient noise data at low fre-

I quencies (23 and 36 Hz). The directions of noise peaks are well correlated
with maxima of the shipping density.

I COHERENCE (U)

(C) Phase coherence for horizontal arrays is variable but generally high
I for signals propagating over the sediment filled basins (coherence does

3 decrease with increasing frequency). Somewhat higher coherence fluctuations
are exhibited for an array at 300 m than for a shallower (200 m) or deeper
(bottom) array. Decreased array coherence is shown for signals propagating
over bottom topographic features (e.g., seamounts or hills). For the towed
arrays (but not for the bottom array), signal coherence is reduced when

sources pass over the sloping near-coastal bottom.

,I
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CHAPTER I

I I INTRODUCTION (U)

I by
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CHAPTER I. INTRODUCTION (U)

1.1 (U) GENERAL

(C) The BEARING STAKE exercise was a major acoustic survey program con-
ducted in the Northwest Indian Ocean from January through May 1977. The
program was sponsored by the Naval Electronic Systems Command (PME-124) and
was designed to collect acoustic data to describe several acoustic environ-
ments in the region, to provide inputs to system performance models, and to
provide acoustic data for assessing surveillance system options in selected
areas of the Indian Ocean.

IM (U) The survey utilized near-surface, midwater, and near-bottom receivers
(omnidirectional hydrophones and/or arrays) to collect data at several sites
for description of the following ocean acoustic parameters:

Propagation loss

I: Ambient noise

Bottom interaction (bottom loss)

Spatial coherence

* Appropriate sensors were used to provide data for a description of the envi-5 ronment during the acoustic measurements - specifically, the sound speed
versus depth profiles, bathymetry, and bottom physical properties (geoacoustic
models). During some of the ambient noise measurements, aerial surveillance

if• oF surface ships was conducted.

1.2 (U) REPORT OUTLINE

(C) This report serves two purposes. First it provides, in chapters II
through VII, summary presentations of the major observations and conclusions
resulting from analysis of the BEARING STAKE results by several principal
investigators. Second it provides, in chapter VIII, another degree of summa-
rization by combining the key observations of these principal investigators
into an acoustic assessment of the Northwest Indian Ocean (a statement of the

3 major features of the nature of this ocean region as an acoustic medium as
revealed by the BEARING STAKE measurements).

" (U) Chapters II through VII are condensed statements of material pre-
sented elsewhere in greater detail by the principal investigators (Fenner and
Cronin, 1973; Hamilton and Bachman, 1979; Mitchell et al., 1979; Pedersen and

* Yee, 1979; Wagstaff and Aitkenhead, 1979; Neubert, 1978a,b,c,d; and Fabula and
5• Neubert, 1978). The material prepared for these chapters by the principal

investigators was edited to bring some degree of conformity to the style of
presentation (to assist the reader), but the sections were allowed to retain a
great deal of their individuality. Because of this editorial approach, a
small degree of repetition has occurred, especially in the beginning section
of a few of the chapters. Because each chapter author had his own points to

* make, the small additional bulk to this already sizable report seemed
U acceptable.

* 11
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(U) Figures and tables are numbered sequentially in each chapter by

Arabic numerals prefixed by a Roman numeral indicating the chapter (e.g.,
table 2 of chapter IV is designated on the table as: table IV-2). In any
chapter, references to figures or tables within that same chapter omit the
prefixed Roman numeral for the chapter. References to tables or figures in
other chapters retain the prefixed Roman numeral.

(C) A glossary at the back of the report defines several of the terms and
acronyms used herein. However, one diversity of the geographical references
in the various chapters must be noted. As indicated in several of the chap-
ters (III, IV, and VIII), the region of interest in this report, the Northwest
Indian Ocean, contains a large central basin wherein the detritus from the
Indus River has formed a very large deep sea fan or cone (underwater delta) on I
the seafloor. Because this physiographic feature was built by the Indus River
outflow and because it occurs in the Arabian Sea, it is denoted by various
authors as either the Indus Basin, Indus Cone, Arabian Fan, or Arabian Cone. I
In this report, the term Arabian Basin is also used to denote the central
basin of the Arabian Sea which contains the Arabian Fan (see, for example,
figure IV-1 or figure VIII-2).

1.3 (U) EXERCISE OUTLINE

(C) Although, ideally, one would like to develop a description of the I
nature of a given ocean region as an acoustic medium (an acoustic assessment)
without reference to measurement systems or procedures (a stand-alone refer-
ence handbook), some reference to data acquisition and analysis procedures as I
well as theoretical extrapolations or interpolations are usually required.
Large scale, low-frequency ocean measurements are by their nature difficult
and expensive; thus, the few areas surveyed are usually sparsely sampled int
both space and time. The description of regional acoustic features will be
constrained to those features revealed by available measurements and such
extrapolations with acoustic theory as can be made with confidence. This
present assessment report is based on the results of analysis of data from a
large scale measurement program, the BEARING STAKE exercise, carried out in
the Northwest Indian Ocean as briefly described in section I.1 above. Because
many of the observations of this report are heavily weighted by (and, as
always, sometimes constrained by) the format of the measurement systems,
methods, and successes versus failures, it is important to have at least an
outline of the exercise available. Thus, such an outline is presented below.
It is purposely restricted in scope and detail because the central focus of
this report is a description of the regional acoustics rather than the survey
itself. Much more detailed BEARING STAKE survey descriptions are available in
some of the principal investigators' reports cited above and in other refer-
ences to be cited below.

(C) During the time period from 13 January to 4 May 1977, the BEARING
STAKE exercise was conducted in the Northwest Indian Ocean in four cruises.
Five sites (fig 1) were selected for placement of various fixed receiving
systems, and measurements were conducted by towing continuous-wave (CW)
acoustic sources and deploying explosive (SUS) charges on ship (or aircraft)
tracks centered on, and designed to sample the regions around, these fixed
sites. Site 1 was occupied twice, and these occupations are kept separate by
designating one as Site 1A, the other as Site 1B.

12 f
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(C) Times (in 1977) of and sites occupied during the four cruises are: j
Cruise Dates Site(s) Occupied

1 13 Jan - 26 Jan 1A

2 30 Jan - 26 Feb 3 and 1B

3 5 Mar- 30 Mar 4

44 Apr- 4 May 5 and2 2

(C) The acoustic measurement system which was actually located at each of
the designated sites for each occupation is a Bottom-Mounted Array (BMA) of
hydrophones. This was the only acoustic receiving system deployed at all
sites. Others, of a variety of receiving systems, were deployed near the BMA
during source tows around the five sites. The acoustic receiving system suite
from which results are used for this report included: j

Bottom-Mounted Array (BMA) from PME-124/WECo

Vertical ACODAC (VAC) from WHOI £
Ocean coustic Measurement System (OAMS) from
PME-124/NOSC.

Long Acoustic Towed Array (LATA) from WRE, Australia

(C) These acoustic receivers were deployed at or near the sites in figure
1 as indicated below:

Site Numbers

Receiver 1A 3 1B 4 5 2
BMA X X X X X X
VAC X X X
OAMS X X X X X
LATA X X X X X

(C) The Bottom-Mounted Array (BMA), which was deployed for all six site
occupations, is an array of eight hydrophones intended for placement on the -I

ocean floor. At Sites 1B and 3, the array was deployed flat and horizontal
with all hydrophones on the bottom. At Sites 1A and 5, deployment was similar
except that two hydrophones (Nos. 1 and 2) were buoyed up off the bottom. At
Site 4, all hydrophonqes were on the bottom but the array was placed along the
sloping side of the Somali Basin with hydrophone no. 1 at about 4700 m depth

and the remaining hydrophones at successively shallower depths up the slope
until no. 8 (the shallowest) at about 3800 m depth. At Site 2, all hydro-
phones were on the bottom but the array was draped across a local topographic
high such that hydrophones 1 through 7 were at successively shallower depths
(no. 1 deepest) up a slope facing the Arabian Basin while hydrophone 8 was
partially shielded frDm the basin behind ("over the top of") the local
feature. Details of the deployments including hydrophone spacing and array
orientation are gi,'er in other BEARING STAKE Reports (e.g., Yee et al., 1977).

14
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3 (C) The Vertical ACODAC (VAC) System, deployed near the BMA location at
Sites 1B, 3 and 4, consisted of 13 hydrophones deployed (in three closely
spaced groups plus a single phone) at four depths in the water column.
Hydrophones 1 through 4 were in the shallowest group deployed in the upper
part of the sound channel at a depth of a few hundred metres. Hydrophones 5
through 8 were deployed in a midwater group near the sound channel axis depth.
Hydrophones 9 through 12 were deployed as a group at a depth about 30 m above

S3the seafloor. Hydrophone 13 was on the seafloor.

(C) The Ocean Acoustic Measurement System (OAMS) is a horizontal towed
array of 32 directional hydrophone groups spaced over an acoustic aperture of
925 m. By design this array is highly directional and was constrained to
acquiring data for beams within a few degrees of broadside (Neubert, 1978d).
The DAMS array was operated for Sites 3, 1B and 4 in the vicinity of the BMA,
while for Sites 5 and 2 the DAMS array operated more than 400 km from the BMA.
At each site, the DAMS array was deployed to a cable scope of between 300 and
350 m. Speed of the towing ship was adjusted to maintain a nominal array tow
depth of 200 m. Ship speed varied between 2 and 3 knots. Ship maneuvers at
each site consisted of polygon tows (to assess ambient noise horizontal direc-
tionality) and straight line tows which were oriented in a manner s~ch thatm ~the acoustic paths from operating sources were generally within +15• of
broadside to the array. Data for determination of coherence, propagation loss

and beam noise temporal statistics were collected during the straight tows.

(C) The Long Acoustic Towed Array (LATA) is a horizontal towed array of
64 omnidirectional hydrophone groups uniformly spaced 19 m apart (X/2 at about
40 Hz) over an acoustic aperture of 1200 m. The LATA was operated for Sites
3, 1B and 4 in the vicinity of the BMA, while for Sites 5 and 2 it was oper-
ated more than 700 km from the BMA. For reasons described elsewhere (Neubert,
1978d), LATA data were processed for coherence estimates only for Sites 4, 5,
and 2. The array was towed at a nominal depth of 305 m at a speed of 2 to 3
knots. Coherence measurements were made on straight line tows oriented so
that the array would be nearly broadside or nearly endfire to the projector.

• I(C) Both narrowband (CW) projectors and broadband, explosive (SUS)
sources Were used. The SUS charges were deployed along preselected tracks
from ships or aircraft at fixed spacings along the track. They were operated

m by depth (pressure) sensitive fuses and were preset to explode at one of four
depths: 18, 91, 245, or 455 m. The two CW sources operated at frequencies
between 22 and 290 Hz. The high-frequency source, operating at 140 and 290

i Hz, was towed at 18-m nominal depth while the low-frequency source, operating
at frequencies of '2, 25, 36, 39, and 42 Hz, was towed either at 91 m or
between 78 and 84 m.

(C) Tracks for source tows (CW) and explosive (SUS) deployments are shown
in figures in subsequent sections (see especially chapter I). On these
figures and in references to the source tracks (or "events" in chapter V), a
fixed nomenclature is used for identification. Each track is identified by an
alphanumeric sequence of either three or four characters. The first character
is a number used to designate the BEARING STAKE measurement site at which the
BMA receiver was deployed for reception of signals from the source track (for
Sites 1A and 1B this requires two characters). The second character (third
for 1A and 1B events) is one of the three letters: P, S and A. These are
used to designate, respectively: CW source tows, ship tracks for explosive

U 15
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(SUS) deployment, and aircraft tracks for SUS deployment. The third (or

fourth) character numbers the different types of source events for each site
in sequence. Thus, the track for the third CW source tow at Site 4 is desig-
nated 4P3 while the first ship track for SUS deployment at Site 1B is
designated 1BSI.

(C) Ships used during BEARING STAKE were the following:

* USNS KINGSPORT conducted all long range projector tows, launched
all ship dropped SUS, collected 3.5 kHz sub-bottom profile data,
and also collected sound velocity/salinity-temperature-depth I
(SV/STD) and expendable bathythermograph (XBT) data.

0 USNS MYER was responsible for all BMA operations.

* USNS MIZAR launched and retrieved the VAC (and other systems)
and served as the tow ship for the OAMS array.

* USNS WILKES collected environmental data, including bottom
profiles, SV/STD, and Wide-Angle Bottom Reflection (WABR) data,
and took bottom core samples. She was also engaged in work with I
other systems not used for the present assessment.

* HMAS DIAMANTINA towed and operated the LATA in conjunction with
MIZAR tow runs, and also collected supporting
environmental/oceanographic data.

tI

I
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3 ICHAPTER II. OCEANOGRAPHIC ENVIRONMENTAL DESCRIPTION (U)

II.1 (U) GENERAL DISCUSSION OF ENVIRONMENTAL DATA

5I (C) During the BEARING STAKE exercise, participating vessels routinely
collected oceanographic, meteorological, bathymetric, and other environmental
data throughout the Northwest Indian Ocean. Table 1 summarizes oceanographic
and meteorological data collected at each major acoustic site (fig 1). Ocean-
ographic data consisted of expendable bathythermograph (XBT) observations and
sound velocity/salinity-temperature-depth (SV/STD) stations. Meteorological

3 data included observations of wind speed, wind direction, sea height, and
swell height. In addition to those data listed in table 1, sea surface tem-
perature observations were collected continuously by WILKES at Sites 1A, 1B, 3
and 4. Bathymetric data were collected by KINGSPORT, WILKES, and MIZAR5 throughout the exercise.

(C) Three types of XBTs were deployed during the exercise: Sippican
Model T-5 probes (maximum depth of 1830 m) by KINGSPORT, MYER, WILKES, and
MIZAR; Model T-7 probes (maximum depth of 760 m) by MIZAR and DIAMANTINA; and
Model T-4 probes (maximum depth of 450 m) by DIAMANTINA. The great majority
of MIZAR XBTs were T-7 probes; the great majority of the DIAMANTINA XBTs were
T-4 probes. All XBT traces were machine digitized and converted to speed
through the equation of Wilson (1960). Salinities necessary for sound speed
calculation were individually assigned to each XBT trace, and were based on a

I• •salinity field derived from exercise SV/STO data and historical northeas mon-
= VJ soon Nansen cast data. All three XBT models measure temperature to +_0 2C,

which results in a calculated sound speed accuracy of about +0.8 m/s assuming
that there are no errors in Wilson's equation. The SV/STD systems used by
KINGSPORT, WILKES, and MIZAR measure sound speeds with a precision of about
+0.3 m/s and yield Wilson equation sound speeds accurate to about +0.1 m/sec.

I Zenerally, BEARING STAKE sound speeds calculated from XBT temperatures were up
to 1.0 m/s higher than those measured directly and up to 0.5 m/s higher than
those calculated from SV/STD. temperatures and salinities. Most of this error
is attributable to XBT inaccuracies compounded by inaccuracies in Wilson's
equation (Carnvale et al., 1968; Mackenzie, 1971). Despite these inaccura-

• I cies, the totil exercise sound speed data base is adequate for propagation
loss calculations since measured and calculated sound speed gradients were

I nearly identical throughout the upper 2000-2500 m of the water column. Below
* 3000 m, sound speeds measured during the exercise were used in all analyses so

as not to bias propagation loss calculations.

(U) As previously reported (Naval Ocean Systems Center, 1977), a sub-
, tstantial percentage of data from BEARING STAKE XBTs initially appeared too

warm below a depth of 600-1000 m when compared to exercise SV/STD data. Pre-
I liminary evaluation of the XBT traces indicated that these erroneously warm

temperatures were caused mainly by an alteration in the sink rate of the XBT
probes due to entanglement with towed projectors, wire rubbing, etc. However,

I during later analysis of the traces, XBT recorder malfunctions (caused by a
slow recorder servo-motor response) were uncovered that could lead to indica-
tions of warmer temperatures in that region of the water column where tempera-
ture becomes basically isothermal (i.e., below about 1000 m). These errors
were compensated for during machine digitization of the traces, with the
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TABLE 11-1. (C) SUMMARY OF BEARING STAKE OCEANOGRAPHIC DATA. (U)

SHIP 100-600 m 600-1500 m 1500 m SV/STDs WEATHER OBS.

KINGSPORT 4 Site 1A 24 4 132
MYER 4 9 0 240
WILKES 1 4 1 5 0

Total 9 13 34 9 336

KINGSPORT 10 Site 1B 1 12 84
MYER 0 4 8 0 158
WILKES 3 4 13 5 0
MIZAR 7 6 6 2 96
DIAMANTINA 20 0 0 0 13

Total 40 15 28 19 351

Site 1 Total 49 28 62 28 687

Site 3
KINGSPORT 4 7 21 12 168
MYER 3 2 13 0 321
WILKES 9 12 36 6 0
MIZAR 20 10 2 5 96
DIAMANTINA 12 0 0 0 13

Total 48 31 72 23 598

Site 4
KINGSPORT 2 25 25 13 288
MYER 0 4 14 0 332
WILKES 13 20 36 4 0
MIZAR 6 18 4 3 264
DIAMANTINA 32 8 0 0 44

Total 53 75 79 20 928

Site 5
KINGSPORT 2 16 4 4 132
MYER 2 11 3 0 253
MIZAR 2 4 0 3 156
DIAMANTINA 21 4 0 0 29

Total 27 45 7 7 570

Site 2
KINGSPORT 1 10 0 1 108
MYER 1 3 9 0 192
MIZAR 9 10 1 1 156
DIAMANTINA 0 0 0 0 25 -.

Total 11 23 10 2 481

Grand Total 188 202 230 80 3264 .
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3 result that most XBT temperatures below about 1000 m agreed to 0.10 -0.2 0C
with those measured with SV/STDs. This agreement lies well within the accu-
racy of the XBT system. Nevertheless, approximately 45% of the T-5 probes
deployed failed at depths less than 1500 m because of wire entanglement, wire
rubbing, and actual wire breakage. Fortunately, it was possible to determine
deep sound channel (DSC) statistics throughout the exercise area from exercise
SV/STD data and those T-5 XBTs that reached their maximum depth.

* 11.2 (U) GENERAL OCEANOGRAPHIC SETTING

(C) Figure 1 shows the location of the five BEARING STAKE acoustic sites
and four ancillary sites occupied by MIZAR and DIAMANTINA. These sites are
shown superimposed on Indian Ocean sound speed provinces (after Colborn,
1976). The sound speed structure of the Northwest Indian Ocean has beenI extensively discussed by Fenner and Bucca (1972a and b). These previous works
document the effects of various intrusive water masses on Indian Ocean soundspeed structures, and are used as the primary basis for oceanographic inter-

I pretations contained in the following paragraphs. Sound speed profiles and
temperature-salinity diagrams representative of each of the exercise sites
during the northeast monsoon or the transitional periods between the northeast
and southwest monsoons are presented in figure 2.

(C) Sites 1A and 1B, occupied approximately one month apart both were
under the influence of high-salinity Persian Gulf Intermediate Water that
emanates from the Persian Gulf through the Straits of lormuz. This water mass
exhibits a temperature and salinity maximum at 200-250 m which frequently
causes perturbations in sound speed at the base of the permanent thermocline.ft At both Sites 1A and 1B, near-surface temperatures and sound speeds were
somewhat lower than at other exercise sites. This anomaly was caused by the
northeast monsoon upwelling along the northern edge of the Arabian Sea.

I Between about 200 and 1200 m, sound speeds at Site 1B were several m/s lower
j.than those observed at Site 1A (also see fig 28). A maximum sound speed

difference of about 4 m/s o8curred at a depth of 400 m and corresponds to a
temperature decrease of 1.1C. This phenomenon probably was caused by
increased upwelling after the Site 1A occupation.

(C) Site 2 was under the influence of both Persian Gulf Intermediate
I Water and high-salinity Red Sea Intermediate Water. The latter water mass

exhibits a temperature and salinity maximum below 600 m. It emanates from the
Red Sea into the Gulf of Aden and then into the Arabian Sea. Unfortunately,

£ no exercise SV/STD data were available at site 2. However, sound speed micro-
structure above 1000 m on the Site 2 representative profile (fig 2) apparently
was caused by the sinking and mixing of Red Sea and Persian Gulf Intermediate
Waters. The presence of these two water masses also caused higher sound3 speeds (above 1200 m depth) than at any other exercise site. In contrast, at
Site 3 water mass effects were minimal, and the representative sound speed
profile generally was smooth and regular except at about 500-600 m, where Red3 Sea Intermediate Water caused a small amount of sound speed microstructure.

(C) Site 4 lay directly astride a primary flow of Red Sea Intermediate
Water (600-900 m) that extends south along the entire east African coast.
Site 4 also was under the influence of low-salinity Subtropical Subsurface
Water that flows north along the east African coast at about 400 m. Inter-
mixing and sinking of these two water masses and cold, low-salinity Antarctic
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and Banda Intermediate Waters (below 700 m) caused extremely complex
temperature-salinity and sound speed structures at Site 4. Profiles exhibited
rapidly varying microstructure to a depth of at least 1600 m. Primarily
because of the effects of Antarctic Intermediate Water, representative sound
speeds at Site 4 (fig 2) were lower than those observed at any other exercise
site. Since Site 4 was occupied near the end of the northeast monsoon, it was
not influenced by the strong Somali Current that flows north along the east
African coast during summer. Generally, the monsoon reversal does not take
place until late April or early May, well after the Site 4 occupation.

(C) Site 5 lay astride a strong flow of Red Sea Intermediate Water (at
about 600 m) and also was influenced by Subtropical Subsurface Water. How-
ever, the oceanography at Site 5 was much less complex than that at Site 4.
Because of its location north of the Carlsberg Ridge, the representative sound
speed profile at Site 5 (fig 2) closely resembled that for Site 3 below 700 m.
However, above 700 m, the profile at Site 5 exhibited a bichannel structure
similar to that for Site 4. Sound speed profiles in the vicinity of Site 4
frequently disp'.ayed perturbations at depths above 100 m that were caused by a"temperature-salinity inversion at the bottom of the mixed layer. This inver-
sion also is evident in much of the March-April data collected in the vicinity
of Site 5 by the International Indian Ocean Expedition.

11.3 (U) ENVIRONMENTAL VARIABILITY AT EXERCISE SITES

(C) In the following sections, each major BEARING STAKE acoustic site
(Sites 1A, IB, 2, 3, 4, and 5) will be discussed separately in terms of sound
speed and meteorological variability. Each section is introduced by a loca-
tion chart that shows the positions of various acoustic receivers, and the
KINGSPORT SUS and CW tows and lists the total elapsed time for each acoustic
event. The location chart is followed by a time-series plot of sound speed
profiles keyed to a time-series plot of wind speed, wind direction, sea
height, and swell height. For the time series, daily souna speed profiles
were chosen from data within 20 nmi (37 km) of the site. Wind speed, sea
height, and swell height are presented every 4 hours, wind direction every 12
hours, based mainly on MYER data. Finally, each section contains one or more
sound speed cross sections corresponding to KINGSPORT acoustic events. The
bathymetric and sound speed data contained in each cross section are identical
with those used to compute propagation losses along various acoustic tracks
(discussed in chapter V). Table 2 lists all acoustic runs for which analyzed
sound speed and bathymetric data are available.

(C) The temporal and spatial sound speed presentations in the following
sections are annotated with the depth of the sonic layer (near-surface sound
speed maximum) and the depth of the DSC axis (absolute sound speed minimum).
Critical depth and 90 m conjugate depth are annotated only on Site 4 analy-
tical figures (fig 16-19). At all other sites, propagation was bottom limited
for both the near-surface (18-25 m) and subsurface (91-102 m) source. Critical
depth is defined as that depth at which the maximum sound speed at the surface
or in the near-surface layer recurs, and as such delimits the bottom of the
DSC. Similarly, 90 m conjugate depth is defined as that depth at which the
sound speed at 90 m recurs, and delineates the minimum depth necessary for
refraction of downward rays from a 90 m source. Each time-series plot and
cross section includes a sound speed profile overplot to a maximum depth of
3000 m which defines the total sound speed variability of each presentation.
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I TABLE 11-2. (C) KINGSPORT ACOUSTIC TRACKS WITH ANALYZED SOUND SPEED AND
U BATHYMETRIC PROFILES. (U)

* SITE ACOUSTIC TRACK

1A P2 P7 $1 1A1

3 1B Sl P1 P5

2 P1 SI P3a P3

3 S1 S2 P2 P3 P4 3A2

4 P1 S1 P2 P3 P4 P5 4A1

5 $1 P1 P5

I
LEGEND: P = CW projector

S = SUS
A = Aircraft SUS

= Sound speed cross section
1 contained herein

11.3.1 (U) SITE 1A VARIABILITY

(C) Figure 3 shows the location of Site 1A and the seven KINGSPORT
acoustic tracks occupied there. In addition, this figure shows the location
of KINGSPORT track 1A1 that was planned to correspond with an aircraft SUS
track flown between 220914Z and 221103Z Jan 1977. Unfortunately, the actualj aircraft track lay about 43 nmi (80 km) east of the KINGSPORT track. Site 1A
was located east of the Gulf of Oman within the Oman Basin. As previously
mentioned, this site is strongly influenced by warm, high-salinity Persian
Gulf Intermediate Water with a core at 200-250 m. Figure 4 presents the Site
1A environmental summary. Sound speed perturbations above about 600 m shown
in this figure reflect the effects of Persian Gulf Intermediate Water that
apparently was sinking at Site 1A. A sonic layer 50-70 m deep was present at
the site throughout most of the occupation. The exception was between 17 and
20 January when surface insolation masked the layer. During the 19-day occu-
pation, the depth of the DSC oscillated between about 1600 and 1850 m with a
sound speed variation at the axis of about 2.5 m/s. The greatest sound speed
variability in the water column (about 10 m/s) occurred at 100 m, the approxi-
mate depth of the low-frequency CW source. Meteorological conditions were

T relatively stable at Site 1A, with wind speeds generally less than 10 m/s, sea
heights less than 2 m, and swell heights less than 3 m. Two KINGSPORT tracks
are presented as sound speed cross sections, event S1 (fig 5) and event 1A1
(fig 6). Both tracks had a sonic layer at about 50 m, and a DSC between about

j 1750 and 1950 m. Along the S1 track (fig 5), the Site 1A profile (KINGSPORT
XBT 38) had substantially lower sound speeds than those farther to the north-
west within the Gulf of Oman (because of the effects of Persian Gulf Inter-
mediate Water). Sound speed variability along the 1A1 track (fig 6) was
considerably greater than that along the S1 track, primarily because of mixing
"between Persian Gulf and Red Sea Intermediate Waters south of about 18 N.
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1 11.3.2 (U) SITE 1B VARIABILITY

(C) Figure 7 shows the location of Site lB and the six acoustic tracks
occupied by KINGSPORT at this site. The BMA (Bottom-Mounted Array) at Site 1B

]I was within 5 nmi (9 km) of that at Site 1A, but was implanted nearly one month
Slater. The environmental summary for Site 1B is given in figure 8. Although

Persian Gulf Intermediate Water was present at Site 18, it did not cause sound
speed perturbations in the upper water column. A sonic layer was absenti during most of the Site 1B occupation, apparently because of surface insola-
tion. The depth of the DSC varied between about 1580 and 1820 m over nine

1 days with a sound speed change of less than 2 m/s. The greatest temporal
variability (about 10 m/s) again occurred at 100 m, the approximate depth of
the low-frequency source. Wind speed, sea height, and swell height gradually
decreased during the occupation, but were moderate throughout. At depths less

I than 1800 m, the envelope of sound speed variability at Site 1B lay at lower
sound speeds than that for site 1A (fig 4), with a maximum difference of about
5 m/s at 400 m depth. This probably was caused by increased upwelling during
early February. Wind speeds and directions between 16 and 20 February were
conducive to upwelling, and were far more persistent than those encountered at
Site 1A (fig 4).

I (C) Figure 9 shows a sound speed cross section along the KINGSPORT S1
track at Site lB. This track was a replicate of the S1 track at Site 1A (fig
5), but extended approximately 40 nmi (75 km) further into the Gulf of Oman.f jOn the last sound speed profile (KINGSPORT SV/STD 27), Persian Gulf Inter-
mediate Water caused a distinct upper channel between 100 and 200 m. The
profile at Site 1B (KINGSPORT SV/STD 26) had anomalously low speeds when coin-

* tpared to other profiles along the track, and was the lowest sound speed pro-
• 5 file encountered at the site (fig 8). Largely because of this anomalous

profile, sound speed at 400 m varied by 10.5 m/s along the S1 track. Most of
this variation occurred in the first 57 nmi (105 km), and may have had some
effect on acoustic propagation, even for a bottom-limited situation.

11.3.3 (U) SITE 3 VARIABILITY

I I (C) Figure 10 shows the location of Site 3 and the six KINGSPORT acoustic
tracks run at this site. Also shown in figure 10 is the location of KINGSPORT

i track 3A2 that corresponds to an aircraft SUS event flown between 080850Z and
081021Z February 1977. Site 3 was located in the central Arabian Sea and was
not influenced markedly by intrusive water masses. Persian Gulf Intermediate
Water had no noticeable effects on sound speed at this site, and Red Sea
Intermediate Water caused only minor perturbations between about 400 and 600
m. Subtropical Subsurface Water apparently was not present at Site 3. The
environmental summary is presented as figure 11. A sonic layer was present

3 during the first five days, but later was masked by surface insolation. The
depth of the DSC remained quite constant (1720-1850 m) and the axis showed a
sound speed variation of less than 2 m/s. The maximum variation in the water
column occurred at about 100 m, and was only about 5 m/s. Overall, sound
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Figure 11-7. (C) Site IB location chart. (U)
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Figure 11-9. (C) Sound speed structure along KINGSPORT $1
34 track at Site lB. (U)

speed variability at Site 3 was less than at any other exercise site. Meteo-
rological conditions were also very constant at Site 3. Wind speeds averaged
about 5 m/s and were associated with sea and swell heights of less than 2 m.
Three KINGSPORT tracks are presented as sound speed cross sections: Event P2
(fig 12), Event P4 (fig 13), and Event 3A2 (fig 14). A sonic layer generally
was present along the P2 and 3A2 tracks but was absent along most of the P4
track. Overall, sound speed variability was the least along the P2 track andthe greatest along the 3A2 track. Along all three tracks, variability wasgreatest at about 100 m, the approximate depth of the low-frequency CW source.

11.3.4 (U) SITE 4 VARIABILITY

(C) Figure 15 shows the location of Site 4 and the seven acoustic runs
made there by KINGSPORT. The figure also shows the location of the KINGSPORT
4A1 track that corresponds to an aircraft SUS flight made between 200611Z and
200756Z March 1977. Site 4 was located on the edge of the Chain Ridge, with
acoustic runs oriented across the Somali Basin. The oceanography at Site 4
was the most complex encountered during BEARING STAKE because of the mixing of :
several intrusive water masses. The water masses and their approximate core

'Pdepths were as follows:

Cool, low salinity Subtropical Subsurface Water, 400-500 m

34 .1
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Figure II-10. (C) Site 3 location chart. (U)
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Figure II-lI. (C) Environmental summary at Site 3
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Cool, low salinity Subtropical Subsurface Water, 400-500 m

Warm, high salinity Red Sea Intermediate Water, 600-900 m

Cold, low salinity Antarctic Intermediate Water, 700-800 m

Cold, low salinity Banda Intermediate Water, 900-1000 m.

Details on the distribution and characteristics of each water mass are given
by Fenner and Bucca (1972b).

(C) The environmental summary for site 4 is given in figure 16. Through-
out the occupation, sound speed profiles displayed extremely variable micro-
structure between about 300 and 1800 m. As previously mentioned, this micro-
structure was caused by intermixing of the four intrusive water masses listed
above and by sinking of Red Sea Intermediate Water as a result of this inter-
mixing. A sporadic layer frequently was present but was not a permanent
feature at Site 4. Over 16 days, the depth of the DSC lay between 1600 and
1850 m, with a sound speed variability of 3-4 m/s. At 100 m, the approximate
depth of the low-frequency CW source, sound speed varied by more than 17 m/s,
the greatest variability encountered at any exercise site. Even though the
corrected bottom depth at Site 4 was 5109 m, the site was effectively bottom
limited throughout the occupation. Before March, 90 m conjugate depth was
less than 200 m shallower than the bottom. However, between 17 and 21 March,
90 m conjugate depth shoaled to a level about 700 m above the bottom. This
should have provided enough depth excess to assure some refraction of downward
rays from the low-frequency source. The rapid change in 90 m conjugate depth
was caused by a cooling of the main thermocline that also resulted in a change
of shape of the sound speed profile above a depth of about 200 m. Wind speeds
at Site 4 averaged 5 m/s, accompanied by approximately 1 m seas and 2 m
swells.

(C) Sound speed cross sections along three KINGSPORT tracks are given in
figure 17 (P1 track), figure 18 (P5 track), and figure 19 (4A1 track). Sound
speed profiles along all three tracks were extremely irregular because of the
persistent presence of Red Sea Intermediate Water. The bottom depth along all
three tracks was a minimum of 200 m deeper than 90 m conjugate depth, allowing
for some refraction of downward rays from the low-frequency source. However,
all three tracks were basically bottom limited in respect to the high- and
medium-frequency sources (nominal depth of 18 m). Generally, the greatest
sound speed variability along the P1, P5, and Al tracks (17-19 m/s) occurred
at about 150 m, below the nominal depth of the low frequency source. A sonic
layer occurred only along the 4A1 track (fig 19), but was relatively shallow
(20-30 m) and ill defined. Along the 4A1 track, sound speed profiles were
even more complex than at Site 4 itself, particularly at the northern end of
the track, where Red Sea Intermediate Water was being rapidly diluted by

ki
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Figure 11-15. (C) Site 4 location chart. (U)
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Figure 11-17. (C) Sound speed structure along KINGSPORT PI track
at Site 4. (U)

mixing with other intrusive water masses. DSC structure along the 4A1 track "

was more vpriable than that at the site or that along the P1 and P5 tracks.

11.3.5 (C) SITE 5 VARIABILITYO

(C) Figure 20 shows the location of Site 5, the five KINGSPORT acoustictracks run there, and generalized operational areas for DIAMANTINA (Site 5A)and MIZAR (Site 5B). Site 5 lay at the southern edge of the Arabian Basin onSthe flanks of the Carlsberg Ridge, and, as previously mentioned, was under the .

i influence of a strong, preferential flow of Red Sea Intermediate Water. The
S~environmental summary for Site 5 is presented in figure 21. Unfortunately, i

only one good SV/STD was available at Site 5, and the majority of XBTs droppedi within 20 nmi (37 km) of the site failed at depths shallower than the DSC.
S~All sound speed profiles shown in figure 21 displayed a sound speed minimum at i
S~about 400-m depth associated with Subtropical Subsurface Water. Two of the
S~profiles (KINGSPORT SV/STD 50 and MYER XBT 100) showed a significant sound
S~speed perturbation at the top of the permanent thermocline (30-100 m). A
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Figure 11-21. (C) Environmental summary at Site 5 (8-21 April 1977). (U)
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I similar structure was encountered sporadically along most Site 5 acoustic
tracks (e.g., fig 22 and 23). A sonic layer was not persistently present at
Site 5, and the greatest sound speed variability in the water column (about 15
m/s) occurred at about 150 m, below the depth of the low-frequency source.
Meteorological conditions were moderate throughout the 12-day occupation of
Site 5, with wind speeds less than 6 m/s, sea heights generally less than 1 m,
and swell heights averaging less than 2 m. Sound speed variability was

1' considerably greater along the P1 track (fig 22) because of its orientation to
i the northeast across preferential flows of Red Sea Intermediate and Sub-

tropical Subsurface Waters. Along this track, sound speed varied by a maximum
IT of about 13 m/s at a depth of 150 m. A shallow sonic layer was present alo:ng

much of the P1 track but was generally absent along the P5 track (fig 23). DSC
structure along both tracks is speculative, since most of the XBTs failed at
depths shallower than 1500 m.

11.3.6 (U) SITE 2 VARIABILITY

(C) Figure 24 shows the location of Site 2, the five KINGSPORT acoustic
- tracks occupied there, and generalized operational areas for MIZAR (Site 2A)

and DIAMANTINA (Site 2B). Site 2 lay on the Owen Ridge in direct line with
the mouth of the Gulf of Aden. This site was influenced by warm, high salin-
ity Persian Gulf and Red Sea Intermediate Waters. However, neither water mass
caused meaningful sound channels at Site 2, only microstructure. The environ-
mental summary for this site is presented in figure 25. Unfortunately, no
reliable SV/STD data were collected during the Site 2 occupation. Based on
MYER XBT data, sound speed variability at site 2 was less than that at other
exercise sites (except Site 3). A maximum variation of about 5 m/s occurred
between 100 and 150 m, below the depth of the low-frequency source. A sonic1 layer was absent at Site 2 throughout the 9-day occupation. The DSC lay be-
tween 1720 and 1900 m and displayed a variability of less than 2 m/s. Winds
were generally calm at Site 2, resulting in wave heights less than 1 m
superimposed on about 2 m swells. Sound speed cross sections along the P1 and
P3 tracks are presented in figures 26 and 27, respectively. A persistent
sonic layer occurred along the P1 track but was absent along the P3 track.

I Far more sound speed variability occurred along the P3, track where a maximum
variation of about 10 m/s was found at about 300 m. Due to XBT failures, data
spacing along the P3 track was far from adequate and the DSC along both tracks
is speculative.
11.4 (U) COMPARISON OF REPRESENTATIVE EXERCISE AND HISTORICAL SOUND SPEED

DATA

(C) Representative BEARING STAKE sound speed profiles and their asso-
ciated temperature-salinity diagrams have been illustrated previously in

* figure 2. The representative profiles were derived from the time-series plots
of sound speed presented in the environmental summaries for each site and

I
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Figure 11-23. (C) Sound speed structure along KINGSPORT P5 track

j ~at Site 5. (U)

generally are near-modal profiles. For all sites except Site 2, the repre-
sentative sound speed profiles are based upon SV/STD data so as not to incor-
porate XBT inaccuracies. In the following sections, the profiles are compared
with typical December-February or March-May profiles from the Indian Ocean
sound speed provinces shown in figure 1 (after Colborn, 1976) and represen-
tative southwest monsoon profiles derived by the authors from historical
International Indian Ocean Expedition data. Colborn's typical sound speed
province profiles and the representative profiles for the southwest monsoon
both are based on Nansen cast data and therefore do not show the same degree
of microstructure found in exercise SV/STD data.

11.4.1 (C) NORTHEAST MONSOON

(C) Figure 28 compares representative BEARING STAKE and typical historical
W sound speed profiles for the same time period at each exercise site. Accord-

ing to Colborn's analyses, the northeast monsoon extends from December through
February and is followed by a transitional season (March - May) prior to the
southwest monsoon. Therefore, sites 1A, 1B, and 3 are compared with a typical
northeast monsoon profile; sites 4, 5, and 2 with typical transitional season
profiles. The site 1A and 1B exercise profiles varied significantly from
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Colburn's typical northeast monsoon profiles at depths above about 1400 m.
For both sites, the representative profiles lay at lower sound speeds than
those shown by Colborn, with maximum differences of about 7 m/s at the surface
and about 4 m/s at 400 m. At Site 3, the representative exercise profile was
similar to Colborn's typical profile in the near-surface layer, up to 5 m/s
higher than Colborn's data between 200 and 800 m, and slightly lower than the
typical northeast monsoon profile between 800 and 2600 m. However, below 800
m, sound speed gradients for historical and exercise profiles were nearly
identical. At Site 4, the historical profile lacked the marked microstructure
evident in exercise data, and generally represented a lesser concentration of
Red Sea Intermediate Water (i.e., lesser sound speeds) between about 500 and
1600 m. Above about 200 m, however, the two profiles were practically iden-
tical. At Site 5, Colborn's profile for the transitional season lacked both
the sound speed perturbation in the near-surface layer and the upper sound
channel (sound speed minimum at 500 m, maximum at 700 m). At Site 2,
Colburn's data were quite similar to the representative exercise profile
except above 100 m, where exercise sound speeds were a maximum of 9 m/s lower -
than historical values.

(C) Since the exercise area was basically bottom limited, mode-ate varia-
tions between representative and typical Colborn sound speed profiles should
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U mnot cause extreme changes in propagation loss unless the sound speed variabil-
m ity occurs at or above the depth of the source. Variability in the near-

surface layers was most pronounced at Sites 1A/1B, 2, and 5. In all three
cases, exercise sound speeds were less than historical sound speeds, and at
Site 5 the sound speed perturbation between 50 and 100 m was totally absent in
the typical profile for March-May. However, at Site 4, the considerable
microstructure exhibited by the representative exercise profile should have3 had somu effects on propagation loss, particularly for the low frequency
source.

11.4.2 (C) SOUTHWEST MONSOON

(C) Figure 29 compares representative exercise sound speed profiles at
each site with representative profiles from the southwest monsoon (June-
September). Profiles presented in figure 29 are listed in table 3 (Sites 1A
and 1B), table 4 (Sites 3 and 4), and table 5 (Sites 5 and 2). The represen-
tative southwest monsoon profiles were chosen from nistorical data positioned
as close to each site as possible and therefore are not typical for anyI specific oceanic province. At Sites 1A/1B, the representative profiles for
both monsoons were quite similar except at the surface, where the southwest
monsoon profile sound speed was nearly 10 m/s higher than that found duringithe exercise. At Site 3, the northeast and southwest monsoon profiles were
nearly identical except in the .,ear-surface layer, where sound speeds were
about 5 m/s higher during the summer. At Site 4, the southwest monsoon
profile had considerably lower sound speeds above about 400 m. The maximum
difference (17 m/s) occurred at the surface and apparently was caused by
southwest monsoon upwelling off the Somali coast. At site 5, the southwest
monsoon profile had sound speeds up to 15 m/s higher than the exercise profileI at depths above 400 m, but lower sound speeds below 400 m. In addition, the
upper sound speed minimum was far better developed during the exercise,
probably because of the presence of more Red Sea Intermediate Water. At Site
2, the entire southwest monsoon profile had sound speeds less than those found
during the exercise because of the effects of southwest monsoon upwelling off
the Oman and Muscat coasts. As expected, representative profiles from the
southwest monsoon generally were quite similar to those for the northeast
monsoon except above 400-500 m and in regions where upwelling is expected
during summer, in keeping with the findings of Fenner and Bucca (1972b). In
any case, the southwest monsoon profiles shown in figure 29 are adequately
representative for acoustic modeling during the southwest monsoon.
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TABLE 11-3. (C) REPRESENTATIVE EXERCISE AND SOUTHWEST MONSOON SOUND SPEED
| IPROFILES FOR SITES 1A AND lB. (C)

g EXERCISE (Site 1A) EXERCISE (Site 1B) S.W. MONSOON

Depth SS Depth SS Depth SS
(m) (mis) (N) (mls) (m) (mls)

0 1533.0 0 1531.9 0 1542.5 SLD
25 1533.1 10 1532.0 SLD 10 1542.3
65 1533.3 SLD 25 1530.9 20 1542.3

100 1521.1 50 1530.8 30 1530.6
125 1519.8 75 1522.4 50 1528.6150 1518.7 100 1520.4 75 1526.5

165 1517.9 150 1519.1 100 1523.6
185 1518.5 200 1517.7 125 1523.0
200 1517.6 250 1514.0 150 1522.0x, 250 1514.4 300 1509.5 200 1519.8
300 1513.2 350 1507.4 250 1515.0
350 1510.9 400 1506.0 300 1511.0

i 400 1509.7 500 1504.8 400 1506.6
501 1506.7 550 1504.5 500 1506.1
600 1505.4 575 1504.6 600 1505.0
700 1504.6 625 1504.0 700 1504.5
800 1503.9 675 1503.6 800 1503.6
900 1502.6 700 1503.7 900 1502.6

1000 1501.7 800 1502.6 1000 1501.6
1100 1500.3 900 1501.9 1100 1500.3

. 1150 1499.2 1000 1500.5 1200 1499.1
1200 1499.1 1100 1499.1 1300 1497.8
1300 1498.3 1200 1498.6 1400 1496.9
1400 1497.1 1300 1497.7 1500 1496.1
1500 1496.3 1400 1496.8 1750 1495.6 DSC
1600 1495.6 1500 1495.9 2000 1496.01 1750 149a.4 DSC 1600 1495.3 2500 1500.6
1825 1495.6 1725 1495.0 DSC 3000 1507.8
1900 1495.8 1800 1495.3 3350 1513.3 CBD

1 2000 1496.3 1901 1495.25 2200 1497.8 2000 1495.7
2500 1500.7 2200 1497.2
3000 1507.7 2500 1500.3
3350 1513.3 CBD 3000 1507.7

3350 1513.5 CBD

ABBREVIATIONS:

StSLD = Sonic Layer Depth
DSC = Deep Sound Channel
CBD = Corrected Bottom Depth

I I s
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TABLE 11-4. (C) REPRESENTATIVE EXERCISE AND SOUTHWEST MONSOON SOUND SPEED PROFILES
FOR SITES 3 AND 4. (C) .,

SITE 3 SITE 4
EXERCISE S. W. MONSOON EXERCISE S. W. MONSOON

Depth SS Depth SS Depth SS Depth SS
(mi) (mis) (m) (v'•) (m) (mls) (m) (m/s)

0 1538.5 0 1543.6 0 1543.9 SLO 0 1528.1 SLD
35 1538.9 SLD 10 1543.8 25 1543.0 10 1527.6
50 1537.8 20 1544.0 50 1541.0 20 1527.6
75 1537.2 30 1544.1 75 1532.9 30 1527.6

100 1529.5 50 1544.5 SLD 100 1528.2 50 1527,3
150 1521.7 75 1536.0 160 1518.2 75 1526.5
200 1515.9 100 1532.5 201 1514.3 100 1526.3
250 1512.7 125 1529.1 250 1509.4 125 1522.1
300 1511.1 200 1519.6 300 1505.1 150 1511.1
350 1509.3 250 1516.3 400 1499.8 200 1505.0 .,

400 1507.9 300 1512.1 450 1498.9 250 1503.5
480 1506.9 400 1509.0 500 1500.5 300 1501.5 -,

500 1507.0 500 1507.3 575 1501.9 400 1499.5
540 1506.4 600 1506.6 600 1501.4 500 1499.3
560 1506.7 700 1506.0 625 1502.4 600 1501.8

1 600 1506.2 800 1505.1 675 1499.6 700 1497.6
630 1506.4 900 1504.5 726 1500.7 800 1497.1
701 1505.5 1000 1504.0 799 1498.9 900 1496.8
800 1504.8 1100 1502.1 849 1500.1 1000 1496.1

K 900 1504.3 1200 1501.3 874 1499.1 1100 1495.3
1000 1503.1 1300 1500.0 925 1499.3 1200 1496.3
1100 1502.6 1400 1498.8 999 1498.4 1300 1496.0
1200 1501.9 1500 1497.8 1098 1497.2 1400 1495.3
1300 1500.9 1750 1495.8 DSC 1197 1496.1 1500 1494.8
1400 1500.0 2000 1496.2 1297 1495.6 1750 1493.0 DSC
1500 1499.2 2500 1500.6 1346 1495,9 2000 1494.6
1600 1498.3 3000 1507.7 1421 1494.2 2500 1500.3
1700 1497.8 3580 1516.9 CBD 1470 1494.6 3000 1507.5
1801 1497.1 1595 1492.4 4000 1523.6
1890 1496.9 DSC 17,!3 1492.3 DSC 5106 1542.8 CBD
2001 1497.2 1892 1493.2
2200 1498.5 1991 1494.1
2500 1501.3 2189 1495.8
3001 1507.6 2511 1500.1
3580 1516.8 CBD 3004 1507.3

3498 1515.2
4012 1523.5
4501 1531.4

A A5106 1542.5 CBDr• ~ ABBREVIATIONS:

Same as previous table
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STABLE 11-5. (C) REPRESENTATIVE EXERCISE AND SOUTHWEST MONSOON SOUND SPEED PROFILES• FOR SITES 5 AND 2. (C)

SITE 5 SITE 2

U EXERCISE S. W. MONSOON EXERCISE S. W. MONSOON
Depth SS Depth SS Depth SS Depth SS
(m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s)

0 1545.5 SLD 0 1540.3 0 1546.7 SLD 0 1536.8
30 1539.5 10 1540.5 25 1544.4 10 1537.050 1542.1 20 1540.6 50 1540.0 20 1537.0
75 1540.0 30 1540.8 75 1537.4 30 1537.1 SLD

100 1526.3 50 1541.1 100 1534.6 50 1536.6
150 1514.6 75 1541.3 SLD 150 1526.7 75 1534.1
200 1509.3 100 1540.6 200 1520.3 100 1530.6
250 1504.9 125 1535.8 250 1517.1 125 1526.3301 1502.7 150 1529.5 270 1517.3 150 1522.1
350 1501.9 200 1513.5 300 1513.6 200 1515.3
400 1501.8 250 1508.0 350 1512.6 250 1511.8
450 1501.6 300 1504.5 410 1510.7 300 1509.1i 500 1502.7 400 1503.0 440 1510.9 400 1506.8
550 1503.2 500 1502.1 480 1510.2 500 1505.6
649 1503.6 600 1502.5 530 1508.2 600 1505.5
699 1503.4 700 1501.3 560 1508.4 700 1505.1

| 800 1501.9 800 1500.1 620 1507.6 800 1504.6
824 1502.2 900 1498.8 660 1507.6 900 1503.5
900 1501.4 1000 1497.6 710 1506.8 1000 1502.5

1000 1500.0 1100 1496.8 750 1507.0 1100 1501.5
1098 1499.1 1200 1496.1 800 1505.8 1200 1500.5
1198 1498.1 1300 1495.5 850 1505.6 1300 1499.5
1296 1497.5 1400 1494.6 900 1505.0 1400 1498.1
1396 1496.4 1500 1494.1 950 1504.9 1500 1497.11495 1495.2 1750 1493.3 DSC 1010 1503.9 1750 1495.6 DSC
1594 1494.7 2000 1494.1 1040 1504.2 2000 1496.1
1693 1494.4 2500 1499.8 1100 1502.7 2500 1500.5
1768 1494.3 DSC 3000 1507.5 1200 1501.4 3100 1509.0 CBD
1893 1494.6 3909 1522.5 CBD 1300 1500.3
1991 1495.1 1400 1499.2
2189 1496.3 1540 1497.1
2511 1499.9 1600 1497.4
3003 1506.9 1720 1496.3] 3495 1515.1 1780 1496.6
3909 1522.5 CBD 1820 1496.2 DSC

1900 1496.6
I 1980 1497.1

2200 1498.02500 1500.3

3100 1509.1 CBD

ABBREVIATIONS:
Same as previous table
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11.5 (U) CONLUSIONS

I. (U) The total exercise sound speed data base is adequate for propaga-
tion loss calculations.

2. (C) Except for Site 4, propagation at all exercise sites was bottom
limited in respect to both the high/medium frequency (18-25 m) and low-
frequency (91-102 m) source depths.

3. (C) Site 4 exhibited small but finite depth excess in respect to the
high/medium frequency source (nominal depth of 18 m). However, for the low-
frequency source (nominal depth of 91 m), at least 200 m of depth excess was
found both at the site and along most acoustic tracks.

4. (C) At all sites, the maximum sound speed variation in the water
column occurred between 100 and 150 m, at or just below the tow depth of the

"Y low-frequency source.

5. (C) Overall, sound speed variability was least at Sites 2 and 3,
intermediate at Sites lA/lB and 5, and greatest at Site 4.

6. (C) At Site 4, intermixing of four intrusive water masses and sinking

of Red Sea Intermediate Water caused extremely complex and variable sound
speed profiles. The intense variability could have some effects on acoustic --
propagation, particularly for the 91 m source.

7. (C) Sound speed profiles at Site 1B were up to 5 m/s lower than those
at Site 1A (occupied nearly one month earlier). This anomaly probably was
caused by increased northeast monsoon upwelling after the Site 1A occupation.

8. (C) Oceanographically, representative sound speed profiles from the -•
exercise varied substantially from typical historical profiles for the same
time period presented by Colburn (1976), particularly at Sites lA/1B, 4, and
5.

9. (C) From the standpoint of propagation loss calculations, variations --
between representative exercise and Colburn sound speed profiles should be
significant only at Sites IA/1B, 2, and 5 (du6 to near-surface differences)
and Site 4 (due to extensive sound speed microstructure).

10. (C) Representative exercise and southwest monsoon sound speed

profiles generally were quite similar except above a depth of 400-500 m
(effects of monsoonal reversal) and in regions where summer upwelling is
expected (Sites 2 and 4).

11. (C) The entire exercise took place either during the northeast mon-
soon or at the beginning of the transitional season between the northeast and
southwest monsoons.

12. (C) Wind speeds, sea heights, and swell heights were moderate to low
at all exercise sites and should not have marked effects on ambient noise
levels.
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5 •CHAPTER I11. GEOACOUSTIC MODELS OF THE SEAFLOOR (U)

.IIIl (U) INTRODUCTION

I (C) This report is concerned with geoacoustic models of the seafloor in
three general areas of the Northwest Indian Ocean (fig 1) wherein mea,,r.ments
were made of energy losses ("bottom losses") when sound interacted with the

-[ seafloor during the BEARING STAKE expedition (January to April 1977). Ten
Ssuch models were developed for various locations along the tracks of the

expedition's ships. Eight of these models were along specific ship's tracks
involved in bottom loss measurements. Nine additional geoacoustic models were
developed for extrapolation of bottom loss measurements over geomorphic prov-
inces of the seafloor or for use with acoustic theory to compute and thus

Y 'predict bottom losses. Examples of the primary (ten) geoacoustic models are
in appendix A. Each model in appendix A is in the form of two tables with
footnotes. The first, or main, table, with the footnotes, presents sediment
and rock layer thicknesses and the variations with depth in the seafloor ofIi compressional wave (sound) velocity, shear wave velocity, the attenuation of

compressional and shear waves, and density. The second table lists properties
of the bottom water (depth, temperature, salinity, prcssure, sound speed,

Idensity, and impedance).

(U) All the finished geoacoustic models were forwarded to the Applied
Research Laboratories (University of Texas) in January-February 1978, where
they were used in studies of measurements of energy losses when sound inter-
acted with the seafloor, and in extrapolation of these measurements to
adjacent areas. Results are reported in chapter IV.

W (U) At higher sound frequencies, the acoustician may be interested in
only the first few metres, or tens of metres, of sediments. At lower fre-
quencies, information must be provided on the whole sediment column and on
properties of the underlying rock. This information should be provided in the
form of geoacoustic models of the seafloor.

I •(U) A "geoacoustic model" is defined as a model of the real seafloor with
emphasis on measured, extrapolated, and predicted values of those properties
important in underwater acoustics and those aspects of geophysics involving

1 sound transmission. In general, a geoacoustic model details the true thick-
nesses and properties of the sediment and rock layers of the seafloor.

I (U) Geoacoustic models are important to the acoustician studying sound
interactions with the seafloor in several critical aspects: to guide theo-
retical studies, to reconcile experiments at sea with theory, and to be able
to predict the effects of the seafloor on sound propagation.

(U) The information required for a complete geoacoustic model should
include the following for each layer (in some cases, the state of the art
allows only rough estimates, in others, information may be nonexistent):

o Properties of the overlaying water mass from Nansen cast and
velocimeter lowerings.

o Sediment information (from cores, drilling, or geologic extrapo-
lation); sediment types, grain-size distributions, densities,
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porosities, compressional and shear wave velocities and attenua-
tions, and other elastic properties. Gradients of these prop- !
erties with depth; for example, velocity gradients and interval
velocities from sonobuoy measurements.

o Thicknesses of sediment layers (in time) determined at various
frequencies by continuous reflection profiling.

o Locations, thicknesses, and properties of reflectors within the
sediment body as seen at various frequencies.

0 Properties of rock layers. Those at or near the seafloor are of I
special importance to the underwater acoustician.

o Details of bottom topography, roughness, relief, and slope; for
example, as seen by underwater cameras and deep-towed equipment.

(U) Among the above properties and information, the basic, minimum infor-
mation required for most current work in sound propagation is

(1) Thicknesses of layers I
(2) Compressional wave (sound) velocity in each layer

(3) Sound velocity gradient through the layers

(4) Sound attenuation in each layer

(5) Density in each layer I
(U) Newer and more sophisticated mathematical computer models involving T

sound interaction with the seafloor require (in addition to the above):

(6) The gradient of sound attenuation through the layers

(7) The density gradient through the layers

(8) Shear wave velocity and attenuation, and gradients (from which,
with density and compressional wave velocity, other elastic
properties can be derived).

111.2 (U) GEOLOGIC SETTING

(C) This section will include very brief discussions of the geology of
the three general areas included in this report: the Gulf of Oman, the
Arabian Sea (including the Arabian Fan and adjacent areas), and the Somali
Basin. Locations and bathymetry of these areas are indicated in figure I
(printed on a foldout page at the end of the chapter for ready reference).
Detailed accounts of the geology of two of these are in recent reports of the
Deep Sea Drilling Project (DSDP) (Arabian Fan, Leg 23: Whitmarsh et al., 1974;
Somali Basin, Leg 24: Fisher et al., 1974). The Oman Basin was discussed by
White and Klitgord (1976). The deep structure and plate tectonics of these '
areas are in these reports, and will not be included below. Figures 2 to 6,
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r Fig'o- 111-4. (C) Acoust.ic reflection proft1. west e ,emva1 Arabian Fan,
a at the loca, Lion ot Geoacoustic Mode! A? (f'i l I o) . ,e record shows about
2400 III of " xediments and sedimentary rocks oveol lylvto hasal t. (C)

inclusive, are selected parts of th' acousdlc reflection records which illus-
trate relief of the seafloor, reflectors, sub-bottom relief, and sediment and
rock thicknesses (in seconds of sound travel time) over acoustic basei1ent In
the three areas. In• the following discussions a great deal ot detailed
infm•natlon not pertincnt te the geoacoustic modeling is excluded.

III.2.1 (C) OMAN BASIN
(C) The Gulf of (Oan (Area 1), containing the (Inan Basin (fig 1), is

bounded on the north by the coustq of Iran and Pakistati, on the southeast by
Murray Ridge, and on the southwest by the Arabian Peninsola. White aL d K it-
gord have published an excellent survey of the area. The material below 1s
mostly from their report.

I (CM The continental nmargin in the Gulf of Onlan is fomied by a sequence of

east-west trending folds of sediment and sedimentary rock which are parallel
to the coast. The folds form a series of ridges and troughs typicaliy about 3
to 4 kilometres wide and with ridges up to about 800 metres high (fig 2).
Sediments from the coast have partly covered those ridges and troughs nearest
the coast, but these sadiments are prevented fromn reaching the flat abyssal
plain to the south.
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Figure 111-6. (C) Acoustic reflection profile near*1 the center of Somali Basin at the site of Geoacoustic
Model 4a (fig 1). The record shows a first layer of
sediments and sedimentary rocks (about 1600 m thick)1 | and a second layer of sedimentary rock (about 900 m
thick) overlying the acoustic basement of basalt. (C)

• f(C) The major portion of the basin is filled with flat-lying turbidites
which form an abyssal plain. These turbidites overlie several layers of sedi-
ments and sedimentary rocks which dip to the north at about 0.8" (fig 2). The

I underlying rock with a velocity greater than 4.5 km/s is probably volcanic.
Measurements from the acoustic reflection records taken on the BEARING STAKE
expedition and computations of thicknesses indicate that in the center of the
basin at the location of Geoacoustic Model la, the first layer of sediment and
sedimentary rock is about 1250 m thick and layers 2 and 3 (sedimentary rock)
are about 985 and 100 m thick, respectively. As discussed in the next section
(Arabian Fan), there should be a transition from soft (unlithified) sediment

~ to rock (mudstone) at depths in the first layer between 500 and 700 m.

(C) The sediments forming tne abyssal plain are typical turbidites. The
cores in the area indicate that, typ.icall y, the thicker layers are silty clay
and clayey silt (about 50 to 120 cm thick), with intercalated, thinner (about
20 an) layers of silt. There should be hundreds of layers of this type in the
1250-metre-thick first layer. These sediments entered the plain from the
Persian Gulf to the west and from the Pakistan coast to the east. No channels
were seen on the echo-sounder records.
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111.2.2 (C) ARABIAN FAN

(C) Of the various names used on charts and in reports, the writers
prefer the name Arabian Fan ("Indus Cone" and "'Arabian Abyssal Plain" are also
used) to include the sediments which occupy the area bounded by Murray and
Owen Ridges to the north and west, by Carl sberg Ridge to the south, and on the
east by the Laccadive-Chagos Ridge (not shown in fig 1) and the subcontinent
of India (fig 1).

(C) The Arabian Fan (Area 3) 1 is been formed mostly by mineral detritus
eroded frcm the Himalaya Mountains, transported down the Indus River, and
through the Indus Canyon (incised into the continental ter-race off northwest
India), and deposited over an originally rough basaltic seafloor. The fan,
consequently, slopes to the south-southwest (fig 1). The sediments are very
thick (over 9 km) in the northernmost part of the fan near the Indus Canyou
(Naini and Talwani, 1977), and thin to about 400 to 500 m in the southernmost
end o' the fan before finally pinching out against the northern edge of the
Carlsberg Ridge. From the Indus Canyon in the north the mineral particles
were mostly transported by turbidity currents through great leveed channels.
In the northwest part of the fan, levee heights above the channels are up to
about 50 m, with the western levee the higher. When these turbidity currents
topped the levee,, and left the channels, the sediments (turbidites) were
deposited in the interchannel areas. This is the same mode of deposition seen
in the Bengal Fan on the east side of India, in the Gulf of Alaska, and in
other areas.

(C) Figure 3 illustrates the very thick sediiment layer over probable
basalt in the north central part of the fan. In figure ý this profile is
between Geoacoustic Models 3a-3c. At the site of 3a (15 44'N, 64'32'E) the
sediment and sedimentary rock layer is over 3500 m thick; it thins to about
1975 m at the site of model 3c. Figure 4 (Model A2 in fig 1) illustrates a
2450 m layer of sediments and sedimentary rocks. Figure 5 illushrates thick-
ne ses near the southern end of the fan. At the site of A3a (10 W0'N,
61 58'E) the sediments are still thick: about 985 m. Volume 23 of the
Initial Reports of the Deep Sea Drilling Project (DSDP) cc-,tains many more
illustrations of acoustic reflection records.

(C) At Site 222 of the DSDP (20005'N, 61o31'E), in the northwest part of
the fan, more than 1300 m of sediments and sedimentary rocks (mjdstone) was
drilled. Most of the sediment was a greenish gray silty clay or clayey silt
with relatively few layers of silt; there were some carbonate sediments in the
top of the section. Except in the channels (where coarser sediments might be
expected) these are probably typical of sediments in the Arabian Fan.

(C) In thick terrigenous sediment sections, as above, there is usually a
transitional section through which the sediment gradually lithifies (hardens)
and below which the material is a rock, usually a mudstone. This transition
at Site 222 occurs at about 600 m (Bachman and Hamilton, 1976). Consequently,
in the various geoacoustic models with very thick first layers, the miterial
is named as "sediment and sedimentary rock." This nomenclature implies a
gradual transition from sediments to sedimentary rock at about 500 to 700 m.

(C) Reflectors in most of the Arabian Fan are probably formed by layers
of silt in the interchannel areas and by silts and sands, and mixtures of the

72F N

CONFIDENTIAL



I CONFIDENTIAL

two, in the channels. In the thick sediment sections considered in the geo-acoustic models there are many hundreds of these reflectors on the order ofabout three metres apart. Most of them are sub-parallel to the sediment sur-

face in areas away from the leveed channels.

111.2.3 (C) OWEN RIDGE

T (C) The western margin of the Arabian Fan is controlled by the Owen Frac-
ture Zone (not shown) and by Owen Ridge, just west of the Fracture Zone. Owen
Ridge is formed by an uplifted sediment and rock section which dips to the

-r west and is bounded on the east by a ateep fault scarp. The DSDP drilled at
Site 224 on Owen Ridge at 16'33'N, 59 42'E. Volume 23 of the Initial Reports
of the DSDP contains acoustic reflection records and much other information
about the ridge.

4 (C) Geoacoustic Model 2a is on top of Owen Ridge. Data from expedition
coring and reflection records, plus information from DSDP Site 224, were used

i- to predict the model. This model shows a first layer of sediment (calcareous
clayey silt) 100 m thick, over a second layer (claystone, siltstone) 175 m
thick , in turn over a third layer (chalk and claystone) 520 m thick. The
acoustic basement is basalt.

1. 111.2.4 (C) CARLSBERG RIDGE

(C) Carlsberg Ridge forms the southern boundary of the Arabian Fan (fig
1. ). This ridge is a major feature in the Northwest Indian Ocean. It is
roughly defined by the 4000 m contour on each side (to the north and south)
and has many peaks and ridges at top depths between 1500 and 2000 m.

(C) The ridge is formed by basaltic lavas in the form of blocks, pillows,
linear ridges, and mountains. The center of the ridge is almost bare of sedi-
ments, with small , thin patches of calcareous sediments in depressions and
hollows. Steep escarpments, gaps, and fissures are common: slopes range from
low to vertical, or even overhanging. It is an extremely rugged area of the
seafloor.

111.2.5 (C) SOMALI BASIN

(C) The Somali Basin (Area 4) is bounded on the north by ridges essen-
tially connecting the African continent to Socotra Island to Carlsberg Ridge
(fig 1). The basin is bounded on the west and northwest by the African con-
tinent and on the east by Chain Ridge.

(C) Figure 6 illustrates the acoustic stratigraphy in the center of the
basin at Geoacoustic Model 4a. There are three distinct layers: (1) a thick

_ L.turbidite layer (sediment and sedimentary rock) about 1580 m thick, forming an
abyssal plain, (2) an underlying layer of sedimentary rock about 940 m thick,
and (3) the acoustic basement of basalt. The basin floor is very flat with no
channels indicated on echo-sounder records.

(C) Drilling at DSDP Site 234 (Fisher et al., 1974) and cores in the area
indicate that the top of the first layer is calcareous ooze and clay. From
cores and 3.5-kHz records, reflectors appear to be silt or silty sand and
about 3 m apart.
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(U) On the west side of the basin (at Model 4c), the second layer rises
toward the surface and the upper layer thins to about 970 m.

(C) Chain Ridge on the east side of the Somali Basin is a continuous,
basaltic ridge with a series of summit peaks. Minimum water depths along the
ridge vary between about 1780 and 3000 m. The base of the ridge is defined by
the 5000-m contour. Therefore, the ridge varies in height between about 2000
and 3200 m. Acoustic reflection records in Bunce et al. (1966) indicate about
0.13 s (one-way sound travel time) of pelagic sediment on the west side and
near the top of the ridge. Computations of sediment thicknesses indicate a
little more than 200 m of sediments which are probably calcareous ooze and
calcareous silty clay.

111.3 (U) GEOACOUSTIC MODELS AND EXTRAPOLATION

(C) The ten principal BEARING STAKE geoacoustic models of the seafloor
were developed for three areas in the Northwest Indian Ocean wherein bottom
loss measurements were made during the BEARING STAKE expedition (January to
April 1977). The three areas (fig 1) are in the Gulf of Oman (Area iB), in
the Arabian Sea (Area 3), and in the Somali Basin (Area 4) off northeast
Africa. Most of the necessary environmental data were collected from the USNS
WILKES (T-AGS-33). Additional bathymetric data were taken by USNS KINGSPOQT
(T-AG-164) and USNS MIZAR (T-AGOR-11). The environmental data concerning the
seafloor were furnished the writers by NAVOCEANO (Codes 3408 and 3432) and
NORDA (Code 341). These data, plus information from the scientific litera-
ture, were used to formulate the models. Examples of the actual models in the
form of tables with footnotes are in appendix A.

(U) Nine additional models were developed to extrapolate the geophysical
and geological data within adjacent geomorphic provinces. All models are
presented by Hamilton and Bachman (1979) and should be used in extrapolating
data and models.

(U) All the extrapolated models are generalized and approximate, and are
intended as estimates which allow a rationale for an acoustician to extrapo-
late or predict bottom losses or reflection coefficients in these general
areas. The methods used to derive the values listed in the table for all the
models are discussed by Hamilton and Bachman (1979).

(C) The three general areas discussed here are distinctive geomorphic
provinces. They are the Oman Basin, the Arabian Fan and adjacent areas in the
Arabian Basin, and the Somali Basin. The geology of these areas was discussed
under Geologic Setting in section 111.2 and the bathymetry is illustrated in
figure 1. Examples of acoustic reflection records are in figures 2 through 6.

OMAN BASIN (C)

(C) Oman Basin (fig I and 2) is occupied by a very flat abyssal plain
surrounded by hills to the north and northwest, by the continental terrace to
the east, by Murray Ridge to the southeast, and by the Arabian Peninsula to
the southwest.

(C) In the Oman Basin, Geoacoustic Model la (appendix A) can be extrap-
olated within the flat, abyssal plain in the center of the basin. It is

74F N

CONFIDENTIAL



CONFIDENTIAL

S;l2 3 recommended that this model be used within (deeper than) the 3000 m water
depth contour.

(C) Geoacoustic Model lb (Hamilton and Bachman, 1979) is intended for use
SI$I in the folded sedimentary ridges of the continental slope northeast, north and

northwest of the abyssal plain in the Gulf of Oman. These ridges are probably
formed by squeezing and compression of former abyssal plain sediments with a

I •thin layer of pelagic sediments on their tops. This model represents the
t |ridge tops. The upper layer is based on coring data, but the lower layers are

tenuous asumptions.

I ,ARABIAN FAN (C)

(C) Geoacoustic Models 3a, 3b, and 3c (fig 1, appendix A) were along a
line in the north central fan where bottom loss measurements were made during
the BEARING STAKE expedition. Additional Models A1-A5, inclusive (Hamilton
and Bachman, 1979), were composed to allow extrapolation of data to most of

F the remainder of the fan. Model 2b (Hamilton and Bachman, 1979) is along an
expedition line in Area 2, but no bottom loss measurements are currently
available along this line. Model 2b can be used as an additional model for
extrapolation.

(C) The additional models (A1-A5) were placed to give reasonable areal
coverage over the fan, and where additional information was available on

I sediment and sedimentary rock thicknesses. These models were placed as
follows (see fig 1; and lat. and long. in appropriate tables in Hamilton and
Bachman, 1979).

V (1) Geoacoustic Model Al was placed in the southeast fan near an
acoustic reflection line between Deep Sea Drilling Project Sites
221 and 222.

"(2) Geoacoustic Model A2 was along a USNS WILKES acoustic reflection
line in the south central fan.

(3) Geoacoustic Model A3a in the south central fan was placed on a
WILKES track. Models A3b and A3c were placed in the southeast
and southwest fan on the 1000 m sediment thickness (isopach)
line of Naini and Talwani (personal communication, 1977).

(4) Geoacoustic Models A4a and A4b were near the southern end of the
~ fan and on the 500 m sediment thickness contour lines of Naini

and Talwani.

(5) Geoacoustic Model A5 was placed to obtain a real coverage in the
northwest fan. It is on the 3400 m water depth contour. The
sediment thickness from Naini and Talwani is 2300 m.

(C) All the models for the Arabian Fan are essentially the same except
for surface ("Sfc") properties, which depend on water depth. This is because
a common velocity-sediment depth curve was averaged from sonobuoy measurements
and used over the whole fan; and because generalized data for the upper three
meters of sediments were determined from averages in eight cores in Area 3 and
used for the whole fan.
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OWEN RIDGE (C)

(C) Owen Ridge forms the western boundary of the Arabian Fan (fig 1). Itis an uplifted block of sediments and rocks which is tilted to form a lowslope to the west. The eastern boundary of Owen Ridge is a relatively steep
fault scarp.

(C) Geoacoustic Model 2a (Hamilton and Bachman, 1979) is on top of OwenRidge in BEARINQ STAKE Area 2. DSDP Site 224 was drilled to the north ofModel 2a (at 16'33'N, 59"42'E) and the DSDP report furnished much useful datawhich helped to formulate the model.

(C) Although on top of a ridge, there is a thick section for this envi-ronment (795 m of sediments and sedimentary rocks over basalt). There are nomodels farther west, but Model 2a can be used to compute bottom losses intothe basin to the west; for example, along KINGSPORT track 2P1 (fig 1). Forsome acoustic modeling purposes, special attention should be accorded theasymmetric nature of Owen Ridge. The fault scarp on the Bast side of theridge (in the vicinity of Area 2) has a slope of a out 17 . On the west sideof the ridge the relatively low slope is about 2.5

CARLSBERG RIDGE (C)

(C) Carlsberg Ridge which forms the southern boundary of the Arabian Fanwas described in the section Geologic Setting. This basaltic ridge, as noted,is rough, with steep escarpments, gaps, fissures, isolated ridges and sea-mounts. Near and along the top of this feature there are only thin patches of
sediments in depressions.

(C) The rugged topography would control bottom losses, and it would beimpossible to model the area as a generality. Small areas could be modeled,given a very detailed bathymetric chart. Geoacoustic Model A6 (Hamilton andBachman, 1979), placed on the crest of the Carlsberg Ridge, indicates a smallarea wherein basaltic lavas are at the seafloor with no sediment cover. Thevelocity data are from a sgismic refraction survey line measured by the
Soviets through 5000'N, 62 30'E.

SOMALI BASIN (C)

(C) Geoacoustic Models 4a, 4b, and 4c (4a in appendix A) can be used toextrapolate data in the Somali Basin and adjacent areas. Model 4a, in thecenter of the plain, can be used within the 4800 m contour (fig 1). Model 4b
can be used for the slopes and top of Chain Ridge on the east side of thebasin. Geoacoustic Model 4c can be used to represent the African continentalrise, west of the basin, from the 4800 m contour to about the 4000 m contour.

I
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I APPENDIX III-A: (U) GEOACOUSTIC MODELS

INTRODUCTION (U)

(U) The following examples of the ten BEARING STAKE geoacoustic models of
the seafloor are along the tracks of the USNS KINGSPORT during the expedition
(fig 1). These ten models are intended primarily for use in reconciling ex-
perimental bottom loss measurements with theory, and secondarily for use with
other models in Hamilton and Bachman (1979) for extrapolating measurements and
predictions to other, adjacent, areas.

I (U) In the following tables, in most cases, the listed numerical values
of properties are not rounded off but are shown as computed (to better indi-

• Icate trends and gradients). There is no intent to indicate accuracy or prob-
able errors. All values must be considered as generalizations and estimates
especially when one model is extrapolated over a general area or along an
insonified line along the seafloor.

• T(C) LIST OF GEOACOUSTIC MODELS (U)

Number Area Location Page

j la (C) Gulf of Oman (Sites 1A and IB) 23033'N 61009'E 78

3a (C) Arabian Sea, Central Arabian Fan 15044'E 64032'E 82

3b (C) Arabian Sea, Central Arabian Fan 17019'N 65025'E 87

3c (C) Arabian Sea, Central Arabian Fan 18028'E 66004'E 89

4a (C) Somali Basin, off Northeast Africa 5008'E 52010'E 91

A. 1 77
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(C) Geoacoustic Model: la Area: Gulf of Oman (Area 1A and 1B) (C)

Location: 23033'N Lat.: 61009'E Long.

Water Depth: Echo-Sounder: 1826 fm; 3340 m; set at 1500 m/s
Corrected: 1831 fm; 3348 m (from station data)

Province ana Description of the seafloor: Abyssal Plain Province. The sea-
floor is composed of a first layer of flat-lying turbidites overlying two

* other sedimentary rock layers which dip to the north. The acoustic basement
is probably basalt.

Layer Thickness, Depth, Velocity, m/s Attenuation, Density,

No. Material m Vp Vs kp ks g/cm3

s m (1) (2) (3) (4) (5)

Btm Water 1514.5 1.04306

Seafloor

Sediment Sfc 1515 120 0/05 0.10 0.20 15.0 1.58
100 1638 377 0.07 0.11 0.19 16.5 1.67
200 1750 442 0.10 0.12 0.17 18.0 1.80

1 and 300 1851 499 0.12 0.13 0.16 19.5 1.91
400 1943 558 0.14 21.0 2.02
500 2026 619 0.14 21.0 2.10

Sedimentary CD 600 2101 679 0.12 18.0 2.13
C N 700 2168 730 0.11 16.5 2.15

Rock 800 2230 780 0.10 15.0 2.18
900 2286 820 0.08 12.0 2.20

1000 2337 860 0.07 10.5 2.22
1100 2385 900 0.06 9.0 2.24
1200 2429 935 0.0.5 7.5 2.25
1250- 2450 950 0.05 7.5 2.26

1250+ 2565 1040 0.05 7.5 2.30

2 Sedimentary co 1743 2900 1300 0.03 4.5 2.40
Rock 0

2236- 3235 1560 0.02 3.0 2.49

2236+ 3400 1700 0.02 3.0 2.52

3 Sedimentary C> 2788 3685 1843 0.02 3.0 2.57
Rock

3340- 3975 1988 0.02 3.0 2.61

4 Basalt (?) 3340+ 4600 2270 0.02 0.07 2.50

(cont.)
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I (C) Model la (cont) (U)

Notes (for further derivation of values and discussions see Hamilton and
S1 Bachman, 1979) (U)

1. (U) VP (Compressional Wave (Sound) Velocity).

ja. (U) First layer

Vp = 1.515 + 1.292D - 0.611D2 + 0.141D3

where Vp is in km/s, and depth in the seafloor, D is in km
b. (U) Lower layers: V s from literature.

p
2. (U) Vs (Shear Wave Velocity). From unpublished study by Hamilton of

SPVp/Vs ratios in marine sediments and rocks. Basalt Vs from

Christensen and Salisbury (1975).

3. (U) kp (Constant in: attenuation of compressional wavesap, in dB/m
= k pf; where f is frequency in kHz). The three listed values to

S -- 300 m are: probable minimum, recommended for first trial in
bottom loss modeling, and probable maximum. From Hamilton
(1972, 1974, 1976a).

4. (U) ks (Constant in: attenuation of shear wavesas, in dB/m = ksf;

where f is frequency in kHz. Based on Hamilton (1976c) at
surface; proportional to k at depth.

P

5. (U) Density (Saturated bulk density, in situ). Surface density
computed from core data. Density at depth from Hamilton (1978,

1976b). Basalt density from Christensen and Salisbury (1975).

6. (U) General

a. (U) "Thickness, s" (in seconds of one-way sound travel time)
from reflection records. "Thickness, m" from one-way
travel time and layer mean velocity.

b. (U) In the above model, the "Sfc" (surface) values are a com-
posite of the 0-1 depth interval. For a detailed model of

jthis interval see the diagram and notes below.

*• (cont)
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Detail of First Meter

Layer Thickness Depth, Velocity, m/s Attenuation, Density

No. Material m Vp Vs k k g/c.m3

s m (1) (2) (3) (4) (5)

Btm Water 1514.5 1.04306

Sfc 1485 115 0.05 0.10 0.20 15.0 1.53
la Silt clay

0.8- 1486 119 0.10 15.0 1.53

0.8+
lb Silt 1620 130 0.45 0.60 0.85 13.0 1.80

Notes (U)

1. (U) The geoacoustic models (such as in the main table) showing thick
sediment and sedimentary rock sections over "acoustic basement" (such
as basalt) are generalized and do not account for the multiple
reflectors as seen (usually at high frequencies), for example, in the
3.5-kHz records, or in cores.

2. (U) If a detailed, multireflector model is dpsired, the above
sequence of a thicker silt-clay layer and a th,nner silt (or other)
layer can be alternated to any desired depth. If so, the property
values can be corrected for depth as follows.

a. (U) For the silt-clay layer.

(1) (U) For Vp: increase V using gradients computed from the
p p

Vp vs depth equation.

(2) (U) Other properties: vary the value of the property with
depth using the appropriate gradient from the values listed in the main table.

b. (U) For the silt (or other layer).

(1) (U) For V p: increase Vp as above for silt-clay.

(2) (U) For kp: vary k along line "B" and "C" (Figure 7).
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(3) (U) Other properties: as above for silt-clay.

3. (U) It should be noted that in areas where turbidites form abyssal
I plains or fans (such as in the Oman Basin, Arabian Fan, and Somali

Basin), the reflectors usually represent coarser sediments spilling
discontinuously from leveed channels. These reflectors cannot
usually, be followed over very great distances, nor correlated from
area to area. Any detail, as above, is a gross generalization of
widely varying layers (in thickness and properties).1 4. (U) The values listed in the main, general table for "Sfc" (surface)
are composite, proportional values for the first one meter of sedi-
ment (illustrated above). Other properties in three cores for 0-1 m
depth are as follows (silt-clay porosity was salt corrected from Core
4 in center of basin; silt porosity from velocity-porosity relations
of other data).

S Property Silt-clay Silt

Velocity ratio 0.98 1.07

Composite: 1.00

T Porosity,% 71 55

Composite: 68

Mean grain size, 8.39 6.09

(No. in sample) (46) (6)

SGrain density,g/cm3 Average of all samples: 2.73

(no. in sample) (56)

5. (U) Although the generalized illustration, above, indicates a sharp
top boundary between the silt-clay and silt layers, it is more apt to

1 be gradational in all properties.

TABLE 1A-1. (U) IN SITU PROPERTIES OF BOTTOM WATER. (U)
True T, S, P, Sound Density, Impedance,

Depth o(1 ppt kg/cm2  speed, g/cm3 g/cm2sec

m/sec x10 5

3348 1.83 34.74 346.7 1514.5 1.04306 1.57971

END of Model la

I
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(C) Geoacoustic Model: 3a Area: Arabian Sea, Central Arabian Fan (C)

Location: 15044'N Lat.: 64032'E Long.
Water Depth: Echo-Sounder: 2081fm; 3805 m; set at 1500 m/s

Corrected: 2089 fm; 3820 m (Matthew's Tables)

Province and Description of the seafloor: Abyssal Plain (abyssal Deep-Sea
Fan) Province. The Arabian Fan (or "Cone") was formed by very thick accumu-
lations of turbidity current deposits overlying basalt. The sediments are
transported through natural, leveed channels from sources in northern India
and Pakistan, and deposited on the fan.

Layer Thickness Depth, Velocity, m/s Attenuation, Density,

No. Material m V Vs k ks g/cm3

s m (1) (2) (3) (4) (5)

Btm Water 1521.5 1.04514

Seafloor
Sfc 1506 125 0.05 0.10 0.20 15.0 1.57

Sediment 100 1624 361 0.07 0.11 0.19 16.5 1.65
200 1736 435 0.L0 0.12 0.17 18.0 1.78 }
300 1844 494 0.12 0.13 0.16 19.5 1.90 J

and 400 1948 562 0.14 21.0 2.02
500 2047 635 0.14 21.0 2.10
600 2142 714 0.12 18.0 2.14

-;, •r 700 2234 780 0.11 16.5 2.17
Sedimentary *- 800 2321 850 0.10 15.0 2.21

1 900 2406 915 0.08 12.0 2.24
Rock 1000 2487 975 0.07 10.5 2.27

1500 2852 1260 0.04 6.0 2.38
2000 3166 1505 0.02 3.0 2.47
2500 3456 1728 0.02 3.0 2.53
3000 3747 1874 0.02 3.0 2.58
3500 4065 2033 0.02 3.0 2.62
3530- 4085 2043 0.02 3.0 2.62

2 Basalt 3530+ 5400 2744 0.02 0.07 2.72J4
TABLE 3A-1. (C) IN SITU PROPERTIES OF nOTTOM WATER. (U)

True T, S, P, Sound Density, Impedance,

Depth, °C ppt kg/cm2  speed, g/cm3  g/cm2 s

m m/s x10 5

3820 1.73 34.72 395.9 1521.5 1.04514 1.59018

(cont)
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I (C) Model 3a (cont) (U)

Notes (for further derivation of values and discussions see Hamilto' e,.i
l 3achman, 1979) (U)

1. (U) Vp (Compressional Wave (Sound) Velocity).

a. (U) First layer.

j Vý U 1.506 ' 1.200 - 0.25302 + 0.034D3

where V is in kin/s, and depth in the seafloor, 0, is in km
p

b. (U) Lower Layers: Vps from literature.

2. (U) Vs (Shear Wave Velocity). From unpublished study by Hamilton of
AI V /V ratios in marine sediments and rocks. Basalt Vs from

Christensen and Salisbury (1975).

3. (U) kp (Constant in: attenuation of compressional waves,•p, in dB/m

k f; where f is frequency in kHz). The three listed values to
300 m are: probable minimum, recommended for first trial in
bott.m loss modeling, and probable maximum. From Hamilton
"(1972, 1974, 1976a).

4. (U) ks (Constant in: attenuation of shear waves,,s, in dB/m ksf;

where f is frequency in kHz. Based on Hamilton (1976c) at
surface; proportional to k at depth.

"5. (U) Density (Saturated bulk density, in situ). Surface density
computed from core data. Density at depth from Hamilton (1978,
1976b). Basalt density from Christensen and Salisbury (1975).

6. (U) General

a. (U) "Thickness, s" (in seconds of one-way sound travel time)
from retlection records. "Thickness, m" from one-way
trav•• time and layer mean velocity.

b. (U) In the above model, the "Sfc" values are a composite of the
0-3 m depth interval. For a detailed model of this in-
terval see the diagram and notes below.

7. (U) The relationships between Geoacoustic Model 3a and the other
models in Area 3 (3b, 3c) are indicated in the accompanying diagram,L which also illustrates water depths and sediment thicknesses (see

also figure 3 for reflection records along this track).

(cont)
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Detail of First Three Metes

Layer Thickness, Depth, Velocity, m/s Attenuation, Uensity,

No. Material m V Vs k k g/cm3
p sp

s m (0) (2) (3) (4) (5)

Btm 1521.5 1.04514

Seafl oor

T Sfc 1491 115 0.05 0.10 0.20 15.0 1.55
la Silt clay

2.8- 1494 128 0.10 15.0 1.55

-t2.8+
lb Sand-silt-clay 1 1610 175 0.60 13.0 1.80

3.3-

Notes (U)

1. (U) The geoacoustic models (such as in the main table) showing thick
sediment and sedimentary rock sections over "acoustic basement" (such
as basalt) are generalized and do not account for the multiple re-
flectors as seen (usually at high frequencies), for example, in the
3.5-kHz records, or in cores.

2. (U) If a detailed, multirefler.tor model is desired, the above
sequence of a thicker silt-clay layer and a thinner silt (or other)
layer can be alternated to any desired depth. If so, the property
values can be corrected for depth as follows:

a. (U) For the silt-clay layer.

(1) (U) For V : increase V using gradients computed from the
p p

V vs. depth equation.P

(2) (U) Other properties: vary the value of the property with
depth using the appropriate gradient from the values listed
in the main table.

( b. (U) For the silt (or other layer).

(1) (U) For Vp: increase V as above for silt-clay.
p '3

(2) (U) For kp: vary k along line "B" and '"C" (fig 7).

(3) (U) Other properties: as above for &ilt-clay. I

(cont.)
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0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

iSILT-CLAY N., SAND-SILT
fA

U AJ# A
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0/ dB/m=k kHz

LU

1500-

0A

'2000

Figure 111-7. (U) Attenuation of compressiorial waves (expressed as the constant
k, in attenuation in dB/m, up= kf kHz) versus depth in the sea floor (from

Hamilton, 1976a). Symbols: circles, measurements trom the literature; triangles,
squares, and diamonds represent the first, second, and third layers, respectively,
in the sea floor i,! sever areas (frcii M'eprochnov, 1971). See Hamilton (1976a)
for a~dditional information. (U)
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3. (U) It should be noted that in areas where turbidites form abyssal plains
or fans (such as in the Oman Basin, Arabian Fan, and Somali Basin),
the reflectors usually represent coarser sediments spilling
discontinuously from leveed channels. These reflectors cannot,
usually, be followed over very great distances, nor correlated from
area to area. Any detail, as above, is a gross generalization of
widely varying layers (in thickness and properties).

4. (U) The values listed in the main, general table for "Sfc" (surface)
are composite values for the 0-3 m depth interval (illustrated
above). Some averaged properties in eight cores for this interval,
other than those listed above, are as follows (silt-clay porosity is
based on salt-corrected value in the first two samples in each core;
sandsilt-clay porosity based on velocity-porosity relations from
other data).

Property Silt-clay Sand-silt-clay

Velocity ratio 0.98 1.06
Composite: 0.99

Porosity, % 70 55
Composite: 69

Mean grain size, 8.55 6.86
(No. in sample) (466) (2)

Grain density, g/cm3  Avg. all samples: 2.74

(No. in sample) (457)

5. (U) Although the generalized illustration, above, indicates a sharp
top boundary between the silt-clay and sand-silt-clay layers, it is
more apt to be gradational in all properties.

END of Model 3a

GEOACOUSTIC MODELS 3A, 38, AND 3C
3B (NOT TO SCALE)

GEOAC US'i'C MOD L 3A17* 19'N LAT. 3C. 660' LONG.: 1°1' L T
S~~~~65*25'E LONG. 604ON6°1E LONG "

- -... SEA SURFACE -

I

WATER MOE C:SE-

3500 m37 r

3820 m 3080 m

SOONOA F7LONDE

% .. ' ""f 980m M

S... .. , .1975 m
S... . • SEDIMENTS S

i ''ANID 3260 m • "

S~~~~3540 m .. OE

•ROCK.NOTE.- MODEL 3C':, SEE ,

S.• TBASALT
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(C) Geoacoustic Model: 3b Area: Arabian Sea, Central Arabian Fan (C)

Locationl: 17019'N Lat.: 65025'E Long.

Water Depth: Echo-Sounder: 1908 fm: 3489 m: set at 1500 m/s
Corrected: 1914 fm: 3500 m (Matthews' Tables)

Province and Description of the seafloor: Abyssal Plain (Abyssal Deep-Sea
A Fan) Province. The Arabian Fan (or "Cone") was fomed by very thick accumula-

tions of turbidity current aeposits overlying basalt. The sediments are
transported through natural, leveed channels from sources in northern India
and Pakistan, and deposited on the fan.

Layer Thickness Depth, Velocity, m/s Attenuation Density,

No. material m Vp Vs kp ks g/cm3

s m (1) (2) (3) (4) (5)

Btm Water 1516.5 1.04373

Seafloor

Sfc 11501 125 0.05 0.10 0.20 15.0 1.57
Sediment 100 1619 356 0.07 0.11 0.19 16.05 1.65

200 1731 433 0.10 0.12 0.17 18.01 1.77
300 1839 491 0.12 0.13 0.16 19.5 1.90

and 400 1943 558 0.14 21.00 2.02
500 2042 631 014 21.0 2.10

Sedimentary c! c 600 2137 710 0.12 18.0 2.14
1 Rock - ' 700 2229 780 0.11 16.5 2.17

800 2316 845 0.10 15.0 2.21
900 2401 910 0.08 12.0 2.24

1000 2482 975 0.07 10.5 2.24
1500 2847 1255 0.04 6.0 2.38
2000 3161 1500 0.02 3.0 2.47
2500 3451 1726 0.02 3.0 2.53
3000 3742 1871 0.02 3.0 2.58
3260- 3902 1951 0.02 3.0 2.60

2 Basalt 3260+ 5400 2744 0.02 0.7 2.72

TABLE 3B-1. (C) IN SITU PROPERTIES OF BOTTOM WATER. (U)

True t, S, P, Sound Density, Impedance,
02 3 2

Depth C ppt kg/cm speed, g/cm3 g/cm sec
5

rnm m/sec X10

3500 1.74 34.73 362/5 1516.5 1.04373 1.58282

(cont)
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(C) Model 3b (cont) (U)

Notes (for further derivation of values and discussion see Hamilton and
Bachman, 1979) (U)

1. (U) Vp (Compressional Wave (Sound) Velocity),

a. First layer

Vp = 1.501 + 1.20D - 0.253D2 + 0.034D3

where Vp is in km/s, and depth in the seafloor, D, is in km

b. (U) Lower layers: V p s from literature.

2. (U) Vs (Shear Wave Velocity). From unpublished study by Hamilton of
V p/Vs ratios in marine sediments and rocks. Basalt Vs from Christen-

sen and Salisbury (1975).

3. (U) kp (Constant in: attenuation of compressional wavescp, in

dB/m = k pf; where f is frequency in kHz). The three listed values to

300 m are: probable minimum, recommended for first trial in bottom
loss modeling, and probable maximum. From Hamilton (1972, 1974,
1976a).

4. (U) ks (Constant in: attenuation of shear waves,cs , in dB/m = ksf;

where f is frequency in kHz. Based on Hamilton (1976c) at surface;
proportional to k at depth.

p
5. (U) Density (Saturated bulk density, in situ). Surface density

computed from core data. Density at depth from Hamilton (1978,
1976b). Basalt density from Christensen and Salisbury (1975).

6. (U) General

a. (U) "Thickness, s" (in seconds of one-way sound travel time)
from reflection records. "Thickness, m" from one-way
travel time and layer mean velocity.

b. (U) In the above model, the "Sfc" (surface) values are a
composite for the 0-3 m depth interval. If a detailed
model of this interval is desired: use detailed model as
in 3a except change silt-clay Vp s to 1486 (Sfc, Vp ratio of
0.98) and 1489 at 2.8 m.

7. (U) The relationships between Geoacoustic Model 3b and the other
models in Area 3 (3a, 3c) are indicated in tho diagram in model 3a.

END of Model 3b
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3 (C) Geoacoustic Model: 3c Area: Arabian Sea, Central Arabian Fan (C)

Location: 180 28'N Lat. 66°04'E Long.

I Water Depth: Echo-Sounder: 1730 fm; 3164 m; set at 1500 m/s
Corrected: 1733 fm; 3170 m (Matthews' Tables)

I Province and Description of the seafloor: Abyssal Plain (Abyssal Deep-Sea
Fan) Province. The Arabian Fan (or "Cone") was formed by very thick accumula-
tions of turbidity current deposits overlying basalt. The sediments are
transported through natural, leveed channels from sources in northern India
and Pakistan, and deposited on the fan.

SLayer Thickness Depth, Velocity, m/s Attenuation, Density,

No. Material m Vp Vs kp kp g/cm3

s m (1) (2) (3) (4) (5)

Btm Water 1510.9 1.04227

, Seafloor

Sediment Sfc 1495 125 0.05 0.10 0.20 15.0 1.57
100 1613 349 0.07 0.11 0.19 16.5 1.64

and 200 1725 430 0.10 0.12 0.17 18.0 1.77
300 1833 488 0.12 0.13 0.16 19.5 1.89
500 2036 626 0.14 21.0 2.10

' 1 Sedimentary 600 2131 705 0.12 18.0 2.14& 700 2223 775 0.11 16.5 2.18
Rock • t 800 2310 840 0.10 15.0 2.21

0 . 900 2395 905 0.08 12.0 2.24
1000 2476 970 0.07 10.5 2.20
1500 2841 1250 0.04 6.0 2.39

1975- 3140 1485 0.02 3.0 2.46

2 Basalt 1975+ 5400 2744 0.02 0.07 2.72

TABLE 3C-1. (C) IN SITU PROPERTIES OF BOTTOM WATER. (U)

True T, S, P, Sound Density, Impedance,

Depth, °C ppt kg/cm2  speed, g/cm3  g/cm22 s

m m/s x105

3170 1.80 34.74 328.2 1510.9 1.04227 1.57477

(cont)
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(C) Model 3c (cont) (U) ¶

Notes (for further derivation of values and discussions see Hamilton and
Bachman, 1979) (U)

1. (U) VP (Compressional Wave (Sound) Velocity)

a. (U) First layer

Vp = 1.495 + 1.20D - 0.253D2 + 0.034D3

where Vp is in km/s, and depth in the sea floor, D, is in km
ppb. (U) Lower layers: VpS from literature.

2. (U) Vs (Shear Wave Velocity). From unpublished study by Hamilton of

V p/Vs ratios is marine sediments and rocks. Basalt Vs from

Christensen and Salisbury (1975).

3. (U) kp (Constant in: attenuation of compressional waves,cp , in

dB/m = k f; where f is frequency in kHz). The three listed values to
p

300 m are: probable minimum, recommended for first trial in bottom
loss modeling, and probable maximum. From Hamilton (1972, 1974,
1976a).

4. (U) Ks (Constant in: attenuation of shear waves,cs, in dB/m = ksf;

where f is frequency in kHz. Based on Hamilton (1976c) at surface;
proportional to kp at depth.

5. (U) Density (Saturated bulk density, in situ). Surface density com-
puted from core data. Density at depth from Hamilton (1978, 1976b).
Basalt density from Christensen and Salisbury (1975).

6. (U) General

a. (U) "Thickness, s" (in seconds of one-way sound travel time)
from reflection records. "Thickness, m" from one-way
travel time and layer mean velocity.

b. (U) In the above model, the "Sfc" values are a composite for
the 0-3 m depth interval. For a detailed model of this
interval: use the detailed model as in 3a except change
silt-clay Vp to 1480 (Sfc, Vp ratio of 0.98) and 1483 at
2.8 m. ppi

7. (U) Near the end of run S1 the acoustic basement rises into a ridge
as indicated in the diagram in model 3a. This ridge, now covered by J
about 980 m of sediments, is verified as an elongate NW-SE trending
ridge by Naini (personal communication, 1977). For a geoacoustic
model over the ridge (3c'), use all information listed under model 3c
to a depth of 980 m.

END of Model 3c g
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I (C) Geoacoustic Model: 4a Area: Somali Basin, off northeast Africa (C)

Location: 05008'N Lat. 52016'E Long.

Water Depth: Echo-Sounder: 2769 fm; 5064 m; set at 1500 m/s
Corrected: 2789 fm; 5100 m (from station data)

Province and Descripti~on of the seafloor: Abyssal Plain Province. The
northern Somali Basin., between the east African continental rise and Chain
Ridge, is composed of a thick layer of flat-lying turbidite sediments andJ• sedimentary rocks overlying basalt.

Layer Thickness Depth, Velocity, m/s Attenuation Density

No. Material m V Vs k ks g/cm3Ip sps m (1) (2) (3) (4) (5)

] Btm Water 1543.8 1.05065

Seafloor

Sfc 1528 125 0.04 0.08 0.18 15.0 1.42
Sediment 100 1649 390 0.06 0.09 0.17 19.3 1.68

200 1760 448 0.09 0.11 0.16 23.5 1.81
300 1864 507 0.11 0.12 0.15 25.7 1.93

" and 400 1960 570 0.14 30.0 2.03
ko 500 2048 636 0.1.4 30.0 2.11

1 Sedimentary in 600 2128 702 0.12 25.7 2.14
CD - 700 2202 755 0.11 23.5 2.17

Rock 800 2269 810 0.10 21.4 2.19
900 2330 85E 0.08 17.1 2.22
1 1000 2385 900 0.07 15.0 2.24
1500 2582 1050 0.04 8.6 2.30
1595- 2607 1070 0.03 6.4 2.31

LO C 1595+ 3500 1750 0.03 3.0 2.54
2 Sedimentary ' . r 2065 3750 1875 0.02 3.0 2.58Rock o,

S• 2535- 4000 2000 0.02 3.0 2.61

0W1 3 Basalt 2535+ 5300 2680 0.02 0.07 2.70

TABLE 4A-1. (C) IN SITU PROPERTIES OF BOTTOM WATER. (U)

True T, S, P, Sound Density Impedance,
02 3 2Depth, C ppt kg/cm speed g/cm g/cm s

m m/s

i 5100 1.38 34.69 529.6 1543.8 1.05065 1.62199

(cont)
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(C) Model 4a (cont) (U)

Notes (for further derivation of values and discussions see Hamilton and
Bachman, 1979) (U)

1. (U) Vp (Compressional Wave (Sound) Velocity)

a. (U) First layer

Vp 1.528 + 1.25D - 0.45D2 + 0,0568D3

where V is in km/s, and depth in the seafloor, D, is in km

b. (U) Lower layers: Vp s from literature.

2. (U) Vs (Shear Wave Velocity). From unpub'lished study by Hamilton of

V /V ratios in marine sediments and rocks. Basalt V from Christen-
P s

sen and Salisbury (1975).

3. (U) kp (Constant in: attenuation of compressional wavesap, in dB/m

= k pf; where f is frequency in kHz). The three listed values to 300
m are: probable minimum, recommended for first trial in bottom loss
modeling, and probable maximum. From Hamilton (1972, 1974, 1976a).

4. (U) ks (Constant in: attenuation of shear waves,as, in dB/m = ksf;

where f is frequency in kHz. Based on Hamilton (1976c) at surface;
proportional to k at depth.

5. (U) Density (Saturated bulk density, in situ). Surface density
computed from core data. Density at depth from Hamilton (1978,
1976b). Basalt density from Christensen and Salisbury (1975).

6. (U) General

a. (U) "Thickness, s" (in seconds of one-way sound travel time)
from reflection records. "Thickness, m" from one-way
travel time and layer mean velocity.

b. (U) In the above model, the "Sfc" (surface) values are a com-
posite for the 0-3 m depth interval. For a detailed modelof this interval see the diagrams and notes below.

(cont)

9CN

CONFIDENTIAL *



CONFIDENTIAL

Detail of First Three Meters

Layer Thickness Depth Velocity, m/s Attenuation, Density,
No. Materi al m Vp Vs kp ks g/cm3

s m (1) (2) (3) (4) (5)

Btm Water 1543.8 1.05065

I Floor "fc 1513 115 0.03 0.07 0.17 15.0 1.39
la Silt-clay' (o

2.8- 1517 128 0.03 0.07 0.17 15.0 1.39

2.8+

lb Sand-silt-clay, c 1635 175 0.04 0.06 0.08 13.0 1.78
0 3.0-

Notes ('t)

1. ((U) ¶h'eI geoacoustlc models (such as in the main table) showing thick
5ediment and sedimentary rock sections over "acoustic basement"
(such as basalt) are generalized and do not account for the
multiple reflectors as seen (usually at high frequencies), for
example, in the 3.65 kHz records, or in cores.

S2. (U) if a detailed, multti.reflector model is desired, the above
sequence of a thicker silt-clay layer and a thinner silt (or
other) layer can be alternated to any desired depth. If so, the
property values can be corrected fcr depth as follows:

a. (U) For the silt-clay layer.

(1) (U) For Vp: increase VP using grdients computed from thie
V vs. depth equation.

(2) (U) Other properties: vary the value 0f the property with
depth using the appropriate gradient from the values
listed in the main table.

b. (U) For the silt (or other layer).

(1) (U) For Vp: increase Vp as above for silt-clay.

(2) (U) "or k : vary kp along lines "B" and "C" (fig 7).

(3) (U) Other properties: as above for silt-clay.

(cont)
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3. (U) It should be noted that in areas where turbidites form abyssal

plains or fans (such as in the Oman Basin, Arabian Fan, and Somali
Basin), the reflectors usually represent coarser sediments spillingdiscontinuously from leveed channels. These reflectors cannot,

usually, be followed over very great distances, nor correlated from
area to area. Any detail, as above, is a gross generalization ofAwidely varying layers (in thickness and properties).

4. (U) The values listed in the main, general table for "Sfc" (surface) .1
are composite values for the 0-3 m depth interval (illustrated
above). Some averaged properties in four cores for this interval,
other than those listed above, are as follows (porosity in silt-clay(0-100 cm) is salt corrected; porosity in sand-silt-clay based on Ivelocity porosity relations from other data).

Property Silt-clay Sand-silt-clay

Velocity ratio 0.98 1.06
Composite: 0.99

Porosity, % 79 55
Composite: 77

.1
Mean grain size, 0 8.95 5.48

(No. in sample) (182) (2)

Grain density, g/cm3 Avg. all samples: 2.66

(No. in sample) (179)

5. (U) Although the generalized illustration, above, indicates a sharp
top boundary between the silt-clay and sand-silt-clay layers, it is .more apt to be gradational in all properties.

I(

END of Model 4a

Ii
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CHAPTER IV. BOTTOM INTERACTION (U)

IV.1 (U) INTRODUCTION

(U) The primary data recording system devoted to analysis of bottom in-
teraction in BEARING STAKE was the vertical ACODAC (VAC) recorder. The VAC
data were analyzed at ARL:UT during FY77 (Mitchell et al., 1978); these bottom
loss results form the bulk of the data used in this section. In addition, the
BMA recordings from Sites 5 and 1A included portions which were analyzed for
bottom interaction (Focke, 1978); some of these results are presented here.
To obtain estimates of geophysical parameters, wide-angle profiling records
were obtained at Sites 4 and 5 (Naval Ocean Systems Center, 1977). These data
contributed to the geophysical models presented in chapter III of this report;
in turn, those results contributed to the bottom interaction modeling pre-
sented in section IV.3 of this chapter.

(U) Bottom interaction analysis work has included the interpretation of
BEARING STAKE bottom interaction data in terms of geoacoustic models and the
determination from the data of the values of geophysical parameters. Results
from the initial phases of this study are used here; methods and results are
described in detail by Mitchell et al. (1979).

(U) Locations of sites from which data are available are given in figure
1. Site particulars are given in table 1. The shading of figure 1 delineates
the different geophysical provinces on the basis of material supplied by
Hamilton (1978).

(C) This chapter provides Petimates of bottom loss versus grazing angle
and frequency for the different areas of the Northwest Indian Ocean. To the
extent possible, these are supported by data available from BEARING STAKE it-
self. In addition, it is shown that, in the major basin areas, calculated
bottom loss curves agree very well at all frequencies with the measured data.
These calculations are based upon the basic geoacoustic models of chapter III,
with values of some acoustic parameters modified by using the actual acoustic
data. These parameters are presented in section IV.3.

(C) In general, it was found that the bottom loss in the Northwest Indian
Ocean basin areas was low; actual values are given in the following section.
An important result of the current analysis is that these bottom loss values
can best be explained by assuming that attenuations at depths in these ocean
sediments were considerably lower than predicted (only 15% to 40% of predictedvalues).

IV.2 (U) BOTTOM LOSS DATA

(U) Bottom loss measurements from the BEARING STAKE exercise are pre-
sented in figures 2 through 5. Data recording, processing, and data quality
are described by Mitchell et al. (1978). The data in figures 2 and 3 (Sites
1B and 4) are averages over many samples from three source depths, two re-
ceiver depths, and the indicated numbers of reflections. The data from Site 3
(fig 4) are estimated from multipath propagation loss to near-bottom re-
ceivers; problems with the VAC (which are discussed by Mitchell et al. 1978)
prevented direct measurement of bottom loss at Site 3. The data from Site 5
are averages over three source depths (Focke, 1978) with a single receiver
depth being used.
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TABLE IV-l. (C) SUMMARY OF AVAILABLE BOTTOM LOSS DATA (U)

Frequency
Site Location Range (Hz) Comments

1 Oman Basin 20-500 Bottom limited - measurement difficulties
below 10-deg grazing angle.*

3 Arabian Basin 20-500 Estimates only because of VAC failure.*

5 Arabian Basin 20-1200 Bottom limited - measurement difficulties
below lO-deg grazing angle.**

4 Somali Basin 20-500

*Mitchell et al., 1978.
**Focke, 1978.

(C) The extent of the ocean bottom covered by the bottom loss averages
for each site is shown by the source tracks on figure 1. These tracks cross a
large part of the basins, so the bottom loss samples for each site are from a
large area. However, at each site, uniform results are obtained from along
the entire track. This indicates uniform bottom reflectivity within each
basin area. This result is consistent with the geophysical descriptions which
show uniform sediment types in each basin.

(C) The bottom loss data shown for the Arabian Basin, particularly for
Site 5 (fig 5), show very little loss. This is demonstrated by figure 6,
which shows the envelope of the signal from a shot at long range received at
Site 5. The presence of the reflected-arrival pulses after many reflections
is another indication of the very low bottom loss in the area.

IV.3 (U) MODELING

(C) The BEARING STAKE acoustic assessment requires accurate estimates of
bottom loss for a major portion of this region. Bottom loss values are needed
for frequencies ranging from 25 Hz up to I kHz. During the exercise itself,
bottom loss measurements were taken at selected sites for frequencies that
generally were 500 Hz or less (Mitchell, 1978). Bottom loss estimates are
being extended to other regions and other frequencies through the use of
numerical models of the bottom loss.

(U) Modeling of bottom loss requires parameters from a geoacoustic model.
Table 2 presents the parameters needed to model the bottom loss at Site 1B.

Of necessity, many of the parameters defining a geoacoustic model are extrapo-
lated or predicted values, since these parameters are difficult to measure in
situ. These estimates are based on data reported in the literature and on
laboratory measurements of physical properties of sediment samples (Hamilton,
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TABLE IV-2. (C) INITIAL GEOACOUSTIC INPUTS FOR BOTTOM LOSS
CALCULATIONS IN THE OMAN BASIN (FROM REF 4). (U)

Attenuation-k Density
Layer Material Depth(m) Velocity(m/s) (dBlm - kHz) (g/cm3)

"Bottom Water 1514.5 1.04306

0. 1515. .10 1.59

100. 1638. .11 1.67

200. 1750. .12 1.80

300. 1851. .13 1.91

400. 1943. .14 2.02

500. 2026. .14 2.10

600. 2101. .12 2.13

Sediment 700. 2168. .11 2.15

800. 2230. .10 2.18

900. 2286. .08 2.20

1000. 2337. .07 2.22

1100. 2385. .06 2.24

1200. 2429. .05 2.25

1231. 2443 .05 2.26

Sedimentary Rock 1231. 2565. .05 2.30

Substrate shear wave velocity 1040 m/s
Substrate shear wave attenuation 7.5 dB/m - kHz -

1974). Therefore, the geoacoustic parameter estimates for a particular area
generally can be improved by using actual acoustic data prior to their use as
parameter inputs for prediction of bottom loss.

(U) Modifications to the geoacoustic parameters which are given here were
based on comparisons between measured and calculated bottom loss. The esti-
mates from Hamilton (1978) of the geoacoustic parameters, such as those in
table 2, were used as inputs for the first comparison. Those parameters which
have large uncertainties and which have a major effect on the predicted loss
were the.i varied to improve the comparison between the calculated and the
measured values of bottom loss.
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(U) An understanding of how the various geoacoustic parameters affect the
bottom loss calculations can aid in making modifications to these parameters.

(U) A simple picture of energy interacting with the ocean bottom would
combine energy reflected from the water/sediment interface and energy penetra-
ting into the sediment and then being reflected or refracted back into the
water (fig 7). The energy reflected at the sediment surface can be determined
by calculating a reflection coefficient. The amount of energy reflected or

* refracted through the sediment can be determined by tracing rays through an
attenuating medium.

* (U) The reflection due to impedance mismatch at the water/sediment inter-
face can be determined by matching the boundary conditions at the interface.
By following Brekhovskikh (1960), the Rayleigh reflection coefficient is found
to be

- 2 2co /2m sin 9 - (n - cos 2 9)1/2

m sin 9 + (n2 cos2 9)1/2

m = s/Ps w
n c/cw s

where 9 is grazing angle in the water, P is density, c is sound speed, and the
subscripts denote either the sediment (s) or the water (w).

As the grazing angle increases, V rapidly converges to the high-angle limit

PS~ c5 -~ w cw,(2

obtained by setting the grazing angle to 90. Since c s and cw generally
differ by less than 2%, this high angle limit is determined primarily by the
density contrast of the interface.

(U) Energy transmitted through the bottom will be influenced by the
structure of the bottom. An increase in path length, L(9), will tend to in-
crease the loss for the penetrating ray. As an example, if the bottom has a
constant attenuation with depth, a, the loss in decibels incurred along a ray
path through the bottom will be

Loss = L(9) (3)

As the grazing angle increases, the path length and thus the loss increase
until a reflecting layer at some depth is reached (Hawker et al., 1979). Thesound speed gradient and the interface sound speed ratio also affect the path

1. length. Doubling the sound speed gradient will decrease L(9) by one-half.
When n, the sound speed ratio, is near 1, a 1% variation in this ratio can
vary the path length from 0 to over 500 m for small grazing angles. If this
ratio is greater than 1, angles below the critical angle will have zero path
length.
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Figure IV-6, (C) Envelope of 91-m SUS arrival at Site 5 from
465-km range. The long duration indicates very low bottom loss
in the Arabian Basin. (C)
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Figure IV-7. (U) Ray path presentation of bottom interacting
energy. (U)
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(U) Figure 8 presents a comparison between a computed (Hawker et al.,
1979) bottom loss and eq 2 and 3. The geoacoustic inputs used in these calcu-
lations are those presented in table 2 and figure 9. The calculations were
mage at a frequency of 100 Hz. In this example at grazing angles greater than
40 the bottom loss is domlinated by the Rayleigh reflection and can be approx-
imated by eq 2. Below 35u the bottom loss fluctuates about the curve defined
by the losses incurred along the ray paths (eq 3). The fluctuations result
from phase interferences between the Rayleigh reflection and the bottom pene-
trating contributions. These fluctuations tend to disappear when the bottom
loss calculations are averaged over a one-third octave band, as will be done

T for the remaining calculated curves.

(U) Variations in the geoacoustic parameters will change the relationship
between curves a and b in figure 8. For example, changes in the interface
density contrast will shift curve a up or down. Changes in the interface
sound speed contrast will shift the lower portion of curve b left or right.
Changes in the sound speed gradient or the attenuation will shift the upper
portion of curve b left or right as well as changing the slope of curve b.

(U) All modifications to the geoacoustic parameters have been simple for
the work reported here. For example, if the attenuation was to be decreased,
it was decreased by the same factor at all depths. Modifications of a more
complex nature will be done as part of ongoing work.

(U) Modifications to the geoacoustic parameters are based on comparisons
"between calculated bottom loss runs and measured data. The measured bottom
loss values were computed in one-third octave bends. The measurements pre-
sented in this report were then averaged over 2 angular bins. The theoret-
ical bottom losses shown here were also calculated over one-third octavebands, but they have been plotted every degree without averaging over angle.

(U) The initial bottom loss model computations were made for the Oman
Basin at frequencies of 25 and 200 Hz (fig 10 and 11). The geoacoustic model
has been presented in figure 9. These initial computed values showed that
modifications to the geoacoustic model were Beeded in order to substantially
"decrease the bottom loss for angles below 40 . Based on the discussion above,
modifications to the sound speed gradient or the attenuation would affect the
losses at these lower angles. Separate analysis of the VAC data indicates
that the gradient is approximately correct, so the attenuation values have
been varied.

(U) The attenuation vdlues were first decreased by a factor of two. The
resulting comparisons at 25 Hz are presented in figure 12. Below 40 the
agreement between calculation and measurement is within 1 dB. Figure 13 shows

l1 that, at 200 Hz, however, there were still large discrepancies (8 dB or more)
between the two curves. When the attenuation at all depths was decreased to
one-seventh that of figure 9, the resulting calculations at 200 Hz were within
1 dB of the measured values, as shown by figure 14. Calculations at 25 Hz,
shown in figgre 15, wereowithin 1 dB of the measurements for grazing angles
less than 35 Above 35 the 25-Hz measured data show a rapid igcrease in
loss out to 45 while the calculations increase slowly out to 53 and then

ii increase rapidly.
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loss calculations and simple ray patn
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Figure IV-9. (C) Initial set of geoacoustic parameters for Site 1B. (U) "
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Figure IV-l2. (C) Comparison between
measured bottom loss and bottom loss
calculations at 25 Hz.
(Attenuations decreased to one-half
the original values.) (C)
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Figure IV-13. (C) Comparison between
measured bottom loss and bottom loss
calculations at 200 Hz.
(Attenuations decreased to one-half
the original values.) (C)
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(U) In long range acoustic propagation the low-angle, low-loss region of
the bottom loss curves dominates the influence of the bottom (Spofford, 1978).
The calculated bottom loss curves in figures 14 and 15 are within 0.5 dB of
the measured values in the low-angle, low-loss region. They will lead to
reasonable predictions of long range acoustic propagation. The modified geo-
acoustic model for the Oman Basin has one-seventh the attenuation of the
initial model (fig 16).

(U) Future modifications to this geoacoustic model will deal with the
factors influencing cottom loss at the higher angles and frequencies below 100
Hz. Increased attenuation at depth will result in increased losses at the low
frequencies. Because the higher frequencies are dominated by the Rayleigh
reflection at these angles, the high-frequency loss should be unaffected by
such modifications.

(C) Table 3 presents the adjusted geoacoustic parameter values which were
used to compute bottom loss for the Oman Basin. Bottom loss measurements from
the Somali Basin (fig 3) and the Arabian Basin (fig 4) during the BEARING
STAKE exercise have also been used to modify the geoacoustic parameters for
these regions. Modifications were derived in the manner described above for
the Oman Basin. In the Somali Basin the attenuation values at all depths were
reduced.to 0.4 of the initial values. The resultant geoacoustic pdrameters
used for bottom loss calculations are presented in table 4. In the Arabian
Basin, as was the case in the Oman Basin, the attenuations were reduced by a
factor of seven. The Arabian Basin data also required an increase of the
sound speed ratio at the water/sediment interface from 0.99 to 1.00. Table 5
presents the geoacoustic parameters used in computing bottom loss for the
Arabian Basin.

(C) Bottom loss calculations using the geoacoustic parameters of tables
III-V have been computed for each of the areas at frequencies of 25, 50, 100,
200, 400, and 1000 Hz. Figures 17, 18, and 19 present these calculations for
the Oman Basin, Arabian Basin, and Somali Basin, respectively. At the lower
frequencies (25 and 50 Hz) the bottom loss for figures 17 and 18 is ngticeably
lorer than the measured values (fig 2 and 4) between approximately 20 and
50 . This is because, as discussed, the attenuation at depths from 100 to 500
m should be greater than that shown in tables 3 and 5.
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Figure IV-16. (C) Modified geoacoustic model for the Oman Basin. (C)

115

CONFIDENTIAL



CONFIDENTIAL ,1

TABLE IV-3. (C) MODIFIED GEOACOUSTIC INPUTS FOR BOTTOM LOSS

CALCULATIONS IN THE OMAN BASIN. (C)

Attenuation-k p Density

Layer Material Depth(m) Velocity(m/s) (dBlm - kHz) (g/cm3)

Bottom Water 1514.5 1.04306

0. 1515. .014 1.59

100. 1638. .016 1.67

200. 1750. .017 1.80

300. 1851. .019 1.91

400. 1943. .020 2.02

500. 2026. .020 2.10

600. 2101. .017 2.13

Sediment 700. 2168. .016 2.15

800. 2230. .014 2.18

900. 2286. .011 2.20

1000. 2337. .010 2.22

1100. 2385. .009 2.24

1200. 2429. .007 2.25

1231. 2443. .007 2.26

Sedimentary Rock 1231. 2565. .050 2.30

Substrate shear wave velocity 1040 m/s
Substrate shear wave attenuation 7.5 dB/m kHz

116C F

CONFIDENTIAL



• j •CONFIDENTIAL

1 TABLE IV-4. (C) MODIFIED INPUTS FOR BOTTOM LOSS CALCULATIONS
SIN THE SOMALI BASIN. (C)

Attenuation-kp Density
Layer Material Depth(m) Velocity(m/sec) (dB/m - kHz) (g/cm3

T Bottom Water 1543.8 1.05

000. 1528. .028 1.41

100. 1649. .036 1.68

200. 1760. .044 1.81

N 300. 1864. .048 1.93

V 400. 1960. .056 2.03

500. 2048. .056 2.11

Sediment 600. 2128. .048 2.14
700. 2202. .044 2.17

800. 2269. .04 2.19

900. 2330. .032 2.22

1000. 2385. .028 2.24

1500. 2582. .016 2.30

1580. 2604. .012 2.31
t

Sedimentary Rock 1580. 3500. .03 2.54

Substrate shear wave velocity 1750 m/s
Substrate shear wave attenuation 3.0 dB/m - kHz

A
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TABLE IV-5. (C) MODIFIED INPUTS FOR BOTTOM LOSS CALCULATION IN THE
ARABIAN BASIN. (C)

Attenuation-k Density
Layer Material Depth(m) Velocity(m/s) (dB/m-kHz) (g/cm3)

Bottom Water 1516.5 1.04373

0. 1517. .014 1.56

100. 1635. .016 1.65

200. 1747. .017 1.77

300. 1855. .019 1.90

400. 1959. .020 2.02

500. 2058. .020 2.10

600. 2153. .017 2.14

700. 2245. .016 2.17

Sediment 800. 2332. .014 2.21

900. 2417. .011 2.24

1000. 2498. .010 2.27

1500. 2863. .006 2.38

2000. 3177. .003 2.47

2500. 3467. .003 2.53

3000. 3758. .003 2.58 -'

3260. 3918. .003 2.60

Basalt 3260. 5400. .020 2.72 -J

Substrate shear wave velocity 2744. m/s
Substrate shear wave attenuation .070 dB/m - kHz
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Figure IV-17. (C) Calculated bottom
loss curves for the Oman Basin. (C)
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Figure IV-18. (C) Calculated bottom
loss curves for the Arabian Basin at
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CHAPTER V. PROPAGATION LOSS (U)

V.1 (U) INTRODUCTION

V.1.1 (U) General

(U) This chapter contains those topics judged of most importance in the
assessment of propagation for the BEARING STAKE exercise. Within length con-
straints, data and analyses are provided to support conclusions. The princi-
pal investigators' report (Pedersen and Yee, 1979) provides more data, a more
detailed discussion of the analyses, and a number of additional topics of
relatively minor importance. The second major section of this chapter treats
the various BEARING STAKE sites on an individual basis while the last section
makes assessments based on all the sites. Conclusions and recommendations are
not provided in separate sections but are integrated into those for the
acoustic assessment. The remainder of this section discusses the general
nature of the propagation data and how they were smoothed for analysis.

V.1.2 (U) Data Smoothing Procedures

(C) The first impression obtained of the BEARING STAKE data is the
extreme variability. Figure 1 presents unaveraged data at 25 Hz taken in
event P1 at Site 1B in the Oman Basin. The crosses and dots, respectively,
represent data for the WECo BMA receiver and ACODAC receiver 13, both mounted
on the basin floor. Figure 1 shows a jumbled and ragged band about 15 dB
wide, typical of most of the CW data appearing in the WECo report (Osborne,
1978). With the exception of some convergence zone data at higher frequencies
at Site 4 in the Somali Basin, the variability between successive observations
dominated (or at least obscured) trends in the data.

(U) In an endeavor to explain this variability, the multilayered normal
mode program (Gordon, 1979a) was used to make propagation loss calculations
for Site lB. The sound speed input to this model was based on the Fenner
representative profile for Site 1B (see chapter II). The sub-bottom input to
"the model was based on the structure derived by Hamilton (chapter 111) and
modified by Mitchell (chapter IV). Figure 2 compares theoretical results with
the ACODAC experimental data (fig 1) over the range interval 25-75 km. We see
that the experimental variability is not excessive and is to be expected.
This may be regarded as typical of bottom-limited propagation involving a
large number of multipaths in a low-bottom-loss situation.

(U) The study of Gordon and Floyd (1979) examines the effect of rapid
increases in propagation loss (fades) on the beamforming of linear arrays.
Such fades can decrease the array signal gain by several dB and can also cause
bearing errors. Figure 2 indicates that the BEARING STAKE acoustic environ-
ment is characterized by a large number of fades.

(C) Gordon (1979b) describes the propagation by counting the number of
fades in some range interval and then dividing the interval by the number of
fades to produce an average distance between fades, or a fade interval. Based
on normal mode results similar to those of figure 2, Gordon prepared the sum-
mary of fade intervals shown in table 1. The first six columns of this tablej represent Site lB. The salient features include a slight increase in fade
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interval with range. This can be attributed to the stripping off of arrival
paths at longer ranges due to bottom loss. There is also a consistent
decrease in the fade interval at higher frequency. For the range interval
463-556 km (250-300 nmi) data ~.re also presented for the spread of val ues
obtained by Gordon for convergence zone conditions in the Atlantic and Pacific
oceans. Ten-dB fades in propagation loss appear to occur at least three times
as often for bottom-limited conditions in the Indian Ocean as they do for
convergence zone propagation in the Atlantic or Pacific. Thus, beamforming
problems may be more severe in the Indian Ocean than in other areas.

RANGE INTERVAL (km)

25-75 75-125 125-175 175-225 225-275 463-556

AREA 1B 1B 1B 1B 1B 1B OTHER OCEANS

25 Hz, 5 dB 0.9 0.8 0.9 0.9 1.1 1.7 5.4 TO 10.3

25 Hz, 10 dB 1.4 1.8 1.9 2.0 2.0 8.6 10.3 TO 20.6I(
50 Hz, 5 dB 0.4 0.5 0.5 0.6 0.7 1.4 3.2 TO 20.6

50 Hz, 10 dB 0.8 1.0 1.0 1.3 1.3 2.7 6.9 TO 30.8

TABLE V-I. (C) DISTANCE BETWEEN 5- AND 10-DB FADES AT 25 AND 50 HZ OVER
VARIOUS RANGE INTERVALS FOR SITE 1B AND FOR OTHER OCEANS OVER
"THE RANGE INTERVAL FROM 463-556 KM. (C)

(U) In order to analyze the experimental data, it was necessary to use
smoothing techniques. The principal smoothing method was to average the CW
and shot data in 50-km range bins or 300 bearing bins. In the case of radial
events the data were averaged in 50-km range bins centered at integral mul-
tiples of 50 km. Thus, the 50-km bin covers the interval from 25 to 75 km,
the 100-km bin covers the interval from 75 to 125 km, etc. The squared
pressure corresponding to each propagation loss observation in the bin was

* sunmed, divided by the number of observations, and then converted to dB to
obtain an average propagation loss for the bin. This choice of mean squared
pressure is based on fundamental physical principles of conservation of energy
and is commensurate with theoretical propagation loss models such as ASTRALand RAY WAVE, which incoherently add the squared pressures of iultipath
contributions. Examples will be presented later.

(U) In the case of arc events (circular runs made at constant range) the
data were averaged in 300 bearing bins centered at integral multiples of 30
in azimuth. This bin size was chosen so that the number of observations per
bin (about 70) was comparable to that for the 50-km range bins.

(U) A second method of smoothing was to average the CW data in 2-km
range bins. This method was useful at Site 4 to illustrate the convergence
zones, as discussed later, but was of limited value at other sites.
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V.2 (U) ASSESSMENT OF INDIVIDUAL SITES

(U) This section presents the important characteristics of each BEARING
STAKE site. The discussion follows a general format. First, the dependence
on receiver depth is presented. Second, the differences between various
events are presented, which assesses the propagation in different directions
from the receiver location. Third, the dependence on range and frequency is
presented for the receiver depth and event with smallest propagation loss.

V.2.1 (C) Site 1, Oman Basin

(U) The same geographical location was surveyed twice at times about 1
month apart. The tracks for the source events for these two surveys (1A and
1B) are shown in figures 11-3, 11-7, and 111-1.

(C) Table 2 presents the dependence of propagation loss on receiver
depth at Site 1A. Propagation loss data for BMA receiver 1, suspended 496 m-

above the ocean floor, and for BMA receiver 2, suspended 100 m above the ocean
floor, were compared with the average for BMA receivers 3, 5, and 8 which were
mounted on the ocean floor. The experimental data at 25 Hz are based on
events P7 and P5 while those at 50 Hz are based on event S1. The experimental
propagation losses for BMA receivers 1 and 2 are in all cases greater than
those at the ocean floor. The last three columns of table 2 present the corre-
sponding theoretical results, based on normal mode theory. Agreement between
theory and experiment is excellent.

(C) Table 3 presents the dependence on receiver depth at Site lB. In
this case the propagation losses for ACODAC receivers 2, 6, and 10 (which are
suspended in the water column) are compared to those for ACODAC receiver 13
(which is mounted on the ocean floor). The experimental data are based on
events P1 through P5. The experimental results are similar for 25 and 140 Hz.

The propagation losses for receivers 2 and 6, which are well up in the water
column, are between 2 and 3 dB greater than the loss at the bottom. The
propagation loss for receiver 10, which is 30 m off the bottom, is slightly
less than that at the bottom. There is substantial agreement between the
results of mode theory and the experimental result at 25 Hz. The experimental
results at 290 Hz appear to differ significantly from those at 25 and 140 Hz.
We should note, however, that the 290-Hz data are suspect for reasons
discussed elsewhere in this report. These experimental data need to be
thoroughly investigated and verified by theory before we would accept the
depth dependence indicated for 290 Hz.
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EXPERIMENT NORMAL MODE THEORY
SOURCE DEPTH SOURCE DEPTH

T RECEIVER RECEIVER 91 m 91 m 243 m 91 m 91 m 243 m
DEPTH

! " BMA (m) 25 Hz 50 Hz 50 Hz 25 Hz 50 Hz 50 Hz
1 2855 2.2 2.5 2.0 2.0 2.6 1.9
2 3251 -- 1.0 1.5 2. 1.5 0.6
3,5, 8 3351 0 0 0 0 0 0

TABLE V-2. (C) PROPAGATION LOSS DIFFERENCES BETWEEN OTHER RECEIVERS AND A
BOTTOMED RECEIVER FOR SITE 1A. (U)

RECEIVER RECEIVER EXPERIMENT NORMAL MODE
DEPTH FREQUENCY FREQUENCY

SACODAC (mn) 25 Hz 140 Hz 290 Hz 25Hz 50Hz
2 496 2.3 2.3 -0.3 1.6 2.3
6 1685 2.1 2.9 1.0 2.0 Z.7

10 3321 -0.2 -0.4 0.1 -0.2 0.9
13 3351 0 0 0 0 0

TABLE V-3. (C) PROPAGATION LOSS DIFFERENCE BETWEEN OTHER RECEIVERS AND A
"BOTTOMED RECEIVER FOR SITE lB. (U)

(C) The good agreement between theory and experiment justifies the use
of theoretical results to assess the receiver depth dependence for the entire
water column (rather than only for the six depths at which experimental data
are available). Figures 3 and 4 present the theoretical propagation loss
versus receiver depth for respective source depths of 18 and 91 m, a frequency
of 25 Hz, and ranges of 50, 100, 200, 500, and 1000 km. In these computations

$ the modes are added in random phase at the given fixed range. This procedure
averages out the detailed structure of the phased acoustic field and produces
a good representation of the depth structure. There is a scale break at 500 m
and another at 2920 m. The region between 500 and 2900 m shows very little
change and has not been plotted in detail. However, the maximum value of prop-
agation loss in the interval is indicated between the scale breaks.

(C) The salient features near the ocean surface are very similar to
those in convergence zone propagation (Pedersen, Gordon, and White, 1975).
For the shallow source of figure 3 there is a minimum in propagation loss at
the surface decoupling depth, which is defined as the depth of the first
(shallowest) antinode of the mode depth structure (Pedersen, Gordon, and
White, 1975). This depth is about 30 m at 50-km range and increases to about
55 m at 1000-km range. This increase in depth with increasing range occurs
because the steeper angle arrivals dominate at shorter ranges and steeper
angles have smaller decoupling depth. These steeper angle arrivals are
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stripped off by bottom loss at the longer ranges. In convergence zone I
propagation the surface decoupling depth is nearly independent of range
because the dominant arrivals are nearly independent of range. For source
depths below the surface decoupling depth, as in figure 4, there is a minimum
in propagation loss at a receiver depth equal to the source depth. This same

t condition occurs for convergence zone propagation (Pedersen, Gordon, and
~ j White, 1975).

(C) In contrast, the conditions near the ocean bottom are drastically
different for figures 3 and 4 than under convergence zone conaitions in which
the near-bottom propagation loss at long range increases rapidly with increas-
ing receiver depth (Gordon, 1977). One important feature of figures 3 and 4
is the notch (relative maximum in propagation loss) which occurs somewhat off
the ocean bottom. As will be discussed later, this notch would be important
in suppressing shipping noise. In figure 3 the notch occurs about 30 m off
the bottom at 50-km range and shallows to about 50 m off the bottom at 1000-km
range. In figure 4, the corresponding depths of the notch are 85 to 95 m off
the bottom. This notch is caused by destructive interference between the
downgoing and upgoing (after bottom reflection) arrivals at the receiver.
Another significant feature is the relative minimum in propagation loss at the
bottom in figure 3 and slightly above the bottom in figure 4. This is caused
by constructive interference between the upgoing and downgoing acoustic
arrivals.

(C) A number of plots similar to figures 3 and 4 have been examined.
These include source depths of 6, 18, 91, 102, and 243 m and frequencies of
20, 25, and 50 Hz. Except for the near-surface region the total variation of T
loss with receiver depth was small, with most of the values falling within an
envelope 3 or 4 dB wide. For example in figure 3 at a range of 1000 km the
total spread in propagation loss for receivers deeper than about 22 m is 4 dB.
Thus, if differences of a few dB in propagation loss are of little concern,
then any receiver depth which avoids the near-surface (decoupling) region
would be suitable.

(C) If optimal receiver depths are desired, there are. several choices.i The minimum propagation loss often occurs at the source depth. This is not a
practical choice for a fixed installation and moreover it requires knowledge

of the source depth. The propagation loss at the ocean floor is, in most
cases, within 1 dB of the minimum propagation loss, so from a practical stand-
point this would appear to be a good choice. However, from the standpoint of
signal-to-noise ratio there is an even better choice. The noise generated by
distant shipping may be reduced by positioning the receiver depth in the A
propagation loss notch for shallow sources. Computations for a 6-m source
depth show the notches to be in the identical locations as those shown in
figure 3 for an 18-m source. Thus, as long as the source is in the surface
decoupling region, the depth of the notch is independent of source depth. The
reason for this property is that the dominant arrival angles do not change
with source depth as long as the source is in the surface decoupling depth
region. In contrast, for sources below the surface decoupling region, the
location of the notch shifts with source depth. Thus, a notch in the noise
field should occur at the same depth from surface vessels of various drafts;
and as long as the target submarine is deeper than the decoupling depth, its
notch will appear at a different depth. I
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(C) This concept is illustrated in figure 5, which presents the propagation
loss difference between a source (noise) at 6-m depth and a source (target) at
91-m depth for a frequency of 25 Hz. The target is assumed to be at a fixed
range of 200 km. The difference in propagation loss is shown as a function of
receiver height off the ocean bottom. Each curve represents a different range
for the noise source starting at 50-km range and progressing in steps of 50 km
to a maximum range of 1000 km. Consider now a receiver depth 30 m off the
ocean bottom. This is near optimum for noise generated at about 100-km
range. For the noise ranges of figure 5 this receiver represents a 2.5-3-dB
improvement in the signal-to-noise ratio from that of a receiver on the ocean
bottom. One drawback to this scheme is that the optimum depth varies somewhat
with frequency. For example, at a frequency of 20 Hz the notch is about 35 m
off the ocean bottom for a 100-km noise source. The corresponding value for
50 Hz is 18 m off the ocean bottom.

175.00
FREQUENCY (Hz) 25.0 

7
TARGET DEPTH (m) 91.0
NOISE DEPTH (i) 6.0
TARGET RANGE (kin) 200150.00

125.00 50km 1000 km

100).00-

u. 75.00

I-r
0~

50.00

i

0.oo0--
0.00 5.00 10.00 15.M0 20.00 25.00 30.00 35.00

S/N (dB)

Figure V-5. (C) Propagation loss difference between
a source (noise) at 6-m depth and a source (target)
at 91-m depth for a frequency of 25 Hz shown as a .1
function of height of the receiver off the ocean
bottom. (C)

(U) Figures 6A to 6C present propagation loss data for the receivers
with lowest propagation loss for all events at Site 1A and lB. For this site
these are the BMA receivers on the bottom. When multiple bottomed receivers
were processed, an average value was calculated, based on all available data.

132

CONFIDENTIAL



[. CONFIDENTIAL
75.0" LEGEND

SITEIB RUNP1
SITE1 B RUNP2

80.0 " 
o SITE1 B RUNP4

80.0r o S1 TO1B RUNP5

xC SITE1 B RUNSI
D1' -F SITEIA RUNP7

SSITE1A RUNP2
85.0 * SITE1A RUNA1

X850 4 SITEIA RUNA2x 8 SITE1A RUNS1

"lAP3 x

90.0

95.0
04

100.0
4,

105.0

110.0 _ _ _ _ _ _ _ _ . _ _ _ _

0.0 100.0 200.0 300.0 400.0 500.0 600.0 700.0

RANGE (km)

Figure V-6A. (C) Propagation loss versus range for all

events at Site 1A and 1B: low frequency. (C)
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Figure V-6B. (C) Propagation loss versus range for

all events at Site 1A and 1B: 140 Hz. (C)
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Figure V-6C. (C) Propagation loss versus range for
all events aL Site 1A and 1B: 290 Hz. (C)

The spread of values for the arc events 1AP3, 1AP5 and 1BP3 is plotted at the
nominal range of these events. In the case of shot events the 91-m values
were used. This same depth shot was also used for all other sites in similar
figures to be presented later. Table 4 ranks the events according to increas- a
ing propagation loss for each frequency. Since data points beyond 150 km
represent propagation over a ridge, these data were not used in the ranking of
event IAA1.

(C) In figure 6A and in table 4 the term low frequency is used. This is
a term which will be used throughout this chapter to indicate a mix of low
frequencies. Although the standard frequency for CW events was 25 Hz, there
were some CW events at other frequencies. For example, event 1AP3 was at 39
Hz. The range of CW low frequencies used during BEARING STAKE is 22 to 42 Hz.
The low frequency processed by WECo for all shot events was 20 Hz.

(C) There are some complications which make a rigorous comparison dif-
ficult. First we note that, other things being equal, the shot data for any
site have somewhat higher loss than the corresponding CW data. A complication
peculiar to this site is that the CW events for Site 1B low frequency were at
102-m depth rather than the standard 91-m depth. Finally at Site 1A, the CW
sources at 140 and 290 Hz were operated at 24-m depth rather than the 18-mr
depth used at all other sites. These complications make it difficult to

Si I
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; •compare Site 1A with lB. There are fours events which ran over essentially
the same bathymetry - events 1AP7, lASl, 1BP1, and IBSI. However, the ranking
of these events does not make much sense. For example, at low frequency 1BP1
and 1BSl rank high whereas 1AP7 and 1AS1 rank low. At 140 Hz 1BP1 and 1AS1I• rank high whereas 1AP7 and IBS1 rank low. At 290 Hz AP7, 1BP1, and 1AS1 all
rank high, but 1BS1 ranks low. However, if we ignore these anomalies and pick
the best of these four events for the overall ranking and ignore the remaining
three of these events, we see a definite pattern in table 4.

(C) We proceed in obtaining one overall ranking of events by combining
the data in Table 4 for all three frequencies. The best event appears to be
event 1BP1 followed closely by 1AA2. Both these events proceed up the center
of the major axis of the Oman Basin (see fig 11-16). The next best events are

T 1AA1, 1BP2, and 1BP4. These events head in a southerly direction from the
basin center (fig II-11 and 1-16). Finally, the events with largest loss are
1BP5 and 1AP2. These events head in a northerly direction from the basin
center and proceed up the continental shelf (figs II-11 and 11-16). The arc
events support the same picture. Highest losses for event 1AP3, in figures 6A
to 6C, occur for the bearing bin, almost due north of the receiver location,
where the bottom shallows to almost 1000 m. Similarly the highest losses for

T event 1AP5 occur for the northernmost sector of the event, although excep-
tionally high losses only occur at 290 Hz. The losses for event 1BP3 appear
to be comparable to the radial run data, with higher losses along the arc
sector which rinnects to event 1BP4.

FREQUENCY (Hz)

RANK LOW* 140 290
1 1BP1 1BP1 1AA2

- 2 1AA2 1AA2 1AP7
3 1AA1 1BP2 1BP1
"4 1BS1 1AA1 1ASI
5 1BP2 1AS1 1AA1
6 1BP6 1BP4 1BP2

"1BP5 1BP5 1BP4
8 lAP1 1AP7 1BP5
9 1AS1 lAP2 1BS1

10 1AP2 1BS1

I *See text

TABLE V-4. (C) RANKING OF EVENTS AT SITE 1A AND IB. (U)

(C) The propagation losses for events IBP1 and 1AP7 are compared to the
T Eleuthera reference in figure 7. The slope at low frequency is less than that

of the reference, with losses at maximum range as much as 12 dB less than
those of the reference. The slope at 140 Hz is slightly less than the refer-
ence, with loss values for Site 1B from 0 to 4 dB less than those of the

Sreference. The slope at 290 Hz is comparable to that of the reference with
loss values for Site 1A within 1 dB of those of the reference. Loss values
for Site 1B are larger than those of the reference by I to 2.5 dB.
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(C) The remainder of the discussion for Sites 1A and 1B is concerned J
with a comparison between the experimental and theoretical dependence of
propagation loss on range and on source depth. Figure 8 compares propagation
loss versus range for various theoretical and experimental data for event P1
at Site lB. The BMA data are based on averages for three bottomed receivers.
The normal mode model for Site 1B was used to make coherent calculations of
propagation loss (at range intervals of 100 m) such as shown in figure 2.

These data were then p2 averaged in 50-km range bins, converted to propagation I
loss, and plotted in figure 8. The normal mode theory was also used to cal-
culate reflection coefficients at the ocean bottom. Using the bottom loss
derived from these theoretical coefficients and the Fenner representative I
profile for Site 1B (chapter I1), propagation losses were computed by using

the RAY WAVE model at 2-km range intervals. These data were also p2 averaged
in 50-km range bins and plotted in figure 8.

(C) Statistical analysis shows that the differences between experiment
and model results in figure 8 are not significantly range dependent. The I
average experimental losses for the five range bins are 2.6 dB and 1.3 dB
smaller than mode theory for the BMA and ACODAC data, respectively.
Corresponding standard errors of the mean are 0.5 and 0.4 dB.

(C) There are a number of subjects of concern in figure 8. First, con-
sider the difference between the ACODAC and BMA data. Analysis of the data
from events P1, P2, P4, and P5 at Site 1B yields bottomed-ACODAC propagation
losses which are 1.5, 2.6, and 4.6 dB higher than the BMA propagation losses
for frequencies of 25, 140, and 290 Hz. These values are statistically
significant. The reason for these differences is not known, but they should
be investigated further. The normal model results suggest that the ACODAC
values at 25 Hz could be the more nearly correct. As will be discussed later,
the BMA results are extremely consistent, but they could be subject to a
consistent bias.

(C) The next subject is the difference between the two theoretical
results based on models with identical sound speed profiles and bottom losses.
In this case, the RAY WAVE model produces propagation losses which are 1.0 to
1.6 dB higher than the normal mode values. This has been ascribed to the fact
that RAY WAVE is a model which incoherently combines various arrivals. How-
ever, figure 4 indicates that the upgoing and downgoing arrivals at the ocean -.

bottom are more nearly in phase, as illustrated by the enhancement at or near
the bottom. The depth structure in figure 4 for receiver depths from 3000 to
3200 might represent losses more like incoherent addition of ray arrivals. We A
see in figure 4 that the losses over this interval are some 1 to 2 dB greater
than the loss at the bottom, which is in general agreement with the results of -•

figure 8.

(C) The last subject of concern in figure 8 is the general disagreement
between the low-frequency propagation loss results of BEARING STAKE and
theory. These discrepancies are thought to be due to a small error in the
low-frequency source levels and possibly to a systematic bias in the data
processing techniques. However, both these factors require further
investigation.
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(C) Figure 9A compares the experimental shot data at 20 Hz from Station
1A and 1B with the propagation losses for the normal mode model for Station !B
with modes added in random phase. Values for the standard shot depths of 18,
91, and 243 m are presented. All data are for bottomed BMA receivers. In
comparing experiment to theory, the shot data for event 1AA2 beyond 200 km
were not included in the analysis because this event track crosses a .mall
seamount which affected the longer range loss values. Similarly the shot data
for event 1AA1 beyond 150 km were not included because the event crossed a
prominent ridge. Figure 9B is the counterpart of figure 9A for 50 Hz. The
differences between theory and experiment were investigated. There appeared
to be no significant trends with range and no appreciable dependence on event.
The data for all range bins and all events were lumped to produce an average

difference between them and the theoretical results for each source depth and
each frequency. T

(C) The results of this analysis are presented in table 5. The average
values represent range-independent offsets between theory and experiment. The
relatively small value of the standard error of the mean indicates that the
offsets are statistically significant. At each frequency the 18-m and 91-m
values are based on independent data from 16 range bins while the 243-m values
are based on 10 range bins. The negative values for 50 Hz are evident in
figure 9B, where almost all the experimental data lie below the theoretical
curves. These data suggest that the source levels used to convert the 50 Hz
shot data to propagation loss may be from 1.6 to 2.8 dB too high, depending on
source depth.

(C) The behavior at 20 Hz is somewhat more complicated. Here the source
levels for the 18-m shots appear to be 1.8 dB too high, whereas those for 91
and 243 m appear to 5°, respectively, 1.4 and 4.3 dB too low. The differences
in table 5 may not necessarily all be due to source level errors. Other
effects which produce a systematic bias can also contribute. However, table 5
indicates that systematic biases do occur, and we are suggesting that shot
source levels are subject to further examination.

Frequency (Hz) 20Hz 50 Hz

Shot Depth (m) 18 91 243 18 91 243

Average -1.8 1.4 4.3 -2.8 -2.3 -1.6
Standard Error 0.2 0.2 0.4 0.3 0.3 0.1

TABLE V-5. (C) THE AVERAGE DIFFERENCE BETWEEN THEORETICAL AND EXPERIMENTAL
PROPAGATION LOSSES FOR SHOT EVENTS AT SITES 1A AND lB.
STANDARD ERRORS OF THE MEAN ARE ALSO GIVEN. (U)

--I

(C) Note ih figures 9A and 9B that the theoretical propagation loss for
the 91-m source is less than that for the 243-m source. This conflicts with
the expectation that the 243-m source depth would have the smaller loss
because a deeper source would have rays with lower grazing angles at the
bottom and hence lower losses. This theoretical result is explained in part
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Figure V-9A. (C) Comparison of shot experimental propaga-
tion losses at Sites 1A and lB with normal mode theory:
20 Hz. (C)
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Figure V-9B. (C) Comparison of shot experimental propaga-
tion losses at Sites 1A and lB with normal mode theory:

150 Hz. (C)
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by figure 10, which is the counterpart of figure 3 or 4 for a fixed receiver
depth. This figure presents propagation loss versus source depth for a
receiver on the ocean bottom. In all cases the source depth with smallest
propagation loss also occurs on the ocean bottom. Thus, this property obeys
our -revious rule of thumb that the lowest propagation loss generally occurs
when source and receiver are at the same depth. A somewhat more surprising
result is that the optimum source depth above the axis occurs at the surface
decoupling depth; ie, at the depth of the first (shallowest) antincde for the
dominant arrivals. This optimum depth takes advantage of the reinforcement of
arrivals which occurs when they are in phase somewhat below the ocean surface.
The-25 Hz frequency of figure 10 lies between the 20- and 50-Hz cases of
figures 9A and 9B. Nonetheless, figure 10 indicates that the 91-m shots are
closer to the decoupling depth and hence have lower propagation loss than the
243-m shots. Indeed a source depth of about 45 m would be optimal for ranges
of 50 to 200 km in figure 10.

(C) The depth of the low-frequency CW source varied from site to site
and to some extent doring events. The spread of values was between 77 and 102
m. Figure 10 shows that this is not critical. For example, at 500 km range
the source depth can vary between 40 and 250 m with a spread of average propa-
gation loss of less than 1 dB.

(C) We have shown good agreement between experiment and theory in tables
2 and 3 for the dependence on receiver depth. We have compared the experi-
mental and theoretical dependence on range and source depth and found agree-
ment subject to possible change in source level. Our remaining task is to
examine the experimental evidence for the "notch" of high propagation loss
which appears somewhat off the bottom in figures 3 and 4. This notch
represents a critical interaction between source depth, receiver depth, and
frequency. There are only two receiver depths which might provide data - the
BMA receiver 2, at Site 1A, which is 100 m off the bottom, and ACODAC receiver
10, at Site IB, which is 30 m off the bottom. The BMA receiver is close to
the notch of figure 4 for 25 Hz, at 91-m source depth. Unfortunately, WECo
only processed this receiver for shots at 50 Hz. However, the ACODAC receiver
is ideally situated in the notch for figure 3 for 25 Hz at 18-m source depth.
Unfortunately, there were problems with the experimental data set. The
bottomed ACODAC was not designed to be processed for shots and the shots
available from the other ACODAC receivers were very sparse because of
overloads. (The overloads were caused by the first and second bottom bounce
arrivals. Bottom losses were determined by ARL by processing higher-order
bottom bounce arrivals which were not overloaded).

(C) Figures 11A to 11C for 20, 25, and 50 Hz, respectively, present the
difference in ACODAC propagation loss between 18- and 91-m shots as a function
of range. The curves represent the normal mode results for the three ACODAC

2receivers. The experimental data were obtained by p averaging, in 50-km
bins, the data which were not overloaded for each source depth and then
plotting the difference between the 18- and 91-m averages. Since the theore-
tical values were so close for ACODAC receiver 2 at 496-m depth and ACODAC
receiver 6 at 1685-m depth, the experimental data were lumped and plotted as
circles in figures 11A to 1IC. Whereas the quality of the data leaves some-
thing to be desired, a definite pattern emerges when further differences are
considered which take into account the offsets in the data.
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Figure V-llC. (C) Comparison of the experimental and theoretical
differences between the propagation loss for 18-m shots and th-e
for 91-m shots: 50 Hz. (C)

(C) These differences are summarized in table 6. The second column rep-
resents the average difference between the normal mode results of ACODAC 10
and the average of ACODAC 2 and 6 for ranges out to 250 km. Values of the
standard error of this mean are also given as the second row of data for each
frequency. The third column of table 6 is the experimental counterpart of the
second column. In calculating these differences the data points at 250 km in
figure 11A and at 50 km in figure 1IC were rejected as being too far out of
line with the remaining data. Comparison between theory and experiment is
fair at 20 and 25 Hz and poor at 50 Hz. The experimental data show that the
differences in propagation loss for the two source depths are indeed larger
for receiver 10.

THEORY EXPERIMENT

20 Hz 3.0 2.0

0.1 0.9

25 Hz 3.5 2.7

0.3 1.6

50 Hz 1.8 0.2

0.3 0.2

TABLE V-6. (C) AVERAGE DIFFERENCE BETWEEN THE VALUES OF FIGURES 11A TO l1C
FOR RECEIVER 10 AND THE AVERAGE OF RECEIVERS 2 AND 6 (U).
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(C) The absolute values of the experimental data do not agree well with
the theory. This is most likely due to relative errors in shot source levels.
If the shot levels were adjusted according to table 5, the experimental values
of figure 11A and 11C would be reduced by 3.2 dB and 0.5 dB, respectively.
This adjustment does not markedly improve the agreement between theory and
experiment. The necessity for rejecting overloaded data subjects the remain-
ing data to a bias which is difficult to assess.

(C) The data of figures 11A and B, while not definitive, are certainly
encouraging enough to support a recommendation that the "notch" phenomenon be
investigated further theoretically and that experiments be designed to
specifically test it.

(C) Further evidence of the "notch" phenomenon was sought by comparing
the ambient noise levels for ACODAC receivers 10 and 13. Figure 2.2.1 of
Pedersen and Yee (1979) indicates that these noise levels were within 0.5 dB
of each other over the frequency range from about 15 to 100 Hz. We attribute
this negative result to the high density of shipping at Site 1B, where on-
board personnel reported that shipping was within view throughout most of the
exercise. The noise from nearby shipping cannot be reduced by the "notch"
phenomenon. For this noise reduction concept to work, the receiver should be
located in an area which is free of nearby shipping.

(C) This completes the discussion of Sites 1A and 1lB, which is much
longer than that for the remaining sites. Although it remains to be verified,
we believe that the extensive results presented for Sites 1A and lB are
representative of any location which is severely bottom limited with low
bottom loss.

V.2.2 (C) Site, 2, Owen Ridge

(C) The events for Site 2 are shown in figures 11-24 and Ill-1. The
receivers were draped over the Owen Ridge, which bounds the western edge of
the Indus Fan. The close range bathymetric profiles differ considerably for
the various events because the aspect the the ridge changes. Figure 12A
presents the close range bathymetric profile for event S2, which runs out over
the Indus Fan in an almost easterly direction. This event runs almost per-
pendicular to the ridge. The eastern edge of the ridge is a steep scarp which
intersects the fan at a depth of 4000 m. The separation between BMA receivers
1 and 8 is about 13.5 km. Depths of these receivers are given in table 7A.

(C) Figures 12B and 12C are the counterparts of figure 12A for events P1 -•

(or Si) and P3, respectively. Event P1 runs in a northwesterly direction. In
figure 12B we see a relatively gentle slope to the northwest. The deepest
point along event P1 is 3700 m (not shown in fig 121B), with the bathymetry
rising again as the Arabian Peninsula is approached. Event P3 runs over the
Fan in a south by southeasterly direction. The near-range profiles change for
each receiver because the event is almost normal to the line of receivers.
The near-range bathymetry for event Al over the Fan is similar to that of
event S2. That of event A3 to the southwest is similar to that of event P1.That of event A2 is almost too complicated to describe or to be of value

because the event parallels the ridge and each bathymetric cut changes
drastically with range along the event. For other events the near-range
bathymetry holds for all but the closest ranges.
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U; 145

&t CONFIDENTIAL



CONFIDENTIAL

Receiver Receiver Event PI Event P3
Depth

BMA (m) 25 Hz 140 Hz 25 Hz 140 Hz
1 3454 5.0 0.8
3 3162 7.6 5.8 0 0
6 2563 1.4 0.5
7 1880 1.1 0 1.2 7.2
8 2112 0 1.5

TABLE V-7A. (C) PROPAGATION LOSS DIFFERENCES BETWEEN OTHER RECEIVERS AND
THE RECEIVER WITH LOWEST PROPAGATION LOSS FOR SITE 2 CW
EVENTS. (U)

(C) The receiver depth dependence for the CW events is given in table 7.
The results at 25 Hz for event P1 appear reasonable for propagation from the

west. The lowest loss is for receiver 8 in figure 12B, and the loss generally
increases for propagation over the ridge and down the steep scarp. However,
it is not obvious why the loss should be higher for receiver 3 than for
receiver 1, as receiver 1 is further down the scarp. The loss for receiver 7
on top of the ridge is less than that for receiver 3, which is well down on
the scarp, for events P1, S1, and A3 of table 7. Again this is to be expected
for propagation from the west of the ridge.

(C) The results at 25 Hz for event P3 appear reasonable. The losses are
in general larger for those receivers in figure 12C which require longer
traverses up the slope. However, it is not obvious why receivers 3 and 6
should have lower loss than receiver 1. Results at 140 Hz for event P3 are as
expected.

(C) The results for S2 and Al are generally as expected for propagation
up the scarp of figure 12A. The losses for receiver 3 are less than for
receiver 7 for eleven out of fifteen possible cases. However, it is not clear
why the differences at 140 Hz for event Al are so much smaller than those for
event S2 when the bathymetric profiles are so similar.

(C) The results for event A2 in table 7 are mixed, with apparently
little difference between receivers 3 and 7. This is probably related to the
fact that the event parallels the ridge and the traverses do not favor one
receiver over the other. -•

(C) Figures 13A, 138, and 13C present propagation loss for the receiver
with lowest loss for all events at Site 2 for low frequency, 140 Hz, and 290
Hz, respectively. At 25 Hz for P1 and P3, there are five receiver depths to
choose from. At 290 Hz for all events there is only one receiver depth
available. For all other cases there are two receiver depths to choose from.
All the shot data are for 91 m-shots.

(C) The events which ran over the Indus Fan (Al, S2, and P3) are given
line symbols in figures 13A, 13B, and 13C. Those events which run west of the
Owen Ridge are given ope.i symbols. Table 8 ranks the events according to
increasing propagation loss at each frequency. The most significant feature
is the higher losses west of ridge at 140 and 290 Hz. This is evident in
figures 13A, 13B, and 13C where there are only three line symbols with larger 3
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Figure V-13A. (C) Propagation loss versus range for all
events at Site 2: low frequency. (C)
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Figure V-13B. (C) Propagation loss versus range for all
events at Site 2: 140 Hz. (C)
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Figure V-13C. (C) Propagation loss versus range for
all events at Site 2: 290 Hz. (C)

Frequency

RANK Low Hz 140 Hz 290 Hz

1 Al S2 Al
2 PI P3 S2
3 P3 Al P3
4 S2 A3 S1
5 S1 S1 A3
6 A3 A3 A2
7 A2 PI PI

TABLE V-8. (C) RANKING OF EVENTS AT SITE 2. (U)

losses than open symbols. At low frequencies event P1 appears to be an excep-
tion in that it is a west of ridge event with lower losses than P3 and S2.
This result suggests that for low frequency bottom loss west of the ridge may
not be a great deal larger than that east of the ridge. Data from event A2 at
Site 3 support this idea.

(C) A combination of circumstances at Site 2 makes further analysis
exceedingly difficult. In the first place, WECo notes that there were
problems with event S1. They did not publish (Osborne, 1978) their results
for Si, although NOSC was furnished the data. Our analysis suggests that the

i S1 data are not seriously in error. In contrast, we believe that the P1 data
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at 140 and 290 Hz are seriously in error, as will be discussed later. Our
overall assessment of the ranking of events is Al, S2, P3, S1 or P1, A3, and I
A2. The more detailed analyses of Pedersen and Yee (1979) indicate that the
propagation losses for events A2, A3, S1, and P1 are generally larger than
those of the highest loss events at any of the other BEARING STAKE sites. I
This is no doubt due to propagation over regions of high bottom loss. Com-
pared to the CW events at other Sites, event P3 across the Indus Fan has
exceptionally high losses at 140 and 290 Hz. The reason for this is not
known. The losses for events Al and S2 appear consistent with those for other
sites.

(C) Figure 14 compares the best event at each frequency with the
Eleuthera Reference. This is event Al for 20 and 290 Hz and event S2 at 140
Hz. The slope at 20 and 140 Hz is comparable to that of the reference,
whereas the slope at 290 Hz is greater than that of the reference. The 1
propagation loss at 20 Hz is as much as 11 dB less than that of the reference.
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Figure V-14. (C) Comparison of the lowest-propagation-loss events at -
Site 2 with the Eleuthera reference. (U)

The loss at 140 Hz is slightly less than that of the reference, with values

from 4 dB less to 1.5 dB greater than that of the reference. At long range
the losses at 290 Hz are as much as 12 dB greater than that of the reference.
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S3 V.2.3 (C) Site 3, Indus Fan

(U) The events fcr Site 3 are shown in figures 11-10 and 111-1. At Site
3 3, all the BMA receivers wera located on the ocean floor. The ACODAC re-

ceivers failed at this site and thus there are no measurements of receiver
depth dependence at Site 3. The propagation losses presented here are based
on the average for the BMA receivers which were processed.

(C) The propagation loss for the best CW events are presented in figure

15. However, the results for event P4, which was better than P2 at ranges of
S 250 and 300 km are also presented. The slopes for 25 and 140 Hz appear to be

somewhat less than that of the Eleuthera reference, whereas the slope for 290
Hz appears slightly greater. Propagation losses at 25 and 140 Hz are respect-I ively from 5 to 14 and 1 to 4 d8 less chan that of the reference whereas the

corresponding values at 290 Hz 'are from 0 to 4 dB greater than that of tho
reference.
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"I Figure V-15. (C) Comparison of the lowest-propagation-
loss events at Site 3 with tne Eleuthera reference. (U)

1 (C) The nine radial events at Site 3 afford a unique opportunity to
prepare contours of constant propagation loss. In preparing these contours
(figs 16A, 16B, 16C) the 91-m zource depth data from the shot events were
adjusted to be comparable to the CW events. On the basis of events P4 and S2,
which were executed along the same track, it was determined that the
propagation loss for the 20-Hz shot data should be increased by 1 dB to be
comparable to the CW data at 25 Hz. Similar corrections for 140 and 290 HzI| were 1.5- and 0.3-dB increase respectively. A minor adjustment was also made
to the 42-Hz data for event P3 to bring them into agreement with the 25-Hz3 data for the other events.

(C) Figures 16A, 16B, and 16C present propagation loss contours from 85
dB up in 5 dB steps for frequencies of 25, 140 and 290 Hz, respectively.
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'T Several conclusions are apparent fro,, am ýxamination of these contours. At
longer ranges there is consistentl3 bettc- propagation in the directions A2,
P3, and P4 as compared to P1, A3, and 7. This is most apparent in the 85-
and 90-dB contours at 25 Hz, in the 100-dB contour at 140 Hz, and in the

O00-110-dB contours at 290 Hz. Propagation in the direction of event P2 is
somewhat ambiguous. No data are available at low frequency because of a
source failure. However, at the longest ranges tested, the loss at 140 and
290 Hz falls between that of A2 and P1. For events Al, A3, and A4 the data
"show some higher propagation losses than those of the closed contours.
However, these higher loss data are rather sparse.

4 •(C) The long range results for event 3A2 appear to confirm some of our
previous conclusions for Site 2 about propagation west of the Owen Ridge, even
though event 3A2 crosses the ridge about 120 nmi north of Site 2. Note that
at 25 Hz there appears to be no rapid increase in propagation loss west of the
ridge. Thus, at 25 Hz the loss to the west of the ridge is not radically
greater than that to the east. In contrast, at 140 Hz there is a very rapid
increase in loss to the west of the ridge. Figure 315 of the WECo data report

S•- (Osborne, 1978) indicates large losses at 290 Hz to the west of the ridge,
with losses exceeding 125 dB and dropping below the noise threshold. This
confims our previous conclusion about propagation to the west of Owen Ridge
a relatively minor increase at 25 Hz and a major increase at 140 and 290 Hz.

V.2.4 (C) Site 4, Somali Basin

(C) The various events for Site 4 in the Somali Basin are given in
figures 11-15 and Ill-1. Figure 17 shows the BMA receivers draped up the
Chain Ridge with the close range bottom contours appropriate for events P1 and
SI. These events continue across the almost flat basin with a bottom depth
slightly over 5100 m. The ACODAC receivers were located about 75 km from the
foot of the slope along the track of event P1. ACODAC receiver 13 was mounted
on the floor of the basin receivers and 2, 5, and 9 were suspended in the
water column. Exact depths for the ACODAC and BMA bottom contours vary
slightly for other events in that the slope is approached fr&m more oblique
angles than for event P1.

(C) Before addressing the acoustic results, we need to place Site 4 in
the proper oceanographic context. Table 9 indicates the depth excess for
various source depths and events. This table is based on a fixed bottom depth
(5106 m) which was the value at ACODAC receiver 13. The maximum bottom depth
occurs at the foot of the Chain Ridge and is about 5110 m. The values in
table 9 are based on a sound speed which is the average value as measured
along the track of the event at critical depths. The 18-m source depth is
appropriate for the 140- and 290-Hz CW sources and 91-m source depth for the
low-frequency CW source. The entries for 0 source depth are based on the
maximum near-surface sound speed. These entries represent the depth excess
for the zero angle ray which reaches the ocean surface. For several soundspeed profiles along event P5 the near-surface sound speed exceeded that atthe bottom (ie, the profiles were bottom limited).
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Figure V-17. (C) Short range bathymetry at Site 4
for events 4P1 and 4S1. (U)

SOURCE DEPTH

Event Om 18 m 91 m

PI 121 147 263

Si 96 121 259

P2 51 76 197

P4 35 66 238
P5 0 30 276

TABLE V-9. (C) DEPTH EXCESS (M) AT SITE 4 FOR VARIOUS SOURCE

DEPTHS AND EVENTS. (U)

(C) Before discussing the receiver depth dependence, we shall look at
some significant data plots from Site 4. Figure 18 presents propagation loss
at 290 Hz for event P1, receiver 1, which represents the condition of lowest
propagation loss at this frequency. The triangles represent the experimental
data averaged in 2-km bins. The solid curve is the corresponding theoretical
propagation loss of the RAY WAVE model. The squares are the corresponding
result for the ASTRAL model. The convergence zones rise 10 to 20 dB above the
bottom-reflected propagation (between the zones). Both RAY WAVE and ASTRALagree reasonably well with experiment. The crosses represent propagation for
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the best receiver for event P5, which had the least depth excess in table 9.
It is apparent that the propagation is much poorer in event P5 than event PI.

SL 70.0
M +

+ SITE 04
A RUN 5

F HYD 03
FREQ HI

80.0
A

90.0 "1 10 3

++0. +

-Z +
, 100.0 +

+ ++,+ ~+ + A A

PA + 4+ A + ++

0. + + +

41,t++ ~ +
10.0 +4 +

A EXPERIMENT
120.0 - RAY WAVE EVENT P1, RECEIVER 1
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0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0
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Figure V-18. (C) Propagation loss at Site 4 for 290 11z, illustrating
experimental and theoretical convergence zone structure. (C)

(C) In figure 19 the conditions for the experimental triangle, RAY WAVE,
and ASTRAL are the same as those for figure 18 except the frequency is 25 Hz.
Again RAY WAVE and ASTRAL agree reasonably well with the data. As can be seen
in both experiment and theory, there is little'evidence of convergence zones.
The low-bottom-loss propagation between zones appears to mask the zones. We

' t call attention to the fact that the source depth at 25 Hz is 91 m as compared
to 18 m for 290 Hz. Hence, there are more non-bottom-reflected patho avail-
able for 25 than for 290 Hz. Whatever the reason, the behavior of propagation
loss at 25 Hz is significantly different from that at 290 Hz. For example, in
figure 19 the crosses represent the experimental propagation loss for event P1
for receiver 7, which is the receiver with lowest propagation loss at 25 Hz.

I
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This will be discussed in more detail later. Although not shown here, the
results at 140 Hz show a convergence zone structure which is not as pronounced
as that at 290 Hz.

(C) Figure 20 compares the experimental data for event P4 having the
lowest propagation loss at low frequency with the experimental data for event
P5 having the largest propagation loss. The propagation losses at 25 Hz for
event P1 (shown in fig 19) and for event P2 fall between those plotted in
figure 20. The higher losses for event P5 at 36 Hz as compared to event P1
and P2 at 25 Hz result from higher bottom loss at 36 Hz as well as conditions
of smaller depth excess.

(C) The receiver depth dependence for the CW and shot events is given in
tables IOA and lOB respectively. The major features of this depth dependence
are also illustrated by figures 21A to 21D. All the entries of table I1A and
the entries of table lOB for 91-m depth at 20 and 50 Hz and 18-m depth at 140
Hz are plotted in figures 21A to 21D. The receiver numbers are indicated in
the vertical scale at their respective depths. There is a scale break between
2000 and 3600 m. The curves on the figures join the average values for each
receiver based on all the events available for that receiver. Dashed or
missing portions of the curves indicate regions where there are insufficient
data to define the curve. In constructing these curves, all the event data
were lumped together, although there are events which are significantly
different. We will point out the general features of the figures and address
significant exceptions.

(C) First, note that the curves have ignored the data for BMA receiver
6. With the possible exception of figure 21B, the data for BMA 6 are clearly
out of line with other data. Indeed in all but four cases in tables IOA and
lOB (event P4 at 290 Hz and events Al and A2 at 50 Hz), the losses for BMA
receiver 6 are greater than for BMA receivers 3 and 7, which straddle receiver
6. Thus, we regard the BMA receiver 6 results as strongly suspect.

(C) Next, consider data for ACODAC receivers 2 and 5 illustrated in tne
top section of figures 21A, 21C, and 21D. These receivers have higher losses
than the optimum receivers by 3.7 to 8.5 dB. Thus receivers suspended high in
the water column are relatively poor for all three tested frequencies.

(C) Consider next the near-bottom section of figures 21C and 21D.
Clearly 140 and 290 Hz have a similar receiver depth dependence. Although BMA
receiver 1 generally has the lowest loss of the experimental receiver depths,
the trends of the data clearly indicate that propagation loss should be even
smaller for a receiver between BMA 11 and ACODAC 9. Under convergence zone
conditions, we would expect the minimum loss to occur near the critical depth,
which, according to table 9, is between 147 and 30 m off the ocean floor for
the 18 m-source. In the case of event P5 at 290 Hz the critical depth is 30 m
off the ocean floor, and table IOA indicates that indeed ACODAC receiver 9 is
the best receiver. The behavior then at 140 and 290 Hz is clear-cut and
understood. The maximum loss is for the bottomed receiver 13 since the
principal propagation paths must be bottom bounce. As the receiver depth
decreases, a minimum loss occurs near the critical depth. As the receiver
depth is decreased further, the propagation loss increases again.
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Figure V-19. (C) Propagation loss at Site 4 for 25 Hz, illustrating
little convergence zone structure. (C)
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(C) The results at low frequencies in figures 21A and 21B significantly
contrast with those at higher frequencies. Under convergence zone conditions
we would expect the minimum loss again to occur near the critical depth, which
according to table 9 is between 197 and 276 m off the ocean floor for the 91-m
source depth of the CW and shot events of figures 21A and 21B. Thus, we would
expect that BMA receiver would again be the best receiver, indeed even
relatively better than for the 18-m source depth. This is clearly not the
case.

{ (C) In figure 21A, BMA receiver 7 is generally the best receiver, fol-
lowed by BMA 8, ACODAC 9, ACODAC 13, BMA 1, and BMA 3. The receiver depth
behavior is clearly very complicated. The mechanism is not understood and has
not been successfully modeled. For example, at 25 Hz for event P1 the ASTRAL
model predicts a loss for receiver 7 which is 0.6 dB greater than that for
receiver 1 rather than the experiment value, which is 4.8 dB less than that
for receiver 1. Despite our inability to explain figure 2A, the data appear
to be correct. For example, the paired results of BMA 7 and 8, of BMA 1 and
3, and of ACODAC 13 and 9 are very consistent. Thus, we cannot reject these
data as was done with BMA 6.

(C) In figure 21B at 50 Hz the propagation loss is lowest and about the
same for receivers I and 8. Receiver 11 appears to be better than receiver 7
at 50 Hz. Note in table IOA that event P4 at 39 Hz suggests this. For this
event the best receiver is BMA 1 which is 1 to 2 dB better than BMA 8 or 7.

(C) These data indicate that, at frequencies of 50 Hz and below, the
receiver depth structure is quite complicated and is strongly dependent on
frequency.

(C) It has been recommended by members of the System Assessment Team
that the system assessment for Site 4 be conducted for receiver 7. This
choice was no doubt based on the smaller propagation loss at 25 Hz. However,
as we have seen for event P4, the propagation loss for this receiver is 6.8
and 7.9 dB greater than the propagation loss for receiver I at frequencies of
140 and 290 Hz. Moreover, the result at 39 Hz and the mixed results at 50 Hz
suggest that a strong case can be made for receiver 1. Furthermore, in other
seasons with greater depth excess the dependence on receiver depth may be
quite different. Our contention is that the problem of the optimum receiver
depth at Site 4 is an open issue. Before we can really select an optimum
receiver depth at Site 4, we need a much better understanding of the physical
principles involved. This understanding can only be obtained by a rigorous
theoretical analysis followed up and verified by additional experimental
measurements.

(C) Figures 22A, 22B, and 22C present propagation loss for the receiver
with lowest loss for all events at Site 4 for 25 Hz, 140 Hz, and 240 Hz respec-
tively. The CW events are plotted with open symbols while the shot events are
given line symbols. Table 11 ranks the events according to increasing propaga-

j tion loss. With the exception of event A2, the ranking at the low frequency
and 140 Hz is the same. There is a general pattern with some exceptions. The
ranking at 140 Hz coincides with decreasing bearing.
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Figure V-22A. (C) Propagation loss versus range for all
cvents at Site 4: low frequency. (C)
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Figure V-22B. (C) Propagation loss versus range for all events
at Site 4: 140 Hz. (C)
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Figure V-22C. (C) Propagation loss versus range for all events at
Site 4: 290 Hz. (C)

FREQUENCY

RANK LOW 140 290

1 P4 P4 PI
2 P2 P2 P4
3 PI PI Al
4 AIL A2 A2
5 P5 Al P2
6 S1 P5 S1
7 A2 S1 P5

TABLE V-11. (C) RANKING OF EVENTS AT SITE 4 (U).

(C) As can be seen in figure 11-15, the bearing decreases for events P4,
P2, P1, and P5 and for events A2, Al and S1. There is not a great deal of dif-

;I ference in the maximum bottom depth along these events as they cross the
Basin - perhaps 2 or 3 m. However, the bottom slope is less in the northerlydirection and more in the westerly direction. Small but consistent differ-

S ences in bottom depth could affect the CW sources at 18-m depths for 140 and
290 Hz. However, it is difficult to see how these differences could affect
the 91-m shots since, table 9 indicates relatively large depth excesses for
this condition. At 290 Hz the ranking of events P1 and P5 agrees with the
depth excesses of table 9. However, this is about the extent of agreement

165

CONFIDENTIAL



CONFIDENTIAL

between tables 11 and 9. As in the use of optimum receiver depths, we need a
better understanding of the physical principles of near bottom-limited propa-
gation before we can provide a satisfactory interpretation of the ranking of
events at Site 4.

(C) Figure 23 compares the best events for each frequency with the
Eleuthera reference. The slopes at 25 and 39 Hz are less than that of the
reference, with losses at long range as much as 10 dB less than those of the
reference. The slopes at 140 and 290 Hz are similar to that of the reference.
At 140 Hz the losses are as much as 6 dB less than those of the reference. At
290 Hz the losses are generally above those of the reference, with values
ranging frcim 3 dB less to 1 dB more.

60.0
SITE 4 BEST RUN

LEGEND
0 = P2LO 25 Hz
A = MED
+ : HI

70.0 x P4LO 39 Hz

~80.0 -
0- 0

A0
+ 0S A o

90.0 -- A

• A

100.0 I I
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0

RANGE (km)

Figure V-23. (C) Comparison of the lowest-propagation-loss events

at Site 4 with the Eleuthera reference. (U)

(C) Historical oceanographic data for the Somali Basin indicate maximum
surface temperature in April, with higher temperature in May than in March,
the month of the BEARING STAKE measurements at Site 4. Thus, propagation-at
290 Xz for the months of April and May may be expected to be worse than that
encountered in event P5. Propagation for the month of June through February
may be better than that encountered on event P1. At low frequency (25 Hz) and
perhaps at 140 Hz the propagation conditions for April and May may not be
significantly worse than those of event P5. However, propagation at these .1
frequencies could improve significantly during conditions of large depth
excess. We anticipate that the propagation conditions at other BEARING STAKE
sites will not be strongly dependent on season.
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V (C) Site 5, Southern Indus Fan

i (C) !;Ima events for site are sho•n in fikiures 11-20 and 111-1. lMASreceivers 3 And 5 wore 1oeaimd aboutl ' 0 il fo•om the top of a small conlcal hillI
i•ii rising abo~ut 700 il above thu, souithi on of Lit! Indus ran. Receiver 2 was

E bucty d up 3,150 ii abovo thu hll wh ilt, roceiver I was buoyed up 600 ill above the

I t(C) Ftlitre M4A prosomts tho closo rampju hathymetry for evonts PI and SI.
'it illustrates the slilkll hill. rleO bathypitry for the reillmaindr of the evoeit

thas a verry gentle o slopo as thl ovoent procoodee up the Itndus Fall. Thi bat'hy-
metry for ovnts Al and U i s imIillar to that of figure 24A, with no obstruc-

ttinolls boyond tho base of t'o h iIlI.

C() tl"igura P241 priesots the close rtinge ,athymotry for tile p1ro)1laqat i On
paths of evont 05, which hias a major obstr'tion cntlLerad about 30 kill from the
ocet i vei Tho bai, hlymetry is essentially fliat. beyond thu obstruction. Tilh

rmanoe limits of uvent 115 werv from 131 to 401 kill, so tho evonet Itself was over
i Flat bottom with ti h propalgatton paths cr)Ssil,•over tUhu obstruction and1, into the receiver.

(C) F i gure 24tC presonts Lilth ciosot rango tithymtry of ovent Pl> whichibmit, kill n fro'a the iroceiver. Thie closo

ha toh 11fio 12$rctol forLro th14tuuts.Cn
1ango1 bathumetry of event A2 ws comparable to that of hvent P.2

(C t ) Thu,: rt'coivor dctlat delpoetltt lice of' !prt)!)qatt| i il oss is lrr!-mented ill
Ui t alt/ UM4 for tihe (4 events alut ill table" 1211l for tho shodt evo-nt~s. Co~nll"tder

first. thle l)w-froqtln(y data. NOthO bot tomid roceivors (3 and 5) always tavo
I' ls- qI C-,; ý-, tshon tilt! sts!itmod ruco •IVrs (I and 2) . Thtnue is i0 Sig!nitficcant

d~ ~if n, intll th r1)lOat ion lon.ss, for I i1 d 2 (oil tho average'ecitvu,r I hi. 0.1 (03 loss loss) . Inll th ,ivoraqg receiver 3) had 0.4 dlu,!s
I oss t~hall rt vilr 5., wto)•.1s rocoivor 1 had I, Killt moro loss than r'.c,,i 5,

(C) Unfotutill•l, ', )')IV. two rvocuiver dulpths, wore availall, at 140 and
IV 240 liz. l1he r0 tiult s aro mixod. If wo •vv, r •vu•nts At 290 _lt , th1e

I'opagattion loss for- re(-Itver I k,• only 0..1 dli less 0than for .i.O.vor , . Th
corrosponi llng rmiult for 140 liz is 1.*? d(I loss t.han for rmoc'•vor 5°. towevt-,
r'ecoi Vr , lilly have ivonll a poor rtco i vor', s1ince, it had I .. (lii lISS loss thall
rltac i vor 3 at. low frquoliely. It would hoe ittfoiiiatotivo t~o know lihw r iver 3
would hlove o 'nmparied with roceiver 1 at 140 mind 290 HZ. Tilh diftfreuncos
bttW.n rocoitvelrs I all " milay tul a |t)10ok, , ti'Cwsse'Ž. later, We

ihave stronglu evidence that a receivor p1 aced on th.,,, bot tom of the Oan wli
outperfottll ally r"cc•itVOI• Placed oin or suspendod above the con:ica1 htill.

tC) Figures ?5A, 5tl3. a ind 95C present propa~at ionll loss data i r tfor
roeclvoir with lowest loss for ll voents at Site 5 for 25, 140. and ,"90 lii
respectivoly, All the shot. data are for 91•-III shots. Thi evenits wi th no
obstructing9 baothyuietry (to simtlmar to fig 24A) are given by the optn symbols,
willie evonits with obstr, uct: ng bathlymetry are givevn by line symbolls. The vert i -
eel lines w it'h a ,i'.'ws at range l"of 131 k:m span the lilinfimuil and maximIm1t propa-
qation losi> of ton 30 bea nig bils, from arc event, P3.
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Figure V-24A. (C) Short range bathymetry at Site 5:

event PI. (U)
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Figure V-24B. (C) Short range bathymetry at Site 5: event P5. (U)

169

CONFIDENTIAL



CONFIDENTIAL

-3.50
EVENT 5-P2 VE 17X 3

-4.00 1
C I
M

-4.50 1
• I

0.00 10.00 20.00 30.00 40.00

RANGE (kin)

Figure V-24C. (C) Short range bathymetry at Site 5: event P2. (U)

(C) Table 13 ranks the events according to increasing propagation loss
at each frequency. The ranking of events is identical for 140 and 290 Hz.
The ranking for 25 Hz is slightly different in that events S1 and Al drop one
position and event A3 rises two positions over the ranking at higher fre-
quency. The best event is P1. However, the fact that A3 ranks above Si
suggests that, at low frequency, the track of 5A3 has the lowest loss. With

this adjustment, the ranking of S1 is entirely consistent with that of P1.

Frequency

RANK Low Hz 140 Hz 240 Hz

1 P1 P1 P1

2 A3 S1 S1

3 S1 Al Al

4 Al A3 A3

5 P2 P2 P2

6 A2 A2 A2

7 P5 P5 P5 1

TABLE V-13. (C) RANKING OF EVENTS AT SITE 5. (U)
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80.0
0+ RUN A2 HYO 5
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0 RUN Al I4YD 5
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o 9 0 . V
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Figure V-25A. (C) Propagation loss versus range
for all events at Site 5: low frequency. (C)
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j Figure V-25B. (C) Propagation loss versus range for
all events at Site 5: 140 Hz. (C)
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A Ii

Figure V-25C. (C) Propagation loss versus range for
all events at Site 5: 290 Hz. (C)

The ranking of Al at 140 and 290 Hz is consistent with its being the closest
run to Pl. It is not clear why A3 ranks below Al at 140 and 290 Hz whereas it
is probably the best track at low frequency. Indeed at shorter ranges (out to
30C A3 ranks above Al. Beyond this range Al has lower losses. The three
lowest ranking events all have a close-range bathynietric obstruction. The
behavior of event A2 is somewhat complicated. At intermediate ranges it may
rank higher than unobstructed events. For example, at 250 km it appears to
outrank events Al and A3 at all frequencies. However, beyond 400 km it has
clearly dropped out of contention. These higher losses at long range appear
to be consistent with the high losses for event P3 at Site 2. In figures 25B
and 25C there appears to be slope enhancement at 600 km. This range is about
50 km sh~ort of the Owen Ridge but may be within the navigational error. The
lowest ranking is event P5, which crosses the severe obstruction of figure
24B. The slope of the propagation loss is comparable to that of event P1 or
A3. There is an almost constant increase in loss from that of event P1 by an
amount of 8.5 dB which appears to be independent of frequency. Propagation

f appears to undergo an increase in loss of 8.5 dB in passing over the
obstruction of figure 24B. The spread in values for the arr. event P3 at 131-T
km range is entirely consistent with other results for events P5, P2, and A2
as expected since the bearing of these events is included in the arc. The
high loss extreme in figure 25C at 290 Hz suggests obstructions and lossest more severe than those encountered in event P5.

(C) Figure 26 compares the best event (P1) with the Eleuthera reference.
The slope at 22 Hz is less than that of the reference, with losses at long
range as much as 13 dB less than those of the reference. The slope at 140 Hz
is about the same as that of the reference, with losses as much as 6 dB less
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Figure V-26. (C) Comparison of lowest-propagation-
loss events at Site 5 with the Eleuthera refer-
ence. (U)

than those of the reference. At 290 Hz the slopes are comparable to that of
the reference from 100 to 500 km, with losses within 1 dB of those of the
reference. Experimental losses from 550 to 750 km are about 3 dB greater than
those of the reference.

V.3 (U) SITE INTERCOMPARISONS

(C) This section compares the events with lowest loss at each of the
BEARING STAKE sites. Figures 27A, 27B, and 27C present the results at 25,
140, and 290 Hz, respectively. The most surprising feature is the small
spread in the data. Indeed, the spread for the various event, at a given
site, as presented earlier, is larger than the spread for all sites based on
the event with lowest loss.

(C) The results of figures 27A, 27B and 27C are summarized in table 14,
which describes the results of arithmetically averaging the propagation loss
for the six 50-km range bins (from 50 to 300 km) for each site and each fre-
quency. The numbers in table 14 are a measure of the "average" loss over the
range interval from 25 to 325 km, since the values include all the data over
this interval. (The values at site 1B are based on the average from 50 to 250
km, with an adjustment by the average increase from this interval to that from
50 to 300 km for the remaining sites.) The losses of table 14 are not as
interesting as various difference tables which may be derived.
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Figure V-27A. (C) Comparison of the lowest-
propagation-loss events for each of the BEARING
STAKE sites: low frequency. (C)
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Figure 27B. (C) Comparison of the lowest- o
propagation-loss events for each of the BEARING
STAKE sites: 140 Hz. (C)
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Figure V-27C. (C) Comparison of the lowest-
propagation-loss events for each of the BEARING
STAKE sites: 290 Hz. (C)

Frequency

SITE Low 140 290

18 82.9 89.5 94.1
2 85.3 92.3 97.0
3 83.1 90.2 94.1
4 84.6 89.5 91.5
5 85.0 90.3 93.6

TABLE V-14. (C) AVERAGE PROPAGATION LOSS FOR THE BEST EVENT
AT EACH SITE FOR THE RANGE 25-325 KM. (U)

(C) Table 15 presents the average propagation loss differences between
sites in dB relative to the site with lowest average propagation loss. Table
16 presents the average difference in propagation loss between the two higher
frequencies and 25 Hz on a site-by-site basis. This latter table may be
regarded as the increase in attenuation due to absorption and higher bottom
loss at the higher frequencies for a nominal range of 175 km. Note in table
15 the differences between Sites 1B and 3. The values (for frequencies of 25,
140, and 290 Hz, respectively) are 0.2, 0.7, and 0.0 dB. This result agrees
very well with an analysis of the bottom loss and bottom bounce range inter-
vals ("cycle distances"), which indicates that the propagation at Sites lB and

S•L .3 is not significantly d-ifferent. This result also shows up in table 16,
which shows a similar attenuation for Sites 1B and 3. Note also in table 16
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that Site 2 has attenuation remarkably similar to that of Sites 1B and 3.
This suggests that the attenuation characteristics across the Indus Fan at
ranges near Site 2 are comparable to those at Sites 3 and lB. Note also, in
table 16, the significantly smaller attenuation for Site 5 as compared to
Sites iB, 2, and 3. This is in good agreement with the bottom loss measure-
ments at Site 5, which show that the bottom loss at this site is significantly
smaller than at Sites 1B or 3. In table 16, Site 4 shows even smaller
attenuation. This results because the principal propagation path (at the
higher frequencies) is by convergence zones, which do not suffer bottom loss.

Frequency

SITE Low 140 290

1B 0 0 2.6

2 2.4 2.8 5.5
3 0.2 0.7 1 6

4 1.7 0 0

5 2.1 0.8 2.1iii
TABLE V-15. (C) PROPAGATION LOSS DIFFERENCE BETWEEN THE GIVEN

SITE AND THE SITE OF SMALLEST PROPAGATION

LOSS. (U)

Frequency

SITE Low 140 290

1B 0 6.6 11.2

2 0 7.0 11.7

3 0 7.1 11.2

4 0 4.9 6.9 -•

5 0 5.3 8.6

TABLE V-16. (C) PROPAGATION LOSS DIFFERENCES (IN dB) BETWEEN .1
140 OR 290 Hz AND 25 Hz. (C)

(C) There remains one crucial question. If the bottom loss is lowest at
Site 5, then why does Site 5, in table 15, have higher propagation loss than
Sites 1B and 3 at low frequency and at 140 Hz? Moreover, figures 27B to 27C
show that Site 5 has the highest propagation loss of all Sites at ranges of 50
and 100 km for 140 Hz and at a range of 50 km for 290 Hz. It is hypothesized
that this is because the receivers at Site 5 were mounted on the small conical
hill as discussed in the Site 5 analysis (section V.2.5). This hill is part
of the Carlsberg Ridge (which has been assigned the highest bottom loss values
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I in the Northwest Indian Ocean). At least half of the acoustic arrivals at
Site 5 must reflect at least once from this hill with high loss. Thus, we
estimate that the propagation loss would be increased at this Site B about 3
dB. This hypothesis was tested by two special runs of the ASTRAL model.

I These runs compared simulations of the propagation loss for a receiver mounted
on the hill with those for a receiver mounted north of the hill on the floor
of the Indus Fan. The propagation losses, beyond the direct field, for fre-I quencies of 25, 140, and 290 Hz, respectively were about 2, 3, and 3 dB
greater for the receiver mounted on the hill. If the propagation losses for
Site 5 in table 15 are reduced by thee amounts, then Site 5 is comparable to
Sites 1B and 3 at 25 Hz and superior to Sites 1B and 3 at the two higher
frequencies.

(C) A similar comparison of ASTRAL runs was made at Site 2. Here the
receivers are mounted on a scarp which has been assigned to the next to
highest bottom loss province. The ASTRAL propagation losses for frequencies
of 25, 140, and 290 Hz, respectively, were about 1, 4, and 4 dB greater for
the receivers on the scarp than they were for receivers mounted on the Indus
Fan at the foot of the scarp. Thus, the larger losses in table 15 for Site 2
as compared to Sites 1B and 3 are no doubt due to receiver placement on the
scarp.

(C) Turning now to Site 4 as related to table 15, at 25 Hz the propa-
gation loss is higher than that at Sites 1B and 3 and would also be higher
than that at Sites 5 and 2 with the adjustments just discussed. This result
is in agreement with other features of Site 4; i-, at 25 Hz the propagation
appears to be by bottom bounce rather than convergence zone and the bottom
loss measurements at Site 4 indicate significantly higher bottom loss than at
Sites IB, 3, and 5. At the higher frequencies (140 and 290 Hz) where
convergence zones dominate, we believe that the comparability in average
propagation loss values of Site 4 to the other sites is fortuitous. We should
not draw the conclusion that in general propagation in bottom-limited areas is
comparable "on the average" to convergence zone propagation. This appears to
be true in the BEARING STAKE areas only because of the low bottom loss for the

1 bottom limited areas and because of marginal convergence zone conditions
(small depth excess).

j j V.4 (U) REMARKS

Sf 1 V.4.1 (U) Evaluation of Receiver System/Processing Errors

(C) At Sites 1A, 1B, and 3, BMA receivers were mounted near each other
on an essentially flat bottom. Differences in the propagation loss over range
or bearing bins were calculated for these adjacent receivers. The total
number of independent evaluations made was eighteen. Of these, 50, 67, 75,
and 100 percent differed by no more than 0.3, 0.5, 0.8, and 1.0 dB respec-
tively. These results demonstrate that the manner in which WECo processed
their data is remarkably consistent. They also demonstrate that the process
of calculating bin averages is very robust.II
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V.4.2 (U) Standard Deviations of the Data

(C) Throughout this analysis ýe have presented mean values of propaga-
tion loss in 50-km range bins or 30 bearing bins. This section discusses the
standard deviations of the data about these mean values. This analysis is the
first stage in the process of developing statistical distribution models of
the variance. These models are a necessary adjunct to the ASTRAL propagation
model for the system performance evaluation of bottom-limited regimes.

(U) The standard deviation was calculated as follows: The mean propaga-
tion loss was subtracted from the propagation loss for each data point in the

e, bin; these values were squared and summed over all points and averaged; and
then the square root was taken to yield a standard deviation.

(C) Analysis of these standard deviations produced some significant
results. Consider first the results for CW propagation. The WECO data for
Sites MA, 1B, 2, and 3 were determined to be independent 0f site and acoustic
frequency. A standard error of 5.3 dB is a good characteristic value, which
is based on 374 individual determinations of standard error and may be
considered a benchmark. The WECo data at Site 5 were independent of
frequency, with a value of 4.6 dB, which is significantly lower than that for
Sites 1A, 1B, 2, and 3. The WECo data at Site 4 were 5.2, 5.8, and 6.7 dB,
respectively, for frequencies of 25, 140, and 290 Hz. We attribute the
increase in variance for 140 and 290 Hz to the convergence zones at the site.
The values at 25 Hz, for which there was little evidence of convergence zones
at Site 4, are comparable to those for Sites 1A, 1B, 2, and 3. Values were
obtained for ACODAC data at Sites 1B and 4. These were 5.0, 3.0, and 7.5 dB
for frequencies of 25, 140, and 290 Hz at Site 1B. Corresponding values at
Site 4 were 4.8, 5.0, and 5.8 dB. These ACODAC values are consistent'Vy
smaller than the corresponding WECo values but otherwise yield compara'le
results. The single exception is the 7.5-dB value at 290 Hz at Site lB. This
value differs so much from all the other experimental values that the data are
suspect and should be examined before the result is accepted. The variance of
normal mode theory was determined in 50-km range bins from data such as those
in figure 2. A value of 5.8 dB was determined, based on a limited number of
only five bins. Dyer (1977) gives a theoretical value of 5.6 dB, based on a
model for random vectors. Both Dyer's value and the normal mode value are
larger than the characteristic experimental value of 5.3 dB. This difference
is believed to be due to some smoothing, in the data processing techniques,
which reduces the variance.

(C) The standard deviation of shot data was also investigated. Here the
standard error increased with frequency at all sites. Values for Sites 1A,
1B, 2, and 3 ranged from 0.9 dB at 25 Hz to 2.4 at 290 Hz for 91-m shots.
Values for 243-m shots were, in most cases, somewhat larger than for 91-mi
shots. As was the case for the CW data, the standard error for Sites 5 and 4
was, respectively, lower and higher than for the other sites. As previously
mentioned, the convergence zones contribute to the higher values at Site 4.
However, the low values for Site 5 remain a subject for further investigation.
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V.4.3 (C) Detemination of Loss Provinces

(C) For system assessment purposes it is necessary to divide the BEARING
STAKE area into various bottom loss provinces. This section indicates how the3 Indus Fan was divided into provinces 1 and 2. The bottom loss measurements

I made at Site 5 at the southern end of the fan were significantly lower than
those made at Site 3 in a northern portion of the fan. Figure 28 presents a

S11 plot of the experimental propagation loss in 2-km bins for event P3 at Site 2
I for 290 Hz. The open circles represent results for the ASTRAL model based on

Site 3 bottom loss. There is a distinct change in the slope of the experimen-I , tal data at a range of about 200 km which can be attributed to a change in
bottom loss. The slope of the data beyond 175 km is very close to the slope
measured in event P1 at Site 5. Other events were investigated for similar
slope changes in order to delineate the boundary between Province I (low loss)

j and Province 2 (higher, Site 3 bottom loss).

(C) Figure 29 presents the results of this investigation. The marks
labeled B in various events indicate the ranges at which significant changes
in slope were determined. The slopes at ranges beyond these marks for events
2P3, 2A1, 2S2, and 3P4 were similar to those measured for event 5P1. No
obvious changes in slope were noted for event 5A1, 5P1, 5A3, or 3P3. On the
basis of these data, the line dividing Provinces 1 and 2 was estimated. Sub-
sequent analysis has shown four additional slope changes. The change along
event 3A2 agrees well with the boundary between Provinces 5 and 2. There is
also a distinct slope change along event 5A2, but it is not evident how this1. ties in with loss provinces. The locations of the rapid increases in propaga-
tion loss as previously discussed for events 3A3 and 3A4 are also indicated in
figure 29.

V.4.4 (U) Slope Enhancement Effects

(C) Although eight or nine of the BEARING STAKE explosive source runs
crossed significant underwater bathymetric features, a corresponding acoustic
effect was well-established on only two. This situation arose because the
range sampling of the explosives was insufficient to properly define all
acoustic changes.

(U) The two runs which gave clear evidence of slope enhancement (4A1 and
1A2) are discussed individually.

V.4.4.1 (U) Run 4A' (fig 30)

MC The run was terminated by shoal ing between the horn of Africa arid
the Island of Socotra. The bathymetric profile sketched in the figure has a
maximum slope of 2-1/20 at 725-km range.

• M (C) The corresponding acoustic effect was confined to the lowest two
frequencies analyzed (20, 50 Hz) and only with the 18-m source depth. The
magnitude of the enhancement was approximately 10 dB at 20 Hz (fig 30A) and 5
dB at 50 Hz (not shown). The higher frequencies (140 and 300 Hz) and deeper
source depths produced no enhancement. The 140-Hz case is shown in figure
30B.
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Figure V-28. (C) Comparison of the experimental propagation loss for
Site 2, event P3, at 290 Hz with the theoretical results of the ASTRAL
model. (C)
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g V.4.4.2 (U) Run 1A2 (fig 31)

(C) This run traversed a submerged seamount at a range of 275 km from
the receiver. It was initially indicated that the run merely crossed a flank

f of the feature. In view of the major acoustic effect, however, it is assumed
that the propagation path intersects near the peak of the seamount (1500 m).
The bathymetry in figure 31A is sketched on this basis. Maximum bottom slope
was again near 2-1/2 . The acoustic effect is similar to that observed with
run 4A1. A level enhancement occurs on the upslope portion of the seamount
and is noticeable at 20 Hz (and 50 Hz), only with the 18-m source depth.
Higher frequencies and deeper source depths do not show enhancement (fig 31B).

(C) The enhancement character represented by these two runs is qualita-
tively consistent with a decrease in the surface decoupling loss at the source

A in the vicinity of the features. For sources over a sloping bottom, steep-
angle rays are decreased in angle by repeated bottom reflections. These
steep-angle rays give rise to less surface decoupling loss at the source and

Sthis causes an increase in received level. The surface decoupling losses are
greatest at low frequency and apply only to source depths above the decoupling
depth (typically 50-80 m).

(C) Although data from other events are not sufficiently detailed to
allow a good description of propagation enhancement, the following trends have
been identified. It is clear that enhancement mechanisms other than that

t described abovi ?re responsible in some cases.

Run 1A1 No acoustic effect in spite of major underwater feature.

Run 2A3 Decoupling loss enhancement with character similar to 4A1.

Run 4A2 All frequencies (20 - 300 Hz) only with 18-m source depths.

Run 5A2 All frequencies (20 - 300 Hz) and all source depths (18, 91, 243 m).

V.4.5 (C) Selection of Surveillance Sites on the Indus Fan

(C) The present procedure of selecting surveillance sites mounted up on
the ridges bounding a basin does not appear to be the best choice for a bottom-

- limited basin with low bottom loss. As previously discussed, the experimental
data at Sites 2 and 5, as well as the special ASTRAL runs, strongly suggest
that surveillance arrays should be placed on the low-loss Indus Fan rather
than being mounted above the floor on high-loss hills or scarps. Furthermore,

4 the normal mote model studies and experimental measurements of Site 1B suggest
that an improvement of several dB in the signal-to-noise ratio might be
achieved with the optimum placement rf surveillance arrays about 20 to 30 m
off the bottuin (depending on the low frequency of primary interest). This
improvement can only be achieved in the absence of close range shipping. The
placement of surveillance arrays on the periphery of the Indus Fan should be

1. reexarified. Once the hypothesized advantage of mounting receivers on ridges
has been eliminated, it is not clear that configurations on the periphery of
the basin are superior to other configurations distributed throughout a basin.
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* (C) Figure 32 presents the distribution of cargo ships and tankers in1 ' the Western Indian Ocean. On the basis of this distribution, we would
recommend a generalized site indicated by the "X" as a potential surveillance
site. This was chosen to minimize the noise from close range shipping (by

I locating it in a region of low shipping density).
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~T Figure V-32. (C) Selection of surveillance site based on the
distribution of cargo and tanker ships. (C)

V.4.6 (U) Reconmmendations for Additional Measurements

"(U) This section consists of a series of recom'endations for additional

acoustic measurements which should be made in the BEARING STAKE area.
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1. (C) Propagation measurements using CW sources should be made across the
Chain Ridge, which bounds the Somali Basin to the east; across the Carlsberg
Ridge, which bounds the Indus Fan to the south, across the Owen Ridge, which
bounds the Indus Fan to the west; and across the Murray Ridge, which separates
the Gulf of Oman from the Indus Fan. For a variety of reasons, good
quantitative data over these bathymetric features were not obtained in BEARING
STAKE. The chief purpose of these recommended measurements is to obtain propa-
gation data which are necessary for the modeling of distant shipping noise
which propagates over these bathymetric features.

2. (C) Detailed propagation loss measurements should be made to evaluate the
slope enhancement of shipping noise. The shots from aircraft events in
BEARING STAKE were too sparse for evaluation of some propagation features.
High-density shot runs, with a ship, and/or CW events are recommended. Some
events should be conductea with low-frequency CW sources at 6-m depth to
properly simulate the source depths of shipping noise.

3. (C) Measurements should be made in several locations on the Indus Fan to
verify the existence of the notch of higher propagation loss which theory pre-
dicts to be somewhat off the ocean floor. A string of receivers spaced at -.

10-m intervals above the ocean floor should be utilized. Propagation from
simultaneous shallow and deep low-frequency CW sources should be measured.
One of the sites tested should be Site X, where measurements of noise should
be compared on the various receivers. As previously discussed (section
V.4.5), this location was selected as being far from shipping lanes. Other
desirable locations would be on the fan near Site 2 and near Site 5. These
measurements are needed to verify model results indicating that such receivers -.
will perform better than those deployed on the Owen Ridge at Site 2 or on the
conical hill at Site 5.

4. (C) Site 4 should be retested under near-bottcm-limiting conditions and
should also be evaluated at a time of year when the depth excess is greatest.
The experiments should be designed on the basis of a rigorous theoretical
analysis of optimum receiver depths for this complicated environment.

5. (C) Any additional experiments on the Indus Fan should be designed to
determine whether the fan can be modeled adequately by two bottom loss regimes
and if so to locate the boundaries of these regimes.

6. (C) Propagation and bottom loss should be measured at higher frequencies
for use in short range surveillance or tactical systems.

186

CONFIDENTIAL



~ CONFIDENTIAL

I" REFERENCES (U)

Dyer, Ira (1977). "Fluctuations: An Overview" in the Proceedings of the3 International Workshop on Low-Frequency Propagation and Noise, Maury Center
for Ocean Science, Washington, D.C.

II Gordon, D.F. (1977). "Theoretical Propagation of Low-Frequency Sound In the
Deep Ocean and Its Interaction with the Bottom (U)," Naval Undersea Center TP
536, January. (CONFIDENTIAL)

I Gordon, D.F. (1979a). "Underwater Sound Propagation Loss Program: Computa-
tion By Normal Modes For Layered Oceans and Sediments," Naval Ocean Systems
Center TR 393.

Gordon, D.F. (1979b). "Multipath Interference Nulls in Long Range, Low-
Frequency, Acoustic Propagation by Normal Modes" Jour. Acoust. Soc. Am., In
Press.

Gordon, D.F. and E.R. Floyd (1979). "Acoustic Propagation Effects In Beam-
forming of Long Arrays (U)," JUA(USN) Vol. 29, January. (CONFIDENTIAL)

Mitchell, S.K., et al. (1978). "BEARING STAKE Vertical ACODAC Acoustic
Measurements Data Report (U)," Applied Research Laboratories TR-78-8,I February. (CONFIDENTIAL)

Osborne, J.T. (1978). "Project BEARING STAKE Transmission Loss and Omnidirec-
tional Ambient Noise From Bottomed Arrays (U)," Western Electric Co. Report,T May. (CONFIDENTIAL)

Pedersen, M.A., D.F. Gordon, and D. White (1975). "Low Frequency Propagation
T Effects for Sources or Receivers Near the Ocean Surface," Naval Undersea

Center TP 488, September.

I Pedersen, M.A. and G.S. Yee (1979). "BEARING STAKE Propagation Loss Assess-
ment (U)," Naval Ocean Systems Center TR 467. (CONFIDENTIAL)

I
I

187/188

CONFIDENTIAL



Ij CONFIDENTIAL

CHAPTER VI

AMBIENT NOISE (U)

I by

5 IR.A. Wagstaff and J.W. Aitkenhead

SI Systems Concept and Analysis Division, Code 724

Naval Ocean Systems Center

San Diego, California 92152

IT

;189

CONFIDENTIAL



CONFIDENTIAL

CHAPT•ER VI. AMBIENT NOISE (U)

CONTENTS (U)

Section Page

VI.1 (U) SITE DESCRIPTIONS..... 191 -1

VI.2 (U) RESULTS AND DISCUSSION .... ............................... 194

1. U Omnidirectional Noise Levels ...................... 194 i
2. U Ambient Noise Depth Dependence ..................... 197
3. (U) Horizontal Directionality .......................... 197
4. (U) Noise Statistics - Temporal ........................ 202
5. (U) Noise Statistics - Azimuthal Anisotropy ............ 203 £

VI.3 (U) CONCLUSIONS ............................................... 207 -

REFERENCES ............................................................. 211

90ri .Ni
-k

I

•- CONru•NT!AL



CONFIDENTIAL

j CHAPTER VI. AMBIENT NOISE. (U)

VI.1 (U) SITE DESCRIPTIONS

SI (U) The approximate locations of the seven different measurement sites are
shown in figure 1 and listed in table 1. The approximate bottom depth, the
types of ambient noise measurements for which results are presently available,
and the time of year are also included. The proposed scope of the noise data
analysis for each site is not limited to that listed in table 1. A more com-
plete description is given by Naval Ocean Systems Center, 1977.

(C) Site 1 is located in the mouth of the Gulf of Om',an. The nearby coast-
lines form a funnel for the high density shipping traffic into and out of the
Persian Gulf. The high density shipping, characteristic of the Indian Ocean,
is greatly increased in the vicinity of Site 1 as a result. The plus (+)
signs in figure 2 mark the positions of ships near Site 1 which were spotted
by aerial shipping surveillance on 28 Jan 1977. This figure is illustrative
of the extremely high shipping density near Site 1. Even though the acoustic
propagation for near-surface sources is severely bottom limited, as illus-
trated by the sound speed profile for Site 1 in figure e the ambient noise at
frequencies dominated by such high-density shipping (below approximately 200
Hz) would be expected to be high.

(U) Omnidirectional ambient noise measurements at Site 1 were taken by a
bottom-mounted array (BMA), a vertical ACODAC with sensors distributed
throughout the water column, and the 925-m nonlinearly spaced 32-element Ocean
Acoustic Measurement System (OAMS) towed array. In addition to omnidirec-
tional noise the depth dependence was measured by an ACODAC, and the horizon-
tal directionality of the noise was measured by both the towed array and the
bottom-mounted array.

(C) Sites 2 and 3 are in the Arabian Sea. Site 2 is on the side of a sea-
mount which lies to the east of the major shipping lane from the Persian Gulf
to the Cape of Good Hope. Site 3 is higher up on the Indus Fan than Site 2
and lies slightly to the west of the Persian Gulf-Straits of Malacca shipping
"lane. Unfortunately, the shipping surveillance was primarily to the north of
these two sites. The minus (-) signs in figure 2 illustrate the positions ofi ships observed during the surveillance flights in the northern part of the
Arabian Sea. The reduction in shipping density away from the Gulf of Oman(and Site 1) is evident in this figure.

(C) As indicated by figure 3, the sound speed profiles at these two sites
are quite similar. The most significant difference is that the acoustic prop-
agation is more bottom limited at Site 2 than at Site 3. Only omnidirectional

Sdata are available from the BMA for Site 2. Both omnidirectional and hori-
zontal directionality data are available for Site 3 from the BMA and the OAMS
array.

(C) Sites L2 and L5 are at the bottom of the Indus Fan and near the great
circle path from the southern tip of India to the Gulf of Aden. It is likely
that a shipping lane between these two points would possess moderately dense

!. shipping. Unfortunately, shipping surveillance flights were not conducted
near these two sites. The density of shipping must be inferred either from
historical shipping data or from the noise measurements. Sound speed profiles
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TABLE VI-1. (C) APPROXIMATE LOCATIONS AND DEPTHS OF MEASUREMENTS AND THE
MONTH OF OCCUPATION AT EACH. (U)

3 SITE NO. N LAT E LONG DEPTH (m) DATA TYPE* TIME

1 23038' 610091 3,300 H, D, 0 Jan, Feb 1977

2 16015' 59045' 3,150 0 Apr, 1977

3 17018' 65024' 3,600 H, 0 Feb, 1977

4 04045' 53009' 5,000 H, D, 0 Mar, 1977

5 09040' 61000' 4,500 0 Apr, 1977

2L 11000' 61000' 4,410 H, 0 Apr, 1977

5L 08045' 68000' 4,550 H, 0 Apr, 1977

*H - Horizontal Directionality
D - Depth Dependence
0 - Omnidirectional

Sfor these two sites are similar to the Site 5 profile in figure 3. Omnidirec-
tional and horizontal directionality data are available from the Long Aperture
Towed Array (LATA) for both these sites.

(C) Site ý is located on the northern edge of the Carlsberg Ridge. The
BMA at this site was on a flat top of a low rise about 500 m above the basin
floor. The predominant shipping is believed to be well to the north of this
site. The acoustic propagation is also bottom limited as evidenced by the
appropriate sound speed profile in figure 3.

Te(C) Site 4 is located on the Chain Ridge in the northern Somali Basin.
The BMA was on the ridge while the vertical ACODAC and the OAMS and LATA towed
arrays were over the deep basin about 10 to 20 miles to the northwest. The
shipping surveillance flights near Site 4 confirm the existence of a rela-
tively dense shipping lane along the east coast of Africa. The surveillance
results are presented in figure 2 as vertical lines (Naval Ocean Systems Cen-
ter, 1977). Results for only one of two days are presented in this figure,
since the second surveillance flight was only one day later and many of the
observed ships must have been the same. The shipping near the coast of Africa
at the latitude of Site 4 is believed to be sparse because of the coastline's
bending toward the west near Kenya and the economics of traveling the shortest
distances possible between two ports. Hence, noise along westerly azimuths at
Site 4 would be dominated by nearby ships. Site 4, being to the eastern edge

4 of the shipping lane, would have relatively little noise in southeasterly
directions - that is, provided the ships do indeed tend to travel in lanes,
leaving vast areas of the oceans sparsely populated. Unfortunately, the
shipping surveillance results from the BEARING STAKE exercise were too limited
to be used in either support or rejection of this hypothesis.
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surveillance flights on 28 Jan 77 (+), 14 Feb 77 (-,and g
21 Mar 77 (1). (U)4

VI.2 (U) R~ESULTS AND DISCUSSION

VI.2.1 (U) Omnidirectional Noise Levels

(C) Figure 4 illustrates median ambient noise spectra obtained from one of
the deepest hydrophones of the BMA (Scudder, 1978) at the five principal
sit~es. The low-frequ-ýncy (less than 200 Hz) noise is greatest at Site 1 and
least at Site 5. For example, at 50 Hz it is approximately 14 dB greater at
Site 1 than in the Northeast Pacific approximately 700 nmi west of Los Angeles
and about 10 dB greater than off Bermuda (Perrone, 1969; Wagstaff et al.,
1976). At Site 5 it is about 4 dB greater than in the Northeast Pacific and
about equal to that near Bermuda. In light of the aerial surveillance data in
figure 2 the Site 1 results appear quite reasonable. With such extremely
dense nearby shipping, high noise levels are expected. The corresponding j
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Figure VI-3. (C) Representative sound speed profiles obtained
"during the occupation of the five principal BEARING STAKE
sites. (U)

levels for Sites 2, 3, and 4 are consistent with the moderately high shipping
density at those locations as indicated in figure 2. No aerial surveillance

r shipping data are available for Site 5. Judged by the level of the low-
frequency noise, the shipping must be of magnitude similar to that of shipping
near Bermuda or the propagation of noise from the distant ships is relatively
good. Historical shipping information (Ross et al., 1974; Solomon and Barnes,
1976) suggests the former could be the case. However, cumulative distribution
results discussed in a later-section support the latter conclusion.

(U) The noise levels above 300 Hz in figure 4 are consistent with wind
speeds less than or equal to 10 knots as was generally the case throughout the
entire BEARING STAKE exercise (Naval Ocean Research and Development Activity,
1978).
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5 VI.2.2 (U) Ambient Noise Depth Dependence

(U) The depth dependence of the noise was measured by ACOuACs with hydro-
phones distributed between approximately 400 m and the bottom. Not all sites
were occupied by ACODACs, and of those which were only data from Sites 1 and 4
are presently available.

(C) Figures 5 and 6 (Mitchell et al., 1978) illustrate the depth depen-
dence of the median ambient noise spectra for Sites 1 and.4, respectively.
The Site 1 results in figure 5 extend from 498 m to the bottom at 3351 m. The
high noise levels at 25 Hz are artifacts due to a CW source used to investi-
1hgh nopis a t e re ar thed
gate propagation. The Site 4 results extend from near the deep sound channelaxis to the bottom. Because of problems in the recording system, no data were
obtained from the shallow hydrophones at Site 4. Both figures 5 and 6 show
very little depth dependence in the noise. Below 60 Hz at Site 4, for exam-
ple, The reduction in level with depth is generally less than 1 dB. At Site 1
the change with depth is on the order of 2 dB, with the level increasing with
depth. Such small depth dependence is not unexpected in the case of Sites 1
and 4. Whenever the noise is dominated by nearby shipping, as at these two
sites, the insonification will be fairly uniform with depth. This may not be
the case at the sites less densely populated by shipping, such as Site 5.
That the noise levels are relatively low for Site 5 (see fig 4) indicates that
the contribution from distant ships is probably a larger percentage of the
total noise than it is at either Site 1 or 4. It is this component of dis-
tantly generated noise which decreases with depth as a result of bathymetric
shielding and boundary interaction over long distances. The amount of depth
quieting will depend on how large a fraction of the total noise is due to the
distant noise component. Not more than an extra few dB would be expected at
"Site 5. Similar conditions are expected at Sites 2L and 5L. The low noise
levels in figure 4 indicate that Site 2 also has very little nearby shipping.
Hence, the depth dependence at this site should be slightly more than for

A)- either Site 1 or Site 4. Further discussion of depth dependence is available
in Mitchell et al. (1978).

VI.2.3 (U) Horizontal Directionality

(C) Figures 7 and 8 illustrate the ambient noise horizontal directionality
results obtained at five sites. The results in figure 7 for Sites 1 and 3 are
from OAMS 23-Hz data. The others are for LATA 25-Hz data. In figure 8 the
arrays are the same, but the frequencies are 36 and 40-Hz, respectively. The
"similarities in the directionality patterns in these two figures for a given
site suggest the differences between 23 and 25 Hz and 36 and 40 Hz should be
negligible.

3 i(C) The noise directionality results for Site 1 indicate high noise levels
to the west, southwest, east, and southeast but relatively low noise levels to
the north and south. The lowest levels generally correspond closely to the
levels anticipated for OAMS sidelobe contributions (about 18 to 22 dB). As a
result, levels well below those shown for northerly and southerly directions
are quite possible at Site 1. In each of the Site 1 directionality patterns
in figures 7 and 8 an east-west bias of 8 dB to 12 dB is clearly evident. The

,j majority of the noise is due to ships within a range of 100-200 nmi (see fig
2). In such a case, acoustic propagation effects have much less influence on
the noise directionality than does the clustering of nearby ships (i.e., those
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iFigure Vl-5. (C) Median ambient noise levels as a function of
depth at Site 1l. (U)

within 100 rni). Hence, large changes in acoustic propagation will account
for only small changes in the noise field at Site 1. Horizontal direction-
ality characteristics should remain time invariant provided that shipping
densities and distributions in the general vicinity remain approximately the
same. Results suggest that the noise field at Site 1 could be easily modeled
or predicted with a high degree of accuracy and confidence (Aitkenhead and
Wagstaff, 1978).

(C) The predominant bias in the noise directionality patterns for Site 3
is in the northwest-southeast directions. Level variations in the direction-
ality patterns ranged from 9 to 17 dB and were generally found to be inversely
related to frequency (Aitkenhead and Wagstaff, 1978). Bearings toward the
northwest tend to be consistently higher than in other directions. The heavy
shipping traffic in the Gulf of Oman (see fig 2) could easily account for the
observed maxima. Azimuths toward the southeast are also relatively noisy.
Northeast and southwest directions are significantly quieter.
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• (C) Noise from the northeasterly and southwesterly directions at Site 3
S~tended to fluctuate from one directional estimate to another but remained

fairly low. On the other hand, the northwesterly azimuths always exhibited
•• consistently high levels. Noise toward the southeast tended to fluctuate more
S~but had high levels more often than low levels. These characteristics suggest

that a large number of ships are always toward the northwest of Site 3 (i.e.,
S~in or near the Gulf of Oman), relatively dense distribution of ships is always
Sto the southeast (Persian Gulf - Straits of Malacca shipping lanes), and a
• ;moderately dense distribution of ships is in the immiediate vicinity of the
• ! measurement site. The first two shipping distributions account for the rela-
S~tively stable components of the directional noise patterns while the last
S~smooths out the lower levels reducing the azim,,thal anisotropy.

• ? [ (C) A distinct feature of the 25 Hz noise at Sites 2L and 5L (see fig 7)
$ is the relatively low values in a broad sector to the southwest. The levels

Siat 40 Hz in figure 8 along the same azimuths aenot correspondingly low. The

l reason for this is not presently understood. Low levels could be expected as
_•. a result of relatively low shipping in that direction (Solomon and Barnes,

!• ! 1976), but both frequencies should be affected. An additional interesting
• { feature of the noise at these two sites is the nearly uniform character of the
_•? noise over large arcs. Noise from a line distribution of sources will produce
S~such an effect when the acoustic propagation increases with 20 times the log
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Sof the range. Densely populated shipping lanes appear 4s line sources from a
distance. Propagation loss calculations for near-surface (6-18 m) sources
suggest that the character of the propagation is very similar to 20 times the
log of the range. Hence, the noise at Sites 2L and 5L appears to be dominated
by the shipping lanes along the west coast of India and the east coast of
Africa.

(C) The aerial shipping surveillance results in figure 2 indicate that A
Site 4 is within the Persian Gulf - Cape of Good Hope shipping lane. The
width of the lane is uncertain, since the flight path of the surveillance air-
craft was generally parallel to the coast. The results at 25 and 40 Hz, how-
ever, suggest the lane to be relatively narrow to the southwest of Site 4.
The broadening in the noise patterns toward the east and northeast could be a
result of shipping lanes from the Cape of Good Hope dividing, part going to
the Persian Gulf and the other to Bombay with Site 4 between the two. Traffic
from the Gulf of Aden to the southern tip of India would also be contributory
to the broadening of the noise pattern to the east and northeast. A more com-
plete discussion of the noise directionality is available in Aitkenhead and
Wagstaff, (1978).

(U) A final point should be made in the comparison of the noise patterns
of figures 7 and 8. The anisotropy of the patterns decreases with increased =1
frequency. It is doubtful that this effect is real. As the frequency in-
creases, the beamwidth decreases, and the sidelobes become more sensitive to "•
array nonlinearity. Also, the ratio of main beam noise power to the noise
introduced by the sidelobes decreases with decreased main beamwidth. Hence,
these two factors tend to fill in the lower levels of noise and produce a more -
uniform pattern.

(C) At this point it would be worthwhile to illustrate the significance
and the utility of the noise directionality patterns in figures 7 and 8. The
levels plotted in the directionality patterns are 8bsolute sound pressure o
spectrum levels (relative to 1 micropascal) in a 1 azimuthal sector. For
comparable measurempnt intervals, an ideal unambiguous beam (i.e., uniform
response across a 1 sector with infinitely suppressed sidelobes) would have a
median noise level equal to the value plotted in these figures for the corres-
ponding steering angle. For wider beams, ambiguous beam pairs, and any other
horizontal beam pattern, the estimated noise level is obtained by convolving
the patterns shown in figures 7 and 8 with the beam pattern. As an example,
suppose the g3-Hz median beam noise levels at Site 3 are needed for a towed
array with 4 beamwigths, a steering angle of 45 from forward endfire, and an
array heading of 045 . The noise level for an ideal (ambiguous) beam from a
horizontal array would be obtained by integrating the 23 Hz noise function
shown in figure 7 over the true bearings from 088 to 092 and 358 to 0020.
The result would be approximately 77.1 dB. Now suppose the sidelobes are
uniformly suppressed by approximately 20 dB. For an omnidirectional level of
88.0 dB, the sidelobe contribution would be approximately 67.8 dB. Combining
this, on an intensity basis, with the mainlobe level gives an estimate of the
median beam noise level of 77.6 dB.

VI.2.4 (U) Noise Statistics - Temporal

(C) Figure 4 illustrates the noise as a function of frequency measured by
the BMA at the five principal sites. Cumulative distribution functions were
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j also generated at 340, 280, 140, 50, arid 25 Hz and are available in the report
by Scudder (1978). Figure 9 illustrates the results for 50 Hz. In each case
the data are from one of the deepest hydrophones of the array. A normal dis-
tribution would be a straight line on the plot. The noise at Site 2 is nor-
mally distributed. The curves for Sites 1, 3, and 4 are indicating more of a
Rayleigh distribution. The high levels of noise which occur relatively infre-
"quently (less than about 15% of the time) at Site 5 are indicative of a siteI which occasionally has close sources but is generally dominated by moderately
dense distant sources. The lack of high-level noise at Site 2 suggests the
shipping lane along the coast of Africa to be relatively distant, perhaps as
much as a hundred miles or more. Hence, the shipping must hug the coast of
Africa more near Site 2 than at Site 4, where the ships are known to be in the
immediate vicinity of the site (see fig 2).

VI.2.5 (U) Noise Statistics - Azimuthal Anisotropy

(C) The results given in figures 7 and 8 indicate that the noise can vary
significantly as the array heading is changed. For example, the average
broadside beam noise level (at 23 Hz) changes by about 8 dB for selected sets
of orthogonal headings at Sites 1 and 3. Although maximum and minimum beam
noise levels are of considerable interest, the variation between these ex-
tremes is of equal importance. The term "azimuthal anisotropy" identifies one
particular method of describing the variability of beam noise levels in a con-
cise yet comprehensive manner. Azimuthal anisotropy characteristics relate
the combined effects of spatial and temporal fluctuations in the ambient noise
field to beam noise levels and present these relationships as statistical
distributions of expected beam noise levels.

(C) Azimuthal anisotropy of the noise field is summarized as a cumulative
distribution function of beam noise levels for various ideal beamwidths or
ambiguous horizontal sector widths. The 23-Hz noise field observed at Site 1
illustrates the form and content of the azimuthal anisotropy analysis results
(see fig 10). Beam noise measurements used for this example were limited to
Site 1 data for array headings within +20 of north or aouth. Thus, the OAMS
coverage pattern encompasses an azim 8thal sector of 200 (i.e., beam bearings
within the range of 90 +50' and 270 +50 ). For an ideal beamwidth of 6 , it

* is evident from figure 10 that the expected noise level will be less than 75
dB for 47% of the possible beam look directions in this array coverage pat-
tern. Conversely, the expected noise level will be greater than 75 dB on 53%
of the look directions.

(C) Azimuthal anisotropy results are presented Pn figureDll fyr beam noise
measurements collected on beam bearings of 000 +50 and 180 +50 . For this

A -orthogonal array coverage pattern, the expected noise level will be less than
75 dB on approximately 84% of the look directions. Only 16% o& the look
directions would yield noise levels greater than 7% dB for a 6 beamwidth. In
this case, the median noise level for an ideal 5.55 beamwidth is 69.3 dB.
Thus, the noise within a fairly large azimuthal sector from the north and
south of Site 1 appears to be of relatively low level. However, noise from
the east and west of Site 1 appears to be nonuniformly distributed with the
loudest 8ources concentrated in the bearing sectors defined by 0700 +200 and
270 +20
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Figure VI-lO. (C) Azimuthal anisotropy of beam noise levels for
23 Hz at Site 1--north/south array headings only. (C)

(C) When the direction of a possible target is unknown, as is often the
case in performance prediction studies, results for an arbitrary array orien-
tation are preferred. The 23-Hz azimuthal anisotropy results presented in
figure 12 were developed from 50 sets of beam noise measurements (25 beams perI set) ac Site 1 with each set collected on a different array heading. In con-
trast, only ten sets of beam noise measurements were used in the results shown
for the north-south or east-west orientations. Azimuthal anisotropy results

T such as those shown in figure 12 are suitable for analyses involving arbitrary
array orientations while the results presented in figures 10 and 11 apply to
more specific array orientations.

(C) Figures 13 and 14 give similar results at 23 Hz for Sites 3 and 4, re-
spectively. At these tgo sites, however, the directional bias is at an
approximate angle of 45 from north. Hence, only beam noise data for headings
within 20 of northeast or southwest (fig 13a and 14a) and northwest or south-
east (fig 13b and 14b) were utilized. From figures 7 and 8 it is evident that
a towed array at Site 3 would have significantly less noise on beams in

¶ northeast-southwest directions than in northwest-southeast directions. The
azimuthal anisotropy plots in figure 13 show the same results but in greater
detail. Figure 13a is for northeast-southwest headings (northwest +50o beam
directions). Figure 13bois for directions orthogonal to those in flTgure 13a
(northeast-southwest +50 beam directions). These results suggest that for an
array having a 4 beamwidth the beam noise will be less than 71 dB and 66 dB
for 40% of the azimuths covered by the near-broadside beams when the array is
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Figure VI-li. (C) Azimuthal anisotropy of beam noise levels for
23 Hz at Site 1 -- east/west array headings only. (C)

on northeast-southwest and northwest-southeast headings, respectively. The
analogous results in figure 14 for Site 4 are 64 and 67 dB, respectively. The
relative magnitudes of the levels are reversed in this case because Site 4 has
a northeast-southwest directional bias whereas Site 3 has a northwest-
southeast bias (see fig 7 and 8).

(U) Additional azimuthal anisotropy results for other frequencies are
available in the report by Aitkenhead and Wagstaff, 1978.

(U) The azimuthal anisotropy curves are applicable, in the strictest
sense, only for linear arrays. No attempt was made to remove ambiguities in-
troduced by the conical beam patterns. The measurement array's finite side-
lobe structure also affects azimuthal anisotropy results, especially at the
lowest beam levels. Although the deconvolution technique (Wagstaff, 1978)
used to produce these results attempts to remove all noise contributions
measured via the OAMS sidelobes, this is not entirely possible. Some residual
contamination will always be present.
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Figure VI-12. (C) Azimuthal an'isotropy of beam noisc: levels for'

, 23 Hz at Site 1 -- all array headings. (C)

IVI.3 (U) CONCLUSIONS
I (C) In the range from 10 to 100 Hz, omnidirectional noise levels weregreatest near the Gulf of Oman (Site 1), being approximately 10 dB greaterthan the noise near Bermuda. This high level is consistent with the extremelyI high-density shipping near the Gulf of Omian. The noise levels in the middleof the Arabian Basin (Site 3) were only a few dB less. The levels within theS~shipping lane in the Somali Basin (Site 4) were approximately 4 to 8 dB less.!. The noise at Sites 2 and 5 was relatively low, about equal to that at Bermuda

and about 3 to 5 dB greater than in the Northeast Pacific. Above approxi-S~mately 300 Hz the noise at all sites was consistent with that which would be? . expected from the wind and sea state conditions.

(C) The character of the cumulative distribution function for the 50-HznoseatSite 5 is indicative ofdistant nos oredomination with
infrequent (about 15% of the time) nearby shipping traffic.

S(° (C) The noise at Site 2 was normally distributed and showed no indicationi .. of nearby shipping.
i •'• (C) The noise at Sites 1, 3, and 4 had definite biases in the horizontal.S• In the Arabian Basin (Sites 1 and 3) the shipping near the Gulf of Omian wasclearly the dominant factor determining the noise directionality bias. In the
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Somali Basin (Site 4) the shipping along the coast of Africa was the con- I
trolling factor.

(C) Because of the high-density nearby shipping and bottom-limiting con- I
ditions, less than 2-3-dB noise depth dependence was measured in the northern
part of the Arabian Basin (Site 1) and the Somali Basin (Site 4). Because of
less apparent nearby shipping, the depth dependence at Sites 2, 5, 2L, and 5L
could be greater, but probably only by a few dB.
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CHAPTER VII. COHERENCE AND ARRAY SIGNAL GAIN (U)

VII.1 (U) INTRODUCTION

3 (C) For BEARING STAKE, phase coherence processing was done at six frequen-
- cies (22, 25, 36, 42, 140, and 290 Hz) at five sites (Site 3, IB, 4, 5, and 2)

for the OAMS array data, and the results are reported by Neubert (1978a).
I Phase coherence processing was done at 25 and 36 Hz at Sites lB and 3 for the
I 3BMA, and the results are reported by Neubert (1978b). Phase coherence pro-

cessing was done at 22 and 25 Hz at Sites 4, 5, and 2 for the LATA, and the
* results are reported by Fabula and Neubert (1978). Array signal gain pro-
3 |cessing was done only at 25 Hz for the OAMS array, the BMA, and the LATA, and

the results are reported by Neubert (1978c). The purpose of this chapter is
to perform an acoustic assessment of phase coherence and array signal gain for
these five sites in the Northwest Indian Ocean using the data described above
and reported by Neubert (1978a, b, and c) and by Fabula and Neubert (1978).

T• (U) The information for this phase coherence and array signal gain area5 assessment report is taken from the four reports referred to above and is
treated below in the order: Sites IB, 3, 4, 5, 2. When referred to but not
reproduced in this report, the tables and figures from the four references are
prefixed by Na, Nb, Nc, and F for the references: Neubert (1978a, b, c) and
Fabula and Neubert (1978), respectively. For example, table 5 from the refer-
ence: Neubert (1978a) is denoted herein as table Na-5.

(U) The phase coherence and array signal gain data for all three arrays
can be compared directly by using the timing of the data samples and the known
positions versus time of the arrays and of the projector tow ship. When the
arrays are not collocated (Sites 5 and 2), the possibly different propagation
conditions along the different propagation paths from the projector to the
receivers should be kept in mind. Even when two arrays are collocated, their
different depths have to be considered with regard to possible differences of

IR major propagation paths to each receiver (see Neubert, 1978d).

VII.2 (U) EFFECT OF SOUND PROPAGATION ON AMPLITUDE FLUCTUATION

(C) Before beginning the site-by-site area assessment for BEARING STAKE,
it is convenient to appraise the effect of multipath sound propagation on
amplitude fluctuation over all the selected sites in the Northwest Indian
Ocean. Neubert (1978d) discusses the nature of sound propagation during the
BEARING STAKE exercise on a site-by-site basis and shows that the degree of

1 bottom interactions (as indicated by how many of the important rays contact
the bottom and at what anqles) was highest for Site 1B and lowest for Site 4.

(C) The tables in Neubert (1978a) give C rsee eq (A-20)], ZA [see eq

(A-15)], and SNR (the signal plus noise to noise ratio) for the OAMS array;
these quantities for the BMA and the LATA are found in the tables of Neubert
(1973b) and Fabula and Neubert (1978), respectively. These tables show thatI generally the degree of amplitude fluctuation, as measured by YA' is largely

range independent and does not increase much with frequency at each site and
-"I
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for each array. This behavior is shown in table 1 on a site-by-site basis for --

each array (the OAMS array data cover all five sites while the BMA data
applies only to Sites 3 and 1B and the LATA data apply only to Sites 4, 5, and
2) and for signal plus noise and for noise.

TABLE 1. (C) THE DEGREE OF AMPLITUDE FLUCTUATION, ZA (U)

OAMS BMA(1B,3)/LATA(2,3,5)
Signal plus Noise Noise Signal plus Noise Noise

Site 1B 0.3-0.5 0.5-0.6 0.25-0.5 0.5-0.55

Site 3 0.3-0.5 0.5-0.6 0.3-0.5 0.5-0.55

Site 4 0.2-0.4 0.5-0.6 0.2-0.5 0.5-0.55

(before "crush event")

Site 4 0.3-0.6 0.6 0.2-0.5 0.5-0.55

(after "crush event")

Site 2 0.4-0.55 0.55 0.2-0.5 0.55

Site 5 0.3-0.5 0.55 0.2-0.5 0.5-0.5

(C) The SNR levels for the OAMS array were high and comparable for Sites
1B, 3, 4 and 5 and significantly lower for Site 2, where a seamount was _
present ýsee Neubert, 1978d). Still table 1 shows that the values of A are
comparable for all these sites. However, a closer scrutiny of table 1 does
reveal some agreement with three phenomena that occurred during BEARING STAKE.
Note that Site 4 is divided into two parts in the table: before and after the
"crush event." The crush event occurred at 0400Z on 16 March 1977, when the
OAMS approached its nominal crush depth (350 m). See Neubert (1978a) for more
details. Note that DAMS signal plus noise amplitude fluctuations were less at
Site 4 before the crush event than after it, suggesting that the individual
hydrophones are producing more self-noise after having been damaged by the
crush event. (This interpretation is supported by noting that the DAMS noise
amplitude fluctuation was also increased after the crush event.) This is the
first phenomenon that is discernible in table 1. The second is seen by noting
that the DAMS signal plus noise amplitude fluctuations are less at the first
part of the Site 4 test than at any previous site. This occurs because the
propagation conditions were less disturbed by bottom interaction at Site 4 .
than at the other sites, which were bottom limited. The third phenomenon re-
lates to the OAMS array being towed behind the seamount during the Site 2
exercise (as discussed by Neubert, 1978d). Projector tows 5P1 (Site 5) and
2P3A overlap in the Indus Fan, and it appears that the main difference between
these two projector tows is the presence of the seamount between the 2P3A pro-
jector tow track and the DAMS array. As observed from tables in Neubert
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(1978a), the SNR values are lower for Site 2 than Site 5 by about 5 dB. Table
1 agrees with this by showing higher OAMS signal plus noise amplitude fluctua-
tion at Site 2 than at Site 5.

(C) Note also from table 1 that at both Sites 1B and 3 the BMA and OAMS
signal plus noise amplitude fluctuation behavior is essentially the same. The
"_ATA (in contrast to the OAMS) does not detect less s i gnal plus noise ampli-
tude fluctuation at Site 4 (which has little bottom interaction) than at Site
b (which is bottom limited). In fact, the LATA sensed similar signal plus
noise amplitude fluctuation at Sites 2, 4, and 5. This appears to be due to
the more complex sound speed profile that occurs at the LATA tow depth; see
Neubert, 1978d. Note that Sites 1B and 3 for the BMA and Sites 2, 4, and 5
for the LATA are essentially the same with respect to signal plus noise ampli-
tude fluctuation. Finally note that the noise amplitude fluctuation as
"easured with all three arrays is quite similar at all five sites.

VII.3 (U) DISCUSSION OF SITE 1B

VII.3.1 (U) OAMS Array Phase Coherence and Array Signal Gain

(C) The OAMS array phase coherence data analysis for Site 1B is sum-
marized by Neubert (1978a) in tables Na-lO through Na-12 and in figures Na-29
through Na-31 for 25, 140 and 290 Hz. The OAMS array signal gain data analy-
sis for Site 1B is summarized by Neubert (1978c) in Table Nc-4 and in Figures
Nc-S and Nc-9 for 25 Hz. The OAMS array phase coherence and array signal gain
data were taken on one linear projector tow over the Oman Basin: 1BP1. The
relevant figures and tables of Neubert (1978a) show that the phase coherence
decreases severely as the frequency increases from 25 to 290 Hz while the SNR
values remain comparable and high. This SNR behavior is explained as follows.
Although the projector source level was less at higher frequencies and al-
though the propagation loss increases with frequency because of higher bottom
reflection losses, the ambient noise level also was less at higher frequen-
cies, and this kept the SNR values high. While there is a decrease in phase
coherence with increasing frequency (while SNR remains high), which is rele-
vant to array performance for these higher frequencies (i.e., 140 and 290 Hz),
the real significance of this trend must be considered in terms of array
length divided by the wavelength. This is important because it has been
observed that coherence can decrease as the aperture length (in units of wave-
length) increases. Therefore, the best way to compare arrays at different

* frequencies is in terms of phase coherence for constant aperture length in
units of wavelength. This latter procedure is suggested for more detailed
studies of phase coherence versus frequency. Figures 1 and 2 show that the
phase coherence and the array signal gain are generally range independent up
to about 200 km, where they decrease somewhat with range out to about 300 km.
This decrease in phase coherence and array signal gain corresponds to the
passage of the source over an irregular sloping bottom. There is no signifi-
cant decrease in SNR values during the tow over the sloping irregular bottom,
so the decrease in phase coherence and array signal gain appears to be caused
by the irregularity of the bottom contour. Note that the wide variability in
C and ASG with range due to multipath interference is increased by the ir-p
regular bottom slope region. Comparing figures Nc-8 and Nc-9 shows that the
values of ASG are somewhat better for the weighted QAMS array than for the
unweighted array.
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VII.3.2 (U) BMA Phase Coherence and Array Signal Gain

(C) The BMA phase coherence data analysis for Site 1B is summarized by
Neubert (1978b) in tables Nb-3 through Nb-7 and figures Nb-21 through Nb-35

3 for 25 Hz. The BMA array signal gain data analysis for Site 1B is summarized
i Iin tables Nc-16 through Nc-20 and in figures Nc-30 through Nc-34 for 25 Hz.

The BMA phase coherence and array signal gain data were taken on five pro-
jector tows over the Oman Basin: 1BP1, 1BP4, 1BP3, 1BP2, and 1BP5. Only the
results for projector tow 1BP1 are of interest here since the results for the
other tows agree with the behavior for tow 1BP1 discussed. Figures 3 and 4
show that the phase coherence and the array signal gain are generally range
independent up to about 300 km, and the irregular bottom slope has no apparent
effect on ASG beyond 200 km. Note that the wide variability of Cp and ASG

with range due to multipath interference is not increased by the irregular
bottom slope region.

VII.3.3 (U) Comparison of the BMA and the OAMS Array

4 , (C) Figures 1 through 4 give the relative phase coherence behavior and the
relative array signal gain behavior on projector tow 1AP1 for the OAMS array
(with the source bearing generally between 75 and 100 ) and the BMA (with the
source bearing near 160 ) as a function of range at 25 Hz. As can be seen
from these figures, for the bottom-mounted array the phase coherence and the
array signal gain showed no rangewise increase in variability and no rangewise
change due to the irregular bottom slope (possibly due to the presence of
bottom paths). On the other hand, for the mid-depth towed array, the phase
coherence and the array signal gain decreased and became more variable as the
projector was towed over the irregular sloping bottom. Observe that the phase
coherence behavior and the array signal gain behavior of the bottom-mounted
and the mid-depth towed arrays were comparable before the irregular bottom
sloping ranges (this is in agreement with the results for projector tow 3P4 in
section VII.4.3). Therefore, it appears that for this bottom-limited region
"(near Site 1B) of the Northwest Indian Ocean the phase coherence and the array
signal gain performances are essentially the same for bottom-mounted and mid-
depth towed (above 250 m) arrays except for the irregular bottom slope region.
Figures 1 through 4 show that performances of the bottom-mounted and middepth-
towed arrays are comparable. As shown by Neubert (1978b), the sensor spacing
for the BMA at Site lB was considerably different from that for the OAMS
array. To obtain a more nearly accurate comparison of the towed array with the
BMA, a subset OAMS array (configured similarly in sensor spacing to the BMA at
Site 1B) was studied. Neubert (1978a, b) shows that the behavior of this
subset towed array was essentially the same as that of the bottom-mounted
array with regard to phase coherence and array signal gain behavior except

-4 ,that the BMA behavior was much less disturbed by the irregular sloping bottom.
This latter phenomenon may indicate that the BMA was receiving a significant

amount of sound propagated through bottom paths. Incidentally, figures Nc-8,
Nc-9, and Nc-36 show that the unweighted and the subset OAMS arrays are

po similar in ASG rangewise behavior, while the weighted OAMS array slightly
outperforms both these cases.
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S VII.4 (U) DISCUSSION OF SITE 3

VII.4.1 (U) DAMS Array Phase Coherence and Array Signal Gain
(C) The OAMS phase coherence data analysis for Site 3 is summarized

by Neubert (1978a) in tables Na-1 through Na-9 and in figures Na-2 through
Na-28 for 25, 140, and 290 Hz. The OAMS array signal gain data analysis for
Site 3 is summarized by Neubert (1978c) in tables Nc-1 through Nc-3 and
Figures Nc-2 through Nc-7 for 25 and 42 Hz. The tables give AT (the averaging
time interval) 20 loglOA the source bearing ýk [see eq (A-3)], Cp ACTR

[see eq (A-13)], ASG [for weighted and unweighted beamformers; see eq (A-24)],
SNR (the signal plus noise to noise ratio in dB), and the range R. Based upon
these results some observations can be made about the phase coherence (as
measured by C ) and the array signal gain (as measured by ASG) at Site 3 for

p4 i othe OAMS array.

(C) The OAMS array phase coherence and array signal gain data were taken
on three linear projector tows across the center of the Indus Fan: 3P1, 3P3,
and 3P4. The relevant figures and tables in Neubert (1978a) show that the
phase coherence decreases severely as the frequency increases from 25 to 290
Hz, while the SNR values remain comparable and high. This SNR is similar to
the behavior at Site 1B and the explanation given in section VII-3.1. applies
here also.

(C) Neubert (1978a), figures Na-2 through Na-lO, and (1978c), figures Nc-2
through Nc-7, shows that the phase coherence and the array signal gain, re-
spectively, are generally range independent up to about 310 km. As an example
see figures 5 and 6, which correspond to projector tow 3P4 at 25 Hz. (For
examples of 140 and 290 Hz results, see figures 7 and 8, respectively.) Note
the wide variability of Cp and ASG with range due to multipath interference in
this bottom-limited environment with its complex sound speed profile structure
(see Neubert, 1978d). Fabula and Neubert (1978) discuss the varying structure
of the signal field along the array that causes the high variability of C and

p
ASG. The scatter of values that appear in figures 5, 6, etc, is due to under-
sampling of rangewise continuous functions. Figures Nc-2 through Nc-7 show
that the values of ASG are somewhat better for the Hamming-weighted OAMS array
than for the unweighted array. This was also observed in section VII.3.1. and
is not surprising in a multipath environment since the weighting decreases the
contribution to ASG of sensor group pairs at greater separations, i.e.,
reducing the effective array aperture.

VII.4.2 (U) BMA Phase Coherence and Array Signal Gain

(C) The BMA phase coherence data analysis for Site 3 is summarized by
Neubert (1978b) in tables Nb-1 and Nb-2 and in figures Nb-5 and Nb-6 for 25
and 36 Hz. The BMA array signal gain data analysis for Site 3 is summarized
by Neubert (1978c) in tables Nc-14 and Nc-15 and in figures Nc-28 and Nc-29
for 25 and 36 Hz. The BMA phase coherence and array signal gain data were
taken on two straight projector tows across the center of the Indus Fan: 3P2
and 3P4. Figures Nb-15 and Nb-16 and figures Nc-30 and Nc-31 show that the
phase coherence and the array signal gain, respectively, are generally range
independent up to 300 km. As an example, see figures 9 and 10, which
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correspond to projector tow 3P4 at 25 Hz. Note the wide variability of C and

ASG with range that was observed in section VII.4.1L

VII.4.3 (U) Comparison of the BMA and the OAMS Array

(C) Figures 5, 6, 9, and 10 give the relative phase coherence behavior and
the relative array signal gain bghavior on projector tow 3P4 of the OAMS array
(with the source bearing near 90 , i.e., near broadside) and the BMA (with the
source bearing near 16 ) as a function of range at 25 Hz. Figures 1 through
6, 9, and 10 show that the phase coherence behavior and the array signal gain
behavior at Site 1B (until the irregular bottom slope region) and at Site 3
are comparable for the BMA and the OAMS array. Therefore, it appears that
there is no significant difference in phase coherence and array signal gain
behavior between these two sites. This is especially true because of the wide
rangewise variability of C and ASG caused by the multipath interference in

p
"Z these bottom-limited regions with their complex sound speed profiles. As was

shown by Neubert (1978c), the sensor spacing for the BMA at Site 3 was con-
siderably different from that for the OAMS array. To obtain a more nearly
accurate comparison of the towed array with the BMA, a subset OAMS array
(configured similarly in sensor spacing to the BMA at Site 3) was studied.
Neubert (1978b, c) shows that this subset towed array performed essentially
the same as the bottom-mounted array with regard to phase coherence and array
signal gain behavior. Incidentally, figures Nc-6, Nc-7, and Nc.-35 show that
the unweighted total and subset OAMS arrays are similar in ASG rangewise per-
formance, while the weighted OAIMS array slightly outperforms both these cases.

VII.5 (U) DISCUSSION OF SITE 4

VII.5.1 (U) OAMS Array Phase Coherence and Array Signal Gain

(C) The OAMS phase coherence data analysis for Site 4 is summarized by
Neubert (1978a) in tables Na-13 through Na-20 and in figures Na-38 through
Na-41 for 25, 36, and 140 Hz. The OAMS array signal gain data analysis for
Site 4 is summarized by Neubert (1978c) in tables Nc-5 through Nc-7 and in
figures Nc-10 through Nc-15 for 25 and 36 Hz. The OAMS array phase coherence
and array signal gain data were taken on three projector tows in the Somali
Basin: 4P1, 4P3, and 405. The relevant figures and tables of Neubert (1978a)
show that the phase coherence decreases severely as the frequency increases
from 25 to 140 Hz, while the SNR values remain comparable and high., This is
similar to the behavior for Sites 1B and 3 and the explanation is given in
section VII.3.1. Figures 11 and 12 show that the phase coherence and the
array signal gain are generally range independent up to about 150 km on projector tow 4P1 at 25 Hz. Note the wide variability of C and ASG with range

p
due to multipath interference. Comparing figures 5, 6, 11, and 12 shows that
the phase coherence and the array signal gain are less variable on projector

V tow 4P1 than on projector tow 3P4. This behavior reflects the fact that Site
3 is bottom limited while Site 4 is not. Figures 13 and 14 show that the
phase coherence and the array signal gain are apparently range independent on
projector tow 4V5 at 36 Hz up to about 250 km. This decrease in space coher-
ence and array signal gain corresponds to the passage of the source over an
irregular sloping bottom. Because there is no significant decrease in SNR
values during the tow over the irregular sloping bottom, the decrease in phase
coherence and array signal gain appears to be caused by the irregularity of
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the bottom slope region. This behavior also occurred on 1BP1 and is discussed
in section VII.3.1. Figures Na-39 and Nc-13 show the C and ASG values, re-

p
spectively, for the arc tow 4P3 at 25 Hz. Here the low values occur at low
SNR values and there appears to be no bearing dependence in C and ASG.

p
Figures Nc-lO through Nc-14 show that the values of ASG are somewhat better
for the weighted OAMS array than for the unweighted arrays. This was also
observed in sections VII.3.1 and VII.4.1. Unfortunately, much interesting
OAMS coherence data was lost on 17 and 18 March 1977 because the source fre-
quency went to 39 Hz rather than the planned frequency of 36 Hz. (Thequadrature detector had not been built to handle 39 Hz.)

VII.5.2 (U) LATA Phase Coherence and Array Signal Gain

(C) The LATA phase coherence data analysis for Site 4 is summarized by
Fabula and Neubert (1978) in tables F-2 through F-4 and in figures F-17, F-21,
and F-25 for 25 Hz. The LATA array signal gain data analysis for Site 4 is
summarized by Neubert in tables Nc-2 through Nc-4 and in figures Nc-17, Nc-21
and Nc-25 for 25 hi.. The LATA array signal gain data analysis for Site 4 was I
taken on three projactor tows in the Somali Basin: 4P1, 4P2, and 4P3. Only
the results for projector tows 4P2 and 4P3 are essentially the same. Figures
!5 and 16 show that both the phase coherence and the array signal gain are
generally range independent up to about 200 km, but both vary greatly because
of multipath interference and the sound speed profile small-scale structurediscussed by Neubert (1978d).

VII.5•3 (U) Comparison of the LATA and the OAMS Array

(C) Figures 11, 12, 15, and 16 give the relative phase coherence behavior ,
and the relative array signal gain behavior on the projector tow 4P1 of the
OAMS array (with the so 8rce beajing near 90 ) and of the LATA (with source
bearing varying from 30 to 180 ) as a function of range at 25 Hz. As can be T
seen from these figures, the OAMS phase coherence and array signal gain were
higher and far less variable than for the LATA. As discussed by Neubert
(1978d), this difference in behavior is attributed to the operation of the

OAMS array at 200 m, which is above the complex sound speed profile structure
that occurs below about 250 m, and of the LATA at 300 m, which is definitely
in the more complex profile structure.

VII.6 (U) DISCUSSION OF SITE 5

VII.6.1 (U) OAMS Array Phase Coherence and Array Signal Gain

(C) The OAMS array phase coherence data analysis for Site 5 is summarized
by Neubert (1978a) in tables Na-21 through Na-25 and in figures Na-48 through -•

Na-52 for 25, 36, 140, and 290 Hz. The OAMS array signal gain data analysis
"for Site 5 is summarized by Neubert (1978c) in tables Nc-8 through Nc-lO and
in figures Nc-16 through Nc-21 for 25 and 36 Hz. The OAMS array phase coher-
ence and array signal gain data were taken on three projector tows over the
Indus Fan and the Carl sberg Ridge: 5PI, 5P3, and 5P5. Only the results for
projector tow 5P1 will be considered here since the SNR values on the other
projector tows were generally low. The relevant figures and tables of Neubert y
(1978a) show that the phase coherence decreases severely as the frequency
increases from 25 to 140 Hz, while the SNR values remain comparable and high.
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Figure VII-15. (C) Phase coherence vs
range; LATA array; Site 4; track 4Pl,
13-14 rIlarch 1977; 25 Hz. (C)
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T Figure VII-16. (C) Array signal gain vs
range calculations with unity weights.
LATA array; Site 4; track 4P1; 13-14
March 1977; 25 Hz. (C)
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This is similar to the behavior for Sites IB, 3 and 4, and the explanation is
given in section VII.3.1. Figures 17 and 18 show that the phase coherence and I
the array signal gain are generally range independent up to about 750 km.
Note again the wide variability in Cp and ASG with range due to multipath in-
terference. Canparing figures 11, 12, 17, and 18 shows that the phase coher-
ence and the array signal gain are less variable on projector tow 4P1 than on
projector tow 5P1. This behavior reflects the fact that the data for the
bottom-limited Site 5 are more variable than the data for Site 4, which is notbottom limited. Figures Nc-16 and Nc-17 show that the values of ASG are some-what better for the weighted OAMS array than for the unweighted array.

VII.6.2 (U) LATA Phase Coherence and Array Signal Gain I
(C) The LATA phase coherence data analysis for Site 5 is summarized by

Fabula and Neubert (1978) in table F-3 and in figure F-29 for 25 Hz. The LATA I
array signal gain data analysis for Site 5 is summarized by Neubert (1978c) in
table Nc-26 and figure Nc-40 for 25 Hz. Nothing will be said about the LATA
results at Site 5 since few LATA data were processed for Site 5 (because of
time constraints).

VII.7 (U) DISCUSSION OF SITE 2

VII.7.1 (U) OAMS Array Phase Coherence and Array Signal Gain

(C) The OAMS array phase coherence data analysis for Site 2 is summarized
by Neubert (1978a) in tables Na-26 through Na-31 and in figures Na-63 through
Na-68 for 25 and 140 Hz. The OAMS array signal gain data analysis for Site 2
is summarized by Neubert (1978c) in tables Nc-11 through Nc-13 and in figures
Nc-22 through Nc-27 for 25 Hz. The OAMS array phase coherence and array sig-
nal gain data were taken on three projector tows over the Indus Fan: 2P2,
2P3A, and 2P3. Unfortunately, all the OAMS array tows for Site 2 were con-
ducted behind an elongated seamount. Neubert (1978d) discusses the conse-
quences of the presence of a seamount near Site 2. Figures 19 and 20 show
that the phase coherence and the array signal gain were generally range inde-
pendent up to about 1000 km but were somewhat reduced and much more variable
on projector tow 2P3A (seamount) than in the comparable case of projector tow
5P1 (no seamount) shown in figures 17 and 18. Tables Na-21 and Na-28A show
that the SNR values were about an average of 5 dB higher and less variable at
similar ranges for projector tow 5P1 than for projector tow 2P3A. In short,
given conditions which are otherwise identical (i .e., same range and source
strength), the seamount produces perturbations in the measurements of phase
coherence and array signal gain that would otherwise not have appeared. This
situation seems to account for the reduced SNR values for Site 2.

VII.7.2 (U) LPTA Phase Coherence and Array Signal Gain

(C) The LATA phase coherence data analysis for Site 2 is summarized by
Fabula and Neubert (1978) in tables F-6 and F-7 and in figures F-33 and F-34
for 25 Hz. The LATA array signal gain analysis for Site 2 is summarized by
Neubert (1978c) in tables Nc-27 and Nc-28 and in figures Nc-41 and Nc-42 for
25 Hz. The LATA phase coherence and array signal gain analysis data were
taken on two projector tows over the Indus Fan: 2P3A and 2P3. The results
for these two tows were very similar. Figures 21 and 22 show that both the
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Figure VII-17. (C) Phase coherence as a
function of range; OAMS array; Site 5;track 5PI; 12-14 April 1977; 25 Hz. (C)
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Figure VII-18. (C) Array signal gain
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Figure VII-19. (C) Phase coherence as
a function of range, OAMS array; Site 2,
track 2P3; 27-28 April 1977; 25 Hz. (C)
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Figure VII-20. (C) Array signal gain vs
range, calculations with unity weights.
OAMS array, Site 2; track 2P3A;
27-28 April; 25 Hz. (C) 5
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Figure VII-21. (C) Phase coherence vs
range; LATA array; Site 2, track 2P3;
28-29 April 1977; 25 Hz. (C)
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Figure VII-22. (C) Array signal gain vs
range, calculations with unity weights.
LATA array; Site 2; track 2P3; 28-29
April 1977; 25 Hz. (C)
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phase coherence and the array signal gain are generally range independent up
to about 550 km, but both vary greatly because of multipath interference and
the small-scale sound speed profi e structure discussed by Neubert (1978d).
The source bearing varied from 10 to 150 . Because of the influence of the
seamount on the OAMS data, a useful comparison of the LATA and the OAMS array
results at Site 2 cannot be made.

VII.8 (U) CONCLUSIONS j
1. (C) Since the Northwest Indian Ocean is usually bottom limited and

the sound speed profiles are complex, a considerable rangewise variability
exists in the plots of phase coherence and array signal gain for this multi-
path environment. The variability increases because of the presence of ir-
regular bottom slopes as well as seamounts. This variability is the dominant
characteristic of this body of water when the performance of long horizontal
acoustic arrays is considered. Thence, a general assessment of signal coher-
ence for the Northwest Indian Ocean, based on the BEARING STAKE data, is as
follows. The coherence will be a manageable problem for the performance of I

Z long bottom-mounted and mid-depth towed array systems used for surveillance if
sufficient rangewise sampling is employed and the towed arrays are not oper-
ated in the depth region of complex sound speed profile structure. [

2. (C) From the detailed area assessment above several conclusions can
be reached about the performance of long horizontal acoustic arrays in the
Northwest Indian Ocean.

3. (C) The degree of amplitude fluctuations, as measured byýA, does not
change much with frequency and is largely range independent up to about 1000
km even over irregular sloping bottoms.

4. (C) The phase coherence decreases severely with increasing frequency,
even when the SNR values remain high enough that noise correlations are negli-
gible. This behavior is discussed in section VII.3.1. Because the phase co-
herence decreases severely with increasing frequency, the array signal gain
should also decrease markedly with frequency increases; see appendix.

5. (C) The phase coherence and the array signal gain are generally range
independent up to about 1000 km except when the projector is passing over an
irregular sloping bottom. They decrease and become more variable for a mid-
depth towed array, but not for a bottom-mounted array, when the projector is
passing over an irregular sloping bottom. This behavior may reflect the im-
portance of bottom-propagated sound paths for a bottom-mounted array.

6. (C) The phase coherence and the array signal gain are widely variable
iwith range because of multipath interference and become more variable in anI• ~ irregular bottom slope region for a mid-depth towed array, but not for a

bottom-mounted array. They were less variable at the only site (Site 4) at
which propagation was not bottom limited. 3

7. (C) The relative phase coherence behavior and the relative array
signal gain behavior of a mid-depth towed array and of a bottom-mounted array
were compared on projector tows 1BP1 (in section V11.3.3) and 3P (in section
VII.3.4) at 25 Hz. The performances of the bottom-mounted ar iy (at about 200
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off endfire) and the mid-depth towed array (near broadside) were comparable,
an( neither array showed a rangewise reduction in phase coherence and in arrayI signal gain (except in the irregular bottom slope region on projector tow
1BP1). Therefore, it appears that for the bottom-limited regions of the
Northwest Indian Ocean the phase coher'ence and the array signal gain behavior

j of the bottom-mounted and mid-depth (above about 250 m) towed arrays are
essentially the same.

8. (C) It was observed that the sensor spacing configuration for the BMA
at Sites 1B and 3 was considerably different from the OAMS array sensor group
spacing. To obtain a more accurate comparison of the towed array with the
BMA, subset OAMS arrays (configured similarly in sensor spacing to the BMA at
Sites lB and 3) were studied. It was found that the bottom-mounted arrays
performed essentially the same as the subset towed arrays and that again no
array showed any rangewise reduction in phase coherence and array signal gain
(except in the irregular bottom slope region on projector tow 1BP1). The sub-
set OAMS arrays performed essentially the same as the total OAMS array for
phase coherence and array signal gain.

9. (C) There is no significant difference in phase coherence or in array
signal gain behavior between the bottom-limited regions near Sites 1B and 3,
while the Site 4 region (which is not bottom limited) evinced less variable
behavior.

10. (C) In the Northwest Indian Ocean, the surveillance performance of
towed arrays may be significantly dependent on the array tow depths because of
the presence of a mid-depth region of sound speed profile complexity.

11. (C) When sound was received by the OAMS array from a source towed
behind a seamount for Site 2, the SNR was often too low to allow estimation of
phase coherence and array signal gain.

•r
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I
I APPENDIX:

METHODOLOGY OF COHERENCE AND ARRAY SIGNAL GAIN (U)

A.I (U) INTRODUCTION

(C) Coherence measurements were conducted during BEARING STAKE because
signal plus noise coherence gives a quantitative measure of array performance under ai variety of oceanographic conditions when tile SX/R is sufficiently high. This permits the

evaluation and direct comparison of passive surveillance systems under varying test condi-
tions. In particular. in comparing the fixed horizontal bottom-mounted array with the
towed horizontal mid-depth arrays ,n the Northwest Indian Ocean environment, thecoherence along each array yields performance as a function of frequency and of range fromthe towed source as it travels over a varying ocean bottom. The array with the largest

coherence (normalized to have a maximum of unity) will give the better signal input to the
beamformer at the given frequency. A plane wave (i.e., a unidirectional received signal),
homogeneous in amplitude along a straight horizontal array, is assumed in the design of
conventional beamformers. Therefore, the coherence along the array can be used as a
measure of bearnformer performance degradation due to nonplanar, nonhomogeneous
signals and/or array deformation. The phase coherence and array signal gain measure the
degradation in beam directivity as a function of range and frequency while the amplitude
nonhomogeneity relates to the degradation in the expected sidelobe suppression. Thus,
the measurement of phase coherence and array signal gain gives the relative merits of arrays.
Since the array with the largest coherence (when the aperture size is comparable and the
frequency is the same) provides the best mean signal plus noise input to a conventional
beamformer, t represents the best detection performance capabilities under the prevail-
ing conditions. Likewise, the largest array signal gain yields the best output for a conven-
tional beam former.

(U) This report is concerned with the study of phase coherence and array signal
gain for long, horizontal line arrays receiving mnultipath signals from long range, narrowband,
low-frequency towed CW projectors in the generally bottom-limited Northwest Indian
Ocean. Narrowband analysis techniques permit the understanding and quantification of
fundamental signal data that significantly affect realizable system performance. Therefore,
they provide a valuable method for evaluating and comparing passive surveillance array
systems. The phase coherence permits relating the array signal data to the reduction in
the actual array performance from that expected for an ideal array in an ideal (vertically
variable only) medium. Considering array signal gain directly relates actual performance to
that expected for a conventional linear beamformer under ideal conditions.

A.2 (U) PHASE COHERENCE

(U) The narrowband, multipath signal plus noise arriving at the jth sensor group
along the long horizontal array at time t can be described by the relation A. cos(Oj - Wot),
where A- is the amplitude, 0. is the received phase, and w is the angular frequoncy. (The
quantities AV oj, and co are all real.) It is assumed, when using the above signal plus noise
form, that the slowly varying functions AJ and ¢j can be considered constant for time
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periods less than 20rr/w. The classical definition for the coherence of two complex wave-
forms F, and I,) is ,4

/ c 2 1 (171  F-) I

7• •12) -(F •1 (A-I) F1

where the operator ( ) represents the time average (generally over about 4 min for BEAR-
ING STAKE data) and the asterisk denotes the complex conjugate. For convenience in
narrowband sonar array analysis, the classical coherence approach is modified as follows.
The composite (due to multipath arrivals) instantaneous, narrowband response of the jth

sensor group can be represented (after basebanding by a quadrature detector) by

F. = AjeiI J( 0-)tl (A-2)J J
where (o is the angular frequency at the center of the frequency bin. To determine the
bearing P of the source of interest the appropriate peak B(d) of the phase-only linear
beamformer output,

J J

B(4•)-1 (cos(j - ¢-) -ko(dj - dQ) cos Il) < I (A-3)

: j=l Q=l

is found, where ko is the wavenumber. J is the total number of sensor groups in the array, ,
and d. is the distance from the center of the first sensor group to the center of the jth sensor
"group (dl=0). 4) is chosen to be zero for a forward endfire arrival. Then the "steered phase"

0j odj cCos (D (A-4)

is computed. (Note that 1 = OV for all j 4 Q with jle 1 3J I when a plane wave is received by
a linear, horizontal array.) The signal plus noise, steered toward 1, is obtained as

f A - A 0.j -(-c- 0 t] = Fj -lk~dj cos 0 t (A-5) I
It is assumed that the instantaneous amplitude can be written as

A. = (A.) + 5A. , (A-6)
.1 J J

where 6A. is the amplitude fluctuation and (AJ) ( tr orj*Q represents the amplitude

variation nonhomogeneity. The term "'fluLtuation" denotes the rapid timewise changes
that can be averaged out, leaving the slowly changing mean structure that is referred to as
the "variation" of the physical parameter of interest.

(U) It is interesting to consider briefly the multipath decomposition of f.. For M
multipaths to sensor group j
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IM
Aj e 3 amj ei"nmJ (A-7)m=l

*! i where kmj kod. cos (b is a linear superposition so a linear beamformer treats each
contributing path independently. Then

M
ei[j-( -wo)tl -i(W- o)t amj elPmJ-8)

f. A. ei(J e i 0 Y e (A-8

- I •where mj k d.(cos 4) - cos 4). Define the beamformer output (before averaging and
with weights WP) as

j= 2

1 1i"

--'=B 2 1=3 3 WWAAc(O O)

_-::--f fj Q

j=l Q=1

M w AjA cos (0 0Q2 1 2 os()

pi Q=iiM M i J

I m=l 11=1I j=l Q=1

= 3 3 Wj amj W2 amQ cos (Omj - OmQ)

Sm=! j=1 2=1

SM-1 M J
+ 2 Wj anj WQ an cos (Omj -nQ) , (A-9)

m=1 n=m+i j 2=1

tj where the operator 2 represents the complex product and where the first term in
eq (A-9) represents the same path contributions and gives a linear superposition of the
formed beams. The second term in eq (A-9) represents the cross-path contributions,
and unless the presence of many paths causes this term to average to zero, it will represent
a distortion of the sidelobe structure (which becomes apparent when 4) is varied from 4)
through all its values).
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(U) The classical coherence (^,j2 between sensor groups j and Q could be synop-
sized by the coherence coefficient

J JCc )-----I

However, (,y) mixes tie amplitude A. and phase 0. of the jth sensor group signal plus

noise F. in a manner which is difficult to interpret in terms of the causes of the array
performance degradation. Therefore, the pLase and amplitude are separated by a quadrature
detector and 0. is found via eq (A-4) and B(c,). Then the array coherence between the I
jth and Qth sensor groups is defined as

7j Re (rjl)(Sf' I) (A-1 1)

(AjAQ cos (Oj -02)) T
(Aj) (A-1la) "

- . (AjA 2) (cos(Oj- (A-I (b)

(AJ) (A2) 0 D(A Ib

under the Talpey decorrelation assumption (see ref 17)

(AjA 2 cos (0j - OQ)) (AjAQ) (cos (Oj - OQ)), (A-12)

where (AjA 2) is an element of the amplitude correlation matrix and (cos(0-02)) is an element

of the phase coherence matrix. Defining Re (AjAQ e i( 0 M0))lM as the array coherence would

have allowed the scatter of (AjAQ) (due to (Aj) i (A2 )) to confuse the good quality of the
coherence that is usually present. The Talpey decorrelation assumption that was applied in
Eq. (A-I lb) is not meant to imply that A. and 0* are statistically independent, but only that

J
the quantities AjA 2 and cos (0j-09) are at most weakly correlated, so that eq (A-! 2) is just
a good approximation. The Talpey decorrelation assumption was tested synoptically by the
Talpey coefficient

CT J-l 1 (AjA' cos(0j-0q)) 
(A-13)

C T I ( =~IA-AQ) (cos(0 -OQ))

and found to be generally justified (i.e., CT is usually near unity). 1

kV
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1 (U) The output E of a standard processor (i.e., the beamformed, squared, and
P: time-averaged output) can be written in the useful form (with the Talpey decorrelation

assumption):

i J J-1 J
E= (A?)+2) + (AjA,) (cos(Oj-O0)) (A-14)

Sj=l j=l Q=j+l

The amplitude correlation matrix [(AjAk)] is related to the composite amplitude nonhomo-
j geneity. The phase coherence matrix [(cos(O0-0k))] evinces the relative array distortion due

to wavefront corrugation (i.e., nonplanar arrivals) and/or array deformation. The amplitude
nonhomogeneity that results, through multipath addition, from a linear superposition of
array signal plus noise cannot be decomposed through amplitude correlation techniques and,
therefore, these techniques cannot be used to study their effects on the outputs of linear
beamformers; they can only treat their effects on the outputs of arrays. (This applies to

phase coherence but not to array signal gain; see below.) The components of the linear
- superposition of array signal plus noise are simply acted on individually' by the beamformer

as shown in eq (A-9). Therefore, neither the amplitude correlation matrix t,, A A-l nor the
normalized amplitude correlation matrix [(AjA 2)/(A) (A0)], nor the phase coherence matrixJ [(cos(0j-OQ))] can predict the results at the output of a linear beamformer from their
behavior at the output of the array sensor groups alone. Thus, the array signal gain will
be considered later since it gives the results ai the beamformer output.

4-• (U) To facilitate treatment of the large coherence data base for BEARING STAKE,
five synoptic measures of performance (in addition to CT) have been devised. The degree
of amplitude fluctuation due to correlated amplitude fluctuations can be synopsized by the
normalized standard deviation ZA, which is defined as

A- OA/A >0 (A-I 5)
';A a

where

2
- A2..-- i ((A.-(A.))2 ) (A-15a)

_• J1

S •, • (( )2)(A-1 5b)

J=1

[when eq (A-6) is assumed] and

•:• •aAaI (A.) (A-16)
=I

j j--
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Normalizing by Aa avoids changes in the propagation conditions from biasing the measure

E.The smaller EA is, the smaller the amount of amplitude fluctuation present. The
degree of array nonhomogeneity (but not the degree of its sidelobe distorting influence)
can be synopsized by the nonhiomogencity coefficient C n which is defined as

±(Aj) -
ad Cn - A=I> (A- 17)

adequals zero for a homogeneous sound field.

(U) It is useful to synopsize an upper bound for the array coherence YfjQ by means

of eq (A- I Ib). First form for any, i.e., [i1,J]I,

I J (AiAj) + I J (MbA 6A 4
j=J N ~

(~5A 15Aj)

?il

A2

a

~*j((bAj)2

A2  A2
a a

A- (A-1 8)

via eq (A-6), A(I 6), (A-15Sb), and (A- IS) as well as

j=l j=1 i
Thus, CE synopsizes the normalized amplitude matrix [(A.A.)/(AX)A.)j of the arychr

ence matrix fj Next define the phase coherence coefficient C as

-C jl p (cos(oj-o)) < I A-20)
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=B(4•) (A-20a)

I via eq (A-3) and (A-4). Thus, C p synopsizes the phase coherence matrix [(cos(Oi-0j))]
I and the array coherence coefficient C,

I C =C2 Cp (A-21)

synopsizes the array coherence matrix [-yij] in terms of 'A and Cp

A.3 (U) ARRAY SIGNAL GAIN

(U) The array gain, ag, is by definition the ratio of the signal (S2) to noise (N2)
1•' ]i singlepower ratio of the array beamformer output to the signal (s) to noise (n) power ratio of a

JT single element, i.e.,
- ag_ (S2)/(N2) asg

Stiag - 1 2)22
-• ~(s2) (n2

j Iwhere

-7 (N2)/(n2) (A-22a)

!' •and

asg (S-)/(s) (A-23)

j is the array signal gain, or, in decibel units,

ASG = 10 logl 0 asg. (A-24)T
For a weighted (by Wj) array, the asg will be taken to be

1 asg = (A-25)

I (A-25a)

Aj,A -Q Aa*1
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I
From eq (A-25a) it is seen that C• can be interpreted as the array signal Fgain for a phase- i
only beamformer; see eq (A-3) and (A-20a). Note that the phase incoherence of
(cos(OJ-0k)) and the amplitude nonhomogeneity reducc the ideal array signal gain of 0 dB
to the actual array signal gain of eq (A-24). When the array amplitude response is ideal
(i.e., A Aa for all je[ I ,J I ). the ideal array signal gain is still directly reduced by the
phase incoherence. When the array has perfect phase coherence, the ideal array signal gain
Is still reduced by the array amplitude nonhomogeneity and amplitude fluctuations. As
expected, when the arra. response is both phase coherent and homogeneous (i.e.,
(A)=Aa), the ideal array signal gain occurs if the amplitude fluctuations are negligible,

a -
i.e. A- A The advantage of eq (A-25) (i.e., incorporating both phase coherence anda*1amplitude homogeneity into an array signal gain expression) over giving quantities at the
output of just the array (such as phase coherence) is that it gives the performance degrada-
tion for a conventional linear beamformer at its output. I
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3 CHAPTER VIII. ACOUSTIC REGIONAL ASSESSMENT (U)

VIII.1 (U) INTRODUCTION

(U) This report, and this chapter, are stages in a hierarchy of ever more
concise presentations of the results of analysis of environmental and ocean
acoustic measurements obtained during the BEARING STAKE exercise. Chapter I
includes an outline of the exercise. Chapters II through VII contain con-
densed statements of the major environmental and ocean acoustic observations
which are presented in detail in individual, separate reports by the principal
investigators (Fenner and Cronin, 1978; Hamilton and Bachman, 1979; Mitchell
et al., 1979; Pedersen and Yee, 1979; Wagstaff and Aitkenhead, 1979; Neubert,
1978a, b,c,d; and Fabula and Neubert, 1978). This chapter represents a final
stage of condensation and amalgamation of the material.

(U) The volume of data acquired during BEARING STAKE is prodigious. For-
tunately, many generalized observations are possible and these are herein
described. Much detail is obviously and necessarily omitted. For a more com-
plete discussion of the results and analysis methods, the interested reader is
referred to other chapters of this report, the references above, and their

- references in turn.

VIII.2 (U) GENERAL DESCRIPTION OF ENVIRONMENT

(C) The Indian Ocean, smallest of the three major subdivisions of the
world ocean and bordered on four sides by the continents of Africa, Asia,
Australia, and Antarctica, is primarily a southern ocean with over three-
fourths of its 28,000,000 square miles of area located south of the equator
(fig 1). That portion of the Indian Ocean north of the equator extends only
to a north latitude of about 25 degrees and is divided into approximately
equal-area eastern and western segments by the subcontinent of India. The
Northeast Indian Ocean consists of the Bay of Bengal, which receives drainage
from the Ganges River, and the Andaman Sea.

(C) The major portion of the Western Indian Ocean north of the equator,
the region which is the subject of this report, is designated the Arabian Sea.
This sea receives a major drainage input from India via the Indus River. The
Gulf of Oman connects the Persian Gulf with the far northern border of the
Arabian Sea while the Gulf of Aden is the water passage from the western
boundary of the Arabian Sea to the Mediterranean Sea (via the Red Sea and Suez
Canal).

(C) The physiographic features of the floor of the Northwest Indian Ocean
(fig 2) invite classification into two general categories: moderately large,
comparatively deep basins with essentially featureless floors; and shallower,
topographically rugged ridges. The ridges, plus coastal features, buund and
separate the basins. Three major basins are the Oman Basin, in the Gulf of
Oman; the Arabian Basin (a term used here to denote the basin which is boundedt by the four ridges: Carlsberg, Owen, Murray, and Laccadive-Chagos, and which
contains the Arabian Fan); and the Somali Basin in the Southwest Arabian Sea.
Although the floor of each of these basins is of the Abyssal Plain Province
type (see chapter III) and each has a very thick unconsolidated sediment and
sedimentary rock section overlying a basalt basement, closer examination
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reveals unique features (chapter III). These will be discussed in later
sections dealing with the individual basins.

(C) The near equatorial latitudes and input from surrounding water masses
(chapter I) conspire to produce a unique sound speed versus depth profile
type in the Northwest Indian Ocean. Figure 3 (repeated, in part, from chapter
II) presents an overplot of representdtive sound speed profiles for each of
the BEARING STAKE measurement sites. Generalities are immediately apparent.
The warm surface waters produce high sound speeds at the ocean surface. Steep
gradients of sound speed with depth away from the surface, together with a
very deep sound channel axis (often on the order of 1800 m in this ocean
region), conspire to produce a broad sound channel of very "open" aspect.
Seafloor depths at the BEARING STAKE sites (fig 4), indicated on figure 3,
together with the profile form, result in significant bottom-limiting (or
depth deficiency) at all but Site 4. This is typical of the Northwest Indian

,L Ocean, which at all seasons exhibits significant bottom-limiting throughout
except for the northern portion of the Somali Basin, the location of Site 4,
wherein small depth excess is present .t times.

(C) Also notable from fiyure 3 is that the profiles from the three north-
ernmost sites (1A/1B, 2, and 3) exhibit smooth sound speed decreases from the
near-surface maximum to the sound channel axis while the profiles from the
other two sites (4 in the Somali Basin and 5 at the southern end of the
Arabian Basin) exhibit distinct subsurface channels in the upper part of the
main sound channel (with sound speed minima at about 400-m depth). The Somali
Basin profile exhibits more sound speed variability for depths between 400 mi
and about 1000 m.

VIII.3 (U) BASIN ACOUSTICS

(C) As discussed earlier and indicated in figure 4, the BEARING STAKE
measurement sites and source tracks were for the most part in or on the edges
of the three basins identified above in section VIII.2 (Oman, Arabian, and
Somiali). The major acoustic features of these basins, as revealed by the
BEARING STAKE results, will be discussed below on a basin-by-basin basis.
Material is drawn from chapters II through VII.

VIII.3.1 (C) The Oman Basin

(C) As shown in figure 4, the major portion of the Oman Basin is a plain
somewhat exceeding 3 k!r in depth. The central basin floor is quite flat
(fig 11-5, 11-6, and 11-9), with an actual bottom depth of 3350 m. This abys-
sal plain is composed of a 1250-in layer of flat-lying turbidite sediments
unconsolidated to a depth in the bottom on the order of 500 to 700 m (with a
transition to sedimentary rock at this depth), underlain by additional sedi-
mentary rock to the basement basalt at about 3340-m depth into the bottom
(geoacoustic model la in appendix II1-A). Figure 4 further shows that the
floor of the Oman Basin surrounding the central abyssal plain consincs of a
gentle slope upward to the north and steeper slopes upward to the southeast
and southwest. The geoluical nature of the sloping regions leading up out of
the central Oman Basin is described in chapter Ill. Only a connected basin
south-southwest of the Oman (west of the Owen Ridge) remains deep out to sig-
nificant horizontal ranges from the central Onan Basin (see bathymetric cross-
section in fig 11-6).
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* for each interaction of the date,:orne acoustic wave with the seafloor.
Deeper penetration of the r y patl." causes increasing bottom loss with in-
creasing bottom grazing angle - co a limit described by the Rayleigh reflec-
tion coefficient at steep angleb. Bottom loss values in the Oman Basin are
intermediate between those for the lower loss A-abian Basin and those for the
Somali Basin (section VIII.4).

(C) In the Northwest Indian Ocean, signal propagation, as expressed by
propagation loss, exhibits two immediately apparent, distinctive character-
istics: large variability over relatively short range intervals with no
evidence for the usual convergence zone structure (except for some situationsI in the Somali Basin - discussed later) and generally low average propagation
loss values out to long ranges (figure V-i of chapter V). These are both con-
sequences of the extremely bottom-limited propagation conditions and low
bottom losses - factors which conspire to retain the acoustic energy in the

4k propagating wave to long ranges but to redistribute the energy out of the
tightly bound (for shallow sources) and periodically focusing ray bundles of
convergence-zone-producing energy into a large number of mutually interfering
multipaths.

(C) The range-variable but low-average-loss propagation characteristics
described above are characteristic features of the propagdtion loss data
acquired in the Oman Basin during BEARING STAKE in late January (Site 1A) and
late February (Site IB) 1977. Such data are suitable for presentation and
comparison in range averaged form and such averaging was done with the propa-
gation data as described in section V.1.2. The two closely spaced, separately
occupied fixed receiver sites were surrounded by source tracks (figs 11-3 and
11-7) to produce a good azimuthal description of propagation loss for the
central Oman Basin. In addition to the bottom array (BMA) data, availability
of results from the second occupation (Site IB) for the vertically distributed
ACODAC and the horizontal towed OAMS array allows description of receiver
depth dependence of propagation loss and ambient noise, horizontal direction-
ality of ambient noise, and a comparison of phase coherence for a bottomed and
shallow towed array in the Oman Basin.

(C) As discussed in chapter V, except for depths near either the ocean
surface or bottom, the receiver depth dependence of propagation loss in the
central Oman Basin is quite small (within an envelope perhaps 2 dB wide).
Receivers near the surface (within about two acoustic wavelengths) theoreti-
cally would suffer siqlnificantly increased loss because of surface decoupling
(not demonstrated in the data because no receivers were this shallow). At
some frequency- and source-depth-dependent receiver height off the bottom, a
similarly phased interference between multipaths would, theoretically, produce
"a "notch," or maximum of propagation loss. Losses in the notch would be 2 or
3 dB higher than the nearly depth-independent propagation losses for shallower
receivers (or indeed for a receiver on the bottom). Presence of such a notch
was only partially supported by the BEARING STAKE data. Because the height of
'-he notch off the bottom would be source-depth-dependent, heights could be
selected to improve signal-to-noise ratios for sources of interest which were
at different depths from the noise sources. The value of this procedure is
somewhat reduced by the frequency dependence of notch height off the bottom
(see chapter V for a discussion).

253

CONFIDENTIAL



H CONFIDENTIAL

(C) Figures V-6A through V-6C illustrate the measured propagation loss for

all source events at the three frequencies of 25, 140, and 290 Hz. These
demonstrate the low losses observed in this basin as long as the source track
is over the abyssal plain and does not pass over a seamount. For example, at
200 km, 50-km averaged propagation loss values range from about 84 to 87 dB at
25 Hz, 85 to 91 dB at 140 Hz, and 82 to 94 dB at 290 Hz. Shortest ranges to
sources exhibiting significant increases in propagation loss were observed for
tracks to the north from BEARING STAKE Sites 1A and 1B. This is probably be-
cause such tracks depart from the abyssal plain and pass over the surrounding
sloping region at shortest ranges. The oottom loss on these rough slopes is
apparently higher than that on the plain with its thick cover of refracting,
low-loss, unconsolidated sediment. Best propagation conditions, and thus best
coverage from a propagation loss perspective, for a receiver in the central
Oman Basin are for source tracks northwest from the site (into the Gulf of
Oman toward the passage to the Persian Gulf). Propagation loss is only
slightly higher for tracks to the south from the central Oman Basin. For
reference purposes the best (lowest loss) propagation curves for all three
frequencies and both occupations of Site 1 (1A and 1B) are shown in figure 5
(repeated from chapter V) in comparison with the familiar Eleuthera reference
curve.

(C) Both the low propagation loss and high density of nearby ships (figure
VI-2) contribute tc high ambient noise levels observed in the Oman Basin.
Omnidirectional data measured with the ACODAC at Site 1B, shown in figure
VI-5, indicate that the ambient noise varies only 2 dB for depths from 498 m
to the ocean floor (3350 m), with noise level increasing with depth. This
near independence of depth for the noise level is consistent with both the
nearby location of sources (chapter VI) and the lack of depth dependence of
the propagation loss (chapter V). The low frequency horizontal directional
ambient noise exhibits an 8-to-10 dB anisotropy with maximum noise arriving
from the East and West (see fig VI-7 and VI-8).

(C) In Chapter VII, data in figures VII-7 through VII-1O show that both
phase coherence and array signal gain exhibit large fluctuation for both the
OAMS (towed at 198 m) array And the BMA (bottom) array in the Oman Basin. The
fluctuation of these parameters, for these two arrays, was similar at shot
ranges and remained about the same for the BMA at all ranges. However, the
array towed at 198 m experienced significantly increased variations in both
phase coherence and array signal gain for source to receiver ranges beyond
about 200 km. These data are for the 1BP1 source event, and, for this track,
the sources were passing over a sloping bottom region for source-to-OAMS-
receiver ranges beyond 200 km (see the bathymetric profile in fig 11-9). It
is believed that the increased fluctuation of these parameters is due to the
movement of the sources off the abyssal plain and over the bordering slope.
Note that this reduction in potential array performance occurred only for the
towed array and not for the bottom array.

VIII.3.2 (C) The Arabian Basin

(C) As shown in figure 4, the Arabian Basin is the largest basin in the
Northwest Indian Ocean, is bounded by the Indian subcontinent and by ridges
(Carlsberg to the south, Owen to the west, Murray to the north, and Laccadive-
Chagos to the east), and is floored by the approximately flat but tilted
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(i.e., not horizontal) Arabian Fan. The Arabian Fan is mostly mineral detri-
tus fron the Indus River outflow. This sediment material has covered the
originally rough basaltic basin floor to great thickness (over 9 km in the
northern end of the basin, thinning to 400 to 500 m in the south before
pinching out against the Carlsberg Ridge). The top of the sediment (i.e., the
basin floor) slopes downward to the south and southwest (fig 4). A sharp es-
carpment marks the boundary on the eastern edge of the basin between the
shallower Owen Ridge and the Arabian Fan. No such sharp boundary marks the
southern edge of the Fan, but rather the very rough basaltic flanks of the
Carl sberg Ridge, which become increasingly deeper with distance north away
from the ridge crest, have been covered with the sediment fill of the fan.
Isolated peaks of the ridge material protrude through the surrounding uncon-
solidated sediment in a band along the southern edge of the fan.

(C) The geoacoustic model for the Central Arabian Fan, developed in chap-
ter III, is presented (as modified by comparison with acoustic measurements)
in table IV-5. Bottom loss data for the central Oman Basin are also presented
in chapter IV and will be repeated in section VIII.4 of the present chapter.
Bottom loss was low in all three basins to be described, but it was lowest
(least loss) in the Arabian Basin. Analysis of propagation loss data for the
Arabian Fan indicated that two bottom loss versus bottom grazing angle curves
should be used for this basin (see section V.4) - one curve (representing the
lowest bottom losses observed in the Northwestern Indian Ocean) for the
southern end of the fan and another (next to lowest loss) in the northern part
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of the fan (see section VIII.4). These low losses are again attributed to
strong upward refraction and low absorption in the unconsolidated sediment of
the basin floor.

(C) Three BEARING STAKE receiver sites (receivers 2, 3, and 5) were
located so that at least some of the source tracks from the site crossed over
the Arabian Fan (fig 4). Propagationdata from these sites indicate that this
severely bottom-limited but low-loss environment provides many multipath I
contributions to the signal field. This produces a received level (or propa-
gation loss) which is generally low but varies rapidly over short range in-
tervals with no evidence of convergence zones (for discussion see VIII.3.1 and
fig V-i, chapter V). The data were averaged over range bins, as described in I
section V.1.2, to facilitate comparisons.

(C) Receiver depth dependence of propagation loss over the Arabian Fan is
difficult to ascertain from the BEARING STAKE data. The ACODAC failed at Site

; 3, leaving only the flat-lying BMA on the ocean floor, and the propagation to
receivers at Sites 2 and 5 was complicated by local bathymetry. Because of
many similarities between the Oman and Arabian Basins, it is probably safe to .
assume that, in the absence of bathymetric effects, the propagation loss, at
low frequencies, across the Arabian Fan is independent of receiver depth as
long as the receiver is deeper than the surface decoupling depth and is above
the near-bottom complexities (e.g., the propagation loss "notch" described in
section VIII.3.1). In general, for signals traversing the Arabian Fan, propa-

v gation loss is low (figs V-14, V-15, V-16A,B,C, and V-25).

r (C) Although data are not available for determining the ambient noise
a depth dependence, similarity of the propagation conditions indicates the
* probability of very little depth dependence over the Arabian Fan (as waspobserved in the Oman Basin, where only about 2-dB difference was observed

between near-bottom receivers and a receiver at 498 m depth). Figure 6 corn-
pares the median noise levels observed by the deepest BMA hydrophone at Sites
2, 3, and 5. The levels at 50 Hz and below are all at least 5 dB lower than
were the levels in the Gulf of Oman. The levels for Sites 2 and 5 are lower
than Site 3 levels for all frequencies shown. This is probably because of the
increased propagation loss (described in chapter V) experienced by receivers
mounted on the Owen Ridge (Site 2) or on one of the prominent features in the
southern end of the Arabian Fan (e.g., the conical hill at Site 5). Wind
speeds at Site 3 were clearly higher than at either Site 2 or 5 (fig 11-11,
11-21, and 11-25), but not sufficiently higher to account for the difference
in noise levels between Sites 3 and 2 for the higher frequencies (in any -•

event, Site 5 noise is also higher than Site 2). The deepest hydrophone at
Site 2 is essentially shielded from high-frequency sources west of the site,
which may partially explair, the very low noise levels at high frequencies.

(C) The phase coherence and array signal gain for arrays towed over or
mounted on the Arabian Fan fluctuate rapidly with range but are high, on the
average, for low frequencies as long as the signals only reflect from the
unconsolidated sediment fill of the the fan (25-Hz data are shown in fig -
VII-1, VII-2, VII-5, VII-6, V11-17, VII-18, VII-21, VII-22). However, when
the signals traverse rough bathymetric feŽatures, as was the case for all
measurements with the OAMS array at Site 2, the low-frequency coherence and 1:
array signal gain are reduced (fig VII-19 and VII-20). This result is con-
sistent with the observations in the Oman Basin. Phase coherence and array
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signal gain are also somewhat lower ard more variable for a receiver towed at
300 m (VII-21 and V-22) than for a shailower or a bottom array. This is also
consistent with observations from the Oman Basin and is probably related to
the variability of sound speed at the greater depth. Finally, another result
consistent with other observations shows a rapid degradation of phase coher-
ence and array signal gain with increasing frequency (290-Hz data were shown
in fig VII-3 and VII-4).

VIII.3.3 (C) The Somali Basin

(C) As shown in figure 4, the Somali Basin is the deepest basin in the
Northwest Indian Ocean. The basin is bounded on the north by ridges essen-
tially connecting the African continent to Socotra Island to the Carlsberg
Ridge (fig 2). On the west and northwest the basin is bounded by the African
continent and on the east by the Chain Ridge. The floor of the Somali Basin
is a very flat abyssal plain with a top layer of turbidites almost 1600 m
thick. Chain Ridge on the east side of the basin is a continuous basaltic
ridge with a series of summit peaks. The base of the ridge is defined by the
5000-m depth contour.

(C) The geoacoustic model for the floor of the Somali Basin, developed in
chapter III, is presented (as modified by comparison with acoustic measure-
ments) in table IV-4. Bottom loss data for the central Somali Basin are also
presented in chapter IV and will be repeated in section VIII.4 of the present
chapter. Somali Basin bottom loss was highest of the bottom loss values ob-
tained during BEARING STAKE in the three basins (Somali, Oman, Arabian).

(C) The Somali Basin is the only region of the Northwest Indian Ocean
which is not severely bottom limited (see fig 2). The depth excess in this
basin is not large. During BEARING STAKE, depth excess ranged from 0 to 121 m
below the critical depth, while it was between 30 and 147 m for the 18-m
source depth and between 197 and 276 m for the 91-m source depth (table V-9).
An interesting feature of the signal propagation in this basin (during BEARING
STAKE) is the presence of convergence zone peaks at 290 Hz of 10-20-dB lower
loss than the bottom bounce signals but the total absence of such peaks for 25
Hz.

(C) As discussed in chapter VI, very little depth dependence of median
omnidirectional ambient noise was observed during BEARING STAKE. Indeed, for
frequencies below 40 Hz, the level changed only about 1 dB from the sound
channel axis depth to the floor of the basin (see fig VI-6). For a location
in the northeastern end of the basin near the Chain Ridge, horizontal direc-
tional ambient noise at about 300-m depth and at low frequency (25 and 40 Hz)
clearly shows a bias along the axis of the Somali Basin, with highest noise
observed from azimuths to the southwest and to the north. Noise levels from
these directions, during BEARING STAKE, were as much as 10 dB higher than
levels from the northwest or southeast (fig VI-7, VI-8).

(C) The phase coherence and array signal gain fluctuate significantly with
range in this basin (fig VII-11 through VII-16) but do not fluctuate as much
as for the two bottom-limited basins. Coherence and array gain are reduced
and their variability is increased when sources pass over the irregularly
sloping bottom regions which surround the basin. For arrays towed at depths
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on the order of 200 m (which is above most of the sound speed profile complex-
ity), phase coherence is higher and less variable than for arrays at depths on
the order of 300 m.

VIII.4 (U) REGIONAL ACOUSTICS

(C) The acoustic conditions in the Northwest Indian Ocean are dominated by
the nature of the ocean floor. This is true in part because the sound speed
profiles for this near-equatorial region exhibit large values for sound speed
at the ocean surface (fig 3). Such large sound speeds result in significant
bottom limiting of the deep sound channel. This ocean region consists of a
series of basins which are divided and bounded by ridges and coastal bathy-
metric complexity (fig 2 and 4). Some of the thickest known unconsolidated
sediment sections form the floor of these basins. Strong increases of sound
speed with depth in these sediments produce strong upward refraction of sound
energy which penetrates into the bottom from the overlying water. Because of
low absorption in the sediments, this upward refracted energy returns to the
water column with very little loss (this "bottom loss" does increase with
"increasing grazing angle on the bottom because of deeper penetration of the
impinging energy into the bottom- see chapter IV). The absorption in the
sediment filling the floor of the basins increases with frequency; thus, less
energy is returned from the bottom and bottom loss increases with frequency.
Sediment losses are also different for the different basins; thus, bottom loss
values vary among the basins. Lowest bottom losses occur in the southern end
of the Arabian Basin (Arabian Fan or Indus Fan) and next lowest occur in the
northern end of this same basin. Somewhat higher (but still low) bottom
losses are observed in the Oman Basin, with still higher losses in the Somali
Basin. Although not directly measured during BEARING STAKE, bottom losses for
many of the coastal regions have been inferred to be even higher than those
for the floor of the Somali Basin, and bottom losses for many of the bathy-
metrically rugged ridges have been inferred to be the highest in the Northwest
Indian Ocean. Bottom loss values appropriate for model predictions in this
region are shown ý,n tables 1 through 6 and the distribution of the loss
provinces (on a 1 by 1 square basis) is shown in figure 7.

(C) The low bottom losses exhibited by the seafloor in the shallower
basins of this region (Oman and Arabian) moderate the energy loss resulting
from the severe bottom limiting of the sound channel. Indeed, most of the
energy which would be retracting at great depth to form convergence zones in a
non-bottom-limited region is retained in the propagating field in these
basins. It is, however, spatially redistributed and "homogenized" to some
extent. Strong convergence zones do not occur, but neither do shadow zones.
For low-frequency propagation over these basins, many multipaths with signifi-
cant energy content contribute to a received signal field for all source-
to-receiver ranges. This results in a unique propagation loss versus range
profile: the average loss is quite low, but levels fluctuate rapidly, with
deep fades in the received signal field occurring on the order of three times
more often than in either the Pacific or Atlantic. These features have sig-
nificant impact on the phase coherence and signal gain of arrays.

"(C) A peculiarity of the Somali Basin results from its small depth excess.
At frequencies on the order of 290 Hz, convergence zones of 1O-20-dB less loss
than interzone (bottom bounce) levels are formed by energy propagating across
the flat basin floor from a shallow source. These convergence zones were not
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TABLE VIII-1. (C) SITE 5 BOTTOM LOSS CALCULATIONS -REGIONS NUMBERED"11
IN FIG VIII-7. (U)
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'7 .97 23 2b6 1, 1.30 6 9 6 1 7.3 93 It I

9 ~ t .049.6 1 .9 6 .9 9 i.0 09 .i3?
II .1 2 .S t 1.64 6 1.49 7 1 .26 86 A.6

1 .0 26 ,7 1.37 6 1.61 70 15.6 Aft 8.10

I? .0 27 71 97 '.1 67 7.97 e7 170.1. A7 I 0.0

24 .1 4 3 1.60 192.73 79 612 9 7.91

16 .'3 30 .76 . 1.64 is366 7 7.5A 93 7.2

FkAS'050CYz S4.00 Hr

ANGL.E LOSS ANGLE LOtS -£671.7 LOSS 6991 F LOS 1.GL L10 5 N(L LOSS 610 .06
I .3 9 2 3 210 6 .0 61 23S 76 9.1

3 7 .13 77 3 06 . 3.7 6 17.6 77 9 .Z.9

A .1 39 * 3. 2.9 9. ,b9 69 106 9 9.Ib

b ..4 20 ~ .62 59 A. 66 16.1', 09 8.ql

6 .77 21 b6I , 2.67 67 h.9 9 6 .4(,~ 91 ".0

7 .7 20 .58 17 Z.79 %7 1 39 67 13.1 77 9.SS
9 37 s- %, 39 1.60 o. 3.31 69 16.6 06 917 4

09 .10 25 ,91 3? .11 3:1.2 79 IA.6Z 04 0.821

II .0 q6 41 2.0 6 2.83 71 14.16 06 0.43

1,1 .73 27 t.17 -, 3.0 67 0 .9 I 72 s.,9 07 0. 46
13 .20s 20 1.10 43 3.1. 1.. 13.07 73 0.5 a 6 0.67 "

eq I3 it- 1 56 . 3.7 Z 9 . 6.1 - 9 S.I 6 1 9 0.7.1

I .30 36 1.63 96, 3.6 560 06 6 06 6 7

FAEwAONCY. s66.0o H~z

ANGLE LASS AN(,LE 1.550. 9~rL' LOSS ANGlO LOSS A-ýCLF 7I O AS' NL( LC6S

0 .80 lb .76 31 .66 7.2 61 77. 76 A0.39

2 .563 17 .66 .: .95 97 .12 42 12.1 77 7096

3 .6 Ii :6 31 .7 o 627 13 167 70 100.

4 .47 0 9 *92 14 9.00o 0. .47 69 I..1 79 11.09

6 37 21 56 .36 #9 .95 65 1,.57 0f. 2.06,

.36 I 1.7 2 .6 67 96 6 16.37 :7 12,55

7 .3. ?2 1.72 37 66 7 9.9 6 1;.es 02 7,69
0 3s !j 7.32 7 .07 69 6.6 60 7. 0 03 9.0ft

9 .39 24:5131 6.0 6 6.61 69 7.? 0 o
2

45.9 164 :145 *% b.o 6 6.3 7' 15.c., 66 11.69
11 SI1 26 2.10 91 6.940 66 6.09) 71 14.u1 06 00.dd

IS .6. 3 0 3 .39 S5 6.72 69 7.903 7S 00.22 9" 8.77

F110000.,CY- 200.03 Hz

ANGLE 1.006 ANSLE LOS, ANA, r LOSS 065, 6 LGSS AlIGI C. LOS- .91 LCbS

3 .69 76 a 7,49 73 9.37 1 14.7 2 H .3 73.10 767 .3.69
4 .3 19 7~ 1' 0.2 99 76.a 64 705.9 7 9 14 ..9

6 .91 20 1. A 30. 10.00 .. 76.019 A.5 746.66 0 06
6 .S4 271 2.0"! 3' 17.67 At 79.7 66 7 4 1.96 07 9:.6

1 .6? 22 2.2-1 ? 17 0.27 66 7.79 67 741.00 62A 6.
4 .71 23 2,76h 1.1 7.:29 7 2621 79I.7 67 104

9 .73 24 2:9 I 22 1" 937 %3 1:.61 S6 13.9.

.10 .76 25 37 4; 1.9 6 4 72.9 7 9.9 a5 lo.S7

II .912 26 3 .7 94 1 11.34 q6 77.76 17 74.69 06 [?7.ob

1? .0 27 4 .5' 1 11. 07.7 7 794 ;2, IS..6 69 51 SS

06 7.71 30 97.27 13, 790 4 799 61 7 0 97

F Ewu.Cv. 909.60 oHz

8601.E LOSS0 AN01.E W"C~ -"G LOSS 06076 1.600 A in7 LOSS 67,51.0 1.05

:.-5 PI Z.7 1 ' 0.7 * 73.0 1 '1 .6 77 7.7

.3 . 701 2."99 17 7S.6 A* 79.96 63 1.5.70 76 96

1 . 9 3.67 1 1,*,A 1.6 * 7.96 99 79I.77 7 9 79.6.

5 7.22 S 3.',, o 16. 27 o 7.o1 16.79 Mr. 1 40

6 7.37 27 3 .9 36 S-, 1.9 67 7.1) ,6 19.81 07 7I s0

7 .0 .5b 6,, 7 15.31 17 7.92 17 7.07 A2 16.3?p
7.92 23 5 .3,e j" 066 1 6.56 9N A..9 03.103*7

9 1.96 24 6 .30 3' I.1 ':S 750 604 0 66

IA 7.0) 2 6:131 1, .100 66 1490 70 l.,52 as 10.20
Ii 773 Z6 76 A ) 4 99 66 04 71 79.77 06 14.7.

77 0965 1 9l I..7966 67 6.5; 77 .. 06 .7I.1

11 7.73 29 1:.0.1 41 741.97 69 ... a 73 76.9e RI 14 .91~0

Is ?.9b 3 0 .2 * 1.6 69 790 76 14.95 go 10.8t,
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I TABLE VIII-2. (C) SITE 1B BOTTOM LOSS CALCULATIONS - REGIONS NUMBERED "2"
IN FIG VIII-7. (U)

F4UEmCy. eS.00 Hz

ANGLE LOSS ANGLE LOSS ANGLE LOSS ANOI. LOSS ANGLE LOSS ANGLE LOSS
1 4.00 36 *39 31 .73 ", 3.6 43 7.39 7? 1.4.?
2 .OZ 17 *2l 37 .9 A 4? 3.32 2 1.30 77 133.9
3 .05 3. .23 33 .94 44 3.54 63 7.A• 70 13.I 0
4 .03 1ZN 29 34 .74 4 S*95 69 76 3 49 14.6
It .1*|0 2 .) 7 5 1:911 •4 *,A15 65 0.1- 8 44*0:
16 12 1 2 44 3O 1:26 %1 4930 66 304 134.6

:1 A5 3? 1 4 ?1 1 4.18 6? 13.5? 87 14.40
* 735 23 339 337 1. 9 53303 h 8 .S6 0 39 1. 4, Ui 5.7 a 9 .1.31 1• IA.S6

44 7.49 75 34.66 40 13.60.1 8 2l 6 :3b 41 2.l 4 ,4 1 71 15 1• A614" 12 .14 2? .60 4P 200 T? b14 72 13.$3 87 .44.3:S13 .16 28 76 43 2.01 b .zl ?3 1|.1 0 s 13 9 ?
•14 .10 29 .61 44 3.09 ?$ 74 13.37 so I38

CfOJUE, ECY . Hz

ANGLE LOSS ANGLE LOSS ANGLE LOSS ANGIF LOSS ANGLE LOSS ANGLE LoSS
1 0.00 16 "1 31 1.44 4 5 6.43 4 15:.34 74 14.13
2 .04 17 *3 37 3.77 47 6.75 62 34.69 717 3.40

.10 34 .49 31 1.7? 49 ?.29 63 14.69 7? 14.33
A .35 39 .SO 34 A*04 4A ?,3. 44 12.32 79 14. 7

1 :1. 9 ý :042 3'5 '2.02- %- 8.1 6S 14 . 9,1 : 1'3''?

A .23 21 .SI 3& 2. 52 0.59 46 13.00 01 12.0S
? .76 2Z .4 0 17 1.0 1, 8.04 A? 36.23 82 13.49
A .74 23 .44 3A 3.06 %1 9.67 60 a 4. .1 83 13.19
S9 .:0 7 *63 3 3.50 54 11.30 49 14.7 804 12.74

10 .3' Z. *03 '2 *. 94 33,.9 70 34.07 a5 UI.47
• 11 .33 26 1.07 43 4.S6 SA 12.10 71 34.53 06 34.63
12 .35 27 .97 47 4.9 1 9? 7.83 72 14.1? 07 14.17
03 .38 2A 1.2? 43 5.4S I4 1.46 73 33.76 60 14.20
1* .44 29 1.30 44 6.06 4q 34.94 74 13.90 09 33.40

35 .54 313 ..4. A 629 49 34.63 76 34. 2 90 3396

FREUUENCY. 300.00 Hz

ANGLE LOSS ANGLE LOSS ANGLt LOSS ANGLF LOSS A4OL LOSS ANGLE LOSS

0 0.00 36 ,76 31 3.21 4 :3.90 61 34.34 76 14.03
? o00 37 1.o 6 05 3.45 47 37.40 67 34.3O 77 34.63S3 .70 30 3,45 33 3.64 4. 2.,51 63 .4.24 74 33.49

4 .30 19 3.03 3. 4.00 49 03.7J 64 14.09 79 14.12
5 .30 ZU 3,I4 3S 4.S9 q4 13.05 6" 33.49 00 34.00
6 .44 23 33 36 5.09 43 14.05 66 34.?3 01 14.33
7 .49 2Z 137 37 593 4' .4:39 67 13.9:1 0 14.62
0 .53 23 1,44 39 6609 93 14.7J 40 34.09 03 34,37

9 .So 24 3,63 3 7.70 %4 it.07 49 14.0s 80 14.11
10 .50 25 1363 a 7.72 .4 13.99 70 13.96 85 33.90

?1 .7 2 26 3,65 43 9.03 4%4 4.36 71 14.56 06 13.02
32 3.04 27 2.27 4? 10.60 7? 13.05 72 34.40 07 14.00

13 1.40 24 2.43 43 13.93 46 14.41 73 13.49 80 14.03
14 3.49 29 2.66 44 113.5 9 t3.94 74 14.13 89 14.14
is 3.00 30 2.94 4S 12.76 A4 13.07 7! 14.O. 90 34.06

FROEUE.NCYa 230.00 Hz

ANGLE LnSS ANGLE LOSS ANGLE LOSS A4GLF LOSS ANGLE LOSS ANGLE LOSS

1 0.00 16 2.18 3i 6.86 44 13.07 4 1 34.0. 76 34.6S
2 .17 17 2.26 32 b.63 tT |.1 6 14:-i 6 t .. 7T' .44.S

3 .40 1" 2.34 33 7.*1, A 1.3:82 3 14..6 70 14.0S
4 .56 19 2.36 34 7*S 6 sl 64 14.04 Y 40

*?. 20 2.2b 35 9.10 69 34.04 AS 34.0 " 0 14.05

69 .83 23 233 30 10.36 43 34,34 66 30, 03 13406
7 .93 2 2 060 17 %2.0 1 33.96 67 14.04 82 14.03

1.01 23 2.84 3m 9.13 -1 13.7. 66 14.U3 03 14.05
9 1.42 2 . 3.12 39 9.66 44 14.3 49 14.24 84 134.64
o0 72.6 25 3.61 4i 13.74 4 34.04 70 .4.4S .5 14.05

11 2.80 26 3.76 4 1 14.37 94 14.04 71 14.0 8b6 14.06
32 3.3 27 4,24 4? 3346 47:3,10 72 34:06 34.04.

33 3.5 20 4,q? 431 4.25 I- l4,3O ?3 14.04 00 14.64
34 2.77 29 , 44 33.47 m' 34,04 74 34..4 9 34.• 4
1 11 3 2.07 30 5,40 4 134.22 1 34.03 7S 34.09 90 14.0S

REQUEUNCY- 400.00 HZ

ANGLE LOSS ANGLE LOSS ANGLE LOSS 44NiF LOSS ANGLE LOSS ANGLE LOSS

3 0.30 16 4.17 31 10.85 44 14,05 61 14.06 76 14.65
2 .3 17 4,26 37 33.00 47 34.03 62 34.99 77 34.06
3 .?9 3d 4.:6 33 31.37 4 ,34.06 63 34.49 7 143405
4 3.32 19 4.55 34 14.07 4q 14.4t 64 14.US 79 14.00
S 1.35 20 5.06 35 3J.39 ;n 34.04 0S 14.05 00 14.06
6 $ .$9 2a 4.83 36 14.51 A3 14.04 66 14.05 03 14.05
7 2.,3 22 S.12 3i 34,06 4 34.04 47 34.65 %2 34.00

I J. 2 23 5.70 3, 14.33 41 3I4,6 40 34,05 03 34.06

9 4.Sb 24 6 ,00 3) 35.30 44 34 ,04 9g 14." $ 04 14.0 6

30 2.64 20 7,66 4 4:.'S 4 14,04 70 14.05 5 34.0
31 4.63 26 0a30 43 34.04 96 34.04 73 34.05 06 14.05
IZ 3.76 27 0.43 41 14.03 S? 14.01 72 14.09 81 13.05

33 492 20 9e 47 34.03 9 1 30: 7 340 48 4.460
14 4.02 29 10.4? 44 14.00 '1 14.04 74 34..5 09 34.65

35 4.36 30 .1.20 45 14.04 49 34.06 75 14.0 go9 34.05
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TABLE VIII-3. (C) SITE 3 BOTTOM LOSS CALCULATIONS - REGIONS NUMBERED "3"11
IN FIG VIII-7. (U)

F#EGU(NCy. 2S.00o Hz

A4601, LOSS ANGLE LOSS ANGqL LOSS AN60r LOSS ANGLE LOSS ANGLE LOSS

3 .00 16 :.6 )1 .76 A4 5.3I 61 133.: 76 33.65
2 • .02 37 *9 37 3.39 47 6.66 AZ 33.66 77 133,6 "

3 .05 30 .36 33 1.32 46 6.05 63 33..9 70 33.:6
* *07 39 *2 3.6 3.22 49 6.6b 66 33.46 79 133.6

1:.20 20 .?3 35 3.6 7.65 65 13.0 a 33.3 . 0 3,o
6 *32 Y1 *66 16 1.76 .6 ?.60 60 33.40 at 13,3l
7 .4 22 *67 37 2.05 6, 7.67 67 33.73 02 13 73

.16 22 .60 39 2.29 6 6.67 60 13.6? 03 33.72
9 .37 26 *,6 jq 2.73 54 32.67 69 33.63 06 3j,b7 .

30 ~~1:, 13 251 a3 I 1.6 6 36 0 3.7 6 33*6

12 .23 27 .62 47 6.39 17 33.7 72 33.61 07 3.36

13 .22 20 *93 63 *.83 66 |3379 73 33.6? 06 3).56•.1 .23 39 A93 4 : 6.00 6 313.68 76 I3.65 1 9 13.66

35 .20 30 .74 AS 6.25 6• 33..66 90 13.64

ANGLE LOSS ANOLE LOSS ANGLO LOSS 6NG0r LOSS ANGLE LOSS ANGLE LOSS
1 .00 36 2 96 34 1.96 6 1 32.00 63 13376 76 13.66

2 .02 37 :.20 32 2.27 .' 30.33 62 33.63 77 13.16
3 .3 39 3.33 33 2.23 36.66 63 33.49 70 33.66
1 .23 9 ,93 36 S.0. 3 3 262 64 13.66 79 13.63

5 .39 20 ,63 36 2.92 66 32.37 65 33.56 00 33.666 .23 2. .63 16 3.46 06 13.90 66 13.66 90 13. 66

7. .27 22 3.C6 77 3.96 67 33.63 67 136 02 1368 .30 23 3.29 36 1.63 6x 33.95 NO 33.$6 03 43.63

9 .33 2. .91 39 5.45 -4 13.26 69 33.63 0 1 3.b6

30 .36 25 . 09 34 6.60 6 A 3.76 70 33.67 06 33.6933 .37 26 3.36 6 7.3:94 3 3.8 731 33.64 06 33.66

32 .60 27 1.32 67 0.39 17 33.63 72 13.6. 07 13.60
13 .65 26 3.33 43 9.65 66 13327 73 33.6 800 13.6S

06 .56 29 0.50 46 9.04 66 33.60 76 33.66 09 33.66•
35 .69 30 1.70 46 14.39 46 13.37 75 13.6. 90 133.6

FOEGUENCY. 300.00OHz

SANGLE LOSS ANGLE LOSS £4010 LOSS ANSI r LOSS ANGLE LOON ANGLE LOSS *
. .0 0 2 6 1 .3 9 3 3 3 .6 5 6 6 3 6 .6 3 64 3 3.68 7 6 1 3 .3 6

2 .00 37 33 37 6.03 47 32,79 62 133.6 77 133b a

3 4.0 30 2,70 33 6.75 6. 133,3 63 13.7n 70 3373

A . 29 39 3.72 36 6.3 4 6 13.48 66 33.6 79 133.76

S .30 20 1..6 35 6.60 66 33.66 65 33.67 080 13.63

6 .65 23 2.71 15 7.04 63 33.77 66 33.66 03 33.63
7 56 3 o 2 3.71 37 6.60 67 33.47 67 33.6* 90 33.70

1 .56 23 2.03 31 0.27 6 33.39 63 33.6: 03 13.60
9 .62 26 2.56 3 0 33.34 15:63.92 69 33.65 06 33.66

30 .69 25 2.37 .5 33.66 66 33.57 70 t3*.S 06 33.66
33 .06 26 2.63 63 33.69 66 33.23 73 33.65 66 33.66 -

32 1.36 27 7:69 47 33.25 67 33.52 77 33.66 07 33.63

33 3.6 24 2,65 61 33.56 6 t33,6 73 33.67• 0 13.60

3 6 7. 0 2 2 9 3 1 30 6 6 33 . 5 6 33 . 7 0 7 6 3 3 .65 39 t3 , 59

15 3.66 30 3.38 62 33.44 36 33.63 75 33.65 90 13,5

F
0

E'
3 1

'EC
7

e 200.00 Hz

ANGLE LOSS ANGLE LOSS ANGLr LOSS ANOi A LOSS ANGLE LOSS ANGLE LOSS
3 .00 36 2.65 3 1 0.03 6 33.60 61 33.64 76 33.66

2 . 37 3 7 3 . 5 7 3 7 9 . 6 6 4 7 3 3. 5 9 6 2 3 3 .65 7 7 33 . 6 6
3 .60 30 3.3 3 3 9.69 46 33.66 63 f 3366 70 13.66

4 .56 1 9 3.42 1 34 1.4 .9 33.66 66 33.54 79 33.63

5 .73 20 3.43 35 33.75 66 33.66 65 33.66 00 03.6'6o .66 23 3261 34 36.33 61 1 3.63 60 133t. 83 13.66 b.

7 .96 22 A.01 37 32.60 67 33.6. 67 33.66 02 33.66

0 3.13 23 6.73 39 32.63 61 13365 60 33.65 03 33.6611 47 26 6.77 39 3369 6 3.65 69 133.2 06 133.3 .0

30 2.31 25 4,30 6• 33.9? 66 33.66 70 33.66 05 33.65
12 3.39 26 6,90 41 13.60 9 6 13.60 71 133.65 6 33.6A

37 2.3z 27 595 47 13.56 2 7 13.63 72 13.6. 6 7 1 3.65
13 1.00 20 2. 64 3 3.6 I 13.66 13 13.66 , 0 33.66 13

34 3.20 29 6306 4 33.67 5 0 33.66 76 33.66 09 3.63

35 31.9 30 637.1 S 133.6 "9 33.65 75 13,65 90 13.3.6

FREQUENCY- 200.00 Hz

ANGLE LOSS ANGLE LOSS &66L0 LOSS 4N03r LOSS ANGLE LOSS ANGLE LOSS -

1 .00 16 6,66 331 33.0 4. 03.68 61 13.64 76 33.66

2 .33 3? 5.92 37 32.34 47 33.66 62 33.6. 77 33.6,

3 .74 ' 3 : 6,21 33 9.:59 4 3J.66 63 33.64 78 13.64

4 3.33 39 7.2 36 3. 16 7 4 33.66 66 33.61 79 1 3.66
6 3.36 20 6.79 35 133.0 IS 133,6 65 13.+6 00 .33.6
6 3.63 23 7354 36 33.0 '. 3 3.66 66 133.6 03 33.6b
7 7.36 22 7A75 37 133.6 67 133.6 6 133.64 02 133.6

a 3.9S 23 *.C5 3n 3 61 9 3,36 68 33.66 83 13.66

9 2* 4 8 07 3? 13:60 A. 13.65 69 a3 bc 11, 11:1,3

9o 6.36 2s 470 41 33.60 92 133.66 70 133.64 06 33.6

I3. 3 . 03 2 5 9,7 6. , 1 3 3.6 5 0 3 3,66 ? 10 13 3,. 65 3 3 . 66

33 4.66 26 9.93 93 33.6. 6 33.66 73 33,b6 06 33.66
32 2.05 27 30,t6 6 133.66 6 7 13.66 72 133.6 07 13..6

13 5.67 29 3.31 43 33 .6 6 13.64 73 13.64 a. 13.6 6

36 3.0? 29 30, 446 133.66 66 13.64 74 13.6. 09 .33..
-i 5.07 3u 137 1.5 143,60 A6 13.65 75 13.64 90 13.66
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TABLE VIII-4. (C) SITE 4 BOTTOM LOSS CALCULATIONS - REGIONS NUMBERED "4"
IN FIG VIII-7. (U)

I
FREQUENCY. 23.44 HS

ANGLI LOSS ANGLE LOSS ANGL( LOSS ANGLF LOSS ANGLE LOSS ANGLE LOSS
1 .04 04 *39 31 2.04 4.. 4.34 41 02.94 74 14.40

2 :24 "7 S,7 312, .30 47 1.42 AZ 10|:S 77 04..1
.33 IS .79 31 2.22 *• 6.99 63 9.4 T I 04,.6

4 .35 $1 *90 34 2.54 4. 7?." 64 12.01 79 I7? 4
S .31 20 1 o0 35 2.4S 4• : .40 164.2? 40 04.:4

,34 0 2 1,rs 3ý 3.01 4 6.0 44 04.77 $1 04.4:
7 *37 22 1.60 37 3. 3 : 4.71 67 17.21 62 : 4.02
4 .37 23 .9N 3A 3.50 41 :.36 64 07.02 :3 03.44S .:31 4 3 94 3 4.22 14 1.07 49 04.50 34 14.97

to10 .40 23 0. 4 4 ,0? It0 04.94 10 0?7.4 4S 00.94
11 140 26 1q41 41 4.42 q 1 00.9 701 160.20 44 09.

12 43 27 0.7 4? 4.90 4 12.02 7Z 1 7.19 a? 20.396
13 .443 24 1:1 43 6.3: 44 02.47 73 16 as 24.40
04 ,44 29 1.50 44 3.72 49 03,00 74 04.34 49 04.4

i .s :3 30 1.46 45 64.24 a A 2.44 73 18.19 9s 19.4S
SFREQUE:Cv- 50.00 Hz

ANGLE LOSS ANGLE LOSS SNGL0 LOSS £4016 LOSS ANGLE LOSS ANGLE LOSS

1 .11 16 104C 31 4.23 4. 13.19 61 17.24 76 07.14
2 .73 07 1,33 3? 4.10 47 02.04 62 1609S 77 16:90
3 .81 l4 1.23 33 4.S4 44 03.3• 43 13.29 741 7.22
4 .60 09 1.32 34 3.00 4 13.04 44 04.44 79 04.34
3 .74 20 0.4b 35 3.40 44 0.8 43 04.42 40 07.34
6 .7: 20 2.09 3 6 .09 4% 16.91 44 07.0 40 04.77
7 .7 2 22 2.07 ?7 6.19 4' 0,4l.0 7 16.94 42 14.43
a .74 23 0Ab 30 7.52 41 10303 644 07.0 43 04.04

277 24 2.24 19 8.21 4 04.94 49 07.24 84 04.49
00 .79 2 z268 4S 8 ? IS.14 b 09 0 07.33 43 14.34"11 .44 26 2.52 40 9.17 4 03.T10 7t 17.01 44 t6.12
12 .92 27 2.90 42 9.:3 %1 04.43 72 07.07 47 07.24

13 0.03 29 3.11 43 00.4, 44 07.47 73 07.2 44 17.40
14 0.20 29 3.47 .4 10.40 49 04.04 74 07.09 49 07.4;
IS 1.36 30 3,57 45 12.42 4 104.97 S 160S. 90 107.24

F
4
EQUENC74 00*.00 HZ

ANGLE LOSS ANGLE LOSS ANGLE LOSS ANGLr LOSS ANGLE LOSS ANGLE LOSS
21 3236 10 2 63 31 7.83 44 20.72 41 07.U7 74 17.09

.22.4 17 2:4 37 4.74 '7 04.03 42 07.44 77 07.0.
3 2 2

0  
33 9.43 i4 04.96 43 04.;•44;;

4 0.44 09 3931 34 9.69 0.31 44 03.99 9 0
3 0.43 20 3.2T 15 11.58 44 17.23 64 07.44 so 10.946Tz 65 2716 30 So611:9

:.30 2 e 39 3 1.%4 ;,.12 66 07.02S 841 07050.9
7 .43 2 : 3? 37 17 .4 7 •7 2 17.148 1.43 23 4.36 3 46 3 4.3-9 4 11.3 48 .7.I0 43 160.7

9 10.3 24 4 47 3? 14.74 4 16:4.4 69 17.10 44 17.01
00 0.47 23 4:91 4 07.92 1 4 70 0.6 9 5 4 6 04
01 1.67 26 5%A0 40 13.37 44 17.27 71 07.09 84 17.27
12 0.9? 27 3,64 4 7 07.44 4? 07.14 72 04.99 67 1649S
13 1.92 24 6.1S 43 16.1 40 107.24 73 01.10 8. 04.8S
14 0.93 29 4,70 41 02.03 o4 07.04 7 1 |6.94 49 04.47
s1 2.31 30 7:09 43 07.37 44 160.49 7i 04.45 90 1 .95

FREQUENCY- 200.00 HZ

ANGLE LOSS ANGLO LOSS ANGLE LOSS ANGLF LOSS ANGLE LOSS ANGLE LOSS
1 2.42 14 3.03 35 14.03 44 07.L 61 07.66 74 07.00
2 2.70 07 S,34 37 04.94 47 17.4 642 17.02 72 06.99
3 2.39 16 5.71 33 07.701 44 7.26 63 IT.00 76 16.97
4 2.12 19 6.50 34 10.07 49 07.24 44 07.06 79 07.00

2.00 20 6,63 35 *02 0.02 40 07,2 65 147.00 60 17.04
6 2.03 21 4.90 3, 17.73 41 17.17 f4 17.09 61 16.99
7 7.29 22 7,R2 37 18.09 4? 17.19 67 17.9S 82 07.40

S ?.1 23 8.03 3q 24.15 ? 7.o7 64 07.04 03 17.03
3.03 24 9,51 39 17.4 4 ?• 6 0.04 69 17.4S 64 17.0200 3.07 25 9.09 4i 17.34 44 07.03 70 07.04 03 17.64

00 3.33 24 00.91 40 17.47 44 17.03 70 17.0? 646 0.94
12 4.01 27 00.90 42 17.41 %7 07.04 72 10200 07 17.a 3
13 3.40 28 12.48 43 17.41 -14 .19 173 0.00 66 04.41

14 4.43 29 03.32 44 17.29 49 1),14 74 07.06 69 17.00
13IS 4.72 30 13.50 4A 17.24 40 02.02 73 07.05 90 17.00

FfIEUUENCY4 400.00 Hz

ANGLE LOSS ANGLE LOSS ANGLE LOSS ANGtF LOSS ANGLE LOSS ANGLE LOSS
168 .47 04 96 30 04.43 44 10.29 41 07.09 74 0?.02

12 .24 17 00.43 3, 17.95 47 17.217 2 07.06 77 0l7.0
3 0.94 16 01.27 33 17.77 44 07.2S 63 07.0A 78 17.00"4 3.04 19 02.53 34 17.72 7 o 07.23 44 07.07 7 1?0701
3 4.98 20 13.20 39 07.5 9 40 07.20 43 07.04 40 17.00

6 4.03 21 14.32 36 07.•4 41 IT.20 46 .706 70 17T.00
7 5.28 22 is.55 37 17.55 4 107.9g 6 01.05 02 17.00

S 4.34 23 16.S@ 34 17.47 4 107.11 68 17.03 43 0?.00
9 6.10 24 05101 39 07.46 446 1 7.04 A 4 :A 16v
to 4.37 23 0a.0 4i 07.44 44 01?3S 70 17.04 65 ?7.00
1 .9S 26 1 0.71 41 07.41 44 7.,14 71 07.07 46 07:40

02 ?.63 27 10,*0 17 17.34 47 07.03 72 07.03 37 07.03
13 4.24 26 07.93 43 17,34 q 107.02 73 17.02 46 07.00
04 6.73 29 00.20 44 17.33 4 17011 74 17.03 ?9 07.00
03S .13 30 07.00 43 17.31 44 07.0 7S 07.02 90 17.00
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TABLE 5. (C) ESTIMATES OF BOTTOM LOSS FOR REGIONS NUMBERED 155"
IN FIG VIII-7. (U)

Estimates should be linearly interpolated in angle.

Loss
(dB)

Frequency 00 100 zoo 300 >500
(Hz)

25 0.0 2.5 3.0 5.0 15,0

50 0.0 5.0 5.5 8.0 15.0
100 0.0 6.0 8.0 9.0 15.0

200 0.0 6.0 10.0 12.0 15.0

400 0.0 8.0 10.0 15.0 15.0 ,

TABLE 6. (C) ESTIMATES OF BOTTOM LOSS FOR REGIONS NUMBERED "6"
IN FIG VIII-7. (U)

Estimates should be linearly interpolated in angle.

i-
Loss
(dB)

Frequency 0 100 200 300 >500
(Hz)

S~I

25 0.0 3.0 5.0 8.0 15.0

50 0.0 6.0 9.0 10.0 15.0 "
100 0.0 8.0 9.0 10.0 15.0

200 0.0 8.0 9.0 10.0 15.0
400 0.0 9.0 11.0 11.0 15.0 -]
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formed at 25 Hz during BEARING STAKE and were weaker at 140 Hz. Cooler sur-
face waters would result in more depth excess and probable increase of conver-
gence zone strength (perhaps even forming zones at 25 Hz) while warmer surface
waters would reduce or eliminate the depth excess and reduce the convergence
zone strength. Thus, details of the form of propagation loss versus range in I
the Somali Basin are strongly dependent on the sound speed profile (thus time
of year), acoustic frequency, and source depth.

(C) The low propagation losses for signals propagating across the basins
of the Northwest Indian Ocean are illustrated by the range averaged data,
plotted in figures 8, 9, and 10. These are the best (lowest loss) events
observed at the five sites of BEARING STAKE. For reference purposes, the
Eleuthera reference curve is also plotted in the three figures. To illustrate
the total variation of range dependence of propa ation loss in this ocean
region, propagation loss observations for worst highest loss) events at the
BEARING STAKE sites are plotted in Figs. 11, 12 and 13. Higher losses were
observed for sources mounted ot: ridges (specifically Chain Ridge) or on one of
the features protruding up through the sediment in the southern Arabian Fan.|
This is probably because of higher bottom loss for these features (i.e., the
low bottom loss is only clearly exhibited by the unconsolidated sediment
floors of the basins). Higher losses were also observed (except at 25 Hz) for
signals propagating across some of the topographically rugged features (sea-
mounts and ridges). Receiver depth dependence of propagation loss appears to
be low in the Oman and Arabian Basins with two exceptions (neither of which T
was strongly verified by BEARING STAKE data): surface decoupling would sig-
nificantly increase loss for receivers near the ocean surface and coherent
interaction of multipaths would vary the loss (Ly 2 or 3 dB from the water
column average) observed by receivers near the bottom. This near-bottom
propagation loss maximum (or "notch") could be uses +o gain signal-to-noise
ratio advantage for near-bottom receivers because its height off the bottom is
source depth dependent (for sources below the surface decoupl ing depth).
Thus, for sources of depth greater than the surface decoupling depth, the
propagation loss notch would occur at a different depth from the notch asso-
ciated with shallower depth noise sources. (See chapter V for a further dis-
cussion.) It should be noted that this is at oresent a hypothesized effect,
only partially supported by data, which should be examined further with addi-
tional measurements.

(C) As observed durirg BEARING STAKE, omnidirectional ambient noise at
frequencies between 10 and 400 Hz is virtually independent of depth in the
Oman and Somali Basins. Total noise level variation from shallow or midwater
depth to bottom receivers is on the order of 2 dB (fig VI-5 and VI-6). Simi-
larity of conditions in the Oman and Arabian Basins indicates a probable
similar order of magnitude for noise depth dependence in the Arabian Basin.
Noise levels observed by the deepest hydrophone of the BMA at each of the five
BEARING STAKE sites are shown in figure 14. Highest noise levels at low fre-
quencies clearly were observed at Site 1 in the Omdn Basin. It is conjectured
that this is a result of the very high density of surface shipping in the Oman
Basin (fig VI-2). Noise directionality in these basins (fig VI-7 and VI-8)
exhibits anisotropy consistent with the shipping patterns, and anisotropy of
about 10 dB for 2* to 40 Hz occurs for the Oman Basin with more noise arriving
at the center of the Basin from the east and west than from the north and
south. In the northern Somali Basin, noise at these frequencies is on the
order of 6 dB higher from the southwest and north than from other directions.
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Figure VIII-8. (C) Comparisons of the lowest-propagation-loss events
for each of the BEARING STAKE sites: 25 Hz. (C)
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Figure VIII-9. (C) Comparisons of the lowest-propagation-loss events

for each of the BEARING STAKE sites: 140 Hz. (C)
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Figure VIII-lO. (C) Comparisons of the lowest propagation-
loss events for each of the BEARING STAKE sites:
290 Hz. (C)
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Figure VIII-ll. (C) Propagation loss data for worst cases
(highest loss) at each BEARING STAKE site except Site 2,
fsr which all data are shown: 20 Hz. (C)
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Figure VIII-12. (C) Propagation loss data for
worst case (highest loss) at each BEARING STAKE
site except Site 2, for which all data are shown:
140 Hz. (C)
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Figure VIII-13. (C) Propagation loss data for

worst case (highest loss) at each BEARING STAKEsite except Site 2, for which all data are~ 1. shown: 290 Hz. (C)

11. 269
CONFIDENTIAL



CONFIDENTIAL

3 SYMBOL SITE

=L ,.°°'*,@*.... s....., 2
.4 2 05 7,

90=L ~ S e ~ 4

60w 4

0-

60 % ,

U)

2 2

0-

10 25 50 100 200 400 8o0

Figues obtained frC) the dianpnose level ofo the fiveomprincipa EarraNG STAK

Also, for these same frequencies in the northern Arabian Basin, higher noise

levels, by about 6 to 10 dB, occur for northwest and southeast directions than
for other directions. Noise levels at these frequencies in the central to
southeastern Arabian Basin (Sites 2L and 5L, fig VI-7 and VI-8) are lower than
at the other sites and the noise field is more nearly isotropic.
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CHAPTER IX. CONCLUSIONS (U)

{ IX.1 (U) GENERAL
S(C) Although the primary intention of this report has been a discussion of

the low frequency ocean acoustic nature of the Northwest Indian Ocean based on
results of the BEARING STAKE exercise, as pointed out in earlier chapters such
a discussion cannot be totally separated from discussion of the measurement

U and data analysis programs or from theoretical studies performed during the
analysis. Thus, this conclusions section, which is not another stage of sum-

3 !marization of the acoustic results (this is contained in the SUMMARY section
5 at the front of the report), will contain remarks about the exercise and

analysis in addition to those about the regional acoustics.

IX.2 (U) REGIONAL ACOUSTICS

(C) Throughout the Northwestern Indian Ocean, low frequency propagation
and noise are dominated by bottom interaction effects. This is not surprising
and indeed was foreseen prior to the BEARING STAKE exercise. Thus, great em-
phasis was placed on measurement and interpretation of bottom interaction
during BEARING STAKE, and the best available procedures were used . As a re-
sult, it is known that the low avera- propagation loss and high ambient noise
over the sediment filled basins are , imarily caused by generally low bottom
losses in the basins. These low bottom losses are caused in turn by low
absorption in the unconsolidated sediment floor of the basins (thus, refrac-
tive return to the water column of most bottom-penetrating acoustic energy).
Bottom losses are so low over the basins that a propagation loss disadvantage
results from placement of receiver sites on ridges or rugged topographic 1,ighs
(hills) at the edges of the basins. Apparently, this is because energy propa-
gating to receivers mounted on these ridges or hills suffers significantly
increased loss upon reflection from the higher-loss flanks of the ridge or
hill.

(C) The virtual independence of transmission loss with depth (for re-
ceivers removed from either the surface or bottom by more than a few acoustic
wavelengths) is clearly related to the low bottom loss up to high grazing
angles on the bottom. That is, many multipaths, containing most of the energy
from a source, contribute to the received signal at any depth in the water
column. This richness of high-energy multipaths contributes to high received
levels (low propagation losses) but also results in a high rate of variability
(fluctuation) of level with range. Near depth independence of omnidirectional
ambient noise is closely related to the depth independence of propagation loss
and to high shipping densities.

(C) The anisotropy of the low-frequency horizontal directional noise
field in this area correlates well with the distribution of surface ships and
should be predictable with high confidence when surface ship distribution is
accurately known. The confidence is somewhat reduced when significant com-
ponents of the noise field must traverse the lower confidence bottom type 5 or
6 regions.

(C) Generally high but range-variable (fluctuating) phase coherence for
low-frequency signals propagating over the basins indicates that the interac-
tion of signal energy with the unconsolidated sediment floor in the basins
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preserves the signal coherence of the individual multipaths. This further
supports the emerging picture of bottom interaction in the basins as primarily
a refraction phenomenon within the basin floor sediments. Reduction of coher-
ence when the signals reflect from slopes or other topographic features in or
around the basins also supports this concept of basin bottom interaction and
indicates a transition to more of a scattering phenomenon for bottom interac-
tion outside the basins.

IX.3 (U) BEARING STAKE EXERCISE 7

(C) This exercise sampled a significant portion of the third largest of
the worlds's oceans. The region studied reprF.sents one of the largest bottom-
limited ocean regions. It was recognized prior to the exercise that bottom
interaction would dominate the underwater acoustics in the area and that
entirely new types of behavior of the acoustic fied could emerge as compared
to the two other heavily sampled, largely non-bottom-limited oceans (Atlantic T
and Pacific). This foresight, which caused a significant amount of planning
effort for bottom interaction measurement and which devoted much of the
measurement time and resources to acquiring data allowing proper interpreta-
tion of bottom interaction, has proven to be the key to understanding the I
regional acoustics as shown by the BEARING STAKE acoustic data. Significant
interaction between the acoustic measurements and the geoacoustic model has
allowed not only a high-confidence interpretation of the bottom interaction
phenomenon but also high-confidence extrapolation of this phenomenon outside
the bounds of the actual measurements. A cohesive picture of the signal
propagation and coherence and of the ambieiit noise field can be drawn - even
though several new phenomena (not previously observed in data sets from other
oceans) occur.

IX.4 (U) IMPLICATIONS

(C) High received signal levels and high signal coherence should allow
low-frequency surveillance of significant portions of the Northwest Indian
Ocean from a few sites (either fixed or mobile). These positive aspects of
the signal propagation are partially weakened by the also high ambient noise
levels. Placement of sites away from concentrations of ships and taking ad-
vantage of the noise field horizontal anisotropy should reduce the negative
impact of the noise field. Actual estimates of system performance for various
regional scenarios are being made by a separate system performance assessment
which is also based on the BEARING STAKE results and is utilizing inputs and
model evaluations from the acoustic assessment. These will be reported
separately.

(C) The acoustic assessment results suggest certain system placements
which should perhaps be avoided (these would of course require further veri-
fication from actual system performance estimates). The high signal losses
(and potentially reduced coherence) for receivers not over the unconsolidated
sediment of the basin floor indicate that receivers would probably perform
better (in terms of basin surveillance) if placed on or over the flat floors
of the basins rather than on surrounding ridges or localized topographic
highs. Towed arrays would experience less fluctuation of coherence if
operated at depths outside those exhibiting significant sound speed fluctua-
tVon (shallower than 300 m or deeper than 1000 m).
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(C) Designers of systems placed near the bottom on the basins should

consider several unique aspects of the regional acoustics. First, the near-
bottom signal and noise fields exhibit depth-dependent features, including
localized notches (or minima of levels), which result from coherent inter-
action of bottom-reflected and non-bottom-reflected (upgoing and downgoing)
multipaths near this bottom interface. Whether or not optimization of system
performance is attempted by taking advantage of these notches (as suggested
elsewhere), accurate estimation of system performance will require including
the phenomena in the acoustic field estimates. Furthermore, penetration of4 most of the bottom interacting energy into the bottom with subsequent refrac-
tive return to the water column will produce a different spatial distribution
of the near-bottom energy fields from that predicted by theoretical techniques

• jtreating the bottom interaction as a reflection occurring at the water-
sediment interface. Specifically, vertical arrival structure of the signal
and noise fields near the seafloor will be controlled by bottom penetration of
the energy and will require treatment of the water and sediment system as
coupled propagation domains for accurate prediction.

- IX.5 (U) LIMITATIONS

(C) Bottom loss, which was very well defined for the sediment filled
basins, can only be inferred for the ridges and coastal areas. Thus, predic-

jtions of transmission loss over BEARING STAKE types 5 and 6 bottom loss
"regions should be used with greater caution than those over bottom types 1
through 4.

tI (C) The near-bottom notch (maximum) of propagation loss on the basin
floors is primarily a theoretical result and is only partially supported by
BEARING STAKE data. Because of the potential signal-to-noise ratio gain, such
a phenomenon could be important in the design of near-bottom systims and
should be further tested. Note that the height of the notch off t.le bottom is
both frequency and source depth dependent. Also, the ambient noise notch is
predicted only for distant sources and may be absent for nearby noise sources.

~i.
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GL.OSSARY (U)

(C) Arabian Basin the large central basin in the Arabian Sea containing
the Arabian Fan and bounded by the subcontinent of
India and the following ridges: Murray, Owen,
Carlsberg, and Laccadive-Chagos.

(C) Arabian Cone synonymous (in this report) with Arabian Fan.

(C) Arabian Fan deep sea fan, in the Arabian Sea, formed by detrital
material from the Indus River. -.

(C) ASTRAL ASEPS TRAnsmission Loss Model, a high speed transmis-
sion mnodel.

(U) BMA Bottom Mounted Array, described on page 14.

(C) Carlsberg Ridge rugged, mostly bare basalt ridge at the southern edge
of the Arabian Sea.

(C) Chain Ridge continuous basalt ridge with peaks; forms the eastern
boundary of the northern Somali Basin.

(U) CW Continuous Wave.

(C) DIAMANTINA Australian ship which operated the LATA array and
collected oceanographic data.

(U) DSC Deep Sound Channel.

(U) Events term used in Chapter V when referring to CW source
tows or aircraft or ship explosive source deployments.

(C) Indus Basin synonymous (in this report) with Arabian Basin.

(C) Indus Cone synonymous (in the report) with Arabian Fan or Arabian
Cone.

(C) KINGSPORT U.S. Naval ship which towed CW sources, deployed
explosive sources (SUS), and collected environmentaldata.

(U) LATA Long Acoustic Towed Array, described on page 15.

(C) MIZAR U.S. naval ship which launched and retrieved the VAC
systems and operated the OAMS array.

(C) MYER U.S. naval ship which was responsible for all BMA
operations.

(C) Murray Ridge basaltic ridge separating the Oman Basin and Arabian
Basin.
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(U) NAVOCEANO Naval Oceanographic Office.

(U) NORDA Naval Ocean Research and Development Activity.

(U) NOSC Naval Ocean Systems Center.

I (U) OAMS Ocean Acoustic Measurement System - towed array
0descri-bed on page 15.

(C) Oman Basin small ocean basin on the northern edge of the Arabian
Sea. Connects with the Persian Gulf.

(C) Owen Ridge sediment and rock ridge on the western edge of the
Arabian Basin. Bounds the western edge of the Arabian
Fan with a steep fault scarp.

(U) Somali Basin deep ocean basin off the coast of Somalia in the
Northwest Indian Ocean.

S(U) SUS Signal, Underwater Sound, an explosive source with a
preset pressure (depth) activated fuse.

1 (U) SV/STD Sound Velocity/Salinity-Temperature Depth measuring
instrument or data obtained with such an instrument.

(U) VAC Vertical ACODAC, vertical array of hydrophones with
self-contained power and data recording capability.
Used to obtain data for bottom interaction analysis.

(U) WECO (or WECo) Western Electric Company.

(U) WHOI Woods Hole Oceanographic Institution.

(C) WILKES U.S. naval ship that collected environmental data (see

page 16).

(U) WRE Weapons Research Establishment, Australia.

(U) XBT Expendable Bathythermograph.
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2. The LRAPP documents listed in enclosure (1) have been downgraded to
UNCLASSIFIED and have been approved for public release. These documents should
be remarked as follows:

Classification changed to UNCLASSIFIED by.-authority of the Chief of Naval
Operations (N772) letter N772A/6U875630, 20 January 2006.

DISTRIBUTION STATEMENT A: Approved for Public Release; Distribution is
unlimited.

3. Questions may be directed to the undersigned on (703) 696-4619, DSN 426-4619.

BRIAN LINK
By direction



Subj: DECLASSIFICATION OF LONG RANGE ACOUSTIC PROPAGATION PROJECT
(LRAPP) DOCUMENTS

DISTRIBUTION LIST:
NAVOCEANO (Code N 121LC - Jaime Ratliff)
NRL Washington (Code 5596.3 - Mary Templeman)
PEO LMW Det San Diego (PMS 181)
DTIC-OCQ (Larry Downing)
ARL, U of Texas
Blue Sea Corporation (Dr.Roy Gaul)
ONR 32B (CAPT Paul Stewart)
ONR 3210A (Dr. Ellen Livingston)
APL, U of Washington
APL, Johns Hopkins University
ARL, Penn State University
MPL of Scripps Institution of Oceanography
WHOI
NAVSEA
NAVAIR
NUWC
SAIC
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