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SI FOREWORD

(C) The CHURCH STROKE III Cruise 1 Exercise was designed to provide measured

1 acoustic and environmental data in the Florida Channel for theoretical and

analytical studies of acoustic phenomena, assessment of surveillance system

If performance, acoustic model development and validation. The overall objective

of the Exercise was to provide an assessment of the undersea acoustic surveil-

I• lance alternatives at the entrance to the Gulf of Mexico. This report contains

the acquired experimental results and an analysis which pertains to transmission

loss and array performance necessary for the surveillance assessment.

(U) The Exercise was sponsored by the Chief of Naval Operations and conducted

under the direction of Commander in Chief, U.S. Atlantic Fleet (ANCLANTFLT) and

was under the general technical direction of the Surveillance Environmental

Acoustic Support Project Office (SEAS, NORDA Code 520). Mr. Jimmy Gottwald of

I TRACOR Inc. served as Chief Scientist. Mr. Istvan B. Gereben of TRW, Inc.

served as Principal Investigator for transmission loss and array performance

J measurements and data analysis. Dr. William M. Carey and Dr. Richard Doolittle

participated in various stages of acquisition, processing and analysis of the

information reported herein. Drs. Carey, Doolittle and Mr. Gereben are the

authors of this report.

(U) This report: Acoustic Signal Characteristics Measured with the LAMBDA

III During CHURCH STROKE 111, presents findings and conclusions based on at-sea

measurements during the CHURCH STROKE Cruise I Exercise. Although the data

reduction and analysis have been extensive, as well as comprehensive there

remain segments of data that may merit further processing and andlysis. The

I data base obtained in this exercise is stored and can be obtained through the

SEAS Project Office (NORDA Code 520).

Charles E. Stuart .CTA8I

Acting Manager, Measurements Program " k j ozl-

Surveillance Environmental Acoustic Support Project

CONFIDENTIAL ;2 - -,, .. ..
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EXECUTIVE SUMMARY

(C) Exercise CHURCH STROKE III, CRUISE I sponsored by the Chief of
Navat Operations (OP-954was designed to update the understanding of ocean
acoustic parameters and their effects on passive acoustic surveillance
systems in the Florida Channel of the Straits of Florida, the northern end
of the Yucatan Channel and the Eastern Gulf of Mexico.

•- ' C Data acquisition for the determination of signal characteristics
was accomplished with the Large Aperture Marine Basic Data Array III (LAMBDA

"" III)-1uIng July 1979.

(C) The analysis of the signal data and supporting information produced
* the following major results:

" • When the influence of the slope was absent measured transmission
loss showed good agreement with the FACT Model employing medium
to low bottom loss curves~developed for this area by ARL.

S•"Slope enhancement effect was observed when the source, proceeding from
deep water towards the slope, reached the location of the initiation of
the slope. ) This effect was recognized by a change in the TL data trend.

- Short tori'TL fluctuation data (12-24 minutes) and related sta-
tistids were acquired. Standard deviation determined from-power
a veraging were found to be between 3 and 5 dB in the band of the

/signal.

- lArray signal gain ranged from 15 dB to 34 dB. Ai't was determined
that in this multipath environment towed array performance is
affected by array signal gain and its fluctuations.

* Statistical distribution of ASG was found to be Log Normal Distri-
bution when the multipath environments were not changing rapidly:

- Half power beam width was determined as 1.73 0.35.-

. Side lobe levels near the signal beam were determined as -9 dB for
the first lobe and -17 dB for the second lobe.

- Beam Width and side lobe levels were comparable to theoretical
values for the prevailing operational condition of the array,

6 Signal coherence over the array aperture was established for
high signal to noise ratio cases; %he average MSC value was
approximately 70%.

(U) It is recommended that the slope enhancement effects observed. in this

experinent as well as other measurements be the subject of more theoretical
and experimental investigation. The obtained data base represents a rare case
of absolute calibrated acoustic data under known environmental conditions.

"-CONFIDENTIAL14. U) ¾a
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1. INTRODUCTION (U)

(C) Exercise CHURCH STROKE III, CRUISE I was designed to update the

I understanding of ocean acoustics parameters and their effects on passive

acoustic surveillance systems in the Florida Channel of the Straits of

Florida, the northern end of the Yucatan Channel and the Eastern Gulf of

Mexico. The area of interest is illustrated in Figure 1-1.

(U) The exercise sponsored by the Chief of Naval Operations (OP-095)

and conducted under the direction of Commander in Chief, U.S. Atlantic Fleet

(CINCLANTFLT), was under the general technical direction of LRAPP (NORDA

1 Code 600). The participants were directed from an Exercise Control Center

(EXCON) located at CINCLANTFLT, Norfolk, Virginia in accordance with the

I Exercise Plan and with CINCLANTFL- Letters of Instruction (References 1-3).

(U) Tlhe Exercise Plan was developed by using the results of the preassess-

I ment of t'- rt-ion of interest conducted by NORDA (CODE 600) (Ref. 4).

(U) Preliminary results of the "quick look" analysis of the data re-
lating to the above objectives was published as part of Ref. 5.

(U) This report contains the results of the detailed analysis of data

jacquired during the CHURCH STROKE III, CRUISE I Exercise and pertaining

to transmission loss and array performance.

1.1 OBJECTIVES (U)

(C) The overall objective of the exercise - as defined in the Exercise

I Plan (Ref. 2) - was to provide data to assess the undersea acoustic surveillance

alternatives at the entrance to the Gulf of Mexico. Specific acoustic ob-

jectives addressed by this report are:

a. Measure long range propagation loss as function of

I frequency, range and receiver/source depth.

b. Determine the effects of bathyn.etry on transmission loss.

I c. Determine array performance parameters using a high level

towed source.

C DI

" I
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1 1.2 Approach

* (C) The objectives were met by measuring signal parameters to describe

transmission loss and array performance. These measurements were made with

the Large Aperture Marine Basic Data Array (LAMBDA).

(C) Received signal levels of the individual hydrophone groups of one of

the three arrays of the LAMBDA system were used for transmission loss inves-

I tigation. Received signal levels were averaged for the 64 hydrophones and

for a selected period of time and selected frequencies. These values provide

zzLne Dase for transmission loss detemination.$ I
*:C) ^rray performance was calculated from the signal gain and noise

I ga'n values measured through one of the three arrays of the LAMBDA System for

selected time pr"iods and signal frequencies.

S I kU) Other signa characteristics - i.e., signal level distribution asa
1 function of 5pzpe and time - vere also measured to support the transmission

I loss and array performance analysis.

I 1.3 Assets

(C) The following ,ssets were employed during the signal investigation

portions cf tne Exercise:

sR/V INDIAN SEAL

i - LAMCDA System

1) LF, MF, HF towed a-rays each ccrisisting of 64 hydrophones.

2) Non-Acoustic Date Sensors and their vecording system.

3) Signal Conditioning Units.

4) TAP III signal processor and beamforner.

6 5) BATCH signal p-ocessor.

6) HDbR recording system.

If7) NATOB system.

8) AN/BQR-23 signal processor and display system.

- Navigation System

- ICONFIDENTIAL
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Environmental Measurements Systems

1) XBT.

2) Wind direction and speed.

3) Other sensors.

*USNS DESTEIGUER

- HX-231 sound source radiating at 67 Hz and 173 Hz with nominal source

levels of 179.3 dB and 183.4 dB, respectively.

- Navigation System.

- SVTD System.

Moored Source

- The Webb Sound Source built by Woods Hole Oceanographic

Institute was moored at a depth of 988 m in 3416 m of

water and transmitted at a frequency of 174.89 Hz with

a source level of 171 dB relative to lPa.

L
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5 2. MEASUREMENT SYSTEM

Ii: (U) The Large Aperture Marine Basic Data Array (LAMBDA) System is

a unique tool of underwater acoustics. Originally developed under the

auspices of the Defense Applied Research Projects Agency (DARPA), it provided

a flexible system to investigate highly specialized areas of ocean acoustics

and to evaluate the feasibility of sophisticated ASW equipment designs.
Later, when the System was turned over to the Navy, a second generation
system was used to aid in the assessment of operational performance of

long towed arrays. Along with basic ocean acoustics measurements the array

has also been employed in Fleet exercises augmenting ASW assets.

(U) In 1979, a third generation LAMBDA System was developed; this

was the system employed during the CHURCH STROKE III Exercise.

(U) The LAMBDA System was supported by other measurement systems providing
k CW tonal signals at different frequencies and that acquired environmental

information necessary for the determination of acoustic parameters under

investigation.

(U) A towed source, the HX-231F, was towed by the USNS DESTEIGEUR whichV also acquired bathymetric and oceanographic parameters.

(U) The Webb Sound Source was moored in the exercise area and provided

an acoustic benchmark for the measurements.

2.1 LAMBDA SYSTEM DESCRIPTION

(U) The LAMBDA system was designed as a research tool to evaluate

the physical and operational characteristics of a towed passive acoustic

V antenna system in a deep ocean basin environment. Maximum reconstruction

ability in post-exercise data processing through redundant data recording
was a characteristic of the system. Reliability requirements for data safety

I. and human factor requirements were incorporated to minimize personnel-system

interaction and to provide fault isolation capabilities. The LAMBDA system

was designed with as much redundancy as could be generated for limited crew

operation, with multiple paths for recording purposes, and with extensive display

capability for scientific experimentation.

I CONFIDENTIAL
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2.1.1 Subsystem Descriptions.

(C) The LAMBDA system was divided into subsystems with individual

performance requirements and operational goals.

s Array - Primary sensing device for acoustic data and for water

column non-acoustic data. The basic acoustic configuration

had three performance apertures: 6 Hz to 26 Hz (Low

Frequency,2400 m long); 6 Hz to 54 Hz (Medium Freauencv. 806

m long), and 20 Hz to 160 Hz (High Frequency. 300 m long).

Each aperture was composed of 64 equally spaced hydrophones
(38.1 m for LF; 12.8 m for MF and 4.75 m for HF). The

LF and MF apertures were interleaved.

The engineering sensor packages were interspersed

throughout the acoustic array, providing heading, depth,

temperature and tension data for performance monitoring

and recording.

Array Acoustic Front-End Electronics - Provided acoustic

signal conditioning, monitoring and switching capability.

* TAP III (Beamformer) - The frequency and time domain

beamformers provided processing, recording and display

of the acoustic signals. The frequency domain beamformer

was capable of forming all 64 beams simultaneously. The

time domain beamformer provided only 16 adjacent beams

simultaneously.

High Density Digital Recorder - This was the primary recorder

for "raw" acoustic data.

a Array Non-Acoustic Front-End Electronics - This was the processing

interface between the array non-acoustic data and the batch

processing and recording system having data display capability.

Integrated Navigation System - Gave the course and position

information utilizing a number of independent measurement

methods.

CONFIDENTIAL
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3I Displayed this information both on the bridge and in

the instrument room.

Inputed the data to the Batch Processor.

e Non-Acoustic Data System - Prov;ded system status, ship's

j velocity and ocean environment information.

0 Synchronous Time Code - Synchronizing connection between

rubidium clock in the Integrated Navigation System to the

High Density Digital Recorder time code generator and the

TAP III time code generator.

* Analog Tape Recorder - Recorded the output of the time

domain beamformer.

"* Batch Processor and Recorder - Assembled all non-acoustic

-- data and periodically cransmitted these data to the beam-

former system for simultaneous recording with the beam-

former data.

Provided off-line data analysis capability.

e AN/BQR-23 Analyzer with hard copy writer - Provided analysis

of 16 selectable beams.

Provided output of 16 selected and analyzed beams for

tape recording.

Provided hard copy of 1 selected beam.

(U) There were a number of other systems that provided support to the

I . LAMBDA system:

* Array Deployment/Retrieval - The array was stored on a

spool at the stern of the ship with array deployment/
retrieval being controlled from a monitor house sitting

"above the spool.

Conmmunications - The communications system utilized Marisat

for primary encrypted/unclassified ship-to-shore communications
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with CRATT and bridge HF as back-ups. Ship-to-ship

communication was handled through additional VHF and

UHF radios.

e Power Generation - There were three power systems on

board: ship, instrumentation and uninterruptible.

Most equipment drew from the ship power system. The

instrumentation power ..,as designed to provide an electrically

quiet ground for the instrument room. The uninterruptible

power system provided a limited battery back-up capability

to permit selected equipment to perform shut-down

functions in the event of power failure.

(U) The system was installed on-board R/V INDIAN SEAL, a 205 foot long

supply vessel with a beam of 40 feet. The ship had two main engines each

providing 2,000 shaft horsepower, and was equipped with two variable pitch

propellers. The vessel had a 10 knot cruising speed. Minimum low speed

was a nominal 0.75 knots.

2.1.2 System Operation

(U) The system was operated to serve two purposes: data collection

and realtime data processing. Data collection consisted of recording raw

acoustic data from the 64 individual hydrophones of one of three arrays

(LF, MF, or HF) on the high density diqital recorder. This recording enabled

post-analysis processing of sectors which were not searched in realtime and

the application of different processing parameters to the data. The array

selected for recording presents the only limitation in the application of

these parameters. Realtime data processing uses either the time domain or

the frequency domain beamformer. The time domain data are stored on analoq
magnetic tape and are simultaneously processed and displayed in real time by

the BQR-23 spectrum analyzer. The output from the frequency domain beamformer

is stored on digital magnetic tape for further processing in the batch

computer.
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(U) The time domain beamforrner provides time-frequenry information for

16 adjacent beams. The search sector width depends upon the relative steering

angle and the array selected. (At broadside, the sector width is 480 for

4 the MF array.) Four selectable adjacent beams are presented on the CRI of

the BQR-23 spectrum analyzer. The longest time history of this display ;s

approximately 13 minutes. This limitation affects the ability of the analysts

"to compare displayed acoustic data with previously observed acoustic events.

The BQR-23 also provides a hard copy of any one of the 16 processed beams.

The output of 12 of the 16 beams can be recorded on the analog tape recorder

for post-event analysis at sea and post-exercise analysis ashore.

2.1.3 ARRAY

(C) The LAMBDA III array consisted of three different acoustic arrays:

the low frequency array (LF), the mid-frequency array (MF), and the high

frequency array (HF). In addition, the array had six depth, temperature

and heading modules; fore and aft vibration isolation modules (VIMS) and

parachute tail drogues. The LAMBDA III array was a geophysical type hard-

wired array. The tow cable was a torque balanced, 5.125 cm diameter armored
cable with an overall length of 1485 m. This cable was configured to tow

the array at cable scopes between 200 and 1200 m with 450 m of "zip on"

flag fairing. The cable consisted of 216 twisted pairs and 7 shielded

twisted pairs. The lower end of the tow cable had an optional additional

mass (543 kg) in the form of 11.4 cm diameter lead cylinders, wnich were

band-strapped to the cable.

(C) The LAMBDA III array was used in several different configurations.

Generally the fore end of the array had 600 m of VIMS while the aft end had

300 m of VIMS preceding the tension producing parachute or rope drogues.

The HF array preceded the MF and LF arrays.

(C) These three acoustic arrays had 64 hydrophone groups each. The

HF array hydrophone groups were center spaced at 4.75 m. Each HF group had

seven series-connected Benthos AQ-l hydrophones. Both the MF and LF hydro-

phone groups consisted of two of these seven series-connected groups

connected in parallel. The MF array which was nested in the LF array

consisted of 64 groups of hydrophones center spaced at 12.8 m. The LF
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array consisted of 64 hydrophones with a center spacing of 38.1 m. This

resulted in a HF array of 300 m , an MF array of 806 m and an L, array of

2,400 m acoustic aperture (Figure 2-1).

(C) The Benthos AQ-I hydrophone (Ref. 6) had a nominal free field

sensitivity of -203 dB reV/Pa over the 5 Hz to 1000 Hz band. This hydro-

phone was designed to operate at ambient pressures of up to 21 MPa and in

the temperature range of -2 C and 300 C. The nominal capacitance of this

special lead zirconate/lead titanate hydrophone was 120,000 pf. The hydro-

phone itself weighed 17 grams and was 5 cm long. This hydrophone was air

backed and was mounted in an open cell urethane plug within a stainless steel

jacket. This jacket was mounted in a spider mount fastened to the array

strength members. This hydrophone was observed to have a sensitivity that

changed less than 1 dB over the pressure range 0 to 21 MPa and a sensitivity

change with temperature less than 0.3 dB ove,- the range from -20 C to 300 C.

(C) Each hydrophone was connected to a .lf capacitive coupled

differential amplifier. The input to this amplifier wasprotected by a

diode clipping circuit. The amplifier had a gain of 30 dB and a +.02 dB

gain stability in the -20°C to +22 C temperature range. The amplitude

response was down by 3 dB at 4.5 and 500 Hz. The roll-off at the low fre-

quency end was 4 dB per octave while the high frequency roll-off was 3 dB

per octave. The noise value for this preamplifier was -145.6 dB re IV

@10 Hz (0.4 db re lpPa equivalent) and -152.6 dB re IV @300 Hz. The

differential input was maintained balanced to a virtual ground to provide a

common mode rejection of greater than 70 dB. The amplifier had a dynamic

range of 115 dB.

(C) The signals from all the hydrophones were conditioncd at the tow

ship by the use of differential signal conditioning amplifiers. These

signal conditioning amplifiers had selectable gain and pre-emphasis. The

amplifier response had a low frequency cutoff (3 dB down) point of 4.9 Hz

and rolled off at 12 dB/octave below that frequency. Without pre-emphasis,

these amplifiers were flat out to 300 Hz with a high frequency 3 dB down

point of 305 Hz. With pre-emphasis, the characteristic increased beginning

at 50 Hz with a slope of 5 dB/octave to 300 Hiz.
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2.1.4 The LAMBDA III Data Acquisition and Processing System

(U) The LAMBDA III Acoustic Data Acquisition and Processing System
is illustrated in Figure 2-2. This system was complemented by a Nonacoustic
Data Acquisition System (NADS). The Acoustic System consists of signal

conditioning amplifiers, 15 bit A/D converters, a high density digital tape

recorder subsystem and a TAP III processor. The acoustic and nonacoustic

data were processed on the off-line 21MX batch processor. The NADS system

sampleo all nonacoustic data such as array heading, ship heading, ships

speed, latitude, longitude, wind speed, array depth and array temperature.

A synchronous line code was utilized between the rubidium clock in the

integrated navigation system and high density digital recorder time code

generator. This integrated navigation system determines the positional

data using both satellite updates and ship course and speed data. The

NADS system which is continually running in the background of the HP21MX

batch processor maintains a time-indexed file of all these data, The 21MX

processor had two video displays, one high speed plotter printer, a 25-

megabyte disk and a graphics terminal. This allowed a graphically displayed

set of NADS data for specified parameters.

(U) Sixty-four channels of acoustic data were selected from either

the high frequency (HF). mid frequency (1F) or low frequency (LF) arrays.

After signal conditioning amplifiers and anti-aliasing filters these

1 sixty-four signals were digitized by a fifteen bit analoqldigital (A/D)

system with a I K1z sampling rate. A ;electable channel was converted

dt shrback to analog fcr analysis on the SD301 analyzer. The high density
S~digital re~ordler (NDDR) takes the output of the digitizers and uses a

_sample and hold" aw-lifier for simultaneous signal processing. The sys-

tee samples one thousand times per second per channel through an indepen-

Sdent multiplexer. A flexible input/output ca~abI1ty w•s built into the

unit to drive the Miller code encoder or read the output of the decoder.

The basic tape drive was a modified 14 track analog recorder. Twelve of

the 14 tracks were used for data, and track 13 was reserved for an IRIG B

U i
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time code. The frame consisted of 82 words. The HDDR system had simul-

taneous recording and playback capabilities which aided in monitoring the

output. The HDDR system was used to record the output of the LAMBDA array

whenever the array was operational. This included all measurement periods,

all turns, and all array stabilization periods.

(U) The Three-Array Processor, central to all shipboard data processing,

performs beamforming and spectral analysis for signals received by the LAMBDA

array by means of successive Fourier transforms. TAP III frequency domain

zeamformer hardware consisted of a Hewlett Packard 21MX computer, a Floating

Point System HP-120B high-speed array processor, a magnetic disk HP7970A, IBM-

compatible magnetic tape decks, and an interactive CRT keyboard display

terminal. The combination of this hardware and special software results in

an extremely flexible system. Figure 2-2a contains a block diagram of the
TAP II Processor. A detailed description of the processor is presented in

References 7, 8 and 9 (Appendix A of this report).

(U) The frequency domain beamformer provides a 0.08124 Hz frequency

resolution in three selectable 4 Hz bands anywhere within the total passband

from 3 to 305 Hz. The system operates at a fixed sample rate of 914.91

samples in 1 sec. In this experiment, the system was used to determine the

fast Fourier transform coefficients of sixty-four hydrophones and sixty-

four beams. These complex coefficients were written on a nine track magnetic

tape. The system response was 12.5 seconds of data every 62.5 seconds for

all 128 channels. Both tabular and graphical displays of the beam response

functions and hydrophone illumination functions were obtained from this

processor in addition to the magnetic tape record. The details of this

processor are discussed by Rennie (Ref. 8).

(U) In addition to FDB, we had a time domain Beamformer (TDB) which
-: 'operated in parallel with the FDR to form 16 beams in real time. These

sixteen beams were also recorded on a Sabre 6 tape recorder.

(U) The spectral data discussed in this paper were obtained with the

.08124 4z resolution and the complex coefficients of the FFT of 64 hydrophones

and beams written on the HP21MX 9 track magnetic tape. This digital magnetic

tape enabled onboard analysis of the data with the HP21MX batch processor

shown in Figure 2-2b. The basic off line processing scheme was to load

UNCLASSIFIED
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64 beams, 64 hydrophones and 25 time ensembles onto a data file on the HP

79A disk.

(U) The basic processing was accomplished with this large disk file

and the software resident on the batch processor.

2.1.5 Data Processing Techniques

(U) The TAP III processor has been described in Section 2.1.3 The band

levels for the sixty four beams and hydrophones in the three selectable band-

pass filter ranges processed by the TAP III were outputed on a line printer

and displayed on a CRT display. In addition these outputs were recorded on

magnetic tape. The output could be specified as the Fast Fourier Transform

(FFT) complex coefficients or the band levels for the hydrophones and beams.

In the CHURCH STROKE III Cruise I experiments the output was the complex

coefficients of the FFT's. The primary reason for this type of output was the
preservation of signal amplitude and phase. The duty cycle for this type

of data acquisition was 12.5 secs. of data and approximately 40 secs. of

processing. Backup files of all processed data were recorded on HDDR and

are maintained for further processing.

(U) The discrete Fourier Transform may be written as:

N-1

ki (mAf) h~xi (nh)-e-J2mn/N

" j n=O

where

T N The number of samples
Si The hydrophone channelp The pth ensemble

f The sampling frequency

h V/fs, reciprocal of sampling frequency

m The frequency bin number
*1 The frequency resolution

(p)

x (nh) - 0 for n s 0 'or' n . N-i

A UNCLASSIFIED
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1 (U) The power spectral density can be determined by the mean squared
pressure in a Af Hz band. We assume x1 (p)(nh) has the units of pressure;

i.e., all system calibration factors have been applied. It follows that

the mean squared pressure for the pth ensemble h sec long is:

(P) (P) (P) ,
P. (mif) X=(mAf).[xi(mAf)j

(U) Pi(P)(mAf) represents the estimate of the sauared pressure in the
th thmth frequency bin which is Af Hz wide for the p ensemble h sec. long.

(U) The number of degrees of freedom (Ref. 9.a) for this estimate is

2Afh. In our case we have 2Afh = 2 (.08124)(12.5 sec.) = 2. We wish to

obtain an estimate of the true mean spectral density', in this case,

proportional to the true mean square pressure. We must average or smooth

the data. We require the total averaging time to be short enough that the

process can be considered stationary. We also require 2AfhM be large enouqh

for a true estimate of the mean. For M = 12, 24, we have the following

% of data within spread dB spread dB
Sspread 12 ensemble 24 ensemble

40% 1.25 .88

600,.' 2.08 1.50

80% 3.33 2.33

90% 4.17 2.92

These estimates are based on a white noise distribution of enerqy. When we have

a single peak in the spectrum of data with high signal to noise ratio then we can

use K = 2 degrees of freedom provided that 1/h is not small compared to the
width of the line. To insure a higher degree of confidence averaging wab

employed. The average mean squared pressure was thus determined.

e• (P)

M
p=i e

where Me is the number of ensembles and the variance

UNCLASSIFIED
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M e
Me(P)2

4. P• • /
•.~ 2t (MAO)...

P=1 e

p-p~

(U) When spatial averages were employed we have

, N N M
S s e

P(mAf) = ei (i L (mAP)"SN YNsM
i~li=l p=l)S

where N is the number of sensors.

N M
S e

1
a 2 (mAf) p-. I(Ns-l). (M eI)

Si=l p=1

(U) In addition to the estimates of mean square pressure and its band

level, we can also estimate the cross power spectral density, the magnitude
squared coherence and the phase coherence. The cross product is defined as:

(p) (P) (P)Pi (mAf) X (mn~f) [Xj (mAf)

"("p) (P)*
argmet f xi(mAf).-x (mrf)j. exp(io)

where the cross power is proportional to the magnitude and the phase is in the

argument of the exponential in the above expression.

* (U) The magnitude squared coherence is defined as

2 () ( ) 2
* ~(P) lxi X 2

SSC Y~ij (p) (p)

P, |
UNCLASSIFIED
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Averaging is performed on the ensemble number p and statistical considerations
apply as before.

(U) These values all represent band level estimates of the mean squared
pressure. For plane waves we then have that the intensity (I) is proportional
to the mean squared pressure times the sonic velocity (C) and density (p.).

PC

a reference pressure is taken as l•Pa and all quantities are converted to

band levels

Band level dB re lpPa = 10 Log 2
[~rJ

For cases of white noise one can apply a bandwidth correction:

Spectrum level dB re (lpPa) 2/Hz 10 Log 2 10 Log(Af)

for the Af = .08124, the correction is +10.9 dB. We have not applied this
bandwidth correction to the estimate of the narrowband signal level.
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2.1.6 System Calibration

S(U) Acoustic data obtained in this experiment were referenced to
absolute values through several calibrations. The individual hydrophones

were carefully selected on a "binning" technique described by Doolittle

(Reference 6) to ensure reliable and consistent sensitivities. CAVAC tests

were performed at Benthos to provide a secondary calibration of each hydro-

phone to a reference standard. Test of the acoustic sensitivity, capacitance,

resistance, and other parameters were performed at NRL/USRD, Orlando, Florida,

I on a sample batch of thirty-seven AQ-I hydrophones drawn from the production

line as procured and accepted by Texas Instruments for use in the LAMBDA III

array. Individual array modules were CAVAC calibrated by George Pickens ofj NOSC to ensure that a secondary calibration on all hydrophone groups was

j available. Electronic calibration of the system was accomplished by use

of two techniques. The first was the built-in system calibration whic[

usea square wave signal injected into the hydrophone preamplifier providing

a calibration in amplitude and phase for the entire system. The second
technique using the NOSC-developed inverse beamformer allows use of signal

plus noise as a calibration tool at preselected steering angles. These

calibrations were done on a routine basis to ensure the integrity of these
absolute values.

I. (U) These calibration techniques were evaluated by R. Hecht (Ref. 10).
This particular evaluation used a 57.2 Hz sine wave at a level of -14 dB
re 1 Volt. The measurement from the input to the signal conditioning unit

to the output of the TAP III calibration program revealed a 1 to 1 transfer

function. Using a bandwidth of 0.08124 Hz the operating channels were

found to have an amplitude standard deviation of 0.126 dB (all measurements

within + 0.680. The calibration technique was employed to insure relative

calibration of the channels during the course of these measurements.

(U) In addition to these experiments, a Lloyd mirror calibration was

performed prior to these measurements. The purpose of the Lloyd mirror

calibration was to provide an at sea verification of the absolute calibra-

tion factor. The Lloyd mirror calibration uses the interference pattern
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from the surface reflected ray and direct ray of sound. Th s interference

produces an easily recognized pattern of maxima and minima in the received
signal and noise level as the range between the receiver and source is

varied.

(U) The field of the source can be observed in three distinct regions,

the near field, the interference field and the far field. The near field is
that region where the effect of the surface reflection is negligible and
the spreading is spherical. The interference field is the region dominated by
the constructive and destructive interference between the surface reflected
and direct paths. The far field is the region where the source and its

image appears as a dipole and fourth power spreading is observed. The
Lloyd Mirror calibration was conducted in the Interference field; that is

distances greater than 2 (dsdR)/ 2 . In the interference field the intensity

is given by:

I = I (I + 2 _ 2p cos (wOT))/R2

where 10 intensity of direct arrival at one meter from the source

the surface reflection coefficient
= 2rfo (Hz)

T = time difference between the surface and direct arrivals

R = range separation between source and receiver

This equation clearly shows that four variables must be known: the source

level, source frequency, the surface reflection coefficient and the source-
receiver separation. The source level and frequency are independent cali-

brated values of 170 dr. re luPa @ I m and 173.13 Hz.

(U) The surface reflection coefficient can be taken as unity for

these frequencies. This term could represent a major contributor to the
short term variation of the received signal. The reflection coefficient
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pertains to the specular reflection of the sound wave at the pressure

release surface. When the surface is flat or disturbances of the surface

are small compared to a wavelength, the reflection coefficient is indeed
unity. However when the surface is not flat, due to the existence of

higher sea states, the reflection coefficient is less than unity and thus

scattering may become important as surface disturbances approach the
wavelength of the sound. In this calibration measurement a sea state less

than 4 was observed and Ml= was used. That is to say, we did not
have a fully developed sea but wind speeds up to 19 knots were observed.

(U) The last variable in the equation is the range separation
between the source and receiver. Ideally we would require the knowledge

of the range exactly in order that we could predict the exact range of

the maxima. However in those cases where one does not have an exact know-

ledge of the range the intensity of the maxima is given by
1= 4 o1/R2

We can identify the maxima from our experimental data and predict the

measured intensity with the approximate range.

For the Lloyd mirror calibration relative range between the source and receiver

was determined by precise knowledge of the location of the source and receiver

at selected times. Between these reference locations a constant speed
was assumed to estimate the range. As we were unable to maintain an exact time
reference between the acoustic data files and the ship's position, the

approximate ranges were estimated from the approximate lines and the range plot.

k. Referencing Figure 2-3 we see that the geometry chosen for the Lloyd mirror

calibration was simply a straight tow track past a moored sound source with
the closest point of approach (1650 m) well within the interference field

(, >854 m for ds = 911 11 and dR = 200 m). Figure 2-4 shows the true earth

speed of the tow ship for this track while Figure 2-5 shows the measured

SI• acoustic band levels. These band levels were observed by use of an SD-301

* (spectral dynamics analyzer) while the acoustic data was being obtained

UiS
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dr 200m I

R2  ds =911m

r

S

(BOTTOM DEPTH 3170m)

THE LLOYD MIRROR GEOMETRY, Vertical

FINNEX

TOW TRACK"'.

CLOSEST
POINT OF APPROACH 1650m SOURCE

fo 175.13 Hz

L- SL 170 dB re Pa Im.

CS- 9lim

A5751m

VCOMEX

THE LLOYD MIRROR GEOMETRY. Horizontal

Figure 2-3. (U) Lloyd Mirror Geometry (U)
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Figure 2-5. (U) Estimated Ranges for Lloyd Mir-or

Calibration Measuremnts (U)
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with the TAP III data acquisition system. This figure clearly shows the
•- successive maxima which one would expect from the Lloyd mirror effect.

The figure is labeled with the estimated range.

- (U) Concurrent with the measurements performed with the SD-301, data were ob-

tained with the TAP III system. These data were processed on the HP batch
processor to yield band level versus time for all twenty-four hydrophone

SIchannels as shown in Table 2-1. These data are shown for several peaks.

Of the twenty-four hydrophones three (112, 17, 18) consistently were low.
Mean levels were determined with and without these phones. The variances
were also determined. With all phones the standard deviations ranged from

1.38 dB to 1.84 dB increasing with a decrease in the signal to noise ratio.
Without the three low hydrophones these standard deviations were between

0.17 and 0.5 dB, very low values. The data in Table 2-i clearly show that

the relative calibration over all the hydrophone channels was quite good.
The consistency of these results is probably a direct consequence of the

calm state of the sea.

(U) A comparison of theoretical results with the values obtained with the SD-301
are tabulated in Table 2-2 and show that on the averag our measurements agree
with the prediction vitain a dB when we are close to the LPA and our rangeI etennination is more accurate. Farther away fromin the CPA out- unce-'taittyf increases as much as 1.4 tlU. This disagreement •'ith theory is most
likely due to the uncertainty in our range estimates at these distances.

The basic result of this at sea calibration is that in those instances

(PN 3,4, 5) wiere the ranges we% known, sea state calw. dnd speed constant

m Iwe were able to verify that we are within + .7 dB of our system calibration

factor of 186 d4 re 1 Voltl1nPa.

UNCLASSIFIED



Pacje 26 UNCLASSIFIED
11

u.. n u' . &n .%0 %- a ' - 2 a 42 C2 a

"40
OOOOOOn to0000t 000000 "0

r1 --C~ - - -50 -SU
" S •"...............................

--( - - - - - -- - -- -

17! 11: 9 C! 9 ,o C
S'A0 Iq -

-. i -i +,.j 0i %0V%-"-w a w, -M. • • -"Men-" P+ t"- •

"- 00000 0000 W_ "0 amp

nl l:•. •' 00 00 002• • - 0--00000,.• 0. . a. '

- " ~~ ~~.........tl

~2 O ~ O ~ ' 00- -e - -c C

V 
. . . . . . .

c a a71 00.0. en 00000.,,.Q0 a

a -- - -------- - - - - - - - -

+4 v

zI

ci

t%0 C OCO? CO~0 43,--P -- ! --- --- 
. . .- - .

C*00044o o 49W * i=cc o *,

Cso wr. Co oo OO O 0a W' W0 0 0

%n #a- -0 ---

do.C ~ 4 
c 

90~~*re~ .

8888~88Etta 31 8888A

UNCLASIFIE

4i ~



UNCLASSIFIED Page 27

Wa. Lui V

C

W 
or

La0Z00000a 0a0 0 aa000 0 00O OQ .C000

-ro

cu, Cý -iwc 0m-r q 0 %0 0 W0 %0~ Ln 0C J$.

0000aCD0 0 0 0 0 0 aD0 0000 00 0 0

E w 0.

00

:) 0 Lo

ojc

0 40

-D Was

vt C..:mC-jC XI Cv

U NCLASSIFI ED



t

28 UNCLASSIFIED

2.2 MOORED SOURCE
(U) Acoustic benchmark for the exercise was provided by a Webb Sound

Source moored at the approximate depth of the sound channel nominally 100

miles from the LAMBDA operational area on the track of the towed source.

(U) The Webb Sound Source developed and manufactured by Woods Hole

Oceanographic Institution is an organ pipe type source made of 12" diameter

6061 aluminum cylinder with a wall thickness of I". At one end of the

cylinder a ceramic bender transducer is mounted, the other end is open. Two

such organ pipes are attached onto a longer cylinder of the same material

and diameter that contains the necessary batteries and electronics for

driving the transducer. The electronics/battery housing gives inertia to

the system so that the organ pipe cylinders are essentially stationary in

the water.

(Ii) With 'he qavelengch long compared to the radius , the bender acts

like a piston in that only the zero order mode (plane wave) is generated in

the tube cut to approximately \/4. This cutting is actually done

to give Plaximum conductance to the driving amplifiers. Due to the standing

wave effect or standing wave ratio, the open end acts as a source which is

some 104 times stronger than that produced at the other end.

(U) The diffraction of a scalar plane wave by an aperture in an

infinite plane screen-- the basis for the operation of the Webb Sound Source--

is examined theoretically by Levine and Schwinger in Reference 11.

(U) The technical and operational parameters of the Webb Sound Source

are sunmmarized in Table 2-3. An outline drawing of the Source is presented

in Figure 2-6. The source was calibrated by the Underwate- Sound Reference

Division of the Naval Research Laboratory before deployment.
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i.

4 iTable 2-3. (U) Technical and Operational Parameters of the
Moored Webb Sound Source Deployed During
the Church Stroke III Cruise 1 Exercise (U)

Overall length 5.37 m
Length of organ pipes 2.13 m
Diameter of organ pipes 0.30 m

Weight in air 459.6kg
Maximum operating depth 2000 m

Carrier frequency nominal 175Hz

Frequency stability +Ilppm
Acoustic power output level 17ldB//hjPa at 1 m

Modul ation Contiruous wave
Endurance 3 weeks continuous

-' Position:

-ILatitude 240 41.1'N
* Longitude 8g4 29.8 W

Depth of source 988 meters
Depth of bottom 3416 meters

-. Date of deployment 06/2113Z July 1979

Date of recovery 19/1630Z July 1979

Optimum sound velocity for 1490 to 1494 m/sec.
-- operations
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Figure 2-6. (U) WEBB Sound Source Deployed During
CHURCH STROKE III CRIUISE 1 (U)UNCLASSIFIED
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2.3 TOWED SOURCE

ary(U) A source, emitting high level CW signals for transmission loss and

array performance measurements,was installed on the USNS DESTEIGUER. The

source built by Honeywell was operated by personnel from the Naval Ocean

System Center (NOSC).

(U) The Honeywell HX-231F projector is an omnidirectional sound source.

It consists of four sections formed from a lead zirconate titanate ceramic

bender bar transducer, driven by a step-up auto transformer with a turns

ratio of 1:3. Manufacturer's specifications are presented in Table 2-4.

(U) The HX-231F projector is enclosed in a tow body designed to provide

protection during deck handling, reduce drag and provide stability while

towing.

(U) For monitoring the output of the acoustic source the ITHACO Inc.

Model 601 wideband hydrophone was used. A National Inc. absolute pressure

transducer calibrated by NOSC was used as a depth sensor attached to the tow-

body.

(U) A schematic of the Acoustic Source System is presented as Figure

2-7.

(U) The HX-231F source was calibrated acoustically at Lake Pend Oreille

before installation on the USNS DESTIEIGUER.

(U) A detailed description of the HX-231F and its support systems is

provided by Reference 12.

(U) The HX-231F was operated at two frequencies 67 Hz and 173 Hz with

source levels of 179.3 and 183.4 dB respectively. Source levels are given

relative to lPa at 1 meter.

US
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Table 2-4 (U) Technical and Operational Parameters
of the HX-231F Sound Projector Deployed
During the Church Stroke III Cruise 1
Exercise (U)

• -7
Number of Modules ........... .................... 2

Number of bars ........... ...................... 28

Weight in air ...... ...................... .... 3700 pounds

Exterior envelope

Length ..... ....................... ...... 80 inches

Diameter to contain unit ........ .............. 32 inches

Weight in air with tow body ....... ............... 4500 pounds

Resonant frequency ..... .................... . . ... 104 Hz

Maximum measured source level at fr
(re l1Pa ) .............................. 192 dB

Calculated maximum source level
possible at f. ..... ...................... ..... 202 dB

Directivity at fr ..................... Omni

Transmitting efficiency at fr ...... .............. 20 percent

Maximum operating depth ..................... ..... 206 m

UNCLASSIFIED
.............



I -V UNCLASSIFIED Page3

I.

LAB f LOAD CELL

LLI

TOW CABLE

I I.

TRANSDUCER

I Figure 2-7. (U) Acoustic Source System Installed on USNS De Steiguer
for CHURCH STROKE III CRUISE I (U)
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3. DESCRIPTION OF THE EXERCISE

1. (C) The objective of CHURCH STROKE III was to obtain the data necessary

for assessing passive acoustic surveillance alternatives at the entrance and

approaches to the Gulf of Mexico. Particular emphiasis was placed on the wide

aperture towed array (LAMBDA). The objective wus addressed through specific

measurements of propagation loss, bottom interaction, array performance, and

environmental factors.

(C) In response to recent CIlICLANTFLT concern over understanding of

operational performance of ASW systems in the Gulf of Mexico, the Director

ASW and Ocean Surveillance Programs, OP-95 tasked the Director, LRAPP to

investigate the environmental parameters necessary to consider long term

* solutions to the ASW problems of the Gulf of Mexico. Specifically, a

measurement exercise was to be performed which would address the ocean acoustics

aspects of knowledgeable assessment of surveillance alternatives at the

approaches and the entrance of the Gulf of Mexico. The measurement exercise

was accomplished and data permitting the evaluation of mobile and fixed ASW

systems was obtained.

3.1 COMMAND, CONTROL AND COMMUNICATIONS

(C) The CHURCH STROKE III Cruise 1 Exercise took place in the entrance

to the Gulf of Mexico between the Florida and Campeche Shelfs northwest of

Cuba during the month of July 1979. The R/V INDIAN SEAL deployed the LAMBDA

system in the Catoche lungue at two operational depths of 800 m and 400 m.

The USNS DEST7IGUER deployed the HX-231F towed acoustic projector providing

CW signals at two frequencies (67 Hz and 173 Hz) for transmission loss and

array perfcrmance investigations. The tow depth of the HX-231 was at 100 m

throughout the exercise. The Webb Sound Source was moored at a strategic

location of the exercise area and provided an acoustic benchmark emitting

a 175 Hz CW signal during the duration of the Exercise.

-ONFID PET I
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(U) The CHURCH STROKE III Cruise 1 Exercise was sponsored by the Chief

of Naval Operations (OP-095) and, due to the involvement of Fleet assets in

phases of the exercise other than that addressed by this report, was conducted

under the direction of Commander in Chief, U.S. Atlantic Fleet (CINCLANTFLT).

CAPT. N. E. Koehler, USN was assigned as the Officer in Charge of the Exercise

(OCE)/Officer in Tactical Command (OTC) and CDR. T. A. Northam, USN was

designated Project Officer by CINCLANTFLT. The Program Manager was Dr. R. D. Gaul,

Director LRAPP; Dr. D. L. Bradley was designated Technical Manager. Subsequently
Dr. Gaul was succeeded by Dr. Bradley as Program Manager and Mr. Charles E. Stuart
replaced Dr. Bradley as Technical Manager. Mr. J. T. Gottwald, TRACOR, Inc.

was assigned as chief Scientist of CHURCH STROKE III Cruise 1.

(U) The Chief Scientist was responsible for organization planning and

implementation of the techrical aspects of the exercise. Mr. V. Anderson,'

Underwater Research Corporation, served as Exercise Director and provided

integration of operations.

(U) Durinoi at-sea phases of the exercise, the Excrcise Director and the
OTC/Project Officer were located at Exercise Control (EXCON), CINCLANTFLT
Headquarters. The Exercise Director was responsible for coordinating at-sea

operations and for liaison with Fleet Commands.

(U) The Chief Scientist aboard the R/V INDIAN SEAL directed at-sea

scientific and technical operations. The Principal Investigators aboard the
participating vessels conducted the data acquisition and analysis tasks of
their specific areas of responsibility.

(U) Masters of the participating vessels were responsible for ship

operations and movements in accordance with the Exercise Plan and for crew

and ship safety.

(C) The primary communication link between R/V INDIAN SEAL and EXCON
was via MARISAT using secure channels. Communications were in accordance
with applicable Naval Telecommunications Procedures. Message releasing

CONFIDENTIAL
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authority was vested in the Chief Scientist for technical matters and in

the ship's Master for matters concerning ship operations.

(U) Communications traffic were held to an absolute minimum.

(U) Participating fleet units communicated via the U.S. Naval

Telecommunications System.

3.2 AREA DESCRIPTION

(U) The acoustic and environmental characteristics of the CHURCH

STROKE III Cruise 1 Exercise area were assessed by pre-exercise efforts.

The results are published in Reference 4. The following description of

acoustic, physiographic and oceanographic parameters of the exercise area

is partially based on these results, augmented by the measured and analyzed

bathymetric and sound velocity characteristics.

(U) Parameters vital to the analysis of the acquired acoustic data

but not measured during the exercise were derived from information

established by preassessment efforts and published in Reference 4.

3.2.1 Area Covered

(C) The area included in CHURCH STROKE III, Cruise 1 is the eastern

Gulf of Mexico, including the Straits of Florida. This area is roughly

described in Figure 3-1 by the physiographic provinces identified as the

Mississippi Cone plus the Straits of Florida. The exercise area extends

over the slopes onto the shelves shown in Figure 3-1.

(U) The Gulf of Mexico is almost totally surrounded by the North
*• American continent and Cuba. The exercise area of the Gulf bounded by

the latitudes 220N and 30°N is within the region that experiences tropical

storms, particularly during the months of August, September and October.

(U) The entire exercise area is in a region that experiences strong

and highly variable currents. Shown in Figure 3-2 entering the area from

the south throuqh the Yucatan Channel is the Yucatan Current which has been

measured at four knots near its western edge. As the current enters the

CONFIDENTIAL
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J Gulf of Mexico, part of it turns east and flows into the Straits of Florida,

while part of it flows north to form the Loop Current of the Gulf of Mexico.
The Loop Current and the anticyclonic gyres which separate from it are the

major circulation features of the eastern Gulf of Mexico. The northern

penetration of the Loop Current is reported to be cyclic with periods

variously reported between six months and a year. At its northern extreme

the Loop Current "loops" to the east then south southeast where it rejoins

the flow from the Yucatan Current into the Straits of Florida.

(C) The locations of the exercise reference sites are shown in Figure

3-3 and tabulated in Table 3-1.

Table 3-1. (U) GEOGRAPHICAL LOCATIONS OF CHURCH
STROKE III CRUISE I REFERENCE SITES (U)

Reference Site Latitude (N) Longitude (W)

Moored Source 240 41.1' 840 29.8'
E 230 37' 860 0
F 250 22' 83r 30'

G 220 40' 870 19'

3.2.2 Curr nts

(U) Currents can be expected to influence relatively low speed ship

* operations in the area. One can expect to frequently encounter surface
currents of at least one knot. diminishing with depth. Near-bottom currents

Smay however, also be a non-neqliqible factor affecting measurement systems.

L Currents in the exercise area can influence the acoustic propagation conditions.

3.2.3 So•nd Ve.cPtyrof i les

(U) The warm saline water flowinn from the Staits of Yucatan into the

cooler Gulf of Mexico worduces a significant lateral change in sound speed
£ structure as illustrated in Figure 3-4.

CONFIDENTIAL

: .'P "_"_" - -' -- T .. . . . • " • - , - T .. . . I



Page 40 CONFIDENTIAL

7I

Or
F ToNI

.111
A ~ \N6

* *- E

IF..

9..

sr -w a

Fii~ure 3-3. (C) R~eference Sites ,'or CHURCH STROKE III
CRUISE I Operational Area (U)
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(U) The isovelocity contours superimposed on the bathymetric profile

along the Exercise Baseline (G-E-F) were derived from 32 selected sound velocity

profiles. The location of these 32 sound velocity profiles are marked as

function of range from Site E. the general vicinity of the receiver during the

exercise.

(U) P. marked shallowing of the isovelocity contours above the sound

channel can be observed at a range of approximately 20 nm from Site E towards

Site G. The effect nf the Loop Current at the other end of the Exercise

Baseline, towards Site F, is not so pronounced.

I(') Fifteen representative sound velocity profiles out of the 32 used

in the derivation of the isovelocity contours presented in Figure 1-5 are

surerimposed on the bathyretric profile of the Exercise Baseline in Figure 3-4.

Prcfile numbers used in Figure 3-4 do not correspond with those used in Figure 2.

(U) Figure 3-6 is a composite of sound velocity profiles along the

Exercise Baseline. Profile numbers are related to the corresponding profile

numbers used in Figures 3-4 and 3-5 by the code of Fioure 3-6.

(U) The sound velocity profiles show a marked variation of sound speed

as ," function of location relative to the Loop Current. Profiles 1, 5 and 6

which show the most drastic an'ialy from Profile 3 - the profile derived

froa temperature measurements taken in the middle of the Loop Current -

were located either on the West Florida or the Caweche Shelf in shallow

water thus having no effect on measured transmission loss at Site E. Profile

4 obtained 42 miles towards Site G from Site E on the slope may have affected

transmission loss characteristics along lens E-G and G-E.

(U) The material used in this sectiDn is based on Ref. 13.

(U) The propagation of sound at long rii-qes in the Exercise Area is

primarily limited by the ocean bottom due to the warm water near the surface

and the shallow water depth relative to the critical depth. Fiqur 3-7

taken from. Ref. 14 shows plotted contours of depth difference or 'negative'

depth cxoess for the stomer season. These cntours are the difference botwe'n
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*Figure 3-6. (U) Composite Sound Speed Profiles for
* CHURCH STROKE III CRUISE 1 (U) (Ref. 13)
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critical depth and local bottom depth in 100 fathom units. There are no data
at any time of the year to indicate the presence of positive depth excess.
Thus, bottom limited propagation is the rule in entrance to the Gulf of Mexico,
the region covered by Church Stroke III, for shallow sources.

(U) An estimate of the minimum grazing angle, om, for bottom limited
rays can be obtained from the deep water sound velocity gradient, g, the
depth difference d, and surface sound velocity, C0

em = Cos (1 + C0 ) g < 00

For the contours shown in Fig. 3-7, the values of em for given values of

d expressed in fathoms are as follows (g = 0.0178 secl):

d (fathoms) em

500 8.3

1000 11.7 0

(U) Bottom loss in the Church Stroke III area was computed during pre-
exercise estimates (Ref. 15) from a two-path model of bottom interaction, the
first path being the reflection at bottom depth, and the second, the refracted
path through the underlying sediment. The result is plotted for three classes
of bottom as bottom loss/reflection versus grazing angle in Fig. 3-8 (ref. 14,
fig. 6). The bottom loss for the 8o 0ray at 50 Hz is less than IdB/reflection,
regardless of which attenuation class is used.

(U) Sound attenuation by absorption has been measured recently (Ref. 16)
during the KIWI ONE propagation measurements. The path of these measurements,
from the Mexican Basin northeast toward the Florida shelf extends into the
Church Stroke III area. The sources were aircraft-dropped SUS charges. The
attenuation coefficient was determined by the deviation from the cylindrical
spreading loss. The values of attenuation coefficient are compared with the
Thorp formula in Fig. 3-9 (Ref. 16).
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Figjure 3-8. (U) Bottom Loss Estimates for Mississippi Fan (U) (Ref. 15)
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KIWI ONE Results (Ref. 16) (U)
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3.2.5 Ambient Noise

(U) Ambient noise in the area is expected to be most strongly influenced

by local shipping, particularly in the Straits of Florida. In addition, it
is anticipated that oil exploration and recovery off the Texas - Louisiana

shelf will influence the ambient noise in the exercise area.

(U) Shipping throughout the entire exercise area is dense. The greatest
concentration of ships is through the Straits of Florida along the Florida Keys.
The density of ships increases from east to west through the Straits reaching

a maximum at that point beyond the Florida Keys where the ships fan out to the
various ports of the Gulf of Mexico.

(C) An estimate of the density of the sum of merchant ships, tankers,
and large tankers within the Gulf of Mexico is found in the Historical

Temporal Shipping (HITS) data base.

C
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4. EXPERIMENTAL RESULTS

(U) Experimental data relatinq to sound propagation and towed array
.)erformance in the Florida blain reqion and the Catoche Tonnae. wprp ohtained

over a three day period. The acoustic measurements with both a towed and a

moored source were conducted along a Northeast-Southwest track as described

in Section 3.2 and shown in Figure 3-3.

under relatively calm seas and clear weather. The LAMBDA III towed array was

used as the receiver for signals from both sources. The M/V INDIAN SEAL

deployed and towed this array at speeds of less than 1 to 1.5 knots in a

direction so as to place the towed and moored source at a near broadside

bearing during the acoustic measurements. The source ship USNS DESTEIGEUR

opened or closed range with the nominal receiver location, E, on four legs

designated F-E, E-G, G-E and E-F. Transmission Loss measurements were obtained

on each of these legs and are presented by legs in Section 4.1. Section 4.2

presents the measured received signal characteristics including the array

performance as measured by array signal gain, noise gain, array gain and

measured beaimidth. Section 4.3 presents the results of signal fluctuation
measurements for both short term (12 to 25 minutes) and long term (22 hour)

periods.

4.1 TRANSMISSION LOSS AS A FUNCTION OF RANGE

(U) In order to meet the objectives of determining long range

propagation loss as function of frequency, range, and receiver/source depth and

of defining bathymetric effects a series of measurements were conducted

in the operational area.

(U) The LAMBDA III system, towed at a slow speed in the Catoche Tongue

at the vicinity of Site E by R/V INDIAN SEAL, was used as the receiver for CW

signals transmitted by towed and moored sources. Signals at nominal 67 Hz and

173 Hz projected by the HX-231 F Towed Sound Projector were used to determine

transmission loss as function of range. A detailed description of the Sound

Projector and its characterisuics can be found in Section 2.3 of this report.

The Webb Moored Source described in Section 2.2 was used for array performance
and signal fluctuation investigations.

CONFIDENTIAL,i F .



Page 52 CONFIDENTIAL y

4.1.1 Measurement Techniques

(U) Signal band levels received by each operational hydrophone group of

the HF array were used in the estimation of transmission loss. The signal

processing used is described in detail by Section 2.1.4 of this report.

(U) The signal level estimates used in the determination of transmission

loss were derived bty averaging 12 or 24 data ensembles.

(U) Figure 4-1 gives the mean levels and the negative and positive variance

of the mean as function of frequency in three filter bands centered at 67, 173

and 175 Hz. The average is given for 24 ensembles.

(U) The same data are plotted in Figure 4-2. Doppler shifting of source

frequencies at the receiver have been accounted for in the analysis. The
spatial characteristics of the same received average signals as function of

hydrophone group location in the HF array of the LAMBDA are represented

in Figure 4-3. The length of the array is 300 meters.

(C) Examples of computer processed tabular and plotted values of received

levels in the 0.08 Hz wide processing band are presented in Figures 4-4 and 4-5.

"* (U) The temporal characteristics for the data presented in Figures 4-1

to 4-3 were not determined, however Figures 4-4 and 4-5 present typical
distributions of signal levels received by one hydrophone group as function
of time (ensemble number). The duration of the 24 ensemble average is about

17 minutes.

(U) The extent of spatial averaging due to relative movement of the source

and receiver was determined as less than 1 nautical mile. For most data ensembles

it was found to be close to 0.5 nmi.

(U) Que to array tilt, the transmission loss data were acquired

over a range of depths. This range was determined by the extent of

the tilt and averaged less than 40 meters with occasional excursions

to above 70 meters. Maximum variation in hydrophone group depths
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was 78 m. The effect of volumetric averaging of transmission loss was

assumed negligible. This assumption was based on FACT model runs at several

depths within the depth range of the hydrophone groups. The results of these .

runs showed no appreciable difference in predicted transmission loss as a

function of depth within the observed depth range of the hydrophone groups.

(U) Noise levels were established by averaging the received levels

in 3 processing bands on each side of the signal band located 4 processing

bands away from the signal band. This noise value was used to determine

signal plus noise-to-noise ratios for each received s.iqnal level.

(U) Transmission loss was derived by subtracting the received signal

plus noise level from the calibrated source level of the sound projectors

for signal to noise 1-atios greater than 2 dB.

4.1.2 Summary of Transmission Loss Data

(U) Tables 4-1 to 4-4 present a summary of the sound transmission loss

for each of four legs as measured by the technique described earlier. TL

values are given along with the measurement parameters relating to navigation,

transmitted signal and signal processing. These parameters, used to establish

the transmission loss estimates as a function of range in the headings for

She Tables 4-1 to 4-4,are defined as follows:

Mean Time: The midpoint of the time interval during which
V Ithe data ensembles were averaged. Time is reported as

Greenwich Mean Time (Zulu).

Mean Receiver Location: The location of the tow ship at the
Mean Time. Rectified navigation data provided by NORDA Code

4, l340 were used in the determination of this location. The range
error introduced hy using the location of the tow ship instead

A ,the mean location of the hydrophones was considered negligible.
Since the array was towed in a direction perpedicular to thebearing between the source and receiver this assumption is valid.

Mean Source Location: The location of the source ship at the Mean
Time. Rectified navigation data provided by NORbA •oie 340 were
used in the determination of this location.

Signal Level: Received signal band level of one of the tones
projected by the HX-231 F Sound Projector as determined by the
spatial veragirig of the output of at least 57 of the 64 hydrophones of the
array and timwe averaging of a given number of ensepibles (12 to 24)
"for each hydrophone.
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Signal to Noise Ratio: Determined by the difference between
the averaged signal band level and a noise level defined by
the average of three spatially and temporally averaged noise
band levels at each side of the signal band, starting four
processing bands away from the signal band.

Standard Deviation (u): The value of standard deviation for
the spatially and temporally averaged signal levels.

Transmission Loss: Determined by the subtraction of the
received signal level from the calibrated signal level of
the source frequency.

Range: Calculated great circle distance between the Mean
Receiver and Mean Source locations in nautical miles.

Bearing: Calculated true bearing from the Mean Receiver
location to the Mean Source location.

AR Source: The distance traveled by the source in the
directiun of the tow during the duration of the averaging
time for the determination of received signal level.
Rectified navigational parameters provided by NORDA Code
340 were used in the determination of this value.

AH Sensor: The distance traveled by the receiver in
the direction of the tow during the duration of the
averaging time for the determination of received signal
level. Rectified navigational parameters provided by
NORDA Code 340 were used in the determination of this
value. This value is given in nautical miles.

Mean Depth of Array: The depth of the center of the array
a-tth-e Mean Time in meters. This value was determined by
averaging of the depths indicated by the depth sensors
located of the front and at the end of the HF array. This
value is given in meters.

AD Sensor: The difference in depth between the depth sensors

at the tront and at the end of the HF array. This value is
given in meters.

'J: The elapsed time over which the number of data ensembles
were averaged to establish the value of Received Signal Level.

* Number of Averages: The nuiber of data ensembles averaged to
6t'a'r:-t'h-e aiRue-of eceived Signal Level .

(U) TL values are given for the two towed source frequencies. 671 Hz and

173 Hz, for ranges from 48 no to 136.9 ran depending upon which leg Is selected.

T' UNCLASSIFIED
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(U) The measured transmission loss (TL) for each of three legs E-G,

G-E and E-F is plotted as a function of range for the two frequencies, 67 Hz

and 173 Hz, in Figures 4-6 to 4-8. Measured bathymetry for each leg is also

shown on the figures. The depth values are based upon PDR (Precision Depth

Recorder) readings corrected for local sound velocity and were provided by

NORDA Code 340. Each point on the plots of TL versus range is a space and

time averaged value as indicated on the figure and discussed previously.

Lines connectinq these points are meant only to identify the data and

have no other purpose.

(U) No plot is presented for the legs F-E since there are only eight

data points at source depth of 100 m and receiver depth of 800 m.

(U) Depth-range relationships derived by using Site E as reference point

"and presented in Figure 3-4 were corrected for variations introduced by the

fact that the receiver did not always remain in the close proximity of Site E.

The correction was defined by

r = Dcos (o) I
where r = range correction

0 = Bearing of the location from E - Bearing of the

track used for the measurement of the depth profile.

D = Distance between the receiver and E at the time of
the measurement of TL.

(U) Corrections for legs G-E and E-F where negligible (it or less than J
1 nm) and therefore no corrections were applied. An average 22 nm were

added to the ranges for leg E-G due to the fact that the receiver was between

21.5 and 23 miles east from Site E on the track of the towship (nominal 2321T).

(U) The location of each leg was shown earlier in Figure 3-3. The r

bathymetry along the entire path F-G was shown in Figure 3-4 along with
representative sound velocity profiles constructed by NORDA Code 340 from

XBT records obtained on the DESTEIGEUR along the source tow track. Sound

propagation has been discussed in general in Section 3.2.4.
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4.1.3 Transmission Loss Ch :acteristics (U)

(U) The measured transmission loss (TL) as a function of range along

the track covered during CHURCH STROKE III, CRUISE 1, is influenced by

several effects incluaing:

1. Refraction of sound in water and sub bottom.

2. Bottom loss upon bottom reflection,

3. Changing bathymetry along the track,

4. Absorption by water,

5. Presence of ocean currents.

(U) Of these effects the influence of the first three may be seen

the TL measurements although accounting for each effect by itself in detail

is not possible. Since absorption of sound has been measured and reported

previously (Ref. 16), data may be corrected for this effect. The exact

influence of the loop current on transmission loss is difficult to isolate

from the bathymetric effect since the two effects appear in the same

range interval. (See the discussion on the data of leg G-E and E-G).

(U) Little meanino can be 01iven to the data without reference to the

general propagation characteristics. Thus, as a preparation to the discussion

of the TL data. a short sunutn1ry of the theoretical basis for data t,-eatmrz"t is

given.

W (U) The refraction of sound due to the variable sound viocity with

depth contbined with the shallci bottom depth produces ý bottoi,?-1 imited sound
Spropagation condition. This condition, coupled with a bottoua loss that increases

with grazinq angle. will cautse the transmissiov, at long ranges to be confined

to an illitial anqle ,.ector near tne upgoing limiting ray. Tnis ray gr.~cs

the surface and %trikes the tbeottt at the lonqest range of any ray produced

Sby the source. The downgoin. ray rtrikes the bottom at the crilcal angle

of bottkmr interaction. Steeper rays than ttose at the critical angle are

highly attenuated and suffer more bottom bounct s to a given range due toStheir fo, hortened cycte discance. hITs ih snewhat the case for rays which

have elevation anoles that e'ceed the limiting ray since they strike the

bottom it a shorter M-ta.ne and steeper angle Vian the limiting ray. The

UNCLASSIFIED
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sum effect is to concentrate the sound energy "near" the limiting ray

e3pecially at the higher frequency. It would be expected then that local
minima in the transmission loss would occur at ranges where the limiting
ray reaches the receiver depth and that the distance between such minima
(actually pairs of minima since the up-coming and down-going rays will be
met at slightly different ranges when the roceiver depth is not zero)

should match closely the cycle distance of the limiting ray. To carry the
argument further would require a detailed knowledge of the number of rays

that reach a given depth and range. Ray tracing and transmission loss
models were used during the analysis to accomplish this purpose and to
produce detailed comparisions with an interpretation of the data. At
ranges of the TL minima, the TL values are determined by the expression

TL 20 log R ' 10 log (R/R1) + -R + (4-1)S0

where R0 is the range it which the transition from spherical spreading to

cylindrical spreading occurs. R° is ir meters an! % is expressed in the
measurement units of R. f, is the mean number of bounces taken by the

rays between the limiting ray and critical ray and B is a mean loss per

bounce. The last term is an approximation to the actual contribution of
the rays after bottom reflection. The constant. , is the absorption
coefficient in dB/hnit range (dR/l=).

(U) It is necessary tj estimate the bottom loss in the experimental
data so that the residual effects such as proximity to a sloping bottom

may he treated. The term "slope effect" is useo to express the difference
between Peasured and estimated transmission loss when the source is over
the sloping bottom. Each leg is treated from this viewpoint in the next
three sections. The IL versus range data is fitted to a form similar to

Eq. 4-1 and the bottom loss and residual effects are then estiniated from
f •the data.

I (u) Of the four acousti data legs that were run during CKOM SMTOKE III,
•,• ( CRUISE I exercise. three resulted in data over a range io}terval that was long

Senough to warrant closer analysis. ip this Section the data is e.xamined in

UNCLASSIFIED
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order to separate the several factors that contribute to sound transmissiorn
loss: spreading, bottom loss, absorption, and bathymetric effects. The data
is considered and discussed separately by leg.

4.1 .3.1 Leg E-F

(U) Th', received signal data on leg E-F covers the largest range

interval of the four' legs that were run, (53 nm - 131 nm). It is also the

only leg where the source was in uniformly deep water (3400 m) fo- a sig-
nificdnt part of the run (53 nm - 108 nm). Thus this leg offers the best

opportunity to observe the characteristics of bottom-limited sound propa-
gation without the complications of a changing bathymetry, at least until

the longer range portions of the leg are reached.

(U) The locatior - measurement leg E-F is shown in Figure 3-3. The

bathymetry along leg s sketched in Figure 3-4 with representative sound

velocity profiles constructed by NORDA :'ode 340 (Ref.13) from the XBT records
obtained on the nESTEIGEUR along the L ý,.;--d cource track. Sound propagation

has been discussed in general in Section 3.2.4 and these data are shown in

Figure 4-8.

(U) The general character of the data may be described as follows:

(1) At ranges between 50 and 102 nmn TI. values tend to increase
with range. Hu..ever, peaks of minimum TL occur for the

61 Hz data at 55 nm, and for the 173 Hz data at 57 nm. A
sharp rise for 173 :1z at 73 nm and with a less well defined

peak in the region near 100 nm is also observed.

(2) At ranges between 102 nm and 108 nm the 67 Hz TL data shows
no strong trend but the 173 Hz TL values increase with range.

(3) At ranges between 108 run and 118 nm, the TL values decrease
with range. The 173 Hz data shows a higher rate of decrease

with range than the 67 Hz data. The TL values at both
frequencies display minimum values at 118 nm range.

(4) At ranges greater than 118 nm, the TL values increase with

range with the higher frequency data increasing at a higher

rate than the lower frequency data.

UNCLASSIFIED
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(U) By comparing the TL values with the bathymetry, it is clear that
I the strong reversal in the TL versus range trend occurs in the vicinity of

the sloping bottom and is associated with this bathymetric feature. This
effect is discussed further in this section.

(U) To obtain an empirical relationship for transmission loss for leg
E-F as a function of its parameters, we assume tile form given in Equation 4-2.

(Refer to Equation 4-1 for definitions).

I TL = 20 log R -lOlog R' + 10 log R + B 4(R) + aR. (4-2)
00

For example, if the transition range between spherical and cylindrical

spreading, R0, is taken as 10,000 meters and the horizontal range, R,

[V expressed in nm units, Eq 4-2 becomes, with N 0,

TL = 80 dB - 7.3 dB + 10 log R + BN

K TL = A + 10 log R + NB +aR, (4-3)
j;I A = 72.7 dB

Equation 4-3 assumes a flat uniform bottom and an acoustic energy distribution
that, at sufficient range, becomes uniform over the extent of the water depth.
At the two source frequencies, the value of • taken from Figure 3-9 is °

f(H z ) , {dBYasd ) • ( B /nm)

S67 -10- <2 x 10

173 3 x 10 6 xl

Absorption is negligible at 67 Hz and of marginal importance at 173 Hz when

compared to our constant of A=72.7dB. Absorption will not be considered further
in the TL estimates presented in this section. The acoustic energy which
propagates near the limiting ray will also follow a cylindrical spreading
law. The physical reason for this is that minima in the TL versus range

curve are caused by focusing of rays near the limiting ray. The locus of
these minima are on a ring of radius r from the source. Losses due to

4 dispersion and absorption when secondary thus imply that successive minima
will follow a cylindrical spreading law. Thus a cylindrical spreading law
was used to estimate the bottom loss per bounce B from our measured data.

We assume that the energy from minima to minima is described b.y

UNCLASSIFIED
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TL (A 0 N(RI) B) + 10 log (R) + B

where A = TL (Measured) - 10 log (RI)

R, = Range to first minima. (4-4)

R = Range

N(R) = Average number of bounces for ray
bundle between critical and limiting ray

B = Bottom loss per bounce.

The value A is determined for the first experimentaly observed minima
0

and corresponds to the case where the bottom loss per bounce is zero.

Once A is determined we parametrically vary the bottom loss per bounce0

(B = 0, 0.5, 1.0, 1.5...) until we observe a good fit to the data prior

to the initiation of the slope. Once an estimate of the value of B was

obtained for each frequency, the extrapolated TL curve in the vicinity

of the slope was useýd as a basis for the determination of the "slope

effect". The "slope effect" is defined as the deviation of the measured

TL data from the best fit curves. Caution must be taken in this regard

since %hc 'I values have several local minima. A minimum value of TL is

shown as a maximum in the TL versus range data due to the unusual method

of plotting curves of TL versus range. These minima are formed "near"

the cycle distance intervals of the limiting ray.

(U) Crucial to this estimating process is the determination of N,

the number of bounces at a given range, since the minimum number of

bounces is clearly the value for the limiting ray. Figure 4-9 shows the

ranges for the limiting ray based on a measured sound velocity profile

listed in Table 4-5. This profile represents the conditions at the

receiver; Site E. Although the SVP changed with range this change is

ignored in the approximate methods used here. The limiting ray is

launched at an elevation angle of 5.080 angle and strikes the bottom at

a grazing angle of 9.23'. Figure 4-9 estimates the minimum number of

bounces dEtermined by the limiting ray at any range. In particular,

the ranges at which the receiver intersects the limiting ray are in-

UNCLASSIFIED
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Intersection "400m upcoming"
Receiver Depth

4.66 Intersection "400m downgoing" /

2

10 20 30 40 50 60 70 80 90 100 110 120

RANGE (NM)

Range (nmi) Range (nm) Range (nm)
Range (nm) 400m depth Zero depth 400mii depth

Bounce No. Bottom Bounce upcoming -- downyoinn

N (tii n)

0 .. 1.18 3.51
1 10.58 17.64 19.97 22.31

2 29.37 36.43 38.76 41.09

3 48.16 55.22 57.b5 59.88

4 69.95 74.00 76.34 78.67

b 85.74 92.80 95.13 97.46

6 104.53 111.99 113.92 116.25

1- 1 123.32 130.4 132.71 135.04

I--

Figure 4-9. (U) Ranges for Limiting Ray Propagation (U)
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Table 4-5. (U) Sound Velocity Profile for Ray Tracing
Analysis (U)

Z(m) C(m/sec)

0 1544.12
50 1540.85

100 1538.04
150 1536.74
200 1529.04
250 1524.16
300 1521.57
350 1519.17
400 1515.43
500 1508.39
600 1501.43
700 1495.79
800 1491.72
900 1489.05

1000 1488.30
1230 1486.45

,I 1400 1489.21I 2000 1499.32
3000 1516.40
3400 1523.32

UNCLASSIFIED
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dicated as "400m depth, upcoming" and "400m depth, downgoing" in separate

columns of the table on Figure 4-9. The zero depth column indicates the
* 1 ranges at which successive cycles graze the sea surface.

(U) Ray tracing was used to determine -N. The number of bounces

to a given range were counted for launch angles between the limiting
ray and the critical ray. Table 4-6 shows the resulting values for

at 5u, 75 and 100 nm. These values are used to compute transmission
loss values. The summary of the computation for the 67 Hz data is

shown in Table 4-7.

(U) Curves of TL versus range for the three bottom loss assumptions are shown

overplotted on the 67 Hz data for leg E-F on Figure 4-10. The following
is noted,

(1) at 73 m the data maximum lies between the 0.5 dB and 1.0 dB/
bounce loss curves.

(2) between 96 and 108 m, several data points lie between the

same two curves.

(3) at 96 m, local minima in the data lie above the 1.0 dB/bounce

curve.

(4) at 102 m and 105 m, two minima agree with the 0.5 dB curve.

The conclusion from this analysis is that the bottom loss value is between

0.5 and i.OdB/bounce which gives this area a "low-loss" bottom classification

as described by Mitchell (Ref.4) and in Section 3.2.4, Figure 3-8.

With this empirical determination of bottom loss we may now characterize

the slope effect at 67 Hz. If a 0.5dB/bounce loss is assumed the equation
: for TL versus range in the absence of the slope is

TL = 69.1 + 10 log R + NB.

At 108nm, the median range from receiver to the slope base, the TL value

is 93dB.

* 1UNCLASSIFIED
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1 Table 4-6. (U) BOTTOM BOUNCE ESTIMATES

FROM RAY TRACING

Range (nm)

go 50 75 100

Limiting Ray
5.080 3 4 5

. +6 to +10 3 4 6
+12 to +16 4 7 9

-6 to-I 3 4 6

-12 to -16 4 7 9

II4 5 7

UNCLASSIFIED
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Table 4-7. (U) COMPUTATIONS OF TRANSMISSION
LOSS AT 67 HZ BASED ON EQ. 4-4 (U)

Range (nm) A B NOB. 10 log(R) TL(dB)

55 70.6 0 3 0 17.3 87.9
69.1 0.5 3 1.5 17.3 87.9
67.6 1.0 3 3 17.3 87.9

75 70.6 0 5 0 18.7 89.3
69.1 0.5 5 2.5 18.7 90.3
67.6 1.0 5 5 18.7 93.3

100 70.6 0 7 0 20.0 90.6
69.1 0.5 7 3.5 20.0 92.6
67.6 1.0 7 7 20.0 94.6

>1

i

II
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Between 108nm and 112nm we see an actual decrease in the transmission loss.

J The empirical fit in this region is

TL = 93 - 560[ljg(R) - log (Rs)], 108 < R < ll2n.m, Rs = 108 n.m.

Between ranges of 112 and llSnm the TL is almosc constant, decreasing by

less than IdB. At ranges greater than the minima value at ll8nm the TL

increases from 90dB to 96dB at 131nm. The empirical fit in this region is

TL = 90 + 132 log (R/RJ), 118 < R <_ 131 nm, R 118 rim.

For the 173 Hz data a similar analysis was performed. The reference range

was taken as 57nm; and the measured TL value is 92.0dB. Parameter values

0, 1, 2 and 3dB/bounce were used for B. The empirical transmission loss

constant at 173 Hz is

A + NB = 74.5dB, R 57nm.
0

The values for N were mean nutmber of bounces. The result is overplotted

on the 173 il? data for leq E-F on Figure 4-11. The following is noted:

(1) At , 75nm the measured data fall between the 2.0dB/bounce

and 3.OdB/bounce. curves. The minimumn is near the 2.0 dB/

boLIce curve.

2) Between 95nim and 104r1m the measured data fall between the

1. 5,dB/bounce and the 3.0dB/bounce with the data minioa

centered on 1 .5dB/bounce curve.
3) The 1.5dB/bounce curve meets the rising measured data at 113nm.

k(4) ..-t 1j lnm the It uata rises , 8.0dB above the 2dB/bounce curve

1111d 6dV% above the 1.SdB/biunce curve.

To further detail the slope effect and to obtain an empi ri 1 fit for

the 11. ii: data as we did before with the 67 Hz data the following

es tima it,v were itnde:

j I1 9 ) * 10 log (R) * N(•). 50n i R lO8nnm, B 1.5dB/bounce

TI. 1Ob - 208j.0 log (R/R.),lO8nm - R , l8nm, lORim.

1 100 + 452 log (R!R ),1 22nm R 131 rim, R i 122nA.

Li UNCLASSIFIED
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4.l.3.•" Le.q E-G

(U) The receiver depth for this leg is 800m. The data on this leg

begins at ranges where the source is well over the slope as can be seen by

reterence to Figure 4-6. Thus no comparison with the source in deep water

ik possible unless a calibrated model calculation is available. The TL

vahlues are increasing with depth at the higher frequency and decreasing

ýIilhtly at the lower frequency in the range interval 47-60nm. From 7Onto

tto MJaximum rane,. OOn11, the TI values at both frequencies are decreasing

with rainqe. The emppiri ia fit expressions for transmission loss are as

At t', .

TL - 9 - 54.•." loo, R' ) 47tim R -60tim, Ro: 4911,1,
Tt 87 150.4 loo (R.'Rt ), 73nni R 79mu, R, 73111.

At 173" :.

1, j, l.t, i j R 49rnm R W.. r R -

I1 . ' ' II' lotq R. *R. 7.11m • R - .92 , . 731ul

". * 3. -; I etq "

11 , -I wt,, tht, return leq rtrt, the lei. f-Ck with an ,ictual U•,n difteriwnte

I It , ..',. The ;taveiver depth was kr. 'lie outsttandi in
o'ature tit thit, ,uvi t% the deep dip in the It o iquret 4-41,at *61-.

"*ht di.' %how%. f•th,, ti the t"' ti: . nd 17.1 T:. hi range iointde., with

,at-i ie., tu,'e'. that ef the leop Current and the area tit sp a-ial

!I, . tIk; e t*,. e, ,I,'%-I ,"e for the lVp Cu,1.0nt hat. beyen hlkwi ifl

I 4~e 34. *I t'tit Ola' on~h~e. I~~ the khathvw1tric curve" kit
t:qui ;-'. v i%. nothin in the pvr•nt anlveyi. to separate the Itoxo
"irrent ;rio' tathvr'tric .xf!e',ts . The deep dip in IL nay be due to vither
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4.2 RECEIVED SIGNAL CHARACTERISTICS

(U) The data obtained in these series of experiments usinq the LAMBDA

III measurement system were performed by the preservation of amplitude and

phase information from onmidirectional hydrophone groups and beams. These

data were processed to yield the individual phone spectra, acoustic band

level as a function of beam number, acoustic band level as a function of

hydrophone position, beam band level spectra, crosspower spectra, magnitude

squared coherence, and signal fluctuation statistics. This pi-ocessing

resulted in a rather complete but voluminous set of data on the performance

of the LAMBDA ItI array.

(C) During the CHURCH STROKE III Cruise 1, exercise data was obtained

from a woored source and a towed source. During one period of operat ion ')n July 13
(lW4:ZO:2S:04) data was obtained from both sources under favorable operating

conditions. Durinq this period of tinle the LAMBDA III platform, the R/V

INDIAXN SFAL. was 53.9 nm from the tixship at a relative bearing of 93.50 and
9Q•.92 nm fromn the moored source with a relative beatin n of 96° The moored

styurce was at a depth of 98,11 n, in 3,416 ri of water. The towed source
was at a depth of 91 m and towed at a 1.76 kt speed. The LAMBD4 11

array was towed at a nominal I kt at a depth of 400 meters. The array

was determined to have a tilt frow. fore to aft of +6.170,iq

Sii'! ~Fiqurst 4-14 to 4-1.4 shLxg the beam ,'respiltis lvel filr the &7, 173
and It"; •.- .ouWv0eS. Zhe-,e ,t-,Am band Ie•,k aix the voltaqe level of each

at-a" Clo•i*etcd for the otiidirect ional h droph^ol sensitivity. The beam-
=foiwr wa< the ThP ili fr*quenlcv detain veaimfosro. The output of the

Sir c• isor . haviin mn the 'a' parts of these fiqute, which show the band

lhvel for the -ourcc freqwunc'. bin and tour selected noie bin,.. 'he •ourie

freiiuency btin was the thin with the vwi-um lewel. We o,%erved that these

Ma~i,'.n lOvels OCcur at (N(. 9 f - O a), 172.•. (.f - . and I ;4..
f -DH:h. Nhe If val,, of -0ih: i% what we uould predict for the ltpler

khi 't betien, the mktorr'd .,Ource 4nd the LAW%1PJA Ill source ship; but the
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values for the towed source are less than one would expect for a relative

receding velocity of 2.3 kts. These shifts in frequencies are consistent

with a relative motion on the order of 1.34 to 1.73 kts. The output of the

processor is band level versus beam number. As one would expect, the look

direction for each beam member is a function of frequency for this FFT beam-

former. "die 'b' portion of figures 4-12, 4-13, 4-14 show the correct relative

bearing angli: for arrival of acoustic energy. The effect of the tow ship's

radiated nois. is clearly seen in the noise curves of Fig. 4-12a, 4 -1 3a, 4-14a,
4-12b ai:d 4-14b. The received signal level for the 172.84 Hz Signal (Fig. 4-13a
and 4-13b) is such that the presence of the ship is not readily observed in the

beam response pattern. In other words, beam #9 which looks in the relative

&direction of 390 sees not only the acoustic noise radiated from the tow ship

but also the signal from the 173 Hz source on its side lobe in the direction

of 97.180. This implies that the side lobe levels are less than -20 dB with

a few as l.-: as -30 dB and a mean side lobe level of approximately -25 dB.

Examination of Fig. 4-14b shows the case for a lower signal energy. In this

instance, the tow ship radiated noise is discernable as a separate signal at

100.810. Likewise we see that the tow ship response (-25dB) is not dominant
in the beam which had siiqnal. These response curves show that the LAMBDA III

array clearly sees both tne sources and the tow ship's radiated noise.

(U) The relative bearing to the sources determined from the beam angle

of maximum response compare favorably with known positions. A bias error is

observed as shown in the following table.
MEASURED MEASURED
RELATIVE ARRAY TRUE TRUE

FREQ. BEARING HEADING BEARING BEARING ERROR

61.92 97.50 151.40 53.90 55.5o -1.6o
172.84 97.180 151.40 54.20 55.5 -1.3o
174.89 100.81o 151.40 50.590 530 -2.4°

These errors could be due to a variety of factors including the array tilt.

(C) The data for the 172.84 Hz data shown in Fig. 4-13b is replotted in

Fig. 4-15. We have chosen this higher signal-to-noise ratio case to determine

K the best estimates of the array beam pattern. The beam levels shown in Fig.
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4-13 are clearly dominated by the source on most beans. Each data point represents C

the response of a beam with its main axis of response in a direction to the

source at angle 0, where both angles are measured from broadside. A sampling

of the range of side lobe level values in this data corresponds to the range

of the variable T (T' = a d/X (sin (e) - sin (cx))) between 0.0 and 1.9. The

data shown in Fig. 4-15 are the relative band levels versus the variable T.

"This plot reveals several interesting characteristics of the LAMBDA III HF array.

(C) The beam width which is defined as the angular width of the beam

at the -3 dB point is determined to be 1.71 + .35o. The side lobe level can

be inferred from this plot. In the region of the main lobe, the first appears

at -9dB and the second at -17dB. The remaining side lobes are seen to be less

than -20 dB with an average level of -27.5 dB. This performance is comparable

to the I sin (Jý)/n sin (4,12response of a uniform line array with several

missing hydrophones for a signal plus noise measurement.

4.2.1 Measured Spectral Values

(C) The characteristics of the beam response curves previously discussed

can be studied best by examination of the mean hydrophone and beam band level

spectra. We employ the term "band" uecause we have not applied any bandwidth

correction to the measured levels. The hydrophone sensitivity correction has

been applied, however, yielding absolute pressure levels in a 0.08124 Hz

analysis band.

(C) Figure 4-16 shows the mean band level spectra for all 60 hydrophones.

The figure shows the three TAP III filters centered at 67 Hz, 173 Hz and

174 Hz side by side in order of increasing processor frequency bin number

(.08124 Hz). This spectra represents the linear power average of 24 individual

estimates of power for each of the 60 hydrophones, 2,880 degrees of freedom.

Also shown in this figure are the standard deviations for this measurement as

determined by power averaging and then converted to dB's. Tabular values

of the 192 bins of information are presented in Fig. 4-17. We present this

information, since further discussion is restricted to 64 frequency bins

(5.2 Hz) of information. The first filter region for the taq 194:20.28:04 Aminle

is shown in Figure 4-18a for both the mean hydrophone and beam #34, the beam

of maximum response that appeared in Fig. 4-12. The beam level has been
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i', TE 13 JUL )r '.. TINE :194: 20: ' 4
IT.P 111 NVG. TEO I HUMEPEF OF EN'li: 24
FILTER I : 6 . 0. FILTER 2 :173.00 FILTER 3 174,89
FILTER WEIGHT : 2; 2; 2 START ENS I
SH•FPLE RATE j914.91 FFT LINE SPRCING .012
ThPE OF RECORD : 3 TYPE OF ARRAY : 3
mvQ. SPECTR.m 6hJu H.LRPiiHONE. NUMBER OF EIN6SEMBLES : 24

I FREu. -SIG HP-. *#.IG I FREQ. -$IQ APS +SIG I FREQ. -SIG HPS +SIG I FREO. -SIG *P S
1 64.40 -6.6 73.6 3.7 49 66.30 -7,5 74.6 4.0 97 173.00 -6.6 68.t 3.? 145 173.59 76,1 b4.6 4.1
2 64.48 -7.4 74.5 3.9 50 68.38 -7.6 74.0 4.0 98 173.08 -6.6 67.0 3.7 146 173.67 -6.7 64.23 64.56 -8.0 75.5 4.t 51 68.46 -6.9 75.4 3,8 99 173.16 -6.9 66.9 3.8 147 173.75 -0.3 "
4 64.64 -7.6 77.4 4,0 52 68.54 -5.9 76.2 3.5 100 173.24 -7.3 66.3 3.9 148 173.83 -6.3 *1.? .
5 4.73 -8.0 74.4 4.1 53 68.62 -7.9 76.2 4.1 101 173.32 -7.2 66.8 3.9 149 173.92 -. 8 •3.d 4

b 
4

.81 -6.2 79.5 3.6 54 68.71 -6.4 76.7 3.7 102 173.41 -6.5 66.2 3.7 150 174.00 -7.2 3. .
t >4.89 -7.7 40.2 4.0 55 68.79 -6.7 75.4 3.7 t03 173.49 -6.6 65.2 3.7 151 174.08 -. 62 t4 .5 3.6

3 b4.97 -6.3 Le.9 3.6 56 68.80 " -1;.1 75.7 4.7 104 173.57 -7.8 64.7 4.0 152 174.16 -6.1 65.? 3.6"• 65.05 -4.8 :2.4 3.1 57 68.95 -7.4 75.9 3.9 05 173.65 -6.7 64.4 3.8 153 |74.24 -5.7 65 . 3.4
10 65.13 -5.1 62.0 3.2 58 69.03 -8.1 74.3 4.1 106 i73.73 -8.5 62.9' 4.2 154 t74.32 -7.I 6.. 6 3.G
II b5.21 -9.6 ;0.0 4.5 59 69.11 -7.6 73.3 4.0 107 t73.81 -6.3 63.6 3.6 155 174.40 -7.3 65.9 3.9
I,: bs.29 -0.1 80.2ý 4.1 60 69.19 -6.8 72.5 3.8 108 173.89 -8.3 63.9 4.2 156 174.48 -6.5 67.2 3..'
Ii 65.38 -?.0 78.6 3.B 61 69.27 -6.9 72.1 3.8 109 173.97 -7.7 63.5 4.0 157 174.57 -8.5 6..9 4...
14 65.46 -7.9 76.9 4.1 62 69.36 -6.9 72.4 3.9 I0 174.06 -6.0 64.3 3.5 158 174.65 -6.6 b7.2 3.;
1-; 65.54 -A.4 75.2 4.2 63 69.44 -7.4 71.7 3.9 liI 174.14 -5.9 65.6 3.5 159 174.73 -7. 66.9 4.6
tb ,5.62 -7.4 74.2 3.9 64 69.52 -6.6 71.5 3.7 112 174.22 -5.6 65.9 3.4 160 t74.81 -5.9 71.4 3.5
17 bS.70 -7 3 ?2.4 3.9 65 t70.40 -5.8 b8.1 3.4 113 1'4..ý3 -7.2 65.6 3.9 161 174.89 -4.0 76.1 2."
0d b5.78 -6.3 .2.0 3.b 66 170.48 -9.9 66.9 4.5 114 174.38 -7.3 65.6 3.9 162 174.97 -6.2 74.3 3.t.
t' S 65.86 -6.5 7t.9 3.7 .67 170.56 -9.3 66.4 4.4 115 174.46 -6.5 67.1 3.7 163 175.05 -6.9 70.4 3.8
20 65.94 -6.9 71.8 3.8 69 170.64 -10.2 66.8 4.6 116 174.54 -8.2 67.0 4.1 164 175.13 -7.0 69.1 3.6
21 b6.03 -7.0 73.3 3.8 69 170.73 -8.7 65.9 4.3 17 174.62 -6.6 67.2 3.7 165 175.21 -4.9 69.0 3.1
2- o6.:1 -6.9 74.3 3.8 70 t70.91 -6.0 66.8 3.5 1 174.71 -7.0 66.? 4.0 166 175.30 -6.? 68.2 3.7

66.19 -7.6 74.9 4.0 71 70,91 -5.6 68.2 3.4 19 174.79 -6.7 69.0 3.7 167 175.38 -11.6 09.0 4.9
66:4 •G.27 -6.9 76 -7 3.8 72 170.97 -6.8 69.0 3.8 120 l74.87 -4.0 76.3 2.7 168 175.46 -0.9 69ý.4 4.3

Z5 66.35 -8.5 77.3 4.2 73 71.05 -6.0 68.3 3.5 121 174.95 -5.7 75.4 3.4 169 175.54 -5.9 68.-t 3.5
. 66.43 -6.3 80.5 3.6 74 171.13 -8.4 66.4 4.2 122 175.03 -6.4 71.2 3.6 170 175.62 -8.1 67.7 4.1

66.51 -7.5 80.2 4.0 75 171.21 -9.0 66.4 4.3 123 175.11 -6.7 69.4 3.7 171 175.70 -9.4 66.6 4.4
2t 66.59 -9.0 8U.3 4.3 76 171.29 -9.4 67.2 4.4 t24 175.19 -5.7 69,3 3.4 172 175.78 -6.8 67.9 3.3

.-4 k6.68 -7.6 81. 4.0 77 171 .38 -9.6 64.8 4.4 125 175.27 -5.9 68.4 3.5 173 175.86 -7.7 6• .3 4.v
3, i.6, 76 -6.? .t .8 3.7 78 171 46 -0.3 67.1 4.2 126 175.36 -9.7 69.3 4.5 174 175.95 -10.2 66.2 4 t.
3?, ".94 -6.2 5.9 36 79 171 .54 -6.5 68.0 3.7 127 175.44 -10.5 69.7 4,6 175 176.03 -9.5 66.4 4.4
I.: b6.9Z -6.2 :&.3 3.6 00 171.62 -7.3 66.1 3.9 128 175.52 -5.9 69.3 3.5 176 t? .11 -9.4 66.I 4.4
7 b? ?00 -7.4 '1.5 3.9 81 171 .70 -8.2 66.8 4.1 129 172.29 -b.8 67.0 3.8 177 t76.1i -11.4 b6.6 4.8

04 .06 -7.9 I?.4 4.1 82 171.78 -6.9 67.1 3.8 t30 7?2.37 -7.4 67.2 3.9 178 176.27 -10,7 67.4 4.6
35 a?.t6 -7.8 7,.l 4 u 83 1t .86 -9.9 67.3 4.5 131 1?2.45 -9.4 67.6 4.4 179 176.35 -27.3 68. j.
3. 7"a . -7 - 73 t. 41i 04 171.94 -17.4 65.9 5.4 132 172.53 -7.2 68.0 3.9 180 1t7 . 43 -Z?.5 66.3 "4.1
3" i?'32 -7.6 5 4. u 85 172.03 -8.4 66.? 4 2 133 172.62 -7.3 67.2 3.9 181 17i.51 -2t..a b7.7 '..7
3d 6?.41 -7.4 ?-:.0 3.9 86 1?2.11 -9.7 67.0 4.5 134 t72.70 -7.0 70.6 3.8 182 176.60 -25.0 b6.o
34 -,-• 49 -6.. ' 1 8 7 .. 8? 8 1?2.1. -8.6 66.5 4.2 135 172.78 -5.3 85.1 3.3 103 176.68 -27., 0. 5 . 5
4 V ý 5.' . 7 .3 -.1 3. 80 172.27 -7.3 66.1 3.9 136 172.a6 -5 2 87.2 3.2 t04 176.76 -28.3 69.1 7
41 s..65 -?.6 .* 1 4.0 89 172.35 -7.0 66.8 3.8 137 172.94 -5.6 77.6 3.4 185 176.84 -27.9 "0.8 7.5
4.! . 7.73 -6.b 71 2 3.7 90 172.43 -4.8 66.9 4.5 138 173.02 -6.4 68.. 3.7 1a6 176.9Z -2;.4 .9.Ž Z ."
43 67.01 -6.3 It1 u 3.6 91 172.5t -7.1 67.7 4 3.9 4 173.10 -6.1 66.9 3.9 187 t77.0 -30.2 ?4.t u.4.
44 67 89 -6.3 71 5 3.? 92 172.51 -7.5 66.7 4.0 140 173.t8 -?.t 66.9 3.9 188 177.00 -33.2 .14.10 .4.
45 67.,)7 -7.0 71 4 3.8 93 172.68 -7.1 66.4 3.9 141 173.27 -7.2 66.3 3.9 189 177.16 -34.4 75.3 12.5
4 6. 44ý06 -7.3 1.I 13.9 94 1?7.76 -5.4 2.- 3.3 142 173.35 -7.1 66.9 3.9 190 177.25 -35.0 75.' 12.,
47 6W.14 -?.; V 3.9 95 172.04 -5.2 07.61 3.2 143 173.43 -6.3 65.9 3.6 91I 177.33 -34.0 75.7 1I.,,
4d 68.22 -6.3 .. 7 3.6 96 t?2.9•2 -5.4 00.81 3.3 144 173.51 -6.7 65.1 3.7 19• 177.41 -35.2 .'..0 .

FIGURE 4-17. (C) Mean Band Level SDectra with Minus
and Plus Variance for 60 Hydrophones%
24 Ensembles in Three Filter Bands (U)
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Figure 4-18. (C) Beam and Hydrophone Band Levels (U)
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determined by applying the single hydrophone group calibration factor to the

measure of the voltage level at the output of the beam forming process. The

data on the signal level and noise levels are listed in the following Table.

HYDROPHONE (dB) BEAM (dB)

Me*an Band Noise Level 75.8 -

Mean Band Level 75.5 95.61
-!('ess bins with signal)

Mean Noise Level Bin 79
(25, 26, 27, 28)

Mean Noise Level Bin 73
34-39

Signal Level 88 122.2

(C) The beam noise level in the 64.40 to 69.52 level is well defined for
the region not containing the signal, The hydrophone spectra are not as easily

defined. We made several estimates of the noise level which are shown in the

above table. This table shows that, without the signal peaks, the mean band
level is 75.8 d,. In the neighborhood of the signal, the average over four
noise bins on one side was 79 d8 and over seven bins on the other side was
75 dB. The mean level between these two estimates is 75.5 , B. These numbers

indicate that in the 67.0 Hz case we have an array signal gain (ASG) of 34.2

dV, an array noise gain (ANG) of 20 d8 and an array gain (AG) of 14 48.

(C) Figure 4-18b shows the beam and mean hydrophone level spectra in the filtior
II regicn, 170.40 Hz to 175.52 Hz. Beam nuaber 36 is the beam of maximum

response to the 177.84 Hz source as shown in Figure 4-18c, As before, we de-
termined the mean hydrophone noise level by several diiferent techniques:

CONFIDENTIAL
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Mean Hydrophone Band Level 58.7 dB

Mean Hydrophone Band Level - less peaks 66.7 dB

Noise Bin Average (Right Hand S: e) 67.4 dB

Noise Bin Average (Left Hand Side) 67.5 dB

(C) The beam noise level, neglecting the two spectral peaks, is 75.8 dB.

In this instance, ASG = 34 dB, ANG = 10 dE, and AG = 24 dB. This value of
AG exceeds the 10 Log(n) value for a sinusoidal signal in an incoherent noise

background.

(C) Figure 4-13c illustrates the data in filter I1I cuv.ring the frequency

region 172.29 to 177.41 Hz. Here the mean hydrophone noise level (without

the two signal peaks) is 67 dB and the beam noise is 75.8 dB. This results
ir. an ASG of 34.1 dB, ANG z 8.8 d6, and an AG - 25.3 &. Again, another high

value of array gain is obtained. This will bt" discussed later in this section.
The key result in this section is that the array sional gains were 34,2,

34.3, and 34.1 dB compared to a 20log(n) valie of 36 dB. We note further that

noise values were insensitive to the averaging technique when spectral peaks
were ignored and the average was taken over the band.
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4.2.2 Measured Spatial Characteristics

(C) Spectral characteristics of the array were determined by spatial

and time averaging of the output of the individual hydrophones of the array

1 to produce the mean hydrophone spectrum. When this mean hydrophone spectrum

was used with the wean beam spectrum, the array signal and noise gains were

realized. Spatial averaging was expedient and necessary for the determination

of the gains. The question of the spatial variation arises. Figure 4-19 shows

the band level versus hydrophone number (running fore to aft) along the length

of the aperture. The hydrophone group spacing is 4.75 m. We show data for

the source frequencies of 66.92 Hz, 172.92 Hz and 174.89 Hz. Each of these

illumination ploys is shown for five .08124 Hz frequency bins. One bin is

chosen at the source frequency and four represent noise bins. Also shown on

these graphs are the positions of faulty hydrophone groups. These five groups

are the sharp drops on each cf the plots.

(C) The plot of the 66.92 Hz illumination ihows a rather uniform signal

plus noise level with a slightly decreasing noise level as one proceeos from

the front to rear of the array. The noise is also shown to decrease at the

4 lower frequency bins.

(C) The Olot of the 172.94 Hz data shows a rather uniform noise level
?I

from the fore to aft hydrophone but a signal plus noise level whfch has a

jpronounced dip near the middle of the array. This plot represente 12 time

ensembles averaged to yield a nutiber of degrees of freedom equal to 24. We
I routinely examined our data for this type of structure. Durinq this time

I period, we observed no major effect due to the nurber of time averages. W•e

4 coovared the first 12 enseables, 2nd 12 enseables and 24 ensevbles averages

and no major differences were observed. We lid observe a shift in the

S•relative shape of the illuimination function .,d these plots are presented in

,1 a separate vouame data appendix. During this period of time the source-

receiver separation critnged between 0.47 nepi for 12 ense*les and .94 not

for 24 enseibles. This characteristic shape of !Me illutination function is

most probably due to a sultipath Structure iii the aedia.

I
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(C) The 174.89 Hz case shows a rather uniform illumination with a
•! periodic scalloping near the aft end of the array. During this period of

time, the array had an upward tilt of approximately 60 over the aperture.

Also observe that there is a decrease in noise levels from the fore hydrophone

group to the aft hydrophone group.

(C) These three lines are from two sources. The 66.92 and 172.84 Hz

source lines are from the towed source (400 m depth) while the 174.89 Hz

source is from the moored Webb Source (100.00 nm source receiver range, 988

meter depth). We would expect a different arrival structure based on these

range distances and due to the fact that the sources are at different depths.

We conclude that these effects as a function of operation are due to the

arrival structure of the sound.

(C) Figure 4-21 and 4-22 show the magnitude square coherence and signal
to noise ratio versus aperture length for the 172.84 Hz line and 174.89 Hz

line shown in figure 4-20.

4 "(C) The HSC for the high signal to noise ratio case of the 172.9 Hz

line shows a smooth fore-aft variation. The minimum in the MSC Curve is

consistent with the minimum in the S/P curve and S + N curve. The lowest

* value. of S/N ratio is 14 dB. The case of the 174.81 Hz curve shows a more

interesting picture. Although the S + N versus aperture plot is uniform,

Swe see that the MSC plot is erratic at the forward end of the array. tie

*1 observe that the signal to noise ratio is less than 10 dB as shown in

Figure 4-22. Ilhen the signal to noise ration increases towards the aft
portion of the array due to the decrease in noise levels, we observe that

this MSC curve overlaps the previous case except for the dip near hydro-

phone 56. Ue conclude that we have a measure of the HSC of the signal for

S/:1 > 10 dB; but that noise from the tow ship interferes with the determination

Sat S/H 10 dM. This is consistent with and reinforces our discussion of the

beam responsc function and array noise gain. Wie are measuring the properties

of a signal in the directive coherent field of the ship. The high S/n case

aives a clean measure of signal coherence to a distance of 300 meters for the

case of bottom limited propagation.
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Figure 4-21. (U) MSC Versus Hydrophone Number (U)
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1 5 0 1620l1 36 44 45 5 M i 64
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Figure 4-22. (U) S/N Versus Hydrophone Number (U)
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4.3 Fluctuations (U)

* f (U) This section of the report presents data on short term and long

term variations in the output level of the hydrophone groups and in the

array signal gain.

(U) Short term fluctuations are defined here as the statistical

distribution of band levels in a 12 to 25 minute period. As indicated in

Table 4-1, during these time intervals, variations in the range between

two ship and receiver ship averaged about .75 nm.

(U) For the purposes of this report, long term fluctuations are

d.fi:ned as I'.- variation of mean band level with time over the period of

hours without regard to transmission loss trends.

4.3.1 Short Term Fluctuations. (U)

(U) Data obtained in tziis experime.it were routinely processed to

determine the iean band level ana the variance of the distribution of data

about this mean. ThE standdrd deviptions for the spectral analysis were

determined by the mean squar,.d pressure livel and the sum of the squared

errors around tnis mean squared Pressure. This is the reason for the

illustration of a + deviatior. The example for the time period centered

around 0)ay 194:20:23:04 discussed in prev")us sections shall be discussed

as to the characterization of these variancLs. The table shows the +

deviation for this ca~c with

S-A = 0 log (03o 1 0,/o

&A 10• 10I0 Mo ((I + ,)/1o)

where is the mean intensity, , is the s;andard deviation and A is the
~~ -- : ogri thmiac deviation.

•.f (S+1N) N 4S/N•

-A/?+A-.i-

1 67 Hz -6.2/3.6 -9/4 12 dB

172.92 Hz -5.2/3.2 -8.6/4.2 21 dB

174.39 Hz -6.2/3.6 -8.5/4.0 10 dB

The +.A are comparable to the e.t'mate of the standard deviations determined

by 'dB' averaging.
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L
(U) The question arises as to the source of these variances in the

.! data. In the section on calibration it was determined that these fluc-

tuations in the acquired and processed data could not be due to the

measurement system. Examination of the spatial illumination plots for

signals and noise shows that spatial variations in the signal do occur and

that the noise in general decreases from the fore to aft hydrophone groups

in the array. Each hydrophone group shows signal and noise standard
L

deviations comparable to those listed in the above table.

(U) The distribution of errors around the mean of each individual

hydrophone group are shown in Figure 4-23 for the differential distribution

(probability density) and for the integral distribution (cumulative

distribution) in Figure 4-24. These figures show the cases for the first

and last 24 hydrophone groups of the array.

(U) All differential distributions show a skew and asymmetry with

respect to the abcissa.

(U) The cumulative distributions are shown in Figure 4-24. These

distributions were compared to standard statistical distributions. The 67 Hz

data for the forward 24 hydrophone groups was found to the Rayleiqh distribute.d

with a mean of -8.15 dB and a variance of 18 dB. Both the 173 and 175 Hz

data distributions showed an approximate Gaussian distribution with a mean

of -0.5 dB and a variance of approximately 9 dB. The nature of the distribution

of the fluctuations in underwater acoustic signals has been treated by Urick,

Dyer, and Whalen (Ref. 17, 18 and 19). Basically these data represent the case

of a sine wave plus a narrowband Gaussian process inputed to a quadratic

detector with post detection summation. The individual samples of the

output of this system are statistically independent and for this case the

distribution would be a non-central X2 density function. This distribution

is characterized by a noncentral parameter which is proportional to the

ratio of signal noise power at the input to the measurement system. Thus

the input to the LAMBDA measurement system in the analysed case of a

multipath sinusoidal signal in a narrowband Gaussian noise background should

!if UNCLASSIFIED
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N DATE 1N:20:20:04

HFARRAY

48PHONES
24 TIME ENSEMBLES

• 1.0 FREQUENCY 67 Hz
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rr.2

4''l 5 . ' *' 6' 't 81 1, , '12
10 LOG (111o)

Figure 4-23a. (U) Probability Density Distribution for 48 Hydrophones
at a Frequency of 172.92 Hz for the LAI.BDA III,
HF Array (U)
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Fiture 4-23b. (U) Probability Dcnsity Distribution fcr 48 Hydrophones
at a Freqluncy of 112.92 lIz for the LAMBDA III,
H a (U)
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DATE 194:20:28:04

- HFARRAY
FORE 24 NHONES

HYDROPHONES48 PHONES
24TIME ENSEMBLES

1.FREQUENCY 174.97

AFT 24
HYDROP..ONES .i.:.

14 LOG0, /1*

Figure 4-23c. (U) Probability Density Distribution for 48 Hydrophones
at 172.97 Hz for the LAMBDA 111, HF Array (U)
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0 ......... ,-17=S Hz DATE 104:20:2:04
"......... .... HF ARRAYILI- FOR 2-HNE

" Z ---- -M TIME ENSEMBLES

,JL
U-A

> A.

0.7-
174.97

67Ha., .- -_

10 LOG (I I 0)

Figure 4-24a. (U) Cumulative Probability Distribution for 194:20:

28:04, The LAMBDA III, HF Array, Aft 24
Hydrophones (U)
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"-....... ..... ... D•ATE 19-2:84

H'F ANRAY
APT 34PHONES

II 0,4 TM E. U.

0.B

.~4 1 1 T 64444* a I

Figure 4-24b. (U) Cumulative Probability Distribution for 194:20:
28:04, The LAMBDA III, HF Array, Aft 24
Hydrophones (U)
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I2produce a non-central X distribution which is a function of the input
signal-to-noise ratio. The noise case alone would produce a X2

distribution (Whalen Ref. 19). These are compared to the envelope of

a narrowband Gaussian noise which is Rayleigh distributed and the
envelope of a signal in narrowband noise which is Rician distributed.

(U) Although a detailed characterization of these distributions

is beyond the scope of this report, the data presented here do not signifi-

cantly deviate from results of other investigators (Urick and Dyer).

4.3.2 Long-term Fluctuations

(C) The time series of measured transmission loss over the approx. 24 hour

period during the leg E-F is shown in Figure 4-25. To obtain these plots
the transmission loss was estimated from the difference between the received

signal level and the source level. The received signal level is the

measured signal in a .08 Hz band averaged in space over 60 to 64 hydrophones

and in time, coherently, for 12.5 second and incoherently over 24 ensembles

spaced at about one minute intervals. The towed source had an average range

rate of 3.2 knots, while the moored source experienced a range rate of less

than 0.2 knots due to the motion of the array during the data-taking period.

There is thus a range interval of 71.6 nm in the towed source data and a 4 nm

interval in the moored source data. The data are shown only for the interval

along the leg where the signal-to-noise is greater than 10 dB in the analysis

band.

(C) The fluctuations for the two higher frequencies are similar,
ospecially if the trend in the "towed" date is discounted. The computed

variance and standard deviation of the values for each time series is

(without removing trends).

re ()Source Variance STD Devition

57 Towed 3.4 dB 1,8 dB
173 Towed 10.4 dB 3.2 dB
174.9 Moored 4.g9 d 2.2 dB
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To emphasize the similarity, a "moving" correlation coefficient was

computed between the 173 Hz (towed) and the 174.9 Hz (moored) data.

The window selected was 200 minutes, i.e., all TL values within that
window were converted to power, multiplied, summed and normalized to the
product of the auto power in each time series. The result is plotted in
Figure4-26 for the top two curves in Figure 4-25. In interpreting this
curve it should be kept in mind that the towed source was relatively
shallow (100 m), while the moored source was near the minimum of the
sound velocity profile (988 m). Also, the moored source was placed about V
5 nm from the point of the track E-F where the bottom slope began. Thus, -.

the towed source range equals the moored source range at about 905 minutes
elapsed time and then exceeds it from that point on as the source moves
over the slope.

(U) The time intervals of high correlation seen between the towed and
moored source received signal fluctuations may be explainrud by the following
qualitative analysis.

S(U) The hypothesis is that the two signals will have the same
fluctuations when the two sources are on the same ray path (eigenray) to

the receiver. To test this hypothesis, consider the ray trace curve of
Figure 4-27 for the receiver depth of 400 m. If both sources are on the
same ray, which is in this case the limiting ray, then both signals reach

the receiver. If the moored source is placed on the ray at 988 m depth and
the towed source is mnovd through the ray diagram at a constant depth of
400 m the towed source will cut across the shallow rays from the moored
source at certain range separations. These separations are roughly at ',

1, , 1•.-, etc., times the cycle distance of the limiting ray. These range
intervals are indicated by tie horizontal bars in Figure 4-29 marked
"Limiting Ray." For comparison a similar estimate of the required range

separation was made froim the ray trace curves (NORDA MPP) shown in Figure
4-28. These range intervals are also shown at the top of Figure 4-29.

(U) The points of data on Figure 4-29 are the plotted range separation
versus time between the two sources. The two time scales are for elapsed
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time and mean time (elapsed time min-is 100 minutes) for the correlation
I window. The time intervals where the range separation is right for

high correlation between the two source signals is "blocked out" in the

lower portion of Figure 4-29. Finally the time intervals of high measured

correlation (R > 0.5) taken from Figure 4-26 are shown in the bottom

time scale of Figure 4-29. There are two time intervals where the

measured and predicted time intervals overlap, centered at 200 and 700

minutes mean time. Thus the hypothesis holds in these cases.
_ý (U) It is concluded that if two sources are close in frequency

(Af < 2 Hz) the fluctuations of signals transmitted over similar paths1 can be highly correlated. There are two correlation peaks at ranges where

the towed source range is greater than the moored source range and theif towed source is over the slope. These could be due to some coincidence

of eigenrays, but the analysis has not been done. This would require a

It complete eigenray analysis which could be accomplished but has not been

4attempted here.

4.3.3 Array Gain Fluctuations

(U) Previous sections have discussed the fluctuations of individual

hydrophones and the importance of signal gain in the assessment of the1 £ performance of the array. During this experiment estimates of array signal

gain, array noise gain, and array gain were performedwith a computerprogram

developed by R. Hecht of USI. The determination of array noise gain was

based on selected noise bins on either side of the signal level. Figures

4-30 and 4-31 show examples of the output for each of these programs.

This program was run for each group of 24 time ensembles.

(U) These figures show the time history for the signal and noise

level average values for consecutive samples on the hydrophone; the

consecutive estimates of ANG, ASG, and AG; the cumulative probability

distribution for ANG, ASG, and AG; and finally a tabular summary. Figure

4-32 shows a sunmmary of this ASG data for 173 Hz and 175 Hz signal. We see

that two distributions are apparent--Class I and Class II. We refer to

Class i distribution as those which are straight lines (close to Gaussian)

I CONFIDENTIAL
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~~ AM

(5(4

0 15 20 0o 6 o 1,5 0o i5

CONSECUTIVE SAMPLES CONSECUTIVE SAMPLES

AVERAGE SIGNAL AND ADJACENT BAND NOISE SIGNAL GAIN, ARRAY GAIN, AND NOISE GAIN
LEVELS FOR THE ARRAY ELEMENTS FOR EACH SAMPLE

PROCESSED 65 15 59 8 222 1979 ACQUIRED 194 20 26 4
"FREQUENCY 66.92 BEARING 96.39 HF ARRAY

TAPIII HEADER INFORMATION

DATE 13 JULY 1979 REAL TIME 194 20 28 4 RECORD TIME 194 20 28 4
ARRAY TYPE 3 SOUND VELOCITY 1489.0000 SHADING TABLE 1

3 FILTER1 FILTER2 FILTER3

FREQUENCY 67.000 173.000 174.890
WINDOW 2 2 2

BANDWIDTH .081224 TYPE RECORD 3 d
TYPE AVERAGING 1 AVERAGING TIME 0.000

ELEMENT BEAM
SIGNAL NOISE ARRAY >

SIGNAL NOISE SIGNAL NOISE GAIN GAIN GAIN •

1 79.8 71.4 112.9 92.9 33.1 21.5 11.6 "I

2 77.1 65.7 111.9 84.2 34.7 19.5 16.2
3 80.0 74.1 113.9 91,2 33.9 19.1 14.9
4 79.2 70.2 111.0 868.8 21.8 16,6 15.2
5 80.6 72.6 114.9 89.8 34.3 17.2 17.1 ,

8 4.3 73.4 119.3 90.0 30.0 21.5 13.4 IL
7 84.9 75.5 119.4 95.1 34.0 19.6 14.9
8 84.8 72.1 120.0 94.7 35.2 12.6 22.6
9 82.7 72.5 117.6 94.1 34.9 21.6 13.3

19 839 73.3 119.0 90.6 35.1 17,2 17.9
11 84.3 74.0 119.4 93.0 35.1 19.5 15.6
12 83.1 75.0 117.5 96.1 34.4 20.2 14.2
13 82.1 68.0 116.4 92.6 34.3 24.6 9.6
14 82.1 74.4 115.0 88.0 32.9 13.6 1.3
10 80.6 75.1 113.0 88.8 32.4 13.7 19.7
16 80.4 728 112.9 87.9 32.5 10.1 11.4
17 79.1 70.1 113.7 90.0 34.6 9.8 24.7 LE
1 8 79.0 72.4 111 7 93.3 32.8 20.9 11,8 -10 0 1b 20 30 40
19 81.8 71.8 114.3 93.0 32.5 21.4 11.0 o
20 838 71.8 117.7 98.0 33.9 2612 7.7.1 :2 81.1 7.1 118.6. 2 3. 4 .3 I n'o 17.0 CUMULATIVE PROBABILITIES OF
24 86.8 70.0 120. 8 8. 34.8 16.0 16.. SIGNAL. ARRAY, AND NOISE GAIN

AVG 82.0 72 1 0.4.3 34.8 18.3 14.8

Figure 4-30. (C) Array Performance Statistics
for 66.92 Hz (U)
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ASG

N-AN

1 . _ _ _ __ 0. _AG

U0 5 10 15 20 25 0 5 10 15 20 25

CONSECUTIVE SAMPLES CONSECUTIVE SAMPLES

AVERAGE SIGNAL AND ADJACENT BAND NOISE SIGNAL GAIN, ARRAY GAIN, AND NOISE GAIN
LEVELS FOR THE ARRAY ELEMENTS FOR EACH SAMPLE

PROCESSED 96 48 19 7 222 1979 ACQUIRED 194 20 28 4
FREQUENCY 172.94 BEARING 97.16 HF ARRAY

TAPIII HEADER INFORMATION
DATE 13 JULY 1079 REAL TIME 194 20 28 4 RECORD TIME 194 20 28 4
ARRAY TYPE 3 SOUND VELOCITY 1489.0000 SHADING TABLE I

FILTERI FILTER2 FILTER3

FREQUENCY 67.000 173.000 174.890
WINDOW 2 2 2

TANDWYDE H .081224 TYPE RECORD 2

YPE AVERAGING I AVERAGING TIME 0.000

SELEMENT BEAM
SIGNAL NOISE ARRAY

> SIGNAL NOISE SIGNAL NOISE GAIN GAIN GAIN

t: 1."1 71.8 58.4 106.2 81.9 34.4 23.5 10.9
0 2 725.2 63,2 106.9 85.4 34.3 222 12.2

3 70.7 86.3 105.6 81.7 34.1 192 15.011 71.7 64.9 102.7 81.3 31.3 16.4 14.8
S 73.0 6537 98.8 84.2 32.8 20.5 9.3

0 1 72.1 54,8 107.7 83.4 34.9 24.76 26

C ;15 7.2 83.81 1013. 80. 33.2 13.4 10.5

,1. 70 .., . 1 .9 . 08, 153

0 0 11 71.7 620. 104 8.1 33.3 64 0 .1"C U1 t2 00 54:3 ".11 6. 27.8 1 b 9.3

- 13 $ 7.7 81.7 10.2 7 85.9 31.5 26 1 64
04 70.7 69. 101.1 84.3 3141 2 4.7 6.4

16 70.0 628 104.9 8&.4 24.3 N0.8 13417 $0.6 $11 2.7 12J 33,4 N0,4 12.0
L O •18 )22 lt 0624 W,2 U.13 26.41 G*

1f Is .2 GILA 107.7 =16i 34.6 ý3,3 11 2• 10 0 10 20 30 40 20 74.2 64's 104 ".6, .341 246 9b•
I1 I v.1 $5,1 Z0", IC14 34.0 204 11.4

08 22 71.0 11.4 105.4 85.0 34.4 23.6 1011

CUMULATIVE PROBABILITIES OF 24 73. 28.4 0105 84.3 344 U08 1341

SIGNAL. ARRAY, AND NOISE GAIN AVG 75.4 82.3 104.7 86 33.2 2 13 1.8

. I-
Figure 4-31. (C) Array Performance Statistics

r for 172.94 Hz (U)

CONFIDENTIAL

-'W.~ . .... . . . .. . . . .. . ... . . . .. . . . .. . . .



P1CONFIDENTIAL

37

36

CLASS I
34

33

32

31

30 CLASS II

29 - 28.Bdb

28

• 27,-27.2db
27

S26 MEAN ASG

25 25.2dBc 25
aI:

4 24

22 • -

21

20

19

18

17

16

12 5 10 20 30 40 5060 7080 90

CUMULATIVE PROBABILITY(%

"Figure 4-32. (C) Cumulative Probability for Array Signal Gain
for the 173 Hz and 175 Hz Data (U)
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with median levels of ASG between 16 and 34 dB with a central distribution

with a median level of AG of 27.2 dB with a 20% point of 25.2 dB and an 80%
point of 28.8 dB. Class II data points are those distributions with sharp

inflection points and an obvious asymmetrical behavior. Examination of
the sequential time data for these points shows that the ASG is rapidly
varying and is most likely influenced by multipath effects. All data

shown in Figure 4-32 represent selected points with respectable signal-
to-noise ratios on individual hydrophones. Further investigation with the
TAP III system was desirable to clarify the nature of these statistical

distributions.

(C) Figure 4-33a shows the 173 Hz AG, ASG, ANG data versus the source
receiver separation ranqe. Also shown on this plot is the range dependent
bathymetry. For this particular case in Figure 4-33b, we have the following

summary of median, 10 percentile and 90 percentile values.

ANG ASG AG
10, 6.6dB 27.4dB 12.6dB

50% 10dB 31.2dB 19.6dB

900 15.8dB 33.4dB 24.8dB

(C) These data represent the statistical performance of the LAIIODA

high frequency array in a bottom limited multipath environment. These

commulative probability distributions are based on the distribution of

twenty-two half hour intervals composed of 24 ensembles of .08124Hz bandwidth

and 12.5 sec integration time.

(C) During the same period of time the moored source was observed.

The ASG, ANG, and AG data are shown in Figure 4-34a versus the time of
observation and the cumnulative probability distributions are shown in
Figure 4-34b. Also shown at the bottom of Figure 4-34a is the range

variation with time. This case represents a summary of the array per-

forviance at a relatively constant range from a source in a bottom limited

environment. For this case the median, 10 percentile and 90 percentile
values are shown in the following table.
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40dB 173 Ha

194: 20: 28:04 TO 196:10:04:02
NUMUER OF SAMPLES: 21 06* 0

EACH SAMPLE 1S THE MEAN OF 24 ENSEMBLES 0 e 200
SOURCE DEPTH: 100M
RECEIVER DEPTH: 400M r40o

SOO

30dB -AO-0

I* -2000iV 21400

AO 2*1600

*1f. 2II000

-2200

dB ANG 2800

* e * * * **S @** 3200
3400

NAUTICAL 3600MILES II
so 100 110 101 i

Oda o 0 09 t

go 10 1 406 10 15 160 170 li 140 21 20 i 230 240 2& 6
KILOMETERS RANGE

FIGURE 4-33a - (C) TOWED SOURCE, ANG, ASG, AG VERSUS RANGE (U)

1.0- 100 ol•'

I" 194: 20: 28: 04 To 116:10:04:02

* 03 EACH SAMPLE IS THE MEAN OF 24 ENSEMBLES

RECEIVER DEPTH: 400M
07

* I

~04

03 1
00

Od ~ S204D 30dB 40dB sods

FIGURE 4-33b. (C) TOWED SOURCE, APJG. ASO. AG CUMULATIVE PROBABILITY DISTRIBUTIONS (U)
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174.89 Ha

_ i

40dB NUMBER OF SAMPLES 37
EACH SAMPLE IS THE MEAN OF 24 ENSEMBLES
SOURCE DEPTH: 988M
RECEIVER DEPTH: 400M

SI

20dB - *AG

f0dB "ANO

1190:
odelo , I L L I , • I I

21 22 23 24 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 16 17 16 19 20 21
194:20:00:00 iSO:0000: TIME (houls) 195:20:00:00

FIGURE 4-34a - (C) MOORED SOURCE, ANG, ASG. AG VERSUS TIME (U)

* 10 -

*j/ 194: 20: 28:04 TO 195: 20: 35: 04
09 NUMBER OF SAMPLES 37

EACH SAMPLE IS THE MEAN OF 24 ENSEMBLES~SOURCE OEPTH gMM

08 ECEIVER DEPTH 400M

'I. 07~ o• / I

06 I

oiI

SII
Ii 4/ I

03 I

I- , *" I

01

7FIGURE 4 34 (C) MOORED SOURCE. ANG. ASG. AG CUMULATIVE PROBABILITY DISTRIBUTIONS (U)
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-,ANG ASG AG

10 6.7dB 28.6dB 14dB

50 10.3dB 32.3dB 21.4dB

90 15.2di• 35dB 27.2dB

These cummulative probability distributions consist of 37 one-half hour

samples with each one-half hour sample consisting of twenty-four ensembles

with a bandwidth of .08124Hz and an intergration time of 12.5 secs.

(C) In summary the array signal gain was observed to have a median

value of 31.2dB for the 173Hz source and 32.3dB for the moored source

during the course of the experiment. Rapid fluctuation in the data were
observed as a function of time and range. These were most probably due

to multipath effects. A comparison of the ASG data in Figures 4-33b and
4-34b show no major differences in the statistical distribution.
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5. SUMMARY OF MEASUREMENTS AND EXPERIMENTAL RESULTS

(U) The CHURCH STROKE III Cruise 1 Exercise was conducted in July 1979 in

the Entrance to the Gulf of Mexico including the western portions of the Florida

Channel, the northern end of the Yucatan Channel, portions of the Tortugas

Terrace and the East Yucatan Channel,the Catoche Tongue and the Eastern region

of the Gulf of Mexico.

(U) The exercise was conducted by the Long Range Acoustic Propagation Project

(LRAPP) of the Naval Oceanographic Research and Development Activity.

(U) Acoustic and supporting environmental data were acquired in order to

provide information for the acoustic assessment of the region.

(U) The major assets employed during the exercise were the LAMBDA III

Measurement System installed on R/V INDIAN SEAL, the HX-231F Sound Projector

towed by the USNS DESTEIGEUR and the Webb Sound Source moored at the center

of the exercise area. Both ships participating in the exercise were equipped

with specialized navigational and environmental measurement systems supplementing

and supporting the major roles of the ships in the meeting of exercise objectives.

(U) All acoustic systems used during the exercise were calibrated.

(U) The HX-231F Sound Projector was calibrated by the Naval Ocean Systems

Center at Lake Pend Oreille using established procedures. The HX-231F Sound

* Projector emitted C14 signals of 67 Itz and 173 Hz with source levels of

179.3 dB// lI±Pa at 1 meter and 183.4 dB// I1 Pa at 1 meter respectively. The

error of the calibration is t 0.4 dB. (Ref. 20)

(U) The Webb Sound Source was calibrated by the Underwater Sound Reference

Division of the Naval Research Laboratory before deployment, and operated

at 174.89 Hz with a source level of 171.0 dB// IAPa at I meter.

(U) The hydrophones of the receiver, the LAMBDA III Measurement System

were rigorously calibrated at different steps of the manufacture of the array.

"The individual hydrophone elements were carefully selected by a binning technique

described in Ref 6. This selection ensured reliable and consistent sensitivities.

"4 Thirty-seven of the Benthos mtanufactured AQ-1 hydrophones were tested by the

Underwater Sound Reference Division of the Naval Research Laboratory in its

facilities at Orlando, Florida. All individual hydrophone elements, groups and

-i array modules were calibrated by the CAVAC method developed by NOSC.
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(U) These calibrations were verified by at-sea measurements using the

Lloyd-Mirror calibration method described in Section 2.1.5 of this report.

(U) Electronic calibration of the LAMBDA III System was accomplished by
several methods as described in Section 2.1.5 and in Reference 10 and Appen-
dicies 1 and 2 of this report. The results of these calibrations were consis-
tent with the results of the built-in calibration tests of the NOSC Ambient
Noise Directional ity Program and the tests conducted using calibrated tonal signals.

(U) Nonacoustic support data were obtained during theexercise such as ship speed,

heading, wind speed, array heading and array depth data.

(U) Thirty-two sound velocity profiles were measured along the Exercise

Baseline by the USNS DESTEIGEUR providing the data base for the isovelocity
contours presented in Figure 3-4 and the sound velocity profiles presented in
Figure 3-5. The tow measurements were corrected, analyzed and the refined
information provided by NORDA Code 321.

(U) Weather information was collected throughout the Exercise. The
general sea-state condition was calm to moderate and wind speed was variable

-=20knts. Durations of higher wind speeds were not lonq enouqh to allow the
full development of the sea.

(U) Bathymetric information was obtained along the track of the tow ship
by using a Precission Depth Recorder. The tow data was later corrected for the

appropriate sound velocity. The depth infonnation presented in the report is
based on the corrected values.

(U) Navigation data for both the R/V INDIAN SEAL and the USNS DESTEIGEUR
were obtained by a Satellite Navigational System and later rectified by NORDA
320. All range and location information were derived from the rectified navi-

gational data. It is estimated that the maximum uncertainty in location is t

0.3 nm, in range + I nm.

(U) Current measurements were not obtained during the exercise. The
isovelocity contours however give a good indication about the behavior of the

Loop Current of the Gulf of Mexico.

(U) The quality of the obtained information is Judged excellent. ,
Acoustic data on which the results presented in this report are based were

acquired under well defined conditions dealt with rigorously calibrated systers.

UNCLASSIFIED
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lhe frequency levels are reliable, and the positions, and ranqes are known to

adequate accuracy. Bathythermal and bathymetric conditions are known to the

extent required for the objectives of the measurements and their analvsis.

5.1 SUMMARY OF THE MEASUREMENTS

(U) The acquired acoustic data was obtairned and processed onboard the

R/V INDIAN SEAL and analyzed on shore.

(U) The following parameters were produced by the onboard processinq

for transmission loss determination:

# Hydrophone Spectra for selected time periods by the Spectral

Dynamics 301 Spectrum Analyzer.

* Average Hydrophone Spectra for selected 12 or 24 data resembles.

* Received Signal Levels as function of hydrophone number and

frequency for a selected number of data ensembles.

* Coherence for selected data sets.

s Hydrophone level as function of time for selected nunber of

data ensembles.

(U) All of the above mentioned data was processed for the signal fre-

quencies (67 Hz, 173 Hz. 175 Hz). Some of the perameters covered the full 4 Hiz

1 wide frequency bands centered at the si;nal frequencis. so.e of the parameters
were processed only for a few (up to 5) frequencies.

S(U Measurtients used in the transmission loss analysis were obtained for

.our "Wjor time periocis corresponding to the four legs of the track traveled
by the USN" DESTEIGEUR towing the sound projector at 100 . depth. Data gaps

occur-ed due to eqjipment failure, maneuvers of the R/V INDIAN SEAL, calibratlon

etc. The r-eiver operated in the vicinity of Site E. The source followed

tracks CO, neCtinu Sites F and C. Z and G, G and E, Eand F. (See Figure 3-3)

A•. Transmission loss d.ata was obtained for:

SLeo, F-E letween 23 and 56 rgn from Site E in the basin between

I' the Florioa t-scarpnent and the East Yucatan Shelf. The receiver was

at a nominal depth of 800 n.

UNCLASSIFIED
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* Leg E-F between 56 and 131 nm from Site E in the basin between the
Florida Excarpment and the East Yucatan Shelf and up on the slope

to the Florida Shelf. The receiver depth was at a nominal depth
of 400 m.

e Leg E-G between 48 and 96 nm from the receiver located 22 nm
northeast from Site E in the Catoche Tongue up on the East Yucatan

Slope. The receiver was at a nominal 800 m depth.
* Leg G-E between 55 to 180 nm from Site E downslope on the East

Yucatan Slope toward the Catoche Tongue. The receiver was at a
nominal depth of 400 m.

(U) The data acquired at 67 and 173 Hz and at ranges to 108 ran for Leg
E-F represents transmission less characteristics at deep br't bottom limited pro-
pagation conditions. The data at greater ranges exhibits the effects of the
slope. Both types of propagation are dominated by bottom interference.

(U) It was established that transmission loss at 67 Hz caii be defined by

an empirical cytindrical spreading loss formula with a bottom loss value of
$ 0.5 dB/bounce for glazing angles between 5-16o where most of the propagating
4 acoustic energy is concentrated.

(U) The transmission loss at 173 Hz can be determined by the sane empirical
cylindrical spreading loss formula 5ut with a bottom loss value of 1.5 dB/bounce
for this frequency. Absorption loss is negligible at the i.asured ranqes.

(U) The "Slope Effect" becotres observable when the source is still in
deep water over the beginning of the slope. This effect exhibits itself in thp
t reasured data by the chan-ge of trend in the transmission loss values as function

j I
of range. The "Slope Effect" is defined as the dD difference between the

transmission loss valt-es teasured over the slope and the transmission loss
valuei derived from the empirical curves at the range where the measured Minhimum
occurs over the slope.

(U) This effect is 3 d6 for 67 Hz assuming a bottom loss of 0.5 d8/bounce
bottom loss and is 6 dD for the 173 Hz data with bottom loss of 1.5 rb/bounce.

(U) Oata are presented for Legs E-G and G-E; however, these measurements
S~were acquired otly over the slope. Transvission loss values were not determined

for deep water propagation condition•s and the lack of this information prevented the

establishment of the effect of the slope (or these legs.
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(U) Limited measurements were made for Leg F-E. All measurements were
obtained in deep water, off the slope, and therefore the determination of tne
"Slope Effect" was not possible. Missing measurements are not recoverable
from the records of tow data. Equipment malfunction, ship operations,
calibration procedures were the primary reasons for not being able to ootaln

the necessary information for analysis.

(U) Signal coherence information was analyzed for selected data segments

of the approximalely 300 m long High Frequency array. It was fcund that signal
coherence is a function of signal to noise ratio in the presence of the directive
coherent noise field of the tow ship. The measured signal coherence is a clear
representation of bottom limited propagation conditims. The magnitude square

coherence varied between 60 and 100' as function of distance.

(U) The following pardmeters were obtained for the analysis of array
perforu ance:

* Beam and Hydropnone Spectra for selected 12 or 24 data

ens eiib I es

*Received Siqnal Levels as function of hydrophone nwier and
frequency providing acoustic illumination charecteristics of the
array for averaqes of selected numbers of data ensembles.I * Coherence Information on selected data sets.

e Array Signal Gain. Array Noise Gain Estimates using standard
siqnal to noise determination techniques

* Bearint of Si'nal Beam for bearing accuracy estimates.

All of the above data wA! processed for the signal frequencies (67 Hz. I3 ;iz
and 115 H4 " Masurenents ,or array Performance analysis we-* obtained in parallel

with transmivsion loss owr.-ents and selected parav~ters were routinely
processed f(r irray perfortza41ce characteristics determination. Selected data

st~wents were processed for detailel analysis.

(U) !he data acquired for transmiSsion loss and array perfoivance analysis
were selectively processed 3nd analyzed to determine siqnal fluctuation charac-

teristics.
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C.2 Discussion of Transmission Loss Data (U)

(U) Sound transmission in the Gulf of Mexico is bottom limited for shallow
sources and receivers. Under these conditions sound propagation is described

by sound transmission theory Ref. 21 (Officer, page 97-101). In this case,

sound energy is propagated at all angles between the limiting and critical

rays. At ranges greater than the cycle distance of the limiting ray all rays

in this sector contribute to sound intensity. The contribution is not equal

for all rays, for two reasons; all other rays have a shorter cycle distance

than the limiting ray and strike the bottom at a higher grazing angle. If
there were no bottom loss all rays would contribute equally resulting in a

cylindrical spreading loss. However, it is known from Mitchell (Ref. 4) that
the bottom loss is finite at low grazing angles (in the order of 0.5 to 1.0 dB at

67 Hz per reflection in the measurement area) and increases with grazing

angle and frequency.

(U) This behavior tend, to reduce the relative intensity of the higher angle

rays especially at higher frequencies, with the result that the sound energy
tends to concentrate at angles near the limiting ray. This effect is more

noticeable at the high frequencies in regions where the bottom loss is low

to moderate. Complicating the picture of bottom loss is the penetration of
sound 4nto the sub layer of the bottom. Mitchell (Ref. 4) discusses the

refraction of the sound in the sub-bottom layer and points out that, at
low frequencies, the concept of a point bottom loss value is not valid. The
reason is that sound rays penetrate the bottom, enter the thick sedimentary

layers and are refracted. These rays re-enter the water at a greater range

but at the same angle as the reflected ray. The ray has split into two
parts, one part being specularly reflected and the other refracted and

returned to the water. The combination produces the arrival at the measure-

ment point. The bottom loss "per bounce" is the loss suffered by the combined

rays. For our purposes we have followed this description and estimated the

loss per bounce from the empirical fit to the data.

(U) Our case considers shallow receivers (400-800m') and sources (103-1000m)
only. With this source-receiver geometry, sound transmission loss under the

UNCLASSIFIED
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conditions of bottom limited propagation over a uniform flat bottom will

result in transmission loss minima at definite range intervals. The strength,

extent and spacing of these minima depend upon frequency and bottom loss

values. At higher frequencies (up to 200Hz) we would expect sharper peaks

in the TL versus range curves tending to concentrate in range toward

the range cycles of the limiting ray. At lower frequencies, these peaks

will be spread out in range as the rays of higher grazing angle contribute

more to the intensity. The behavior of TL as a function of range may be

described (Ref.22) by an initial spherical spreading to some reference

range with a transition to cylindrical spreading (if the bottom loss is not

too high) plus a mean loss per bounce reckoned on the average number of

bounces of rays between the limiting and critical rays, R, and an average

bottom loss per bounce, B. The exact value of TL at the first peak depends

upon the number of rays concentrating in that region and the spacing of the

rays in d ray tracing diagram at that range. If the ray density becomes

high enough, intensity estimates made by single ray counting become diffi-

cult and thus wave theory must be used. If neither the bottom properties

nor the sound velocity profile change between s: cessive TL minima, the

value of minimum TL will be dependent only upon . 1 lindrical spreadinp and

bcttou loss. This is because the region of energy concentration is spread-

ing on a cylindrical surface of separdtion Ah according to

TL = 10 log RAh/AO ÷ N B

where is the initial angular spread on the rays contributing to the TL at

range, R. Although Ah depends upon range, it apprnaches a minimum at definite

range intervals and is a constant for successive cycles. This leaves only

bottom los.s and the influence of 10 log R to effect the transmission minima.

(U) For this reason the iL data are assumed to take the following form

TL rAB + 10 lou R * N (M)

4 For the data presented in this report N (R) has been determined from ray trace

diagrams. Then the value of A. is taken to be the measured TL at the first

[ UNCLASSIFIED
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TL minimum in the data modified by the value of N B to that range. For

greater ranges, curves of TL with B as the parameter are determined and the
best "eye ball" fit to the experimental data is determined. These values are

0.5 to 1 dB/bounce at 67Hz

1.5 to 2 dB/bounce at 173Hz

The experimental values of bottom loss are consistent with the curves presented

by Mitchell in the pre-exercise estimates based on the two-path "geoacoustic"

model. The data indicate that a low to medium bottom loss describes the

region of the experiment and explains the "good" sound transmission experienced

in this experiment.

(U)The value for limiting ray grazing angle is slightly higher than the 80

value indicated in the pre-exercise estimates. Based on the measured cycle

distance at high frequencies, a value of 9.240 was determined which yields a

cycle distance of 18.6 nm.

(U)With the "best" value determined for bottom loss as a function of fre-

quency and grazing angle, the FACT transmission loss model (Fast Asymptotic

Coherent Transmission Loss Model, (Ref23) was run for a constant sound

speed profile and flat uniform bottom with coherent summation. This widely

used model is a rNavy Interim Standard Model and employs ray tracing and

summation of the rays that reach a given receiving point (including those

that strike the bottom with some loss). These rays are phase summed accordinq

to the assumptions on the coherence between rays.

(U) Using the ARL curves (Figure 3-8) with the bottom loss description as

"low loss" and "medium loss," TL versus range curves were computed for the

two lower source frequeticies,67 and 173 Hz. These curves are shown over-

plotted on the experimental data for leg E-F on Figures 5-1 and 5-2. Also

shown is the empirical data fit determined in Chapter 4.

(U) Comparing the experimental data with the FACT computations at 67 Hz,

the following is noted:
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(1) Between 50nm and 75nm, the points of minimum TL agree

well with the 0.5dB/bounce curve and the "low loss"

bottom described by ARL.

(2) Between 96 to 108nm, the FACT minimum and the data

agree well and also follow the empirical curve for

0.5dB. All of the data lie in the region between

the ARL "low" loss and "medium" loss curves and fit

well to the region between the 0.5dB and 1.OdB per

bottom bounce empirical curves.

(3) At 108nm, the range at which the bottom begins to slope

up toward the Florida shelf, a change occurs in trend

of the TL experimental data. This is called the "slope

effect" and is measured for our purposes by the

deviation of thq measured TL data from the "best" fit

or computed YL. At the minimum value of TL occurring

at ll8nm range the slope effect is 2-4dB relative to

the FACT computations and x, 3dB relative to the empir-
ical curves.

(U)The major point of the 67Hz data is that there is excellent agreement with

the FACT model in the region of flat bottom before the slope is reached.

(U)The 173Hz data show similar behavior as seen in Figure 5-2, where the

II FACT model and empirical fit are overplotted on the experimental data.

The following points are noted in the comparison:

(1) TL minima meet the empirical curve with 1.5dB/bounce
bottom loss.

1. (2) The range and values of TL minima agree well with the

FACT computations using the ARL "medium" loss bottom

out to the range of slope initiation, 108nm.

(3) The slope effect begins in the deep water portion of

the slope and reaches a maximum value at 118rln of 6dB
relative to either the FACT computations or the empiri-

cal data fit.

UNCLASSIFIED



Page 132

UNCLASSIFIED

(U) At 173Hz, the agreement between experimental data and FACT computations

is excellent in the region of flat bottom if the ARL "medium" bottom loss

values are used.

(U) In summary, we have found that the calibrated data set is in excellent

agreement with the FACT model with the low to medium los1 bottom characteristics

of Mitchell (Ref 4). These data provide a basis for detailed TL studies

exploring the further effects of bottom loss, slope enhancement, fluctuations

and environmental effects such as the influence of t.-ie loop current.

USI
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5.3 DISCUSSION OF ARRAY PERFORMANCE RESULTS

4,. (C) It was found that in a multipath environment the primary descriptor

for the performance of a towed array is Array Signal Gain. The examination of

Array Noise Gain revealed that it is dominated by the directional noise field

of the tow ship. This condition is most likely characteristic of other towed

arrays also.

(C) Array Signal Gain was determined by comparing the measured beam level

in the signal beam with the signal level averaged through the 64 hydrophones.

Array Noise Gain was determined by using several techniques. (See Section 4.2.1)

Noise values were insensitive to the averaging technique when spectral peaks

were ignored and the average was taken over the TAP III filter band (5.2 Hz wide).

(U) The analysis-based on extensive data-produced the following key

results:

o Half-power Beam Width is approximately 1.710 ± 0.350"

o Side lobe levels near the Signal Beam are -9 dB for the first

side lobe and -17 dB for the second side lobe. The remaining

side lobes have levels between -20 dB and -27.5 dB.

o Beam Width and Side Lobe levels are comparable to expected

values for a line array of 64 median hydrophone locetions with

6 inoperative hydrophones.

o Array Sinnal Gain was estimated to be between 31 and 32 dB.

Theoretical Array Signal Gain for line array of 64 hydrophones is

36.1 dB. The cummulative probability of Array Signal Gain estimates

are: 173 Hr. 175 Hr.
o90z 3 35

50% 31.2 32.3
10% 27.4 213.6

o o Array Noise Gain, the median values were estimated to be 10 d&. The

cumnulative probability for these estimates are:
173 Hr. 175 Hr.

S90% F5T 155..2
50% 10 10.3

o 6.6 6.7

-o The results of the analysis suggest that the statistical distribution

of Array Signal Gain is a Log Normal Distribution when the multipath

environments were not changing rapidly.

o Bearing accuracy was determined to be -1.61 to -4.71. These errors

can be the results of many causes, the most obvious being array tilt

and array moti0 ONFIDENTIAL
S1*JIIII I
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(This page is unclassified.)

6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

1. (U) Transmission loss data was acquired in the entrance to
the Gulf of Mexico with a calibrated measurement system using
tonal signals emitted by calibrated sound projectors. Supporting
environmental information such as bathymetry and sound velocity
profiles along the measurement tracks, and ship locations in
the measurement area were also obtained.

(U) The signal and support data sets represent a complete
collection of information necessary to determine sound
transmission characteristics in bottom limited and slope
affected conditions. Signal data were acquired at 67 Hz and
173 Hz at source/receiver depths of 100/400 and 100/800 meters.

2. (U) The transmission loss results, interpreted as a function of
range, are consistent with ARL expectations for bottom limited
propagation encountering medium to low bottom loss conditions.
When the influence of the slope was absent the measured
transmission loss values fall in a region reDresenting
transmission loss determined by cylindrical spreadiý,g law.
Furthermore, agreement with the FACT Model, the Navy's standard
model, was also apparent for this condition when the ARL
medium to low bottom loss curves were employed.

3. (U) The degree and location of initial effect of slope enhancement
were determined by the range where the measured transmission loss
values began to decrease with respect to the increasing trend
established by ray analysis. This ray analysis shows similar
trends up to this range as the measurements and the FACT model.
Slope enhancement effect for a towed source proceedinq from
deep water towards the slope was observed by a change in the TL
data trend when the source reached the bottom of the slope.

4. (U) Short term fluctuation data and their related statistics were
acquired, processed and analyzed for approximately 12 and 24 minute
time periods. Standard deviations determined from power averaging
were found to be between 3 and 5 dB in the band of the signal.
These observations are consistent with the results obtained by
Urick and Dyer for bottom limited propagation.

tT
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5. (U) Long term fluctuations of the 23 and 24 minute mean
values taken for an approx. 24 hour period were found to be
correlated with multipath structure due to changes in
range between the sources and receiver. When the moored
and towed sources had similar path structures their
fluctuations were correlated.

6. (C) Beam response patterns indicated that the directional
noise fieldwas due to the array tow ship, the R/V INDIAN SEAL
coherence analysis showed that this directional noise field
was partially coherent. Array noise gain estimates reflected
this coherence. Beam response curves for the high signal to
noise ratio data were found to yield a near broad side beam
width of 1.710 and mean side lobe level of 27.5 dB.

7. (C) Array signal gain ranged from 15 dB to 34 dB. The
distributions of array singal gains were found to lie in two
groups. Ons group with 60% of the data within 3 dB of the
median value and another group with a wide and rapid variations.
The array signal gain was found to depend on the multipath
structure and; consequently,the statistics of these distributions
are also decided by changes in the structure. It is concluded
that array signal gain is the major parameter to be considered
in the assessment of array performance under this type of
bottom limited correlation.

8. (U) Coherence data were obtained over the aperatur. length
of 300 meters. When the signal to noise ratio was nigh
(S/N > 15 dB) a true measure of the coherence was observed.

9. (C) Array tilts of 4 to 12 degrees were observed. This tilt
of the array was found to produce bearing errors between 1.5
to 51) depending the degree of tilt. A negative bias in the
errors was attributed to upward tilt of the array.

10, (C) Array data consisting of spectral properties of the
hydrophone groups and beams were necessary to determine the
array performance, spatial variations, and to interpret the
coherence data. The com'plete set of data enabled an analysis
of a sinusoidal signal in a coherent noise background with
multipath effects. In a multipath environment towed array
performance is affected by array signal gain and its
fluctuations. This is partially due to the relative variation
of the source and receiver positions, and also the fluctuations
in the medium along the transmission path.

CONFIDENTIAL
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6.2 RECOMMENDATIONS

1. (U) Measurements performed to characterize the performance
of an array should be taken such Lhat amplitude and phase
information is preserved. At a minimum the following
data should be obtained:

a. Hydrophone average spectra and standard
deviation.

b. Beam spectra.

c. Signal level and noise level versus
aperture.

d. Signal level and noise level versus
beam number.

e. Beam noise statistics.

2. (U) Coherence data are useful in interDretinq array performance
data. In the measurement of signal coherence on underwater
acoustic signals with a towed array, only S/N > 15 dB data
should be used to attribute the coherence te the signal.

3. (U) Signal structure studies of this kind should not be
subjected to conmmunications limitations imposed by
simultaneously conducted fleet operations.

4. (U) Environmental data acquisition including knowledge of
the bottom characteristic derived from core samples or
measurements of bottom loss are necessary in transmission
loss studies.

S.5. (U) Studies performed with towed arrays should have their
absolute calibration factors verified at sea with a Lloyd
mirror type calibration.

6. (U) Short term and long term fluctuation data obtained in this
"experiment should be further analyzed and compared to
theoretical models.

7. (U) Slope enhancement effects observed in this experiment
as well as other measurements should be the subject of
more theoretical and experimental investigation. Explosive
experiments which allow identification of inaividual paths

should be performed. The data obtained in this report
represents an unusual look at propagation of sound for
"a source proceeding from deep water to a shallow depth.
Also the propagation of sound from a source moving up
slope and down slope Is also available.
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8. (U) Data obtained in experiments such as these should be

taken so that analysis on multiple signal processors is4 ipossible.

9. (U) The data in this experiment represent a rare case of
absolute calibrated acoustic data tinder known bathymetric
and environmental conditions. Close agreement with Navy
Standard Models is also apparent. For these reasons a more
comprehensive examination of the TL data would be warranted,
especially since sound field coherence, signal statistics,
and fine structure could be examined and additional TL versus
range could be realized. A brief qualitative investigation
of these effects has been presented in this regard. A finer
examination with more sophisticated models is warranted to
further qualify the slope effects.{1

10. (U) During this experiment a moored source was continuously
transmitting data at a depth of 911 m and the array was at a
depth of 400 m. The range separation between these two systems
was not changing drastically. This data set represents a
continuous measure of signal propagation and array performance
in an interesting oceanographic area. These vital data should V
be analyzed in a continuous fashion.

UNiC
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