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ABSTRACT

AIn analysis was done of central Arctic Ocean acoustic data
to determine the temporal and spatial characteristics o-
transient noise events. Digital ambient noise data from
the FRAM IV experiment of April 1982 were searched for
ambient noise transients using a detection program. The
time series of the resulting detections were examined
visually to categorize each detection as a transient,

artifact or false alarm. The transient events were located
in space using time delays between signal arrival at
different hydrophones. The cross shape of the FRAM IV
horizontal array permitted lccation in both bearinni anc

range. The source strength of each event was c-l ulaae a -d
using a simple dipole source model. Refraction and
scatterring of the acoustic path in the Arctic Ocean was

taken into account.

The overall number of events detected, and hence the;-
4nterarrival times and spatial density, were all aFfectec
by the background ambient noise level. The detection
program used the same threshold slonal-tc-roi-_e leei 1 or
all data tapes, so when ambient noise levels were low more

detections occurred. The mean interarrival time between J

events was 100 seconds. The interarrival time fit a J
shaped gamma probability distribution. The number of
events detected per area decreased with range from the
array center. Half of the events occurred within 00 --
meters of the array. In this area there were 0.3 events
per square kilometer per hour. The event population shok-je'
no predominant angular dependence. The strengths
calculated using the simple dinole model had a mean o< 4-C)

kN overall and 260 :N during ouiet times. Stronaer evnrts
lcrLcurrcd du ; no 'ime- 4ith hiqh ambient noise %es..

Theis Superv sor: Dr. Ira Dyer

Title: Professor of Ocean Engineerina
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CHAPTER 1

I NTRODUCT ION

Thesis Motivation
'4'

This thesis investigates the spatial distribution,

strength and rate of occurrence of low frequency central

Arctic noise events. During the last 30 years there has ,

been a growing commercial, military and academic interest

in the Arctic region.

In this relatively unexplored area there is increasing

evidence of rich mineral and petroleum resources. Research

into methods of locating these assets and constructing

facilities to exploit them have received much attention.
C-

These facilities must be able to withstand the harsh Arctic

surroundings. The study of Arctic acoustics helps in

understanding the Arctic environment and climate. It has

been shown that there is a direct correlation between 10 to

20 Hz ambient sound pressure and environmental stresses and

moments1l0]. The ability to use acoustic noise levels as
%.

an environmental predictor would be a useful tool in the

protection of commercial Arctic facilities.

The Arctic ocean serves as a military arena for C-'.

several submarine fleets. The underice environment makes

detection difficult, increasing the stategic role of those

1 ets. Beecause Of the sound velocity profile of the 4,

central Arctic there is a surface duct which channels sound

for long distances. But, the underice profile scatters

I..,

jo. %'.'.. '. °-., .' -' .°.''. , , -. , -. . - -. -. . , . .. . ..- .. .-.. .. . . -. . • ... .. -. • .. . - - . .. . .. €. .. .. ..
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sound energy, effectively filtering out high

frequencies11. The result is that only low frequency

signals travel far in the Arctic, and therefore the low

frequency range is the best for detecting adversary

submarines. The importance of understanding the low

frequency ambient noise field becomes apparent. The actual

central Arctic ambient noise level is at times much quieter

than the open ocean, but it contains unpredictable

transient noise events which interfere with conventional

detection schemes. It has been hypothesized that the

background ambient noise is the summation of these

transients from throughout the Arctic basin[7]. Analysis

of the spatial and temporal distribution of- these

transients is a logical next step in understanding low

frequency noise, and improving our submarine detection

capability.

The academic challenge of the Arctic lies in the

sparseness of field data. The Arctic cannot be casually

sampled. Even simple experiments require expensive

expeditions. The harsh environment takes its toll on

researchers and equipment, and reduces the amount of usable

data. Hence, the study of the Arctic is like a jigsaw

puzzle with few pieces present. The total picture remains

a stimulating mystery.

This study analyzes data collected durinq the FRAM 1V

e:periment by Massachusetts Institute of Technologv and

L k .- ,,. - .- .
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Woods Hole Oceanographic Institute personnel. The FRAM IV -

ice camp was located in the Barents (Nansen) Abyssal Plain I

at approximately 840 N by 150 E, as shown in Figure 1-1.

The ice was 3 meter thick multi-year pack ice. The ice

activity was low; there was no ice ridging or lead

formation around the camp during the experiment.

The FRAM IV ice camp was set up from 25 March to 11

May 1982. This study analyzes data taken between March

27th and April 22nd. The weather was mild, with

temperature ranged from -35o to -4O C, and wind speed from

I to 23- knots. ,.:

The ambient noise was sensed with a large horizontal

hydrophone array which consisted of two non-uniformly

spaced line arrays, crossing at right angles. 
The data 0

were digitally recorded on a multichannel system. .

:.',

% ,
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Thesis Contents

My work in this area began long after the FRAM IV

ambient noise data were collected. The first step was

finding the events in the raw data. The data consisted of

magnetic tapes each containing 20 minutes of digitized I-.

noise levels. A program was written which searched the

ambient noise tapes for possible events. Chapter 2

I
d-scribes the automated and manual techniques used to

accomplish this detection.

These events were then located in space using the

difference in arrival time between hydrophones. This was

also done with a computer program. The program plotted the

arrival time delays against range to a trial location, did

a least squares fit, and chose the location with the best

fit. This is covered in Chapter 3.

The peak voltages for each event were used with

the dipole source model to predict peak source strenqth.

The bactQround ambient noise strength was also determined.

These strength calculations are found in Chapter 4.

In Chapter 5 the distribution of event interarrival

time was determined. The event locations and strengths

were analyzed, and a spatial density found.

C
Chapter 6 summarizes the key results of this study.

d

'.X

*w~uJI~*~~'~*4
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CHAPTER 2

DETECTION OF NOISE EVENTS

Data Collection

Twenty nine FRAM IV ambient noise tapes were searched

in order to find a population of noise events for this

study. The specific tapes were chosen from the possible 67

in order to cover the entire range of days of the FRAM IV '"

e>periment. However, there were several days when no

ambient noise tapes were recorded. To help fill these gaps

five reverberation tapes were also searched. These tapes

were recorded prior to the reverberation shot being fired.

or they were recorded so late in the experiment (60 minutes

after the shot) that reverberations were no longer present.

The FRAM IV experiemnt used the horizontal array o-

omnidirectional hydrophones pictured in Figure 2-1. The

hydrophones were susPended from the ice into the water to a

depth o{ 93 meters below the air/ice interface. The two

crossed lines of the array allowed the possibility cf

localizing events in space. Although 26 hydrophones are

shown in Figure 2-1, only 24 at a time could be used to

record data. In most cases a few of the recording channels

were used for other sensors (geophones or hydrophones used

in a vertical array). Most of the time 19 to 21 horizontal

-r a. i . 'r, ohone dzt a *ere recorded. -..

The FRAM IV ambient noise tapes were recorded

diaitai- iv. Figire 2-2 shows a schematic of the system ed.

% % % _ %

.-



-14-
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for collecting the data. The input from each hydrophone

was put through a gain ranging amplifier and a low pass 8(

Hz filter. It was sampled at 250 Hz and recorded on 20

minute magnetic tape[4]. The 24 channel recorder had a 120

dB dynamic rangeEl2].

%'

Event Detector Program

The event detector progratn was written to -:aJe diUt E1

data from a FRAM IV tape and determine where in that tape

noise events occurred. The program was originally written

to take data directly from a tape drive, but subsequently

modified to take the data from a file. The frauread

program, with a -head switch is used to read the tape into

the file. This will eliminate any headers and then read

the digital data straight into a file. A FRAM II tape may

be read into a similar file using framread and the switches

-head and -fram2. The framread program was written by

G. Duckworth, and is available to the Arctic Acoustics

Program at MIT. 'p

The event detection programs source codes, flow chart,

and a short users guide are found in Appendix A. The event

detection program which reads from a file is called

hdetect. The detectionr program reads from a tape drive.
%.

E: h pro, rams are t*jriCtten ,n the c proramming 7-angu, ae - ".

a UNIX operating system.

The event detection program follows the block diagram

I-
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of Figure 2-3. The program initialization portion defines

variables and constants, zeros flags, and requests user

input such as tape number, date, time and

channels(hydrophones) to be used, as well as, the name of

input and output files. After this information is

requested from the user, the program no longer requires

attention.

Th;- eent detectio. prFogram then reads in a file -f

data, filters the data, squares each data point, and takes

the square root. The filter was a Parks-McClellan digital

.20 to 60 Hz bandpass filter. Its frequency response is

shown in Figure 2-4. The range of this filter was chosen

to avoid the Nyquis' crequency (125 Hz) and hydrophone

cable strum :1-20 Hz), and to be compatible with the analog

80 Hz low pass filter the data went through before beingi

recorded. The data were squared and then rooted to ensure

positive pea-. values for all data points.

The -e-, portion of the program Lsed a threshold

detection scheme to check each channel for possible noise

events. For a particular channel a short average of the

four most recent data points was compared to a long average

of 64 recent data points. If the ratio of short average to

long average was over a certain value that channel would be

-lag-ed -for a oossible event. The time of the flao and the

value of the short average were also recorded. All other

channels averages were taken similarly. If at least 50% of

mS R.-S
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Figure'2-3 Block diagram of major modulues of the

detection program.
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the channels were flagged, an event would be declared.

Then the program would shift to the next time increment of

data and the process would be repeated.

A more detailed diagram of the event detection module

is seen in Figure 2-5. There are four submodules: reset

flag, set flag, new event, and deactivate old event

modules. The reset and set flag modules deal with the

channel flags which trip when a particular channel

experiences a large signal-to-noise ratio (i.e. the RATIO

of short average to long average exceeds a certain level).

The new event and deactivate old event modules deal with an

active event matrix which identifies active events, and

stores channel flag time and amplitude for each declared

event.

The reset flag module resets the channel flag if it

has been more than 0.3 seconds since the channel tripped.

Spurious peaks on a channel might flag a channel

prematurely. This reset module prevents a number o-7

channels with spurious peaks over a long time period from

being falsely declared an event. The value of this RESET

DELAY was determined by examining known events and noting

that about half the channels tripped within a 0.7 second

period.

The set f-ag module determires if the short averace to

long average RATIO has been exceeded and, if it has, the

module 1) rhecl:s to see if the channel flag is already
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Figure 2-5 Diagram of event detection module flow and
decision making.
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tripped. 2) checks to see if this detection is part ot _-a.

recently declared event, and 3l) adds its detection

information to the active e\.ent or the channel lac., or

discards the information depending on the circumstances.

The short averaoe lenqth of 4 (= C).0i6 sec) was chosen so

that it matched the length of the signal (0.02 sec). This .

provides the maximum signal level since this is long enough ,

d - -- en the- -m - "aD -& X!

with the lower surrounding background noise le-vel. The

long average length of 64 was chosen because a lenoth ratio

of 15 to I had been suggested by Kellv[9] for the Large

Aperture Seizmic Array (LASA). The detection and

localization schemes used by this laroe horizontal arra-y

were oirectli applicaole to the FRAM IV hyarophone arrayv

data. The choice of detection RATIO was done _hroh a

--eries o-d tests and the selection ,as masde by b:en,-inc

detection rate and false alarm rate.

hen an even is declared the informatin i tne

channel flags is transferred to the active event matrix,

and the channel flags are cleared. So if a channel has a

detection and its channel flag is not already tripped, the

set flag module must first see if the detection belongs to

a recently declared event. If the active e.ent alread has

w+=ih-- -T!T .oto the lersron igbckrouln nise l-e,; ,e+7 Th

ng rjetction oniv if their times difber b less th ran ti

Fpecrnr= And the ne- detection amplitude es oi-eatr. Thi

'

locaizaionschees sedby tis aro horzonal rra



means that the existing data can only be replaced by a

detection of the same signal having a higher peak value.

If the active event does not have that channel flagged, :ne

detection information is entered in the active event

matrix, and the channel flag is not tripped. The oldest

active events are checked first, and the detection

information entered in only one event. If all of the

sactlve ='ert- areadv have ilOC t for tnis chant; _ -

has been more than 0.02 sec since the most recent input,

the detection is considered potentially part of an

undeclared event, and its channel flag is tripoed.

If a detection is made on a channel and its channei

flag is already tripped, the information in the channel

flag will be replaced with the new oetection only if the

new detection amplitude is greater.

The new event moCule checks to see if at least 5,% 3 %

the channel flags have been tripped, and if so. declares %

new event. The 50% mutual occurrence cri teri n was used in

the LASA program with good results[9]. All the channel

flag information is transferred to the active event matrix:,

and the channel flags are reset. '"

The deactivate old event module was used to remove

events which were past. A set EVENT DELAY time after an

7- I 1z:_lared. i iS WFitert to the CUtoUlt 1?- C-Cd

erased from the active event matrix. This reents

SPUrioLS peaks from being added to a event moni pa-t Th'e

L% J,.C
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2.4

EVENT DELAY time of 0.5 second was chosen because

inspection of the known events revealed that most channels

tripped within a 0.8 second period. The RESET DELAY (0.?3 ,

sec) plus the EVENT DELAY result in this 0.8 second look

for each event. L,

The output of the event detection program is an output

file which contains the time each event was declared, which

channels were flagged and the time deliv and pea[ E miFtLde

for each channel. The time delays are relative to the

earliest channel flag time, so one of the channels always

has a zero time delay.

The first version of the detection program was written %

to take a new short average and long average at every data

point (every 0.004 seconds). This program took 4 to 8

hours to search a 20 minute data tape. A concession to

speed was made and the program changed to comoute averae=s

at every fourth sample point (every (.C16 seconds). This

reduced the accuracy of the time delays and the abiliti( 0- "

the program to pick up events. The RATIO had to be lowered

in order to get the same detections which were obtained

previously.

Studies to find the best signal-to-noise RATIO were

conducted several times. Development of the LASA detection

sy stem had revealed fhit 7 dB si gral -tc-roi e ratio w- *

needed for 75% detection[8]. This equates to a 5 to 1

ratio of signal power to noise power. Since I was worln-
*Nft
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with pressure vice power I used 2.2 as my starting RATIO.

This RATIO engulfed me in false alarms. A quick study was

done around the 2.4 level. The first 10 minutes of tape

401 were run at RATIOs of 2sed 2.25 ad my taTi ae

had been visually examined in detail previously, so the

events were known. The results are shown in Table 2-1.

Also shown in Table 2-1 are the results of a second study,

dc r af ker the program had been changed to average 1e=__-

often.

Table 2-1 Determination of the Best RATIO

Average taken at every data point

RATIO detection rate false alarm rate

2.4 947. 257.

2.45 75% 187%

2.4 714. ,

Average taker. at every fourth data point

RATIO detection rate false alarm rate

2. 3 767. 467.

2.38 717. 29%.

25 597/.11

2.4 597. 33

oetec-ion -ae = * e,ent detections 4 of nc, eten _ -

FA rate = # non-event detections / total detections
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Notice how the detection rate has decreased and the

false alarm rate increased as a result of only averaging at

every fourth data point. Averaging less frequently means

there is a sm-iller probability that the data points to be

averaged wili all lie near the peak amplitude of the

signal. The signal level is generally lower than that

detected when averaging every data point, and a lower

i g n . -t-oci s - RAT 10 must be usec to Jetect t am

events. But when the signal-to-noise RATIO is lowered the

false alarm rate increases.

The RATIO of 2.8 was settled on. This is a

compromise which gives a detection rate which finds most

high and medium strength events, and which has a tolerable

false alarm rate. Because the detection rate is less than

100% (71%) there were events present which could be een

- u ,!-., buL were not oici:ed uo by the det-t: m arcrO "-
p

The RATIG could have been adjusted to detect a 1 event--s

seen visuaily, but at the cost of a multirude c-f ase

alarms. The RATIO was kept at 2.38 and used for the

detection of all data tapes.

The final version of the hdetect program read digital -.-.

data from a framread file, detected possible events using p

t'e less frequent Everaoing scheme, and supplle-d tnh ..- r

,.---i. 'nC c r-n=' r :F- m - PeI :A .' M s fjF ,I,1 1nr ;r i tu s I -fCl- , 7

file. Once the RATIO had been satisfactorily set the P

orocram was used t s rh the FFAtIM I) ambient nc-,ic- taF ".-
.5"

e %

J. 5 r' r* -e ... .
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for events, and no further program development was done.

Weaknesses in the program were subsequently discovered, but

have not been corrected.

The biggest problem is the accuracy of the event time

(the time when 50% of the channels have been flagged). An

event time reported by the event detection program will not 6%

exactly match that found by plotting the time series. The

i esA are usual i , wi thin - r e-onds o:' each ct her 

been off by as much as 1- seconds in one case. The time

difference between the two methods is greater at the end of

a tape, and is likely to occur after a particularly strong

event has taken place (though there were times when timp

discrepancies developed without strong events oresent and

also many strong events existed which di not induce

discrepancies). Typically, -here might be no time

difference at the - rst part of the taoe, then after .W

strong event a three second di crepanc: WOL,Id ne se_ -.,

;,is nould te consistzznt until the end of the ae.

:ecause the errors did not apoear randomly throughout the

tape, and because they developed impulsively. I believe .

that the problem lies in the time counter of the event

detection program becoming offset from the time of the raw

data. perhaps because o{ short r-eccrd= in the ra. da+a.

tine , r i', the eer c-4 -a shcrt ,-# ,rr. orc ti n5 I
h -T i n te V i T~e di -- An , r- Dr-.

%.,
{'"
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It has already been mentioned that the accuracy of the

time delays deteriorated when the program was changed to

run more quickly. This also made the detection of the

event peak amplitude less likely. As a result, in order to

get accurate locations and source strengths, both time

delays and peak voltages had to be taken manually from time

series plots of each event.

The other major problem of the event detector program

is that it does not discriminate between an Arctic noise

transient and an artifact such as an air gun blast or a

reverberation shot. Short, strong signals are reported as

possible events. Adding this discrimination to the program

is the next step in improving its usefulness.

Visual Confirmation

Visual confirmation was required for all possible

noise events in order to eliminate artifacts, false alarms

and multiple detections of the same event. In addition, in

a few cases visual confirmation revealed two events where

there had only been one detection.

The event detection program was designed to preclude

the need for plotting a time series of each event. The

output of the program contains time delay and voltage

amplitude information which can be used directly in the S.

location program. However, because of the decreased

accuracy of the time delay and amplitude information, and



-29-

because of the event time discrepancy mentioned previously,

it was necessary to plot the time series of each event.

The first step of the visual confirmation is to review

the tape log for any artifacts that may have occurred

during the recording. The times are noted, and these are

compared to the event times given by the detection program.

Then a time series of the artifact was plotted to determine

which detections were associated with it. In general, an

artifact such as an air gun blast did not affect detections

for over 20 seconds.

The visual confirmation portion of the procedure

evolved from a very limited look only at events which could

not be located with the detection program generated time

delays, to a three step plotting procedure for each event.

During the early period of this work the hdetect program

output was used directly as the input to the location

program. The location program used the time delays to

determine the event's location in space. Those events

which could not be located needed a closer look, and so

their time series were plotted. The plots were made of a 2

second period including the event time given by the hdetect

program. Often there was no apparent event in this time

series plot, and the detection was declared a false alarm.

When an event did plot, manual time delays were taken and .'

used to locate the event. These manual delays located

these events with better accuracy then the hdetect

%%

".-

4.
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generated time delays. It soon became apparent that the

best answers would be obtained by taking manual t.me delas _

of all events. Trying to localize the events with the

program generated time delays was dropped from the

procedure, and the first step after getting the hdetect

program output became doing a 2 second time series plot of

each event. 
-

:-:ter a dozen tapes had been analyzed ir this ,TFe

the discovery of the event time discrepancy was made.

After plotting a dozen events right at the time shown by

the program, the final two dozen event of tape 4009 all

appeared to be false alarms. The quality of the tape was
y-"

good (low background noise), so this seemed highly

suspicious. A broader search of the time around each e'.ent

showed that the final two dozen events were not false

Alarms, but Nere events with times 5 seconds dife-ert than

those indicated by the program, so that none of those

evert-- had shown Un on the 2 second time series o:ts. The

method of visually confirming events was changed so that a

waterfall plot was made around the time of each event. a..

This showed the exact time of the event, and helped discern

the pattern of time discrepancy between time series and the

hdete,-t program. Once the pattern was found events were

t -, rnd and ai=e aarn c'lr be -oted. The ^N
a-'

confirmed events were then plotted with 2 second time
S

series.

,•, 

&h'-

,p '.1

r. ,% 0-._'* "." .'L _.r .r_, 2 ,, ,,'.J,,. ." ' _- . ". .- ".-".. o-. ". -. .' .'z . ",- '2 ". ". 7,',,'..".." ."0 ,, " ,,,',,",, "v " " ,,,, , •,, . ,,,, . ' "m, ",,..
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The final step of visual confirmation was simply

plotting and replotting the events to the proper gair so

that the higher voltage amplitudes would not be cut off.

These peak voltages were manually taken from the time

series plots and used to determine source strength.

The final method used for visual confirmation was:

1) Check tape log for artifacts, and eliminate

those fo further analysis.

2) Plot a waterfall time series around each

possible event, separate real events from false alarms, and

find true event times.

3) Plot 2 second time series of each real event.

adjusting gain to keep from clipping higher voltages.

Using this technique certainly reduced the false 7iarm

rate. A breakdown of the detection statistics for tapes

that had been examined by both methods i -courd ir

Table 2-2.

Table 2-2 Detection Statistics for Two Visual
Confirmation Methods

Artifacts Events False Alarms

Orignal Method 16.9%. -7.5% 45.6%
w/ 2 sec plots

L-1'imate Method 16.271/ 65.4/ 18. 4'
t- ,:- t er f 1i 1 .7,1o t

21*- -e - 1 --

(r'Frcentages of detections classed in each ca e-irv)

or % .
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The human interpreter was a necessary tool in this

scheme. There was not necessarily a one-to-one

correspondence between events and detections. There were

cases where a strong event would cause multiple detections,

and cases where two events occurred at the same time and

caused only a single detection. In some cases a series of

detections seemed to be an event and an echo, or perhaps

straf. This would be counted as a single event.

The method of determining whether a detection was a

false alarm or a weak event was sometimes difficult. In

general, if the detection program indicated a possible

event, "something" could be seen on the waterfall plot.

The detection was dismissed as a false alarm if no pattern

for taking time delays could be seen. (Because of the

shape of the hydrophone array there were consistent

patterns of time delays depending upon the direction to the

event.) Presumably the false alarm rate depends upon the

training and attention of the human interpreter.

Manual time delays were taken from an arbitrary

reference to the crossing of the largest peak to peak

amplitudes, as shown in Figure 2-6. For most events this

was clear, but for weak or complex events some intuition

was needed.

Voltage amplitudes were taten as the ma :iqium peik

voltage in the event signal. All were taken as magnitudes

regardless of sign.

% %
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Figure 2-6 Sketch showing point of measurement for event
time delays. The event is timed at its zero crossing
between the largest pair of positive and negative peaks.
(The measurement/analysis system has a polarity of negative
voltage for positive pressure.)
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All1 types of noi se event signatures previ ousily

observed by Dyer[7] were seen in the ambient noise tapes !

evaluated. The majority of events were pops and extended

pops. There were also a few whines and straf events.

While signature types were noted in general, the signature

type of each individual event was not recorded.

"4.
,

p I,
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CHAPTER 3

LOCATION OF NOISE EVENTS

Event Location Program

The program used for localization was based on the

program FOUAK by Peter Stein [13]. This program places the

event at different trial locations and computes the slant

range to each hydrophone. Figure -I shows the coordinate

-system used for these calculations. These are olotted

against the time delays and a least square fit is done to

determine slope as shown in Figure Z-2.

(N ZAtR - ZAtZR)slope 2 A (73-i1

NZR' - (ER)2

LAt - (A~ ' R)
y intercept = N B (-2)

The standard deviation of the time delavs fron the slce

line is figured.

sigma = (At3--)
N

The location having the lowest standard deviation is the

location of the event. The inverse of the slope is the

group speed of the siqnai. The v intercept of the plot is

l~r' r,- n -rn~ tim r Th -7. aruzl timer- d-l -

get the time the event actually occurred (as opposed to

jhen it ieAched the hvdrophone array).

I'
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Figure Z-2 Least squares fit of time delays and test
location slant range.
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I have assumed that the strongest peak pressure sensed

at the hydrophone is due to a waterborne acoustic

propagation path from a source located in the ice sheet.

The signal enters the water near the source and propagates

directly toward the hydrophone.

I have assumed that the signal does not bounce off the

ocean bottom or the ice canopy before reaching the

hydrophone. Paths bouncing off the bottom would produce

signals with much lower energy than the direct path signal,

and can be ignored. Signals bouncing off the ice canopy

are too energetic to ignore but, as I show subsequently,

they do not affect the time delay computations significantly.

The location program is based on arrival times being

related to slant range, R , and does not take the upward

refraction of the acoustic path into account. The impact

this has on the results is discussed in the next section.

The location program takes as input a file of time

delays and voltage amplitudes, and outputs a file

containing the best event location, sound speed, and

standard deviation. It also computes source strength based

on the voltage amplitude inputs, the event locatini and a

spherical spreading loss. This feature was originally

included so that the source str .igth could be computed

directly from the event jetection program outputs. Since

the peak volLages recorded by the detection program are not

as accurpLe as those done by hand, and since the

I%r

.5~ %P %~ %S~
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transmission loss does not follow simple spherical .

spreading, these computed source strengths were not used

for any part of this study.

The FQUAK program set up a grid of points around a

specified center position. The grid consisted of a point I

every 100 meters from -5000 to +5000 meters in both the

and y directions. This resulted in 100 x 100 test

i-_cati un=. When the best test location was f.urd the

interval spacing was reduced to every 10 meters, and

another 10,000 test locations were generated using the best

location of the first round as the new center. The process

was repeated with a 1 meter interval to get the final

answer. The scheme evaluated a total of 50,000 test

locations, covered a range out to 5000 meters, and oo:k

about 20 minutes to run.

T noted that a sionificant number of events found 4-itl

F&,U4AK were at the range limit of 5000 meters. The proqram .

,-atzr, jas v-,ritten to search a larger area faster. T.e

fineness of the grid was decreased to 20 20 vice 100

100. A 1000 meter interval was added to enable the program

to search out to 10,000 meters. This reduced the total

number of test locations to 1600 (20 x 20 x4), and the time

to one minute. lo,-atior, gave answers which were very

-tn~l e ,~t .ii h F ., ... ~- ept in ore o rti ,Liar t: i , .

The wider grid size led to one problem. The location

progr.Am sometimes found the lowest standard deviation for a
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point in the quadrant directly opposite the true location.

This was suggested by the sound speed being reoorted ;s

approximutely -1440 m/sec, as illustrated in Figure 3-7.

This problem was solved by modifying location to make the

program finelocate. This program used the grid size and

spacing of FOUAK, and centered the search so that the user

could designate which of the quadrants would be searched.

A casual look at the manual time delav,' of an evert ea: --

reveals the appropriate quadrant. This program works well.

but is as slow as the original FOUAK. It was used rarely.

As with the original FUAK, I began to notice that

some events were located at the range limit of the location

program. This led to the modification of the loc-atnr

program to form the program farlocate. This program uses

the location grid size and fineness, but allows the -enter

point to be any of the 4ar corners of the cri-cnal Iccation

grid, or at the limit range at each of the card'ral D-nas.

This is shown in Figure T-4. This allowed events to be %

located out to 20,000 meters.

The location orogram source code and a brief user's

manual are found in Appendix B. This program was written

in the c programming language for the UNIX operating

system. This program was develooed to the point of

p_ r n -3. ar,< : u-n el tUe o 1 ,c- te .,,nts. Io ,M_, -t r.r

progran development was done (e':cept the very minor- chanoes

to produce ix rq 7",:a and far nat9) . so there are sir< v j
t * 4ry. .w t* .dV<.. ..* _. ..%.* .. .. ..r. .. . ... . -. . . ...... . . ... .. - . . . --.::.., :- :: :-::-
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Figure -7 Least squares fit to a false locati'on 1800

away.
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improvements to be made.

The location program is quite interactive. One

hydrophone with a bad time delay can change the slope and

location a great deal. An event is located by eliminating .'.

bad time delays and checking the sound speed and standard

deviation of the location. In some cases no hydrophones

needed to be removed, but in most cases at least one

hydrophone was removed before an event was considered

located. The sound speed was the major indicator of

whether an event had been located. If the sound speed was

between 1380 and 1500 m/s the event was considered located.

Of course an attempt was made to get close to 1440 m/sec.

This had to be balanced with reducing the standard

deviation. A standard deviation below 0.01 seconds was

considered good.

A table summarizing all of the events and their

location parameters is found in Appendix C. The standard

deviations (sigma) are given in two sets of units. The

first is the sigma calculated by the location program, and

it is in seconds. The second sigma is a translation of

that standard deviation to meters using the sound speed

calculated for each particular event. The standard

deviations ranged from 0.0010 to 0.0327 sec, with 0.0077

sec being the average. The significance of this standard

deviation will be discussed in the next section.

In some cases just removing suspect time delays did

J.'5.
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not lead to a localization. A reexamination of the event

time series was done to see if any of the manual time

delays was incorrect. Often a reexamination of the time

series produced a change of 1 to 4 of the time delays.

These corrected values plus values from the other channels

would then be used to locate the event. About 157. of the

events required reex.amination. Most of those were

subsequently located.

Despite the above efforts, there were a few events

that could not be located within the 1380 to 1500 rn/sec

sound speed limits. These events may be from propagation

paths other than the assumed direct acoustic path. Events %W

arriving primarily through the ice longitudinal wave or

the ice flexural wave would have phase speeds above and

below my sound speed limits. These non-locatable evvents

are indicated in the event location summary of Appendix C,

and they were not used for any analysis which required

accurate location.

Figure 3-5 shows the position of the events located

within a 2 km square centered on the array origin. Figure

3-6 shows the position of all events located.

% % I-.
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Figure 3-5 Noise events located within a km square

surrounding the array origin.
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Effects of Refraction on Location

Ssound speed profile was u~sed to get the re-fractive

paths for various r-anges. This was simplified by the fact

that all the hydrophones were at a depth of 9 meters.%

AsSuIming that only the "direct" path is involved means that

each horizontal range has to have a unique launch angle in

order to reach the hydrophone at its specific depth. -'Avs

I

-47- h G i..o t ia, e soUnd 10 c it

and the horizontal range to the hydrophone was

The time required to travel the refractive path can be

calculated and compared to that of the slant range. Thi

time error can then be related to the error of the location

program.*

Figure 7-7 sh-ows the linearized sound velocit\ ,rO

that was used. it is based on the sound velocity mrn %a1.

reported -for the eastern Arctic ocean by Chenhl]. Fangle in t

-3 helps to illustrate the scheme used to calc u=late

ra tamh. Equations 1.4, -5 and -t6 were used to -.

calculate angles, ranges, depths, and propagation time.

VI

0
- jCos 69 -Cos 374

g Cos0

r =sin -.

Crrs 0 81 4'S

tm+ sin 10 (1 - sin ) h
tt ws in tE3 t + ve n

%.
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Figure Z-7 Sound velocity profile used in predicting
refractive paths.
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Using the known depths (z) and estimated speed -

gradients (g) of Figure -.-7, and choosing a particular

launch angle (8o ) , all of the subsequent angles of

intersection of the layer interfaces (81, 83, 24) can be

found from Equation 3-4. The angle which intercepts the

hydrophone at its depth (8,) can also be found. With the

angles known, the horizontal range and propagation time for
I

each laver car be determined with EqUatioCnS 3-5 and .-P.

These are combined to get the total horizontal range and

propagation time. It should be noted that there are two

ranges and times for each launch angle. The first path is

that which intercepts the hydrophone on the way down, while

the other intercepts the hydrophone as it is refracted baCk-

toward the surface. The maximum depth reached by the

propagation path was also found, and those paths that went

below 754 meters, resulting in a range greater than 060.,

meters were not reported. A tabular summary was made o"

launch angle, horizontal range from the hvdrophone, ma: i

depth and propagation time, and this may be found in
I

Appendix D, along with more detailed tables listing @1-4'

rl 5 and tl 4 .
-- ,

Rays connecting source and hydrophone with one or more

bounces from the ice were not considered here. The effect

those rays will te ta, er. -k rn t o i c oLu t i -. C hao A r D .

The refractive propagation time was less than the

slant range propagation time because the refracted pat i

v % % v.,v
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travels through faster water. The slant range propagation -

time was calculated by dividing the slant range by 149.46 I

m/sec, the average sound speed between 0 and 97 meters

depth. The time difference between the slant range path

and the refracted path are shown in Figure -9 as a

function of horizontal range. "1-

This time difference is greater than the average

•t. iard ... i ati on of the (., ca ti . program o ri a

177,000 meters, and the time difference at 20,000 meters is

only about twice that average. The standard deviation does

not reflect the time difference due to refraction because

all of the hydrophone time delays are adjusted in the same

manner and direction. Figure 3-10 shows that sigma does

not grow with horizontal range. Refraction e4fects do noz

influence the standard deviation greatlv. Closer than

17.(00 meters the rance error caUsed by other factors rass c

any error from ignoring refraction.

There is a better point of focus for e-:am; narc t-e

effect of refraction, and that is the change in time delay,

not the change in the propagation time itself. A point was

chosen at approximately 5 km from the origin of the

hydrophone array, and another chosen at approximately 6 km.

The slant range propagation times and refractive

F-c~ac.ti,_r ies ;.w~re ,_-alcLc ed or -,h ocint. T .

delay between these two points was 0.6857 sec for the

-e;rA(7ttiie oath and O.69T0 sec for the slant ranoe oati.

%". " I
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The difference was 0.0073 (about 17.), or a deviation of

0.0037 sec for each hydrophone. Two points at

approximately 18 and 20 km were also evaluated. The

di-' -ence between their time delays was 0.0182 sec (about

O( 7.), or 0.0091 sec per hydrophone. These numbers are the

same order as the total error of the location program.

The location program may compensate for some of this

error by raising the sound speed. If just the points above

were used, the sound speed would go from 1438.5 to 1453.8

at 5 km and to 1458.6 at 20 km. With 24 time delays being
I

used in the location program the effect may not be as

great.

The main source of error in the location program is
I

the quality of the manual time delays. When the signal-to-

noise ratio was low, picking the correct peak was often

difficult. The standard deviation will reflect the

judgement of the person picking off the time delays. The

time delays were only measured to the closest 0.00_*c sec.

It is interesting to note that 0.006 seconds equates to the

width of a pencil tip on the time series plot scale.

The final question to be answered is "How do the

standard deviation and refraction errors equate to the

range and bearing accuracy of the locatiorn program." Two

hypothetical noise events were investigated, one at 5000.

meters (2845, 4136) and the other at 20,000 meters

(-8253, 18896) The time delays for slant range propagation

% -A .
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and refractive propagation were calculated. The location

program was run for each set of time delays, and for each

set partially contaminated with 0.016 sec errors. (Zero,

+0.016 and -0.016 were each added to one-third of the time

delays.) The results are summarized in Table 3-1.

Table 3-1 Results of location Program Accuracy Test

R LP 0 c
m) (m) (deg) (deg) (sec) (m/s)

slant range

5 km 4725 -295 55.6 +0.1 0.0003 1440

20 km 18477 -2143 113.7 +0.1 0.0002 1437

refraction

5 km 4724 -296 55.6 +0.1 0.0003 1454 ',

20 km 18477 -2143 113.7 +0.1 0.0002 1458

slant range w/

5 km 4191 -829 55.8 +0.3 0.0127 1453

20 km 20526 -94 113.9 +0.3 0.0130 1447

refraction w/

5 km 4209 -611 55.8 +0.3 0.0130 1466

20 km 20526 -94 113.9 +0.3 0.0130 1463

The refraction contaminated by errors case is closest

to what was input into the location program for the field

events. This table gives an estimate of the accLuracy Ot

the location program as 800 m at 5 kin, and 2000 m at 20 km.

The beArinq -c-ir r,! is e,_el lent.

V%

K
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CHAPTER 4

STRENGTH OF NOISE EVENTS

Acoustic Source Model

The dipole is considered a possible source model. .

Peak values for the source parameter of force, F , are 5

used.

The acoustic pressure due to a non-convecting compact

dioDle source. in a nonrefracting infinite medium. is.[5:

si n 89 1 aF F '
-- + ( 4 - 1 ) ,

471R c at RI

where R slant range.

Figure 4-1 shows the orientation of the presumed dipole.

The gle 8 is the launch angle from the horizontal oiane '

down into the water.

Assuming that F may be e-pressed as a harmonic.

la F/ at =6JF =27'Tf F the pressure may then be exoressec;

as "

.4
1 , s n e+(4-2) .

Solving for F gives

po 47TR:c -F-:

- =_ n 7 2 T , F; z ,,.
In tt

In the far field the 2/(fF: term domina~tes thee sum in ,

• '°.,
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.11

P..

Figure 4-1 Assumed.dipole source orientation and

de-inition of launch angle, 8

,-,,



the denominator. For the lowest frequency considered in

this study (20 Hz) , c (1440 in/sec) is 10% of 25fR at 115

meters and onlv 1.1% of 2TfER at 1000 meters. When the c

V. in the denominator is neglected the force can be written

as:

A 2po R X
F 0  = _____(4-4'

where X is the t-aveie~-.h.

The peak pressure, Po , should lead to the peak force.

F0 . This definition of force was used as the parameter

for dipole strength. Event signatures that were recorded

from a source withir 700 m of a hydrophone were not use to

calculate dipole strength, F 0 , from peak pressure, p.

For this model the peak acoustic pressure must be

-0 urd. 're T ..d-oohone sensitivity of -15Q dP r- I ,o-t cer

i Pa was used to convert vcltage to pressure[17].

1 volt =89 N/m 2 = 89 Pa .4-5)

The dipole strength formula requires wavelength.

Frequency was taken from the time series plots for each

event a is crossing rate, and was determined bv

dividino c (1440 nsec) by the Tfreouencv.

as in Chapter -7 Lw assuming a sound velocity profile and

Crputirq .t1E re.frarti e path. There i niq, e laU

Ar or 0 % "
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angle for each horizontal range when the path is purely

refractive, but a range of launch angles when surface

reflection paths are included.

The final parameter in the dipole strength formula is

slant range. The answers obtained using slant range are

the strengths based on spherical spreading in a non-

absorptive medium, equation 4-4. Because the spherical

p readinq a-tssumption s a poor one, refracti ve end ,sur-

reflective propagation paths are caused by the Arctic sound %

velocity profile), equation 4-4 must be modified. The

effect of refraction on spreading loss will be discussed in -

the next section.

Volumetric absorption was found by using the

absorption formulas of DyerC5]. Assuming a pH of 8.2, a

salinity of 33.5 °/oo, a temperature of 00 C and a pressure

of 40 atmospheres, I calculated the total volumetric

absorption to be 1. x 10- dB/km for an 80 Hz signal. For "

my maximum horizontal range of 20 km, the absorption wOuld

be 0.026 dEB. This is not significant, and I therefore did

not include a volumetric absorption correction in the

strength calculations.

S

E~fects of Refraction on Transmission Loss

SrDherical sp;eading loss in a nonre-r,?Et:-a meiu.

illustrated in Figure 4-2114]. The sound pressure is,

pressumed to spread radially. The sound pressure squaredI

%I
%.
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is proportional to intensity, and intensity is the pawer

per unit area. Since the power from a source is cOF-t.P I

P = I = I-,47TR2, (4-6)

The intensity at the reference range of 1 meter can be

related to other intensities by

Iref4W Iref

4TR2  R 2

Since I= p 2 /pc , this can be expressed in terms of

transmission loss, H

P R
H -10 log 10 log R 2 

=20 log R ,(4-)

Oref-

in d9 re the distance reference, taken as 1 m.

The spreadina scheme for a refractive mediUm is shown

in Figure 4-X[2. This is based on ray theory which

assumes that acoustic energy does not cross the rays, with

energy contained between two rays being conserved. The

intensity at the reference range between the two rays shown

is:

F F.
I= -=(4-q)

2 ,'7 R0S ; \8 2(Cos a Lt'

At a horizontal distance r meters from the source, the

intensity is:

%w."c./-__..r,**%'r%.%t %t % W.%-K. %-:%-. .. . % -v%".-.-.. . ..... •... ..- ,% %% *-° .- '.N%- N.-.%,.
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.40.

L . r cos e)

Raya

Raya

Figurie 4-3 Spreading loss in refraction. (From Clay and

Medwin[2.]



F F F4I _ ... "4- if- i

2rL i'7 8i 2'TrCosB

The relation between intensities becomes:

Iref27cos 8oA 9 
- Iref ACoos 4-0

Ir - TirAr sin E61 r \rlsin B11 (4-11

The loss due to spreading is:

Ir Cos 8 0

iref r\rlsin e(-

In terms of pressure, Ir = and Iref = Pre#' p.c 0 -

and therefore

PIC, Ae cos B

- c r rT sin E
Pref P 0 Is

Since b Enel 's lw, cw s a 0. C

Pr i cos _ A,

Pref -o r sin ER Ar Itan S 1

si nee__I = I in seawater- r-,
excellent aporr3: Tat!.,.

Applying the dipole model to this soreading 1-s

4%eouation a:ires

L1%

PO rltan B1[ 1

J=F0

tan~77
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Equation 4-15 assumes a unique refractive path between

source and hydrophone. In the Arctic there may be other

paths due to the non-specular scattering of rays off the

ice canopy. Figure 4-4 illustrates how rays normally

trapped in a surface duct, may be deflected down to a

hydrophone. The minimum vertexing angle calculated from

the linearized sound velocity profile of Chapter -3 was ,

.064 radians. For a ray to stay in a surface dLCt atove

the hydrophone it must be reflected from a slope of less

than 0.032 radians or about 2o. It is reasonable to assume

that the ice canopy lacks local levelness to this order, so

that non-specular rays must be accounted for.

The rays which rebound from the ice canopy ex>perience %

0

some loss. The attenuation for the FRAM IV experiment has."

been reported at 0.1 dB/km at 60 HzE1l]. This attentuation

may be converted to a loss per bounce.

b
1= ,.1 dB/km = - (4-1b)X

where b = loss per bounce, and
X = cycle distance.

The cycle distance depends on the launch angle and the •

sound speed gradient. For a launch angle of 0.0.2 radian,'

rd the assumed so-,und velocitv profi le of Chaoter 7.

cycle distance is .7 km. Therefore, the loss per bounce

is about 0.4 dB. This loss is low enouqh that even a ray

%%
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1

%

ice/water interfaceI

I

I,

6Figure 4-4 SpecLul 1 r and non-specular reflections frcm the ""
ic e/water interface.
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which has bounced several times may contribute a

significant amount of energy at the hydrophone. The non-

Ul

specular rays cannot be ignored. Bounce loss at

frequencies less than 80 Hz are even smaller, since the

data show a roughly linear dependence on frequency.

To account for the non-specular rays the spreading

loss is calculated using the ray averaging technique[5].

Th:(- oressure Trom a particular ray- at a given deoth and

horizontal range, assuming a dipole source model, is

A 2  s i n '

sn28o d8 dr
p-(r,z) - (4-17)

ritan I1T dr X/2
qq' S

dr
The term represents the probability that a ray bundle

will cross a certain depth, as shown in Figure 4-5. For a

single linear sound speed gradient the cycle distance can

be written as

X - sin o= 2r sin O  2r o

g snS 2cao4-8

where r C is the radius of
curvature, to a good approximation constant
for all small angle rays in a linear sound

speed gradient.

Applying equation 4-18 to equation 4-17, and usino the

9 sma3l aQlcn aoproximaticrn. gives

, A2 IJ9o df 0p (r,z) - (4-19)
r C
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In order to average the contributions of the possible

rays, this pressure is integrated over all possible angles

for a given receiver depth, and then averaged over depth

down to the hydrophone at z o .

z o  8 v

p2(r) f dz 7d8o  , (4-20)r rc zo

0 8 m

where 8. is the maximum 1au-ch
angle of a ray that will hit the hydrophone

at a given range, and 8 m is the minimum
launch angle.

The angle 81 is a function of 80 and z

1 0.

z = rc [cos 31 - cos 8 ]0 (4-21)

Using the small angle approximation for cosine leads to

S1 = c-(4-22-)
'--

Substituting this into equation 4-20 and evaluating the

integral over angle giveso 0
p-(r) [- - m- dz (4-2.)

r r c Z 0 o-

rr 0  [ r, fm rc

em2 for all z so the second term within the intecral
0

is always zero. Evaluatinq the first term - ver deoiz ci , e

an expression for pressure in terms of r and S v .

,.. ... ,.,. .
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p (r) - -' [1- (4-24)3 r z o
0

This expression can be used to find the source strength.

23 r 0 ,
A = p __= G(r)p . (4-25) ""Z, 2Z

The spreading function, G, is presented as a function of r

alone since E3 depends on r. For each r there is a unioue .

S., and therefore, a unique G. The spreading function was .

calculated for horizontal ranges from 300 m to 20,000 m, .""

and tablulated in Appendix D. The spreading function is

shown in a log-log plot in Figure 4-6. For comoarison the

equivalent spherical spreading for a dipole source is also-

shown. From this one can see that source strengths ..

calculated usinq the spherical soreading law lead to an 

unrealistic dependence on range. ,..

In order to qet 8. and rc a linear SOund soeed a'

gradient of 0.054 sec 1 was chosen. This gradient gives

the same 8 v at r = 3 km as the multiple step orofile used

in Chapter Z. Three kilometers was chosen since it was the

median horizontal range for the noise events.

The spreading loss function and measured oea[ oreastre,

ff0n tL.des v- ere used to cal cii ate di lo s t rer, th.

F0  2 AA P Ap (r).(4).3
-

I..

C%°°
%"% "" " °°" °% % " 

°
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Figure 4-6 Spherical (heavy line) and refractive spreading I
loss, G(r) , as a function of horizontal range.
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For a part i -u I r e'.-i-nt ?he s(- ;rce strength was-

cal cul ated fr -m -4 11 A1 , H -. 3n,1l hen the average taken

as the sour,° e .z ' . The standard

deviat in wil i * . ' - . -* P. t n I '5. of the mean

val _.- , *... * ., L lists the

mean mea-,. r - *io, nole strength,

AlIon-) ii~l'e or each

I V 4- 4 ' 'it n ronmenta1

loading might hap ,4,J J1 t'',- t-m¢)r-al, spatial and e

strenqt stat I t :. i t h, Mat ris and

Dyer l--13 tnat 1.v4 trNi{er, • 1 -') Hz band) ambient noise

rms pressure, averaged qver a long time, correlates well

with env'ir-nment-al ress an. .nnmen c;. Since T hAd

amnient ni ;e pre.Ssre for mcs5t of the oeriod of -he FR.AI i

IV ex>ceriment, and since . had er, ironmental stresses and

moments available for only a part of the time, I chose to

use the 20-80 Hz long-time-average rms pressure as my

environmental indicator.

The 10 to 20 Hz band ambient noise pressure was

converted to 20 to 80 Hz band pressure in the followino

(nF er. Fiaitre 4-7 shnL-js th- tvoic 3l soectrtim for csnF- al

Arctic pack ice noise. The portion of the spectrum between

10 and 100 Hz can be appro'<imated by a straight line.

%..
'.O a.
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Figure 4-7 Composite central Arctic ambient noise spectrum

observed during the FR:AM IV experiment. (From Dyer[6])
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log S = E E log f ) + B , (4-27)

where A slope -1.7273 Pa-/Hr7

B intercept -1.0909 Pa 2 /Hz

or

S = 10 (4-28)

The band rms pressure relates to the spectral level ov:

p 2 rms,b = S df (4-29)

b

I have assumed that as the sound pressure level changes

from time to time the intercept B changes. but the slooe

remains the same. By substituting equation 4-28 into 4-29,

and using the known 10 to 20 Hz ambient noise band, B can

be written in terms of the known pressure.

Prms. 10-20
B = log (4-0)

where

30(A + 1) 10(A + 1)
K = --- 0. 1020 Hz

A + 1

The ambient noise rms oressure for the 20 tc 80 Hz band ma'

now be Found.

80

P rms.20-80 = 10Bf A df (4-Ti

6&KI
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'-pp

= O-rms,10-20 K

where

80(A + 1) 20(A + 1)1
K, = = 0.0986 HzA + 1

or finally,

%2Prms,20-80 = rms,10-2O " (4-j2)

Prms,20-80 = 0.98 Prms,10-20

Thus the band from 20 to 80 Hz is virtually identical to

the one from 10 to 20 Hz in rms pressure, for lonq-time-

averages, and in turn, is an acceptable surrogate for

environmental forcino (applied stresses and moments). T=_

20 to 80 Hz band ambient noise rms pressure for each of -he

tapes investigated is found in Table 4-1.

| %'p
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Table 4-1 20 to 80 Hz Band Ambient Noise rms Pressure

Tape # Date Recorded Prmsp 0-80
(FPa)

4001 3-27-82 Not Avaiiable
2001 3-29-82 Not Available

2009 3-30-82 0. 022
3001 3-31-82 0.019
4003 4-01-62 0.044
4005 4-0 1-82 0 . 35

4007 4-01-82 0. C022
4009 4-02-82 0.010
4011 4-02-82 0.010
4013 4-03-82 0.013
2023 4-08-62 0.037
4015 4-09-82 0.040

3047 4-13-82 0.010
4016 4-15-62 0.017
4019 4-15-82 0.0 16

4023 4-19-82 0.011
4023 4-19-82 0.011
4C124 4-19-82 0.012

4027 4-20-82 0.02
40 29 4-20-82 . 0 2

403]o3 4-20-82 0.012

4040 4-21-82 C. 034
4047 4-21-82 0.114

4049 4-21-82 0.14C)
40351 4-2 1-82 0. 140

405 4-22-82 0. 080
4055 4-22-82 0. 082
4057 4-22-82 0 o5
4059 4-22-82 0. 065
4061 4-22-32 .2 34
4C:63 4-22-82 r] 9
4,(65 4-22-82
e 4, ," 4-2-82 1

-w
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CHAPTER 5

ANALYSIS OF NOISE EVENTS "

Detection Analysis %

A total of 34 tapes was examined, for a total time of

662 minutes. (For a few of these tapes the entire 20

minutes was not used.)

There was a total of 499 detections of events flagged

on at least 50% of the hydrophone channels. Of these, 19

were man-made artifacts, and 125 were false alarms A

(detections which were so weak that no pattern for taking ,

time delays could be discerned). There were 199 unique -

events, and 36 multiple dtections of those events. Stated

in another way, of the detections which were not artifacts,

65.3% were strong enough to support analysis and 34.7% were

too weak to reasonably analyze, and hence labeled false

alarms.

Since the detection process depends on signal-to-noise '

ratio, the level of background ambient noise should affect

the event detection rate. Figure 5-1 shows normalized a'-

ambient noise pressure, number of false alarms per tape,

and number of unique events per tape for each tape

examined. There is some trend for more events being found

when the ambient pressure is low, and more false alarms

declared when the ambient pressure is hiqh.

This is more clearly seen in Figure 5-2, which shows
a..-

the average number of false alarms and unique events found

%w'I

. e.
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Figure 5-1 Normalized ambient noise pressure, number of

unique events per tape, and number of false alarms per

tape for each data tape examined.
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per tape in each of four background noise pressure ranges.

The 0.01-0.02 Pa range used 15 tapes to compute its

average, the 0.02-0.03 Pa range 4 tapes, the 0.03-0.04 Pa

range 5 tapes, and the over 0.04 Pa range 8 tapes. Two

tapes were recorded during the first few days of the FRAM

IV experiemnt, before the 10-20 Hz band ambient noise

recordings were started.

A breakdown of detections for each tape is found in

Appendix C. '

Temporal Analysis ..

The interarrival time between events ranged from 1 to -."

1064 seconds. Each event time was taken to the nearest

second, and no events were taken as having the same event

time. If two events happened in the same second, one was

judged to be earlier, and the two events were given event

times one second apart. The interarrival time for a

particular event was measured from the previous event,

except for the first event of a tape, which was measured

from the start of the tape.

The interarrival times were divided into bins of 20

seconds. The first bin ("0") contained events which had

interarrival times from 0 to 19 seconds, the second bin

from 20 to 39 seconds, and so on. The number of events per

bin is presented in Table 5-I and shown graphically in

Figure 5-3. A complete listing of interarrival times for
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each event is found in Appendix C. The mean of the

interarrival times (4) is 100 seconds, and the standard

deviation ( J) 166 seconds. In terms of bins, the mean is

5 and the standard deviation 8. The standard deviation is

1.66 times the mean.

Table 5-1 Number of Events per Interarrival Time Bin

2

Bin Events Bin Events

0 67
1 36 31 0 1%

219 32 0
3 15 33 1 •
4 12 34 0
5 7 35 0

6 4 36 0
7 3 37 0
8 6 38 0

9 1 39 0 %

10 3 40 0 %

11 4 41 1
12 2 42 0 -

13 1 43 0 5

14 3 44 0
15 2 45 0

16 0 46 0
17 0 47 0

18 0 48 0 5

19 0 49 1
20 1 50 0

21 0 51 0
22 0 52 0
23 2 53 1

24 1 54 0
25 1 55 0

26 1 56 0
27 2 57 0

28 1 58 0

29 1 59 0
30 0 V

7.,'.
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Three different probability density functions were

investigated to find an appropriate fit for Figure 5-3.

They were 1) a half-gaussian distribution, 2) an

exponential distribution and 3) a J shaped distribution.

The half-gaussian probability density function is[3]:

2 2
S -t 2/2to 2 :

p(t) = e (5-1)
t o

The general equations for mean, mean square value and v

variance (- 2 ) can be used to solve for the unkown

constant, t o:

=ft p(t) dt (5-2) ?

00 S

000

2 (t )2 p(t) dt (5-4)

0

= mean square value - 2 .

Substituting equation 5-1 into equations 5-2, 5-3 and 5-4

leads to the 'following relations:".

C-°

to 2 mean square value t p t (5-5)

If
2 2 -

P 2 (= ') t o - = o. 75(54

f-"
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This value for to was used in equation 5-1, and the - 0

probability density function integrated over appropriate

limits to get the number of events in each 20 second bin.

The result is plotted against the experimental distribution

in Figure 5-4.

The second distribution (the exponential) belongs to -.

the family of gamma distribution functions [15]:
I

1 -t/t
p =t e (5-6) -

to + Da + 1)

When = 0, this becomes the exponential probability

density function ,X

I -t/to
p =- e . (5-7)

to

Again using equations 5-2, 5-3 and 5-4 leads to:

= to ; mean square value = 2)2 (5-8)

The exponential probability density function was integrated

over the bins, and the results are shown in Figure 5-5._.

Another demonstration of the fit of the exponential

probabilty distribution is shown in Figure 5-6. Taking the

natural log of the function should lead to a straight line

when plotted against time or bin number. The straight line

N

S,,
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in Figure 5-6 is a plot of the natural log of the points

calculated using the exponential probability density

function. The experimental points seem to curve rather

than lie on a straight line.

The last distribution (J shaped) is also a gamma

distribution. The J shaped distributions are characterized

by O 0 . I chose a fairly common distribution with

-0.5 . The probability density function is:

1 -1/2 -t/t
p(t) t e (5-9)

and the key parameters are:

to 2 l ; mean square value - , (5-1C)
4

t (

This distribution is plotted against the experimental

values in Figure 5-7. The natural log of both calculated

and experimental points are plotted against bin number in

Figure 5-8. This distribution seems to fit the

experimental points best of all. The J shaped probabiltv

density function goes to infinity at zero, but it is

inr'egrabl e.

A Chi square goodness of fit test was done on all %

three distributions. The results are summarized in Table

d'i
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5-2. Also presented in Table 5-2 are the ratios of

standard deviation to mean.

Table 5-2 Comparison of Distribution Functions

Chi square

Experimental --- 1.66

Half-gaussian 127.17 0.76

Exponential 45.69 1.00

J shaped 10.65 1.41

For a distribution to pass a goodness of fit test it

must have a Chi square less than a prescribed limit. The

limit for my test (9 degress of freedom,(0 = 0.005) was

23.6E16. Only the J shaped distribution passed the Chi

square test. It also has O-/4I closest to the
3'

experimental values. In summary, the interarrival data

reasonably fit a J shaped distribution given by:

p t),= i -1/2 -t/2.(

S.p(t) -t e (5-11)

Since event detection rate depended on ambient noise

level, interarrival time between events should also show

environmental dependence. Table 5.3 gives average and

standard deviation of the interarrival time for different

ambient noise pressure levels.

W d

~~ Pj'.v'~~~e?.4' V *.( f f
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Table 5-3 Background Noise Level Dependence of
Interarrival Time

Ambient Noise Interarrival Time
rms pressure 4
(20-80 Hz) mean standard deviation %

(Pa) (sec) (sec)

0.01-0.02 67 129

0.02-0.03 190 153

0.03-0.04 147 143

over 0.04 183 318

The tapes having a background noise level of 0.01 to 0.02

Pa have a significantly shorter interarrival time than

tapes in the other three pressure groups. As with

detection rate, the interarrival time does depend on

ambient noise level.

Spatial Analysis

After removing nonlocatable events and events located

outside a horizontal range of 20,000 meters, 164 events

remained. These were grouped by horizontal range into 42

annuli of equal area as shown in Figure 5-9. Each annulus

is a 30 square km ring centered at the array origin. The

first annulus ("0") went from 0 to 3090 meters, the second

from 3090 to 4370 meters, and so on.

Table 5-4 shows the number of events per annulus and

Figure 5-10 shows this distribution graphically.

,% -
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Table 5-4 Number of Events per Annulus

Annulu s Events Annul us Events J.

0 91 21 C)
1 19 0 A

4 23 1
- 3 24 U .

4 2 25 0
5 4 26 1
6 9 27 0
7 3 28 08 1 29 0 -"

--), 0

11 0.U~J
12 4 1
13 1 34 0
14 1 35 1 0
15 4 36 0
16 0 37 1
17 0 38 1
16 1 39 U1)
19 0 40 U
20 0 41 1

The average number of events per annulus is 3.9T and the

standard deviation is 14.15 events. Fiqure 5-10 show-s that

the ;,umber of events found is highly dependernt or, the. r

raricqe from the array. In the center annulus there were

over 20 times the mean number of events.

The dependence on range is not a surprise, since

spreading (and possibly scattering and other losses) will

reduce the strength of wea transients down to the ambient

icise I-e . For this reason, the center annAlus i..

,t e c' . c cr . _ ,I e. P * -

this ring there were 91 events -er -) Scilae " I lonetr -

--

662 ~nues n ~hpr',~tir nr~iorim~to1 47%
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square kilometer per hour.

The average number of events per annulus and the

number of events per square kilometer per hour should

depend on background noise level. The average number of

events per annulus was found for each ambient noise rms

pressure range, and adjusted to reflect the number of

events in a 662 minute period. The results are seen in

Table 5-5. The number of events per square kfilomter Docr

hour for the center annulus are also shown in Table 5-5.

Table 5-5 Average Number of Events per Annulus

for 4 Ambient Noise Levels

Ambient Noise Events Minutes Adjusted # Events
rms pressure per of tape Events per per km 2

(2-80 Hz) Annul us Examined Annul us per hr

0.01-0.02 Pa 2.60 297.5 5.98 0.452

0.02-0. 0- Pa 0.29 77 2.46 0.26

.45 11?'0 2. 9 -

over 0.C4 Pa 0.26 157.5 1.50 '.9 "

Entire
Population 2.97 662 .9 0.275

The averaqe number of events per annulus and the

number of events per square kilometer per hour both re-lect

the effect of si .jnal-to-roi e ratj ) .)r, the detectzon

The entire population of events was investicated 4or

arqgil er deoendencu. Figures F-11 and 5-12 show the nimber

LN
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of events found per 300 sector. In the polar diagram

(Figure 5-12) the radius shows the number of events. The

angles are measured from the northern leg of the array.

Figure 5-13 is a polar plot showing the number of events

per 100 sector. There was no predominant angular direction

found. However, some preference can be seen for bearings

of 3370 0 and 1900 from the northern leg of the array.

Strength Analysis

The mean hydrophone peak pressure magnitude for each

event fell within a fairly narrow band of values. The mean

peak pressures ranged from 1.32 to 0.16 Pa, with an average

of 0.36 Pa and a standard deviation of 0.20 Pa. Figure 5-14

shows the mean hydrophone peak pressure values for all

events located between 100 m and 20,000 m plotted against

range from the array origin.

The different symbols shown in Figure 5-14 represent

events during each of the four ambient pressure categories. .

The events with a higher mean hydrophone peak pressure have

a tendency to occur during higher ambient noise levels.

This can be seen in Table 5-6, where the maximum, minimum, .4%
average and standard deviation of the mean hydrophone peak

pressure values are given for each of the four ambient

4.

S1
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Table 5-6 Mean Hydrophone Peak Pressure
for 4 Ambient Noise Levels

Ambient Noise Mean Hydrophone Peak Pressure
rms pressure (Pa)
(20-80 Hz) max min average std dev

0.01-0.02 Pa 1.32 0.18 0.31 0.17

0.02-0.0-Z Pa 0.56 0.25 0.36 0.09

0.07-0.04 Pa 0.8E5 0.30.47 0.15

over 0.04 Pa 1. 28 0.16 C0.49 C0.-4

Entire
Population 1.20.16 0. -6 0. 20 I

Source strength (F) was found for the events which

had hvdrophone locations between -0o m and 20.000C m from

the event.

The dipole strengths ranged from -.7 tkN to 4.9 MN,

.jith an average of 4--1 .-N and a standard deviation o+ 555

'KN. The distribution of strengths for the 151 e',ents

evaluated is shown in Figure 5-15 and in Table 5-7.

Figure 5-16 shows the dipole strength for all events

plotted against horizontal range from the array origin.

Again, i1t cane be seen that the stronger events occur whens

the antient pressure level is hiqh. Table 5J-8 nives the .

.-,t,: alkes +or- the different ambient noise IleveI s.
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Table 5-7 Strength Distribution for a Population of Events

Fo # of Events

0 to 100 kN 19

100 to 200 kN 29
200 to 300 kN 33
300 to 400 kN 21 ,
400 to 500 kN 8
500 to 600 kN 5
600 to 700 kN 4

700 to 800 kN 5
800 to 900 kN 2
900 to 1000 kN 5
1000 to 1100 kN 3
1100 to 1200 kN 2
1200 to 1300 kN 3

1300 to 1400 kN 1
1400 to 1500 kN 1

1.5 to 3 MN 1
over 3 MN 2

Table 5-8 Dipole Strength versus Ambient Noise Levels

Ambient Noise Dipole Strength (F 0 )
rms pressure (kN)
(20-80 Hz) max min average std dev 'p

0.01-0.02 Pa 1051 33 259 155

0.02-0.03 Pa 2041 64 649 634

0.03-0.04 Pa 1153 79 643 359

over 0.04 Pa 4939 59 860 1449

Entire
Population 4939 . 471 555

'V
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Most of the events evaluated for strength occurred

during the lowest ambient noise levels. Figure 5-17 shows

the strength of events that occurred when the ambient noise

was 0.01 to 0.02 Pa. The log of the dipole strength is

S
plotted against the log of the horizontal range from the

center of the array. The points scatter more so to the

upper left rather than lower right, because distance itself

filters out weak events. A weak signal from far away wcul 0%

not reach the hydrophone array with enough amplitude to be

distinguished from the background noise. And events

located farther away would tend to be strong events.

However, events located close to the array should have the -

entire range of source strength levels. This would produce

St.-.

a wedged shaped plot of weaker events close to the array.

Indeed, Figure 5-17 shows a general scattering with perhaps

a wedge of weaker events near the array origin.

Nonetheless the trend shown in Figure 5-17 suggests

that the ray average model used to estimate refractive-

surface reflective spreading may need to be replaced with a

more refined model. For example, horizontal ranoes less A

than about 1000 m may include too small a loss, and

therefore lead to too small a strength, because the

reflective contributions may not be as large as imouted. .U

Such a cri :icism is =uiuported bv the rotionvt that icr -:4

given slope, , reflective rays and hence ray averaging

occurs only beyond a critical horizontal rane.

,U. %]
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The foregoing speculation suggests that the average

dipole strength for the lowest ambient noise case is best W

found from the events farther from the array, and is

F0  105.5 N 3 320 kN , (5-12)

with a much smaller standard deviation than in Table 5-8.

Presumably corresponding adjustments could be made for the

higher ambient noise cases, but the FRAM IV data set

contains too few events at higher ambient noise to plot as

in Figure 5-17.

The strength analysis is a somewhat ambivalent one

because of spreading model uncertainty, and because data on

ice slopes are not available. But the dipole picture of an

event likely has some validity, and at least rough

estimates of its strength have been extracted from the

data.

.... . . .. . .. . .. .... .... ....... !!
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CHAPTER 6

SUMMARY AND THOUGHTS

Through the use of a detection program, visual

confirmation and a location program, a population o-r 199

Arctic noise transients was gathered. There are four maJor

results.

i r st imore eve nts are fou nd when the =mbi =_nt ort .-_

is low, and more false alarms when the ambient pressure is

high. The interarrival time and the average number of

events per unit area also depend on ambient noise level.

Since more event-s are found when the ambient noise is low,

the interarrival time decreases, and the spatial density

increases. -"
*5%

Second, the interarrival times were fit to several P

possible orobability distributions. The interarrivai tirre

distribution best fits a J shaped gamma distribution. he

mean interarrival time is 100 seconds.

Third, the number of events per unit area is highly

dependent on range, since distance filters out weak

transients. The event density in the annulus closest to

the center of the array was 0.Z. events per square kilometer

per hour over all observations and -. 5 events per sou--re

.l,.'et r- :er hour - or ouiet times. here i C

predominant angular dependence to the spatial ditrib t-.t

.0%

ILi,f e'ns
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Last, the mean dipole strength for the observed events

is 47-0 kN overall and 260 I:kN during low ambient noise

levels. Stronger events occurred during high ambient noise
P.,

levels. A refinement of the spreading loss model used to

calculate these values may lead to values which are

slightly higher.

A of ArCtC _c acoustic events is f- r from

complete. Several areas for improvement have been ".

mentioned earlier in the thesis. The detection program
I

needs to be made more robust to eliminate the event time

e.
error. A scheme for ignoring artifacts should be included.

The location program wastes time looking in the wrong
p

direction, although the bearing accuracy of the program is

very good. The algorithm should be changed to quickly i-nd

the right bearing, and then search in a sector ",."

The type of each event, whether it was a pop or a

,-jhine. 4es not recorded. Collecting this in-Focmation enOc

correlating it with interarrival time and ranoe still needs

to be done. J6

S;.

.4..)

|4
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APPENDIX A

User's Guide for the hdetect Program ,

a

Figure A-1: Flow Chart of the hdetect Program .,

Source Code for the hdetect Program

• .

4.-'

*-4.

''
• ' " " - " " " " "a" " - . L ' .

-
- - * 

•
-- -- '- " "-"-



I NaWV7'.1.W Wi0r.' . . rv J1 7'~'JW 
k .W kVL,. ril --

-115-

% ?%

USER'S GUIDE FOR THE hdetect PROGRAM

The purpose of the hdetect program is to detect

ambient noise transients amidst the background ambient
noise recorded on a FRAM data tape. This is done by-

comparing the short average of data points to the long

average of points on a single channel in order to flag a

possible detection, and then waiting until 507% ,f the

channels are flagged to declare an actual detection.

The input for the hdetect program is a framread output d

file without headers. A FRAM data tape is read into the

file by the command

framread -head :'RETURN'%.

The program will ask for the input device (tape drive I
..

designation), the output file, and the number of data

segments to skip and to read. Each segment reoresents 7.S-

seconds of data on 24 channels. The framread program reads %

a first segment which contains no data records, Sc OL

should specify skipping one more segment than you would

normally calculate. For example, reading the entire first

half of a 20 minute FRAM IV tape would require the response

of

1 160 <FRETURN >

_c the ouestion of "enter #sI-ip, #seaments:".

Once this input file has been created the hcetect "

program can be used. The program is started with the %

'
V'
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command

hdetect <RETURN>

The program will ask for the FRAM tape number, the Julian

date of the tape, and the start time of the tape in hours,

minutes and seconds. The program will then ask you to

select the channels you wish to use. In most cases the

FRAM data tapes did not have ambient noise hydrophones tied -'

into all channels, and the specific channel that a

hydrophone was recorded on changed throughout the

experiment. Which channels were in use and for which

hydrophones can be found in the experiment logs. The

program assumes that the channel number is equal to the

hydrophone number, but allows you to change this by

inputting the channel number and the proper hydrophone

number, or "0" if the channel is not in use. For example,

if channel was not used, and channel 7 was used for

hydrophone 21, the input would be

.3,,0 <RETURN'-

7,21 'RETURN"

0,0 <RETURN>

The "0,0" ends the changes to the channel selection. You

must now hit any key to continue the program.

You will be asked to enter the input device (the input I

franread file), the number of skips and segments, and the

name of the output file. The output file does not have to

exist before the program is started. It will be created by

the program. The number of skips and segments are those
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that you would calculate using 3.8 seconds per segment.

For example, to proces the entire first half of a 20 minute

FRAM IV tape the number of skips and segments would be

0,160 <RETURN>

This is all of the input required by the user. The

program proceeds from this point without user interaction.

The output of the hdetect program is a file containing

a list of detections in the following format:

tapenumber Juliandate hour minute seconds

0 eventnumber eventtime
channel hydrophone timedelay amplitude
channel hydrophone timedelay amplitude
channel hydrophone timedelay amplitude

channel hydrophone timedelay amplitude
0 eventnumber eventtime
channel hydrophone timedelay amplitude

% channel hydrophone timedelay amplitude

0 eventnumber eventtime

-1

The "0" at the start of a line indicates a new event

detection, and the "-1" at the start of a line indicates an

end of file. Each channel that was flagged for a

particular event is listed with its hydrophone number,

timedelay from the earliest channel signal arrival, and its

peak voltage amplitude. This outfile can be used as the

input file for the location programs without modification.
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1startdoc
hdetect. c

program to read whoi-segy format data tapes from the fram IV program.

usage:
hdetect

program is interactive.

by Mary Townsend-Manning

enddoc%

*inclue <stdo . h

#include <mtdi.h>

#define NCHAN 25
#define RECLN 950 I' number of samples per trace (4 bytes per sample)-
#define OBYTES 3800 /* number of bytes per record output
#define ZERO 0
#define LONGFILTLN 64 /* length of long average filter *

#define FLN 64

#define MAXEVENJTS 4
#define RESETDELAY 0.3
*#define RATIO 2.38
#define SIGDELAY 0.02
#define THRESHOLD 0.5
#define EVENTDELAY 0.5
#define END -

double vconv(x,y,n)
register float *x, *v;
register int n;

register double sum -0.;

if(n > 0)

do
sum + x++ *y-

Iwhile(--n > 0);

return Csum);

main(

S~ource code for the hdetect proqram.
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float 1_aveENCHAN], sh_ave, tim-eofflagtNChLANj;
float ampofflagtNCFP.NJ, firsitime, timedelay[NClAN];
float chaneventtimetMAXEVENTSJ (NCfrLA];
float chaneventamp (KAXEVENTS] (WCHANU, eventime [MAXEVENTS]; 1
int flag INCHM )];
jot num. active-events; h'

aint m, ;
jot event flag EMAXEVENTS] fNCHANJ, flag_sum, number-of-events;
int event number (MAXEVENTS J;
int nchan - 0;
int chan(NCHMIA3, k, j, i, tid, date, hour, min, sec, 1;
jot channel, data, toggle;%
char answer; o
float h F!LN1, tongfilt (LONGF'ILTLN);
jot nskip,nseg;
char oddobuf (NCHAN) (OBYTES) ,evenobuf (NCHAN) (OBYTES];
int counrc,error;
char fname[801,iname[801;
FILE *iptr, *ptr, *fp, *fopenol; P
float timeseries (NCHANJ EPECLN+2*FLN];
float time - 0.;

numr active events -0;

for (i1l;i<25;i++) 0
chan[i]'.(i);
flag(i]- 0 ; '.

for (m-l;m<MAXEVENTS;m++)
event-flag (min)1 - 0:
chaneventtime~m] (il - 0;
chaneventamp~m] til - 0;

/* Program initialization from keyboard " r

fprintf (stderr, 'Program Initialization\n") ;
fprintf(stderr,"enter FR.AM tape #\n**l; /

fscanf (stdin, "%d", &tid);

fprintf (stderr, enter Julian date\n");
fscanf Cstdin, "%d", &date)*
fprintf (stderr, "enter time - RR,MNU, SC\n");
fscanf(stdin,"%d,%d,%d",&hour,&min,&sec);

fprintf (stderr, "default values for channels and phones\ni");
fprintf (stderr, "are channel F-phone #.\n");

fprintf(stderr,"enter channel, phone to change.\n");
fprintf (stder., "enter '0' for phone, to eliminate a channel. \n.')
fprintf(stderr,"enter '0,0' to qruit.\n");
fscanf(stdin, "%d, %d",&j,&k);

while (j !-0 && j < 25)
chanli] -k;

4U.

Source Code -For the hdet"Pct4 program.

%0



fscanf(stdin,"%d,%d",&j,&k) ;V

fprintf(stderr,"FRAM TAPE %d Julian Date: %d\n',tid,date);
fprintf(stderr," Tim: %d:%d:%d\n",hour,mfin,sec);
for(i1l;i<13;i++)

fprintf(stderr,"CH %d PH %d CH %d PH %d\n",
i,chan[iLi+12rchan~i+l23)

I" Check to make sure inputs are correct -- Change if necessary "

fscanf (srtdin,"%c"&answ'er);
fprintf (stderr, "Hit any key and RETURN, when ready.");
fscanf (stdin, "%c", &answer);

for (il; i<NCHAN; i++)(
if(chanfi] ! 0) nchan+#;

fprinrtf(3tderr,"enter input device:")

3canf("Ws,iname);

if ((iptr fopen~iname, "r")) -- NULL)

fprintf (stderr, "can't open %s n",iname);
exit (1);

fprintf(stderr,"enter #skip, #segments: \n");
fprintf(3tderr,"vralues of 0 and 320 will read entire tape\n"l;
scanf)"%d,%d",&nskip,&nseg);

load ban~dwidth filter I4 1

if((fp-fopen("Pmfloat","r")) -- NULL)
prinif ("cannot open bandwidth filter file\n");
exit (0); ~-

for(iO; i<64;i++)
fscanf(fp,"%f",ih~iJ);

fClose (fp) ;

I' load averaging filter "

for (i0; i<LONGFILTLN; i+*)

longiltli) .0/floa)LOGFILLt.

/* Open output file/

Source code for the hdetect proqram. '
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fprintf(stderr,"enter out-file:
scanf("%3",fnamfe);
if ((pir -fopen(fname, "w")) -- NULL)

fprintf (stderr, "can't open %3%n",fname);
exit (1);

fprintf(ptr,"%d %d %d %d %d\n", tid, date, hour, min, 3ecfl

time - time + 3.8 * (nskip-1)

/* enter first record */]

if (nskip%2 -- 1?

for(j-l;j<NCHAN;j++)
fread(&evenobufLj] (0], sizeof (float), RECLN, iptr);

toggle - 1;

else
for(j-l;j<NCFAN;j++)

fread(&oddobufj (0), 3izeof (float), RECLN, iptr);

toggle - 0;

I* ENTERING R.ECOR.D READlING MODULE "
time - time + 0.504;

fprintf(3tderr,"using buffer size %d bytes\n",sIzeof(buf); "
for(i-l; i < nseg; i++)

fprintf(stderr,"time - %t\n". time);
fprintf (stderr,"processing record %d\n", nskip~i);I

I* read next record into appropriate buffer/

if ktoggle -- I)(
for(j1l;j<NCHAN;j+4i I

fread(&oddobuf (jI (0), sizeof (float) , RFCLN, iptr);

toggle -0;

else
V ~for(j-1;j<NCHAN;j++),

fread(&evenobuf(j] (0], sizeof (float), P.ZCLN, iptr);

toggle - 1;

/* filter and square data ~

Sour-ce code for the hdetect progr-am.

.-. 5 4~V***. 
..
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if (toggle 2- ) 1
for Cj1; j<NCHAN; j++)
if(chan(j] !-0)

sqfilt(&oddobuf(jH0O],&evenobuftj](0bh,
£timeseries (ii 0]);

1_avel~j) vconv(&ongfilt(O,&timesriesfjH(2FLNl1)],
LONGFILTLN);

else -

for(j2.;j<NCHAN;j4+)
if(chari~j] !-0)

3qfilt(&evenobuf(jJ(0],&Oddobufj(0J,h,0

I-avej) - conv(&lofgfilt(0),&timeserie5(j)[*FN-),.
lavejl - LONGFILTLN);

/* ENTERING EVENT DETECTION MODULE *

for(k-;k<RECLN;k +- 4)

if (chan(l] !- 0) 1
1_ave[I] - (63.0*1_ave(l] + timeser2.e3(1](2*(FLN-1)+k]) /64.0;

sh ave - (timeseries [l12* (FLN-l) +kJ +

timeseries[l] E2*(FLN-l)+k-1] + timeseries~lJ [2*(FLN-1)+k-2J +
timeseriesfl(2*(FLN-l)+k-3B)/4.0;

I* reset old flags ~
if (flag(l] -- 1 && (tine - tirneofflag~lJ) > RESETDELAY)

flag~l) - 0; :%

.

1* set flag if RATIO of signals is reached *

if ((sh-ave/i-ave(l])>-RATIO)
if (flag(l] -- 1) (

if (sh -ave > ampofflagflJ) .9.

timeofflagfl] -time;

arnpofflagl] sh aye;

else S
if (nuin_active-events -- 0)

flag~l] - 1;

Source code for the hdetect program.

% %
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timeofflag~l] -time;W

ampofflag~l) sh_aye;

else(
for (mnl;m<(numf_active-events + 1) ;m++)

if (event_flag Em] (1] -- 1)( i
if ((time - chaneventtimeEm) (1)

<- SIGDELAY)I
if (shave > chaneventamp(flJ1lH(

chanevenitime Em] (1) time;
chaneventafP Em] (I] sh aye:,

else
flag~l] -1

timeofflagE~i time;
ampofflag~l] sh_aye;

else

event_flag~m] (a.1;
chanevenitime Em] (1] time;
chaneventamlp Em] El] 3h shae;
m -num active events;

/* end of set fl~ag module *

/~start new event module * a

flag sum - 0; S

for (1-l;1<NCHAN;1++) (a
if (flag~l] -- 1) flagsum1+;

if (((float)flag..sum/(float)nchan) >- THRESHOLD)
num-active-evelts++;
eventime (num active -events] - time;
number-of-events++;
event_numnber~num _active-events] - number_of_events;

for (1 1;l<NCHAN;l++)I
event_flag~numr active_events] El] - flag U-);
chaneventtime~numflactive-events] El) timeofflag~ll]:

chaneventamp~numn active events] (1] ampofflag~l];
flag~l] -0;
timeofflag~l] 0;
ampofflag~l] 0;

Source code for the hdletect program.



/* end of new event module ~

/* start of deactivate old event module ~

if (num active events > 0 &1. (time -eventimefiD) > EVENTDELAY)
fprintEf (ptr,"%d %d %f\n",ZERO,

event number[lJ,eventimell));
1* fpr2.ntf (3tderr,"%d %f\n".,event-nuxnber(l),eventimel]) ;

find time delays by finding earliest channel event
time, and subtracting that from the other channel
times

firsttime -10000.0;

for(1l1;<NCHANJ;1+*)
if(chan(lJ ! 0 && event flag~l)(El1! 0 &

chaneventtime(1] El] < firsttime)
firsttime - chaneventtime]) 1];

for(ll1;l<NCHAN;-+ )
if~chan~l] ! 0 a&event flag~l](-I] !- 0)

timedelayl ()chaneventtimell] )l]) -firsttime);

fprintf~ptr,"'id %d %f %f\n",l,chan(l],
timedelay~l), chaneventamp(1)E1D);

print to file to indicate end of event *

for (1-1;1<num active events;l++)

fo: (in-1; m<NCHAN~m-+)
event flag(l] Em] - event_flag[l+1] )m];
chaneventtine El] Em] chanevent-ie[l1] [in);

chaneventamnp [2] Em] cr.aneventamp(1+11[mi] ;

eventiffe~l] - eventime(1+11;
event-number2.] -event_numberfi+1);

num _active events--;

time +- 0.004*4.0;

/* EX:'r MODULE /

Source code for the hdJete':t oroqram.
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/* fprintf(stderr,"proce3sing record %d\n', nski4p~nseg); ~
if (toggle -)

for(j-l1:j<NCHAN;j++)

if(chan(j] ! 0)
for (kG; k<OBYTES; k++)
oddobuf~j][k) - 0;

sqfilt(&ieveiobuf[jfl0],&oddobut[jJ[0J,h,&tiLmeseries[jfl0]);
1_ave~j] -vconv(&longfilt[02,&timneseriesfJl[2*(F'-N-1)], .®

LONGFILTLN);

for('J-l:j<NCHAN;j,+)
if(chardj] !- 0)

for (kO; k<OBYTES; k++I
evenobufj)[k] - 0;

sa~filtIroddobuf~jJL0],&evenobufj(0J,h,&timeeri.es(j![0J);
2_ave(jJ - vconv(&1ongfilt(0),&ti-meseries~j)E2-(FL-N--:,

L.ONGFILLN);%

i.f (chan[2 j '- 0)
l~ave(!, - (6.* avel Imsre >2L-1-

3h ave - Iti.reser:.es[2j (2*(FLN-*v+k)
timneseri-es[I) £2*(F.-N-I+k-1j 4. timeseries(l. 2*(FLN-!)+-K-2 *'f

tj-feerie3(1)2*2CFLN-1)*k-3)I/4.0; lw6

/* eset old flags '

a1 -0;

set flag ;.f P.AT:3 of signals ;.s reacned

If ((3h_ave/l_ave~lj)>-RATIO)

if (f-hag(2.J -- I) d
if (sh ave > arnpcffhagI:

timeOff.ag[Il j .e
arpofflagrl - sh aye;N

else
i~f fnun-_active-events -- 0)

'lag''.]
t~rnefa t1 - ne;

Mourre? codie for the hdetect program.

%t
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&mpofflagtl] -sh1 eve;

elseo
for (m1l;m<(flum active events + 1);m++)

if (event flag Em] [1 1 1
if ((ti-me - chaneventtime~m] Eli)

-SIGDELAY)
i(sh-ave > chaneventamp~m](1El])]

chaneventtime(m] El] time; pAchaneventamp Em] El] sh_aye;

else1 -:

tinmeofflag~l] -time;

ampofflag~l] -haye; 1

else

event flag Em][E) 1
chaneventtime~m) (I] t ie;
chaneventamp Em] El] sh aye;
m num active events;

end of set flag module 1a

start new event module '

fJlag-sum - 0;

for (1-1;l<NCHAN;l+-'i
if (flag~l] -- 1) flagSUM.-+;

if U((float)flag sum/(float)nchan) >- THRESHOLD) (a
num active events++;
eventime~mum~active_events] - time;
number of events++;
event-number~numt_active_events] - number_of_events;0

for (l-1;l<NCHAN.*l++)
event flagtnumy active events] El] - flagf-11;%
chanevemttime~nuzn-active-evenits] El] timeofflag[!:;
chaneventanp~nun active events] [1] ampofflagill
flag~l] - 0;
timeofflagfl] -0;
ampofflag~l] 0;0

Source code +or the hdletect progr-am.

%.r%'
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end o new vent odul

star ofdeacivae ol evnt mdul

if (um ctiv evnts 0 & (ime venime~)) EVET DLA.

ennd ofm nelay even fiodle ealetcaf, vn

tr fda tiae, ad evenrt in odul frmteohe hne

if inu rativ~vns>0& time - e1nt0000.0;VET ELY
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foMklA<(u aciv evnt + 1);+

Tpritf (tr,%d % %fn", ERO

for~k-1;k<(numfactivekevents + 1);k++

fprintf (stderr,"%d %f\n",event-number~kheventime~k]): *

find time delays by finding earliest channel event
time, and subtracting that from the other channel .

times je

firsttime - 10000.0;

for(1-1:<NCHAJ;1++)
if(chan(l) !- 0 && event flag~k] (lJ 0 &

chaneventtime EkEtll < firsttime)
firsttime %chaneventtime EkE El;

for(11;<NCH4AN;1++)
if(chan~l] ! 0 &&event flag~kit]1! 0)

timedelay~l] ((chaneventtime(k] El]) -firsttime);

fprintf(ptr,"%d %d %f %f\n",l,chan(jj,
timedelayl], chanevenrtamp~k][11H; -A

/* final summuary to screen1

fpr.rntf(pir, "%d", END);
fclose(ptr)
fclose(iptr ;4
ex.tQo)

3qjf'itfrst,second,filer,output)
/* filters and squares two data arr-ays

float first(RECLN], second(RECLNE4, filterEFIN];
float output IECLAN+2F.'4J;

Sour-ce code f or the hdete':t pr-ocram.
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1put zeros in first (FLN -1) places of output ~

int j, i; 
6

float tranaition(2FLl];
float sum; 

-

for (i-O i<E'LN-l 14-#) ~
outputti] 0.0

1* put in first data ~

for(i-FLN-l;i<P.ECLN;i++) I
sum - vconv(&filter(01,&first~i,'LN) p

output Ii) -sqrt(sum -sum);

1' put in transition from first to second data *

for(j-0;j<FLN-l;j++)%
transition(jJ - fir~t[RECLN-(FLN-1)+j];
transition(j+FLN-lJ - second~jJ;

for(i-0;i<Et.N-l~i++)(
sum - vconv(&filter(0]r&transitionfi+EtN-lJ,FLN);

output( i+RLECLN] - sqrt (sum * sum);

/put in second data *

for(i..FLN-).;i<2*FLN;i++)
sum - vconv(&filter(0J,&second~ij,FLN);
output(RECLN+i] sqrt(sut sum); 5

Z5',

%-

Sourc cod forthe detet prgram
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USER'S GUIDE FOR THE location, farlocate,

and finelocate PROGRAMS

The purpose of the location programs is to find the

spatial location of an event from the time delays between

signal arrival at different hydrophones. The program

assumes a test location and computes the slant range to the

individual hydrophones. The slant ranges are plotted

against the experimertal time delays and a least squares

fit is done. The test location with the best least squares

fit is considered the location of the event.

The input to the location programs is the output file

of the detection program. Manual time delays may be

substituted for the program generated time delays in this

file, but this editting must be done before the location

program is invoked.

This location program is very user interactive. The

user starts the location program with the command

location <RETURN*>

The program asks for the input and output file names. It

then reads the input file and asks whether the user would

like to locate the first event. This allows the user to

skip down to the event of interest. The program then

allows the user to adjust which hydrophone time delays will

be used in the location process. This is very hard-. +or

removing questionable time delays, in order to get a better

locatic, n ltin. Wt:-h the hycdroDhone ch-rrels rhnEsr.

V-. . - ... "V ,. - - .- - %- %
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the program proceeds with the actual location algori~hm.

In the finels-oate and farlo-ate oroqrams the user is aied

to specify which quadrant or direction is to be searched.

The location program tries test locations in a large

grid, and when the "best" location is found, then searches

a smaller grid around this "best" location. The location

and farl,-cate programs have 4 levels of grids and the

finelocate proaram has 7 levels. Intermediate answers are

displayed for each level.

The intermediate and final answers display the x and v

coordinates of the best location, the standard deviation of
4.

the least squares fit (sigma), the group speed (which

should be =rLUnd 1440 m/s). and the / interceot of the time

delay / slant range plot. After the final answer the user

is as':ed whether or not he would like to remove outlvi,-o

O~7-a. Tr tli-E ootion i selected the prooraT ref!-_.'=

h7,'droohones with a deviation from the least squares fit o+

more than times the standard deviation, and the qroup

speed and the standard deviation are recalculated and

displayed.

The user is then asked if he would like to locate the

event with different hydrophones, and if so returns the

uer t:, *he start of the- channel selection process. T

E r, T - t .n s iocati on c-A-i,eei e mn~n1 te a- 4.

necessary for a particular event. Once the user is

,?

i.



the event with different phones, the program calculates the

event strength based on the amplitudes in the in put file7

the location of the event and spherical spreading losses.

The location parameters and the strength are then written

to an outfile.

At this point the user is given the option to exit the

program or locate the next event in the input file. The

location process continues until the user exits or until

the last event in a file is located.
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/- location.c

program to locate the spatial position of an event based on
time delays taken from "detection".

Source strength is also computed.

#include <stdio.h>
#include <mathh>

#define PHONES 31
#define LEVEL 4
#define FINENESS 20
#define DEPTH 91.0
#define SENSITIVITY 0.0000000112202

main ()

float amp(PHONES], phonex[PHONES,, phoney[PHONES];
float timedelay[PHONES], r(PHONES], bestrange[PHONES];
float sumtime, sumr, sumrsq, sumtimer, slope, yintr;
float sigma, bestsigma, bestslope, bestyintr;
float bestamp, N, source(PHONES], sumsource;
float xgs, ygs, xcntr, ycrn.r, a, b, bestx, besty;
float level, gridzize, xfineness, yfine'ness, time, gpspeed;

int i, j, tape, date, hour, min, sec, event, flag;
int phone, num, 1, n, m, bestflag;
int phoneflag(PHONES];
int eventselect, rerun, change, answer, bye, quadrant;

char iname(80], oname[801;

FILE "ptr, openf), *locptf, *optr;

%* PROGRAM INITIALIZATION "/

bye - 0;

fprintf(stderr,"input file -\n");
scanf("%s", iname);
fprintf(stderr,"output file -n");

scanf("%s", oname);

/ open files "/

if((ptr - fopen(iname, "r"H -- NULL)
fprintf(stderr,"can't open %s\n", Lname);
exit (l);

Source code for the far locate program

% %
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if((ptr openOnae, "")) ULL

if(optr - fopen(narrye, " r")) -- NULL)
fprintf(stderr,"can't open %sran",o oname; "
exit(1);

/* read hydrophone locations into array/

for (i-1; i<PHONES; i++)

fscanf(bocptr,"%d %f %f",&phone, &phonex~i], &phoney~l])

/* read input file header *

facanf(ptr, "%d %d %d %d %d", &tape, &date, &hour, &min, &sec);

1" read event header ~

* fscanf(ptr, "%ad ",&flag);

while(bye -1
I%

eventselect =0;

while(eventselect -1)

if (flag < 0)
exit (0); a

for (i-i; i<PHONES; i++)
phoneflag(i) - 0;

fscanf(ptr, "%ad %af", &event, &time);e

a, for(i-1; i<PHONES; i+,+)
fscanf(ptr,"%d",&flag);

if (flag > 0)
fscanf(ptr, "%ad-, &j);
phoneflag(J]) - 1;
fscanf(ptr, "%af 'af", &timedelay(j], &amp(jl);

else (5
i -PHONES;

fprintf (stderr, "event % 'd, time - 'f\n", event, tilme):

SGUrce code for the ter locate pr-ogram

%5



fprintf(stderr,"Do you wish to locate this event? (1-yes)\n");
scant ("%d", 4eveniselect);

"channel selection 1E

rerun - 1;
while (rerun -- 1)f
change - 1;
while (change -- )1)

fprintf(stderr," phone delay \n");
for(i-1; i<PHONES; i'9+)

if(phonef2.agti] !- 0)

fprintf(3tderr," %d %f \"itmdlyi)

fprintf(stderr,"Do you wish to change status? (I. yes) \n"); V
scant ("Id", &change);
if (change -- 1)(

tprintf (stderr, "change status by typing phone#\n");
fprintf (stderr. "type -1 to cpuit\n');
3canf("%d",&j);

while (j -1

I.f (phonef~aqlj 1 0) 1
phoneflaq(,,] - 0;

else
phoneflacj(j) - 1;

II

/" locate event " ,"N

nun -0;
3ufftime -0.0;

for (i-i; i<PHONES; ii-+)
.t (phonetlagti] ! 0)

nuzm+-;
suzntime +- timedelayi(4 );%A

fprintt (stdlerr, "select quadrant to search (l-NiZ, 2.qJW, 3-Sw, 4-SE\n"):
tprintf (stclerr, "5N. 6-S, 7-E, 8-W) \n");
scant ("%d", &quadrant) ;
if (quadrant -- 1)

bOurce code for the far locate pr-ocar-m

% V V
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xcntr - 10000.0;
ycntr - 10000.0; 

r

else if (quadrant -- 2)

,cnt, - -10000.0;

ycfltr - 10000.0;

else if (quadrant -- 3)

xcntr - -10000.0;
ycfltr - -10000.0;

else if (quadrant -- 4)

xcfltr - 10000.0;
yefltr - -10000.0;

else if (quadrant 5) 5%
xcntr - 0.0;

yefltr - 10000.0;

else if (quadrant -) 1

xcntr - 0.0;

ycfltr - -10000.0;

else if (quadrant '7)

xcntr - 10000.0;
yclt~r "0.0;

else if (quadrant -6

xcnjtr - -10000.0;

yCn~tr - 0.0;

else
xCntr - 0.0;
ycntr - 0.0;

bestf lag " 0;

for 11-0; I-,LEVEL; I+4+)

level - LEVEL-1-l;
gridsize - pow(10.0,level);

for(mO0; m<FINENESS; m++)
yfineness - m - (FINENESS/2);

y93 - ycntr + yfineness * gridsize;

for(fl0; n<FINENESS; n++)

xfineness - n - (FINENESS/2);
xgs . xcrtr + xfinefless gridsize;

sulr-0.0;
suxnrsq . 0 .0;
Sumtimer - 0.0;
for (i1l; i<PHONES; i++)

if(phoneflag~i] !- 0)

a -xgs-phonexfi)D

Source code for the far locate prograM%

% %.
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b -ygs-phoney~i];
r~i] sqrt(pow(a,

2 .O) + pow(b,2.O) + pow(DEPIH,2.0));

sumzsq +- pow(r~il,2.O);
3uxtmer +- (r(iJ * t'medelay~i]);

N num; 
Fp e

slope -((N * sumti.mer) -(mr *sumtiLme) IJ

((N 3ursq r ow(sumr,
2 .0));

yintr -(suint me -(slope 5umr))IN; 
%S

sigma -0.0;

for(i-1; iePHONES; i++)
if(phoneflag[iJ ! 0)

sigma +- pow((timredelay[4i]yifltr-(slope 
r~il)),

2 .0) .

sigma - sqrt (3igra/N)

if (bestflag -- 0) 1
bestx - xg3;

besty - yg3; A
best~igma - sigma;
bestslope - slope;
bestyirltr - yintr;

for (i-1;- I<?.CNE-S; i+-)
if (phonef-lag 0) 1

besiraflge(i] -fl

bestflag - 1;

else
if (sigma < bestsigna) 10
bestx - xgs:e.
besty - ygs;
bestsigma - s~gma;
bestslope - slope;
bestyifltr - y2.ntr;
for (i-1; i<PHONES; i--+) I

if (phoneflag !-0) (

bestrarge Ii] -rfi);

Source code for the far locate program
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gpspeed - .0lbestslope;

fprintf(stderr,"bestx - %f, besty -%f, sigma -fn"

besix, besty, bestsigma);
fprintf)stderr,"group velocity - %f\n", qpspeed);
fprintf(3tderr,"y intercept - %f\n", bescyintr);
xcntr - bestx;
ycntr - besty;

fprintf )stderr, "Do you wish to remove outlying points? ('-yes) \n') ;

3canf("%d",&answer);
if (answer -)

num - 0;
3umr -0.:
suxmt~je - 0.;

sumrsq - 0.;

sumtimer - 0.;

for (i-i; i<PIRONES; i++)
if(phoneflag~i] !- 0)

if (sqrt(pow( (timedelay(i-bestyint-(bestslopebestrange(W1)
2.0)) < 2.5*bestsigma)(

3umt-me +- timedelay~i];
sumr +- bestrange(iJ;
sumrsq +- bestranqe~i1*bescrange[ij;
sumciiner *-- bestranqetil'timedelayi);

else%
f-.rx-ntf~stderr,"outlyi-.-g phone 4 %d\n", i;

bestslope -(Ntmr-5~sn~e)

(Nsumrsq) - (uinrsunr);
bestyintr - (sumtirrme(bestslope*sumx))/N;
gpspeed - 1.0/bestalope;
fprintf(3tderr,"bestx - %f, besty - %f, sigma -fn"

bestx, besty, bestsigma):
fpr;.ntf.(3tderr,"group veloci.ty - %f\n", gpspeed);
fprIntf(3tderr,"y intercept - %f\n-, bestyintr);

fprintf (stderr,
"Do you wish to relocate with different phones? (:-ves \n");

scanf("%d",&rerun);

Soucecode for the farI locate proqram

%
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/* finding source amplitude *

if (phonef3.ag[i) ! 0) I
3ource(i] (amp~il/SENSITIVITY) bestrangefi]:
3umSource 30sUrCeLi);

bestainp - 3umsource/N;

fprintf (optr, "%d %d %f %f %f %f\n", event, date, ti -me,
bestx, besty, bes-armp);

fpr-4ntf(optr,"%f %f %f\n", bestsigma, gpspeed, bestyintr);

fprintf (stderr."D~o you wish to exit? (-1 -exit)\n");

3canf("%d", &bye);

f close (ptr)
fclose (opt:)%

exi (0);

Source code for the far locate program

.1 W*. % %
% %.- - * * - .
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APPENDIX C

Table C-1: Event Location Summary

Table C-2: Tape Summary

Taole C-71: Event Inter-arrival Time Summarv

Table C-4: Event Strength Summary
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Table C-I Event Location Summary

Name x y r R phi sigma sigma c Hyarophones at

(Tape I, Reioved

event 4) (m) M) (in (i) (degrees) (set) k.) misec)

4013,120 -633 -4970 5039 5040 190 0.0091 13.11 1447 none

4013,177 370 -1896 1932 1934 169 0.0035 5.00 1437 2,8,9,10

4013,277 -393 366 537 545 313 0.0045 6.38 1418 8,9,14,16,22,23,24
4013,317 1326 -12 1326 1329 91 0.0028 3.99 1445 none

4013,351 -54 -99 113 146 209 0.0070 9.72 1396 none

4013,354 1534 7Ib 1712 1715 64 0.0016 2.31 1447 21

4,373 216 583 71 722 18 0 .J,02 8 .5il none
4013.381 1248 -2815 3079 3081 156 0.0051 7.41 1442 none
4013,403 2602 -5450 6039 6040 154 0.0067 9.56 1420 none

4013,464 842 2261 2413 2414 20 0.0083 12.03 1454 none
4013,478 -52 562 664 671 356 0.0076 10.56 1388 none

4013,518 175 492 522 530 20 0.0082 12.05 1472 14,16.17

4013,661 6890 3658 7801 7801 62 0.0030 4.34 1463 none .-
4013,664 -1001 1205 1567 1569 320 0.0114 16.72 1473 19,20,22
4013,671 19866 -8441 21585 21585 113 0.0104 14.72 1416 none .

4013,694 -675 9290 9314 9315 356 0.0039 5.62 1437 none -

4013-,723 3100 -1533 3458 3460 116 0.0059 8.5 1447 none

4013.755, 264 !68 313 326 58 0.0151 23.00 152024
4013,776 7989 -5590 9750 9751 125 0.0052 7.48 1446 none
4013,797 -389 7013 7024 7024 357 0.0052 7.56 14b1 none
4013,801 -400 -133 422 432 252 0.0078 11.58 1479 none

4017,866 38 307 309 323 7 0.0062 8.92 1448 none
4013,875 49 20 324 337 9 0.0031 4.27 1397 none
4011., 08 ?854 17B 204 20406 29 00 o .2e 414 2
4013,922t 17 26 29 97 27 0.0090 13.oI 1514 S,9,10.,i,.2 c4013.950 1165 -2253 f.36 -;7

438 153 0.0'037 5.30 1442 none
4013.;7 73( 72'0 7943 7944 83 0.0084 11.99 14.,2 none
4013,1014 -143 2890 2894 2895 357 0.0091 12.80 1413 none
4013.1018 -137 574 590 597 347 0.0169 24.97 1476 none
4012,1107 -701 453 835 840 303 0.0081 11.51 1427 none S
4013.1124 -9001 8142 12137 12137 312 0.0064 9.43 1478 none
401.1166 870 -7001 7055 7055 173 0.0050 7,39 1468 I8
4013,1187 -696 t93 982 987 315 0.0063 9.34 1472 17,18
4013,1203 769 -2315 8126 8126 107 0.0035 5.11 1480 none

4015.232 -10: 422 434 444 347 0.0026 3,e 140, 21,22

- -n, " :pr,t S

I}Z

a-~iY.Y.4~C~at.K.JYa~a .:t.%t~a/fay~.%/f a~-%ba ~%% % $.'% YN-j .,.. *a-~gC *~,'s,.- a >
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Table C-1 Event Location Summary .

Name x y r R phi sigma sigma c Hvaroplhories ,

(Tape f, Reoved *.

event V) (21 (m) (M) (m) (degrees) (sec) ":m) (alsec) :""

4019,178 -8416 -18097 19958 19958 205 0.007A 5.52 1477 none

4019,679* -17789 10549 210682 20682 301 0.0023 3.50 1533 none ,.
40197689 -20109 11680 113255 23255 300 0.0026 3.70 1428 none-'.,

40191776 -21087 12,642 245B6 24586 301 0.0037 5,13 1394 none '-'

4019,841f -3001 -88 3002 3004 2168 0.0061 9.10 lIOU none ..

40)21,61 - 7 M e' 15998 17608 17w.:8 y. "5 '.j 1:' 14--8 !41 1, n 70,'
4021,154 -6508 18999 20087) 200K7 J41 0.0662 8.84 I&147 %_"

4023 no events :-*

4024 no events

4027,28 -1001 -371 lobe 1072 250 0i.0145 20.81 1434 24 V

S

.

4029,666 -4-250 -10010 10875 10875 203 0.0075 11.20 1489 3 , . 32 '

4029,897 347 -II0 364 376 108 0.0244 33.811 1385 none

4029,1059 -:3 18 -9110 9695 9696 200 0.0041) 5.71I 14-;Q 29 OP

4031,823 159 -373 405 416 157 0.0076 111.32 144,3 none .%

40311,490 -25 72 4190 4896 4897 329 0.0047 6.61 141"8 13,18,20,-X,''.

4033,1041 -21010 .. ... .767 210.4 . L L OI g I .0 1 g ' s 3 , , . , . ; .
4U33,1048 - ,1.01 t)i I I.O5C 1k-59 '7 .04 .1 .5

4033,11126 -2!,1090 1v ,75 2111 21118 273 O.-,jt 0.9 .. o 2;.,. .

.18

4037,1173 -2,0905 86i5 D0M O( 2'..,1l 77 0.,1)085 1:.BQ i .!, . -

4040,26 -210488 19987 28622 28622 314 0.0125 17.63 141(, 6 '

4040,148 -6001 42.52 7355 7355 305 0.0030 4.32 1426 N0
40(,385 1462. -4010 4268 41,69 160 0.0054 8.03 1486 none

4040,398 -9001 9110 12116 12116 :12 0.0150 21.7 5 1427 13 .

40401714 -5432" -14089 15100 15100 2.01 0.0056 Me3 1497 none ,

4040,71)0 6468 -17109 19291 18291 159 0.01216 17.76 1411 6..+

4040,871 -3424 -8910 9545 9546 201 0.0022 3.210 1446 none % '.-
4040,1114 -20q73) 16769 2685Z 268573 309 0.0061 9.03 1463 11•- ~
4640,1157 -7408 7891 10823 10924 3171 0.0075 11.26 14QI none •

41',47 .984 -4S7 "fl!) 4.90 .e7 294 .i.') 3 " Cj -']7" ne - '

4 ,9 !,:4 - ;. - 3!i,.' i4.75 47 1 : A): "," : : c e"1.

40i49, 10)66 -1889 - 801.11 82:1' 9,.1 193 6) 15 1 .'. JO0 lk ,1i. I

(Tape t, Re"o"e
• !'W'i'" "'2.'." ." "" vent", ". "(.1. ,(2. ".(.m','.'- (a)''' . ".eqre-_ (sec)?,".. ._,%,.a) " ( .",..a/sc.,',,,. .. " "'"'".

r- ... " . ".".'%." '.. - -".---,. .; , , " ".' %" "i" "i" " % %, , , ""- " " : " "" ." ,"
4019,178. -81 107 95 9 20.....08 55 43n



• Table C-1 Event Location Summary

Name x y r R phi siqla sigma c Hydrophones
(Tape #, Removed
event #) (0) (M) (a) (m) (degrees) (sec) (M) (it/sec)

4051 no events

.4053,3 -16878 IB965 215388 215388 318 0.0021 3.11 1461 7

4055 no events057 no events

405? no events

29

4061,571 -8393 -293 22544 22154 20 5.0127 1.9 14 112'-
4061,a79 -3355 -2455 4157 4158 234 0.00247 3.91 1445 5,6,23

4063,296 -10503 17985 120827 20827 330 0.0090 12.91 1441 none
4063,824 -16793 14787 22375 22376 311l 0.0043 6.29 1455 none
4063,864 -2001 1346 241 2413 304 0.0043 6.18 1424 18

4063,933 -9077 71976 12083 124084 311 0.0111 15.60 1408 none
4063,936 -113Y0 912 1452 1455 309 0.0037 5.42 1450 18

4055 no events
4067 no events

2001,543 -34455 -5112 6170 6171 214 0.00246 3,77 14522

2061,189 -997 -20987 21082 2208 205 0.0036 5.40 1487 none

'20(09. 45Z 974 -5121 52I7-I,4 5275 17, 0.06070 8 142!
2t01,455 144 -2051 246o 2468 144 0.0045 3.55 1445 12
409,95 -105 -73 681 687 330 0.0190 27.43 1421 none

4023,74 -1430 -16460 22561 22562 17 0.0104 15.13 145B 7,11

3001,11 -3921 75 39221 3923 71 0.0145 17.92 1434 none
3001,1 -20103 -9471 22222 222 1145 0.0137 19.60 1450 none
3001,301 -3001 69 3081 13 283 0.0149 1.13 1418 4,5,6,7,20.1,22,27

3047,169 -19109 -5181 19233 19233 263 0.0073 10.56 1452 23
3047,751 990 -3B 1040 1044 121 0.0134 19.52 1460 none

N 1 99 199 'j
c

e2 55 1 0.0077 p..0 14

3011t-91 75 32 3923 27 0.0155 17.92 134 nn

300116 2013 -471 222 2222 45 .013 1992 450non

30"31 -00 9 01,03 23 0019 2.3 1484567,02,22

-. , tp''a'w[, ' "V," "' , t # € _'- "'- ". . -' ". -"' . . " , - . t.-.- -.-. ..-- , , .'.,....-. -'.-.', .'.., .'
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Table D-l: Angles, Ranges and Times for Refractive.-

Propagation Paths -

Table D-2: Spreading Loss Function, G(r) .'
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Table D-1 Anles, Ranges and Times for Refractive Propagation Paths

Theta zero Theta I Theta 2 Theta 3 Theta 4 z

Theta zero is the surface launch angle.

Theta I is the angle at 80 meters.

Theta 2 is the angle at the hydrophone (93m).

Theta 3 is the angle at 254 meters.

Theta 4 is the angle at 363 meters.
is the maximum depth of the ray.

(See Figure 3-81

," 57 *).039 0.001 93

0.0658 0.039 0.004 93

0.0660 0.040 0.006 93

0.0670 0.041 0.013 94

0.0680 0.043 0.018 96

0.0690 0.045 0.021 97

0.0700 0.046 0.024 98

0.0710 0.048 0.027 99
0.0720 0.049 0.030 100

0.0730 0.051 0.032 102

0.0740 0.052 0.034 103

0.0750 0.053 0.036 104

0.0760 0.055 0.038 105

0.0770 0.056 0.040 107

0.0780 0.058 0.042 108

0.0790 0.059 0.044 109

).0800 J.00 0. 046 111

A.0820 0.062 0.047 112

0.0820 0.163 0.049 113

0.0830 0.064 0.51 115

0.0840 0.065 0.052 1l1

0.0850 0.067 0.054 118

0.0860 0.068 0.056 119

0.0870 0.069 0.057 121

0.0880 0.070 0.059 122

0.0890 0.072 0.060 124

0.0900 0.073 0.062 125

0.0910 0.074 0.063 127

0.0920 0.075 0.064 128

0.0930 0.077 t).066 130

0.0940 0.078 0.667 131" J " ")}'7q l :7

":6 -.-' j8 0.0710 !:5

0.u970 0.081 0.071 136

0-0980 0.083 0.073 138

0.0990 0.084 0.74 140
J .t4l

, . .... 7 ,. 7 ,
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Table D-2 Spreadinq Loss Function, G(r)

Theta zero Theta I z RI R2 G(RI) 6(R2) 10 log 10 log

G(RI) G(R2)

Theta zero is the surface launch angle.
Theta I is the angle of the refractive path at the hydrophone depth (93m)P .

z is the maximum depth of the refractive path.
RI is the horizontal range to the hydrophone intersected on the downward swing

R2 is the horizontal range to the hydrophone intersected on the upward swing
G(P) is the spreading loss function.

0.0835 0.002 93 2171 2284 5.2E+08 5.5E+08 87.163 87382
0.0837 0.006 94 2068 2398 4.9E+08 5.7E+08 96.922 87.564
0.0838 0.007 94 2038 2433 4.8E+08 5.8E+08 86.844 87.b14
0.0839 0.008 94 2012 2464 4.8E+08 5.8E+08 86.775 87.655
0.0840 0.009 94 1990 2492 4.7E+08 5.9E+08 86.712 87,90
0.085 0.016 96 1839 2697 4.2E+08 6.2E+08 86.239 87.901
0.086 0.021 99 1741 2848 3.9E+08 6.3E+08 85.881 88.018
0.087 0.025 101 1666 2977 3.6E+08 6.5E+08 85.575 88.097
0.088 0.028 103 1603 3094 3.4E+08 6.5E+08 85.302 88.157
0.089 0.031 106 1549 3201 3.2E+08 6.6E+08 85.051 88.203

(.034 108 1502 3302 3.OE+08 6.7En08 84.319 88,240
0.091 0.036 111 1459 3398 2.9E+08 6.7E+08 84.600 88.271
0.092 0.039 113 1421 3491 2.8E+08 6.8E+08 84.394 88.297
0.093 0.041 116 1385 3580 2.6E+08 6.8E+08 84.197 88.320

0.094 0.043 118 1353 3666 2.5E+08 6.8E+08 84.009 88.339

0.095 0.045 121 1323 3750 2,4E+08 6.BE+'98 83.823 98.-56
,".)96 ). 047 123 1294 '832 2.3E+08 6.9E+(8 83.b56 E-.
0.097 0.049 126 1268 3912 2.2E+08 6.9E+08 83.489 88.:87
098 0.051 128 !243 991 2.2E+08 6.9E+08 83.328 88.795

0.099 0.053 131 1219 4068 2.IE +8 .9E+08 93.171 88.406
0.100 0.055 134 1197 4145 2.OE+08 6.9E+08 83.020 88.415
0.101 0.057 136 1175 4220 1.9E+08 7.OE+08 82.872 88.424
0.102 0.059 139 1155 4294 1.9E+08 7.OE+08 82.729 88.431
0.103 0.060 142 1136 4367 I.8E+08 7.OE+08 82.589 88.438
0.104 0.062 145 1117 4439 1.8E+08 7.OE+08 82.453 88.445
0.105 0.064 147 1099 4511 1.7E+08 7.OE+08 82.320 R8.451
0.106 0.065 150 1082 4581 1.7E+08 7.OE+08 82.190 88.45b
,107 0.067 153 1066 4652 1.6E+08 7.0E+08 82.06: 88.461
I.108 0.9bQ 156 150 4721 1.6E+08 7.,E+08 81.939 88.456

).A1 .070 159 1035 471,) 1.5E-08 7.OE+,8 81.817 88. 471
il.I' 1.72 162 I(1fI 485Q 1.5E08 7.1E+':8 81.0Q8 8 .1:4

.1 5 307  4?27 1.4E+,'3 7.)E .,98 31.1 6 .E

0113 0.076 171 98) 51, h4E+ 8 7.1E+,j8 d1.354 6.45"
0.114 (.078 174 967 5128 1.3E+08 7.1E+)8 81.244 68.486
0 .115 J.07 1 177 955 5 1Q 4 H. - ,A 7 .E ,)g 98 1.17 H .4 1 "
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