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Bachelor of Science in Physics

ABSTRACT
** * * *

Low frequency ambient noise, 10-20 Hz, monitored in the Arctic Ocean
Basin during FRAM IV was reduced and statistically analyzed. Discrete
samples taken at 15 minute intervals from the continuous record of a
strip chart recorder comprised a set of 2263 data points representing
an underwater noise history from 3/30 5:30 Z to 4/22 23:45 Z in the
environment of FRAM IV's main camp site. Due to various randomly occurr-
ing man-made underwater disturbances 1112 of these points were ommitted.

Statistical analysis of the remaining 1151 points showed two noise
level states to be most frequently occupied, at approx. 95 dB re 1kPa
and 84 dB re lPa; the average noise level to be 87.8 +/- .25 dB re ItPa;
and the deviance to be 7.1 dB. A time scale of 1.46 days +/- 2 hours
characterizing the variation in ambient noise level was derived from the
autocorrelation of a version of the reduced data which bridged ommitted
points via a linear interpolation.

Thesis Supervisor: Dr. Ira Dyer
Professor of Ocean Engineering
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INTRODUCTION

The general topic of this thesis is underwater acoustics. Specifically it

involves the statistical analysis of ambient noise monitered over a period

of about three weeks (3/30 5:30 Z to 4/22 23:45 Z 1982) during the FRAM IV

Arctic Ocean Basin experiment.

In order to develop a better feeling for the type of information analyzed in

this thesis, please consider the following brief description of the data acqui-

sition process.

Acoustic noise stimulated a hydrophone suspended appproximately 90 meters

beneath the Arctic pack ice. A signal corresponding to this noise was then sent

to a Rustrak recorder where it was filtered, averaged and finally recorded.

Via calibrations of the Rustrak recorder's gain and a close attention

to the noise levels recorded, it was possible to store a time series of
these noise levels on a paper chart 2.25 inches wide and 20 yards long. The

width of this chart corresonds to a 50 dB window in the ordinate and

the length to a 30 day window in the abscissa. Four of these charts

were obtained simultaneously. These charts represent noise level in dB re 1TPa

vs. time for the following frequency bands: 5-10 Hz, 10-20 Hz, 20-40 Hz,

40-80 Hz. For reasons which will be revealed later in the thesis, only the

chart representing the time variation of noise in the 10-20 Hz band was

reduced and analyzed. From now on, this chart will be referred to as the

'Rustrak record' or 'the record'. The charts corresonding to the time variation

of noise in the other three bandwidths will be subsequently referred to as

'the Rustrak record from 20-40 Hz' for instance.

The object of the statistical analysis of the Rustrak record was to:

i) Determine the most frequently occupied states in the 10-20 Hi band by
taking representative discrete samples from the record which ranged from

75 dB re i1 Pa to 105 dB re 1 tPa in one dB increments.

ii) Determine the time average and variance of the ambient noise levels over

the period of the experiment.

iii) Determine the time scale after which change in the ambient noise

level might be expected by taking the autocorrelation of an approximate

and compressed version of the record.

In order to make such a statistical analysis it was necessary to convert the

continuous Rustrak record into a corresponding series of discrete values.

This was accomplished by eye, taking readings at fifteen minute intervals

from the beginning to the end of the record. However, approximately one

half of all the values which should have been taken via this method

had to be omitted. These samples were omitted because during certain periods

naturally occuring ambient noise levels were masked by man-made sounds. The

effect which these missing data had on the methods and results of the statisti-

cal analysis is rather subtle and will be discussed elsewhere in the thesis.
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FRAM IV Experiment

In the FRAM IV experiment of 1982 researchers from M.I.T., W.H.O.I.,
and several other institutions made studies on such varied topics as seismic
refraction and reflection, long range acoustic transmission and reverberation,
ice dynamics, meteorology, physical oceanography and ambient noise.

The majority of the data was collected at the main camp site which rested upon
a drifting sheet of polar pack ice due north of Svalbard.
The ice separated the researchers from the cold Arctic waters by a thickness
of about three meters.

Essential to the refraction, reverberation, reflection, transmission and
ambient noise experiments was the deployment of twenty four hydrophones
suspended from the drifting ice sheet upon which the main camp rested.

The hydrophones were used in various contexts corresponding to the
different objectives of the listed experiments. Specifically, in the
refraction, reverberation and reflection experiments charges of TNT were
detonated some distance from the hydrophones. The subsequent underwater
acoustic effects were detected by the phones and recorded
on magnetic field tapes to be reduced and analyzed as mandated by the
particular study. Similarly, during transmission experiments certain pure
tones were sent into the water via the camp's signal generator to be
detected by the hydrophones, recorded and analyzed.

When no other experiments were in progress, the hydrophones picked up
any naturally occurring ambient noise which happened to propagate in
their vicinity . This noise was often recorded on field
tapes solely for the purpose of studying ambient noise conditions in the
Arctic Ocean Basin.

Fundamental Characteristics of the Rustrak Record and Recorder -

Underwater noise detected by the apex hydrophone, corresponding to the
hydrophone at the intersection of the two axes along which hydrophones
were deployed, was recorded throughout the experiment on the Rustrak
recorder except when the camp's main power generator was not in operation.
However, the log shows that the generator was only malfunctioning or
turned off approximately once every four days for intervals not exceding
20 minutes. So, the Rustrak record is a rather complete history of the
acoustic events which occurred underwater in the vicinity of the main camp
during the FRAM IV experiment.

However, much of the recorded data cannot be used for ambient noise analysis.
The primary purpose of the Rustrak is to give researchers in the field some
indication of the underwater noise level as it evolved. For example,
if the weather suddenly changed for the worse and heavy winds began to set on
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the camp environment, one might check the Rustrak record to see if there was

any corresponding increase in ambient noise levels underwater. But if a charge

of TNT was set off some distance away, one might watch the Rustrak's output
to see if and when the explosion's initial compressional wave reached the

apex hydrophone. So, the Rustrak record also represents the acoustic charac-

teristicsof many artificially induced phenomena besides the naturally occur-

ring ambient noise of the Arctic Ocean Basin.

The band pass and averaging circuits for the Rustrak recorder were designed and

built by Josko Catipovic.

The schematic for the Rustrak recorder is given in figure 1. As fig. 1
indicates, the signal from the apex hydrophone is first boosted by a
20 dB preamplification stage. Then it is sent through a switchbox which sets on

one of four amplifiers which could increase the voltage by 20,40,60
or 80dB respectively.

The purpose of the selectable gain was to fit the ambient noise into the 50 dB

Rustrak window. Going into more detail, for each gain setting there was a

50 dB window. Specifically, for the gain settings 20,40,60,and 80dB the corre-

sponding windows were 101-151,81-131,61-111,41-91 dB re 1tPa respectively.

The chart upon which the noise level was recorded could only represent a width

of 50 dB in the ordinate. So, in order to include noise which might range from

41 to 151 dB re 1 Pa, a spread of 110 dB re 1uPa, within the 50 dB window

of the chart, gains had to be adjusted as the data came in.

After passing through the switchbox the signal was filtered and separated into

four distinct signals corresponding to data from the 5-10,10-20,20-40 and

40-80 Hz frequency bandwidths. The characteristics of this filter are shown

in figure 1. The reason for separation of the data is extremely important.
For each of these four bandwidths the general characteristics of the data

vary greatly. This is because in each of these frequency bands the mechanisms

or events which create acoustic signals are of a distinct nature. Since the

study of ambient noise in the Arctic Ocean aims primarily to correlate noise

conditions with their hypothetical driving mechanisms or events, it is
imperative that data should be catagorized in this manner.

Next, the four resultant signals were averaged by the Root Mean Square 'box'

as indicated in figure 1. This averaging of the data is significant in that it:
i) smooths random fluctuations associated with data taken over very

short periods,on the order of minutes; ii) compresses tfe record to a time

scale in which the changes in noise level over a period of, say, a few hours

could be easily referenced (ideal for field work); iii) introduces a

subtle error after sharp impulses in the noise level.

Finally, the signals were passed through an apparatus which converted voltage

to log(voltage). This reduced the conversion to dB of subsequent output

produced by the strip-chart recorder (which imprinted the amplified, filtered

and separated, averaged and 'logged' signal) to a simple linear relation

different for each gain setting.
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Speciic Characteristics of the Rustrak Record

Because of certain discrepancies in the logs concerning the gain settings,
approxiinately the first two days of reliable data had to be omitted from the
present analysis of the record. The segment of the record which remains,
from 3130 5:30 to 4/22 23:45, fortunately was always at the same gain setting
of 60 dB

Now the particular reason for choosing to study the Rustrak record from
10-20 Hz instead of the record from 5-10,20-40,40-80 Hz has to do with the
characteristics of ambient noise in the Arctic Ocean Basin as a function of
frequency. Consider I. Dyer's noise level spectrum presented in figure 2.
This characterizes the frequency dependence of ambient noise in the Arctic
Ocean.

The strongest peaks occur from approximately one to ten Hertz. However, the
location of these peaks is often unpredictable within this range, although it
is probable that they will not extend beyond. Susprisingly enough,
these peaks are not due to real acoustic noise. They are the result of an
apparently unpredictable phenomenon known as cable strumming. Specifically,
this phenomenon is supposed to be the result of ocean currents driving the
cables from which the hydrophones are deployed. This driving motion apparently
sets the cables vibrating in rather complicated modes. As a result of this
vibration, the end of the cable upon which the hydrophone is attached
tends to move up and down through the water's pressure gradient, causing fluct-
uating pressure to be dectected. The vertical motion of the hydrophone is of
low frequency, and is confined to regions approximately below ten Hertz. So,
this phenomenon known as "strumming' or 'strum' masks all naturally occuring
ambient noise in the band from 1-10 Hz. Therefore the Rustrak record from 5-10
Hz is inappropriate for the present study.

There are two reasons for not choosing to analyze data in the 20-40 Hz
and 40-80 Hz range. First, the camp used a 60 Hz generator, and the 40-80 Hz
record is contaminated with electrical pickup at 60 Hz. Also, the 20-40 Hz rec-
ord is conatiminated with noise emanating from a 30 Hz vibration of the generat-
or. Second, examine the steady fall in spectral density in figure 2 after about
20 Hz. Clearly the noisiest, most energetic and active frequency band is where
the spectral density is highest. As figure 2 indicates, this is in the
10-20 Hz range.

So, with respect to the discussion of the last section, the predominant
and most energetic mechanisms or events which cause ambient noise in the Arctic
Ocean Basin must work in the 10-20 Hz range; hence the choice of the record
from 10-20 Hz for statisical analysis of ambient noise
levels monitored during the FRAM IV experiment.

Please consider two final and important idiosyncrasies of the record con-
cerning actual events which it portrayed:

i) Besides the charges which were set off for the relevant FRAM IV
experiments, for periods of time spanning up to one day and totalling aboit
one third the entire time of the experiment, a collegial Norwegian scientific
team was setting off an underwater air gun. Since the airgun went off mostly
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at intervals spanning less than 25 minutes between consecutive shots, and the

Rustrak recorder's time averaging seems to have lasted up to 15 minutes, all

data taen while the air gun was in operation had to be dismissed from ambient

noise analysis. The combined effect of the air gun blasts and the detonation

of explosives reduced the amount of ambient noise data which could be extracted

from the record to roughly one half the record's length.

ii) On 4/11 9:00 to 14:15 the record leveled off at 77 dB re 11Pa for

no apparent reason. Long periods of nearly constant noise have been observed

in previous experimental situations.

Examples of airgun blasts, detonation of explosives, and integration

effects associated with these, are contrasted with examples of

naturally occurring noise and the leveling observed on 4/11 in figure 3.

Methods of Reduction, Statistical Analysis, and Results
* *** ** **** ** ** m********** *** ***** ********

As was mentioned in the introduction, the primary objective in the reduction

of the Rustrak record was to sift out all but a discrete and representative set

of naturally occurring ambient noise levels. This was accomplished by:

i) omitting all man-made events, i.e. the acoustic noise resulting from

TNT detonations and airgun blasts.

ii) selecting data samples corresponding to the noise level

in dB re 1.Pa at 15 miiiute intervals throughout the record. See figure 3 (1)
for time and dB scale of Rustrak.

The error in selecting the correct noise level by eye was minimal. It was on

the order of 1/4 dB. This estimate comes from the fact that the width

of the curve printed on the Rustrak record is about 1/2 dB. The eye is

only off by 1/2 the width of the curve at most in estimating its center.

The error associated with improper selection of representative ambient

noise levels could be much more severe. It would seem that the only way in

which such errors might occur, given peaks from air gun shots and underwater

TNT explosions were intentionally passed over, would be from the failure to

notice the Rustrak record's subsequent integration.

Consider the series of air gun shots portrayed in the segment of the record

shown in figure 3 (2). Apparently, in the first series of air gun shots dis-

played the Rustrak recorder has had time to average out the initial impulse

before recording the next one. For, the record appears to level off for a

couple of minutes before the next pulse arrives.

However, notice that in this series of air gun blasts the record always levels

off to the same value of 82 dB re 1EPa after every impulse has been integrated.

If such points were included, there would be large stretches of constant
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noise level in the reduced or compressed record. Such segments are clearly

inconsistent with data taken when the air gun was not in use and charges were

not being detonated, see figure 3 (3).

Only in one case did the record level off to some constant value during a

period when the water was free of artificially induced sounds as was mentioned

in the last section.

Consequently, no segments of the record in which the airgun was active,
including segments where the record apparently leveled off before the

arrival of consecutive shots, were included in the reduced record.

However, the segment from 4/11 9:00 to 14:15 is included since

there is every reason to believe in its reality.

The reduced record was plotted and statistically analyzed at M.I.T's Joint

Computer Facility. A condensed plot of the final version of the reduced

record is given in figure 4.

Since the reduced data only took on 31 distinct integer dB values,
ranging from 75 dB re 1t Pa to 105 dB re 1 Pa , a histogram was made, from

samples comprising the entire reduced record, in which the frequency per

count for each of the possible integer dB values was plotted against increasing

dB value. This plot is shown in figure 5. The mean, and root mean square

of the reduced record are 87.8 +/- .25 dB re 1 Pa and 7.1 dB

respectively.

Points where data were omitted (holes or gaps in figure 4)

were not included in the construction of the histogram or in the calculation

of the mean and root mean square.

In order to find a time scale characterizing changes in ambient noise levels

it was necessary to preserve the natural time scale of the

events but somehow deal with data holes. This was accomplished by

bridging the holes with a linear approximation as shown in figure 6. The mean

and root mean square for this version of the data are 86.5 dB re 1 - Pa and

6.4 dB respectively. Errors shall be discussed later.

To obtain the ambient noise time scale, the autocorrelation was computed.

The autocorrelation function is:
8

where 1w is the length of the reduced recordlis a point from the graph

in figure 6.

The autocorrelation is plotted in figure 7.
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The time scale, T, was estimated as the time in which the initial decay
of the autocorrelation reached 1/e of its maximum value of 1 at the origin.
This time scale was found by graphical means, see figure 8, as T=1.46 days

+/- 2 hours, where the error comes solely from reading the 1/e value from

figure 8. Other errors will be considered in the discussion. Notice, however,
that the error associated with reading the Rustrak record of +/- .25 dB is

quite small and likely not to affect the autocorrelation nor the histogram.

Discussion
** * *** *

The two pronounced peaks in the histogram of figure 5 indicate that there were

two most heavily populated noise level states over the period spanned by
the reduced record (3/30 5:30 to 4/22 23:45). Notice that the centroid of the

peak closer to the origin falls at approximately 84 +/- 4 dB re 1 Pa and

the centroid of the peak with higher dB value falls at appproxima ely
95 dB +/- 3 dB re 1tPa. Figure 9 explores the significance of this

phenomenon with respect to the condensed plot of the reduced record.

Perhaps the presence of these two peaks in the histogram combined with the

relatively long periods in which these peaks were observed without
interuption, as displayed in figure 9, indicates that one type of phenomenon
may be responsible for ambient noise for some extended period before giving
way to another.

The presence of the peak at 77dB re 1 &Pa corresponds to leveling off of the
record on 4/11 9:00 to 14:15. Again, it is assumed to represent ambient noise
conditions.

The histogram of figure 5 is representative of the relative frequency of noise

level states over the entire period of the reduced record regardless of the
omission of approximately one half of all possible samples. This is so because:

i) the omissions were entirely random, because the choice of time and

day to set off explosives or the air gun was entirely random with respect to
naturally occurring underwater ambient noise conditions;

ii) an increase or decrease in the number of random samples will only

increase or decrease the resolution and absolute magnitude of the peaks
displayed in the histogram of figure 5, not their general shape.

Whether the time scale derived from the autocorrelation is representative
of the actual scale of underwater ambient noise levels over the
sampling period of the reduced record depends primarily upon how accurately the

approximation to the reduced record mimicked what might have happened in the
absence of artificial disturbances. Certainly, the mean remained close;
it was 87.8 dB re 1LPa in the original reduced record and 86.5 dB re lPa
after the approximation. However, as may have been expected from the inclusion

of so many straight line segments, the variance changed somewhat with

this first order approximation; the original reduced record had a standard dev-

iation of 7.1 dB and the linear interpolation to the reduced record had a

standard deviation of 6.4 dB.
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Finally, noise levels recorded via the Rustrak were very consistent with noise
levels recorded digitally on magnetic tape via more precise apparatus. For
example, consider the following estimate:

7
Peter Stein took data from magnetic tape recordings corresponding to noise
levels measured from 2:07 to 2:27 on 4/20/82 by integrating over consecutive
two second windows. His filter characteristics were

2.

Assuming the noise spectrum level which he filtered had the characteristic
suggested by figure 2,

the resultant noise for any two second window is the area under the following
curve

15 142

This area is f

The Rustrak system had a filter characteristic

tOK

The characteristic frequency spectrum of the noise to be filtered by the
Rustrak is, of course, the same as the one filtered by the digital tape system.
The resultant noise for any point in the reduced record is the area under
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o r.

10 0 i
where h is the same in bth cases. The area under this curve is

16k

So, the expected difference between the two measurements due to their
different filter characteristics is on the order of

Lr(Ima L fJ ~oL 0P~

Over the period of the magnetic tape data, there was a large 'hole' in the
reduced record due to airgun shots. So, a comparison-had to be made
between such data and a corresponding point representing an approximation to
the reduced record. The difference between these two points is approximately
5 +/- 1 dB. So, the correlation between the linear approximation to the reduced
record and the more precise data recorded magnetically is rather good. Several
other similar correlations have been made between data on magnetic tape and
actual segments of the reduced record. The discrepancy was never more than
one dB.
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FIG. 3(2)
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