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ABSTRACT

Measurements of the source level of wind-generated ambient noise 1n the ocean
at low frequencies (10-340 Hz) are presented 1n tlus paper The data were obtamed
using a vertical line array of hydrophones deployed 1n the deep water sound channel at
various sites in the Northeast Pacific Ocean The array response was steered vertically
upward to measure the locally generated sea-surface noise and ehmunate the effect of
distant shipping noise The beamforming was carried out with a frequency-domain
beamforming algorithm using a spatial Kaiser-Bessel window function to reduce side-
lobe levels m the beam pattern The beam power levels obtained were referenced to
a source level at the sea surface using a simple propagation model An analysis of the
relation between the measured surface source levels and measured wind speed data
suggest that the noise level 1s dependent on local wind speed and 1s influenced by
the presence of breaking waves i the ocean The source levels are compared with
measurements reported m the hiterature
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Chapter 1

Introduction and Background

I. Preamble

In the study and prediction of deep-ocean acoustic ambient noise fields at low frequen-
cies (below 200 Hz), 1t 1s becomuing increasingly apparent [1, 2] that 1t 1s necessary to
account for the effect of wind-generated ambient noise The wind speed dependence
of the ambient nase field at ugh frequencies (above 200 Hz) 1s relatively easy to
study and has been quantified by Unick [3] and Wenz [4] At lower frequenaes, how-
ever, the wind-generated noise 1s more difficult to measure due to the predomunance
of shipping traffic noise, and the wind dependence of the ambient noise 1n this area
of the spectrum 1s not well understood It 1s these problems which prompted the
mvestigation to determune the source level of wind-generated noise that 1s presented

in this thesis



II. High Frequency Noise

In lus review of the available hterature up to 1962, Wenz [4] was able to establish a
composite of ambient noise spectra (see Figure 1 1) 1n the frequency band from 1 Hz
to 100 kHz based on omm-directional measurements of the noise field in both shallow
and deep water, at different wind speeds and in different locations He suggests that
the ambient nose field (in the absence of biological or other spatially-dependent noise

sources) 15 a combination of three mamn components

1 a wind-dependent component with a broad masxamum between 100 and 1000 Hz
(He suggests that the most probable source of this component 1s bubbles and

spray from surface agitation),

n a wind-independent component with a broad maximum between 10 and 200
Hz and a steep negative slope for frequencies above the maximum (He suggests

that this component 1s mostly attnibutable to shipping traffic noise), and

m  a thermal noise component which only affects the spectrum appreciably at very

high frequencies

At frequenaes between 200 and 1000 Hz, a major component of the ambient noise
1s the wind-dependent component, which makes 1t possible in many cases to observe
the wind-dependence of the noise field with only an omm-directional hydrophone and

without sophisticated processing In fact, at somewhat ligher frequencies (above
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1000 Hz), Lemon et al [5] were able to devise a system of measuring local wind
speeds and preapitation from hydrophone data i order to elimmate the need to
place anemometers 1n the hostile environment of the sea surface

In lus study of ambient sea nose off the Scotian Shelf, Piggott [6] used an omm-
directional hydrophone to deterrmne the noise levels over a period of one year in 1959
and 1960 He related the noise levels in a number of frequency bands to the measured

wind speed, using a hinear least-squares regression m log space, according to

L(f,v) = A(f) +20n(f)logie v (11)

where L(f,v) was the noise spectrum level in deabels, A(f) and n(f) were con-
stant for a particular frequency f, and v was the wind speed 1n nautical mules per
hour In this formulation, n(f) 1s related to the power of the dependence of the nose
level on wind speed For example, a value for n(f) of 15 would correspond to the
nose level being proportional to v3®F He found that the slope n(f) was dependent
on the frequency, and the model fitted his data well for all wind speeds at frequen-
ces above 200 Hz At lower frequencies, he found that the noise levels tended to a
constant at low wind speeds and suggested that this was possibly due to two duffer-
ent components 1n the noise field a background noise which 1s independent of wind
speeds and a wind dependent noise with level varying hinearly with the loganthm of
the wind speed This two—component model 1s consistent with more recent results
reported by Burgess and Kewley [7] Piggott could not, however, rule out the possi-

-



bility that the constant noise he found at low wind speeds was due to system noise
The values which he obtained for the slope n(f) at frequencies above 100 Hz varied
between 153 and 1 20, and decreased with increasing frequency

The relation between wind speed and the transfer of wind energy mnto the ocean
also lends support to the 1dea of a two—component model As Gill [§] pomts out, this
tranfer depends on the wind stress which 1s a function of v? at wind speeds below
approximately 10 knots and v* at lugher wind speeds Thus, 1if the noise level were
directly proportional to this energy transfer, with no non-linear effects due to the
actual noise generation mechamsm, the value of n(f) should be equal to 1 for the low

wind speeds and 1 5 for the ngher wind speeds

III. Low Frequency Noise

At low frequenaies (10-200 Hz) Wenz [4] suggests that the ambient noise field 1s com-
posed of the wind-dependent and shipping noise components mentioned above, and
also an additional low-frequency component which he attnbutes to ambient turbu-
lence pressure fluctuations and seismuc disturbances In this frequency band, however,
he points out that the nose field 1s dominated by the shipping noise contributions
unless the area 1n which the measurements are made 1s acoustically 1solated from
shipping traffic Because of this dormnation of the spectrum by shipping noise, 1t 1s

very difficult to observe a wind dependence 1n the noise spectrum using only omm-



directional noise data.

Three different methods [2] have been developed for studying source levels at low
frequencies The first method uses ommi-directional noise measurements and relies
on calculations of local propagation conditions to determune the strengths of the
sources The conditions required for this method [1] include bathymetnc blockage
of long-range acoustic propagation paths, lugh bottom reflection loss to eliminate
contributions from multiple bottom bounces, and location of the receivers below the
depth of the turnaround pomt of the hrmting ray for long-range propagation from the
surface These conditions apply considerable restrictions on experimental location
and do not elmmnate the possibility of contarmmnation of the data by sources not
accounted for mn the calculations [2]

Shooter and Gentry [9] used this method to measure ambient nose levels m the
Parece Vela Basin Even though the above environmental conditions were satisfied by
the location chosen for this experiment, they were only able to get good correlation
between noise levels and wind speed for frequencies above 150 Hz due to contamina-
tion by shipping noise ongmating within the basin

Marrett and Chapman [10] also used this method mn a study conducted using a
towed hine array 1n the South Fijn Basin. The basin satisfies all the conditions required
for this method with the additional advantages of very low shipping densities and
weak convergence zone propagation from surface sources They studied the omm-

directional noise levels 1n 5 Hz bands centered at 18, 145, and 250 Hz and compared



them to wind speeds measured aboard the research vessel The correlation between
the wind speed and the noise levels was good for the 250 Hz data and reasonably good
for the 18 Hz data. The noise level 1n the 145 hz band did not follow the wind speed
closely, however, and showed a diurnal variation- relatively constant levels durning the
day which were uncorrelated with wind speed, and mght-time levels which dropped
by as much as 10 dB They found some correlation between the wind speed and
the mght-time levels and attnbuted the diurnal vanation m this band to biological
activity

In the analysis of the noise data at 250 Hz, Marrett and Chapman [10] used the
model which Piggott [6] used (Eqn 1 1), apphed to the data from wind speeds above
15 knots They obtained a value for n of 1 5 using this model By applying this same
model to beamformed noise data, using the lowest beam levels observed for a partic-
ular frequency and wind speed 1n the regression (assuming that any contamination
would rase the levels), they were able to mncrease the correlation 1n the 125 to 180
Hz band They found that the value of n=1 5 was relatively constant over the entire
band for lugh wind speeds In addition to these results, they also found a better
correlation between the wind speeds and the measured noise at 250 Hz 1if a time delay
of between 40 minutes and 2 hours was appled to the wind data. This suggests that
there 1s a time lag between a change 1n the wind speed and a change 1n the noise level
which 1s quute reasonable since surface agitation depends on the duration of the wind

as well as the wind speed



The second method [11] requires the use of environmental data including bottom
reflection losses, sound propagation paths and losses, a surface reflection model, and
a description of the depth of the source and 1ts directionality characteristics Tlus
environmental information 1s used to model the noise field and the modelled field 1s
compared to the measured field to determine source levels Using this method in their
study of source levels in the Mediterranean Sea, Kuperman and Ferla [11] were able
to show wind-dependence m the noise field at frequenaes above 400 Hz, but at lower
frequencies shipping noise contarmnation prevented them from getting good results
with the method even though they momtored shipping traffic by radar and included
estimates of the effect of this traffic in their model

The third, and to date most successful, method, used by Burgess and Kewly [7]
and Banmster et al [12], utilizes the directional capabilities of a vertical hinear array
of hydrophones By steering the array response and comparing the beam power in
the upward looking beam to the beam power in the downward looking beam, Burgess
and Kewley [7] were able to make direct measurements of the local noise generated
at the surface In a shghtly different approach, Banmster et al [12] used measured
power 1n the upward looking beam and a model for the propagation from the surface,
including bottom loss data to elimnate bottom reflected paths, to determune the
source level of the noise generated at the surface As long as contamination from
side-lobes n the beam pattern 1s understood and accounted for, 1t 1s possible to make

direct measurements of locally generated naise levels [2] It 1s this last approach which



was chosen for use m this study

IV. Vertical Structure of Low—Frequency Noise

One of the first investigations of the vertical structure of the ambient noise field in the
ocean was conducted by Axelrod et al [13] m 1964 Using a bottom-moored vertical
line array of hydrophones, they measured the vertical directivity of the ambient noise
field at vanous frequenaes by performung time-delay beamformung and band-pass
filtering the beam outputs At low frequenaies (100-200 Hz) they found that the
noise arnving from the honizontal (around 90° to the array axis)was greater than
that arnving at the vertical (along the array axis) and vice-versa at high frequencies
They also found that the cross-over pomnt, where the noise from the vertical was at
the same level as the noise from the horizontal, varied in frequency depending on the
wind force- occuring at 100 Hz for a Beaufort wind force of 7 and at 550 Hz for a wind
force of 4 (see Figure 12) They suggested that this behaviour was quite reasonable,
since noise arnving from distant sources comes mnto the array at the hornizontal with
much of 1ts lugh frequency component attenuated by propagation loss The vertical
noise, on the other hand, emanates from sources nearly above the array and 1s subject
to much less attenuation In addition, though 1t 1s not evident from the figure due
to the scaling used for the vertical axs, they found that the noise from the vertical

exhibited a ngh dependence on sea-state while the honzontal noise did not This
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behaviour 1s consistent with the theory that the vertical noise 1s locally generated by
surface agitation while the honzontal noise 1s primanly the result of distant shupping

The results of this early experiment have been confirmed and expanded upon by
several mnvestigations conducted with more sophisticated equpment and data pro-
cessing techniques In their review of ambient noise directionahty data available up
to 1986, Carey and Wagstaff [14] found that the vertical noise field at low frequencies
was charactenized by a broad hump or pedestal centered at the horizontal and with
a width of 10 to 15 degrees on erther side They state that this pedestal 1s a result
of SOFAR (sound channel refracted paths) propagation of sound from deep-ocean
shipping which arnves at +£10° to +£15° and from down-slope enhancement of noise
(manly shipping) from the contmental shelf or sea-mounts whuch fills 1n the noise
at the honzontal The nose falls off rapidly at angles to the horizontal greater than
+15° to mumimum values 1 the vertical both upwards and downwards from the array
Hodgkiss and Fisher [15] found simular results and one of their plots of array response
vs vertical arrival angle 1s included as Figure 13 Burgess and Kewley [7] added
that the noise 1n the vertical from above the array was shghtly igher than that from
below the array, with the difference depending on the magmtude of the bottom loss
at the site This 1s due to the fact that there 1s one direct path from the surface to
the upward-looking beam, while all paths to the downward beam undergo at least
one bottom reflection This charactenstic was essential to their determination of the

source levels at the surface in the absence of bottom-loss measurements

11



Time (min)

50

Power (dB)
40

20 20 40 60 80100 120 140 160 180 200 220

03-82-70 60 S50 48 32-20 10 -8 10 28 30 40 S0 60 78 80 W
Angle (deg)

Figure 13 Hodgkiss and Fisher’s plot of array response vs vertical arnval angle at

100 Hz

12



More recently, these general results were confirmed by Sotirin and Hodgkass [16]
using a large-aperature, 120 element array suspended from the research platform
FLIP Their results are in agreement with those previously reported with regard
to spectral shape They were also able, with the increased angular resolution due
to the large number of elements used, to produce finer-scaled plots of the vertical
directionality of the noise field which confirmed the broad pedestal at £15° to the

honzontal

V. Wind-Noise Generation Mechanisms

The mechamsm responsible for the generation of underwater ambient noise from sur-
face sources 1s not well understood [17] In hus review of underwater ambient noise
sources, Wenz [4] studied the source charactenstics of bubble osallations, impacting
water droplets, surface wave interactions, and turbulence effects He concluded that
the most probable noise generation mechamsms at ligh frequencies were bubble oscil-
lations and spray impact He also pointed out that bubbles have a natural frequency
of osallation which 1s mversely proportional to the size of the bubble and that the
sound pressure amplitude 1s directly proportional to the amphitude of oscillation of
the bubble Simnce there 1s a practical limut to bubble size, and 1t 1s quite possible that
there would be a predomimnance of bubbles of nearly the same size, he pomnted out

that 1n general the spectrum should have a maximum at some frequency associated

13



with the predominant bubble size
Wilson (1] quantified this further by suggesting that the surface-noise generation

mechanism could be separated mnto three frequency regimes

1 5-10 Hz, where the dommant mechamsm 1s wave-wave mteraction (production
of standing waves for which the pressure amplitude effects are not inversely

proportional to depth as with surface gravity waves),

u 10-80 Hz, where turbulent pressure fluctuations in the atmosphere near the

ocean surface are the dommant mechanism, and

w 80-1000 Hz, where the mmpact of ocean spray streaks and whitecaps with the

ocean surface dominate

Kerman [17] examuned several different models of noise generation at high fre-
quencies spray noise, bubble cavitation, and bubble osallations He found that none
of the models studied were complete 1n their fornmlation of a physical model of the
naise generated by wind forang He therefore chose to study noise produced by bub-
bles entramed by breaking waves osallating at frequencies other than their resonant
frequency as a result of turbulent pressure fluctuations at or near the surface These
turbulent pressure fluctuations cause cavitation, and therefore volume fluctuations,
of the the entrained bubbles, thereby generating noise The entrainment of large
amounts of bubbles 1s dependent upon breaking waves, which would suggest that this
mechanism 15 only active at wind speeds high enough to cause whitecaps

14



Prosperett1 [18] examined the generation of noise by entrained bubbles 1n three
frequency ranges- below 100-200 Hz, between 100 Hz and 1 kHz and above 1 kHz In
the hugh frequency range (above 1 kHz), he suggests that the noise 1s a result of single
bubble oscillations When the bubble 1s entrained by the breaking wave, 1t 1s presumed
to have some 1mtial mechamcal energy associated with its veloaity of penetration
of the water This imtial energy 1s dissipated through damped free osallations of
the bubble in the water which produce acoustic waves at the natural frequency of
osallation of the bubble This mechamsm 1s not viable 1n the intermediate frequency
range (100 Hz to 1 kHz), however, smce 1t would require bubbles with a diameter of
1 amn or more which 1s not physically realistic

In this medium-frequency range, Prosperett: [18] suggests a possible noise genera-
tion mechamsm 1s the collective oscillation of large bubble clouds When two or more
osallators are coupled together in some way, they are capable of osallating 1n collec-
tive modes at much lower frequencies than their individual natural frequencies The
physical mechamsm 1mvolved 1s essentially the oscillation of a volume which contains
both bubbles and flud which has different properties from either a large bubble or a
volume of flmd and therefore different resonant characteristics For these collective,
low-frequency osallations to occur, Prosperett: states that the bubble clouds would
have to be exated coherently but he points out that this would not be unreasonable
m the presence of breaking waves

In the low-frequency range (below 100-200 Hz), Prosperett1 [18] suggests that

15



the noise generation mechamsm 1s the amplification of turbulent noise by bubbles
present 1n the turbulent region He pomts out that turbulence itself 1s not a good
rachator of sound, but if bubbles are present in the turbulent region, they respond
to the turbulent pressure fluctuations with volume pulsations as was mentioned by
Kerman [17] and these raciate more effectively In breaking waves, regions of intense
turbulence comade with regions of large bubble population [18] so this mechamsm 1s
qute plausible in the presence of breaking waves

In the mechamsms discussed above, there 1s a reliance on breaking waves for bubble
formation, turbulence, or spray Since waves generally do not break at wind speeds
below about 10 knots, 1t 1s reasonable to assume that there should be two regimes of
wind speed with different processes generating the noise and a different wind-speed
dependence 1n each regime Kewley et al [2] examuned the hterature on the theory
of noise generation mechamsms and suggested that at frequencies above about 10 Hz,
the noise level should be proportional to v for low wind speeds and proportional to
v? for wind speeds above about 10 knots This would seem to indicate that the noise
generated 1s not proportional to the wind-energy transfer [8] at low wind speeds They
also observed that the measured dependences reported 1n the hterature varied widely
between v and v* and suggested that this could be due to the narrow range of wind
speeds studied 1n each case If two processes were operating m different wind-speed
regimes, as suggested above, then results would be different for different studies if the

range of wind speeds used was not the same
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VI. Scope of Thesis

The aim of thus thesis 1s to use a vertical line array of hydrophones to measure the
local wind-generated noise by steering the array response n the vertically upward
(or up end-fire) direction, and to study the wind-speed dependence of this noise
Acoustic noise data were collected from selected sites in the North-East Paafic Ocean
and processed using a frequency-domain beamformung algorithm to determne beam
powers 1n the vertical in the frequency range 10-350 Hz The beam powers are scaled
for system and processing gams and referenced to a source level at the surface using
a propagation model developed by Banmster et al [12] The source levels obtamed
are compared with measured wind data and the wind-speed dependence of the local

noise 1s examined

17



Chapter 2

Experimental Method

I. Data Collection

Data for this study were collected 1n experiments carmed out in 1977, 1978, 1981,
1983, 1984, 1985, and 1986 using various configurations of a multi-element vertical
line array (MEVA) The MEVA was deployed at the depth of the deep-water sound
channel axis from the CFAV Endeavour

The vanations of the MEVA used mn this expeniment were designed and con-
structed by the Ocean Acoustics Group at the Defence Research Establishment Pa-
afic (DREP) The system was designed to collect data for a number of different

experiments and can be broken down mto eight main parts

1 the surface float, which contained a radar transponder, a radar reflector, the

surface electronics umt, and a battery pack, and provided the FM radio link to

18



the CFAV Endeavour,
un a distmbuted source of surface bouyancy,
m a damper plate to 1solate the array from surface wave action,
v a sub-surface float from which the array was suspended,

v the lower electromes umt (which contained the power gain amplifier (PGA),

digitizer, talt sensor, and multiplexer),
v1 ahonizontal arcular array (not always present and not used 1n this expenment),
v the multi-element vertical array, and
vin weights to hold the array 1n a vertical attitude

A diagram of the entire system 1s shown 1n Figure 2 1 and the vanations of the MEVA
for each year are shown in Figures 22 to 25 The expeniments were carried out at
selected sites in the Northeast Paafic

Dunng data collection periods, all mechamcal systems aboard CFAV Endeavour
and, when possible, other ships mnvolved 1n the experiments were shut down to reduce
the possibility of nearby ship nose contaminating the data. During these ‘quet
periods’, data from the hydrophones 1n the band 0-500 Hz were sampled at 1500 Hz,
submultiplexed along with array status information, and transmutted to the CFAV

Endeavour by an FM radio link. Aboard the Endeavour, the data were recorded on a

19



Figure 21 Diagram of MEVA system.
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master magnetic tape and later transcribed to tapes readable by the data management
system at DREP A schematic of the electronics from the sampling hydrophone to
the recording tape 1s shown m Figure 2 6 and the system gains are hsted in Table |
The bndge crew of the Endeavour were requested to record wind speed and direc-
tion measurements at two or four hour intervals from readings of the ship’s anemome-
ter These measurements represent the deck officers’ best interpretation of the wind
speed at the time of the measurement and no time averaging was possible other than
the time actually taken for the deck officer to determune the wind speed As such, there
15 hkely to be considerable vanance 1n these measurements This data was retrieved
from the bridge logs and used to determune wind speeds during observation mtervals
by plotting the wind speed versus time and mterpolating between measured points
Unfortunately, the relatively large time mnterval between wind-speed observations pre-
cluded an investigation of the time-lagged cross correlation between wind-speed and
noise level and 1t was impossible to confirm the 40 minute to 2 hour time lag reported

by Marrett and Chapman [10] which was discussed 1n the introduction

II. Data Processing

Figure 2 7 shows a schematic dhagram of the steps taken in processing and analyzing
the hydrophone noise data n order to obtamn estimates of the array beam powers 1n

the vertical direction A discussion of the processing system 1s given 1n the following
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1977/78 | 1981 | 1983 | 1984/85 | 1986
Hydrophone
Sensitivity || -1877 |-1877|-1877| -1931 |-1931
(dB)
Freq (Hz) SYSTEM GAINS (dB)
1 112 160 | 112 74 24
5 243 243 | 243 155 .
6 264 — 26 4 — —
” — — _ _ —
11 264 == 264 252 252
13 . 255 — — -
19 265 — 265 273 280
29 = p— = 283 S
o7 259 . 259 284 =
97 256 — 256 287 —
200 254 255 | 254 283 280
325 - — . = 240
400 — 240 — 263 150

Table 21 Summary of system gains
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sections, beginmng with a description of the beamformuing algorithm.

A. Beamforming Algorithm

The forming of beams using a multi-element array 1s a well-established techmque
which essentially maximmzes the sensitivity of the array to signals armving from a
particular angle to the axas of the array The process can also be called spatial filtering
and 1s analogous to the frequency filtering accomplished with Fourier Transforms [19
In fact, discrete Founer techmques can be used to carry out the beamforming, and the
use of windows and averaging have the same effects on the properties of the transform
The simplest example of beamforming using only two hydrophones 1s illustrated in
Figure 2 8 usmg a two-element array If the signals received at each hydrophone are
simply added together, the resultant beam pattern 1s omm-directional as shown in the
figure However, for frequencies with wavelengths greater than or equal to twice the
hydrophone separation, if the signal from one of the hydrophones 1s subtracted from
that of the other, the resultant beam pattern has the characteristic dipole pattern with
two main lobes along the axs to the array and nulls at 90° to the axas This simple
method of beamformung 1s lighly switable when processing power and hydrophone
number are hmited, and 1s extensively used m directional sonobouys deployed from
ships and aircraft where size and operating channels for transmussion of data are
limited The steering of beams using this method, however, must be accomplished by

physically changing the direction of the axis of the array, which limuts 1ts applications
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When the signals are simply summed,
the resultsnt beam pailem is omni-
directional
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When one of the signals is multiplied
firt by -1, however, and the signals
are then summed, the resultant beam
pattern is the characteristic dipole R
pattern .
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Figure 2 8 Beam patterns for simple, two-element array



A more sophusticated method of beamformung, which steers the beams electromcally,
1s more useful when the hmtations of processing power and hydrophone number are
not as senous a factor

The geometry of a plane-wave signal arnving at a multi-element array from a
distant source 1s 1llustrated 1n Figure 29 As the wave front travels in the direction
of propagation, 1t 1s clear that the signal will arnve at each hydrophone at a different
time In the case ilustrated in the figure, 1t will arrive at the top hydrophone first, and
the arrival at each subsequent hydrophone will be delayed by a time factor 7 which
depends on the angle 8, the hydrophone separation d, and the speed of propagation
of the wave front ¢ according to

. cos(6) 21)
c

where d,, 1s the distance to the n** sensor It 1s easy to see, then, that by applying
a succesive time lag of 7, to the output from the n** hydrophone and summing the
lagged outputs, 1t 1s possible to maximize the sensitivity of the array to signals arnving
at the angle 8 [20] The actual process of forming the beam 1s defined by

N-1
y(t) = ngo Wazn(t - 7a) (22)

where y(t) 1s the beam output, N 1s the total number of sensors mn the array,

W, 1s the weighting function applied to the n** sensor, z,(t) 1s the output from the
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n'* sensor, and 7, 1s the time delay defined above for the n** sensor This procedure
1s called time-delay beamformmung and can be accomplished with either software or
hardware, but 1s very time or hardware intensive depending on the method used
Another way of acherving the same result with less effort utilizes the properties
of the Founier Transform[22] and 1s called frequency-domamn beamformung A time
lag 1n the time domain 1s equivalent to a phase shift n the frequency domain [20]
and therefore if the time signals from each hydrophone are first transformed to the
frequency domain and then a phase shift corresponding to the requred time lag 1s
apphed before the power 1s computed from the transformed signals, the result will be
a maximzation of the sensitivity of the array at an angle § The phase shft ¢, to
be applied between the first hydrophone and the n** hydrophone depends upon the

frequency f, the angle 6, the sound speed c, and the distance to the n** hydrophone

dy, according to

Py = 21rd,,£cos(0) (23)

The relation between time-delay beamforming and frequency-domain beamform-

1ng 1s seen by taking the founer transform of Equation 2 2 [21]

N-1

Fy®) =Y(f) = 3 (Wae™/™Xo(f)) (24)

n=0

and substituting for 7,



Y(O, f) = NZ—:I Wne_'z_r.';djicos(@)xn(f) (2 5)

n=0

and the beam strength 1s defined as

BO,f)=71Y6. /)17 (26)

where 7 1s an N-dimensional umt vector
The beamforming of the data for this thesis was accomplished 1n this way using
a frequency domamn beamformng program [21] which was ongnally developed for
DREP by Barrodale Computing Services and was modified to suit the requirements of

this study The program implements an efficent algorithm for conventional frequency-
domam beamforming as outhined by Bucker [22] and developed above Equation 2 6

can be simplified using matrix notation to[21]
B(9, f) = 7* D;QDe] (27)

where Q 1s the NxN cross-covariance matrix with the weights W, already included

and Dy 1s an Nx N beam-steering matrix defined by

e 0 0
0 e” 0
0

0 0 edn



where ¢y 1s the phase lag to the k" sensor defined by

2nd,,

C

o = (

)eos() (28)

The method actually implemented 1n the program [21] makes use of the fact that the

matrx Q 1s hermutian and can be factored by Cholesky decomposition into arrays U
and L such that

LU=Q and L=U" (29)

Thus, equation 2 7 can be expressed as
B(6) = )*D;U*UDsy

B(6) =| UDyj |* (210)

Using equation 2 10, the beamformuing algorithm produced beams for 181 directions
equally spaced m cos(§) from 0° (pomnting straight up at the surface) to 180° (pownting

straight down at the bottom)

B. Beamforming Window

In using a vertical hinear array to steer beams towards the surface and look at locally
generated noise, what 1s effectively being done 1s applying a spatial filter to the
Incomuing noise so as to 1gnore nose arriving at angles near the horizontal (presumably
comng from distant sources) and maxarmze the sensitivity to nowse arniving at vertical

angles (from the surface) As with any filtering operation of this type, the major
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factors affecting performance are the filter band width and the side-lobe suppression
As was discussed n the introduction, the noise level armving at the horizontal to the
array 1s usually greater than that arriving at the vertical, and, as Burgess and Kewley
[7] pomnt out, 1t 15 necessary to ensure that side-lobe suppression 1n the beamfornung
filter 1s large enough that the ratio of near-honizontal noise to vertical nose 1s less than
the inverse of the array peak side-lobe levels when the array 1s steered to end-fire If
this condition 1s not met, the noise included through the side-lobes at the honizontal
will exceed that armving from the vertical and contaminate the results With this in
mind, 1t 1s apparent that the side-lobe suppression was a critical factor mn this study
The side-lobe suppression of a standard rectangular window (1e W, =1 for all n) 1s
only -13 dB, and does not always meet the above criterion, therefore 1t 1s necessary
to employ some techmque to reduce side-lobe levels Unfortunately, when dealing
with a filter of this type, there 1s always a trade-off between side-lobe suppression
and main-lobe width [23] When side-lobe suppression 1s increased, main-lobe width
also increases As was explained 1n the introduction, however, the wadth of the noise
pedestal 1s confined to within +15° of the honzontal, so as long as the mamn lobe
width 1s much less than 75°, noise from the pedestal should not sigmficantly affect
the results by entering through the side of the main lobe

As with conventional Founer filtering in the frequency domain, the main-lobe
width and the side-lobe suppression are controlled by applying weights (a window

function) to the elements m the filter[23] Side lobes in the filter are caused by dis-
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continuities m the denvatives of the window function [19], which show up as the
side lobes when the window function 1s transformed By applying a different window
function to the elements 1n the filter, 1t 1s possible to smooth out these discontinu-
ities and thereby reduce side-lobe levels The choice of which window function 1s
appropriate under any given set of arcumstances 1s determuned by consideration of
the side-lobe suppression required, the trade-off between side-lobe suppression and
main-lobe width, and the side-lobe roll-off or the decrease in side-lobe peak height
for successive side-lobes away from the main lobe Harns [23] studied and hsted the
characteristics of most of the window functions available Although these windows
were developed for the transform from the time domamn to the frequency doman,
Harns[23] pownts out that they also apply to beamformung The window function

chosen for use n this study was the Kaiser-Bessel window and 1s defined by

—_ Io(may /10— (§73)%) 1)

" Io (7!‘ C!)

where

0<n<N/2

K = Sy

k=0

With o = 2 the theoretical charactenstics of this window for a beam steered

broadside to the array are [23]

1 a first side-lobe peak suppression of -46 dB,
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u a side-lobe fall-off of -6 dB/octave, and

m a coherent gan of 049

This window was also used by Sotirin and Hodgkiss [16] and Hodgkiss and Fisher
15

Figures 210 to 2 16, show the beam patterns obtained using the STARPACK
[21] stmulation program for the arrays used in thus study Although the theoretical
side-lobe suppression of -46 dB was not achieved (mostly due to the fact that these
beams were steered to end-fire and not broadside), the suppression 1n each case 1s
much greater than the -13 dB attanable using a rectangular window function A
sensor spacing of d = 04\ (A = the wavelength m metres) was assumed for each of

these plots

C. Array Design

In the design of the array (1e the positiomng of the sensors along the array axis),

three main factors must be taken into consideration
1 the frequency range over which the array 1s to be effective,
n the desired angular resolution of the array, and

m the availabihty of hydrophones and the abihity to collect and store the signals

from them.
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Figure 210 Beam pattern for 1977 /78 6m array
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These three factors are inter-linked and a balance must be found between them in
order to optimze array performance for the desired results

The effective frequency range of the array 1s dependent on the array spacing and
the number of hydrophones or the aperture of the array Just as ahasing can occur
n the transform from the time domain to the frequency domain if frequencies hugher
than the Nyqust frequency (1/2 the sampling rate) are present 1n the signal, so can
ahasing occur 1n the forming of beams depending on the wavelength of the signal and
the spacing of the hydrophones The effect of this ahasing on the beam pattern for the
array 1s to produce large lobes at directions other than the steering direction which
are called gratmg lobes [20] The upper lmut of frequency (the cut-off frequency)
for formung a broadside (perpendicular to the array axis) beam without ahasing 1s
defined by[20] fy = c/2d where d 1s the hydrophone spacing in metres and c 1s the
sound speed 1n metres per second In other words, 1t 1s when A = d/2 where A 1s the
wavelength i metres When the beam 1s steered to end-fire (along the array axs),
however, the effective maximum frequency 1s even lower than the cut-off frequency
This 1s easily illustrated and 1s due to the geometry of a plane- continuous-wave
signal arnving along the axis to the array The beam-former 1s unable to distingush
between a signal armiving from one end of the array and a signal arriving from the
other end, as the phase difference for any hydrophone spaang 1s the same for both

The lower hmt of the effective frequency range of the array 1s less well-defined,

and 1s dependent on the required angular resolution The best angular resolution 1s
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obtamned at the cut-off frequency of the array and 1t deteriorates as the frequency
decreases At some frequency, the angular resolution deteriorates to the pont that
the array 1s no longer capable of adequately performung 1ts function of spatial filtering
The angular resolution at all frequencies can be improved by increasing the number of
hydrophones 1n the array and therefore the array aperture (thus 1s sumlar to increasing
the number of pomts 1n a Founer transform from the time domam to the frequency
domain to decrease the frequency bin width), but there 1s a practical hmut to the
number of hydrophones which can be deployed due to both hardware himitations and
considerations of spatial stationanty of the nose field

Bucker [22] outlned a method for improving the angular resolution of an array
and making one array swtable for several different frequency ranges by building what
1s called a sparse array This 1s an array i wiiuch there are M spaces but only N
hydrophones where N<M In this way 1t 1s possible to increase the aperture or length
of the array while working within hydrophone number constramnts Arrays can also be
built which have different parts with spacings swtable for different frequency ranges
and any one hydrophone can be used for more than one part array The power of
this techmque 1s hmited, however, by a requirement that each diagonal of the cross-
covariance matrx must have at least one non-zero element In other words, there must
be at least one pair of sensors in the part array which has a spacing of m d where
m=1,2 M-1, M1s the number of positions including those with no hydrophone, and d

1s the spacing for that part array If this condition 1s not satisfied, aliasing can occur
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Thus 1s llustrated by Figure 2 17 which 1s the beam pattern for an array steered to
end-fire which has one hydrophone separation mussing The ahasing 1s evident 1n the
large lobe at around 100° The array design used to sumulate this incorrect sparse
array 1s lustrated n Figure 2 18 The figure shows a 5 element, 10 space sparse
array with no hydrophone pair corresponding to a hydrophone spacing of 7d Thus,
the seventh diagonal away from the main diagonal in the cross-covanance matrix 1s
filled wath zeros

For the purposes of this study, arrays with spacings of 54m (f, = 14 Hz), 45m
(fu = 17 Hz), 18m (fy = 42 Hz), 6m (f, = 125 Hz), 3m (f, = 250 Hz), and 2m
(fu = 375 Hz) were used The low-frequency cut-off pomnt was taken to be when
the array half-power beam width (defined here as the angular separation between
the peak of the mam lobe and the half-power pomnt of the beam pattern) exceeded
approximately 50 — 60° as determuned by the STARPACK beam simulation program
[21] Plots of end-fire beam wadth vs frequency for the various arrays and part-arrays
used are mncluded as Figures 2 19 to 2 26

As the number of hydrophones was hmuted to between 10 and 16, depending on
the year, extensive use was made of the sparse array techmque mentioned above as
1s Ulustrated by Figures 2 2, to 2 5 In all cases, as can be determmned from the array
geometry shown 1 the figures, the requirement of at least one non-zero element 1n

each chagonal of the cross-covariance matrix was satisfied
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Figure 2 18 Array configuration used to simulate incorrect sparse array

50



1/2 Power Beam Width (deg)

QL
o

20
T

1 L 1 " 1 2 1

40 60 80 00 10
Frequency (Hz)

Figure 2 19 Beam width vs frequency for 1977/78 6m array

ol



60

1/2 Power Beam Width (deg)
40

20

A

Ie A

1
250

! I
300 350

Frequency (Hz)

Figure 220 Beam width vs frequency for 1981 and 1983 2m arrays

92



1/2 Power Beam Width (deq)

oi—
@

40
T

20
1

1 2 1 2 1 M 1

60 80 100 120
Frequency (Hz)

Figure 221 Beam wadth vs frequency for 1981 and 1983 6m arrays

53



1/2 Power Beam Width (deg)

o
(ve)

20

FRNE TN SENT YOS S W SN TR (N | N TP [ TR [N W, AP VS NN [JEOU N, JUN YO SR S

20 25 30 35 40
Frequency (Hz)

Figure 2 22 Beam width vs frequency for 1981 18m array

o4

45



1/2 Power Beam Width (deg)

40

20

A R LA T L4 A\l Y 1 v L v T v v v v 7 v T T

U VRS A VRN S VRS SH N SHN SH SR S S SH T SN SR W S S W S N S S S {

20 25 30 35 40
Frequency (Hz)

Figure 2 23 Beam width vs frequency for 1983 18m array

55

45



1/2 Power Beam Width (deg.)

60

40

1

Frequency (Hz)

Figure 2 24 Beam width vs frequency for 1983 and 1984/85 54m arrays

6

6 ' 8 ' 10




1/2 Power Beam Width (deg)

80

20
T

1 " | i |

1
120

40 60 80 100
Frequency (Hz)

Figure 225 Beam width vs frequency for 1984/85 6m array

o7



1/2 Power Beam Width (deg)

20

| S 2 2

2 n A 1 L N .

1 . " N "

2 1 "
100 150 200

Frequency (Hz)

Figure 2 26 Beam width vs frequency for 1986 3m array

58

250



D. Data Processing Method

The hydrophone noise data were retreived from the magnetic tapes using the data
management system at DREP Time seres of all the hydrophones used were exanuned
for selected observation mtervals to ensure there were no problems such as faulty
hydrophones or long dropouts 1n the radio link which could affect the transform to

the frequency domain The data were also demultiplexed and stored in a suitable

format for further processing

The time series for each hydrophone were transformed to the frequency domain
through a standard fast Fourier transform (FFT) algorithm from the NAG Fortran
Library [24] An FFT size of 2048 pomts was used which, with a sampling frequency
of 1500 Hz, led to a frequency resolution (bin width) of approxamately 7 Hz In the
final results, only speafic frequencies were required, therefore a rectangular window
was used 1n the time domain and the data at the required frequencies were smoothed
mn the frequency domam using a Damell spectral window [19] This smoothing 1n
the frequency domain 1s equuvalent [19] to windowing i the time domain to reduce
spectral leakage When windowing 1n the time domain, the time series are multiplied
by a window function When this operation 1s transformed into the frequency domaun,
the multiplication of the time series with the window becomes a convolution operation
with the transform of the time series and the transform of the spatial window function

The convolution operation 1s effectively the smoothing of the transform of the time
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series with the spectral window This method of smoothing mn the frequency domam
required fewer operations than windowing 1n the time domain since only the selected
frequencies needed to be smoothed

The Founer spectra produced by the FFT routine were used to determune a power
spectrum for each hydrophone and a covanance matrix (used in beamformng) for the
array These spectra and the matrix were block averaged over 40 blocks m order to
reduce the vanance in the estimates

A covanance matrix was formed for each frequency bin according to

Qu(f) = X.(N)X; (HWW, (212)

where @,,(f) 1s the covanance matrix, X,(f) 1s the complex Fourier transform of the
time series of the 1** hydrophone at the frequency for which the matrix 1s being bult,
X;(f) 1s the complex conjugate of the transform of the 7** hydrophone, and W, 1s the
Kaiser-Bessel window weighting factor applied for the :** hydrophone Since these
matnices are Hermetian, 1e @) = @, they were stored 1n lower tnangular form to
reduce disk space requirements Beam strengths were then determuned according to

equation 2 10

E. Scaling for System and Processing Gains

The beam strength results were converted to beam powers P(f,6) in dB re pPa*/Hz

according to



P(f,8) = 10log,, B(f,6) + 10log,, 2 - ADGAIN - HPSENS - SYSGAIN -

FREQGAIN - PGA - NGAIN - WINDOWGAIN - AVEGAIN where

1

v

ADGAIN 1s the gain associated with the conversion of the signal from analog

to digital =46 2 dB,
HPSENS 1s the hydrophone sensitivity in dB as listed in Table 2 1,

SYSGAIN 1s the system gamn in dB determined from cahibration of the array

and also hsted in Table 2 1,

FREQGAIN 1s 10log,, s where s 1s the sampling frequency in Hz (required

because FFT was not normalized),

PGA 1s the gain 1n the power gain amplfier which was varied according to the

noise level present from 0 to 60 dB 1n steps of 12,

NGAIN 1s the gain m the beamformung algonthm which 1s 10log;, N?, where

N 1s the number of hydrophones 1n the array,

WINDOWGAIN 1s the negative gain assoaated with the reduction in power

due to the spatial weighting function used = 10log,, 049? [23], and

AVEGAIN 1s 10log;,NAVE where NAVE 1s the number of time averages taken

=40
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As a cross-check on the scaling process used, beams for the angle range from
vertically upwards to vertically downwards, overlapping at the half-power ponts,
were 1ntegrated and the sum was compared to the average omm-directional power of
the hydrophones The results agreed to withun 1 dB

Once the beam power results were scaled for system and processing gains as out-
lined above, contour plots of scaled beam power versus frequency and arnval angle
were produced These plots were used to examine the vertical structure of the noise
field, to confirm the pedestal structure as discussed 1n the introduction, and to check
for contammation of the data by close-in, non-wind-generated sources with arnval
angles near the vertical Any sources, such as nearby ships or sound sources used 1n
conjunction with other experiments, which produced noise at arrival angles close to
the vertical would cause contamunation of the data, since the beamforming system
was designed to filter out only the noise comung from angles close to the hornizontal
direction All data sets which showed contamiation of this type were elimnated
from the analysis

In order to reference the beam powers calculated by the above method to a source
level at the surface, 1t was necessary to determine the beam widths in the vertical
beam for each frequency and to account for bottom losses The beam widths were cal-
culated using a beam simulation algonthm incorporated 1n the onnginal STARPACK
program(21] used to perform the beamformuing Bottom losses were determuined from

shot-run experiments which were conducted by the Ocean Acoustics Group at DREP
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1n conjunction with the data collection for this study [25] The beam width calcula-
tions were used to scale the power in the upward looking beam to dB re pPa/srHz,
and then the bottom loss data were used to reference these beam powers to a source
level at the surface in dB re pPa/Hz * m?* @lm using the propogation model [12]

which will be developed 1n the next section



Chapter 3

Models

I. Surface Noise Propagation Model

Once the vertical beam power results, referenced to pPA/srHz, were obtained, 1t
was necessary to reference them to a source level at the surface in pPa/m?HzQlm
To do thus, a simple propagation model developed by Banmster [12] was used
Figure 3 1 shows the geometry of the propagation of noise from a distmbuted
surface source to a recewver at some depth via a general cone of rays The received

intensity ¢4 per umt of sohd angle from this cone can be estimated as [12]
1a=SxA3xgxLxaxt/Q (31)

where

S 15 the monopole (omm-—directional) distributed source level per m?,
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a 1s the source directivity function,

Aj 1s the surface area mtersected,

g 15 the geometrical losses— A; /A,,

t 1s the backward transmussion loss— cos? 6,/ cos? 6, = 1,

(2 1s the number of sterachans mn the cone = 1 smce 24 1s referenced to a level per

steradian, and
L 1s the total absorption loss

The total loss L mcludes both the loss due to bottom interactions (surface interactions
are assumed to be loss-less simce 1t 1s a free surface) and due to attenuation losses
n the water column Banmster [12] pownts out that attenuation losses are a second
order term and can be 1gnored for ssmphaty so that L can be set equal to the bottom
reflection coefficdent b Also, 1t can be seen from the geometry in Figure 3 1 that

A3 = Ay/sinf, and equation 3 1 can be expressed as

Sxaxbxn
M= 4y
where n 1s the number of bottom nteractions

Equation 3 2 gives the received intensity in the cone from one particular propaga-

tion path-1e the path which undergoes n bottom mteractions If all the paths with



rSea Surface

1Receiver

Figure 31 Diagram of Banmster et al ’s noise propagation model



n bottom mteractions where n =0, | N are summed, the total energy arrving at

the array from above 1s given by

1+4b4+0°+ 0"
smb,

Li(6;) =S5 x ax( ) (33)

where 0, and 6, are connected through Snell’s Law Since the bottom reflection

coefficient b 1s less than 1, this can be further simplified to

(%)
Ii(6,)=S* Ax — (34)
and for n — oo this becomes
Sxa
L) = o, —n) (39)

Since the vertical beams are under consideration, the angle at the recerver 1s = 90°,
therefore cosf; = cosf, = 0 and 1s independent of the sound speed profile Also,

0, =90° and smf; =1 Then, rearranging equation 3 5

I

Sza(l—b)

(36)
Using equation 3 6, 1t 1s possible to reference the beam powers measured m the
upward looking beam to a source level in dB re pPa/m?*Hz @lm, as long as the
bottom reflection coefficient 1s known for the area under study
The factor a 1n equation 3 6 accounts for the source directivity function which
depends on whether the source 1s radiating as a dipole or as a monopole [12] In
order to remove this factor from the results, 1t 1s necessary to have a system which
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1s capable of distinguishing the fine structure of the vertical directionality of the
noise However, the angular resolution of the arrays used n this study was not good
enough to distinguish this fine structure because the arrays consisted of relatively few
hydrophones As a result, the results quoted for the surface source levels are actually
a combmation of a monopole source level and a radiation distribution pattern, and

no attempt has been made to separate the two effects

II. Wind-Noise Generation Model

The process used to model the effect of wind speed on the measured source levels was

simular to that used by Piggott [6], Kewley et al [2], and Crouch and Burt [26] It

1s assumed that a noise generation mechamsm 1s linear with respect to the loganthm

of the wind speed according to
N(f,v) = A(f) + 20n(f) /logiov (37)

where N(f,v) 1s the nose source level n dB, and A(f) and n(f) are constant for a

particular frequency f
As was discussed i the mtroduction, however, 1t 1s reasonable to assume that
there are two noise generation mechamsms involved mm wind-generated noise The

first mechamsm 1s assumed to be present at all wind speeds and 1s given the form

Ni(f,v) = AL(f) +20nL(f)logiev (39)
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The second mechamsm 1s only effective 1n the presence of breaking waves and therefore
does not contnbute to the nowse field when wind speeds are below about 10 knots,
but domunates the noise field at greater wind speeds This second mechanism 1s given

the form.

Nu(f,v) = Ag(f) + 20ng(f)logiov (39)

The total wind-generated noise power 1s modelled by a combination of these two
processes At wind speeds of 10 knots or less, the noise 1s assumed to be generated
only by the first mechamsm (equation 3 8), while at wind speeds above 10 knots, 1t
1s assumed that the total wind-generated noise power 1s a combination of the two
processes (equations 38 and 39) The addition of the two processes, however, does
not occur n log space and equations 3 8 and 39 must be converted from decibel
notation back to hnear space before they can be summed to obtamn the modelled
total noise power

Expressed mn standard notation, the modelled total wind-generated noise power

N,(f,v) can then be expressed as

107 p2L for v < 10 knots
N(f10) = 310)

10T v? + 10 v?"7  for v > 10 knots
For the frequencies between 80 and 120 Hz, where enough low wind-speed data

were available to calculate Ar(f) and nr(f), both mechamsms were used to model
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the wind-speed dependence of the noise field The parameters A(f) and nr(f) in
equation 3 10 were determuned from the data for wind speeds equal to or less than
10 knots using the Levenberg-Marquardt iterative non-linear regression techmque
[27] Once the low wind-speed parameters were obtained n this way, the data for
wind speeds of 10 knots or greater were fitted to equation 3 10 using the Levenburg-
Marquardt techmque and holding Az(f) and ny(f) constant at the values obtained
from the low wind-speed data to obtamn Ax(f) and ng(f) The regression coefficient,
r, was also calculated for both fits

For all the other frequencies studied, not enough low wind-speed data were avail-
able to calculate the low wind parameters, and all that could be done was to model
the data for wind speeds greater than or equal to 10 knots by fitting to the mgh wind
mechamsm only, 1gnoring the low-wind component Depending on the value of nz(f)
for these frequences, the values obtained for ng(f) may be strongly biased, but, due
to the hmutations of available data, this problem could not be resolved For mnstance,
if nz(f) > 00, then the estimates obtained for ng(f) will be biased to lower values

When performing the regressions outhned above, there was some question as to
whether all the ponts 1n the regression should be weighted equally In consider-
g the possibility of contamnation of the data by sources other than wind-driven
mechamsms, 1t 1s reasonable to assume that any contaminating sources would raise
the observed noise level above that which would be observed if only wind-generated

sources were present Therefore, when more than one observation of noise level was
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available at a particular wind speed, 1t was assumed that the lower values were more
rehable and a weighting function was mncluded n the regression procedure to account
for this The lowest value at a particular wind speed was given a weight of umty,
the second was given a weight of 1/22) the third a weight of 1/3?) and so on Thus
weighting function was also included 1n the calculation of the correlation coefficient r

as outhned by Press et al [27]
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Chapter 4

Results

I. Contour Plots of Sound Intensity vs Arrival

Angle and Frequency

The contour plots which were produced showing sound intensity vs armnival angle and
frequency provided a useful means for comparison with the results of other nvestiga-
tors regarding spectral shape and vertical directionality, as well as for confirming that
the arrays were performng as expected and for 1dentifying data sets with excessive
contamnation due to close-in shipping or other, high arrival-angle sources

In these plots, the sound intensity 1s quoted from the scaled beam powers in dB
re 1uPa/Hz In order to reduce processing requirements, the beam powers were not

scaled for beam width and were not smoothed with the Damell spectral window Thus



does not, however, affect the general discussion of spectral shape, vertical direction-
ality, and array performance presented in this section The beam number scale on
the vertical axis corresponds to beams equally spaced n cos 6 from beam 0 (end-fire
looking up at the surface) to beam 180 (end-fire looking down at the bottom) Be-
cause the beams were equally spaced m the cosine of the vertical angle (as 1s standard
in beam-forming due to the varation in beam widths with steering angle [20]), the
density of the beams 1n #-space 1s greater at the honizontal than at end-fire This
must be taken mto consideration when using the plots to study the pedestal width
Figure 4 1 shows the relationship between beam number and sound arrival angle for

these plots

A. 54m Arrays

Figure 4 2 1s a representative contour plot for a 54marray In the figure, 1t 1s apparent
that even at very low frequencies (around 10 Hz), the pedestal 1s present in the
noise level around the honzontal and that the noise level decreases with increasing
frequency The effective frequency range for this array 1s between approxamately 8
and 13 Hz Below about 8 Hz the beam width 1s very large and noise from the pedestal
at the honzontal affects the measurement of noise in the end-fire beams Above 13
Hz, the ahasing effect (described 1n section 2 II C) 1s very apparent in the folding of
noise from the honzontal nto the end-fire beams through the grating lobes

Figure 4 3, which 1s from a 45m array, 1llustrates how the contour plots were used
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Figure 41 Beam number vs sound arrival angle for contour plots
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to 1dentify contaminated data sets A hgh noise-level signal 1s apparent between
beams 100 and 120 and frequenaies of 11 to 15 Hz The scientific log-book for the
expenmment revealed that this was due to a sound source which was 1n operation at the
time of the observation and was sweeping the frequency band 11-15 Hz The figure
1s also useful, however, m estimating the side-lobe rejection properties of the array
to confirm that the Kaiser-Bessel spatial window function was having the desired
effect of decreasing side-lobe levels At 12 Hz, the nose power mn beam number 100
1s greater than 91 dB, but 1n the end-fire beams 1t 1s between 60 and 68 dB Thus

indicates a side-lobe suppression of at least 23 dB and possibly better

B. 18m Arrays

Figure 4 4 1s a representative contour plot from an 18m array The pedestal structure
1n the vertical directionahty 1s still apparent at some frequencies (most notable around
33 Hz and 35 Hz), but the plot shows signals at the honzontal and away from 1t which
are contamnating the data in the end-fire beams This was true for all of the data
from the 18m arrays and 1t was felt that these data were unrehable Much of the
lugh-level shipping noise appears to be concentrated mn the effective frequency range
of the 18m arrays (approximately 30-45 Hz) and to study the vertical noise in this
region, a larger aperture array than was used in this study 1s needed to decrease beam
widths and make the spatial filter of the beamformer more effective at discnmnating

between the vertical noise and the noise at other angles
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C. 6m Arrays

The frequency range for the 6m arrays (approximately between 50-80 Hz and 125 Hz
depending on the aperture of the array) was the region for which the most data was
available, including enough low wind-speed data to use the two-process model Fig-
ure 4 5 1s a representative example of a contour plot from a 6m array The horizontal
pedestal m the vertical directionahity field 1s readily apparent at all frequencies, as
1s the decrease m noise level with increasing frequency Also apparent n this figure
1s the difference 1n noise level between the upward looking beam (beam 0) and the
downward looking beam (beam 180) which was discussed 1n the mntroduction For
example, at 90 Hz, the power in the downward-looking beam 1s below 62 dB, whereas
the power 1n the upward-looking beam 1s between 62 dB and 68 dB At frequencies
close to the cut-off frequency of the array (125 Hz mn this case), this difference 1n
power 1s no longer apparent in the figure This 1s due to the mabihity of the beam-
former to distinguish between signals armving from upwards or downwards end-fire
as discussed 1n section 2 II E

Figure 4 6 1s another example of how the contour plots were used to identify
contammnated data sets In this case, a source or several sources were present which
had steep armival angles which could contaminate the end-fire data due to the width
of the mam lobe For this data set, the saentific log confirmed that there was a ship

operating nearby at the time the measurements were taken The ligh armval-angle
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signals present n this plot were probably due to direct or bottom bounce arrival paths
of sound from thus ship

Figure 4 7 can be used to estimate the side-lobe suppression of the array There
1s a strong signal present at the horizontal at approximately 123 Hz with a strength
of greater than 77 dB The observed power 1n the end-fire beams at this frequency 1s

less than 53 dB, indicating a side-lobe suppression of greater than 24 dB

D. 3m Array

The 16 element, filled 3m array, deployed in 1986, had the largest effective frequency
range (approximately 70-250 Hz) because of 1its relatively large aperture and number
of elements Figure 4 8 1s a representative example of a contour plot from this array
The pedestal at 90° to the array 1n the vertical noise field 1s evident at all frequencies

within the effective range, and the noise level decreases with increasing frequency

The side-lobe suppression, estimated from the plot, 1s at least 21 dB for this array

E. 2m Arrays

Figure 49 1s a representative example of a contour plot for the 2m arrays The
effective frequency range for these arrays 1s between approximately 225 Hz and 350
Hz Once agan, the pedestal effect 1s evident at all frequencies within this range
and the noise level decreases with increasing frequency The difference 1n noise level

between the upward and the downward looking beams 1s also apparent 1n this plot
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The best estimate of side-lobe suppression available from Figure 4 9 1s that the
suppression 1s greater than about 8 dB Thus 1s due to the fact that no strong signals
were present to use as a reference and, as mentioned in the mtroduction 1n section
IV, the difference between the noise level in the horizontal and the noise level in the
vertical 1s less at these high frequencies than at lower ones Because of this the side-
lobe suppression 1s not as critical at these high frequenaes as 1t 1s at lower ones and

the actual side-lobe suppression of the array 1s probably much greater than 8 dB

II. Estimates of Wind-Generated Noise Model

Parameters

Plots of the measured surface source level vs the logarithm of the wind speed at
various frequencies over the band studied are shown in Figures 4 10 to 4 27 The key

to the symbols used to 1dentify data from different sets 1s shown 1n Table II

Symbol | Year/Set | Symbol | Year/Set
1977/1 1083
1977/2 1984
1978 1985
1981 1986

Table 41 Key to symbols m noise level vs wind speed plots
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Figure 4 10 Surface noise level vs wind speed at 10 Hz
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Figure 4 11 Surface noise level vs wind speed at 50 Hz
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Figure 4 12 Surface noise level vs wind speed at 60 Hz
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Figure 4 13 Surface noise level vs wind speed at 70 Hz
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Figure 4 14 Surface noise level vs wind speed at 80 Hz

)|



60 65

SOURCE LEVEL (dB) re WuPa/Hz mss2
o3

45

50

| . 7T vy LANE B L BSSai SR SR (S S i S R |

HGH WIND PROCESS
______ LOW WIND PROCESS
TOTAL
V4
+ X7
Ll &
+
X
4 1 dee A 3 2 A | S . " " 1 2 " P R | PO SR PR | "
10 15 20 25 30

20L0GIO(WND SPEED)

Figure 4 15 Surface noise level vs wind speed at 90 Hz
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Figure 4 16 Surface noise level vs wind speed at 100 Hz
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Figure 4 17 Surface noise level vs wind speed at 110 Hz
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Figure 4 18 Surface noise level vs wind speed at 120 Hz
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Figure 4 19 Surface noise level vs wind speed at 150 Hz
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Figure 420 Surface noise level vs wind speed at 175 Hz
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Figure 4 21 Surface noise level vs wind speed at 200 Hz
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Figure 4 22 Surface noise level vs wind speed at 225 Hz
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Figure 4 23 Surface nose level vs wind speed at 250 Hz
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Figure 4 24 Surface nose level vs wind speed at 275 Hz
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Figure 4 25 Surface noise level vs wind speed at 300 Hz
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Figure 4 26 Surface noise level vs wind speed at 325 Hz
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Figure 4 27 Surface noise level vs wind speed at 340 Hz
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Included 1 these figures are the hnes corresponding to the best fits to the param-
eters of the model outlined m section 311 For the frequencies between 80 Hz and
100 Hz, three separate hines are included which are the estimated fits to the data
for the low-wind process, the ligh-wind process, and the total naise For all other
frequencies, only the lmgh-wind process line 1s included as not enough low-wind data
was available to calculate the parameters for the low-wind process The model pa-
rameters which were calculated by regression analysis from the measured data are
summanzed m Table III

As can be seen from the noise level vs wind speed plots, there 1s a farly wide
spread of noise levels at some of the wind speeds- most notable at wind speeds of 5,
10,15, and 20 knots Thus spread 1s larger than would be expected from just random
variations m the noise generation and could cause errors in the values determuned
for the model parameters Ths spread could be due to a number of factors which
could not be accounted for with the available data. The most obvious possibility 1s
evidenced by the fact that the measured wind speeds are clustered around factors of
5 knots The wind speeds used m this study were derived from the bridge logs of the
research vessel, where the deck officers were requested to record wind speeds from the
ships anemometer If any estimation or rounding was done by the deck officers, the

lower levels 1 the spread for any particular wind speed could have resulted from a
rounding up of the wind speed measurements when they were recorded and vice-versa

for the higher levels
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Freq | AL | nz | 1o | Ag | ng | T8

10 5017 10731094
50 32831126099
60 4369 | 080 | 098
70 38291092 |097

80 [4626|016(099|2704|128|097

0 [470026|099|1877(153]098

100 | 4321|1035({099]|2027 145|098

110 | 4300(036|099|1693 | 156|093

120 [ 4499|1030({099|2172|141|097

150 3769081096
175 3739081096
200 5191|034 |084
225 45921056 | 085
250 477410471086
275 3765082090
300 43221062091
325 4500|051 090
340 3388109 | 091

Table 42 Estimates of wind-generated noise model parameters
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Another possibility to be considered for explaimng the spread in noise levels 1s
the consideration that surface agitation 1s dependent not only on instantaneous wind
velocities, but also on such factors as the fetch and duration of the wind and even, to
a lesser extent, on the temperature and density of the air and water which determines
the friction veloaity [18] The fetch could be a major consideration, since no mnfor-
mation was available on the spatial characteristics of the wind field and small scale
weather systems might could result 1n a lngh measured wind speed with msufficient
fetch to fully develop the surface agitation The duration of the wind could also be
a major factor If, as Marrett and Chapman [10] found m their data and 1s also
physically reasonable, there 1s a time lag between a change 1n wind veloaty and a
change 1n noise level, this could contnibute to the spread i the data pomnts

Finally, there are many noise generation mechamsms in the ocean other than
wind speed whuch could concervably arnive at angles to the array which would not be
filtered out by the beamformer Such mechamsms mclude seismuc noise (only at very
low frequencies), biological noise, close-in shipping noise, and system self-noise

Some attempts were made to reduce the possibility of, or the effect of, contarm-
nation of the data by non wind-generated noise sources The contour plots of noise
intensity vs elevation angle and frequency helped to ehminate data sets which showed
strong signals at ugh vertical angles to the array Also, the data was weighted dur-
ing the regression fit to emphasize the lower noise levels at a particular wind speed,

assumung that any contamination would raise the level These attempts, however
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do not preclude the possibity that sources other than wind-generated ones had some
effect on the data.

In addition to the spread of the data values discussed above, there are other
possible sources of error 1n the estimated model parameters These include the effect
of side-lobe contarmnation, array tilt, sample size, and error mn the high-wind model
parameters for the frequencies where not enough low-wind data was available to use
the two-process model

Contamination of the end-fire data by noise entering through the side-lobes of
the array beam pattern was a major concern in the design of the arrays and the
data-processing procedure As Burgess and Kewley [7] pomnted out, 1t 1s important
that the side-lobe rejection be greater than the difference between the noise level at
the horizontal 1n the noise pedestal and the noise level 1n the vertical The side-lobe
levels 1n the beam patterns for the arrays used 1n this study were reduced as much as
was possible given the constramnts mentioned 1n section 2 II C, and the examnation
of the contour plots discussed above suggest that Burgess and Kewley’s [7] criterion
was met However, if side-lobe contamination was present m the data, 1t could affect
the estimates of all the model parameters By raising the measured noise level equally
at all wind speeds, side-lobe contamination would not affect the values obtamned for
n 1 the fits, but would raise the values for the A’s More likely, however, side-lobe
contamination would raise the levels for the low wind speeds more than for the higher

ones Ths 1s due to the fact that, as Axelrod et al [13] pomted out, the difference
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between the hornizontal noise levels and the vertical noise levels 1s greater at lower
wind speeds In this case, side-lobe contammation would have the effect of biasing
upwards the A values 1n the fit and biasing downwards the n values

A tilt 1n the array axis would cause the up end-fire beam to pont away from
directly at the surface by an angle equal to the tilt angle, which could affect the
results if a lughly directive array (1e one with very good angular resolution) was
used The array tilt was measured and recorded for each data set used in this study,
and 1t never exceeded 3-4° Since the beam widths of the arrays used were very broad
(between 25° and 60°, 1t was assumed that array tilt had a neghgble effect on the
data presented

The effect of sample size on the results depends on whether the data 1s time
stationary over the period of sampling Stationanty had to be assumed 1n order to
perform the analysis, non-stationanty n the data would cause errors 1n the Fourier
transform and therefore 1 the estimates of the model parameters In this study, 40
averages of the FFT’s of blocks of 2048 data ponts were used 1n the determunation
of the covariance matrices, corresponding to a sampling period of approximately 55
seconds In order to confirm that this was a reasonable number of averages to work
with, a ssmple check was made using a representative data set Beam powers for the
upward looking beam were calculated using 10, 20, 40, 80 and 200 averages These
beam powers were scaled and compared and are tabulated in Table IV The values

fluctuated by as much as 2 5 dB for the lower averages, but remamed constant to
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Frequency Number of Averages

(Hz) | 10 | 20 | 40 | 80 | 200

30 805790789 791|788

60 678700694698 |695

100 575[586|580 (570|572

125 623620|609|606|609

Table 4 3 Companson of beam powers for various averages

within +1 dB for 40, 80 and 200 averages

No independent statistical check was made on the stationanty of the data pre-
sented 1n this report, but the results of other researchers indicate that deep-ocean
ambient noise data 1s stationary over much longer time periods than were used 1n this
study (approximately 1 minute averaging time) Sotinn and Hodgkiss [16] exarmned
the stationanty of their data with statistical checks and found that therr data were
stationary for up to 50 munutes at low wind speeds and 20 munutes at high wind
speeds, Jobst and Adams [28] found stationanty in their data for up to 22 mnutes
for unreported wind speeds, and Arase and Arase [29] found stationanty for up to 3
munutes at wind speeds between 20 and 30 knots

Finally, for the frequencies where not enough low wind-speed data was available to
calculate Ar and ng, all that could be done was to fit a straight line to the ugh-wind

data For these frequencies, if ny >> 00, then the estimates of ng would be biased
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to lower values Without a larger data set to work from, nothing could be done to

avoid this bias

III. Plot of Source Level vs Frequency at Various

Wind Speeds

Using the estimated fits to the wind-generated noise model parameters at the selected
frequencies, 1t was possible to produce a plot of the estimated source level of the wind-
generated noise for various wind speeds This plot 1s shown 1n Figure 4 28 From thus
figure, 1t 1s evident that the measured surface nose level 1s dependent on the local
wind speed at all frequencies studied The general trend evident between 10 Hz and
150 Hz 1s a decrease 1n noise level with increasing frequency Beyond about 150 Hz,
the noise level appears to be approximately independent of frequency except for the
peak at 200 Hz (most evident at the lower wind speeds) which could be msignificant

due to the relatively small number of observations available at this frequency

111



SOURCE LEVEL (dB) re 1uPa/Hz mss2

80

70

60
1

1 i n " s

35

25
20

W N "
100 200 300
FREQUENCY (Hz)

Figure 428 Plot of source level vs frequency at vanous wind speeds
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Chapter 5

Discussion

In order to compare the results presented n this paper to those i the literature, a
plot of source level vs frequency at various wind speeds was produced which included
the results reported by other researchers for simlar data as compiled by Kewley et
al [2] Ths plot 1s shown as Figure 51 It 1s evident from the figure that the
noise levels estimated from our data are, on average, shghtly ligher (approximately
3 dB) than those presented by Kewley et al [2] Ths could be due, n part, to
contamnation of our data by non wind-generated sources such as shipping, since
mosts of Kewley et al ’s data was collected 1n the southern hemusphere 1n areas of
low shipping density The difference could also be due to the different approaches
used m determmmng the source level Kewley et al used the difference mn power
between the upward-looking beam and the downward-looking beam to take out the

effect of multiple bottom bounces as discussed 1n the mtroduction In our analyss,
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however, 1t was found that this difference was not consistent enough to rely upon,
and actual bottom-loss measurements, 1n conjunction with a propagation model, were
used to eliminate the effect of multiple bottom bounces

An nteresting feature, apparent 1n the figure, 1s that Kewley et al also found a
peak 1n the noise level at 200 Hz In ther final presentation of the data, they showed
a smoothed line at each wind speed which did not have this peak, assuming that
1t could be a result of experimental uncertainties Although not enough data were
available 1 this study to confirm that this peak was significant, the fact that Kewley
et al ’s data show 1t as well suggests that further investigation could prove that this
peak actually represents a real peak m the underlying process For example, the peak
could correspond to the natural frequency of collective osallation of bubble clouds
Thus 1s supported by the theoretical results of Omta [30] He modelled the behaviour
of clouds of bubbles disturbed by pressure fluctuations and found a resonant peak
around 180 to 100 Hz for many different modelled bubble distributions

The results presented in this thesis seem to support the hypothesis of a two process
model as discussed m section 3II The plots of noise level vs wind speed for the
frequencies from 80 to 100 Hz show an inflection point at a wind speed of 10 knots,
with the slope of the noise level vs log of the wind speed Line increasing past this
pomt At the other frequencies, not enough low wind-speed data was available to
comment on this feature More data, espeaally at the lower wind speeds would help

to confirm the vahdity of this hypothesis
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The unportance of bottom-loss measurements to the determunation of the source
level of wind-generated ambient noise became readily apparent 1n the analysis of the
data presented here If the bottom-loss correction described mn section 3 I were not
applied to the data, the result obtamned for noise level i1n dB would be biased upwards
by 10 log;o(1 — b) where b 1s the bottom reflection coefficient If all the data were
taken at the same location, only the value of the A parameters mn the model would
be affected and not the n (slope) values When using data from different areas,
however, with different bottom reflection coefficients, the values of both A and n
could be sernously affected by a failure to consider and remove the noise contributed
by multiple bottom-bounce paths

Figure 4 28 represents the realization of one of the major objectives of this study in
that 1t provides a means of estimating the surface noise level at a particular frequency
given the local wind speed As mentioned 1n the introduction, this information 1s vital

to the accurate study and prediction of total ambient nose fields in the ocean
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Chapter 6

Suggestions for Further Research

The results obtamned in this study from the available data suggest a need for further
research 1 the area and indicate several avenues for future studies One of the
dufficulties encountered 1n processing the data derived from the fact that a relatively
small number of hydrophones was used n the experiment Thus, when the spatial
window was applied to reduce side-lobe levels in the beam patterns, the frequency
range of the arrays were limmted by the mcrease in beam width with the decrease in
frequency This could be improved by employing more hydrophones n the array and
thus increasing the array aperture

Increasing the array aperture (and thereby decreasing the beam width at all fre-
quenaes) would also aid 1n studying the fine structure of the vertical noise field Ths,
n turn, would allow an investigation of the radiation pattern of the wind-generated

noise sources This radiation pattern (represented by the a(f) in Banmster’s [12]
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model) would help to 1dentify the actual mechamsm generating the noise and allow a
determination of the source level independent of the source radiation pattern which
was not possible in this study due to beam width hinntations

In order to study the effect on measured noise level of the duration of the wind,
as the data of Marrett and Chapman [10] suggest 1s an important factor, 1t would be
very useful to have more frequent observations of both the surface noise level and the
wind speed In this way, 1t would be possible to mvestigate the time-lagged cross-
correlation between the two and to use this information to account for the affect on
noise level of the duration of the wind

As ponted out by Prosperett: [18], the wind veloaty and duration are not the
only factors influencing surface agitation and therefore the noise generated Air and
water temperature and density affect the wind friction veloaty which, in turn, affects
the surface agitation Measurements of these parameters are necessary to determine
how mmportant they are

Finally, to improve the statistical accuracy of the estimates of the model param-
eters, more data 1s needed for all wind speeds, especially the lower ones and better
estimates of the wind speed are requred This could be accomplished by deploying
the array for a long period of time or duning the passage of a weather system which
could be expected to produce a good range of wind speeds and by using a more reliable
and objective method of measuring the wind speeds such as a strip chart recorder

In order to accomplish these objectives, a large amount of ship time, manpower,
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and processing power would have to be expended However, given the importance
of accurate mput estimates of wind-generated noise levels to the prediction of total
noise levels n sophisticated prediction models [1, 2], 1t 1s felt that the results would

be worth the effort
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