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ABSTRACT 

Measurements of the source level of \Vlild-generated ambient n01se m the ocean 
at low frequenaes ( 1(~340 Hz) are presented m this paper The data were obtamed 
usmg a vertical lme array of hydrophones deployed m the deep water sound channel at 
various sites m the Northeast Pacific Ocean The array response was steered vertically 
upward to measure the locally generated sea-surface n01se and ehmmate the effect of 
distant shippmg n01se The beamformmg was carried out "\VIth a frequency-domam 
beamformmg algonthm usmg a spatial Kaiser-Bessel ,Vllldow funct10n to reduce side­
lobe levels m the beam pattern The beam power levels obtamed were referenced to 
a source level at the sea surface usmg a snnple propagation model An analysis of the 
relation between the measured surface source levels and measured \Vlild speed data 
suggest that the n01se level is dependent on local ,Vllld speed and is mfluenced by 
the presence of breakmg waves m the ocean The source levels are compared with 
measurements reported m the hterature 
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Chapter 1 

Introduction and Background 

I. Preamble 

In the study and prediction of deep-ocean acoustic ambient n01se fields at low frequen­

aes (below 200 Hz) , it lS bec.ormng mcre.asmgly apparent [1, 2) that 1t 1s necessary to 

account for the effect of wmd-generated ambient no1Se The wmd speed dependence 

of the ambient noLSe field at high frequenaes (above 200 Hz) 1s relatively easy to 

study and has been quantified by Unck [3] and Wenz [4] At lower frequenaes , how­

ever, the wmd-generated no1Se 1S more chflicult to measure due to the predormnance 

of shippmg traffic n01se, and the wmd dependence of the ambient n01se m this area 

of the spectrum is not well understood It 1S these problems which prompted the 

mvestigation to detemnne the source level of wmd-generated no1Se that 1s presented 

m thlS thes1S 
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II. High Frequency Noise 

In lns review of the available literature up to 1962, Wenz (4] was able to estabhsh a 

composite of ambient n01se spectra (see Figure 11) m the frequency band from 1 Hz 

to 100 kHz based on omru-chrect10nal measurements of the n01se field m both shallow 

and deep water, at different vmid speeds and m chfferent locations He suggests that 

the ambient n01se field (m the ahsence of biological or other spatially-dependent n01se 

sources) IS a combmation of three mam components 

1 a vmid-dependent component 'With a broad maxnnum between 100 and 1000 Hz 

(He suggests that the most probable source of tlns component IS bubbles and 

spray from surface agitation), 

n a wmd-mdependent component 'With a broad maxmnnn between 10 and 200 

Hz and a steep negative slope for frequencres above the maxunum (He suggests 

that thIB component is mostly attnbutable to slnppmg traffic n01se), and 

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

lngh frequenaes 

At frequenaes between 200 and 1000 Hz, a maJor component of the ambient n01se 

1s the wmd-dependent component, wlnch makes 1t poSS1ble m many cases to observe 

the wmd-dependence of the noISe field with only an omru-chrect1onal hydrophone and 

'Without sophIBticated processmg In fact, at somewhat higher frequenaes (above 
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1000 Hz), Lemon et al [5] were able to deVISe a S)Stem of measunng local ,vmd 

speeds and preap1tahon from hydrophone data m order to ellIIllllate the need to 

place anemometers m the hostile envrronment of the sea surface 

In his study of ambient sea n01se off the Scotian Shelf, Piggott [6] used an omru­

drrechonal hydrophone to deternnne the noise levels over a penod of one year m 1959 

and 1960 He related the n01se levels m a rrumber of frequency bands to the measured 

wmd speed, usmg a hnear least-squares regression m log space, accordmg to 

L(f, V) = A(J) + 20n(f) logio V (11) 

where L(f, v) was the noise spectrum level m deabels, A(!) and n(f) were con­

stant for a particular frequency J, and v was the Wllld speed m nautical nules per 

hour In tins fomrulahon, n(f) lS related to the power of the dependence of the noise 

level on wmd speed For example, a value for n(J) of 1 5 would correspond to the 

n01se level be.mg proportional to v3F He found that the slope n(J) was dependent 

on the frequency, and the model fitted lus data well for all wmd speeds at frequen­

cies above 200 Hz At lower frequenaes, he found that the n01se levels tended to a 

constant at low wmd speeds and suggested that this was possibly due to two differ­

ent components m the n01se field a background no1Se winch IS mdependent of wmd 

speeds and a wmd dependent no1Se with level varymg hnearly with the logarithm of 

the wmd speed Tlus two-component model IS coilSlStent with more recent results 

reported by Burgess and Kewley [7] Piggott could not, however, rule out the poSSl-
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bility that the constant n01se he found at low wmd speeds was due to system 1101se 

The values whi.ch he obtamed for the slope n(f) at frequenaes above 100 Hz vaned 

between 153 and 1 20, and decreased 'Wlth mcreasmg frequency 

The relation between wmd speed and the transfer of wmd energy mto the ocean 

also lends support to the idea of a two-component model As Gill [8] pomts out, this 

traIUer depends on the wmd stres.5 whi.ch IS a function of v2 at 'Wlnd speeds below 

approxunately 10 knots and v3 at higher wmd speeds Thus, if the n01se level were 

directly proportional to tins energy transfer, 'Wlth no non-lme.ar effects due to the 

actual n01se generation mechanism, the value of n(J) should be equal to 1 for the low 

wmd speeds and 1 5 for the higher wmd speeds 

III. Low Frequency Noise 

At low frequenaes (1(}200 Hz) Wenz [4] suggests that the ambient noise field IS com­

posed of the wmd-dependent and sluppmg noISe components mentioned above, and 

also an additional low-frequency component wlnch he attnbutes to ambient turbu­

lence pressure fluctuat10ns and seISIIllC disturbances In thIS frequency band, however, 

he pomts out that the noISe field IS dommated by the slnppmg n01se contnbutions 

unless the area m winch the measurements are made IS acoustically isolated from 

shi.ppmg traffr Because of tins dormnation of the spectrum by slnppmg noISe, it is 

very chfficult to observe a wmd dependence m the noISe spectrum usmg only omru-
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directional n01se data. 

'Three different methods [2] have been developed for studymg source levels at low 

frequena.es The first method uses omru-drrectional n01se measurements and rehes 

on calculations of local propagat10n conditions to detemnne the strengths of the 

sources The conditions required for this method [1] mclude bathymetnc blockage 

of long-range acoustic propagation paths, high bottom reflection loss to ehmmate 

contnbutions from multiple bottom bounces, and location of the receivers below the 

depth of the turnaround pomt of the hnntmg ray for long-range propagat10n from the 

surface These conditions apply considerable restnctions on expenmental locat10n 

and do not ehnnnate the possibility of contannnation of the data by sources not 

accounted form the calculations [2] 

Shooter and Gentry [9] used this method to measure ambient n01se levels m the 

Parece Vela Basm Even though the above environmental oonditions were satl.Sfied by 

the location chosen for this experunent, they were only able to get good correlat10n 

between noise levels and wmd speed for frequena.es above 150 Hz due to contamma­

tion by shippmg nmse ongmatmg withm the basm 

Marrett and Chapman [10] also used this method ma study conducted usmg a 

towed hne array m the South Fi.JI BaSln. The basm satl.Sfies all the conditions required 

for this method WJ.th the additional advantages of very low shippmg densities and 

weak convergence zone propagation from surface sources They studied the omm­

chrectional n01se levels m 5 Hz bands centered at 18, 145, and 250 Hz and compared 
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them to wmd speeds measrned aboard the research vessel The correlat10n bet\veen 

the wmd speed and the n01se levels was good for the 250 Hz data and reasonably good 

for the 18 Hz data The n01se level m the 145 hz band chd not follow the wmd speed 

closely, however, and showed a diurnal vanation- relatively constant levels dilllilg the 

day wluch were rmcorrelated with wmd speed, and mght-tl.Ille levels wlnch dropped 

by as much as 10 dB They found some correlation between the wmd speed and 

the mght-tune levels and attnbuted the dmrnal vanat10n m this band to biological 

activity 

In the analySIS of the n01se data at 250 Hz, Marrett and Chapman (10) used the 

model wlnch Piggott (6] used {F.qn 11), apphed to the data from wmd speeds above 

15 knots They obtamed a value for n of 1 5 usmg tlns model By applymg tlns same 

model to beamfonned noise data, usmg the lowest beam levels observed for a partic­

ular frequency and wmd speed m the regression {a&5Uilllllg that any contarmnat1on 

would raise the levels), they were able to mcrease the correlation m the 125 to 180 

Hz band They found that the value of n=l 5 vms relatively constant over the entire 

band for lngh wmd speeds In adcht10n to these results, they also found a better 

correlation between the wmd speeds and the measrned n01se at 250 Hz if a t1me delay 

of between 40 nnnutes and 2 hours was apphed to the wmd data This suggests that 

there 18 a tlllle lag between a change m the wmd speed and a change m the nolSe level 

wlnch 18 qlllte reasonable smce Sillfare agitation depends on the drnation of the wmd 

as well as the wmd speed 
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The second method [11) requrres the use of environmental data mcludmg bottom 

reflection losses, sound propagation paths and losses, a surface reflect10n model, and 

a descnption of the depth of the source and its chrect10nahty charactenstics Tius 

environmental mforrnation IS used to model the n01se field and the modelled field 1s 

compared to the measured field to determme source levels Usmg this method m therr 

study of source levels m the Mediterranean Sea, Kupennan and Ferla [ 11] were able 

to show wmd-dependence m the no1Se field at frequenoes above 400 Hz, but at lower 

frequenoes shippmg n01se contannnat1on prevented them from gettmg good results 

with the method even though they momtored sluppmg traffic by radar and mcluded 

estunates of the effect of thIS traffic m their model 

The tlnrd, and to date most succes.sful, method, used by Burgess and Kewly [7] 

and Banmster et al (12), utilizes the chrect1onal capabilities of a vertical hne.ar array 

of hydrophones By steering the array response and companng the be.am power m 

the upward looking beam to the beam power m the downward lookmg beam, Burgess 

and Kewley (7) were able to make direct measurements of the local n01se generated 

at the surface In a shghtly chfferent approach, Banmster et al (12) used measured 

power m the upward looking beam and a model for the propagation from the surface, 

mcludmg bottom loss data to ehmmate bottom reflected paths, to detemnne the 

source level of the noISe generated at the surface As long as contarmnat10n from 

side-lobes m the beam pattern IS understood and accounted for, 1t 1s possible to make 

direct measurements of locally generated no1Se levels [2) It IS thIS last approach which 
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was chosen for use m this study 

IV. Vertical Structure of Low-Frequency Noise 

One of the first mvestigat10ns of the vertical structure of the ambient n01se field m the 

ocean was conducted by Axelrod et al [13) m 1964 Usmg a bottom-moored vertical 

lme array of hydrophones, they measured the vertical directivity of the ambient n01se 

field at vanous frequencies by pedomnng tune-delay beamforrmng and band-pass 

filtenng the beam outputs At low frequenaes (100-200 Hz) they found that the 

n01se amVIng from the honzontal ( around 90° to the array a,as )was greater than 

that amvmg at the vertical ( along the array axis) and vice-versa at high frequenaes 

They also found that the cross-over pomt, where the n01se from the vertical was at 

the same level as the n01se from the honzontal, vaned m frequency depend.mg on the 

wmd force- ocrunng at 100 Hz for a Beaufort wmd force of 7 and at 550 Hz for a wmd 

force of 4 (see Figure 1 2) They suggested that this behaviour was qUite reasonable, 

smce n01se arnVlilg from distant sources comes mto the array at the honzontal with 

rrruch of its high frequency component attenuated by propagation loss The vertical 

n01se, on the other hand, emanates from sources nearly above the array and IS subJect 

to rrruch less attenuation In addition, though it IS not evident from the figure due 

to the scalmg used for the vertical aXIS, they found that the noISe from the vertical 

exhibited a high dependence on sea-state while the honzontal noISe did not Tlus 
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behaV1our 1s consIStent with the theory that the vertic.al n01se IS loc.ally generated by 

sUiface agitation while the honzontal noISe 1s pnrnanly the result of distant sluppmg 

'The results of thIS early expenrnent have been confirmed and e:x.-panded upon by 

several mvestigat10ns conducted with more sophISticated eqwpment and data pro­

cessmg tecluuques In their reV1ew of ambient n01se directionality data available up 

to 1986, Carey and Wagstaff [14] found that the vertical noise field at low frequencies 

was charactenzed by a broad hump or pedestal centered at the honzontal and with 

a width of 10 to 15 degrees on either Side They state that this pedestal 1s a result 

of SOFAR (sound channel refracted paths} propagation of sound from deep-ocean 

shippmg which arnves at ±Hl° to ±15° and from down-slope enhancement of n01se 

(mamly slnppmg} from the contmental shelf or sea-mounts which fills m the noISe 

at the honzontal 'The noISe falls off rapidly at angles to the honzontal greater than 

±15° to nnmrnum values m the vertical both upwards and downwards from the array 

Hodglass and FISher [15] found smnlar results and one of their plots of array response 

vs vertical arnval angle 1s mcluded as Figure 13 Burgess and Kewley [7] added 

that the n01se m the vert1c.al from above the array was shghtly higher than that from 

below the array, with the difference depend.mg on the magmtude of the bottom loss 

at the site 'This IS 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 characterISt1c was essential to their determmat10n of the 

source levels at the surface m the absence of bottom-loss measurements 
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More recently, these general results were confirmed by Sotlflll and Hodgkiss [16] 

usmg a large-aperature, 120 element array suspended from the research platfom1 

FLIP Their results are m agreement with those preVIously reported with regard 

to spectral shape They were also able, with the mcreased angular resolution due 

to the large number of elements used, to produce finer-scaled plots of the vertical 

drrecbonahty of the noISe field wluch confirmed the broad pedestal at ± 15° to the 

honzontal 

V. Wind-Noise Generation Mechanisms 

The mecharusm respollSlble for the generat10n of underwater ambient noISe from sur­

face sources 1s not well understood [17] In hIS reVIew of underwater ambient n01se 

sources, Wenz [4] studied the source characterIStics of bubble oscillat10ns, rmpactmg 

water droplets, surface wave mteract1ons, and turbulence effects He concluded that 

the most probable noise generation mecharusms at lngh frequencres were bubble oscil­

lations and spray rrnpact He also pomted out that bubbles have a natural frequency 

of oscillation wluch is mversely proportional to the size of the bubble and that the 

sound pressure amphtude IS directly proport10nal to the amphtude of oscillation of 

the bubble Smee there 1S a practical lumt to bubble size, and it IS quite posS1ble that 

there would be a predommance of bubbles of nearly the same size, he pomted out 

that m general the spectrum should have a max:umnn at some frequency assoaated 
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with the predormnant bubble size 

Wilson [1] quantified tlus further by suggestmg that the surface-n01se generation 

mecharusm could be separated mto three frequency regunes 

i 5-10 Hz, where the dommant mecharusm is wave-wave mteraction (production 

of stand.mg waves for which the pressure amphtude effects are not mversely 

proportional to depth as with surface gravity waves), 

n 10-80 Hz, where turbulent pressure fluctuations m the atmosphere near the 

ocean surface are the dommant mecharusm, and 

lll 80-1000 Hz, where the rmpact of ocean spray streaks and whitecaps with the 

ocean surface dommate 

Kerman (17] exannned several chfferent models of n01se generation at high fre­

quenaes spray noI.Se, bubble cavitation, and bubble oscillations He found that none 

of the models studied were complete m their fomrulat10n of a physic.al model of the 

n01se generated by Wllld forang He therefore chose to study n01se produced by bu~ 

bles entramed by breaking waves osallatmg at frequenaes 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 entramed bubbles, thereby generatmg n01se The entramment of large 

amounts of bubbles IS dependent upon bre.akmg waves, which would suggest that this 

mecharusm IS only active at wmd speeds high enough to cause whitecaps 
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Prosperetti [18) examined the generation of noise by entramed bubbles m three 

frequency ranges- below 100-200 Hz, between 100 Hz and 1 kHz and above 1 kHz In 

the high frequency range ( above 1 kHz), he suggests that the n01se 1s a result of smgle 

bubble oscillations \Vb.en the bubble IS entramed by the breakmg wave, 1t 1s presumed 

to have some rmbal mechanical energy as.soaated with its veloaty of penetrat10n 

of the water Tlns rmtial energy is dISsipated through damped free osallat10ns of 

the bubble m the water which produce acoustic waves at the natural frequency of 

osctllat1011 of the bubble Tius mechanISm IS not viable m the mtermediate frequency 

range (100 Hz to 1 kHz), however, smce 1t would requrre bubbles with a diameter of 

1 cm or more which IS not physically re.ahstic 

In this medmm-frequency range, Prosperetti (18) suggests a possible n01se genera­

tion mechamsm IS the collective osallat10n of large bubble clouds \Vb.en two or more 

osallators are coupled together m some way, they are capable of osctllatmg m collec­

tive modes at much lower frequena.es than their mdiVIdual natural frequenaes The 

physical mechamsm mvolved IS essentially the oscillation of a volume which contams 

both bubbles and flwd which has different properties from either a large bubble or a 

volume of flwd and therefore chfferent resonant charactenstics For these collective, 

low-frequency osallations to occur, Prosperetti states that the bubble clouds would 

have to be e.x:a.ted coherently but he pomts out that thIS ·would not be unreasonable 

m the presence of breakmg waves 

In the low-frequency range (below 100-200 Hz), Prosperetti [18) suggests that 
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the n01se generation mecharusm is the amphfication of turbulent noise by bubbles 

present m the turbulent region He pomts out that turbulence itself is not a good 

radiator of sound, but if bubbles are present m the turbulent region, they respond 

to the turbulent pres.sure fluctuations with volume pulsat10ns as was ment10ned by 

Kennan [17] and these radiate more effectively In breakmg waves, regions of mtense 

turbulence coma.de with regions of large bubble population [18] so this mecharnsm is 

qmte plausible m the presence of breakmg waves 

In the mechamsms discus.sed above, there is a reliance on breakmg waves for bubble 

formation, turbulence, or spray Smee waves generally do not break at Wlild speeds 

below about 10 knots, it is reasonable to asswne that there should be two regimes of 

Wlild speed with chfferent processes generatmg the n01se and a different wmd-speed 

dependence m each regune Kewley et al [2] examined the hterature on the theory 

of n01se generation mecharusms and suggested that at frequenaes above about 10 Hz, 

the n01se level should be proportional to v for low wmd speeds and proportional to 

v3 for wmd speeds above about 10 knots Tius would seem to mdicate that the noise 

generated is not proportional to the wmd-energy transfer [8] at low wmd speeds They 

also observed that the measured dependences reported m the hterature vaned widely 

between v1 and v4 and suggested that this could be due to the narrow range of wmd 

speeds studied m each case If two processes were operatmg m different wmd-speed 

regunes, as suggested above, then results would be chfferent for chfferent studies if the 

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

The rum of tlus thesis is to use a vertical hne array of hydrophones to measure the 

local Wlild-generated noise by steenng the array response m the vertically upward 

(or up end-fire) chrect10n, and to study the Wlild-speed dependence of tlus n01se 

Acoustic noise data were collected from selected S1tes ill the North-East Paafic Ocean 

and processed USlilg a frequency-domarn beamfornnng algonthm to determme beam 

powers m the vertical ill the frequency range 10-350 Hz The beam powers are scaled 

for system and proc.esSlllg gams and referenced to a source level at the surface usmg 

a propagation model developed by Banru.ster et al [12] The source levels obtamed 

are compared with measured Wllld data and the wmd-speed dependence of the local 

llOlSe lS exammed 
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Chapter 2 

Experimental Method 

I. Data Collection 

Data for this study were collected m expenments earned out m 1977, 1978, 1981, 

1983, 1984, 1985, and 1986 usmg vanous configurations of a rrrulti-element vertical 

hne array (MEVA) The MEVA was deployed at the depth of the deep-water sound 

channel axis from the CFAV Endeavour 

The vanat1ons of the MEVA used m tlns expenment 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 

experunents and can be broken down mto eight mam parts 

1 the surface float , winch contamed a radar transponder, a radar reflector, the 

surface electrorucs llillt, and a battery pack, and proV1ded the FM radio lmk to 
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the CFAV Endeavour, 

11 a chstnbuted source of surface bouyancy, 

m a damper plate to isolate the array from surface wave act10n, 

iv a sub-surface float from wlnch the array was suspended, 

v the lower electromcs umt (wlnch contained the power gam amplifier (PGA), 

digitizer, tilt sensor, and nrultiplexer), 

vi a honzontal arcular array ( not always present and not used m this expenment), 

Vll the rrrulti-element vertical array, and 

vm weights to hold the array ma vertical attitude 

A diagram of the entire system 1S shown m Figure 2 1 and the variations of the MEVA 

for each year are shown m Figures 2 2 to 2 5 The expenments were earned out at 

selected sites m the N orthe.ast Pacific 

Dunng data collection penods, all mechanical systems aboard CFAV Endeavour 

and, when possible, other slnps mvolved m the expenments were shut down to reduce 

the possibility of nearby slnp nmse contannnatmg the data Dunng these 'qU1et 

periods', data from the hydrophones m the band 0-500 Hz were sampled at 1500 Hz, 

submultiplexed along with array status mforrnation, and transmitted to the CFAV 

Endeavour by an FM radio hnk. Aboard the Endeavour, the data were recorded on a 
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Figure 2 1 Diagram of MEV A system. 
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master magnetic tape and later transcnbed to tapes readable by the data management 

system at DREP A schematic of the electromcs from the samplmg hydrophone to 

the recordmg tape is shown m Figure 2 6 and the system gams are listed m Table I 

The bndge crew of the Endeavour were requested to record wmd speed and drrec­

tion measurements at two or four hour mtervals from readmgs of the ship's anemome­

ter These measurements represent the deck officers' best mterpretat10n of the wmd 

speed at the time of the measurement and no tune averagmg was possible other than 

the tune actually taken for the deck officer to deternnne the wmd speed As such, there 

is hkely to be considerable vanance m these measurements This data was retneved 

from the bndge logs and used to determme wmd speeds durmg observat10n mtervals 

by plottmg the wmd speed versus tune and mterpolatmg between measured pomts 

Unfortunately, the relatively large tune mterval between Wllld-speed observat10ns pre­

cluded an mvestigation of the tune-lagged cross correlation between Wllld-speed and 

n01se level and it was unpossible to confirm the 40 IIllDUte to 2 hour tune lag reported 

by Marrett and Chapman [10] which was discussed m the mtroduction 

II. Data Processing 

Figure 2 7 shows a schematic diagram of the steps taken m processmg and analyzmg 

the hydrophone noise data m order to obtam estimates of the array beam powers m 

the vertical drrection A disCUSS1on of the processmg system 1s given m the followmg 
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YEAR 

1977/78 1981 1983 1984/85 1986 

Hydrophone 

Sens1ti vity -187 7 -187 7 -187 7 -193 1 -193 1 

(dB) 

I Freq (Hz) II SYSTEM GAINS (dB) 

1 112 160 112 74 24 

5 243 243 243 15 5 -

6 264 - 264 - -

7 - - - - -

11 264 - 264 25 2 25 2 

13 - 25 5 - - -

19 26 5 - 265 273 280 

29 - - - 283 -

57 25 9 - 25 9 284 -

97 25 6 - 25 6 28 7 -

200 254 25 5 25 4 283 28 0 

325 - - - - 240 

400 - 240 - 26 3 15 0 

Table 2 1 Summary of system garns 
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sections, begmrung with a descnption of the beamfomnng algonthm. 

A. Beamforming Algorithm 

The fornnng of beams usmg a multi-element array is a well-established techruque 

which essentially max:mnres the sensitivity of the array to signals arnvmg from a 

particular angle to the axis of the array The process can also be c.alled spatial filtenng 

and is analogous to the frequency filtenng accomphshed with Founer 'Iransforrns [19] 

In fact, discrete Founer techruques can be used to carry out the bearnfornnng, and the 

use of wmdows and averaging have the same effects on the properties of the transform 

The simplest example of bearnfomnng usmg only two hydrophones is illustrated m 

Figure 2 8 usmg a two-element array If the Signals received at each hydrophone are 

sunply added together, the resultant beam pattern IS omm-chrectional as shO\vn m the 

figure However, for frequencies with wavelengths greater than or equal to twice the 

hydrophone separat10n, if the signal from one of the hydrophones IS subtracted from 

that of the other, the resultant beam pattern has the charactenstic dipole pattern with 

two mam lobes along the aJQS to the array and nulls at 90° to the axis This srmple 

method of beamformmg IS highly smtable when processmg power and hydrophone 

number are hrrnted, and IS extensively used m directional sonobouys deployed from 

ships and aircraft where SIZe and operatmg channels for transnnssion of data are 

hmited The steenng of beams usmg thIS method, however, must be accomplished by 

physically changmg the direction of the aJQS of the array, which hmits its apphcat10ns 
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A more sophisticated method of beamforrrung, winch steers the beams electromcally, 

is more useful when the limitations of processing power and hydrophone number a.re 

not as senous a factor 

The geometry of a plane-wave signal arnvmg at a multi-element array from a 

distant source is illustrated m Figure 2 9 As the wave front travels m the direct10n 

of propagation, it is clear that the signal will amve at each hydrophone at a different 

tune In the case tlustrated m the figure, 1t will amve at the top hydrophone first, and 

the arrival at each subsequent hydrophone will be delayed by a time factor T which 

depends on the angle 8, the hydrophone separation d, and the speed of propagation 

of the wave front c accorchng to 

dn * cos(0) 
Tn = 

C 
(2 1) 

where d,,. is the distance to the nth sensor It is easy to see, then, that by applying 

a succesive trme lag of Tn to the output from the nth hydrophone and surnmmg the 

lagged outputs, it is pos.51ble to maxuruze the sen.8ltivity of the array to signals arnvmg 

at the angle 0 [20] The actual process of fomnng the beam 1s defined by 

N-1 

y(t) = L Wnxn(t - Tn) (2 2) 
n=O 

where y( t) is the beam output, N is the total number of sensors m the array, 

Wn is the weightmg function applied to the nth sensor, Xn(t) is the output from the 
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nth sensor, and Tn is the tllile delay defined above for the nth sensor Tius procedure 

is called tune-delay be.amfoITillilg and can be accomphshed with either software or 

hardware, but is very tllile or hardware mtensive dependmg on the method used 

Another way of acheivmg the same result with less effort utilizes the properties 

of the Founer 'Iransfonn{22] and is called frequency-domam beamformmg A time 

lag m the tlllle domam is eqmvalent to a phase shift m the frequency domain [20] 

and therefore if the tune signals from each hydrophone are first transformed to the 

frequency dornam and then a phase shift corresponding to the reqmred time lag is 

apphed before the power is computed from the transformed signals, the result "'ill be 

a :m.a.xmn2ation of the sensitivity of the array at an angle 0 The phase shift ¢>n to 

be apphed between the first hydrophone and the nth hydrophone depends upon the 

frequency f, the angle 0, the sound speed c, and the distance to the nth hydrophone 

dn according to 

{2 3) 

The relation between tll!le-delay beamfonrung and frequency-domam beamform­

mg is seen by takmg the founer transform of F.quat10n 2 2 (21] 

N-1 

F(y(t)) = Y(f) = L (Wne-2nfrn Xn(/)) {2 4) 
n=O 

and substitutmg for Tn 
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N-I 
Y(0, f) = L Wne -2r~dnlcos(8) Xn(f) (2 5) 

n=O 

and the beam strength 1S defined as 

B(0, f) =]*I Y(0, f) 12 J (2 6) 

where J 1s an N-chrnensional umt vector 

The bearnfonmng of the data for tlns the&s was accomphshed 111 tlns way usmg 

a frequency dornam beamfomnng program [21] which was ongmally developed for 

DREP by Barrodale C-Omputmg Services and was mochfied to SUlt the requrrernents of 

tlns study The program lIDplements an effioent algonthm for conventional frequency­

domam beamfonmng as outhned by Bucker [22] and developed above Equat10n 2 6 

can be srmphfied US111g matnx notation to[21] 

B(0, !) = ]* D;QDe] (2 7) 

where Q 1S the N x N cross-covanance matnx with the weights Wn already mcluded 

and D8 IS an N x N beam-steenng matnx defined by 

e<h O 0 

0 e<P2 0 

0 

0 0 e'Pn 

34 



where <Pk 1s the phase lag to the kth sensor defined by 

<Pk= (21rdnf )cos(0) 
C 

(2 8) 

The method actually unplemented m the program (21] makes use of the fact that the 

matnx Q 1s hemntian and can be factored by Cholesky decompos1t10n mto arrays U 

and L such that 

LU= Q and L = U* (2 9) 

Thus, equation 2 7 can be expressed as 

B(0) = j* JYeU*UDeJ 

B(0) =I U DeJ 12 (210) 

Usmg equation 2 10, the bearnformmg algonthm produced beams for 181 directions 

equally spaced m oos( 0) from 00 (pomtmg straight up at the surface) to 180° (pomtmg 

straight down at the bottom) 

B. Beamforming Window 

In usmg a vertical lmear array to steer beams towards the surface and look at locally 

generated noise, what is effectively being done is applymg a spatial filter to the 

mcommg n01se so as to ignore noise arnVlllg at angles near the honrontal (presumably 

commg from distant sources) and maxnmze the sens1tiV1ty to n01se arnVlllg at vertical 

angles (from the surface) As with any filtenng operation of this type, the maJor 
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factors affectmg perfonnance are the filter band width and the side-lobe suppress10n 

AB was discussed m the mtroduct1on, the n01se level arnvmg at the honzontal to the 

array 1s usually greater than that arrivmg at the vertical, and, as Burgess and Kewley 

[7] pomt out, 1t 1s necessary to ensure that side-lobe suppression m the beamfonnmg 

filter 1s large enough that the ratio of near-honrontal noise to vertical noise 1s less than 

the mverse of the array peak side-lobe levels when the array is steered to end-fire If 

tlns concht1on is not met, the n01se mcluded through the side-lobes at the honzontal 

will exceed that arrivmg from the vertical and contannnate the results With tlus m 

mmd, 1t is apparent that the side-lobe suppression was a cntical factor m tlus stud) 

The side-lobe suppression of a standard rectangular wmdow (1 e Wn = l for all n) 1s 

only -13 dB, and does not always meet the above cntenon, therefore 1t is necessary 

to employ some techmque to reduce side-lobe levels Unfortunately, when dealmg 

with a filter of this type, there is always a trade-off between side-lobe suppress10n 

and m.am-lobe width (23] When side-lobe suppression is mcreased, mam-lobe width 

also mcreases As was explamed m the mtroduct1on, however, the width of the noise 

pedestal IS confined to withm ±15° of the honzontal, so as long as the rnam lobe 

width is much less than 75°, noise from the pedestal should not s1gruficantly affect 

the results by entenng through the side of the mam lobe 

AB with conventional Founer filtenng m the frequency domam, the mam-lobe 

width and the side-lobe suppression are controlled by applymg weights (a wmdow 

function) to the elements m the filter[23] Side lobes m the filter are caused by dis-
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contuunties m the denvat1ves of the wmdow function (19], ,,hich show up as the 

side lobes when the wmdow funct10n 1s transformed By applymg a drlf erent wmdo,\ 

function to the elements m the filter, 1t 1s poSSible to smooth out these chscontmu-

1ties and thereby reduce side-lobe levels The choice of wmch wmdow funct10n 1s 

appropnate under any given set of arcmmtances 1s deternnned by consideration of 

the side-lobe suppreSSion reqwred, the trade-off between side-lobe suppression and 

mam-lobe width, and the side-lobe roll-off or the decrease m side-lobe peak height 

for succesSive side-lobes away from the mam lobe Hams [23) studied and listed the 

characteristics of most of the wmdow functions available Although these wmdows 

were developed for the transform from the tune dornam to the frequency domam, 

Hams[23) pomts out that they also apply to beamfomnng The wmdow funct10n 

chosen for use m trus study was the Kaiser-Bessel wmdow and IS defined by 

where 

0 $. n $. N/2 

oo (x)k 
Io(X) = I:) i1 )2 

k=O 

(211) 

With a = 2 the theoretical characteristics of trus wmdow for a beam steered 

broadside to the array are [23] 

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

ill a coherent gam of O 49 

Tlus Wllldow was also used by Sotmn and Hodgkiss [16] and Hodgkiss and Fisher 

[15] 

Figures 210 to 216, show the beam patterns obtamed usrng the STARPACK 

[21] srmulation program for the arrays used rn this study Although the theoretical 

side-lobe suppression of -46 dB was not adueved (mostly due to the fact that these 

beams were steered to end-fire and not broadside), the suppression rn each case is 

nruch greater than the -13 dB attamahle USlilg a rectangular wmdow function A 

sensor spaang of d = 0 4,\ ( ,\ = the wavelength m metres) was assumed for each of 

these plots 

C. Array Design 

In the design of the array (1 e the positiorung of the sensors along the array aX1S), 

three mam factors must be taken mto cons1derat1on 

1 the frequency range over winch the array JS to be effective, 

11 the desired angular resolution of the array, and 

ill the availability of hydrophones and the ability to collect and store the signals 

from them. 
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These three factors are mter-hnked and a balance nrust be found between them m 

order to opturuze array perlonnance for the desrred results 

The effective frequency range of the array is dependent on the array spacing and 

the number of hydrophones or the aperture of the array Just as ahas mg can occur 

m the transform from the time domain to the frequency domam if frequenoes higher 

than the Nyquist frequency (1/2 the samplmg rate) are present m the signal, so can 

aliasmg ocrur m the forrmng of beams depending on the wavelength of the signal and 

the spacmg of the hydrophones The effect of tlus aliasmg on the beam pattern for the 

array is to produce large lobes at drrections other than the steenng direction which 

are called gratmg lobes [20] The upper lmnt of frequency ( the cut-off frequency) 

for fomnng a broadside (perpendicular to the array aJOS) beam Without ahasmg is 

defined by[20] fu = c/2d where dis the hydrophone spaang m metres and c is the 

sound speed m metres per second In other words, it is when).= d/2 where). IS the 

wavelength m metres When the beam is steered to end-fire ( along the array ruas), 

however, the effective maxunum frequency is even lower than the cut-off frequency 

This is easily illustrated and is due to the geometry of a plan& contmuous-wave 

signal arnvmg along the mas to the array The beam-former is unable to distmgrush 

between a S1gnal arriving from one end of the array and a signal arnvmg from the 

other end, as the phase difference for any hydrophone spaang IS the same for both 

The lower hmit of the effective frequency range of the array is less well-defined, 

and is dependent on the reqmred angular resolut10n The best angular resolution is 



obtamed at the cut-off frequency of the array and 1t detenorates as the frequency 

decreases At some frequency, the angular resolut10n detenorates to the pomt that 

the array 1s no longer capable of adequately perfomnng its function of spatial filtermg 

The angular resolution at all frequenaes can be nnproved by 111creasmg the number of 

hydrophones m the array and therefore the array aperture ( this IS sllllllar to 111creas111g 

the number of pomts 111 a Fonner transform from the tune domalll to the frequency 

domam to decrease the frequency bm W1dth), but there IS a practical hrmt to the 

number of hydrophones which can be deployed due to both hardware hrmtations and 

considerations of spatial stat1onanty of the noISe field 

Bucker [22] outlmed a method for rmprovmg the angular resolution of an array 

and m.akmg one array SUitable for several drlferent frequency ranges by btuldmg what 

1s called a sparse array This IS an array 111 winch there are M spaces but only N 

hydrophones where N <M In thIS way 1t 1S possible to mcrease the aperture or length 

of the array wlule working Withm hydrophone number constramts Arrays can also be 

btult which have different parts With spacmgs SU1table for different frequency ranges 

and any one hydrophone can be used for more than one part array The power of 

this techruque IS limited, however, by a reqwrement that each diagonal of the cross­

covanance matnx nrust have at least one non-zero element In other words, there must 

be at least one pair of sensors m the part array which has a spacmg of m d where 

m=l,2 M-1, M lS the number of positions mcludmg those with no hydrophone, and d 

1s the spacing for that part array If thIS condition IS not satISfied, alias111g can occur 
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This 1s illustrated by Figure 2 17 which lS the beam pattern for an array steered to 

end-fire which has one hydrophone separation nnssmg The ahasmg lS eVIdent m the 

large lobe at around 100° The array design used to srmulate tlus mcorrect sparse 

array 1s illustrated m Figure 2 18 The figure shows a 5 element, 10 space sparse 

array with no hydrophone parr corresponding to a hydrophone spaa.ng of 7d Thus, 

the seventh diagonal away from the mam diagonal m the cross-covanance matnx 1s 

filled with zeros 

For the purposes of this study, arrays with spacmgs of 54m (Ju = 14 Hz), 45m 

(Ju = 17 Hz), 18m (Ju = 42 Hz), 6m (Ju = 125 Hz), 3m (Ju = 250 Hz), and 2m 

(Ju = 375 Hz) were used The low-frequency cut-off pomt was taken to be when 

the array half-power beam width (defined here as the angular separation beb\een 

the peak of the mam lobe and the half-power pomt of the beam pattern) exceeded 

approxrmately 50 - 60° as detemnned by the STARPACK beam smrulation program 

[21] Plots of end-fire beam width vs frequency for the vanous arrays and part-arrays 

used are mcluded as Figures 2 19 to 2 26 

As the number of hydrophones was hnnted to between 10 and 16, dependmg on 

the year, extensive use was made of the sparse array techruque mentioned above as 

1s illustrated by Figures 2 2, to 2 5 In all cases, as can be determmed from the array 

geometry shown m the figures, the reqmrement of at least one non-zero element m 

each diagonal of the cross-covanance matnx was sat1Sfied 
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D. Data Processing Method 

The hydrophone noise data were retreived from the magnetic tapes usmg the data 

management system at DREP Trme senes of all the hydrophones used were exarnmed 

for selected observation mtervals to ensure there were no problems sucl1 as faulty 

hydrophones or long dropouts m the racho lmk '\\IDch could affect the transform to 

the frequency domain The data were also denrultiplexed and stored m a smtable 

format for further processmg 

The tlllle senes for each hydrophone were transformed to the frequency domain 

through a standard fast Founer transform (FIT) algonthm from the NAG Fortran 

Library [24] An FFT 817.e of 2048 pomts was used whicli, With a sampling frequency 

of 1500 Hz, led to a frequency resolution (bm Width) of approxrmately 7 Hz In the 

final results, only specific frequenaes were reqwred, therefore a rectangular wmdow 

was used m the trme domam and the data at the reqwred frequenCies were smoothed 

m the frequency domam usmg a Darnell spectral wmdow [19] This smootlung m 

the frequency domam IS eqmvalent [19] to wmdowmg m the tune dornam to reduce 

spectral leakage When wmdowing m the time domam, the time senes are nrultiphed 

by a wmdow function When this operation IS transformed mto the frequency dornam, 

the nrultiphcation of the tune series with the wmdow becomes a convolution operat10n 

WI th the transform of the tune senes and the transform of the spatial Wlildow funct10n 

The convolution operation is effectively the smoothmg of the transform of the time 

59 



senes with the spectral window Tlns method of smoothing m the frequency domam 

requrred fewer operations than windowmg m the tlllle domam smce only the selected 

frequencies needed to be smoothed 

The Founer spectra produced by the FIT routme were used to deterrnme a power 

spectrum for each hydrophone and a covanance rnatnx ( used m bearnforrmng) for the 

array These spectra and the rnatnx were block averaged over 40 blocks m order to 

reduce the vanance m the estunates 

A covanance matnx was formed for each frequency bm accordmg to 

Q,,(J) = X,(J)X;(J)WaW, (2 12) 

where Q,1(!) is the covanance matnx, X,(f) is the complex Founer transform of the 

tune senes of the i th hydrophone at the frequency for which the rnatnx is bemg built, 

X;(f) 1s the complex conJugate of the transform of the Jth hydrophone, and W. 18 the 

Kaiser-Bessel wmdow weightmg factor apphed for the i th hydrophone Smee these 

matnces are Hermetian, 1 e Q = Q", they were stored m lower tnangular form to 

reduce chsk space requrrements Beam strengths were then determmed accordmg to 

equation 2 10 

E. Scaling for System and Processing Gains 

The beam strength results were converted to beam powers P(J, 0) m dB re µPa2 /Hz 

accordmg to 
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P(J, 0) = 10 log10 B(J, 0) + 10 log10 2 - ADGAIN - HPSENS - SYSGAIN -

FREQGAIN - PGA - NGAIN - WINDOWGAIN - A VEGAIN where 

1 ADGAIN 1s the gam assoaated with the convers10n of the signal from analog 

to digital= 46 2 dB, 

11 HPSENS IS the hydrophone sensitivity m dB as hsted m Table 2 1, 

m SYSGAIN 1S the system gam m dB deternnned from calibration of the array 

and also hsted m Table 2 1, 

1v FREQGAIN IS 10 log10 s where s IS the sampling frequency m Hz ( required 

because FIT was not nomiahred), 

v PGA is the gam m the power gam amph.fier which was vaned according to the 

noISe level present from O to 60 dB m steps of 12, 

vi NGAIN IS the gam m the beamfomnng algonthrn winch IS 10 log10 N2, where 

N is the number of hydrophones m the array, 

vn WINDOWGAIN IS the negative gam assoaated with the reduction m power 

due to the spatial weighting function used = 10 log10 0 4g2 [23), and 

Vlll AVEGAIN IS 10logi0NAVE where NAVE IS the number of trme averages taken 

=40 
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AB a CTQSS-check on the sralmg process used, beams for the angle range from 

vertically upwards to vertically downwards, overlappmg at the half-power pomts , 

were mtegrated and the sum was compared to the average ornru-chrect10nal power of 

the hydrophones The results agreed to withm 1 dB 

Once the beam power results were scaled for system and processmg gams as out­

hned above, contour plots of scaled beam power versus frequency and amval angle 

were produced These plots were used to exazmne the vertical structure of the no1Se 

field, to confirm the pedestal structure as chs~ m the mtroduct10n, and to check 

for contammation of the data by close-m, non-wmd-generated sources with amval 

angles near the vertical Any sources, such as nearby ships or sound sources used m 

conJunct10n with other expenments, which produced n01se at arnval angles close to 

the vertical -would cause contamination of the data, Slllce the beamf ormmg system 

was designed to filter out only the no1Se connng from angles close to the honzontal 

drrect10n All data sets wlnch showed contamma.tion of thlS type were elmnnated 

from the analysis 

In order to reference the beam powers calculated by the above method to a source 

level at the surface, it was necessary to determine the beam widths m the vertical 

beam for each frequency and to account for bottom losses The beam widths were cal­

culated usmg a beam smrulation algonthm mcorporated m the ongmal STARPACK 

program[21] used to perform the beamfornnng Bottom 1Q5Ses were determmed from 

shot-run expenments which were conducted by the Ocean Acoustics Group at DREP 
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m conJunct1on 'With the data collect1on for t1u.s study [25] The beam width calcula­

tions were used to scale the power m the upward lookmg beam to dB re µPa/srHz, 

and then the bottom loss data were used to reference these beam powers to a source 

level at the surlace m dB re µPa/Hz * m2 @lm usmg the propogation model [12] 

which 'Wlli be developed m the next section 
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Chapter 3 

Models 

I. Surface Noise Propagation Model 

Once the vertical beam power results, referenced to µPA/srHz, were obtamed, 1t 

was necessary to reference them to a source level at the surface m µPa/m2Hz@lm 

To do tlns, a srmple propagation model developed by Bamnster [12] was used 

Figure 31 shows the geometry of the propagation of noISe from a distnbuted 

surface source to a receiver at some depth via a general cone of rays The received 

mtensity id per urut of sohd angle from tlns cone can be estrmated as [12] 

(3 1) 

where 

S 1s the monopole ( omm--<lrrect10nal) chstnbuted source level per m2 , 
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a is the source cbrectivity funct10n, 

A3 IS the surface area mtersected, 

g IS the geometncal losses- Ai/ A2, 

t is the backward transmission loss- cos2 Or/ cos2 es= 1, 

n IS the number of steradians m the cone = 1 smce id IS referenced to a level per 

sterachan, and 

L IS the total absorpt10n loss 

The total loss L mcludes both the loss due to bottom mteractions ( surface mteractions 

are assumed to be loss-less smce it IS a free surface) and due to attenuation losses 

m the water colurrm BannISter [12] pomts out that attenuation losses are a second 

order term and can be ignored for srmphaty so that L can be set equal to the bottom 

reflection coeffiaent b Also, it can be seen from the geometry m Figure 3 1 that 

A3 = A2/ sm0s and equation 31 can be expressed as 

S*a*b*n 
'ld=----

sm0s 

where n IS the number of bottom mteractions 

(3 2) 

Equation 3 2 gives the received mtensity m the cone from one particular propaga­

tion path- i e the path which undergoes n bottom mteractions If all the paths ,VIth 
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Figure 31 Diagram of Banru.ster et al 's noise propagation model 
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n bottom mteractions where n = 0, , N are summed, the total energy arnvmg at 

the array from above is given by 

(3 3) 

where 08 and 0r are connected through Snell's Law Smee the bottom reflect10n 

coeffio.ent bis less than 1, this can be further srmplrlied to 

(3 4) 

and for n -+ oo this becomes 

(3 5) 

Smee the vertical beams are under co11S1deration, the angle at the receiver 1s = 90° , 

therefore cos 08 = cos 0r = 0 and is mdependent of the sound speed profile Also, 

08 = 90° and sm0, = 1 Then, rearrangmg equation 3 5 

S= Id 
a(l - b) 

(3 6) 

Usmg equation 3 6, 1t IS poSSible to reference the beam powers measured m the 

upward lookmg be.am to a source level m dB re µ,Pa/m2 Hz @Im, as long as the 

bottom reflection coeffiaent lS known for the area under study 

The factor a m equation 3 6 accounts for the source drrect1V1ty function which 

depends on whether the source IS rachatmg as a dipole or as a monopole [12] In 

order to remove thIS factor from the results, 1t IS necessary to have a system which 
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is capable of chstrngmshmg the fine structure of the vertical chrectionahty of the 

n01se However, the angular resolut10n of the arrays used m this study was not good 

enough to chstmgwsh 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 cornbmat1on of a monopole source level and a radiation chstnbution 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 wmd speed on the measured source levels was 

slIIlllar to that used by Piggott [6), Kev.1ey et al [2], and Crouch and Burt [26] It 

1s assumed that a n01se generation mecharusm. IS hnear with respect to the logantlun 

of the wmd speed according to 

N(f, v) =A(!)+ 20n(J)/log1ov (3 7) 

where N (!, v) IS the noISe sow-ce level m dB, and A(!) and n(f) are constant for a 

particular frequency/ 

As was discussed m the mtroduction, however, 1t 1s reasonable to assume that 

there are two noise generation med:iamsms mvolved m Wllld-generated n01se The 

first mecharusm IS assumed to be present at all Wllld speeds and IS given the form 

Ni(!, v) =Ai(!)+ 20ni(f)log10v 
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The second mecharusm is only effective m the presence of breakmg waves and therefore 

does not contnbute to the n01se field when wmd speeds are below about 10 knots, 

but dormnates the n01se field at greater wmd speeds This second mechamsm 1S g,1 ven 

the form. 

Nn(f, v) =An(!)+ 20nn(J)log1ov (3 9) 

The total wmd-generated no1Se power 1S modelled by a combmation of these two 

processes At wmd speeds of 10 knots or less, the no1Se lS assumed to be generated 

only by the first mechamsm (equation 3 8), while at wmd speeds above 10 knots, 1t 

is assumed that the total wmd-generated noISe power lS a combmation of the two 

processes ( equations 3 8 and 3 9) The addition of the two processes, however, does 

not occur m log space and equations 3 8 and 3 9 must be converted from decibel 

notat10n back to hnear space before they can be summed to obtam the modelled 

total n01se power 

Expressed m standard notation, the modelled total wmd-generated noISe power 

Nr(f, v) can then be expressed as 

Nr(J,v) = 
{ 

1046' v2r&L for v ~ 10 knots 

10# v2r&L + 104f ,,J,na for v > 10 knots 
(310) 

For the frequencres between 80 and 120 Hz, v.here enough low wmd-speed data 

were available to c.alculate A1(J) and n1(J), both mechamsrns were used to model 
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the wind-speed dependence of the n01se field 'The parameters AL(!) and nL(J) m 

equation 3 10 were detemuned from the data for Mnd speeds equal to or less than 

10 knots usmg the Levenberg-Marquardt iterative non-hnear regress10n techmque 

(27] Once the low wmd-speed parameters were obtamed m tlus way, the data for 

wmd speeds of 10 knots or greater were fitted to equation 310 usmg the Levenburg­

Marquardt techmque and holdmg AL(!) and nL(J) constant at the values obtamed 

from the low wind-speed data to obtam An(!) and nn(J) The regression coefficient, 

r, was also calculated for both fits 

For all the other frequencies studied, not enough low wmd-speed data were avail­

able to calculate the low wind parameters, and all that could be done was to model 

the data for wmd speeds greater than or equal to 10 knots by fittmg to the high wmd 

mecliarusm only, ignormg the low-wmd component Dependmg on the value of nL(J) 

for these frequenaes, the values obtamed for nn(f) may be strongly biased, but, due 

to the hrrutations of available data, tlns problem could not be resolved For lilStance, 

if nL(f) ~ 0 0, then the estrmates obtamed for nn(f) will be biased to lower values 

When perf onnmg the regressions outhned above, there was some question as to 

whether all the pomts m the regression should be weighted equally In consider­

mg the possibility of contannnation of the data by sources other than wmd-dnven 

mecliarusms, it 1S reasonable to assume that any contammatmg sources would raise 

the observed no1Se level above that winch would be observed if only wmd-generated 

sources were present Therefore, when more than one observation of n01se level was 
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available at a particular 'Wllld speed, it was assumed that the lower values were more 

reliable and a weightmg function was rncluded rn the regression procedure to account 

for t:l11S The lowest value at a particular 'Wllld speed was given a weight of wuty, 

the second was given a weight of 1/22, the tlurd a weight of 1/32 , and so on This 

weightrng function was also rncluded rn the calculation of the correlation coefficient r 

as outlrned 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 produc.ed showmg sound mtensity vs amval angle and 

frequency provided a useful means for companson 'Wlth the results of other mvestiga­

tors regarchng spectral shape and vert1c.al drrect1onahty, as well as for confirnnng that 

the arrays were perlonmng as expected and for 1dentrl'ymg data sets 'Wlth excessive 

contannnation due to close-m slnppmg or other, high arrival-angle sources 

In these plots, the sound mtensity IS quoted from the scaled beam powers m dB 

re lµPa/ Hz In order to reduce proce&51Dg requirements, the beam powers were not 

scaled for beam width and were not smoothed with the Darnell spectral wmdow Tius 
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does not, however, affect the general discussion of spectral shape, vertical drrection­

ality, and array perf orrnance presented m this sect10n The beam number scale on 

the vertical axis corresponds to beams equally spaced m cos 0 from beam O ( end-fire 

lookmg up at the surlace) to beam 180 (end-fire lookmg down at the bottom) Be­

cause the beams ·were equally spaced m the cosme of the vertical angle ( as IS standard 

m beam-formmg due to the vanat10n m beam widths with steenng angle [20]), the 

density of the be&m m 0-space IS greater at the honrontal than at end-fire This 

rrrust be ta.ken mto COilSlderation when USlllg the plots to study the pedestal v.1dth 

Figure 4 1 shows the relat10nslnp between be.am number and sound amval angle for 

these plots 

A. 54m Arrays 

Figure 4 2 IS a representative contour plot for a 54m array In the figure, it IS apparent 

that even at very low frequencies (around 10 Hz), the pedestal IS present m the 

noISe level around the honrontal and that the noISe level decreases with mcreasmg 

frequency The effective frequency range for this array IS between approxrmately 8 

and 13 Hz Below about 8 Hz the beam width is very large and n01se from the pedestal 

at the honrontal affects the measurement of n01se m the end-fire beams Above 13 

Hz, the aliasmg effect ( described m section 2 II C) IS very apparent m the foldmg of 

n01se from the honzontal mto the end-fire be.ams through the gratmg lobes 

Figure 4 3, which IS from a 45m array, illustrates how the contour plots ·were used 
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Figure 4 1 Beam number vs sound amval angle for contour plots 
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to identify contaminated data sets A high n01se-level signal is apparent beh, een 

be.ams 100 arid 120 arid frequencies of 11 to 15 Hz The scientific log-booh. for the 

expenment revealed that tlus was due to a sound source which was m operation at the 

tune of the observation and was sweepmg the frequency band 11-15 Hz The figure 

is also useful, however, m estunatmg the side-lobe reJection properties of the array 

to confirm that the Kaiser-Bessel spatial wmdow funct10n was having the desued 

effect of decreasing side-lobe levels At 12 Hz, the noise power m beam number 100 

is greater than 91 dB, but m the end-fire beams it is between 60 and 68 dB This 

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

B. 18m Arrays 

Figure 4 4 is a representative contour plot from an 18m array The pedestal structure 

m the vertical directionality lS still apparent at some frequencies ( most notable around 

33 Hz and 35 Hz), but the plot shows signals at the honzontal and away from it which 

are contannnatmg the data m the end-fire beams This was true for all of the data 

from the 18m arrays and it was felt that these data were unreliable Much of the 

high-level sluppmg noise appears to be concentrated m the effective frequency range 

of the 18m arrays ( approxrmately 30-45 Hz) and to study the vertical noise m tlus 

region, a larger aperture array than was used m this study is needed to decrease beam 

widths and make the spatial filter of the beamformer more effective at discrurunatmg 

between the vertical n01se and the noISe at other angles 

76 



18
0 

CI
: 

16
0 

W
 1

40
 

co
 
~
 1

20
 

:
)
 1

00
 

z 
8

0
 

~
 

<
( 

60
 

--
.J

 

W
 

40
 

---
.J 

co
 

2
0

 0 
- 6 

-
--r 

h
<

 
fl

lu
<

\ 
".\7

'il'n
\r1

w\W
>_

,.,~
 

.n\
\\l\

t~
•m

hi
1 

, r
\\ 

\l1
\\\\

\\\u
n:"

1tt
 

1
t 

l 
\ 

\ 
1t\

t\
\ 

8 
10

 
12

 
14

 

II
 'u
 n, ,,
 

F
R

E
Q

U
E

N
C

Y
 IN

 H
z 

I 

,
t 

,. •' 16
 

F
ig

u
re

 4
 3

 
4

5
m

 a
rr

a
y 

co
n

to
u

r 
p

lo
t 

sh
o

w
in

g
 c

o
n

ta
m

in
a

te
d

 d
a

ta
 s

e
t .. 

A
B

O
V

E
 

91
 

~
 

8
3

 -
91

 

C
J
 

7
6

 -
8

3
 

[
7

 
6

8
 -

7
6

 

~
 

6
0

 -
6

8
 

11
11

 
B

E
L

O
W

 
6

0
 



18
0 

CI
: 

16
0 

W
 1

40
 

I
i 

co
 
~
 1

20
 

I 
~ ' ' 

::
:)

 1
00

 
( ;I

 

z 
' 

80
 

{ 

~
 

' ~ t 

<
( 

60
 

,, 

-.
J
 

W
 

40
 

a
, 

co
 

20
 0 
15

 

1
\ 

~ 
t; 11

1\
 

t 
~ 

\ 

\
\
 
~ 

I 
, r

, i
i 

I 
.J

_
(j

£
_

tt
 

\,'
 

I .,. 

' ', I
~

 
,,

.,
, 

I' 
' 

• 

\ :
'I 

~,
; 

\\
\l

) 
~ 

r~1 
..J

 
t 

l11 
~t~ 

\\\
\1

 
'h\

 
t }

 l 
\\

\\
 \ 

<
\ 

', 
\
t
l
l
 

I 

f'
 

~
 

I 

,1\1
 

,..\-
1\ 

i '
 i

', 

u 
' 

/

11 , 
l 

I 
"1,,\

~ 
t\

 
•.

 
,;

 
.l\

'fn
lF

 
'
~

 
.il

llim
il 

; 
iS

h.
U

ti~
 

~
-

~
 

Ill
\ 

t1
 

~"
1·

~'
 

.
f
l
\
~

 
., 

I''
 u 

•11
1 

~
,
 

, 
ll
 

tt
) 

t\. 
i;_t

 
U

S
.W

t 
t 

1'
ti 

i
.,

 
11

 
~

t.
t 

q 
I 

i\ 
'1

 
:t

 
ri

1
 

n1
 

a1 
tj

\'t
.t

 

t·t 
'\' W

I 
'.:r 

, 
;\ 

\ 
1.\

1¥
( 

/\'
 

I 
m

8
!I

; 
\,,\

I\ 
'l\ 

j 
l:'

li'
i'/

' 
ll
 

_r
l>

 
u1

. 
1-

-,
;.

 
im

l1
 

)f
 

I,
 

' 
•J

 
--

It 
/f

f 
o 

If
 

, 
~
 t

 
~~

+"
 .. ,u&

 r
 

20
 

25
 

30
 

35
 

40
 

F
R

E
Q

U
E

N
C

Y
 IN

 H
z 

F
ig

ur
e 

4 
4 

R
e

p
re

se
n

ta
tiv

e
 c

o
n

to
u

r 
p

lo
t 

fo
r 

an
 1

8
m

 a
rr

ay
 

45
 
Il

l 
A

B
O

V
E

 
98

 1
 

li
il

 
95

 0
-

98
 1

 

C
J
 

9
1

9
-

9
5

0
 

L
7

 
88

 8
-

91
 9

 
r
, 

8
5

7
-

8
8

8
 

.. 
B

E
L

O
W

 
85

 7
 



C. 6m Arrays 

The frequency range for the 6m arrays (approximately between 50-80 Hz and 125 Hz 

depenchng on the aperture of the array) was the region for wluch the most data was 

available, mcludrng enough low wmd-speed data to use the two-process model Fig­

ure 4 5 is a representative example of a contour plot from a 6m array The honzontal 

pedestal m the vertical drrect10nahty field 1S readily apparent at all frequencies, as 

1S the decrease m noise level with mcreasmg frequency Also apparent m this figure 

is the chfference m no1Se level between the upward loolong beam (beam O) and the 

downward looking beam (beam 180) winch was dlScussed m the mtroduct1on For 

example, at 90 Hz, the power m the downward-looking beam 1S below 62 dB, whereas 

the power m the upward-lookmg be.am 1S between 62 dB and 68 dB At frequencies 

close to the cut-off frequency of the array (125 Hz m thIS case), tlus difference m 

power is no longer apparent m the figure Tius is due to the mabili ty of the beam­

former to dlStingU1Sh between signals amvmg from upwards or downwards end-fire 

as discussed m section 2 II E 

Figure 4 6 1S another example of how the contour plots were used to identify 

contannnated data sets In thIS case, a source or several sources were present wluch 

had steep arnval angles wlnch could contammate the end-fire data due to the width 

of the mam lobe For thIS data set, the sa.entrlic log confinned that there was a slup 

operatmg nearby at the tune the measurements were taken The lugh amval-angle 
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signals present m tlus plot were probably due to duect or bottom bounce arrival paths 

of sound from tlus slnp 

Figure 4 7 can be used to estrrnate the side-lobe suppression of the array There 

is a strong signal present at the honzontal at approxunately 123 Hz with a strength 

of greater than 77 dB The observed power m the end-fire beams at this frequency is 

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

D. 3m Array 

The 16 element, filled 3m array, deployed m 1986, had the largest effective frequency 

range (approxrmately 70-250 Hz) because of its relatively large aperture and number 

of elements Figure 4 8 is a representative example of a contour plot from this array 

The pedestal at 00° to the array m the vertical noise field is evident at all frequenaes 

withm the effective range, and the noise level decreases with mcreasmg frequency 

The side-lobe suppression, estlmated from the plot, is at least 21 dB for this array 

E. 2m Arrays 

Figure 4 9 is a representative example of a contour plot for the 2m arrays The 

effective frequency range for these arrays is between approxrmately 225 Hz and 350 

Hz Once agam, the pedestal effect is evident at all frequenaes withm tlus range 

and the noise level decreases with mcreasmg frequency The chfference m noise level 

between the upward and the downward lookmg bea.rm is also apparent m this plot 
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The best estrmate of side-lobe suppression available from Figure 4 9 1s that the 

suppression is greater than about 8 dB This is due to the fact that no strong signals 

were present to use as a reference and, as ment10ned m the mtroduct1on m section 

IV, the chfference between the noise level m the honzontal and the n01se level m the 

vertical is less at these high frequenaes than at lower ones Because of tlus the side­

lobe suppression 1S not as cntical at these high frequenaes as it 1s at lower ones and 

the actual side-lobe suppress10n of the array 1s probably nruch greater than 8 dB 

II. Estimates of Wind-Generated Noise Model 

Parameters 

Plots of the measured surface source level vs the loganthm of the wmd speed at 

vanous frequenaes over the band studied are shown m Figures 4 10 to 4 27 The key 

to the symbols used to identify data from chfferent sets is shown m Table II 

I Symbol I Year /Set I Symbol I Year /Set I 
1977/1 1983 

1977/2 1984 

1978 1985 

1981 1986 

Table 4 1 Key to symbols m noise level vs wmd speed plots 
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Figure 4 18 Surface n01se level vs wmd speed at 120 Hz 
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Included m these figures are the hnes corresponding to the best fits to the param­

eters of the model outhned m section 3 II For the frequenaes beb\een 80 Hz and 

100 Hz, three separate hnes are mcluded which are the estrmated fits to the data 

for the low-Wllld process, the high-Wll1d process, and the total noise For all other 

frequenaes, only the high-Wll1d process hne is mcluded as not enough low-wmd data 

was available to calculate the para.meters for the low-Wllld process The model pa­

rameters which were calculated by regresS1on analyslS from the measured data are 

summanzed m Thble III 

As can be s~ from the nolSe level vs Wll1d speed plots, there 18 a farrly wide 

spread of nolSe levels at some of the Wll1d speeds- most notable at Wllld speeds of 5, 

10,15, and 20 knots Tius spread 18 larger than would be expected from Just random 

vanations m the n01se generation and could cause errors m the values determmed 

for the model parameters Tius spread could be due to a number of factors which 

could not be accounted for with the available data. The most obVIous possibihty is 

eVIdenced by the fact that the me.a.sured wmd speeds are clustered around factors of 

5 knots The Wll1d speeds used m this study were denved from the bndge logs of the 

research vessel, where the deck officers were requested to record Wll1d speeds from the 

ships anemometer ff any estimation or round.mg was done by the deck officers, the 

lower levels m the spread for any particular Wll1d speed could have resulted from a 

roundmg up of the wmd speed :measurements when they were recorded and VIce-versa 

for the higher levels 
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I fr~ II AL I nL I rL I AH I nH I rH I 

10 5017 0 73 094 

50 32 83 126 099 

60 4369 080 098 

70 3829 092 097 

80 4626 016 099 2704 128 097 

90 45 70 026 099 18 77 153 098 

100 43 21 035 099 2027 1 45 098 

110 4300 036 099 1693 156 098 

120 4499 030 099 21 72 141 097 

150 3769 081 096 

175 3739 081 096 

200 5191 034 084 

225 4592 056 085 

250 4774 047 086 

275 3765 082 090 

300 4322 062 091 

325 4500 0 51 090 

340 3388 095 091 

'Thble 4 2 Estrmates of wmd-generated n01se model parameters 
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Another possibility to be coI1Sidered. for explaunng the spread m n01se levels 1s 

the consideration that surface agitation IS dependent not only on mstantaneous wmd 

velocities, but also on such factors as the fetch and durat10n of the wmd and even, to 

a lesser extent, on the temperature and density of the arr and water which deternunes 

the fnct10n velOC1ty [18] The fetch could be a maJor considerat10n, smce no mfor­

rnation was available on the spatial characterIStics of the wmd field and small scale 

weather systems nnght could result ma lngh measured. wmd speed with lilSuffiaent 

fetch to fully develop the surface agitation The duration of the wmd could also be 

a rnaJor factor If, as Marrett and Chapman [10] found m theu data and IS also 

physically reasonable, there is a tune lag between a change m Wllld veloaty and a 

change m noISe level, this could contnbute to the spread m the data pomts 

Fmally, there are many noISe generation mechamsms m the ocean other than 

wmd speed wluch could conceivably arnve at angles to the array which would not be 

filtered. out by the beamformer Such mechamsms mclude seisnnc noISe ( only at very 

low frequencres), biological n01se, clo.5e-m shippmg noISe, and system self-n01se 

Some attempts were made to reduce the possibility of, or the effect of, contann­

nat10n of the data by non Wllld-generated. noISe sources The contour plots of n01se 

mtens1ty vs elevat10n angle and frequency helped to ehnnnate data sets which showed 

strong Signals at lngh vertical angles to the array Also, the data was weighted. dur­

ing the regression fit to emphasize the lower noISe levels at a particular wmd speed, 

assummg that any contannnafaon would raISe the level These attempts, however 
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do not preclude the poss1bity that sources other than Wllld-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 m the estllllated model parameters These mclude the effect 

of side-lobe contannnat1on, array tilt , sample size, and error m the high-wmd model 

parameters for the frequenaes where not enough low-Wllld data was available to use 

the two-process model 

O:mtannnation of the end-fire data by noISe entering through the side-lobes of 

the array beam pattern was a rnaJor concern m the design of the arrays and the 

data-processmg procedure As Burges.5 and Kewley [7] pomted out, it 1s llllportant 

that the side-lobe re.1ect1on be greater than the difference between the n01se level at 

the horizontal m the noise pedestal and the n01se level m the vertical The side-lobe 

levels m the beam patterns for the arrays used m tlus study were reduced as much as 

was poSSible given the constramts mentioned m section 2 II C, and the exarnmation 

of the contour plots chscus.5ed above suggest that Burges.5 and Kewley's [7] cntenon 

was met However, if Side-lobe contammat1on was present m the data, 1t could affect 

the estrmates of all the model parameters By rrusmg the measured n01se level equally 

at all Wllld speeds, Side-lobe contanunat1on would not affect the values obtamed for 

n m the fits, but would raise the values for the A's More hkely, however, Side-lobe 

contammation would raise the levels for the low wmd speeds more than for the higher 

ones Tius IS due to the fact that, as Axelrod et al [13] pomted out, the difference 
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between the honzontal n01se levels and the vertical n01se levels is greater at lo,,er 

Wl.Ild speeds In tlus case, s1d~lobe contammation would have the effect of b1asmg 

upwards the A values m the fit and b1asmg downwards the n values 

A ttlt m the array axis would cause the up end-fire beam to pomt away from 

directly at the surface by an angle equal to the ttlt angle, which could affect the 

results if a highly directive array (1 e one with very good angular resolution) was 

used The array tilt was measured and recorded for each data set used m this study, 

and 1t never exceeded 3-4° Smee the beam widths of the arrays used were very broad 

(between 25° and 60°, 1t WdS assumed that array ttlt had a negligible effect on the 

data presented 

The effect of sample size on the results depends on whether the data 1s time 

stationary over the penod of sarnphng Stationarity had to be assumed m order to 

perlorm the analyS1S, non-stat1onanty m the data would cause errors m the Founer 

transform and therefore m the estimates of the model parameters In this study, 40 

averages of the FIT's of blocks of 2048 data pomts were used m the determmat10n 

of the covanance matnces, corresponchng to a sampling penod of approXllilately 55 

seconds In order to confirm that this was a reasonable number of averages to work 

with, a simple check was made usmg a representative data set Beam powers for the 

upward lookmg beam were calculated usmg 10, 20, 40, 80 and 200 averages These 

beam powers were scaled and compared and are tabulated m 'Thble 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 

30 805 79 0 789 791 788 

60 67 8 70 0 694 69 8 69 5 

100 57 5 586 580 570 57 2 

125 623 62 0 609 606 609 

Table 4 3 Companson of beam powers for vanous averages 

withm ±1 dB for 40, 80 and 200 averages 

No mdependent statIStical check was made on the stationanty of the data pre­

sented m tlns report, but the results of other researchers mdicate that deep-ocean 

ambient n01se data IS stationary over rrruch longer tnne penods than were used m tlus 

study (approximately 1 nunute averaging tnne) Sotrrm and Hodgkiss (16] examined 

the stationarity of their data with statistical checks and found that their data were 

stationary for up to 50 rrnnutes at low wmd speeds and 20 nunutes at lugh wmd 

speeds, Jobst and Ac:lam5 [28] found stat10nanty m their data for up to 22 rmnutes 

for unreported wmd speeds, and Arase and Ara.5e [29] found stationanty for up to 3 

mmutes at Wlild speeds between 20 and 30 knots 

Fmally, for the frequencies where not enough low Wlild-speed data was available to 

calculate AL and nL, all that could be done was to fit a straight lme to the high-Wlild 

data For these frequenaes, if nL ~ 0 0, then the estunates of nn would be biased 
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to lower values Without a larger data set to work from, nothing could be done to 

av01d tlus bias 

III. Plot of Source Level vs Frequency at Various 

Wind Speeds 

Usmg the estnnated fits to the wmd-generated n01se model parameters at the selected 

frequenaes, it was poss1ble to produce a plot of the estnnated source level of the wmd­

generated noJ.Se for vanous wmd speeds This plot is shown m Figure 4 28 From this 

figure, it IS eVIdent that the measured surface noISe level IS dependent on the local 

wmd speed at all frequenaes studied The general trend eVIdent between 10 Hz and 

150 Hz is a decrease m noISe level with mcreasmg frequency Beyond about 150 Hz, 

the noISe level appears to be approxnrntely mdependent of frequency except for the 

peak at 200 Hz ( most evident at the lower wmd speeds) winch could be lilSigruficant 

due to the relatively small number of observations available at tlus frequency 
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Chapter 5 

Discussion 

In order to compare the results presented m tins paper to those m the literature, a 

plot of source level vs frequency at vanous wmd speeds was produced winch mcluded 

the results reported by other researchers for smnlar data as compiled by Kewley et 

al [2] Tins plot IS shown as Figure 5 1 It IS evident from the figure that the 

noISe levels estunated from our data are, on average, slightly lngher ( appro:xunately 

3 dB) than those presented by Kewley et al [2] Tins could be due, m part, to 

contarrunation of our data by non wmd-generated sources such as slnppmg, Sillce 

mosts of Kewley et al 's data was collected m the southern hennsphere ill areas of 

low shippmg density The difference could also be due to the different approaches 

used m detemnrung the source level Kewley et al used the difference ill power 

between the upward-loolang beam and the downward-lookmg beam to take out the 

effect of rrrultiple bottom bounces as dIScussed m the mtroduct1on In our analys1S, 
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however, it was found that this chfference was not coI1S1stent enough to rely upon, 

and actual bottom-loss measurements, m conJunction with a propagation model , ,,ere 

used to ehrrnnate the effect of rrrultiple bottom bounces 

An mterestmg feature, apparent m the figure, is that Kewley et al also found a 

peak m the n01se level at 200 Hz In their final presentation of the data, they showed 

a smoothed lme at e.ach wmd speed which did not have this peak, assummg that 

it could be a result of experimental uncertamties Although not enough data were 

available m this study to confinn that this peak was signrlicant, the fact that Kewley 

et al 's data show it as well suggests that further mvestigation 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 

Tins is supported by the theoretical results of Omta [30] He modelled the behaviour 

of clouds of bubbles disturbed by pressure fluctuations and formd a resonant peak 

around 180 to 100 Hz for many chfferent modelled bubble distnbutions 

The results presented m this thesis seem to support the hypothesis of a two process 

model as discussed m section 3 II The plots of noise level vs wmd speed for the 

frequencies from 80 to 100 Hz show an mflection pomt at a wmd speed of 10 knots, 

with the slope of the noise level vs log of the wind speed lme mcreasmg past this 

pomt At the other frequencies, not enough low wmd-speed data was available to 

comment on tlus feature More data, espeaally at the lower wmd speeds would help 

to confirm the validity of this hypothesis 
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The unportance of bottom-loss measurements to the detemnnat10n of the source 

level of wmd-generated ambient noise became readily apparent m the analysis of the 

data presented here If the bottom-loss correct10n descnbed m section 3 I were not 

apphed to the data, the result obtamed for n01se level m dB would be biased upwards 

by 10 log10(1 - b) where b 1s the bottom reflection coeffiaent If all the data were 

taken at the same location, only the value of the A parameters m the model would 

be affected and not the n (slope) values When usmg data from different areas, 

however, with chfferent bottom reflection coeffiaents, the values of both A and n 

could be seriously affected by a fatlure to consider and remove the n01se contnbuted 

by nrultiple bottom-bounce paths 

Figure 4 28 represents the realization of one of the maJor obJectives of this study m 

that 1t proVIdes a means of estnnatmg the surlace noise level at a particular frequency 

given the local wmd speed As mentioned m the mtroduction, this mforrnation IS vital 

to the accurate study and prediction of total ambient noISe fields m the ocean 
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Chapter 6 

Suggestions for Further Research 

The results obtamed ill tlns study from the available data suggest a need for further 

research ill the area and illillcate several avenues for future studies One of the 

chfliculties encountered ill processmg the data denved from the fact that a relatively 

small number of hydrophones was used ill the expenment Thus, when the spatial 

wmdow was apphed to reduce side-lobe levels ill the beam patterns, the frequency 

range of the arrays were hnnted by the illcrease ill beam width Vv1th the decrease m 

frequency Tlns could be rmproved by employmg more hydrophones m the array and 

thus mcreasmg the array aperture 

Increasmg the array aperture ( and thereby decreasing the beam width at all fre­

quenaes) would also aid ill studymg the fine structure of the vertical n01se field This, 

m turn, would allow an illvestigat1on of the rachat1on pattern of the wmd-generated 

n01se sources Tius rachation pattern (represented by the a(0) m Banmster's [12] 
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model) would help to identify the actual mecharusm generatmg the n01se and allow a 

deternnnation of the source level mdependent of the source radiation pattern ,, luch 

was not possible m this study due to beam width hmitations 

In order to study the effect on measured no1Se level of the duration of the ,,md, 

as the data of Marrett and Chapman (10] suggest 1S an rmportant factor, it would be 

very useful to have more frequent observations of both the surface no1Se level and the 

wmd speed In this -way, it would be possible to mvestigate the time-lagged cross­

correlation between the two and to use tlns mfonnation to account for the affect on 

no1Se level of the duration of the wmd 

As pomted out by Prosperetti [18], the wmd velooty and duration are not the 

only factors mfluencmg surface agitat10n and therefore the no1Se generated Arr and 

water temperature and deilSlty affect the wmd friction velooty which, m turn, affects 

the surface agitation Measurements of these parameters are necessary to detemune 

how rmportant they are 

Fmally, to rmprove the stat1Stical accuracy of the estimates of the model param­

eters, more data lS needed for all wmd speeds, espeoally the lower ones and better 

estimates of the wmd speed are required This could be accomphshed by deploymg 

the array for a long period of tnne or dunng the passage of a weather system which 

could be expected to produce a good range of wmd speeds and by usmg a more reliable 

and obJective method of measuring the wmd speeds such as a stnp chart recorder 

In order to accomphsh these obJectives, a large amount of ship time, manpower, 
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and processmg power would have to be expended However, given the importance 

of accurate mput estllllates of Wllld-generated noise levels to the predict10n of total 

n01se levels m sophisticated prediction models [1, 2], 1t 1s felt that the results would 

be worth the effort 
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