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1 INTRODUCTION 

The formation of the Study Group on Research Vessel 
Noise came about because of increasing concern over 
the effects of underwater noise radiated from research 
vessels. Evidence has been steadily accumulating of 
adverse fish reaction to some vessels. For the purposes 
of fisheries research it is important that the natural 
distribution of fish should be disturbed as little as pos- 
sible during population surveys, regardless of whether 
the sampling is by means of trawl, or acoustic meth- 
ods. In this connection the statement has been made 
that, "scientists making underwater observations and 
measurements need quiet vessels for the same reason 
that astronomers have to site their telescopes on 
mountain tops, that is, to prevent the source of energy 
they need to measure from being obscured by other 
unwanted sources of this energy" (noise). The needs of 
the fisheries scientist go further, because they are 
seeking an elusive prey, sensitive to noise, not inani- 
mate objects. 

In 1993 the study group produced an interim report 
that was presented to the 81" Statutory meeting in 
Dublin (Anon. 1993). This stated that insuffkient in- 
formation was available at that time to fully address 
the terms of reference. It was concluded that a detailed 
study was needed of the published literature relating to 
ambient noise in the sea, fish hearing, fish reaction to 
noise and vessel noise. Members of the study group 
were requested to obtain copies of vessel noise signa- 
tures and to send these to the chairman. Where such 
signatures had not already been measured it was rec- 
ommended that attempts should be made to do this, 
either by using established noise ranges, or by the 
provisional method outlined in the report. 

During 199314 examination of the literature relating to 
ambient noise, fish hearing, reaction of fish to noise, 
ship's noise signatures and effects of noise on scien- 
tific echo-sounders has been undertaken. Where ap- 
propriate, data have been extracted and re-worked, or 
re-plotted, to provide a clearer understanding of the 
way the various factors interact. An important aspect 
has been the examination of information on fish 
hearing and the merging of data sets to show the 
equivalent pressure threshold sensitivities from infra- 
sound* to ultrasound frequencies. In assessing the po- 
tential of noise to cause avoidance reactions of fish 
when vessels approach them there is no direct evi- 
dence on the precise nature of the stimulus. However, 
measurements of reaction range can be related to cer- 
tain features of typical noise signatures. Due to greater 

* 
Professor J.H.S. Blaxter has pointed out that the 

terms 'infrasound' and 'ultrasound' refer to classifica- 
tion bands of human hearing and have no direct rele- 
vance to fish hearing. However, they serve as a useful 
reminder of the frequencies being discussed so are 
retained in the text. 

loading on the engine and propeller, noise levels are 
raised when vessels are fishing, thus increasing the 
risk of scaring fish from the path of the vessel and the 
trawl. Other factors may also alter fish sensitivity to 
noise, e.g., whether they are feeding, or migrating, 
their physiological condition, water temperature, local 
light levels, etc. 

Mention should be made of the concerns being ex- 
pressed about the effects of increasing noise levels in 
the sea on marine mammals. However, dolphins such 
as Tursiops truncatus emit sounds with levels of 
greater than 200 dB re 1 pPa so there seems little 
likelihood that any noise from vessels, or from sonar 
devices used in fisheries acoustics would interfere with 
these creatures in normal circumstances. 

Where acoustic surveys are undertaken, in addition to 
avoiding any disturbance of the natural distribution of 
the fish, it is necessary to ensure that the fish target 
strength distributions and echo-integrator results are 
free of bias due to high-frequency noise. Here the pro- 
peller is the main source but the flow in pumps and 
piping, hull roughness and hull protrusions can all add 
significantly to the noise signature. Ideally, it should 
be possible to detect signals down to the level of the 
ambient noise in the sea but as shown in Section 2 this 
is not a stable parameter, originating as it does from a 
variety of sources. 

The propulsion power of vessels has continued to in- 
crease, it is now approximately twice that used 25 
years ago and such an increase has potential for the 
production of higher noise levels. Individual noise 
signatures of some vessels have been examined with a 
view to describing the origins of radiated noise and 
relating these to engines, gearboxes, propellers, 
pumps, etc. Where possible, the characteristic noise 
spectrum of these items of machinery is demonstrated 
in terms of changes to the frequency and amplitude of 
the vessel signature. Some machinery configurations 
have the potential to produce higher noise levels than 
others but the extent of actual differences depends on 
many factors including the construction of the hull and 
particularly on the operational aspects of speed con- 
trol. The latter effect is seen most clearly in the case of 
controllable pitch propellers (CPP7s). 

In practice it may be necessary for some form of com- 
promise to be reached in setting an underwater radi- 
ated noise specification when a vessel is to be con- 
structed (or chartered for a specific project). This 
document addresses the selection of such a compro- 
mise by discussing the factors involved and thereby 
outlining the possible consequences of not meeting the 
recommended levels. 

The final report of the Study Group was discussed 
during a one-day meeting in Montpellier in April 1994 
and was submitted to the 82nd Statutory Meeting held 
in St. John's Newfoundland (Anon. 1994b). It was 
accepted, subject to final review by the chairman of the 
Fish Capture Committee. The venue's for the meetings 



of the Study Group, a list of members names and the 
names of those who participated in the meetings is 
given in Appendix 3. 

Note: To avoid undue repetition of pressure units in 
the text, sound pressure levels in the report are abbre- 
viated to N dB. The definition is N dB re 1 p a .  When 
the sound pressure levels are given in relation to a 
source, e.g. ra&ated from a vessel, or transmitted by 
an echo-sounder, the reference distance is 1 metre. All 
source levels of a vessel refer to a 1 Hz bandwidth, i.e. 
N dB re 1 pPa (1 Hz band) at 1 m, unless otherwise 
stated. 

Acknowledgements 

Thanks are expressed to the members of the group 
who provided information, data and helpful com- 
ments. Appreciation is expressed to M r  E J Sim- 
monds who wrote Section 2 of the report, M r  I 
Svellingen and M r  H P Knudsen for Appendix 1, to 
Dr G P Arnold for discussions and an extremely 
helpful, critical review of the manuscript. Thanks 
are also due to M r  E Ona for help and encourage- 
ment and Dr K G Foote for supplying many refer- 
ences.2. 



2 AMBIENT NOISE IN THE SEA 

2.1 Introduction to ambient noise 

The ultimate limit to detection of a wanted signal is 
ambient noise. Noise is the unwanted sound present in 
an acoustic measurement system. Ambient noise is 
that part of the noise independent of the observation 
system and always present in some form in the sea. 
Wanted signals in the present context may be defined 
as the echoes received by any sonar, or echo-sounder, 
especially those from fish being acoustically surveyed. 
But there is also a need to recognise that fish have 
good hearing capabilities and that their detection of 
sound will ultimately be limited by the level of ambi- 
ent noise (Buerkle, 1968 & 1969). It is therefore im- 
portant to recognise the sources of such noise, its vari- 
ability in terms of frequency spectrum, level, locality 
and directionality. 

Knudsen a d. (1948) published a report which sur- 
veyed and compiled the "principle available data on 
underwater ambient noise" to March 1944, it was con- 
densed from a much longer, recently declassified, sur- 
vey report. In scope, it covers sources and levels of 
noise under a variety of conditions and in widely sepa- 
rated localities. Later, the methods of noise generation 
are well-described by Ross (1976), whereas Wenz 
(1962) and Urick (1986) deal with levels of ambient 
noise. Short reviews of both the mechanics of noise 
generation and resulting ambient noise levels are 
found in McCartney (1971) and Urick (1983). 

2.2 Sources of ambient noise 

There are many sources of such noises which may be 
classified as either: 

+ physical - wind driven, turbulence, seismic, ther- 
mal, rainfall, seabed generated and icebergs; 

+ biological - animal sounds and movement; 

+ man-made- shipboard machinery, propeller, water 
flow around, and discharges from, the hull. 

These diverse sources all contribute to the generation 
of background noise levels but the ambient level is not 
the result of noise sources alone; it also depends on 
propagation conditions and the absorption of sound in 
seawater (Francois & Garrison, 1982). Propagation is 
dominated by thermal conditions in the water, particu- 
larly the depth of the thermocline, but the structure of 
the seabed and sea surface also contribute substan- 
tially. Sound is transmitted easily into soft sediments, 
where it is largely absorbed, but is reflected from rock 
with much lower losses. Noise levels are reduced by 
absorption in both seawater and the seabed. 

Low frequencies propagate for great distances with 
little absorption in seawater but the amplitude of high 
frequency components of noise is diminished. The 
resulting spectrum depends on the contributions of 

these different mechanisms of sound generation and 
conditions of local absorption. Sound generation is 
dominated by different physical phenomena in differ- 
ent frequency bands. Above 20 kHz, thermal noise 
(Mellen, 1952) is generated by molecular collisions. 
For frequencies between 200 Hz and 50 kHz the main 
controlling factor is the complex interaction of wind 
and sea surface. Surface ocean wave interaction 
(Hughes, 1976) and breaking waves with spray 
(Wilson, 1980) and Kerman (1984), have been identi- 
fied as important sources of noise. Wind induced bub- 
ble oscillations and cavitation (Furduev, 1966; Ross, 
1976) are also near-surface noise sources. 

Local noise generated at the seabed may pose problems 
in the echo-detection of fish (Anon, 1927; Johnson & 
Muir, 1960; Millard, 1976; Harden Jones & Mitson, 
1982; Thorne & Foden, 1988). This noise arises from 
the movements (collisions) of particles of sand, or 
gravel, caused by tidal action and covers a wide fre- 
quency band from below 30 kHz to above 300 kHz. 

Ice in polar regions adds considerably to the noise 
spectrum, attenuating the effects of wind induced noise 
when the sea becomes frozen and increasing it in in- 
termediate states. Both cracking ice and the collisions 
in pack-ice can add to the noise level. Lynch, gt 4. 
(1993) show examples of the different noise levels 
through the year due to the extent of ice in the Green- 
land Sea. 

Ambient noise in the sea increases continuously as the 
lower frequencies, below about 50 kHz, are approached 
(Urick, 1983). From 200 Hz to 10 Hz shipping noise is 
dominant and it is important to remember that this 
forms part of the ambient noise spectrum. A single 
vessel carrying the sensing equipment, or operating 
close by, may give rise to a different spectrum. The 
major source of shipping noise is the propeller and 
other rotating machinery such as main engines, gear- 
boxes, generators, or fans. Other sources exist, such as 
vortex shedding from the hull, noise generated by 
pipes open to, and discharging into the sea, and noise 
associated with the wake. Shipping noise is site spe- 
cific, as illustrated by comparisons between sites on 
the Scotian Shelf and the Grand Banks by 
Zakarauskas, a. (1990). Their study reports that 
choice of site has a critical effect on measured noise 
where the type of seabed sediment, and depth of the 
thermocline, dominate propagation. Wave and wind 
interactions were identified as the main natural influ- 
ences, with shipping as the major low frequency fac- 
tor. 

Microseisms, or gravity waves, are the major natural 
source of infrasound (frequencies between 0.02 Hz and 
20 Hz). Below 10 Hz the spectral slope is steep, in- 
creasing by about 12 dB per octave in the range 10 - 1 
Hz and about 20 dB per octave below 0.1 Hz (Nichols, 
1981). Among the suggested sources of t h s  high level 
of infrasound are turbulence due to ocean currents and 
seismic motions of the ocean floor (Wenz, 1962; 



Urick, 1974). The Mid-Atlantic Ridge, being an un- 
stable area, may be an important source of sound be- 
cause low-frequency noise can propagate over long 
distances with little attenuation, thus causing a pattern 
of infrasound in the sea with regional variation in the 
directional characteristics. Kibblewhite & Ewans 
(1985) describe wave-wave interactions as a major 
source of infrasound. Recent studies of data collected 
from Wake Island hydrophone arrays (McCreery, a. 
1993) in the North West Pacific Ocean have added to 
the understanding of very low frequency ambient 
sound levels. Fish can detect infrasound and Sand & 
Karlsen (1986) put forward the hypothesis that they 
may utilise information about the infrasound patterns 
in the sea for orientation during migration. 

2.2.1 Biological sound sources 

Biological sources of sound (noise) are common and 
are normally site specific. Tavolga (1964) edited a 
volume on this subject and Fish & Mobray (1970) 
provided a more analytical approach giving consider- 
able data on individual signatures. Brawn (1961) gave 
details of the sound production of cod and recently Myr- 
berg, a gj. (1993) gave details of the sounds of bicolour 
damselfish. The literature on mammals as sources of 
underwater sound is extensive, and is well- 
documented in two books, Purves and Pilleri (1983) 
and Au (1993). Both provide an excellent source of 
information and further reference. Generally, dolphins 
and killer whales generate sound in the region 5 to 
200 kHz, while some of the larger whales produce 
sound below these frequencies. Watkins, a a. (1987) 
report 20 Hz signals attributed to finback whales as do 
McCreery, &. (1993) in their Wake Island study. 
Propagation losses due to absorption of sound above 
10 kHz guarantees that biologically generated sound at 
these frequencies is not important except as isolated 
incidents when the animals are close to the observer. 

2.3 Levels of ambient noise 

There has been a steady upward trend in ambient noise 
levels since the end of World War 11, partly because 
the number of ships has doubled but, more impor- 
tantly, due to the dramatic increase in propulsion 
power for all types of vessel. As Ross (1993) points 
out, the level has gone up by around 0.5 dB per year 
since 1950, leading to an overall increase of more than 
10 dB in some areas, the East and West Atlantic 
showing the highest levels. 

Wenz (1972) and Urick (1986) give summaries of the 
spectrum levels of ambient noise. These are largely 
based on data from deep water although some conti- 
nental shelf shallow waters are included. Figure 1 
(after Wenz) covers 1 Hz to 200 kHz and gives a good 
indication of the likely noise levels but information on 
the levels of shipping and wind induced noise are less 
specific. In figure 2 the spectrum level, redrawn from 
Urick (1986), is shown from 1 Hz to 1 kHz. This is 

probably more useful for prediction, being explicitly 
labelled with wind speed and indications of shipping 
density. Urick describes these curves as "eyeball spec- 
tra" and suggests "they may be said to have some 
practical value whenever a grand average level, valid 
world-wide, is required". Subsequent studies found 
results that differ only slightly from the levels pre- 
dicted by Urick from 5 Hz to 1 kHz and these can be 
used as a guide. Above 1 kHz the curves from Wenz 
may be used, or the wind speed specific curves from 
Urick, extrapolated. The spectrum level decreases with 
frequency at 5 dB per octave to a minimum between 
20 to 100 kHz, depending on wind speed. Above this 
frequency thermal noise is the dominant factor 
(Mellen, 1952) although it can be detected down as 
low as 20 kHz under favourable circumstances. Calcu- 
lation of thermal noise can be made from Mellen 
(1952) 

NL (the,,,,al) = -15 + 20 log f - DI - log q in dB re 1 p a  

where f = frequency in 1<Hz; DI = directivity index of 
the receiving transducer, and q = transducer efficiency 
(%). 

Ambient noise is anisotropic in some frequency bands, 
this is particularly so in the vertical plane and at high 
sea states. Becken (1964) made measurements between 
750 Hz and 1.5 kHz at about 50 m depth (but similar 
effects have been noted up to 5 kHz) and obtained the 
distribution shown in Fig. 3. 

The arrowhead shape of this figure is explained as 
follows: the arrow tip is directed normal to the surface 
and represents maximum intensity arriving from the 
surface direction. The tail indicates noise originating 
at the surface which has been specularly reflected from 
the seabed. At about + 15" to the horizontal the 
marked null in the vertical distribution is due to two 
effects. First, contributions from the surface source, to 
the horizontal, or near horizontal distribution, arrive 
from greater distances than contributions to the off- 
horizontal distributions and have therefore experi- 
enced greater attenuation from spreading and absorp- 
tion. Second, the level of radiation from the surface 
source in horizontal directions is more than 20 dB 
below the level of radiation in the downward direc- 
tions. 

Local effects in coastal areas can sometimes have a 
time-varying (due to tidal flow) influence on ambient 
noise levels, e.g. typical spectrum levels measured in 
the vicinity of large sandwaves (Harden Jones & Mit- 
son, 1982) have been measured as shown below in 
Table 1. 



Table 1. Noise levels generated by tidal action on sand 
ridges. 

Frequency Noise level (dB re 1 pPa at 1 m) 
(kHz) 

3 0 98 

100 75 

300 127 

This form of local noise can restrict the operation of 
sonars and cause misleading echoes to be recorded. 

For the infrasound region the spectrum level of ambi- 
ent noise in the sea, at 0.1 Hz ranges between 120 dB 
re 1 p a  (1 Hz band) at depths of 300 and 1200 m, to 
a maximum of 180 dB at a depth of 13 m (Nichols, 
1981), with corresponding particle accelerations from 
less than md2 to more than ms-'. Nichols' 
data were taken from bottom-mounted hydrophones, 
averaged over a 6-week period during calm summer 
weather off Eleuthera Island. Data with one year aver- 
age levels presented by McCreery, & d. (1993) from 
sites near Wake Island in the NW Pacific, may also be 
appropriate, although levels from their bottom- 
mounted hydrophone at 5500 m are of uncertain origin 
and may be exaggerated below 1 Hz due to bottom 
generated noise. Graphs from both papers are replotted 
in figure 4. 

More precise information on ambient levels of noise 
than that given above is difficult to achieve by calcu- 
lation. Where noise levels are required more precisely, 
specific local measurements must be made, or the lit- 
erature consulted to obtain information for given ar- 
eas. 

2.4 Summary 

+ Ambient noise forms the ultimate limitation to 
detection of "signals" at any receiving (listening) 
point whether it is an echo-sounder transducer, or 
the hearing organs of a fish. 

+ Its origins are diverse, arising from wind at the sea 
surface, seismic activity under the seabed, collision 
of particles close to the seabed, rainfall, animal 
sounds, thermal activity and, generated by ships. 

+ The frequency spectrum and intensity of noise de- 
pends greatly on its origins. 

+ Effects may extend for hundreds of km but are of- 
ten very localised. 





3. FISH HEARING 

3.1 The importance of fish hearing 

How fish perceive, use, and react to sound is of major 
importance in reaching conclusions about the appro- 
priate allowable noise levels radiated from vessels. It is 
clear that fish can detect ship noise at long distances 
when the ambient levels are low but they are unlikely 
to react and move away unless the noise is relatively 
high, typically when the distance is a few hundred 
metres. Noise within a given band of frequencies, 
which exceeds certain levels, may have the potential to 
prejudice results from trawl and acoustic surveys car- 
ried out for fisheries research purposes. Because such a 
possibility exists, the literature on fish hearing 
thresholds is examined in this section of the report. 

3.2 Fish hearing thresholds in relation to pres- 
sure and frequency 

Initial investigation of fish hearing showed a limited 
bandwidth of sensitivity, typically centred in the re- 
gion of 50 to 150 Hz. (Buerkle, 1967; Olsen, 1969; 
Chapman, 1973; Chapman & Hawkins, 1973; Chap- 
man & Sand, 1974). When much of thls experimental 
work on fish hearing took place, from the mid 1960's to 
mid 1970's, auditory thresholds were usually measured in 
terms of particle dqlacement, which was then converted 
to sound pressure (Fay, 1988). Sound pressure thresholds 
from thls era are shown in Fig. 5 where the sensitivity 
of several species are plotted against frequency, indi- 
cating that those fish with swimbladders have the most 
sensitive hearing. Of the published data relating to the 
"commercial" fishes, all, with the exception of herring 
(Enger, 1967), have a relatively restricted frequency 
range, with a steeply increasing threshold at higher fre- 
quencies. The indications from these measurements are 
that the sensitiGty was also decreasing at the lower fre- 
quencies, from, typically, around 20 or 30 Hz. Thls ap- 
pears to inhcate that hearing sensitivity below such fre- 
quencies is limited but the slope of decline is not obvious 
from these data. It should be noted that data from meas- 
urements of hearing thresholds on many fish were com- 
bined so some individual fish may have a sensitivity 
greater or less than that indicated. For example, Chapman 
& Hawkins (1973) used 43 cod from 21 to 47 cm to define 
a mean audlogram. The relationship between fish size and 
hearing is discussed in section 3.2.5. 

3.2.1 Fish hearing mechanisms 

The otoliths of the inner ear are responsible for sound 
detection. Each otolith organ consists of groups of 
sensory hair cells (the maculae) loaded by the crystal- 
line bodies of the otoliths, which are denser than the 
surrounding tissues (Sand, 1974a; Hawkins & Horner, 
198 1; and Fay, 1984). Otolith movement in a sound 
wave will therefore be delayed relative to the maculae, 
thereby creating a shearing movement of the hair cells. 

These cells cannot be stimulated by sound pressure 
variations, as such, in the propagated wave, but only 
by the kinetic sound component of the wave, i.e. par- 
ticle displacement, particle velocity, or particle accel- 
eration. It has now been determined that the auditory 
stimulus for these sensory cells is particle acceleration 
(Lewis, 1984; Sand & Karlsen, 1986; and Kalmijn, 
1988). 

Sound reception in fish is not by the lateral line (Karlsen 
& Sand, 1987; Karlsen, 1992) although the lateral-line 
system has an important role in detecting local, low- 
frequency, water movements when the fish is very 
close to the source (probably a few body lengths, Den- 
ton & Gray (1983)). 

3.2.2 Fish sensitivity to very low frequencies 
(infrasound) 

Infrasound is defined as a wave phenomenon having 
the general characteristics of sound waves except that 
its frequency range is below that of sound audible to 
humans. Sand & Karlsen (1986) and others, have 
measured fish response to particle acceleration down 
to a frequency of 0.1 Hz, thereby showing that many 
fish are sensitive to infrasound (0.02 to 20 Hz). Meas- 
urements of very low frequencies are difficult for a 
number of reasons and the response curves for most 
species show a rise in the threshold of particle accel- 
eration at around 1 Hz or above. Karlsen (1992b) 
states that the reason for apparent reduced sensitivity 
of plaice at 1 Hz is unclear but it could be due to 
masking by the increased respiratory activity of the 
fish, or by the accentuated background movements of 
the test chamber which had a resonant frequency of 
4.7 Hz. Sand & Karlsen (1986) thought that the meas- 
ured thresholds for cod above 1 Hz may have been 
masked by the background noise in the test chamber, 
resulting in a failure to link directly with higher- 
frequency data from Chapman & Hawkins (1973). 
However, the levels at 0.1 Hz are believed to be free of 
masking, or other effects, and workers making the 
infrasound measurements comment that the shape of 
the curves is less important than the biological results. 

Enger gl. 1993, believe that the true response to 
particle acceleration is reasonably flat throughout the 
region down to 0.1 Hz (Fig. 6) although the actual 
threshold sensitivity level varies from species to spe- 
cies. On this basis and their belief that the thresholds 
are correct at 0.1 Hz, the particle acceleration levels at 
this frequency are used as a reference and recalculated 
in terms of sound pressure in dB re 1 p a .  

For practical purposes sound pressure is used to de- 
termine the effect of noise on fish. Taking threshold 
values of particle acceleration at 0.1 Hz for each spe- 
cies as the reference, the equivalent sound pressure 
levels may also be calculated for 1 Hz and 10 Hz. 
These levels show the slope of the hearing response 
threshold of cod and plaice at about 25 dB/decade, 
linking directly (Fig. 7) with data on sound pressure 



thresholds at 20 Hz and above (Mitson, in prep.). This 
figure also shows that salmon are less sensitive to 
sound and have a response slope of almost 35 
dB/decade in the region below 20 Hz. No specific 
measurements have been made on the sensitivity of 
herring below 3 Hz but Blaxter, gt A. (1981) measured 
the startle response of schools and plotted a relative 
pressure stimulus response curve against frequency 
between 3 Hz and 1 kHz. Talung the portion of curve 
with highest sensitivity (at =150 Hz) and relating it to 
previously measured levels (Enger, 1967) the ratios 
can be recalculated in terms of dB. These data have 
been added to Fig. 7 where the 'infrasound' and pres- 
sure thresholds have been re-plotted in terms of pres- 
sure levels to permit calculations of possible detection 
and reaction ranges of fish in relation to noise (Section 
5). 

Section 2.3 showed that, as frequency decreases, infra- 
sound ambient noise levels in the sea rise quickly at 
about 25 dB1decade between 10 Hz and 0.1 Hz, 
Nichols (1981). The rate of increase runs approxi- 
mately parallel to that of the extended fish hearing 
curves of Fig. 7. Data from Nichols (1981) are similar 
at 300 and 1200 m depth and appear reliable, thus it 
can be compared to fish hearing curves. In contrast, 
Nichols data from a depth of 13 m and that from 
McCreery, gt d. (1993) were presented with qualifica- 
tion and must be regarded as less reliable. Although 
the similarity of the slope of ambient noise to that of 
fish hearing cannot be verified, it is reasonable to 
postulate that fish develop hearing compatible with 
ambient levels. 

3.2.3 Fish sensitivity to very high frequencies 
(ultrasound) 

The dictionary definition of ultrasound is "above 
hearing" (i.e. the opposite to infrasound and again, 
this is only relative to human hearing). For the present 
purpose ultrasound may be regarded as any frequency 
above 10 kHz. This concept is introduced because re- 
cent work appears to indicate the response of some fish 
species to much higher frequencies than those dis- 
cussed above. Occasional reports have been made that 
echo-sounders and sonars can cause an avoidance re- 
action in fish (e.g., Callon, 1971; Facay, gt d. 1977). 
These have been treated cautiously, but because echo- 
sounders use frequencies typically two decades above 
the known hearing response of fish, it has been gen- 
erally held that any reaction would be due only to the 
low-frequency "click of the transmitted pulse enve- 
lope. Bercy & Bordeau (unpublished, 1987) looked at 
the output spectrum of a 38 kHz echo-sounder with a 
source level (SL) = 167 dB; the response was only 22.5 
dB lower at 500 Hz. The echo-sounder output con- 
tained no unwanted components so the transducer was 
deemed to be responsible; however, the low frequency 
was also reported to be "relatively" directional and it is 
difficult to reconcile this with normal mechanisms of 
transduction. 

Effects of low and high-frequency sound on blueback 
herring were investigated by observing their reactions 
when subjected to pulsed sources of various duration's, 
Nestler gt a. (1992). Frequencies of 110 to 140 kHz 
with SL > 180 dB produced statistically significant 
avoidance responses. At 100 and 150 kHz the re- 
sponses were reduced. Between 100 Hz and 1 kHz 
(SL = 160 to 175 dB) there were only short term star- 
tle responses. In free-field trials a single transducer at 
either 124.6 kHz (SL = 187 dB) or 130.9 kHz (SL = 
200 dB) partially repelled fish that were about 60 m 
away for about 1 hour. The SL of acoustic survey sci- 
entific echo-sounders are typically 20 dB greater than 
the maximum level quoted by Nestler, gt a. (1992). 

Dunning, a. (1992) used frequencies of 110 - 150 
kHz (SL = 125 to 180 dB) to study the effect on groups 
of 25 alewife's in cages. Pulses at 110 and 125 kHz 
(SL = 175 dB) of 0.5 s duration at intervals of 1 s 
caused these fish to show a strong avoidance reaction 
during the day but little response at night. Similar 
results were obtained in response to a continuous tone 
of 125 kHz (SL = 172 dB) and a pulsed broadband 
sound of 117 - 133 kHz (SL z 157 dB). When the 
pulsed sound was increased to = 163 dB a fairly con- 
sistent daytime response was seen; fish did not become 
accustomed to this stimulus during a 150 minute ob- 
servation period. 

Astrup & Marhl (1993) used an echo-sounder (SL of 
up to = 224 dB) to test the ability of 15 cod in the size 
range 18 - 36 cm to detect sound at 38 kHz. Classical 
cardiac conditioning was used and only fish that could 
be conditioned to sound between 200 - 300 Hz 
(currently considered as the upper end of the useful 
hearing range for cod) were tested for sensitivity to 
"ultrasound. All fish were positioned at a distance of 
0.5 m from the transducer (the near-field extends to = 
3 m) and responded to 3 ms pulses of sound at an av- 
erage threshold of 194.4 dB re 1 pPa. Shaped pulses 
were then used to reduce the wideband energy but the 
results were similar to those obtained with the normal 
echo-sounder pulse. Indications are that the cod were 
responding to the ultrasonic acoustic stimulation and 
not to secondary effects. The authors comment that 
fish may have developed this ability to alert them to 
the presence of echo-locating odontocetes which, on 
the basis of their results, would mean at ranges of 10 
to 30 m. 

No conclusions can be drawn from the present situa- 
tion regarding fish sensitivity to "ultrasound, but it 
should be borne in mind that echo-sounder/sonar 
pulses may have an effect on the behaviour of fish very 
close to a vessel. 



3.2.4 Fish directional hearing 

Many fish possess acute directional hearing in both 
azimuth and elevation (Olsen, 1976; Hawkins & Sand, 
1977; Buwalda &l. 1983; Schellart & Munck, 
1987b). Engbs, a d. (1991a) observed that acousti- 
cally tagged fish appeared to be able to predict the 
bearing of the ship as it approached and to sense the 
directionality of the "butterfly" pattern of the noise 
field in front of the vessel. 

3.2.5 Hearing of fish in relation to size 

Most experimental work on fish hearing has been on 
adults, probably because they are better able to with- 
stand handling, so the hearing ability of fish of differ- 
ent ages, or size, has not been specifically investigated. 
Although the size of the swimbladder increases as the fish 
grows it evidently has no role in the perception of infia- 
sound but acts as an amplifier at the lugher frequencies 
(Sand & Enger, 1973; Sand & Hawkins, 1973; Blaxter @ 
al. 1981). In fish such as gadoids, there is no special- - 
ised coupling to the labyrinth but they still use the 
swimbladder in hearing. It acts as a pressure-velocity 
converter, generating a scattered wave whose velocity 
amplification at the otolith may exceed that of the in- 
cident wave. Amplification is proportional to a3 where 
a is the radius of a sphere equivalent in volume to the 
swimbladder.This implies that the hearing of cod may 
be size related, a factor that could have significance in 
trawl and acoustic surveys. Vessel noise could there- 
fore cause a size dependent reaction amongst fish in 
the vicinity (see Section 5.4). 

3.2.6 Swimbladder resonance 

and Sand & Hawkins (1973) found that the swimblad- 
ders of cod resonated at frequencies well above the 
hearing range of the fish, e.g., a 16 cm cod showed a 
resonance frequency of 1.1 kHz. No evidence appears 
to exist that high levels of sound at swimbladder reso- 
nance frequencies will affect the fish. 

3.3 Summary 

+ Sound detection is by the otoliths of the inner ear 
which respond to the kinetic components of the 
sound wave rather than sound pressure. Particle 
acceleration is the true stimulus. 

+ Practical considerations dictate that threshold 
sensitivities are usually expressed in terms of 
sound pressure. 

+ Fish of the "commercial" species, i.e. cod, herring 
and similar types, have acute directional hearing 
extending over a frequency range of approximately 
0.1 Hz to 1.2 kHz according to species. 

+ Maximum hearing sensitivity is typically in the 
range a 20 - 300 Hz for most species, some may be 
able to detect high intensity ultrasound (>lo kHz). 

+ Peak sensitivity for herring is about 75 dB re 1 pPa 
between a 20 Hz and 1.2 kHz. For cod a similar 
sensitivity applies from z 100 - 300 Hz. 

+ Sensitivity to sound may increase in proportion to 
the size of fish that possess a swimbladder because 
this organ re-radiates sound waves to the otoliths. 

The swimbladder has a variety of functions including 
sound production and hearing. It is best known as a 
hydrostatic organ for maintaining the fish at neutral 
buoyancy for which purpose the volume is changed by 
secreting or excreting gas. McCartney & Stubbs 
(1971) 





4 VESSEL NOISE 4.1.3 Propellers 

Regulations govern the internal noise levels allowed in 
ships with very beneficial effects for those living and 
working onboard. No such regulations exist for noise 
radiated underwater and the low levels of internal 
noise in a modern vessel give the impression that the 
vessel is quiet in all respects. This is not the case and 
the purpose of Section 4 is to outline the sources and 
levels of underwater radiated noise found on a selec- 
tion of fisheries research vessels. 

4.1 The origins of underwater radiated noise 

4.1.1 Engines 

Over the past thirty years the propulsion power used 
for the operation of fisheries research vessels has typi- 
cally doubled for the same size of vessel. This is bound 
to have had an impact on underwater radiated noise, 
although the levels have not necessarily increased in 
proportion (which would be equivalent to 6 dl3 in 
terms of pressure levels). All propulsion is by diesel 
engines as the "prime movers" and these come with a 
variety of specifications in terms of running speed, 
power output, number of cylinders, four-stroke or two- 
stroke operation and turbo-charging, all of which have 
a bearing on the noise signature. The cylinder firing 
rate, together with its harmonics might extend from a 
few Hz to several hundred Hz but whether or not these 
are evident will depend on the level of other contribu- 
tions to the signature. 

Noise frequencies can also change drastically if en- 
gine speed is used to control the speed of the vessel but 
this method is now rare. A common machinery con- 
figuration for several years, which has been carried 
over from commercial fishing vessel practice, is the 
combination of a diesel engine mounted directly onto 
the hull of a vessel, a gearbox similarly fixed, driving 
a CPP. This arrangement in its simplest form couples 
vibration from the engine and gearbox through to the 
hull where it is radiated as pressure waves. A modifi- 
cation is the isolation of the engine from the hull 
which helps to reduce the low-frequency noise levels. 
Details of the noise characteristically generated by 
these combinations are given in section 4.5. 

4.1.2 Gearboxes 

Gearboxes are often a source of high level noise, pro- 
ducing tones, seen on the 1 Hz band noise signature as 
an increase of the overall level centred on a particular 
frequency. Frequency will differ depending on the type 
of gearing and the speed of the input and output shafts. 
The graph from "Tridens" in Fig. 8 is an example; the 
peak at 620 Hz is associated with gearbox "whine". A 
difficulty in the use of gearboxes is the inability to 
mount them with a satisfactory degree of isolation 
from the hull. 

Propellers are simple-looking devices but are ex- 
tremely complex to design for a good performance, 
especially when compromise is necessary for the dif- 
ferent loading conditions required for fisheries re- 
search purposes. It is beyond the scope of this report to 
look at the many designs available, merely to compare 
some general results obtained under working condi- 
tions. 

Interaction of the propeller and hull is usually respon- 
sible for much of the lower frequency noise between = 
1 Hz and 1 kHz. This is generated by different 
mechanisms which include direct vibration imparted 
to the hull by rotation of the propeller shaft and, often 
more significant, the pressure pulses from the rotating 
propeller blade tips causing the excitation of nearby 
hull plates. These effects are common to both fixed- 
blade propellers and CPP' s. 

To ensure that the noise levels remain as low as pos- 
sible, propellers should be inspected at each dry- 
docking. If there is damage, even in the form of small 
'nicks', or cuts, on the edges of the blades these should 
be carefully "dressed out" by the repairers to reduce 
high frequency noise. More extensive damage such as 
bent or twisted blades will probably be dealt with as 
essential to the fuel-efficient running of the vessel. 

a) fixed blade propellers 

Some measurements (Fig. 9) from "Cirolana", a die- 
sel-electric vessel built in 1970 with a fixed 4-bladed 
propeller illustrate this type of noise. There are no 
narrowband results for this vessel to give the true level 
of the tones malung up the signature but the dynamic 
nature of the noise is clear when the vessel speed 
changes. At 6 knots the peak at 8 Hz appears to be 
associated with a propeller-excited hull resonance be- 
cause at 9 knots a much higher level occurs at 7 Hz 
but at 12 knots it has subsided. 

All propellers are vulnerable to a phenomenon known 
as "singing" although modern designs are now less 
prone to this problem. The "Explorer" had a propeller 
that "sang" at 830 Hz which gave a level 10 dl3 above 
the average when the vessel was free-running. When 
trawling the "singing" was swamped by propeller 
cavitation. 

b) controllable pitch propellers (CPP's) 

This type of propeller has been fitted to many vessels 
and continues to be used despite the penalty it imposes 
in terms of high underwater radiated noise levels. The 
"Gadus Atlantica" is a noisy vessel with a very high 
overall level (exceeding 170 dl3 at low frequencies). 
Noise ranging was carried out before and after the 
fitting of a Kort nozzle around the propeller but with 
no measurable effect on the noise signature. In this 
case the propeller blades were of unusual design, 
probably optimised for a specific operational require- 



ment but unsuited to work where reasonable noise 
levels are needed. 

There is ample evidence to show that the underwater 
noise level can increase ,very dramatically for changes 
in propeller speed and pitch but especially when pitch 
is suddenly altered. Figure 10 (after Gjestland, 1971) 
shows the measured far-field noise of a purse seiner 
during a simulated catching routine. This demon- 
strates that the sudden alteration of pitch from 1.0 to 
0.26 produced results of different magnitudes at the 
three discrete frequencies monitored, i.e., the process 
was frequency selective. The curves at 100 Hz and 1 
kHz are of significance in relation to possible fish re- 
action, with the change in levels at 100 Hz being dra- 
matic and occurring at, or close to, the most sensitive 
part of the hearing threshold for several species. 
Similar effects were obtained from a modern CPP (Fig. 
11) used for the new "Tridens" where frequency bands 
from 126 to 260 Hz and 1 to 10 kHi  were monitored 
(de Haan, 1992). Again it is seen that dramatic 
changes occur as the propeller pitch angle is changed. 

4.2 Machinery configurations 

Despite wide variations in the use of individual ma- 
chines there are two principal configurations and the 
purpose of this section is to briefly cover their salient 
points (4.2.1 and 4.2.2). Operational requirements 
dictate the major design factors such as size of vessel 
and the power needed to drive it, plus the electrical 
services that are so important today. Almost every ves- 
sel has some parts of her specification that are differ- 
ent to those of the next vessel, consequently there is 
little consistency in overall design. 

With this configuration it is normal to have an engine 
driving a gearbox with typically two speeds and the 
output shaft of the gearbox coupled to the propeller. In 
some cases an intermediate shaft from the gearbox is 
used to drive a generator but this leads to unstable 
electrical supplies and restricts flexible operation of 
the vessel because driving speeds are then fixed. The 
purpose of a controllable pitch propeller is to provide a 
smooth speed control for the vessel. From a mechani- 
cal and operational viewpoint this method of speed 
control works well but it is clear from the evidence 
that it is most unsatisfactory when underwater radiated 
noise is considered. Also, when noise reduction tech- 
niques are considered, the diesel-gearbox-CPP system 
is inherently limited, particularly because of the pro- 
peller characteristics and the need for firm mounting 
of the gearbox. The noise signature of the new "Dr 
Fridtjof Nansen" has shown that, despite great care in 
vessel design and the provision of a large diameter 
propeller (3.8 m), the diesel/gearbox/CPP configura- 
tion is not capable of achieving low levels of underwa- 
ter radiated noise (Anon. 1994a). 

Diesel-electric installations have one or more diesel 
engines driving electrical generators which provide 
power for propulsion and other services. Some of the 
power from the generators is connected to one or more 
electric motors directly connected to the shaft of a 
fixed-blade propeller. System's may be DC/DC, 
ACIDC or ACIAC. The first two options can provide 
smooth control from very low creeping speed up to full 
power and the same may be achieved with ACIAC 
systems following the introduction of the cyclo- 
converter principle, although this has yet to be proved. 
No data appear to be available for the radiated noise 
levels of vessels using this form of propulsion. 

Diesel-electric vessels were first built in the 19607s, 
including the "Sir William Hardy", the "Bjarni 
Samundsson" and "Cirolana". Noise signatures exist 
for the latter two but the overall signature levels (1 Hz 
band) do not differ markedly from other vessels of the + 

period. However, with modern technology the diesel- 
electric system has the potential to achieve much better 
noise reduction and is capable of meeting the levels 
that a fisheries research vessel might be expected to 
attain, based on the foregoing evidence in this report. 
An example is "Corystes", Kay, gJ &. (1991). There 
is also the point that the usual presentation of noise 
signatures disguises characteristics (fast rate of change 
of levels as occur with CPP's) which have the potential 
to scare fish. 

4.2.3 Relative operational features 

A prime operational requirement in fisheries research 
is the ability to change speed smoothly between peri- 
ods of free-running, slow speed steaming, manoeu- 
vring, towing and trawling. Being able to stop the ro- 
tation of the propeller is often considered desirable 
without having to stop the main engine. Given the 
correct combination of machinery both die- 
sel/gearbox/CPP and diesel-electric systems can pro- 
vide suitable speed control. 

In normal operation the propeller shaft rotates con- 
tinuously with speed being regulated by the change of 
propeller pitch but even at zero pitch there is some 
"creeping" movement of the blades due to leakage in 
the hydraulic control valves. For this machinery con- 
figuration the enginels must be sited towards the rear 
of the vessel, thereby reducing flexibility of layout. 
Typically, two engines are coupled into a gearbox with 
a power takeoff. Gearboxes are inefficient in the 
transfer of power, they are also noisy, and it is difficult 
to isolate them from the hull. In order to obtain suffi- 
cient power two or more diesel-driven alternators must 
also be installed, especially if a bowthruster is run (the 
shortcomings of shaft-driven generators have been 
outlined above). 



b) diesel-electric 4.4 Noise ranging reports 

A diesel-electric system is compact and the engines 
can be sited anywhere in the vessel. Because no direct 
mechanical coupling is needed to transfer power from 
the engine it is easy to isolate the enginelgenerator 
from the hull on resilient mounts. High efficiency of 
power conversion by silicon-controlled-rectifiers helps 
to keep fuel costs relatively low. The installed horse- 
power can be lower with a diesel-electric system, e.g., 
the balance of power can be switched to the 
bowthruster when a vessel is on station with only one 
engine running. There is also versatility in providing 
electrical power for all purposes, although separate 
"clean" supplies are needed for scientific equipment. 
The voltage is more stable for dynamic positioning (no 
voltage dips) and there is a reduced possibility of 
"blackout". Reliability is enhanced due to the constant 
speed and loading at which the engines can be run and 
this keeps the engines in better condition with the 
number of hours between overhauls being approxi- 
mately doubled. 

Diesel-electric propulsion has been used for fisheries 
research vessels since the late 1960's but only for a 
small minority of vessels. In view of its apparent ad- 
vantages the question must be asked, "why so few"? 
There are two responses: first, the initial expense is 
about 1.2 times the cost of a diesel/gearbox/CPP con- 
figuration: second, the problem of underwater radiated 
noise has been ignored. 

4.4.1 Current noise signatures and their limita- 
tions 

Most noise ranging reports contain signatures in the 
form of averaged curves which are derived from meas- 
urements, usually made in a third octave bandwidth, 
then converted to a 1 Hz band for convenience of cal- 
culation and comparison. Some of the results in noise 
ranging reports cover the frequency band of measure- 
ment from 1 Hz to 100 kHz, now regarded as the nor- 
mal requirement for fisheries research purposes, al- 
though many older data series are more restricted. It is 
standard practice to have measurements made at se- 
lected speeds (see Appendix 1 on measurement proce- 
dure). The free-running signature at 11 knots is very 
useful for comparative purposes and gives an insight 
to a vessel's performance, but it does not necessarily 
convey sufficient information for a detailed assessment 
of the potential to fulfil all fisheries research tasks. A 
shortcoming of many noise ranging reports is the lack 
of low-frequency narrowband data. This is a matter 
that needs to be highlighted and arrangements made 
for its inclusion when future noise ranging is specified 
and undertaken. It is also necessary to devise trials 
that will ensure an adequate measure of the rate of 
change of noise level for important operational condi- 
tions of the vessel, including the heavily loaded state 
of towing a trawl or other operations where many 
changes of speed are made. T h s  applies particularly 
when (CPP's) are in use (see Appendix 1). 

4.3 Underwater radiated noise signatures 
4.4.2 Directional aspects of noise 

A dictionary definition of a signature is, "Any sign 
that indicates the presence, or activity, of a person, 
group, or thing". The term is used here to denote the 
levels of underwater radiated noise against frequency 
for research vessels. This signature is dependent on a 
number of factors that combine to determine the 
overall character of underwater radiated noise. They 
include such things as the cylinder firing rate of diesel 
engines and the propeller shaft and blade rate, plus 
low-frequency resonance's due to the hull of the vessel 
being excited by vibration from these sources. Vessels 
of the same design may have similar but not necessar- 
ily identical signatures because of differences in the 
machinery and its running state, the construction of 
the hull and, in particular, the propeller. In addition, 
the speed of the vessel and the load being carried, or 
towed, both play an important part in determining the 
frequency spectrum and the pressure levels of the sig- 
nature. Before arranging to have the signature meas- 
ured it is normal to assume that the vessel is in good 
condition, e.g., the rudder is not "rattling" etc. 

A vessel travels on a pre-defined course when being 
noise-ranged. Hydrophones are located in a suitable 
configuration to take measurements which are cor- 
rected for distance to the vessel. The angle of meas- 
urement on each side is about 20 - 30' from the hori- 
zontal because of the position of the hydrophones 
relative to the vessel. Normal practice is to average the 
measurements from port and starboard sides, which 
may disguise the fact that a vessel is particularly noisy 
on one side compared to the other. This is illustrated 
in Fig. 12 from an early noise ranging of "Corystes", 
where the port side is seen to be about 6 dB (2 times) 
above the level of the starboard side in the frequency 
range 80 to 260 Hz. Clearly, if the measurement in- 
cluded all angles going from port to starboard sides 
under the vessel there would be variation due to the 
machinery layout and the individual contribution from 
machines. This brings up the matter of higher noise 
levels radiated from the hull directly below the en- 
gines. Low-frequency noise of this origin can be quite 
directional, concentrating the energy vertically down- 
wards and steps should be taken to control it by suit- 
able methods of construction. Arrangements should 
also be made to measure it in keel aspect. Most noise 



ranges are now equipped with bottom-mounted hydro- 
phones for this purpose. 

4.4.3 Precision and repeatability of noise signa- 
ture measurements 

A high proportion of underwater radiated noise reports 
originate from Naval facilities and are based on vir- 
tually identical measurement techniques, which gives 
confidence in the relative precision obtained. For ex- 
ample a vessel was built in Norway and noise-ranged 
before delivery to New Zealand. Soon after arriving 
there a further ranging was carried out with results 
within about 1 dl3 of those obtained in Norway. 

4.4.4 Fisheries research vessel noise signature 
database 

Twenty-two underwater radiated noise signatures for 
fisheries research vessels are currently available in the 
form of reports, although only those taken in the past 
twenty years are in similar technical format. These 
reports cover the period from 1960 to 1994, so some 
vessels are now out of service but others are in opera- 
tion for which there are no data and there are a few, 
for which data exist but is not available to the Study 
Group. 

Most reports include measurements of noise levels 
against vessel speed over frequency bands that have 
widened over the years. Usually there is scant infor- 
mation about the machinery and propeller but in a few 
there are detailed descriptions of these items, together 
with analyses of their contributions to the vessel's sig- 
nature. Such information is valuable in building up a 
picture of the most, or least, effective combinations of 
machinery in combating excessive noise levels. 

4.5 Typical research vessel noise signatures 

4.5.1 Noise signatures when free-running 

Examination of eight signatures compiled by Ojak 
(1988) shows the noise characteristics of these vessels 
to be similar in the region above 260 Hz although the 
levels vary by about 10 dB: below 260 Hz the variation 
is about 20 dB. All measurements were made between 
1967 and 1971 and five of these reports refer to re- 
search vessels. Two of the signatures are from vessels 
running at 11 knots, another signature from one of the 
same vessels is at 16 knots, but no information on 
speed is given for the rest. Signatures of the two re- 
search vessels running at 11 knots are shown in Fig. 
13, together with those of two vessels built within the 
past five years. The latter serve to illustrate that no 
significant improvements in reduction of underwater 
radiated noise have been made in the majority of re- 
cently built vessels. This is not surprising because, for 
the most part these vessels have used the same type of 
construction, machinery and propeller as used for 
commercial fishing vessels. 

4.5.2 Noise signatures when fishing 

Measurements were made of the noise levels from an 
Aberdeen bottom trawl and a pelagic trawl towed by 
"Explorer" (Chapman & Hawkins, 1969) but the pe- 
lagic trawl was found to be ripped from wing to 
codend after behaving strangely during the trials so 
the results are not given here. Figure 14 shows the 
levels from the bottom trawl, being towed at 3.66 
knots, taken when it was 10 m from the hydrophone 
and corrected to 1 m distance. At frequencies up to 2 
kHz the vessel noise was dominant but the trawl noise 
was then greater to the maximum frequency measured 
of 10 kHz. 

A comparison is made in Fig. 15 between "Tridens" 
towing a 12 m beam trawl at 7.8 knots, a GOV trawl 
at 4.6 knots, and the noise levels at 11 knots survey 
speed (de Haan, 1992). The overall increase in levels 
when trawling is sufficiently high as to almost swamp 
the 520 Hz tone which dominates at survey speed. It is 
interesting to note that for the beam trawling condition 
there is an increase of about 13 dB at 160 Hz above the 
survey level at the same frequency but when using the 
GOV trawl a decrease of around 8 dl3 can be seen. 

4.6 Vessel self-noise 

The term "self-noise" usually denotes noise received 
by the echo-sounder or sonar which arises from the 
noise generated on, or by the ship. This noise is due to 
the presence of the ship and not the surrounding me- 
dium alone. The noise manifests itself in the signal 
voltage from the transducers which results from it be- 
ing moved through the water. It is important to keep a 
clear distinction between "self' and "radiated noise. 
The echo-sounder is normally situated within the near- 
field of these sources and its pickup is very different 
from that radiated in the far-field but there is no sim- 
ple correlation between the far and near fields. It is not 
possible to define self-noise of the ship without refer- 
ence to the echo-sounder, nor of the echo-sounder, 
without reference to the ship. Basic mechanisms whlch 
provide self-noise are also capable of radiating noise 
into the sea. 

4.7 Summary 

+ Many vessels built or used for fisheries research do 
not have a noise specification. 

+ Fisheries research vessels are being built with high 
underwater radiated noise levels. 

+ Controllable pitch propellers are incompatible with 
the noise requirements for research vessels 

+ Diesel-electric propulsion has the best capability 
for low noise levels and has other advantages. 



5. FISH REACTION TO VESSELS 

5.1 Recognition of the noise problem 

The Directorate of Fisheries in Norway formed a Ves- 
sel-Noise Committee in 1967 to investigate "noise 
problems in fisheries" and their report was subse- 
quently published, Anon (1969a). The background was 
the generally held view that: (a) noise may scare fish; 
(b) noise can make it difficult to find fish; (c) noise 
can be inconvenient for the crews of vessels. There 
were three main conclusions, (a) that a wide interest 
was evident in the investigation of noise problems on 
fisheries vessels (b) a recommendation should be made 
to include in these investigations a means of noise 
reduction (c) simple measurement methods should be 
established for routine control of vessel noise levels. 

When fishing vessels were first mechanised, fishermen 
feared that the noise created by the engine and propel- 
ler would scare fish away. With the increase of purse 
seining and other fishing methods, using higher pow- 
ered vessels, there were marked differences in the re- 
ported catching power. Fishermen quickly concluded 
that fish were scared away by vessel noise, particularly 
when sudden changes in propeller RPM and pitch oc- 
curred. Measurements taken by Gjestland (1971) and 
de Haan (1992) support these observations (see section 
4, Figs. 10 & 11). A number of fishing vessels and 
research vessels had their noise signatures measured 
about 1971, (Simrad, Bulletin No. 8, unpublished). 
These measurements also confirmed that high noise 
levels and a rapid rate of increase of noise occurred 
with controllable pitch propellers. 

A meeting was held at FA0 in Rome (1968) and re- 
ported the following year, Anon (1969b). It was agreed 
that a bibliography be prepared and FA0 was re- 
quested to sponsor the reproduction of a suitable stan- 
dard text on underwater noise to be used as a general 
introduction to the subject. Shortly after, W. Ojak was 
appointed as the Andre Mayer research fellow to in- 
vestigate "Vibration and Noise on Fishery Research 
Vessels7'. This was the title of his report published in 
May 1972. It gives a detailed, technical analysis of the 
origins of noise, its distribution inside and outside a 
vessel, as well as the frequencies and levels for differ- 
ent items of machinery. Possible reasons for fish reac- 
tion to certain characteristics of the noise field are 
also discussed. 

5.2 Possible stimuli to fish reaction 

The 1993 report of the ICES Noise Study Group listed 
various possibilities for the noise stimulus, or stimuli, 
that might be responsible for causing a fright reaction 
in fish. It is now clear from the published literature 
that the soliton can be discounted, because of its lim- 
ited range of influence close to the hull of the vessel 
and, whose effectiveness is confined to very shallow 
waters. Fish are also unlikely to react to infrasound 

beyond a few metres from the source, except for the 
upper end of the band (10 - 20 Hz). Other possible 
forms of stimulus, listed in 1993, remain as potential 
sources of fright reaction, with the ability to cause fish 
to take avoiding action in the horizontal, or vertical 
planes, relative to the vessel. High intensity ultrasound 
(section 3.2.3) emanating from echo-sounders or 
sonars may stimulate changes in behaviour very close 
to a vessel. 

There are indications that tones, wide-band pressure 
levels, or pressure gradients can cause avoidance reac- 
tion. Most of the evidence, though, points to the 
amount of noise energy contained within the most 
sensitive hearing band of a particular species. What is 
certain is that fish do at times, take avoiding action 
from vessels and many reports substantiate this behav- 
iour under various circumstances. Such action is 
mostly attributed directly to noise radiated from these 
vessels. However, other factors, such as feeding behav- 
iour, migration, water temperature, the prevailing 
light levels, or vessel lights at night (Halldorsson, 
1983; Ona & Toresen, 1988a) may influence the 
magnitude of any reaction. 

5.3 Basis of reaction range estimates 

In making an assessment of the possible reaction of 
fish to ship noise it is necessary to examine fish hear- 
ing thresholds from Section 3 in relation to the known 
noise characteristics of vessels given in Section 4. 
From these factors it is necessary to determine the 
probable frequencies and levels at which reaction may 
occur. 

The noise field radiated from a vessel and surrounding 
a fish can be predicted at the position of the fish from 
a priori knowledge of the vessel's noise signature and 
by making some assumptions about its' propagation. 
Spherical spreading of acoustic waves is assumed, 
although at very low frequencies and in shallow water, 
the wavelengths may be comparable to the depth and 
the results therefore modified. When fish are seen to 
react to a vessel the range from the ship to the fish is 
noted (the reaction range) and the propagation loss 
calculated. The level in the vicinity of the fish at the 
time of the reaction can be estimated from the known 
noise level of the vessel, within the fish's sensitive 
frequency band, minus the propagation loss. Some 
observations in the following sub-sections have been 
recorded from vessels for which noise measurements 
are unknown so the signature of a typical, similar ves- 
sel is used to estimate reaction levels. 

For the purpose of this report experimental evidence is 
taken from a number of published accounts. These 
relate to various fish species but for simplicity, the 
threshold hearing responses of only two species, cod 
and herring, are used to illustrate potential reaction 
ranges in later subsections. Of the "commercial" spe- 
cies these two appear to be the most sensitive to sound 
and many of the reports of fish avoidance behaviour 



are based on investigations concerning these particular 
or closely related species. Under conditions of high 
ambient noise levels there will be some masking of 
fish hearing and this is likely to reduce the reaction 
ranges. 

5.4. Size-related hearing in fish? 

Examination of data from Engb, d. (1993a & b) 
shows that when a population of cod, at a mean depth 
of 260 m, were subjected to high sound intensity from 
seismic airguns at about 80 - 150 Hz, more large fish 
moved away from the area than small ones. The ratio 
of fish (in 5 cm size classes) present in the area before 
the sound transmissions commenced to those left after 
the transmission had ceased, is shown in Table 2 
(Mitson, in prep.) 

Table 2. Reaction of cod to seismic airguns 

size class 35- 40 45-50 55-60 65-70 70-75 
(cm) 
ratio of 2.5 3.1 3.75 5.3 5.6 
numbers 
beforelafler 
firing 

5.5 Measurements and observations of fish be- 
haviour in relation to vessel noise 

The extent of a reaction exhibited by fish to the noise 
of a vessel depends on various factors including the 
species, its physiological condition and its immediate 
environment. The manifestation of a reaction is when 
the fish tries to move to a lower intensity noise field as 
quickly as possible. Pelagic fish may dive away from 
the source or, if in schools near the surface, they may 
avoid it by breaking up and passing on either side 
(perhaps simultaneously increasing their depth). As 
for demersal fish, Shevelev, gj d.(1989) reported that 
cod at about 50 m depth, in 200 m of water, were 
driven down by the noise of "Pinro" until the density 
on the bottom and in reach of the trawl had increased 
substantially. It seems likely that demersal fish in 
shallower water and already on, or close to, the bottom 
will make lateral movements out of the vessel's path if 
the noise levels are sufficiently high. 

Table 3. Observations of jack mackerel schools 

5.5.1Lateral avoidance and increase in depth by deep 
schools 

An echo-sounder transducer was placed at 45 m depth 
looking downwards by Olsen, a d .  (1983a). When a 
vessel running at 15 knots passed directly overhead, 
hibernating herring schools at 60 - 95 m below the 
transducer immediately moved and left a void through 
the full depth extension of the school. For a different 
vessel similar effects were noted for spawning cod and 
for polar cod and capelin during the feeding season 
where yet another vessel was used. These authors 
thought the reaction shown by cod in the very "noisy" 
Lofoten area was remarkable, indicating that most 
species will react to an approaching vessel if its noise 
level is high. Reaction was reduced with increased 
swimming depth of the fish and decreasing speed of 
the vessel. The noise signature of the vessel used for 
the polar cod and capelin studies is known so noise 
levels can be predicted at the range of the fish. Ini- 
tially, the top of the school was at 147 m but the fish 
reacted strongly to the passage of the vessel and disap- 
peared from beneath its track. When seen again the 
top of the school (looking more dispersed) was at 
about 155 m. 

Although hearing thresholds are not known specifi- 
cally for polar cod and capelin it is assumed that they 
are similar to those of cod and herring. On this basis 
the noise level is = 28 to 34 dB above the hearing 
thresholds from 40 - 250 Hz, at ranges between 100 
and 200 m. 

5.5.2 Increase in swimming speed and lateral 
avoidance 

Omni-directional sonars now allow fish swimming 
speeds to be measured, in addition to the distances at 
which fish take avoiding action from the path of a ves- 
sel. Avoidance reactions reported for cod, polar cod, 
capelin and herring (Olsen, 197 1; Olsen, a d. 1983a 
& b; pacific mackerel, Neproshin, 1979) were similar 
to those from sardine and mackerel, Diner & Masse 
(1987); herring and sprat, Misund & Aglen (1991) 
and jack mackerel, Trachurussimmetricus murphyi, 
Goncharov, gJ. (1989). The latter worked three dif- 
ferent geographical areas with the same vessel and 
each area showed a different reaction distance (Table 
3 

Area mean length of schools vertical reaction 
fish 
cm No. seen No. avoided ship depth before depth after 

1 3 4 87 40 36 f 8.7 62 f 9.4 
2 3 6 145 3 5 36 f 5.7 63 k 8.3 
3 39 65 65 28 f 3.8 62 + 10.7 



The schools were dense with dimensions of 20 - 27 m 
long by 10 - 20 m high. As the vessel approached, 
some of the larger concentrations broke into two parts, 
passing the vessel one on each side. In Fig. 16 the 
reaction to the approaching vessel is seen as an in- 
crease in fish swimming speed in relation to the dis- 
tance from the vessel for the three areas. The calcu- 
lated mean reaction distances are: area 1 = 84 m; area 
2 = 134 m and area 3 = 341 m. 

5.5.3 Lateral avoidance by near-surface schools 

Diner and Masse (1987) made many observations of 
fish in relation to their research vessel and found that 
pelagic fish schools took strong avoiding action at 
ranges between about 150 to 400m but typically at 
greater that 200 m. Big schools of 100 m, or more 
across, tended to break into two and pass either side of 
the vessel as in the report by Goncharov et al. (1989). 
Table 4 gives details of some of the observations. Re- 
action distances given below are those at which 
avoiding action started. The vessel was "Thalassa", 
which is very noisy and this is reflected in the reported 
reaction distances of between 150 and 400 m. 

TABLE 4. (DINER & MASSE, 1987) 

Species Month Speed of Reaction dis- 
vessel tance (m) 
(knots) 

sardine February 8.5 200 - 300 
mackerel April 7 300 - 400 
sardine May 6.5 m150 

5.5.4 Reaction to the pattern of the vessel's noise 
field 

Acoustically tagged cod, two = 55 cm, one = 45 cm 
were observed by Engis d. (1991a) from the 30 m 
"Fjordfangst" of 165 HP. The vessel was initially 
towing a bottom trawl at 1 mi1  in depths of 15 - 20 m 
but the work was later repeated with similar results in 
40 m of water. When the vessel was far away from the 
fish their movements were small and appeared to be 
unrelated to the vessel. At 200 m range the presence of 
the vessel caused the fish to "swim calmly along in 
front" but at around 100 m the swimming pattern be- 
came restless until the fish being observed suddenly 
increased its swimming speed to about 2 mi1, giving a 
rapid diagonal burst forward and out of the track of the 
vessel. This was judged to be a clear avoidance reac- 
tion to the approaching vessel. 

In two experiments the fish maintained an almost 
constant distance of m 60 - 70 m directly ahead of the 
approaching vessel. The initial reaction was again a 
rapid diagonal burst forward and out of the vessel's 
track. At about 50 m to the side of the trackline these 
fish suddenly turned, crossed the midline and swam 
diagonally forward about 50 m on the opposite side, 

turned again and repeated this behaviour several 
times. It seems that these fish used their directional 
hearing capability to sense the "wings" of the typical 
butterfly pattern noise field around the vessel which 
has a near null at the bow and for 30 - 40" either side. 
Being a low-powered vessel the noise levels are poten- 
tially less than for the more typical research vessel 
therefore the reaction range of about 100 m is rather 
lower. 

5.5.5 Reaction by lateral avoidance and diving 

Ona & Chruickshank (1986) and, Ona (1988), using a 
60 m vessel of 3400 HP, but running at a power of 
about 1000 HP for the trawling operation at 3 knots, 
observed that cod, Gadus morhua, and haddock, per- 
ceived noise from this vessel and that they reacted to it 
at a range of about 200 m. At this range the fish im- 
mediately made avoiding movements horizontally and 
vertically, towards a noise field of lower intensity. The 
fish were at 20 to 60 m depth and a vigorous diving 
reaction was evident at the moment the propeller was 
above them. When towing a pelagic trawl at about 3 
knots a similar vessel produces a level of = 151 dB at 
150 Hz. At 200 m range this is reduced by propagation 
losses to about 105 dB, i.e., = 30 dB above the hearing 
threshold for cod at that frequency. 

5.5.6 Reaction to a discrete tone 

Nicholson, d. (1992) investigated the effect on fish 
catches of an usual feature possessed by "Corystes". 
This is the ability to switch on or off at will an intense 
tone at 300 Hz (and its harmonics) approximately 33 
dB above the average free-running noise level of the 
vessel. A series of 190 trawl tows at different depths, 
<50 m and >50 m, with different gears, Granton and 
beam trawls, during daylight and in the dark, were 
made at various tidal states and direction. During the 
experiment, 15 of the commoner species of fish were 
caught in numbers varying from tens to hundreds per 
30 minute tow and a statistical model was applied to 
determine the relative effects of trawling with the tone 
switched on and off. Results showed that catches of 
haddock in deep water were significantly greater (by 
20%) when the 300 Hz tone was switched off. Had- 
dock have a hearing response which is still at maxi- 
mum sensitivity at 310 Hz but then starts to decrease 
rapidly (Chapman, 1973). No significant effects were 
evident for other species. 

No noise signature was available for the vessel when 
towing a trawl so it was uncertain what changes in 
noise level might occur as a result. Emery & Beach 
(1994, unpublished) made measurements to observe if 
changes occurred in noise levels under trawling con- 
ditions. Towing an Engels 800 pelagic trawl with 
codend liner, or blinder (small mesh netting) at 3 
knots was compared to the free-running state at 4 to 5 
knots. Absolute values were not obtained but the rela- 
tive measurements showed average increases of about 



5 dB up to approximately 4 kHz and around 10 dB 
thereafter. The "Corystes" is a noise-reduced vessel 
with low levels between 25 Hz - 1 kHz so the reported 
increase in noise due to trawling (at the lower fre- 
quencies) may be less than for some other FRV's. 
When trawling, the 300 Hz tone increased by = 7 dl3 
to a level = 40 dB above the hearing threshold of had- 
dock at 65 m depth. Haddock have a slightly lower 
maximum sensitivity than cod but a marginally in- 
creased frequency response around 300 Hz. 

5.6 Reaction range 

It is clear from the observations and measurements in 
Section 5.5 that avoidance behaviour by fish in rela- 
tion to vessel noise may result in a combination of 
actions but that the effect is to change the natural dis- 
tribution pattern of fish around and, or, below a noisy 
vessel. There were many different vessels reporting 
these data in relation to a number of species of fish but 
the indications are that where vessels caused a reaction 
it was at ranges of between 100 - 200 m: for particu- 
larly noisy vessels it was up to 400 m. Numerous fac- 
tors are involved which will have had a bearing on the 
particular reaction distance, e.g. some vessels were 
free-running whilst others were trawling. Regardless 
of the specific circumstances these distances are too 
great and the aim should be to reduce them to ap- 
proximately 10 to 20 m. 

To put the reported results from Section 5.5 into con- 
text, the known level from a vessel that can be classed 
as having "medium to high" radiated noise is used as a 
reference to illustrate likely reaction distances for cod. 
Fig. 17 shows the hearing threshold for cod with as- 
sociated lines indicating levels that are 20, 30 and 40 
dB higher. The vessel is "Tridens" whose radiated 
noise level at 150 Hz is 151 dl3 when free-running at 
11 knots (de Haan, 1992). From this the reduction in 
noise level is calculated at the listed ranges of 10 to 
500 m, represented by the dotted lines. 

In the most sensitive region of hearing, around 150 - 
250 Hz, the noise is seen to be 20 dl3 above threshold 
at 500 m and is 40 dB above at 50 m. The same vessel 
has a higher level of 154 dB at = 500 Hz in the aver- 
aged 1 Hz band spectrum (which is due to the gear- 
box). The true level may be even higher but cod have a 
low sensitivity at this frequency so are unlikely to be 
affected. Herring though, have a much wider band of 
hearing and retain high sensitivity to about 1.2 kHz. 
For herring, at 500 Hz and the level of 154 dB the 
ranges would be about 1.6 times greater than those 
shown in Fig. 17. 

What happens to the noise field level when a trawl is 
being towed has been investigated over the years, with 
an early report due to Aslanova (1958) followed by, 
(Chapman & Hawkins, 1969; Chapman, 1970; 
Buerkle, 1974 and 1977; Ona & Godq 1990; Ona, 
1988; Ona & Toresen, 1988 a and b; Nunnalee, 199 1; 
de Haan, 1992; Emery and Beach, 1994) to quote from 
an incomplete list. Section 4 contained examples of 
noise signatures for some vessels towing fishlng gear 
and it is clear that for a given vessel there will be an 
increase over the free-running state of between 5 and 
15 dB. This needs to be taken into account when esti- 
mating possible reaction distances from the normally 
available free-running signature. 

5.7 Determining the low-frequency noise specifi- 
cation 

It is a serious disadvantage for a fisheries' research 
vessel to cause avoidance reaction in fish at such sig- 
nificant distances (and depths) as 100 - 200, or more 
metres. Obviously there is a limit to the amount by 
which noise can be reduced but it should be the aim 
for vessels used in fisheries research to approach to 
within about 20 m before the fish take avoiding action. 
Using this criterion Fig. 18 has been developed so that 
a low-frequency level can be set for the noise specifi- 
cation in Section 7. In this figure the 30 and 40 dB 
levels above the most sensitive region of the hearing 
frequency band for herring and cod have been used to 
determine the slope of a line. When this is projected to 
1 m range it gives the maximum allowable level of 
radiated noise from a vessel (132 dB re 1 pPa (1 Hz 
band) at 1 m). For the purpose of applying this value 
to the radiated noise specification the frequency 
bandwidth of the herring is used, being the widest. 

5.8 Summary of fish reaction to vessels 

Evidence is ovenvhelming that fish show a positive 
avoidance reaction to vessels when the radiated noise 
levels exceed their threshold of hearing by 30 dB or 
more. 

Reaction range varies from 100 - 200 m for many typi- 
cal vessels but 400 m for noisy ones. 

The aim is to reduce this to 10 - 20 m 

Vessel noise levels increase by 5 - 15 dB when fishlng. 

Other factors, both physical and physiological, play a 
part in determining the noise level that will trigger an 
avoidance response from fish. 



6. ACOUSTIC SURVEY INSTRUMENTA- 
TION 

6.1 Potential effects of vessel noise on acoustic 
fish stock estimation 

It was shown in Section 5 that fish avoidance behav- 
iour in relation to a vessel is due to high levels of low 
frequency noise and the first requirement for acoustic 
survey is that the surveying vessel causes no undue 
disturbance to the natural distribution of the fish. This 
means that they must not be frightened from the path 
of the approaching vessel so that they would be missed 
by the acoustic beam. Nor must they be caused to dive 
when directly below the vessel because of the induced 
tilt angle which would reduce the measured target 
strength (Olsen, 1971; Foote, 1980; Olsen, gt d. 
1983b;) thereby resulting in the population being un- 
derestimated. Although low-frequency noise can cause 
fish to move away from the vicinity of a vessel it is the 
high frequency component of the noise that has the 
potential to affect acoustic measurements by the echo- 
sounder and hence bias the collected data. 

Acoustic instruments are used for many purposes in 
fisheries research but the most demanding application 
in terms of performance is the quantitative assessment 
of fish stocks. Scientific echo-sounders developed for 
this purpose have the capability to detect objects 
ranging from very small, single organisms, to large 
schools of fish. High sensitivity is necessary to achieve 
this, plus a large dynamic range of 160 dB (a maxi- 
mum to minimum signal ratio of lo8 to 1). One of the 
key functions in acoustic surveys is the measurement 
of target strength distributions of individual fish, or 
organisms, to obtain size distributions. This informa- 
tion is used in calculating the population biomass and 
in helping to determine the species composition. 

Most of the acoustic instrumentation operates at high 
frequencies, above 10 kHz. Only noise generated at 
these higher frequencies has the potential to degrade 
the system performance, by obscuring the measure- 
ments of single fish echoes and adding to the integral 
signal obtained from fish aggregations. 

Noise at echo-sounder frequencies is mostly propeller 
induced and it varies with vessel speed. An example is 
given in Fig. 19 where measurements have been made 
through the EK500 echo-sounder at 18 and 38 kHz. In 
order to keep noise levels low, the speed must some- 
times be lowered, thus reducing the overall efficiency 
of data collection by restricting the area covered, or by 
increasing the time taken. This high frequency noise is 
predominantly due to propeller cavitation but various 
other sources may also contribute, e.g. flow-noise from 

hull apertures, pump outlets, or projections of struc- 
tures, or instruments. 

With fixed-blade propellers cavitation often starts very 
suddenly, at a critical speed, or loading. For CPP's, 
which normally cavitate to some extent throughout the 
full set of operating conditions, it changes with blade 
pitch and propeller shaft speed settings. Few data ap- 
pear to have been published on such limitations al- 
though much anecdotal evidence is available. Figure 
20 is a curve of an echo-integrator output which indi- 
cates the steep rise in noise level when propeller cavi- 
tation becomes severe but it should be noted that for 
many vessels this will occur at lower speeds, 9-10-11 
knots. 

6.2. Detection and processing fish echoes in re- 
lation to noise 

The most commonly used frequency is 38 kHz. Partly 
because of the large number of target strength meas- 
urements that have been made, the vast experience 
accumulated over many years of survey, and the range 
capability of this frequency, it has become an interna- 
tional standard for acoustic surveys. Therefore, the 
allowable high frequency underwater radiated noise 
from a research vessel has to be based on what is an 
acceptable level at t h s  frequency. Recently, there has 
been an increasing tendency to also use lower fre- 
quencies, e.g., 18 kHz and even 12 kHz so these must 
be given some consideration. Although 120 and 200 
kHz are also used, vessel noise levels are normally too 
low to be of consequence at such h g h  frequencies. 

Detection of echoes from fish, particles and organisms 
is ultimately limited by the ambient noise level which 
is usually related to the wind-induced seastate at fre- 
quencies below about 80 kHz. The maximum possible 
noise from this source at 38 kHz is about 40 dB (1 Hz 
band) but, more typically, 30 dB. At 12 kHz the level 
is w 40 - 50 dB and at 18 kHz is w 38 - 45 dB. 

It is necessary to remember that underwater radiated 
noise picked up by a transducer can increase signifi- 
cantly when the vessel goes into shallow waters where 
the bottom is hard. For tlus reason it is necessary to 
ensure that adequate measurements of the noise are 
made via the echo-sounder when in such a situation. 
In most instances the TVG, which suppresses the sys- 
tem gain at shallow depths, will act to reduce or re- 
strain the effect of noise even though the general level 
has increased due to the proximity of the seabed. 

6.3 Determining the high-frequency noise 
specification 

Another, almost universal standard is the use of an 
EK500 scientific echo-sounder for acoustic survey 
purposes. The following search for the acceptable ves- 
sel noise level is therefore based on this equipment in 
a similar configuration to that being used by some 
research organisations. The transducer is towed at 



about 15 m range from the propeller so the rear of the 
transducer is exposed to the noise field. It has a sensi- 
tivity approximately -36 dB relative to the front face. 
Normal system settings are used, i.e. the bandwidth is 
3.8 kHz. 

Taking the ambient noise as 30 dB, the band level of 
noise is obtained by adding 10 log 3800 = 36 dB giv- 
ing a figure of 66 dB. With a receiving sensitivity of - 
186 dB re 1 V per 1 pPa the ambient noise voltage at 
the transducer terminals will be = 1 pV. A reasonable 
figure for the vessel noise received by the transducer at 
11 knots might therefore be 2 pV, and, back- 
calculating this to the acceptable noise source at the 
propeller gives 95 dB (1 Hz band). (note that thls level 
is slightly lower than that attained by "Johan Hjort"). 
From Fig.19 the level measured on "Bjarni 
Sremundsson" at 38 kHz (hull-mounted transducer) is 
= 1pv. 

Assuming a normal source level of 226 dB re 1 pPa at 
1 m, the echo levels from fish of three target strengths 
are calculated and plotted in Fig. 21. These levels are 
shown in relation to the previously determined vessel 
noise at 38 kHz and against the effective ranges for a 
signal-to-noise ratio (SNR) of zero and 10 dB, other 
ranges can be predicted by interpolation. An adequate 
SNR must be allowed because of the extremely dy- 
namic nature of noise, especially when it originates 
from the propeller. 

Although the ICES FAST Working Group has infor- 
mally recommended that the lowest practical aim 
(smallest target) for detection by survey echo-sounders 
should be -80 dB, it is clear from Fig. 21, that, for the 
stated conditions, the range of detection would be very 
small. 

The choice of 95 dB for the specification at 38 kHz is 
based on a practical situation but it should be remem- 
bered that acoustic coupling between the noise source 
in a vessel and a transducer can be very variable, not 
only when a towed transducer is used. 

This is due to such factors as the possibility of reflec- 
tion from parts of the underwater structure, pickup on 
transducer sidelobes and surface and bottom scattered 
noise. The recent practice of placing transducers in a 
centreboard may offer an opportunity for masking 
them from propeller noise. 

In Section 5 it was determined, on the basis of likely 
fish reaction levels, that the noise level should average 
=I32 dB over the frequency band from 20 Hz to 1.2 
kHz. For practical considerations it was to reach 130 
dB at 1 kHz, so, running a line from 130 dB at 1 kHz 
to 95 dB at 38 kHz gives a level at 18 kHz of 102 dB. 
Vessel noise levels at 12 kHz are likely to be about 3 
dB higher than those at 18 kHz but the latter fre- 
quency is used here for reference purposes. Taking 
into account the distance from propeller to transducer, 
the bandwidth and the sensitivity of the transducer at 
the rear it can be calculated that this would produce a 
noise voltage of 2.8 pV. For comparison, the noise 
level measured at 18 kHz on the "Bjarni Sremundsson" 
(Fig. 19) running at 11 knots, gives 3.5 pV at the 
transducer. 

6.4 Summary 

+ Scientific echo-sounders have high sensitivity and 
a wide dynamic range so it is vitally important that 
their transducers work in a low noise field 

+ The acceptable vessel noise level at high frequen- 
cies has been determined as 

+ At 38 kHz this gives a level of 95 dB re 1 pPa (1 
Hz band). 

+ At 18 kHz it is 102 dB re 1 pPa (I Hz band). 

+ Noise at echo-sounder frequencies is normally 
speed dependent. 

+ If vessel speed has to be reduced due to noise the 
overall efficiency of the survey is reduced. 



7. ESSENTIAL NOISE REQUIREMENTS 
FOR RESEARCH VESSELS 

7.1 The purpose of a noise specification 

There are two vital aims for noise reduction in fisher- 
ies research vessels. The first is to ensure that fish do 
not swim out of the path of the vessel as it approaches; 
nor must the radiated noise cause an artificial concen- 
tration of fish below the vessel. It is necessary to en- 
sure that these effects do not occur, regardless of the 
method of sampling, whether it is by trawl, or acous- 
tics. The second aim is to prevent noise from being 
integrated as signal, or from contaminating the fish 
echoes received and processed by acoustic survey 
equipment. 

7.2 Proposed noise specification: all vessels 
used for fisheries research 

Observations reported in previous sections show that 
vessel noise has the potential to bias the sampling of 
fish populations thereby confirming the need to build 
noise reduced vessels. To achieve this we propose the 
specification shown in Fig. 22. This is based primarily 
on two factors as discussed in Sections 5 and 6 respec- 
tively: (a) fish avoidance reaction and (b) acoustic sur- 
veys. These separately determine the low frequency 
and high frequency portions of the specification. Lev- 
els of noise that will cause fish to react adversely to the 
approach of a vessel control the low frequency portion 
of the spectrum. For the present purpose these levels 
are related to the hearing threshold of cod and herring. 
Of the "commercial" species these fish have a similar, 
high sensitivity to noise although herring maintain 
this over a wider range of frequencies than cod. 

For the high-frequency levels an acceptable perform- 
ance at 38 kHz is the primary requirement, although 
there is also consideration of lower frequencies such as 
12 and 18 kHz that are now being used more often. 

The graph in Fig. 22 should be regarded as a conser- 
vative specification for noise-reduced vessels because 
it represents the best performance of the vessel when 
new. As vessels age, mechanical wear in machinery 
causes hgher levels of noise to be generated (Mitson, 
1993). A more stringent specification may be required 
if the effects of ageing machinery and increased noise 
levels during trawling are taken into account. 

Figure 23 illustrates that the proposed specification is 
practical and realisable by comparing the 11 knot sig- 
natures of two recently built vessels and displaying 
these against the proposed specification. The upper 
curve relates to a vessel with some noise reduction 
measures ("Dr Fridtjof Nansen") and the lower to a 
noise-reduced vessel ("Corystes"). 

7.2.1 Low-frequency levels of noise 

The low-frequency level shown in Fig. 22 was deter- 
mined as 132 re 1 pPa (1 Hz band) @ 1 m in Section 
5.7 together with an explanation given in conjunction 
with Fig. 18. This level is effective for both cod and 
herring and is applicable over the whole of the hearing 
band of maximum sensitivity for herring (because of 
their wider bandwidth). For practical reasons the 
specification is not shown as a continuous line at a 
level of 132 dB. It is encompassed within the slope of 
the graph from 135 dl3 at 1 Hz to 130 dl3 at 1 kHz to 
minimise the difficulties to designers and builders in 
meeting the essential noise requirement. 

7.2.2 High-frequency levels of noise 

The high frequency levels were determined in Section 
6.3 by referring to typical ambient noise levels and 
placing the acceptable noise level just above (= 6 dB). 
When this is back-calculated to the transducer a level 
of 95 dB re lpPa (1 Hz band) at 1 m at 38 kHz is ob- 
tained. The ranges at which three target strength 
classes of fish can be detected and their signals ade- 
quately processed in relation to vessel noise is given in 
Section 6.3 for the given set of equipment operating 
conditions. At 18 kHz the vessel level was set at 102 
dl3 and the line through the level at this frequency and 
38 kHz intersects with the low-frequency specification 
at 1 kHz (130 dB). Most vessel noise signatures start 
to "roll off' after 1 kHz at a rate of about 20 dB per 
decade and coincidentally the high-frequency line of 
the specification gives a similar slope. 

7.3 Checking vessel performance by noise 
ranging 

When previous sections of this report are considered it 
becomes clear that more than one form of noise meas- 
urement is required for a full assessment of the ves- 
sel's capability to avoid the potential problems. For the 
purpose of contractual arrangements in the specifica- 
tion, building and acceptance of a new vessel a single 
graph is acceptable for the immediate future. This 
graph forms the proposed underwater radiated noise 
specification to be achieved at a free-running speed of 
11 knots. This is a frequently used speed and operating 
condition for acoustic survey so a measure of echo- 
sounder performance is possible. It also facilitates the 
comparison of vessels because the majority of noise 
ranging reports include such a measurement. 

In addition to this commonly used and accepted meas- 
urement a series of noise signatures should be obtained 
to cover all the important speeds and conditions of 
operation, including trawling. Such data will be bene- 
ficial, not only in identifying the characteristics of the 
particular vessel, but should, by comparison, enable 
economic choices to be made in terms of machinery 
and construction for future designs. 



When fishing gear is used the evidence indicates that 
the vessel's overall noise level increases by between 5 
and 15 dB over free-running levels. Depending on the 
characteristics of the vessel there may also be differ- 
ences in the frequency distribution of this noise rela- 
tive to the free-running condition. It is therefore im- 
portant to determine the frequency response when 
trawling to allow estimation of possible fish avoidance 
reaction and the contamination of acoustic or trawl 
survey data. 

7.3.1 Specification for noise ranging 

When the noise ranging requirements for a vessel are 
specified it is recommended that the following meas- 
urements are included. 

1. Free-running at w e y  speed (11 knots) and 
intermedate speeds as required 

2. Towing a mid-water trawl 

3. Towing a bottom trawl 

Narrow band measurements up to 5 kHz should be made 
in each case. 

7.4 Summary 

+ The proposed noise specification for vessels used in 
fisheries research is: 

a) 135 - 1.6610gfH, from 1 Hzto 1 kHz 

(based on a mean level of 132 dB re 1 pPa (1 Hz 
band) at 1 m, from 20 Hz to 1kHz) 

b) 130 - 22 log f from 1 kHz to 100 kHz 

it is shown graphically in Fig. 22. 

+ At low-frequencies the level specified above should 
prevent avoidance of vessels by cod, herring and 
similar species at ranges in excess of = 20 m. 

+ High frequency levels are determined primarily by 
the need to detect and process fish signals at 38 
kHz for acoustic survey and to prevent noise being 
integrated as signal. 

+ Noise ranging should encompass the sets of condi- 
tions detailed in Section 7.3.1. That is, from 1 Hz 
to 100 kHz, measurements to be presented as dB re 
1 pPa (1 Hz band) at 1 m. Narrowband measure- 
ments in appropriate bandwidths up to 5 kHz. 



8. REPORT SUMMARY 

To compile this report we have examined the factors 
pertaining to underwater radiated noise from vessels 
used to conduct fisheries research. A brief summary of 
the salient points is given below. 

Ambient noise forms the ultimate limitation to detec- 
tion of sound by fish or echo-sounder. The origins of 
ambient noise are diverse and the intensity and fre- 
quency distribution depend greatly on the source. Ef- 
fects are often local but can extend for hundreds of 
km. Normally ambient noise levels are unlikely to 
have a significant effect on fish hearing or fish detec- 
tion excepting under severe weather conditions. 

Fish detect sound by the otoliths of the inner ear. Spe- 
cies such as cod, herring and similar types have acute 
directional hearing but the critical frequency band of 
high sensitivity hearing is between = 20 -300 Hz for 
cod and = 20 Hz to 1.2 kHz for herring. For fish with 
swimbladders sensitivity may increase in relation to 
size. 

Vessels to be used for fisheries purposes are being 
built without a noise specification and with little or no 
noise reduction. Controllable pitch propellers (CPP's) 
generate noise having great variability in frequency 
and amplitude; efforts to design low-noise versions 
have been unsuccessful. This type of propeller is in- 
compatible with noise levels required by fisheries re- 
search vessels. consideration of the machinery con- 
figurations currently used comes down in favour of a 
diesel-electric plant used in conjunction with a fixed 
blade propeller as being the means to obtain satisfac- 
torily low noise levels. 

Overwhelming evidence has been presented that fish 
show an avoidance reaction to vessels when the radi- 
ated noise levels exceed their threshold of hearing by 
30 dB or more. Environmental and physiological fac- 
tors play a part in determining the noise levels that 
will trigger an avoidance reaction in fish. For many 
vessels fish avoidance reaction distances are 100 - 200 
m but for the noisiest 400 m is likely. Noise levels 
typically increase by about 5 - 15 dB when vessels are 
fishing. 

Scientific echo-sounders have high sensitivity and a 
wide dynamic range so their transducers need to work 
in a low noise field if full benefit is to be gained. Noise 
at echo-sounder frequencies is vessel speed dependent. 
If it is necessary to reduce speed through excessive 
noise the efficiency of the survey is reduced, e.g. it will 
take longer to complete a given area, or the area cov- 
ered will be smaller than required. 

At low frequencies this specification aims to reduce 
the avoidance reaction of fish from ranges of 100 - 
200, (or even 400 m) down to 20 m or less. At high 
frequencies the proposed levels are based on prevent- 
ing noise contamination of fish echoes at 38 kHz al- 
though 18 kHz levels have also been considered. 

On the basis of the evidence contained within the re- 
port a graph is given of the proposed minimum noise 
specification for an FRV (Fig. 22). This is intended to 
apply to both research vessels and charter vessels used 
for fisheries research purposes. 





9. RECOMMENDATIONS 

a) Vessels engaged in fisheries research, 
whether FRV's, or charter vessels, should 
conform as closely as possible to the proposed 
noise signature, i.e. 

these specifications are shown graphically in Fig. 22 of 
this report. 

b) The proposed noise levels should be used as a 
reference when preparing the specification of 
new vessels and then implemented in the 
design. 

C) Vessels should be noise-ranged on a regular 
basis, or when any significant damage is 
thought to have occurred to the propeller. 

d) Noise measurements should be used to assess 
possible limitations of vessels in connection 
with the work they are required to perform. 

e) Careful observations should be carried out 
whenever possible to relate the known 
(measured) characteristics of a vessel to any 
observed avoidance behaviour of fish, or to 
noise affecting acoustic survey equipment. 
Any such results should be reported through 
the normal international channels. 
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Figure 1. Ambient spectrum level of noise from 1 Hz to 200 Hz, re-drawn from 
Wenz (1962). Three unspecified levels of shipping and weather. 
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Figure 2. Ambient spectrum level of noise from 1 Hz to 1 kHz, re-drawn from Urick (1986) 
for different levels of shipping and wind. 



Figure 3. Vertical distribution of ambient noise measured 
at 45 m depth, sea state 3 (after Becken, 1964). 
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Figure 4.  lnfrasound noise levels from different areas and depths 
Redrawn from Nichols (1 981 ) and McCreery, et a/. (1 993) 
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Figure 5. Fish hearing thresholds (sound pressure). This figure is compiled 
from various author's and shows the relative sensitivity of several 
species. 

Frequency (kHz) 
Figure 6. Hypothetical fish audiograms (after Enger, et a/. 1993) 

illustrating the relationship between sound pressure and 
particle acceleration. 
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Figure. 7. Extended fish hearing thresholds in terms of sound pressure obtained 
by re-plotting particle acceleration data and linking it with earlier 
sound pressure measurements. 
Predicted ambient noise levels in the infrasound region are also shown. 
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Figure 8. Noise signature for the new "Tridens" free-running at 11 knots, showing 
the high level "whine" from the gearbox (de Haan, 1992). 
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CP propeller. Taken during a simulated purse seine operation. 
(after Gjestland, 1971). 
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Figure 11. From the new "Tridens" showing the relationship between propeller 
pitch angle and noise in two frequency bands (after de Haan, 1992). 
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Figure 12. From "Corystes": differences between port and starboard sides at 
11 knots (free-running). 
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Figure 13. Comparison of noise levels between two vessels built in the 
1960's and two built in the 1990's, all free-running at 11 knots. 
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Figure 14. "Explorer" towing a bottom trawl at two speeds. Note that the 
trawl noise is less than the vessel noise below 500 Hz. 
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Figure 15. Noise levels for two trawling loads and a free-running speed of 
11 knots for "Tridens" (after de Haan, 1992). 
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Figure 16. Showing a significant increase in swimming speed of jack mackerel 
to avoid the approaching vessel. Results from three different areas 

(1,2,3,) (after Goncharov et a/., 1989). 
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Figure 17. The hearing threshold for cod is shown, also, lines indicating 
levels 20, 30 and 40 dB higher. Dotted lines represent noise 
levels at the ranges indicated, based on a vessel with a level 
of 151 dB re 1 pPa (1 Hz band) @ 1 m. (150 Hz). 

Figure 18. Determination of the low-frequency noise specification from the 
proposed maximum acceptable fish reaction range of 20 m. To achieve 
this the vessel noise must not exceed 132 dB re 1 pPa (1 Hz band) @ 
1 m over the frequency band of 20 Hz to 1.2 kHz. 
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Figure 19. Noise levels measured on the "Bjarni Saemundsson" (EK500) 

(Johan Hjort 3.6.91) 
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Figure 20. This illustrates the rapid growth of integrator level 
as propeller cavitation increases with speed. 
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Figure 21. Detection of three classes of fish target strength at 38 kHz in relation to 
noise. This is based on a transducer being towed 15 m from the propeller. 
Echo-sounder SL =226 dB re 1 pPa @ 1 m. 
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Figure 22. Proposed underwater radiated noise specification at 11 knots free-running 
for all vessels used in fisheries research. 
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lnstrument description 

Hydrophone: 8103 
Hydrophone calibrator: 4229 numbers refer to Bruel & Kjaer instruments 

Amplifier: 2635 
Analyser: 21 43 1 other manufacturers equivalents may be used 

Recorder: Sony DAT Tcd-Dl Opro 

Figure 24. Instrument configuration for vessel noise measurement 
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APPENDIX 1 

Measurement of Vessel Noise 

1. Method 

This is a short description of a system used by the In- 
stitute of Marine Research, Bergen, for the measure- 
ment of radiated underwater noise level from research 
vessels. These levels are normally gven in terms of the 
so-called source level frequency spectrum., adjusted to a 
distance of 1 m prior to comparison with other measure- 
ments or with the noise specfiation. 

Source levels of vessel noise signatures are commonly 
obtained from measurements, simply by assuming the 
ship to be a point source with spherical radiation. 
Hence, directional radiation characteristics of the s h p  
are normally neglected and underwater sound pressure 
levels are assumed to decay by 6 dB per doubling of 
distance. That is at a rate of 20 log@), where R is the 
distance between the ship and the measuring hydro- 
phone. However, the radiation characteristics of a ves- 
sel can be found with the instrument set-up described 
later, by letting the vessel pass on both sides and at 
different distances from the hydrophone. Data from 
such measurements have been used to plot the aspect 
variation of vessel noise level, the so-called "butterfly" 
pattern. Although such noise data can be obtained by 
use of different types and combination of instruments 
the basic units are a hydrophone, an amplifier and a 
frequency spectrum analyser. 

The arrangement may differ from range to range. On 
permanent ranges the hydrophones are normally 
placed on, or moored, to the seabed but at temporary 
ranges the hydrophone may be lowered from a boat. In 
the latter case the vessel to be measured should pass at 
safe distance from the hydrophone. The instruments 
and techniques used for vessel noise measurements at 
the IMR-Bergen during recent years are described be- 
low. 

2. Instrument configuration 

Instrument description, manufacturer and type num- 
ber, other instruments may be used if they have 
equivalent specifications: 

Hydrophone: Bruel & Kjrer, 8103 
Amplifier: Bruel & Kjrer, 2635 
Recorder: Sony DAT, Tcd-D 10 pro 

Analyser: Bruel & K j ~ r ,  2143 
Calibrator: Bruel & Kjaer,hydrophone 

calibrator, 4229 

Figure 24 shows the instrument set-up required for 
vessel noise measurements. Prior to measurements the 
hydrophone is calibrated, using the instrument in the 
above list. During measurements the signal from the 
hydrophone is amplified, recorded in DAT format, 
then analysed in 1/24, 113 or 111 octave bands. 

3. Suspension of hydrophones 

It is very important when suspending hydrophones 
that the recommended maximum worlung load on the 
cable is not exceeded. The strain should be taken by a 
line hitched along the cable at regular intervals. Fur- 
ther, a weight should be attached to the line to ensure 
that the hydrophone hangs vertically in the water. 
Figure 25 shows a typical suspension of a hydro- 
phone for deep water measurements. precautions 
should be taken to prevent the strumming of cables in 
the water flow. 

4. Weather and sea conditions 

In addition to calibrated and accurate instrumentation, 
good measurements depend greatly on the weather and 
sea conditions. This is especially true when using the 
technique described here, with an anchored boat as 
platform for the hydrophone and measuring system. 
One of the main problems is that, because most hydro- 
phones are pressure-sensitive they will respond to the 
change in ambient pressure with depth. Tides and 
waves cause hydrostatic pressure changes at the low- 
frequency end of the spectrum. 

Sound waves arise when particle motion causes pres- 
sure and density fluctuations to propagate in the me- 
dium. Similar to a ship's motion, the hydrophone will 
move up and down in the water column and hence the 
pressure on the hydrophone will change, causing un- 
wanted sound (noise) to be generated, if the boat's 
movement is too great. Noise measurements under 
normal conditions in water can never be below the 
inherent or ambient noise level. Details of the back- 
ground noise of the sea (ambient noise level) can be 
found under Section 2 of this report. 

5. Distance (range) to the hydrophone 

Because the measured noise levels must be adjusted to 
the reference distance of 1 m from the source it is nec- 
essary to determine the exact distance between the 
hydrophone and the vessel radiating the noise. Typical 
ship's radar is too imprecise, sonar is better but an 
exact and easier method is to use laser distance meas- 
uring equipment. If sonar is used, detection of the 
platform can be enhanced by a float submerged to 5 m 
beneath the platform vessel. 



6. Measuring area (noise range) 

An area used for measurements should, as far as pos- 
sible, be sheltered from winds, with little or no current 
and swell. The water depth should ideally be 80 - 100 
metres, and the shore, or local shallow area, should be 
at a distance in order to avoid unwanted reflections. It 
is difficult to be precise about the minimum depth be- 
cause of the dependence on bottom type and topogra- 
phy but 30 m should be regarded as just about feasible. 
In circumstances where it is believed that the bottom 
topography may vary considerably it will be desirable 
to map any prominent features. 

Before commencing it is necessary to obtain measure- 
ments of conductivity (salinity), temperature and depth 
throughout the water column being used. This is to 
ensure that no gradients exist which might cause 
anomalous results to be obtained. 

7. Measurement procedure 

A small vessel used as platform for the recording in- 
struments has normally been anchored during the ex- 
periments but a drifting platform has also been used. 
The noise from the vessel is detected through one, or 
more, hydrophones which have been placed at various 
depths from 5 to 30 m. First, decide on the measure- 
ments to be carried out. That is, the speeds and condi- 
tions of running. At least one run in each direction 
should be made at 11 knots which is a preferred speed 
for acoustic survey and allows comparison with other 
vessels. 

8. Propellers 

transects, and several transects at different distance on 
both sides of the platform. (see Fig. 26). The transects 
are run so that the vessel passes the hydrophone at 
fixed distances both to the starboard and port side. 
When running the transects, the distance from the 
vessel to the platform is measured and reported to the 
platform where actual distance is logged, along with 
the corresponding absolute time on the DAT tape re- 
corder. This will give a number of discrete points with 
related sound recordings for each of the transects. The 
distance points can be calculated as x-y co-ordinates 
on the basis of the distance between the vessel and the 
platform vessel at the actual recording and at the mo- 
ment when the platform vessel is 90' to the side of the 
vessel. 

a) fixed blade: 

For these vessels it is useful to start with a run 
during which speed is steadily increased to estab- 
lish the speed at which the inception of cavitation 
occurs. It is then preferable to make a series of 
runs, each at a given speed with, perhaps a two 
knot increment between runs. 

b) controllable pitch (CPP): 

For vessels with a CPP it is particularly important 
to determine the best combination (lowest noise 
level) of blade pitch and shaft RPM. This can be a 
time-consuming operation but worhng at these 
settings can give noise levels 20 dB less than other 
settings which provide the same speed. When the 
most favourable operating conditions have been 
determined they should be recorded: subsequent 
measurements should always be under these same 
conditions. 

Let the vessel start at a distance sufficient to ensure 
that she will reach the wanted speed before passing the 
hydrophone. When the vessel passes the measuring 
platform, report the distance via VHF-radio to the 
platform and, correspondingly, absolute time on the 
DAT tape recorder is logged. The distance to the pro- 
peller can then be calculated, (or the centre of vessel 
which is the normal datum at naval ranges). 

9. Measurement of vessel noise pattern 

To obtain sufficient data on the horizontal directivity 
in the sound emitted from the vessel, the following 
measurement procedure can be adopted: Let the vessel 
pass at wanted speed and conditions along straight. 
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APPENDIX 3 

Study Group meetings and membership 

Terms of reference. To specify and summarise available information on the essential noise requirements for research 
vessels with a view to recommending measuring procedures. 

The group held two one-day meetings. First in Gothenburg, Sweden, on 19 April 1993, from which an interim report 
was issued (C.M. 1993/B:5;) then in Montpellier, France, on 26 April 1994 where the second draft was discussed and 
suggestions were made for revision which resulted in the final report (C.M. 1994B5 ; ) .  
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