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ABSTRACT 

Data have been obtained on the noise f eld observed at 
hydrophones being towed at speeds between 2 and 12 knots . The 
data were digitized and subjected to auto and cross spec tral 
analysis. The spectra of the noise show strong peaks below 
approximately 100 cps and the total power and width of the peak 
as a strong function of ship speed . The coherency of signals 
at two hydrophones is low in the vicinity of t he peak, i ndicat­
ing that this noise field is not due to water-borne true sound. 
At low ship speeds, the noise in the 200 - 500 cps band i s shown 
to be coherent, but at the higher speeds, this coherence is l ost . 
The noise power in a narrow frequency band at high ships ~eds is 
shown to vary rapidly with time. 
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INTRODUCTION 

Th ppli ation of noise reduction and signal detection 

to data obtained from towed hydrophone arrays requires 

0f th noise field observed at the array elements 

~periment was designed to obtain this information 

w r athered under reasonably good sea conditions over the 

of ship speed normally accessible to the survey vessel . 

Th s ata w re then subJected to standard digital spectral 

analysis and ~ese spectra interpreted to find the characteristics 

of the field which effect the design of such filtering systems , 

This noise field is found to be dominated by a large low frequency 

peak which arises from a signal which is propagated at a velocity 

significantly less than that of sound in water . It is conjectured 

that this noise arises from pressure pulses in the boundary layer 

of the array . A much weaker component of the noise, at frequencies 

in excess of 200 cps is found to be water-borne sound. As ship 

speed is increased this true sound component of the noise field is 

masked by an increase in the boundary layer noise and can barely 

be seen at the highest ship speed . 



2 . 

EXPERIMENTAL EQUIPMENT At-;D PROCEDURE 

The block diagram of t h e eq.lipmen i shc-w~ i n Fi g'J r e 1 
Photographs lA, 18, l C and l D that exhib i me de ai l s of t h e par ts 
of this block diagram were provided by W" Dow who desig ned the arra y 
The hydrophones were Clevite acce l e rat 1on- ccmpensa ed crystals 
ins alled in a castor oi l -f i lled se~ i - rig id PVC housi ng . The r•; 1s1 ng 
was approximately 1/ 2 meter long . The hydrophone array cons i sted f 
5 elements separated by neutrally buoyant dead sections 3 meter s in 
length . Element diameter was 2 1/2 inches. Th e r e was a 5 i nch 
tapered transition to the dead-section diame ter of 2 i nches " T~e 
output from each hydrophone element was fed to a pre-amplifier whicr 
was installed as part of the array assembly 3 meters from the f ir s t 
array element . As seen in Figure lA and 18 there i s a region wre r e 
t e diameter of the pre-amplifier case decreases over a short d i stance 
at the tow cable entry point.* The pre-amplifiers were essentially 
unity gain impedance transformers, designed to minimize pick-up 
probl ems in the transmission oft.he individual hydrophone signals 
from the array to the ship . An R-C high pass filter with the 3 db 
point at 15 cps was included in the pre-amplifier. 

On board the ship, the signals were first passed through 
variable gain, broad-band amplifiers and t her. recorded on mag~e ~ic 
t.ape . A Crown 4-track high fidelity tape recorder was used . 
Recording speed was 7 1/2 cps . The complete system had a nom1r.all y 
flat frequency response from 20 cps - 15 kcps . Results of the 
act~al calibrat i on including the tape play-back eq ipment will be 
discussed in a later section. 

The data was obtained with the array towed with the firs: 
element 600 feet behind the ship. Ship speed was varied frcm Oto 
12 knot s in 2 kt steps . The speed was maintained to ~ . 25 kt d~r i ng 
data recording . The sea was moderately calm with 1 - 3 foot s·..ie l is 
The data was recorded in the Atlantic Ocean on the Blake Plateau. 
roughly 150 1iles SE of Charleston, s .c . rhe t ow depth was close 
to the sea s urface (5-20 meters) . 

*In present seismic array designs the diameter and the places where 
diameter changes occur are reduced . 
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DATA ANALYSIS 

S p r 1. o n h d ta wer digitized at the AVCO-
c n r , w · lmin t n, Mass . The analog tapes were 
1 Amp x SP-300 tape machi ne Analog signals were 

r t • limina 1 iasing ( the foldi ng down of s 1gna 1 s 
u n y into th frequency band of interest) 

w s 5 k ps per data hannel . Three data 
w qu ntially at a total sampling rate of 15 KC . 

r was st wLth the corner at 2 , 25 kcps , The slope 
i n this was 18 db/ octave . 

Sy t m a l i bration was performed by inJecting a signal 
nerator voltage at the input to the pre-amplifier by means of a 

r s1.st r in series with the hydrophone The results of the cali­
b at1on, i ncludi ng the Ampex play-back electronics, is shown in 
Figure 2 . The slight rise at the low end is attributed to a mis­
match between tape recorder and tape play-back equalizations . 

It should be noted that great care was taken to ensure 
that the calibration accuracy was maintained through the digitizing 
process . 

The power spectra and coherency of the data samples were 
computed using an IBM 7090 digital computer . The power spectra 
were computed using standard techniques (Hannon, 1960) . Smoothing 
was accompl ished by use of the Daniell spectral window, described 
in the reference . 

The coherency matrix of a group of signals was introduced 
1n 1930 by N. Wiener in his classic paper on generalized harmonic 
analysis. The coherency coefficient of two signals is defined as 
the cross-power spectrum of the signals divided by the geometric 
mean of the two auto-power spectra . It is a complex number whose 
mag itude is restricted to lie between C and 1. Its magnitude 
represents the amount of linear coherency between the two signals, 
and its phase angle represents the phase lag of one signal with 
respect t.o the other . Since the coherency is a measure of the 
linear dependence of one signal on the other, it may be used to 
determine whether tw signals arise from the same source . 

/ 
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RESULTS 

Power Spectra 

The results of t he spectral analys is of the hydrophone 
flow noise obtained on R/ V CHAIN Cruise 51 are pr sented in Fig­
ures 3 through 7. The spectra are computed with a sample length 
of 4500 points, representing 0 . 9 seconds of data. This relative 
signal level in db is plotted versus frequency over the range 
20 - 500 cps . In Figures 3 through 5, the spectra are shown as 
a function of tow speed. Each of these figures pertains to a 
single hydrophor.e of the array . The principal results of exami­
nation of these spectra are the following: 

1) The flow noise is strongest in the region below 
100 cps . There is some evidence of a falloff below 30 cps " At 
12 knots the low frequency peak is more than 30 db above the 
values at the high end of the spectrum. 

2) The spectral peak is extremely sharp. The slope 
of the spectra in the ·ange 60 - 120 cps is of the order of 
20 - 25 db/octave. The slope is roughly the same at all speeds 
and on the three hydrophones. 

3) An increase in ship speed is accompanied by an 
increase in noise power and broadening of the low frequency peak . 
The increase in flow noise over various speed changes and at 
various frequencies is tabulated in Table I. 
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TABLE I 

I n 
with Increas i n Tow S eed 

H 2 

F 
In rea se i n tow s,eeed 

2-12 kts 4-12 k t s 6-12 k t s 8-12 kts 

') r: p · 17 db 11 db 16 db 7 db 

0 24 17 24 14 

100 15 18 18 15 

200 5 10 5 5 

400 0 4 0 2 

Hydrophone 3 

Frequenc y 

25 c p s 
50 

100 
200 
400 

Fre~ency 

25 c ps 
50 cps 

100 c ps 
200 cp s 
400 c ps 

2-12 kts 

* 

2-12 kts 

9 db 
18 
16 

7 
0 

* 2-kno t da t a unavailable 

Increase in tow speed 

4-12 kts 6-12 kts 8-12 kts 

11 db 11 db 7 db 

17 18 10 

13 13 13 

7 5 5 

4 0 -1 

Hydrophone 4 

Increase in tow s12eed 

4-12 kts 6-12 kts 8-12 kts 

18 db 14 db 6 db 

25 21 8 

20 17 16 

7 7 7 

5 0 0 

10-12 k t s 

0 db 
6 
6 
4 
0 

10- 2 kts 

3 db 
3 
2 
0 

-4 

10-12 kts 

4 db 
4 
7 
3 
2 

r 
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The increas in noise power is larger t the low fr qu n-
cies and is actually greatest in th reg ion of the sha rp rop n 
energy j ust above th peak. Al thou h th thre hydrophon s xh ib ' 
similar behavior, there ar if f er n s nd wh s em b i n on-
sistencies in the <la ta wh i h .i. llustrat h 1 r h n s i n si nal 
character with time. These hang es ar s USS ur th r J. n a lc:i r 
section. 

The variatioD in flow noise spe tra amo ng t h h ee hy ro­
phones analyzed at a particular speed is illustrated i n Fig. for 
8 knots and Fig. 7 for 10 knots. For each speed, the difference 
between hydrophones is a function of frequency and vari sin level 
from 0 up to about 7 db. 

Spectral Variations with Time 

Flow noise variations with time were studied by means of 
computed running spectra, or sonograms. For this a power spectrum 
is computed for a short data sample. Then the spectrum is computed 
for the adjacent sample . This process is continued resulting in a 
series of power spectra which, when plotted together, form a fre-
q· ency spectra vs. time plot. It is usual to overlap adjace nt 
spectra to provide smoothing. 

Frequency-time analysis was performed on the hydrophone 
3 signal. Ship speed for the data section was 12 knots. The spectra 
were computed over the range 0 - 500 cps (in 10 cps bands} for 0 . 2 
second samples. The overlap used was 10 percent, i.e., for each 
computation the data sample shifted .02 seconds. 

The results are shown in Figure 8. For frequencies of 
50, 100 and 200 cps the noise power is plotted in db below the peak 
50 cps power as a function of time. TWo observations stand out: 
First, the noise power varies widely, up to 20 db, over short t i me 
intervals. Second, as might be expected, the excursions are greater 
at the lower frequencies. In addition there does not appear to be 
much correlation between the power level variations at the three 
separate frequencies. 
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COHERENCY 

'rh ·oh r n y f t he flow no1 s i gna l s r ecorded from the t hree 
hy r ph n s w re mpu t d for all sh i p speeds. These results are 
sh wn i n FL 3u rcs t h r ugh 14 . The coherency for each 2 knot speed 
111 r mcnt is p lott d s a f unction of f requency fo r three hydro-
ph n paLrs : 2-3 and 3- 4 , s eparat Lon 3 me t e rs: and 2-4 separation 

m tci:-s . 

Th pr-in i pa l obse i:-vat1ons a re the following: 

l . The s ignals a r e virtually incoherent ( p<. 5) in the 
i i nity of t he low fre quency flow noise peak. 

2 . As speed incredses, the frequency range over which 
t he signals are i ncoherent increases. Considering hydrophone pair 
3- 4 , at 2 knots, the coherency is less than .5 for frequencies be­
low 100 cps . At 8 knots the coherency is less than .5 for frequen­
cies below 300 cps and at 12 knots. 420 cps. In all cases, the 
powe r dens i ty i n the reg 10n where the signals are coherent ( p > . 8) 
i s 30- 40 db be low the power density peak where the signals are 
i ncoherent . 

3 . There is no decrease in coherency with increasing 
hydrophone separat i on. 

4 . The coherency curves for two different hydrophone 
pa i rs at i den tical separations are very similar: and in turn are 
similar to the curve for the long separation pair. 

It i s felt that the shape of the coherency curve illus­
tr a t e s two dif ferent noise sources. The low frequency, incoherent 
s ignals, a re t he result of flow noise generated by turbulence in 
th e vic in i ty o f the individual hydrophones: this noise field is 
p r opaga ted wi th a velocity much less than that of sound. The high 
frequency . h ighly coherent noise is true sound of remote origin. 
i n a ll likelihood, sh i p ge erated. As the tow speed is increased, 
the f low CJe nera t ed no i se gradually swamps out more of the noise 
from t he i:-emo t e sour ces . 
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CONCLUSIONS 

The f o llowi ng concl usion s ~r e b as d on th e above 
ana l ys i s of Woods Hole Ocea nograph ic I ns itu ion R/ V CHAIN, 
Cru i se 51 data. w~ f eel tha t t hey a r e g e ne ra lly app licable 
to towed hydrophone arrays . It sho uld b e expected that var i a­
tions in the flow noise power spect rum wi ll b e encoun te r ed a~ong 
different array configurat i ons. 

The power spectrum of the noise i s s trongly pe aked and 
the peak occurs at a frequency below 100 cps. Th i s peak is a tt r i b­
uted to turbulent flow in the immediate vicinity of the hydrophone 
element. The power in a narrow band varies widely as a funct i on 
of time, especially in the region of the flow noise peak . The. 
amplitude of the peak and its bandwidth are strong functions of 
ship speed. I'his result is in qual i tative agreement with the 
theory of boundary layer flow noise (Shudrzyk and Hadde, 1963). 

The low frequency flow noise observed on two elements 
along a hydrophone array is uncorrelated at ship spe ed s of f our 
knots or more. At frequencies in the band 200 t o 500 cps, wh i ch 
is above the flow noise peak, and at tow speeds of up t o 8 knots, 
the signals on two hydrophones are correlated, suggesting a 
remote source. However, the noise power in this portion of the 
sprectrum is quite low. At tow speeds of 10 and 12 knots the 
signals were uncorrelated throughout the frequency ba nd stud ied . 

It is plausible, although uncertain, tha t flow noi se s 
received on hydrophones generated at the array undergo a fluc t ua­
ting destructive interference from their sea surface reflect i ons 
for certain frequency ranges dependent on tow depth.* Signals i n 
a near fade condition tend to be incoherent and are known t o 
fluctuate greatly in amplitude. It is iikely that array depth 
decreases with ship speed and therefore, in v iew of the above, 
the observed increase in the frequency range o f in ~ohe rence 
between hydrophone pairs with increase i n ship speed might be 
related to this circumstance. Further study o f th i s possib i l ity 
is warranted. 

--------------------------------------------- ------------ - --~conjecture advanced is offered only by one or s (Becke r l e Jo 
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Fig. lA Portion of Array
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