AD-A141 981  WIND-GENERATED NOISE IN SHALLOW WATER(U) SACLANT ASW i1 . N
’ RESEARCH CENTRE LA SPEZIA (ITALY> N C FERLA ET AL.
. 81 APR 84 SACLANTCEN-SR-739
UNCLRASSIFIED F/G 26/1 NL




TS TR TETETE T TR TLCa A=ty
. .

«

«

LS

PO B W )

L

I

T =

o
= e

22 s, s

MICROCOPY RESOLUTION TEST CHART
NAT ONAL SUREAU OF STANDARDS - 963 - %

PUSYEE S LT

i
%t

PR A
A,

R

" b
- TAR
L O
o P
ot el & A A A

-A‘ 1‘ - T T . . PRSI RN - . i
.. . . . S [N - At : . . RN N .
e e L e e e e T e A e e B e e teman et o e T s D .‘i
RSPSUIRS BAA I  SUTR PR USRI IR P SN TP AT SURTTU D TP SO A R A, S S S L S T A



AENARL A A B At A A AR RS DA AR A |
1

SACLANTCEN Regort
SR-79

M 12 i o - oo et s W]

SACLANTCEN Report SR -79

s SACLANT ASW
) RESEARCH CENTRE
REPORT

Pﬂwrmuﬂwm

WIND-GENERATED NOISE IN SHALLOW WATER

AD-A141 981

by 7 52 TR

e
SA LS
A

]

Melchiorre C. FERLA and William A. KUPERMAN

DTIC
ELECTE
JUN 1 21984 A"

o £ F-""“"“"“T

1 APRIL 1984

gTIL FILE COPY

_'-"'.’ NORTH
N ATLANTIC
. A A,
TREALY LASPEZIA, 1TALY

OLGANIZATION

This document 18 unclossifred. The informotion 11 contains is published subject 1o the conditions eof the

-___ legend printed on the inside cover. Short quotations from 1t may be made in other publicotions if credit is
- o given to the author(s) Except for working coptes for research purposes or for use in officiai NATQ
..'- publicerions, reproduction requires the autharization of the Director of SACLANTCEN.
o This documeat has been apyroved
Q. for pehli. elaee d waley 8 |
Lt . dmwibution 18 unlintted. o
o |
N 84 06 11 044
l‘.'l\ ‘
RN
--..\
DAY




Published by

o: Res
D &
vty

Tr s documen: .8 release! s a NATO Governunent

e doreton of the SACLAN, " subject 1o the
- nd vond.tiine.

o Tre ro Lert NATO Gesernind ot airees to use
AT et ey Tt int at.on
Lo N Lreet by g oot wi'h B osF Lr'y
Coans fL ot oan 4 5st el alhoan WGy nanner (a2

v . o s of tne  harter
uf otme Ut Son ey ty the rigate o!f the
aLwr coere oty nlradr tent, copyo.at, r uther
Lemt LR RESEGI terelor

2 U tne terchnucal

nforination wae originally
relcased ‘o ke

Jenire by 8 NATO Goverament subject
r&ed 0t

toreat

s ¢rcument the

ce agries to
er me f e res
L

overament,




S e AManr
T N
. RETIAE &

o

P
D) e

SACLANTCEN REPORT SR-79

NORTH ATLANTIC TREATY ORGANIZATION

SACLANT ASW Research Centre

Viale San Bartolomeo 400, 1-1902- San Bartolomeo (SP), Italy.

. national 0187 560940
tel: Tnternational + 39 187 560940

telex: 271148 SACENT |

WIND-GENERATED NOISE IN SHALLOW WATER

by

Melchiorre C. Ferla and William A. Kuperman

1 April 1984

This report has been prepared as part of Project 19,

APPROVED FOR DISTRIBUTION

97ffi<1;a9~°74334§zi~:¢k¢¢‘;44_,/

RALPH R, GOODMAN
Director

This document has bowy od
foc peblic releame and .J??::v
disstbution ls walimnited,

4

B NPTV

O Y L X




ratat ol o e .

b it e A
. .

MASCAANAMAAMEANE S PSS AL NS A A A AR AR CRA I MAN A AA A A NS

LN

TABLE OF CONTENTS

ABSTRACT
INTRODUCT ION

1
2
3
4

ACOUSTIC MEASURING AND PROCESSING SYSTEM
EXPERIMENTAL RESULTS

MODELLLING OF WIND-GENERATED NOISE
SOURCE SPECTRUM LEVELS

CONCLUSIONS
REFERENCES

List of Fiqures

Experimental area, showing the positions of vertical array,
waverider buoy, and recording station,

Hydrophone depth relative to a typical sound-speed profile
taken during November 1980 ambient-noise measurements.

Vertical distribution of wind-induced noise measured at
(a) 22 kn (b) 35 kn wind speed.

Vertical distribution of wind-induced noise as computed by
the model for unit source strength.

Variation of wave height, wind speed, and shallow-water
ambient noise levels as a function of time,

Shallow-water ambient-noise levels for wind speeds from 0 to
40 kn and for frequencies from 50 to 3200 Hz, as from reference
deep water tables and the present study.

Shallow-water ambient-noise levels for various Beaufort wind
speed groupings and for frequencies from 50 to 3200 Hz, as
from reference deep-water tables and the present study.

Contours of propagation loss in the test area.
Source spectrum levels of wind-generated noise at various wind

speeds in the 10 to 40 kn interval and for frequencies from 50
to 3200 Hz.

10, Individual contribution of the continuous, discrete, and full

B T T A P .
Dankeonbinndoiedad ol o s 8 s a 'l

field components of the acoustic field in the Formiche area.

YT T

11
13

17
19

10

12

14

14

n s ww s

© o ae




RS - - Y - . - 2 At Al ST i B e e R A |
. _ SACLANTCEN SR-79 .
G WIND-GENERATED NOISE IN SHALLOW WATER .
by
| ‘ o g
Melchiorre C. Ferla and wWilliam A, Kuperman* .*1
AN i
*Present adidress: US Nap:! Ocean Resears’ and Deve’spment Acrivity,
NSTi, Stattiom, MS 38595, ®
_' L@
o ABSTRACT o]
T S
'...‘. . .i
N An experiment was conducted in a shallow water region of the Mediterranean )
NN Sea to study wind-generated noise. In addition to measuring the noise s
field, propagation-loss data were collected and used in a detailed 9.
modelling of the environment. The environmental information was then used .
e as input to a noise model based on wave theory that computes the noise )
o field in the water column for a given (unknown) source strength. By .
comparing model predictions with data, the influence of the environment on C
recorded noise levels could be removed and a measure of the noise source _.-{.:
c spectrum levels obtained as a function of wind speed, which is the -
parameter that was determined to be more closely correlated to the noise 1
level than is wave height, B
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INTRODUCTION

In almost all arcas, wint 1s tne douninent noise  component over 4
significant frequency bhand, beinyg overshadowed only occasionally by noise "o
due to rain, ships, other human activities, and bioloyical activities. The

farge spread of wind-generated noise levels measured for the same wind
speed and wave height 1in the absence of other noise sources is cdaused not
only by differences in the duration, retch, and constancy of the wind, but K
also by the site-dependence of factors that control acoustic propagation,
such as the sound-speed profile, the ocean depth, and the bottonm
composition <1,2,3>,

The purpose of this report is twofold: to present the wind-induced noise
tevels derived from anhient-noise measurements conducted in shallow water,
and to illustrate a method for deriving the spectrum levels of wind-
generated noise sources,

The ambient-noise data were measured in a shallow-water environment in the
Ligurian Sea for five consecutive days at the end of November 1980,
Broadband ambient-noise levels from a vertical string of hydrophones
uniformly distributed over depth were recorded for 3 min every 1, 2, or 4 h
according to variations in the wind speed. They were processed to form
ambient-noise spectrum levels at frequencies from 50 to 3200 Hz at octave
intervals, and then grouped as a function of wind speeds from 0 to 40 kn,

The method for deriving wind-induced source spectrum levels requires a
well-controlled ambient-noise data set, a description of the environmental
parameters influencing acoustic propagation at the experimental site, and
an acoustic propagation model to compute site-dependent effects. Finally,
the spectrum levels of the wind-generated noise sources are obtained from
the wind-generated noise levels by removing the site-dependent propagation
effects. A wind-generated noise model, based on the above method, has been
jointly developed at SACLANTCEN <4,5> and at the U.S. Naval Research
Laboratory, and can he used for estimating wind-induced noise levels for a
given environment,

To gain confidence in the ability properly to compute site-dependent
effects through the use of an acoustic propagation model, a propagation
experiment was conducted prior to the ambient noise measurements and the
results used in a detailed modelling of the test area.

In addition to acquiring the acoustic data, local shipping traffic was v
monitored by radar, expendable bathythermographs were taken, and local wind ]
speed and wave height were recorded simultaneously. D
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FIG. 1 EXPERIMENTAL AREA, SHOWING THE POSITIONS OF VERTICAL  ARRAY,
WAVERIDER BUOY, AND RECORDING STATION. The inset shows the
position of the Formiche arei relative to the Italian mainland.

e
«
2 .
.'-'.
[N a ala'ata’sta’s'a

b
;
.



1 ACOHSTIC MEASURING AND oR0TE SR Sy s T M
The data were medasdr=a 1 shaliow wator ot ormiche W00 Grosselto, 4 graup
of small dslands southeast of  fita 10 the Digurian Sea,  togr Pive

consecutive days at tne end of Noveaber 19310,

Figure 1 shows the relative positioans of the instruments, The acoustic
system, Fig. 2, consisted of a striny of hydrophones suspended vertically
between an anchor on the sea floor and a subsurface float. The hydrophones
were connected by an armoured cable to instruments locdted 1n a lighthouse
2 km southeast of the measuring point, Broadband ambient-noise signals
from the hydrophones were amplified and recorded on magnetic tdpes for
3 min every 1, 2, or 4 h according to the variations in the wind speed.

The raw data for each hydrophone were low-pass filtered with a cut-off
frequency of 4 kHz to prevent aliasing and then sampled and digitized at a
rate of 12 kHz to form two 2-s sequences, 1 min apart, for each of the
3-min recordings of broadband raw data. Final estimates of the ambient-
noise power spectrda were obtained for each of the 2-s sequences at seven
frequencies ranging from 50 to 3200 Hz at one octave interval using the
averaging periodgram method <6>, with a 23.44 Hz bandwidth for each
frequency estimate. Processing of the digital data also consisted of
entering individual calibration constants and compensating for the effects
of filtering and amplification.

In support of the noise measurements, wave-height data were measured with a
Waverider buoy system Jlocated about 300 m southeast of the hydrophone
array. Wind speed was measured by an anemometer installed on the
lighthouse 20 m above the sea level. Bathythermographs were obtained by
XBTs at intervals, and local shipping traffic was monitored with radar.
Prior to starting the ambient-noise measurements a propagation-1oss
experiment was conducted using tnhe vertical string of hydrophones as a
receiver,

IR S - -
J.U L
i FLOAT
g | Lo
' ""J' FIlG. o
3.0 ‘ Vo HYDIOPHONES DEPTH RELATIVE TO
R . . A TYPICAL SOUND-SPEED PROFILE
. . TAKEN DURING NOVEMBER 1280
I e AMBIENT-NOISE MEASUREMENTS .
a1 by G‘, T E:K( ¢ P
v . w !
2 ogn g,
e ' I LT
s - A" b,
B} * . .(’, .
1
I t
- ' ‘
il ' ¥
- e oM _L.“
tdve-0 120060 6.C
. . .

4
.

Qe .. o
N

, .
EL P R

-




s adie s et Siut Jhan b s o |

SR= 7

SAUTANTCEN

N e e il e "R Tt St Sl Al it S St DN B LEp e el anh e LA M

-

.

W Sre o ey

-

L2t M Wik Ha M 4
A A

gt i

"Wl Hla40 (W) HLd3[ -

32

D N | (RS AL N A A A rR Al Y LA A= And dhar] ™ LA - A S T Y Y T ..1.1.1.1‘.1“1
. : PTwEnT T CAPA- A e T
° e e i ® ® o 4
o
E: =
by
X =
~N
o
x
2 ¥ - N
— _ e . ~
© mE o =
2 3 0 ; &
- | m — <
< c ,
s 2 ‘ & N o &
u.v - . (an] A (aw) M o AD X
R . o N e =
s m - #O ¢ L. Mo~ “ 5 <
. m m <
Ak @ o 5 §
.ﬂ W TN B %
BN o A
-7 L" . O O m:u.
< € T X o) Q zZ > > i =
< ¥ . T oo (N ) e S 4 o '~
] T 9 == 0TI @ g
! > 2 . o ot
_~ > W. : /\ W
1o .
[ } '3 [on BN 2
ATU g o % e O R PO - ~
(e % M Dl,X\\0||--.¢||||.¢:4\0----.0.,,0\0'6 &2 Q n_u
= = R4 s =
x \La‘Ay::x\ullllnyqultvl.X\)l;.x||X' “ 3 Yu
. q - ~ . j
M -.&;\A-é-é-o----éffb-é_ - &, PP S At S . ~ =
o Q , &
o 0O
- D e SR SRR N -+ o ™ ke e TR v 2 5 o)
S - «+ - o = o - be - T e v.X-éGLO =
- et * _,6 S w0 S
B Sl T e T e B E | =
| 5 | 3
= « o )
o322 32 . oo \ >
H_W_.wwwm. o MM 1HLWWOO L_,r}u m
- _5 — 4ewu ,S m
! g . .
o ﬂ & x O e X ) Q
| L8 | , L
- S & | o =
- IS SO SRR S0 _ SR
) ~ | S WU | L 4 i ﬂ m
3 o) - o) o ) Ner g W J2 S
4 - w0 6] o for ] M (@} (e} fwin } (e (e0) (o] - T W o
b — > =2 N A= [de] a (] o 0
Q
™~
*
G
[
G,

FIG.

' @.




? FAPERIMENTYL RESTLTN

The arnalysis of tne distribhution of the oaice over fep'n showed gt times o
substantial tluctuation df tne near-surtace ani near-hottom hyedeonhones 40
more spikes 4t those depths than ia toe rost of fne water coluynn, e
influence of cable strumming at the near-surfice hydraphores and hydeophngne
failures at the bottom were suspected to play a4 wmajor rale in causing the
variability at these near-bourdary regions, The midg-water hydrophones
showed the most stahble results. Howgever, at all freguencies, the noise
level was constant over depth within a couple ot Jdecibels, as shown in
Fig. 3, which gives the vertical noise intensity for twn measuremerts
selected during periods of minimum shipping noise., As seen in Fig., 4, this
lack of depth dependence is also predicted by the noise mndel, which at
50 Hz indicates a variation of roughly 2 dR bdetween 26 and 116 m depth,

The depth-dependence progressively diminishes for increasing frequency.

After discarding the data that were too heavily contaminated by non wind-
dependent noise sources, the final results were obtained by averaging, for
each of the 3-min recordings, the ambient-noise power spectra computed for
the three mid-array hydrophones.

The variation of the ambient-noise level versus time in the 50 to 3200 Hz
octave bands and the corresponding variation in the wind speed and wave
height are shown in Fig. 5. The wind speed, represented by the curve in
the upper part of the plot, shows the wide variations typical of winter
conditions. The data cover the period 24 to 238 November 1980,

As expected by previous studies, the time series of the noise levels at the
higher freguencies show a striking resemblance to the wind-speed curve,
confirining a strong wind dependence 1in the upper frequency bhand, The
similarity diminishes with decreasing frenquency. This is reasonahle, since
the observed spectra in this area can be primarily thought of as being a
combination of two noise fields: wind-related noise and shipping noise.
[t is at these lower frequencies that ship-induced noise appears to be the
primary contributor, In fact this figure shows a series nf peaks at lower
frequencies that are due to the presence of nearby ships identified by
radar, The only exception is the peak appearing around day 332, which is
due to heavy rainfall. Here the level 1increases by almost 30 4B at
3200 Hz, bhut 1is less intense at Jlower frequencies. The noise levels
remaining after deleting the data suffering from tne ohvious effects of
nearby ships and rain have been ordered according to the wind speed and
then a best-fit second-order polynomial has bheen computed,

Figure 6 shows the experimental data for all octave hands in the 50 to
3200 Hz band as a function of wing speed from O to 49 ¥kn, together with a
quadratic, Tleast-squares fit of the data, ant with reference levels
obtained from a summary of wind-induced deep-water ambient-noise spectra
<7>,

We can immediately observe that at 50 and 13 Hz the noise levels are much
higher than the reference levels and that they show ro depondence on wind
speed, [t is believed that tnese levels Jepent o the distant ship
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traffic, which 15 quite intense in the test drea. At 200 42 we heqin ta
ohserve a weak wind-speed dependence, while from 300 Hz up to 208 Hy the
wind-speed dependence incredases and the levels are in good agreement with
the reference Tevels for wind spoeds greater thdan 7 kn,  However, oven with
the best agreement, the noise levels show no ciedar dependence on wind speed
for wind speeds less than / kn,

The levels obtained from the experimental data through the curve-titting
nolynomials are shown aygain in Fig. 7, where they are compared with the
reference deep-water levels for different wind speeds and with average
levels for various shipping densities., [t is importdant to notice that the
wind-induced noise at the rormiche di Grosseto site is less than that
usually assumed for shallow water areas, The wind-speed relationship is
approximately the same as the deep-water results of Ross <7>, a tact which
is believed to depend on the soft bottom in the test area.
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when sound propadation 1s controlled iy the LS TIC araperties ot tne
bottom, such as in shallow water areas.

To properly take accorrt of the effect of the enyirapments! paraneters
influencing the acoustic propayation and to incluyde hoth tne discrete and
the continuous comporeats of “He acoustic field, we have developed g wind-
generated noise model hased or the caimdination of two acoustic propagation
models: a normal-mcde =aodel TSNAOY 3.0 which calculates the propagating
modes (discrete field), ant a tast field program (FFPY 9>, which
calculates the nearfield contribution ‘zontinuous field), The wind-
generated noise model has bHheen Jointly developed by the S Naval Research
Laboratory and SACLANTCEN., The mathematical concepts are described in <d>,
The wind-generated noise sources are modedled as uncorrelated monopole
sources. Different source directionalities have been studied by Hamson
<10> and could easily be incorporated ir the model.

The acoustic propagation models treat the ocean as a three-layered medium,
The first two layers describe the water column and the sediment, with the
sound-speed profile arbitrarily varying with depth while the density is
held constant for each layer. We include volume attenuation in the water
layer and attenuation of compressional waves in the sediment layer. The
third layer is a semi-infinite solid layer with constant properties such as
density and sound speed and with attenuation of compressional and shear
waves, The SNAP model wused for calculating the discrete modes of the
acoustic field includes scattering loss at a rough sea surface or bottom
<11>,

The propagation-loss data collected before starting the ambient-noise
measurements were analyzed and modelled with the SNAP model, using the XBT
data taken during the experiment and the average bottom parameters derived
from a previous study of the test area <12>. Figure 8 compares the
experimental and model results. The close agreement evident in this figure
indicates that both the actual! decibel levels and the frequency dependence
of propagation (which has been shown to be indicative of the environment
<13>) are correctly predicted by the model and confirm the previous
definition <12> of bottom parameters for that area,
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4 SOURCE SPECTRUM LEvitY

To determine the Source spectrua levels, we  start (L e 1
expression:

' 2 i
T(z,z") = q° * SF(z,z') , i
where
T{z,z") t Total intensity at depth 2 from sources located a*
depth z' over the entire source plane.
q : Scurce strength term expressed in dB//uPa/vVHz
SF(z,z') : Discrete (SNAP) and continuous (FFP) contributions to

the acoustic field integrated over the entire source
plane.

If we now replace T(z,z') with the actual noise level E(z,z') obtained
from the experiment at sea, we can compute the source spectrum level as:

St{z') = 10 log ¢ = 10 log E(z,2z') - 10 log SF(z,z') . (Eq. 2)
Hence in effect we are subtracting the environmental effects to isolate the
source spectrum levels. Values are computed from the noise inodel for

source depths satisfying the following relation:

2! <« ¢c/2w

and are referred to a 0 m source depth by applying the foilowing expression
<14>:

SL(0) = SL(z') + 10 log (1/2'%) . (Eq. 3)

By applying Eqs. 2 and 3 we can now derive the wind-generated source
spectrum levels. However, in the Formiche di Grosseto darea the analysis of
the ambient-noise data shows that below frequencies of 400 Hz wind-
independent noise sources dominate the band, thus allowing the source
spectrum levels to be estimated only at frequencies from 400 to 3200 Hz.

To also obtain a rough estimate of the frequency dependence of the wind-

generated source spectrum levels for frequencies below 400 Hz, we heye mod
the noise model and Ross's ambient-noise refe-ence curves <7> Lo durive
source spectrum levels for a typical winter deep-wiater protile. fhe

computed source spectrum levels derived both from our shallow-water daty
and from the deep-water reference curves are shown in Fig. G, whorp they
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are plotted for selested wina speeds hetween Ddoand 40 kn. There 1is a4
smooth transition trom one derivation tn the other, except at the lowest
wind speed. These results show a similarity to the spectral shape of
splash ngise, as reported ny Franz <lh>, whers the spectrum peaks between
300 and 600 Hz. This s consistent with the conjecture that the air/sea
interaction giving rise to wind-generated nroise is physically reltated to
the splash-noise phenomenon <75,

We have made a comparison with Wilson's <16> source spectrum levels at wind
speeds from 10 to 40 kn and for freguencies from 400 Hz (lowest frequency
in our noise data with minor non-wind-dependent noise influence) to 1000 Hz
{the highest frequency analyzed by Wilson), Within these limits the
agreement 1is generally very dood except at the lowest wind speed. However,
below 400 Hz the agreement is seen to be poor. The explanation for this
low-frequency disagreement is not known.

Ingenito and Wolf <3> also show source spectrum levels as a function of
wind speed at 500 and 1000 Hz. Their results are roughly 5 dB higher at
low wind speeds, with the difference increasing slightly with increasing
wind speed., Although the results being compared were obtained by following
the same technique, the calculation of the propagation effects in the two
cases differs in that we have described the continuous component of the
acoustic field exactly, using the FFP technique <9>.

The relative importance of the continuous and the discrete components of
the acoustic field, at the Formiche di Grosseto area, is indicated by
Fig. 10, which presents the two components computed from the noise model
for frequencies from 50 to 3200 Hz at wind speeds of 0 and 35 kn. The main
feature evident in this figure 1is that while the continuous field
contribution is virtually constant with freauency, the contribution of the
discrete field to the total ambient-noise level decreases with increasing
wind speed and frequency. The strong attenuation of the discrete field is
caused by scattering at the rough sea surface. Although we believe that
this is a true effect, we note that our propagation model treats scattering
loss 1n an approximate way that might lead to over-estimating this loss
mechanism,
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CONCLUS [ONS

SACLANTCEN SR-T7Y

The main conclusions of this study concerning wind-generated noise in the

Formiche di

a.

Grosseto area are:

The noise is wind-induced for frequencies greater than 400 Hz,
when excluding the time-resolved contributions of nearby
ships.

Noise levels are correlated more with wind speed than with
wave height, although for wind speeds of less than 7 kn there
is not significant correlation.

Over the depth interval covered (26 m to 116 m), the wind-
induced noise is essentially depth independent,

Both the level and the frequency dependence of the wind-
induced component are in good agreement with the deep-water
reference curves of Ross <7> for frequencies above 400 Hz,

The correspondence between the measured noise and reported
deep-water noise is consistent with the acoustic environment
for this particular shallow water site.

The frequency dependence of the source spectrum levels shows a
similarity to the spectral shape nf splash noise as reported
by Franz <9>, where the spectrum peaks between 300 Hz and
600 Hz. This 1is consistent with the conjecture that the
air/sea interaction giving rise to wind-generated noise is
physically related to the splash-noise phenomenon <7>,

The derived source level for frequencies below 400 Hz differs
significantly from that of Wilson <16>, OQur result in this
case may not be considered conclusive, hecause in applying our
method for deriving source spectrum level we could not use
data from a controlled experiment.

The analysis of the noise model results shows that, at high
wind speeds, the relative contribution of the continuous field
to the total ambient-noise field is more important than that
of the discrete components, resulting in a virtually constant
noise intensity over depth, The strong attenuation of the
propagating modes for frequencies above 400 Hz is due to
scattering loss at the rough sea surface <11>. This effect,
which increases with increasing wind speed and frequency,
reduces the importance of the contributions from distant
sources. Consequently, very elaborate modelling of
propagation effects is not needed at high wind speeds.
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