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In this paper, results of investigations of underwater ambient noise are presented based on
statistical analysis of the acoustic pressure and three orthogonal components of particle
velocity of a medium P(2), V_ (1), ¥, (1), V,(¢). The mathematical analysis used includes
cross-spectral characteristics, simple coherence functions, phase spectra, and an algorithm to
split the noise field into anisotropic and isotropic fields. The above approach is applied to study
the anisotropic and isotropic fields of ambient noise in the deep open ocean and in a coastal
area. A fundamental feature of the anisotropic field that has been revealed is that the direction
of the horizontal component of dynamic noise energy flux is similar to the surface roughness

propagation direction.

PACS numbers: 43.30.Nb

INTRODUCTION

Here we understand the vector-phase measurements in
anonmoving medium as a simultaneous measurement of the
acoustic pressure field P(#) and three orthogonal compo-
nents of the particle velocity vector of the medium
V{V, (1), ¥, (1),V,(¢}} made at a given point. Totality of the
yvector-phase measurements and of the corresponding math-
ematical methods allowing calculation of the Umov-Point-
ing vector of the energy flux density and its characteristics
will be considered as a vector-phase technique in acoustics.

A device that simultaneously measures P, V,, V,, and
V., and that consists of a pressure receiver and a three-com-
ponent receiver, will be further referred to as a combined
receiver in our paper.’

The first instrument to measure the air flow sound ener-
gy density vector was described by H. D, Olsenin 1932. The
first modern-type receiver of the particle velocity based on
an electrodynamic transducer constructed by “Bell Tele-
phone Laboratories” for the U.S. Naval Laboratory of hy-
droacoustic measurements appeared in 1942.

At present various techniques have been developed for

- mmeasuring the acoustic field energy flux vector in nonmov-
- Ing media in both aero- and hydroacoustics.>"* Analog and

digital procedures have also been worked out to process the
acoustic data.>'** According to incomplete information,
from the middle of the 1940's to the middle of the 1970’s in
Great Britain, USSR, USA, France, and Japan there were
tegistered more than 140 patents on the principles of con-
Structing the particle velocity receivers (pressure gradient
feceivers) and application of those measuring systems to
Solve problems in aero- and hydroacoustics. However, there
are few works published dealing with investigations of the
yector-phase characteristics of the acoustic fields in the
Ocean. In the present paper, an attempt has been made to

show some results of the many-year studies on underwater
aCoustic ambient noise using the vector-phase technique.

Anisotropic and isotropic properties of the underwater am-

!Jlent noise field are discussed based on consideration of the

Dterrelation between the acoustic pressure and particle ve-
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locity in this field. Also, this paper uses the results of works
published in Russian in 1981-1990.**21-28

In Sec. I of this paper, theoretical and technical aspects
of the vector-phase technique are presented. In Sec. II the
results of investigations are discussed.

. THEQRETICAL AND TECHNICAL ASPECTS OF THE
VECTOR-PHASE TECHNIQUE

A. Basic physical relationships

Following Refs. 29-32, we present basic theoretical re-
lationships for the energy characteristics of the acoustic
field.

The instantaneous value of energy density of the acous-
tic field of a plane traveling harmonic wave is

E(t) = Ego (1) + Epoy (1)

1 1 P
=—pVin+—"——2
5P (1) + 2 C ]
Pt '
= , 1
oo (D

since E, (1} = E_, (1).

In Eq. (1), the following notation is introduced: P(t)
and V(1) are instantaneous values of the acoustic pressure
and particle velocity, respectively; Cis a sound velocity; p is
an equilibrinm value of the density of a medium; and E,; ()
and £, (¢) are instantaneous values of kinetic and potential
energy densities, respectively.

The mean density of total energy averaged “temporal-
ly” or “spatially” is equal to the maximum amplitude value
of the kinetic (potential) energy density,

1 1 P

2 2 pC?’ ‘
where P and V), are the amplitude values of the pressure
and particle velocity, respectively.

In accordance with a virial theorem,* the ratio for the
mean values in Eq. (2) in the acoustic wave is also true for
arbitrary variations in a small amplitude.

(E())=—pVi= (2)
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The acoustic energy change in some volume v limited to
the closed surface s can be written as?!32

%j};(:)@: —ffp(:)vu)ds. 3)

The right-hand expression beneath the integral is the
instantaneous value of the energy flux density vector I(¢)
{Umov-Pointing vector)

I(r) = P()V (1), (4)

which shows the direction of transfer and the value of the
energy passing through the unit area per unit of time.

For the simplest case of a plane traveling monochromat-
ic wave field from one source in an infinite homogeneous
mediom the averaged vector of the energy flux density inten-
sity is oriented toward the direction of the wave movement n
and can be represented by the following expression:

) Pin

1= (1)) =—%—PD V0n=%pCV§n :% pz . (5)
where Py and F; are amplitude values of the pressure and
particle velocity, respectively.

If the acoustic field at some point in space is represented
by a superposition of plane waves arriving from the various
directions there, then the magnitude of the resulting aver-
aged energy flux 1, along some direction r may be written as
a sum of separate flows projectioned on the given direc-
tion:°

f

% Z Py Vi cos i, (6)
where P, and V), are i-wave amplitude values of the pres-
sure and particle velocity, respectively; ¢; is an angle be-
tween the directions of the particle velocity vector of the i-
plane wave and the r direction. The component 7, expressed
through amplitudes of resulting values of the acoustic pres-
sure p, and particle velocity component ¥,,, is then

Ir:%POV[}r COS(¢>p_¢)u)! (7
where (@, — ¢,) = @, is the phase difference between the
pressure and particle velocity in a resulting wave,

Equations (5)—(7) give the mean intensity of the acous-
tic field calculated at the time interval ¢ 7' (Tisa period of

- the monochromatic wave).

The vector-phase measurements result in the following
acoustic field characteristics which are random values of
time:

(1) P(0), V. (), ¥V, (1), V, () are instantaneous values
of the acoustic pressure and orthogonal components of the
particle velocity, respectively;

(i1} @, (1), @,, (), @,. (£) are instantaneous values of
the phase difference between the pressure and particle veloc-
ity components, respectively;

(iil) @, (), @, (#), @,.(7) are instantaneous values of
the phase difference between the corresponding components
of the particle velocity.

We limit statistical anatysis of these values in time and
space to cross-correlation analysis.? In the time domain, the
cross-correlation function of two random processes P( ) and
V.8,
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Ry (1) = (P(OYV, (£ + 7)), (8)

at 7= 0 is the energy flow of the acoustic field along the ,
direction,

Ry (0) =(POYV, (1)) =1, )

In the frequency domain, we have the following:

(i) Sp 2(f),8,.(f) are autospectra of the pressure ang
particle velocity, respectively;

{11} Spp, (/) is 2 mutual spectrum of the pressure Py
and particle velocity component V, (£);

(1i1) the simple coherence function is

Yo (S = |Spn (/5 ()8, f); (10)

{iv) the phase spectrum is

@t} = (1N

where V7 (1) indicates the complex conjugate value of ¥, ()
and Re(P¥#*) and Im( PV ¥*) are active and reactive powers
of the field, respectively, which are included into the mutua}
spectrum modulus :

|Spp (] =\/RCI(PV;") + Im*( PV *). (12

For the random processes P(#) and ¥, (1), V., V.(5)
we have: the autospectra

S (S (S 1S, ()8, ()
the mutual spectra
Sp () Spyy (F):8p, (),

SVxVy(f):lSVsz(f),SVsz(f);
coherence functions
Y%‘Vx(f) ‘y?’Vy(f)

TIPVz(f) :‘y V,xV)(f) }’ Vsz(f)?}’ Vsz(f)
and phase spectra
GUPVx(f)"I"PVy(f)"WPVz(f)»

Py ()@ ver: (f)@w. ()

A set of these functions allows us to separate the aniso-
tropic and isotropic components of the underwater ambient
noise field and to examine their properties,

B. Technique of investigations
1. Principle of measuring the particle velocity

In the investigations carried out, the combined receiver
has been employed with a hull moving together with the
medium. Description of the theoretical and practical aspects
of the measurements by means of this receiver can be found

_ in the literature.'"*'***-3% Here we consider the principle

of its operation. The receiver is a hard sphere with built-in
transducers and is secured with flexible rubber cords in a
sonar dome. The amplitude of the velocity of the hard sphere
variations (¥) {the sphere’s mean density is ) in incom-
pressible fluid (density py) in a plane sound wave (ampli-
tude of the velocity ¥, } is expressed by the relationship:

V=1[3p/(2p +po) ] V-
Analysis shows that, if the radius of the hard sphere a 18

smaller than A /6 of an incident wave and the mean density of
the sphere p approaches the fluid density p,, then the velec-
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jty of the sphere movement approaches that of the particle’s
" movement of a medium in the sound wave.

13,32

: 2 Combined receiver and its characteristics

The receiver of the particle velocity used represents a
single spheroplastic ball of diameter 0.2 m with piezocera-
mic transducers inserted. Three pairs of the transducers are
located in pairs and symmetrically relative to the center of
the sphere on the orthogonal axes x,p,z [Fig. 1(a}].

The first resonance frequency f; of the transducers used
lies in the frequency range 1.5-2.0 kHz. In the working fre-
quency range f<f, the electric signal from each pair of the
transducers is proportional to the corresponding component
of the particle’s acceleration g, (1), a, (), 4, (). The work-
ing range is limited to below the resonance frequency of the
flexible suspension, the value of which lies in the frequency
range 1.0-6.0 Hz. The combined receiver adjusted with
preamplifiers in the frequency range 50-1000 Hz has identi-
cal amplitude {mismatching between channels is not more
+ 0.1 dB) and phase (channels misalignment is not more
+ 3°) characteristics.

The combined receiver within its working frequency
range may be considered as a point receiver. Its characteris-
tics are as follows.

(1) A circular directivity diagram for a hydrophone and
cosine directivity diagram for each of three channels of the
particie velocity receiver show a cosine directivity diagram
for each channel of the receiver under multiplicative pro-
cessing, whereas they yield a cardioid directivity diagram for
each channel of the combined receiver while on additive pro-
cessing.

{b}

FIG. 1. Deployment scheme for the particle velocity receiver (a) and telem-

" etry combined system (b). The following notation is introduced: (a) 1—
* single hull, 2—transducers, 3—rubber cords, (b) 1-—-container with the ap-

paratus and power supply, 2—radio transmitter, 3—horizontal cable line
with floats, 4—deep-water buoyancy, 5—cable junction boxes, 6—com-
bined acoustic module, 7—load.
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{2) In the working frequency range the directivity dia-
gram of the receiver is frequency-independent.

(3) The combined receiver being a receiver of the ener-
gy flux density vector distinguishes right-left or {upper-
lower) half-space that allows for the examining of the direc-
tionality properties of composite acoustic fields using a point
receiver. This is very important for infra- and sound frequen-
Cy ranges.

3. Telemelry combined system

Investigations of the vector-phase characteristics of un-
derwater ambient noise were carried out using bottom cable
systems and telemetry moored or drifting deep-water instru-
ments transmitting information by a radiochannel to the
shore or ship. The bottom-system arrangement has been de-
scribed in Refs. 1 and 14. The general configuration of the
combined deep-water eight-channel telemetry system is
sketched in Fig. 1. The telemetry system remained oper-
ational when wind force was 6. Cancellation of the forced
variations and variations naturally arising in the cable line
under the effect of the sea surface roughness is performed as
follows.

(1) The vertical cable line AB has negative buoyancy of
not more than 10-15 kg. This negative buoyancy is compen-
sated for by a long chain AC of small floats (lifting capacity
of one float is 0.2 kg).

(2) The entire cable line is placed into a vacuum poly-
urethane plastic “‘stocking.”

(3) The measuring module (Fig. 2) together with the
horizontal cable ED has neutral buoyancy with error
+ 0.05 kg. Tilt of the module is not more than + 5°

A number of field studies have revealed that the smallest
drifting of the measuring system relative to water stretches
the cable ED and acoustic module horizontally (Fig. 1}. The
acoustic array restores its working equilibrium state in 45—
60 min after setting the system. The vertical cable line may
be connected with the acoustic array at any depth from 20 to
1000 m.

The system remains antonomous for 15 days. The Ra-
diotelemetry is operational to range 15 km.

Il. RESULTS OF INVESTIGATIONS

In the general case the acoustic field may be represented
by a superposition of three idealized—active, reactive, and
diffusive—fields. For the simple case, the active field is a
plane traveling wave field in an infinite homogeneous medi-
um. An example of the reactive field is a standing wave, and
the diffuse field represents the reactive field that is formed,
for example, by statistically independent sources of the re-
verberation field.

The energy density of the composite acoustic field will
be determined by the energy densities sum of each of these
addenda. However, only the active component determines
this field intensity, since the energy flux density vector of the
reactive and diffusive fields is equal to zero.”**°

Thus, while calculating the energy density and energy
flux density vector of the composite field it is possible to
make its classification. The sum of the active and reactive

V. A. Shchurov: Coherent and diffusive noise 993
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FIG. 2. Combined acoustic module. Notation: 1—three-component particle velocity receiver, 2—flexible rubber cords, 3—mavements limiting thread, 4—
hydrophone, 5—float’s bars, 6—float, 7—iilt adjuster, 8—container, 9—cable, 10,11—buoyancy, 12—cable box, 13—sonar dome cover made of soft mater.-

al, l4—polypropylene halyard, 15—small floats.

components represents the anisotropic fleld; a diffusive com-
ponent represents the isotropic field.

In this part of the paper we present an algorithm of split-
ting the field into the anisotropic and isotropic components.

Their qualitative relationship depends upon the sea surface

wind speed, properties of the vertical and horizontal noise
power flows, and statistical characteristics of the acoustic
pressure and particle velocity in the anisotropic and isotrop-
ic fields. -

A. Algorithm for splitting the noisefield into its
anisotropic and isotropic components

The underwater ambient noise field (called the total
field in the present work ) can be represented as a superposi-
tion of statistically independent anisotropic and isctropic
fields.*” In this case the instantaneous vatues P(¢) and V(1)
of the total field will be written as

P(n) =P, (1) + P (1),

where P, (¢}, V() represents the anisotropic field and
P, (1), V, (1) represents the isotropic field.

In the total field resulting from the active, reactive, and
diffuse components the coherence function for the random
processes P(£) and V, (1) may take values 0<y }y, <1

In the anisotropic field of a plane traveling in the » wave
direction in an homogeneous medium, the random values
P(t)and V, () are correlated and ¥ %, = 1. In the isotropic
field which is diffusive by its nature P(¢) and ¥{!) are not
correlated and, therefore, ¥ 7y, (/) = 0 (Ref. 36).

Since the energy densities of the total and anisotropic
fields are experimentally calculated, the diffuse field energy
density will be obtained by subtracting the anisotropic field

994 J. Acoust. Soc. Am., Vol. 90, No. 2, Pt 1, August 1991

energy from that of the total field. Splitting of the total field
into the anisotropic (coherent) and isotropic (incoherent)
components enables us to estimate the contributions of these
components to the real noise field and to study properties of
each of the components. -

In order to divide the total field into the anisotropic and
isotropic components, the following algorithm has been de-
veloped. Find the power spectra for the anisotropic and iso-
tropic fields. According to a spectrum theorem,*® the total

field power spectrum can be represented as:

S (f)=S55:0/)+5,.01),
where §'5,( f) is the anisotropic field power spectrum;
5. ( f) is the same for the isotropic field.
Similarly, since P(¢) and ¥V(¢) are physically equal:
S, () =850 +8,.(f).
For the anisotropic field
S6:(S)Y=S3[% S5.(f) =S5
Moreover, the reciprocal spectrum modulus is

1S (I = 1S5S

Since P, (¢) and V, (f) are also equal characteristics of the
field, hence, owing to a virial theorem,™ we can write this
equation as

S ALy =m (IS (f).

Here m*( /') is determined by signal receiving and process-
ing paths and is dimensionless because P(r), F(¢) are mea-
sured per units of pressure. So, it is natural to put

m(f) = 8,2 (£)/S,0 (f).
Then

© V. A, Shchurov: Coherent and diffusive noise 994
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FIG. 3. Spectral densities and noise coherence functions during calm
weather, Averaging time is 60 s. The spectrum pairs spacing is 20 dB. 1—
total field, 2—anisotropic field, 3—isotropic field, 4—y 7, (f),

S—¥ i ()

1Sp () =m S I =m(FHS%:(f).

Thus we find the spectra:
for the anisotropic component

S5 ()= |Sp( I/m(f),
for the isotropic
S fY=8,:0F)—55.(F).

B. Ratio of the anisotropic and isotropic components in
the noise field

Using the algorithm of total field splitting into the aniso-
tropic {coherent) and isotropic {incoherent) fields, we per-
form analysis of underwater ambient noise. Now we present
the results of noise studies recorded at the same point in
coastal waters under calm and stormy weather conditions.
The experimental conditions were as follows. The measure-
ment point was 40 km offshore and the water depth was 250
m. A combined receiver was placed at a depth of 230 m. The
xaxis of the vector receiver was directed along the shore, the
Yy axis directed to the open sea, and the z axis directed verti-
cally. In the maximum directionality diagram of the y axis

" there was placed a stationary source radiating 500- and 880-
| Hz tones.

Figure 3 implies the following meteorological condi-
tions: wind speed 1-2 m/s, light sea surface roughness with-

out swell.
In Fig. 4 the conditions are 10 m/s wind speed and de-

“veloped steady-state sea surface roughness with swell. Direc-

tion of the surface roughness and swell is the same as that of
the y axis. :
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FIG. 4. Spectral densities and noise coherence functions under the steady-
state surface roughness. Wind speed is 10 m/s. Averaging time is 60s. The
spectrum pairs spacing is 20 dB. 1—total field, 2—anisotropic field, 3—
isotropic field, 4—y 2y, (), 5—¥ 50 () 6—¥ 20 ().

In addition to Figs. 3 and 4, digital values of the follow-
ing characteristics are presented in Tables I and IT; (1) co-
herence functions-y %, ( /) and y %, (/) [for the random
processes P(t) and V, (1), V;(f), respectively]; (2) the dif-
ferences between spectral densities of the total field and cor-
responding values of the anisotropic ANV, (dB) and isotropic
AN (dB) fields; (3) values of the anisotropic field spectral
density in percent of the total field, N, (%).

The calculations were carried out at the 6% band in the
continuous part of the spectrum and at the 2-Hz band for
500- and 880-Hz tone signals.

When calm weather conditions take place, underwater
ambient noise is seen to be divided into coherent and inco-
herent parts as follows (Fig. 3, Table I}. The coherent com-
ponent is being observed only at frequencies below 400 Hz. It
seems more likely that this coherent component is doe to
shipping noise and besides, coherence occurs at the horizon-
tal plane along the y axis only. The coherence along the x
axis, ¥ 5 f), is small compared to that along the y and z
aXES, ¥ by, and is not shown in Fig. 3. In the coherent noise
region (60-300 Hz) and for the 500- and 880-Hz tone sig-
nals, the anisotropic field is 55%-95% of the total field.
That there are no tone signals of 500 and 880 Hz in the
isotropic field spectrum is an evidence of the efficiency of the
algorithm used. It shouid be noted that though the aniso-
tropic field power is the larger component in the frequency
range 60-300 Hz, the anisotropic and isotropic fields powers
are of equal order. Above 300 Hz the isotropic component
seems to be dominant over the anisotropic one in the total
field noise spectrum, the former being one or two orders
greater than the latter (see Table I, 400 Hz, 600 Hz).

The anisotropic field spectrum becomes more indented
at frequencies above 300 Hz, i.e., in that part of the spec-

V. A. Shchurov: Coherent and diffusive noise 995




TABLE I. Characteristics of noise field at wind speed 1-2 m/s.

£ Hz 60 106 200 300 40 50 600 880 900
Yy 0.372 0.340 3.382 0.211 0.088 0.442 0.017 0.985 0.060
¥ i 0.415 0.315 0.153 0.045 0.077 0.299 0.017 (.382 0.130
AN, dB 1.7 1.5 2.6 5.3 11.0 1.7 15.0 0.2 7.5
AN, dB 4.8 5.3 35 1.3 0.6 4.8 0.2 13.0 0.9
N, % 63 71 55 29 g8 68 3 95 18

trum, in which the isotropic field constitutes most of the
total field. The isotropic field spectrum is smoother as com-
pared with that of the anisotropic field throughout the fre-
quency range.

Spectral density of the anisotropic field has greater vari-
ance in thé higher frequency range than at frequencies below
400 Hz. Under stormy weather conditions (Fig. 4, Table I1)
the anisotropic component dominates the isotropic through-
out the frequency range, however, they are the same order
values. The anisotropic field spectrum is greater than the
spectrum of the isotropic field. An absolute error in the cal-
culations of the anisotropic and isotropic fields spectral den-
sities does not exceed + 109%, i.e., + 0.4 dB.

C. Anisotropic and isotropic fields properties

A comparison analysis on spectral characteristics of the
total, anisotropic, and isotropic fields performed for various
wind speeds (Figs. 3 and 4) reveals the mechanisms of gen-
erating the dynamic noise field coherent and incoherent
components. When wind is light (Fig. 3, Table 1), in the
frequency range 60-300 Hz, both the anisotropic and iso-
tropic components are seen. It seerns most likely that ship-
ping is one of the main sources of the anisotropic field in this
frequency range under calm weather conditions. In fact, ac-
cording to experimental observations (see, for example, Ref.
39), noise due to distant shipping is dominant in ambient
noise over this frequency range.

The horizontal component of the shipping noise, in our
case, is in the direction from the open sea to the shore; its
vertical component can be directed either toward the sea
floor or the surface, depending upon frequency, distance to
the source, and depth. The spectra of the total and anisotrop-
ic fields show the characteristic of upward bulging in the
frequency range 60-300 Hz, whereas the isotropic field spec-
trum shows downward bulging.

In the frequency range 300-1000 Hz the isotropic com-

TABLE I1. Characteristics of noise field at wind speed 10 m/s.

ponent prevailings in the total field. Table ITI shows the de.
pendence on frequency of the steepnessin falloffof the power
level spectral density and its anisotropic and isotropic com.
ponents, by using the data from Figs. 3 and 4. (Data for Fj B.
3 are represented by the numerator, those for Fig. 4 by the
denominator.)

it follows from Table III that the isotropic field spec.
trum for the light surface roughness (Fig. 3) varies with
frequency as 1//7 in the range 100-1000 Hz; at frequencies
above 400 Hz (i.e., above that frequency range where noise
of distant shipping occurs) the anisotropic field spectrum
decreases as 1/f°. Asit has been shown by the investigations
carried out in various regions in the ocean, when: (1) the
distance from shore was more than 10 km, (2) water depths
were greater than 100 m, and (3) steady-state sea-surface -
wind speed was not more than 2.0-2.5 m/s, then in the fre-
quency range 60—1000 Hz the isotropic component spec-
trum decreases with frequency as 1/£2 %% that of the aniso-
tropic falls as 1//°*°2 (in the frequency range above the
shipping noise). Moreover, at frequences above 300 Hz the
magnitude of the anisotropic field, associated with the am-
bient noise energy transfer over the ocean, can be two orders
less than that of the isotropicfield, i.e., that portion of energy
which represents a diffusive field in the ocean waveguide and
is not transported in space. Maximum value of the difference
of the spectral density levels of the total and anisotropic
fields may reach 18-20 dB.*"** As a resuit, the spectrum of
the anisotropic field of dynamic noise is less than the corre-
sponding spectrum of the isotropic field.

On increasing the near-sea surface wind and the surface
roughness the dynamic noise spectra tend to be changed
{Fig. 4, Table 11). Also, frequency-dependent steepness of
the falloff in the total, anisotropic and isotropic fields spec-
tral levels changes. Contribution from the anisotropic and
isotropic fields to the total field of ambient noise becomes
equal throughout the frequency range (Table 11). Thus, the

fiHz 60 100 200 300 400 500 600 880 900

¥ v 0.034 0.018 0.025 ¢.025 0.035 0.046 0.091 0.090 0.112
Y 0.190 0.192 0.129 0.334 0.415 0.400 0.421 0.387 0.301
AN, dB 6.7 6.3 8.0 49 39 4.1 33 3.9 39

AN, dB 0.7 0.6 1.1 L7 2.0 2.1 20 2.9 27

N, % 21 23 16 32 41 39 47 41 41
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.TABLE ITI. Steepness of falloff in the noise spectral density level

{ — dB/oct).

Af Hz Tatal field Anisotropic field  Isotropic field
100-200 4.5/3.6 3.2/31 6.2/4.0
200400 10.0/2.6 16.3/ + 0.8 5.8/4.0
300--600 7.9/0.5 13.0/ + 1.3 5.8/1.0
400-300 6.3/2.8 8.7/2.6 6.2/2.5
500--1000 6.8/8.2 8.2/8.7 6.0/8.0

steady-state sea surface roughness generates coherent acous-
tic noise fields with approximately identical power. The
character of the anisotropic field coherence in the horizontal
plane differs from that in the vertical plane (see Fig. 4,
curves 4,5,6; Table 11). Moreover, in the horizontal plane
the coherence is observed along the y axis and is negligibly
small along the x axis. However, experimental conditions
assume that the y-axis direction is similar to the direction of
the sea surface roughness and of the water-surface wind
propagation (see Sec. II B}. In the frequency range 400-600
Hz the coherence in the vertical plane (Fig. 4, curve 5) has
distinct maximum.

The experimental studies show that the above discussed
coherent properties of underwater ambient dynamic noise
may be treated as fundamental. Now we present (in addition
to Fig. 4) the results of the deep open ocean ambient noise
studies (Figs. 5 and 6).

The experimental conditions were as follows: the water
depth was 3600 m; underwater sound channel axis was locat-
ed at a depth of 1200 m; the sound velocity near the surface
was larger than that near the sea floor; wind speed was 12
m/s; there was steady-state sea surface roughness with swell;
wind, surface roughness and swell were in the same direc-
tion. A telemetry system was placed within a near-field shad-
ow zone, relative to a receiving ship, at a distance of 10-15
km. The receiving ship was drifting while on “silent ship”
operation. A combined receiver was located at a depth of 250
m. The x axis of the receiver was in the same direction as the
surface roughness propagated.

In Fig. 5 are presented the spectral densities for the to-
tal, anisotropic, and isotropic fields. The spectra are calcu-
lated using the algorithm for total field splitting (Sec. IT A).

Figure 6 shows the coherence function y 3%, (f),

¥ oy (S ), ¥ bz (S} and phase spectra @py., (/) @pry, (S,

108

z ]
Bz s Sty
3 %

FIG. 5. Spectral densities under the steady-state surface roughness. Wind
speed is 12 m/s. Averaging time is 200 5. 1—total field, 2—anisotropic field,
3—isotropic field.
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@p1, (f) corresponding to Fig. 5. By comparing Fig. 4 with
Figs. 5 and 6 one can conclude that the dynamic ambient
noise properties in coastal area at a wind speed of 10 m/s are
also characteristic of deep open ocean at a wind speed of 12
m/s. The difference is that in the case with deep open ocean
the anisotropic coherent field (Fig. 5, curve 2) in the fre-
quency range 300-600 Hz contributes more to the total field
than the isotropic diffusive field does (Fig. 5, curve 3).
In the horizontal plane the coherence is observed in the
dynamic ambient noise field (200800 Hz) only along the x
axis, i.e., along the direction in which the sea surface rough-
ness propagates (Fig. 6, curve 1). The spectrum ¢py, ( )
{curve 2) indicates that at frequencies above 200 Hz the
noise energy in the horizontal plane arrives there from one
direction. In our case this direction is the same as for the
surface roughness propagating “forward,” that is, the hori-
zontal flow of the noise power transfers the energy in the -
direction of the sea surface roughness propagation. In the
direction perpendicular to the surface roughness direction
the coherence function ¥ 3, ( /) above 200 Hz is negligibly
small compared with y 2,._( f'}, i.e., in this direction there is
no coherence in the noise field (curve 3). The phase differ-
€nce @ py, ( f) is found to be random, that is, the evidence of
uncertainity of the power flow direction along the y axis
(curve 4). In the vertical plane (Fig. 6, curves 5 and 6) the
coherence gains its maximum values in the frequency range
300-600 Hz. The vertical coherent component accounts for
about 40% from the total field (Table II) when the wind
speed is 10 m/s in this frequency range, and it is almost 60%
(Fig. 6, curve 5) in the case in which wind speed reaches 12
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m/s. In the frequency range 200-600 Hz the noise energy
transfer through the horizontal plane occurs in the surface-
bottom direction, which is indicated by the phase spectrum
@pv: () (Fig. 6, curve 6).

Thus, the anisotropic field in ambient noise is represent-
ed by horizontal and vertical components. Each of the com-
ponents is expressed by a coherent link between the acoustic
pressure and the corresponding component of the particle
velocity. Here arises a question—do these components cor-
relate with each other? In Fig. 7 the coherence function and
phase spectra between orthogonal components of the parti-
cle velocity are shown for the noise field whose spectra are
presented in Fig. 4. From Fig. 7 it follows that
Yy, =V vw. =7 %, = 0, and their phase spectra are seen
to be random throughout the frequency range studied.
Hence, the orthogonal components of the particle velocity
[ V. (0),V,(0),V, (1) ] are incoherent with each other in the
field of dynamic environmental noise. From here it follows
that the horizontal and vertical components are believed to
be incoherent (uncorrelated).

Thus, a model of dynamic noise in the ocean can be as
follows. The acoustic noise field is seen to represent a super-
position of the isotropic (incoherent) and anisotropic (co-
herent) fields, whose energy contribution to the total field is
determined by the degree of the sea surface roughness. The
isotropic field contributes much to the total field energy and
can gain values greater than 90% from the total field under
calm weather conditions. The isotropic component repre-
sents a diffusive field, whose energy is as if it were “frozen™ in
the ocean waveguide and is not transported in space. The sea
surface roughness is found to be a source of energy pumping
to the diffusive field, a portion of the anisotropic field energy
being also *pumped” through the mechanisms of the scatter-
ing there. The anisotropic field is represented by a superposi-
tion of two uncorrelated fields, one of which transports the
energy in the vertical plane in the direction of the surface
bottom, another-in the horizontal plane in the direction of
propagation of the surface roughness.

D. Statistical properties of the anisotropic and isotropic
fields

Statistical characteristics of the random values
P(0),V{V, (),V, (£),V.(1) }in the anisotropic and isatropic
fields can be estimated in the following approximation.

Let us assume that the anisotropic and isotropic fields
are statistically independent;*” that pressure and particle ve-
locity are statistically independent and Gaussian; that the
anisotropic field is expressed as a local plane wave field with
a determinate link between the pressure and particle veloc-
ity; and that the pressure and the particle velocity in the
anisotropic field are Gaussian.”? Under the assumptions
such as shown in Appendix, we have the following ratios of
the normalized variances of the total field energy density
D(P*) and energy flux D(P¥) for the anisotropic compo-
nent

_DpH
by
for the isotropic component
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_ Dby
oDpeyy
and for the total field consisting of the anisotropic and iso-

tropic components
1<y<2.

Hence, if the above assumptions are true for the field of
underwater ambient noise, then depending upon the ratio of
the anisotropic and isotropic components in this field 7 will
take on values 1<n<2.

Figure 8 shows the coherence function of a signal from a
local source against ambient noise. The experimental condi-
tions are similar to those associated with Fig. 3. The local
source is in the x direction. Since the experiment was carried
out during calm conditions, the isotropic component must
be dominant in the total field of the dynamic noise (see Secs.
II B and II C}, except those frequencies at which radiation
from the local sources is observed. Thus, by virtue of the
coherence function spectrum one can determine frequency
intervals in which the noise field is considered to be isotropic
or anisotropic with high reliability.

In Fig. 8 it follows that in the frequency ranges 50-300
Hz and 500-550 Hz noise is dominated by radiation from the
local source. The coherence function for frequencies at
which the radiation occurs is 0.5-0.93, therefore, the field in
these frequency ranges is anisotropic (except several fre-
quencies within the ranges considered, where there is no ra-
diation). At bands 300-500 Hz and above 550 Hz the field
has prevailing isotropic component that is indicated by the
coherence function (Fig. 8). In these frequency ranges One
can find such parts of the spectrum where coherence func-
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FIG. 8. Coherence function for the acoustic pressure and the particle veloc-
ity xcomponent. The x axis is directed to a radiation source. Averaging time
is 60 s.

tions values are not higher than 0.1, Let us show the values of
77 calculated at the 69 band for eight frequencies in Fig. 8
(Table IV}).

Asgitis seen, the variances ratio (within a computational
error Ay = + 0.2) is near 2 (340,700,800,900 Hz) in the
isotropic field; in the anisotropic field it is in the vicinity of
unity (150, 250, 520 Hz). In the frequency 420 Hz, where
value of the coherence is 0.3, 7 = 1.5.

Digital processing of considerable amount of the experi-
mental data on ambient noise has revealed that 7 values tend
to unity in that frequency range where the signal and coher-
ence function are observed to be 0.5 and more (i.e., the aniso-
tropic field is dominant in the total field); if the coherence
function is less than 0.3, the value tends to 2; that is the
isotropic component makes the main contribution to the to-
tal field.

Thus, one can conclude that in the underwater ambient
acoustic noise the pressure and particle velocity are Gaus-
sian and, moreover, statistically independent in the isotropic
field.

~ 1Il. CONCLUDING REMARKS

It has been shown in the present paper that description
of underwater ambient noise may be limited to the cross-
correlation analysis between the pressure and particle veloc-
ity of the acoustic field. The studies of the coherence func-
tions of the acoustic pressure and particle velocity
components in ambient noise field allow us to: (1) reveal a
fundamental phenomenon, that is, transfer of the dynamic
ambient noise energy in the direction of the sea surface
roughness propagation; (2} to state the relationship between
the anisotropic and isotropic components in the dynamic
noise field; and (3) to evaluate statistical characteristics of
the acoustic pressure and particle velocity of ambient noise.

It seems hard to overestimate the efficiency of the pres-
ent technique in physical acoustics of the ocean and aeroa-
coustics. Here, of primary importance are investigations of

TABLE IV. Degree of the noise field isotropy.

-fiHz 150 250 340 420 520 700 800 900 -

7 1.0 1.2 1.9 1.5 L.l 2.0 22 2.1
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the phenomenon such as compensation of counterflows of
the energy”® and its utilization in studies on a fine spectral
structure of ambient noise both in hydro-and aeroacoustics.
Also, it seems interesting to study properties of the diffusive
field for estimating power of the reverberation sources in the
ocean as well as for examining the mechanism of sound gen-
eration while breaking individual wind surface waves.

These investigations appear to be perspective and vital,
so technical difficulties associated with measurements of the
particle velocity components should be overcome.
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APPENDIX

We find a ratio of normalized variances of the energy
density D(P?) and energy flow density D(PF), assuming
that the random values P(¢) and F{(¢) correspond to terms in
Sec. II D.

In the anisotropic field there exists a linear relation be-
tween pressure and particle velocity modulus P(1) = b¥(¢),
where 4 is impedance of a medium.

The acoustic energy density £ is defined by the expres-
sion £E=P? and the acoustic energy flow density by
{I| = |PV|.Let P(¢) and V(¢) be scalar-and vector-centered
Gaussian random processes, respectively, Powers of the pro-
cesses are made to be nondimensional by the corresponding
normalization: D({P) = D(V} = 1, where V is the particle
velocity projection in the wave propagation direction. For
the anisotropic component, owing to the relation
P(1) = b¥(1), we proceed from the random value P to the
value of the energy flow density vector projection on the
energy propagation direction I(f) = P(£)V (¢t} = Pin/k
and then transform the density function of the distribution
a{P) of the acoustic pressure values P(#) to those for a([ )
of the values I(#). Therefore, we obtain

b2 v exp(—1b/20})
V27a, JT '

The values [ are taken as positive and o , = D(P).
By Eq. (Al) it is easy to derive the flow density vari-
ance:

D{PVYy=D(1),
DPVy ={I%) - {I)?
=202/b=2D(P)D(V)/b*=2/b"

In order to find the energy density variance, it is reasonable
to consider, due to the above determination for E, that in Eq.
(A2) b=1.Thus, D(P*) =2D(P)D(V) = 2.

Due to that the processes P(¢) and ¥(¢) are considered
as independent. In the isotropic field the energy flux density

variance is D(PVYy = D(P)D(V) = 1.
Therefore, we obtain the following ratios of the normal-

a(f)= (A1)

{A2)
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ized variances for the anisotropic field:

Na = D(P*)/D(PV) = 2D(PYD(V)/2D(PYD(V) = 1,
and for the isotropic field,

7 = D(P*)/D(PV) = 2D(P)D(V)/D(P)D(V) = 2.

For the total field, the processes P(7) and V(1) are defined
by the expressions

Pty=P, (1) + P (1), V)=V, (1) + V().

Here the indices @ and 7 are the anisotropic and isotropic
components, respectively. Moreover, accounting for these
components independence as well as their fields centering,
we obtain

(P ={[(L. + PYV, + VDD
= (P V) +{PLIVD + (PINVD)
BV, PV =PV,
The flow density variance is
D(PY) = ((PV)?) — (PV?)
= ((P,V.)) — (B V.Y + ((BV))?) — (B V)?
+APHHVY+ (PP,
=D} + D)) + D(PHDV,) + D(P)D(V,).
In accordance with that, the energy density variance is
D(P*) = (P") — (P?)’
={(P, +PY") = {(P, + PP’
=(P3) + (P} +6{PIPD — (P2
—2UPIPY — (P}
=D(P.) + D(P}) +4D(P,)D(F)).
Powers of the P(¢) and V{¢} are identical and this implies
D(P,)=D(V,), D(P)=D(V,).

Since P, {z} and ¥V, (¢) and P;(¢) and V;(¢) are Gaussian,
then

D(Pl)=2D*(P,), D(P})=2D%(P),

DI,y =2D{(P,)D(V,), D) =DL)D(V,).
Substituting these expressions into the equation for the vari-
ance ratio:

Py
T="Dew)
B D(P.) 4+ D(P}) +4D(P,)}D(P)
© D(I) + DU, + DP)YDV,) + D(P,)D(V))
yields the following for #:
2[D(P,) +D(P)]?
[D(P,) + D(P)]|*+ D(P2)

Taking into consideration that D{P,) + D(F;)
= D(P) is the total fields invariance, we obtain the equation
that is convenient for analysis:

-~ 2D3(P) ’

D*(Py+ D*(P,)
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from which it follows that depending on the degree of totg]
field isotropy, n will take the values 1<n<2.
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