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Coherent deterministic arrival times can be extracted from the derivative of the time-averaged
ambient noise cross-correlation function between two receivers. These coherent arrival times are
related to those of the time-domain Green’s function between these two receivers and have been
observed experimentally in various environments and frequency range of intergst in
ultrasonics, seismology, or underwater acougtidhis nonintuitive result can be demonstrated
based on a simple time-domain image formulation of the noise cross-correlation function, for a
uniform distribution of noise sources in a Pekeris waveguide. This image formulation determines the
influence of the noise-source distributiom range and depjhas well as the dependence on the
receiver bandwidth for the arrival-time structure of the derivative of the cross-correlation function.
These results are compared with previously derived formulations of the ambient noise
cross-correlation function. Practical implications of these results for sea experiments are also
discussed. ©€2005 Acoustical Society of AmericdDOI: 10.1121/1.1835507

PACS numbers: 43.30.Nb, 43.30.Wi, 43.20[BRD] Pages: 164-174

I. INTRODUCTION applied in a different type of environment, the underlying

physics relies on the same fact: when using ambient noise
measurements, the deterministic coherent wavefronts ex-
racted from time-averaged cross correlations correspond to
esidual coherent noise between the receivers. This small co-
erent component of the ambient noise field is buried in the

propagation through the medium, from the recorded signal a§patially _and temporglly' ‘”‘?Ohere”t field produce(_j by the
the other point. However, it has recently been experimentall)‘/"hde noise source distribution, but emerges after time aver-

demonstratetf that by cross correlating ambient noise re- aging from th_ose correlations that contain nois_e sources
cordings from two distinct locations, it is possible to build anWN0Se acoustic path passes through both receivers. Thus,

estimate of the TDGF between these two receivers. Earligf’€S€ coherent wavefronts yield an estimate of the arrival-

conjectures of this result were also formulatédSuccessful  ime structure of the TDGF. A sufficiently long time-
extraction of TDGF estimates between two points has re@veraging intervalas long as environmental changes do not
cently been achieved experimentally using acoustic ambierdodify the acoustic propagation palizsd a spatially homo-
noise measurementsly for specific environments and mea- 9€N€OUs noise distribution help in estimating the arrival-time
sured frequency. For instan¢®) ultrasonic, using measure- structure of the TDGF from this correlation procés'ﬁhe
ments of diffuse noise fields? (2) seismology, using fully differences between the various TDGF estimatesoherent
diffuse ambient seismic noiSe(3) helioseismology using ~ Wavefronts obtained experimentally using the ambient noise
passive solar Dopplergrams recorded by the Michelson Doﬁzross-correlations technique in specific environments are
pler imager; or(4) underwater acoustics using recording of linked to the spatio-temporal statistics of the noise sources.
sea surface generated ambient n8ise.addition, different Indeed, the amplitudes of the individual extracted coherent
techniques for constructing TDGF estimates, still based ovavefronts are shaded by the directionality of the noise
cross correlations, have also been proposed. These oth@purces and their spatial distributibh,and more frequent
techniques do not directly use ambient noise measuremenfg@ndom noise events accelerate the emergence of the TDGF
but instead distributed sources in the propagating medium ifstimates from the ambient noise cross correlations.
order to create a “sufficiently” diffuse acoustic field in this In a complex environment with boundarigsg., oceanic
medium. Examples arél) an ultrasonic scattering medium Waveguides, ultrasonic cavitiesthe emergence of an esti-
using several controlled sourcé®(2) in seismology using mMate of the TDGF from the long-term correlation of ambient
the diffuse coda of identifiable seismic events;(8rin an  noise recordings was demonstrated experimeritallyut ap-
underwater waveguide using controlled secondary soungiears at first glance to be a nonintuitive conjecture. This
sources distributed in the water colurth. result has been demonstrated theoretically in a cavity using a
Even if the ambient noise cross-correlation technique isiormal-mode formulatiofr? Furthermore, a stationary phase
derivation has been proposed to explain the extraction of the
ballistic Green'’s function in seismology from the correlation

The acoustic time-domain Green's functiddDGF)
fully determines the acoustic propagation timing betwee
two points. The TDGF is usually characterized by broadcast-
ing a known signal shape from one point and determining it
modifications(in the frequency- or the time domajrafter

dportions of this work were presented at the 147th ASA meeting, Austin,

TX, Nov. 2003. of multiply scattered waves in a free-space medium with
PElectronic mail: ksabra@mpl.ucsd.edu embedded scatterers uniformly distributédRelationships
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between the cross correlation of the transmission response Receiver 1 & its images ~ Receiver 2

with the reflection response were also derived for an inho- ¥ L (range separation) 1
mogeneous elastic mediaThe central result of this article SH 2. 2H6 Pt

is a demonstration of this conjecture using a straightforward k “~§1=2~'=‘
application(though geometrically intricajeof the method of 2H N

images for a uniform distribution of noise sources in an oce- 21_2H.L\R;2,,=‘1‘\

anic waveguide. This method can also be applied to other -H =4 = &,
environments with plane boundariefor instance in ! ;Rl-z;’fﬂ“--\\\

seismology’). The main goal of this article is to relate the g (o futace e
arrival times(7) of the time-averaged noise cross-correlation %{ Zz % Z
function (NCF) C, A7) between the two receivefge., the 5 | o =
asymptotic limit of the NCF after a long time-averaging in- -zy+2H 'k]’fz o

terva) to the arrival times of the TDGF between these two 2H -

receivers by using a stationary phase condition. In addition, R‘

this article provides an explanation for the amplitude shading B A

of the individual extracted coherent wavefronts, as predicted
; : 1315

by previous _normal‘mOde formUIa.t'olﬁs .anq also 0b- [, 1. superposition of free-space propagations paRs,(and Ry 5, ,

served experimentally in the oce&this shading is related to displayed in dashed lingdor the first five image sources solution§ (

the particular geometric distribution of sea-surface noisg<1) in an ideal waveguidéepthH), between a source located at (@0,

sourcegwhich induce a dipole effect when the noise sourced a receiver located at (0z,), as defined in Eq(1) and Eq.(2). The
corresponding physical propagation paths are indicated in plain lines in the

are |0cat?d close to the ocean surface waveguide. The various depths of each image and of the two receivers are
Previous detailed analysis of the sources of oceaniso displayed.

noise¢®~1® (natural and manmagleindicates that high-

frequency ocean nois@bove several hundred heriz not  bly the choice of the length of the correlation time window.

influenced by shipping noise, and is well approximated by aection IV summarizes the findings and conclusions drawn

homogeneous spatial distribution of random surface noisérom this study.

sources, with known statisti¢d:!° Thus, this article will fo-

cus on high-frequency oceanic ambient noise. In this papefl. TIME-DOMAIN FORMULATION OF THE AMBIENT

the case of a simple Pekeris wavegdfdes studied, for NOISE CROSS CORRELATION

yvhich a simple formulation of the TDGF e_xists using the A Surface noise model

image theory: the TDGF between two points can be ex-

pressed as a sum of free-space travel times from each of the At frequencies above several hundred hertz, ambient

images of one of these points to the other Bhehis image ~ Noise is mostly generated at the ocean’s surfacé?*~*‘A

formulation is an exact solution of the wave equation for ansimple model for the surface-generated ambient noise

isospeed and range-independent environment, yet it is anfeld">***>"*’is a random distribution, in space and time, of

lytically simple. It also easily includes the near-field propa-individual point noise sources located in a plane lying be-

gation effects for noise sources close to the receivers. Thaeath the sea surface at a constant depthThe signal re-

resulting image formulation for the NCE, ,(7) can be re- corded at the two receivers locations from a single random

duced to previous normal-mode formulatidid® or ray noise source is fully determined by the TDGF for the oceanic

formulation€! of the NCF for range-independent environ- waveguide of interest, between this random source and the

ments. From this simple model it followét) that only noise receivers_. The superposition _of these_ random pulses from

sources located in the endfire direction of the two receiver§@ny noise sources, at a receiver location, produces the mea-

contribute to the NCF(2) which among these endfire noise Sured surface-generated ambient noise.

sources actually contributes to a given arrival-timeof ) . .

C.A7); and(3) how the arrival times of the NCF depend on B. Image formulation of the ambient noise cross

the depth of these noise sources. This simple image formLF—O”rGI‘S‘t'On

lation of the NCF explains the basic physics of this noise  We start with the time-domain representation of the

cross-correlation process, and should provide an uppegcoustic pressure field from an impulse point source, based

bound estimate for the performance of this noise crossen the method of image$,in a isovelocity 3D oceanic

correlation process in the case of more complex oceaniwaveguide(with a speed of sound,), of depthH, bounded

waveguides. above by a pressure-release surface and below by a semi-
This paper is divided into three sections. In Sec. Il, ainfinite bottom layer which reduces the pressure amplitude

simple model of the sea-surface-generated ambient noise Iy a reflection coefficient, (see Fig. 1 V,, is a function of

discussed and closed-form analytical results for the NCRhe ray grazing angle and can be determined by the geoa-

C, A7), are developed for this model. Here, the effects ofcoustic properties of the bottoffi.Furthermore, volume at-

the noise source depths and the influence of the bandwidth eéénuation is included by adding an imaginary component to

the two receiving transducers on the time-delay structure ofhe speed of soufi(c=cy—ic;). For the Cartesian coordi-

the measured NCF are also investigated. In Sec. lll, the isaate systemé, ,e, ,e,) defined in Fig. 1, the depth axes,,

sues associated with a field experiment are discussed, notstarts from the surface and points downward. The radial vec-
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tor in the horizontal plane is=xe+ye,, and the horizontal dom source, represented by a delta function in space and
axis originates at the first receiver locatior, €0, y,=0, time, is fully determined by the TDGF for the oceanic wave-
z,). The second receiver is located ab€L, y,=0, z,), guide of interest, between this source and the
whereL>0 by hypothesis. The finite frequency bandwidth receivers:>**#The time-domain recorded signals at the two
of the recordings i§w;,w,]. To simplify notation, the nega- receivers,P(rs,zs,r¢,z¢;t), k=1, 2, are obtained by sum-
tive part of the frequency spectrum of the TDGF is ignored.ming over all the impulse noise sources contributighss-

The bandlimited TDGF between the two sensors,ing Eq. (1) for the Green's function between each noise

G(ry,21.,1,,25;t), can then be expressedtés source and the receive®(rs,z,r,zc;t—ts) for k=1, 2
G(ry,21,r2,25;3t)
+ o0 “+ o
vy dew 7 el ©(t=Ry 5)/co) | o= @Ry 5/i /) P(rs,zs,rk,zk;t):f drsf dts S(rg;ts)G
:f GO s gyl e
w1 2 5= R,
12 X(r51231rkyzk;t_ts)- (4)
el 0(t=R} )/co) | a= @R} 5/c; Ic3
- R l ’ 1) In a stationary medium, the temporal NGF, A7), be-
1,2

tween the signals recorded by both receivers is defined as
whereR,; andR;,, are the free-space distances between

the Ith-order image(the third indexl| is an integer of re- o
ceiver 1(represented by the first indeand receiver 2rep- ClZ(T):J’ dt P(rg,ze,rq,21;t)P
resented by the second index ' —

Rio=V(Ira—ri))?+(z,—z;+2IH)? X (Fg,Zs, M2, Zo;t+ 7). (5)

=L+ (z,—z;+2IH)?, _ . .
v (z=2 ) These random impulse noise sources have a white frequency

spectrum, which does not represent the physical frequency
5 , spectrum of the sound pulse generated from breaking
=L+ (z,+2z;+2IH)% waves???325However, if the pulses induced by the breaking
This notation for the free-space distan@®sssociated with €Vents are assumed to be identical on average, the source
the image theorerthere,R; ,, andR; ,,) will be used con- spectrum can be factored out of the spectrum of the received
sistently throughout the remainder of this paper: the first inSignal. Thus, the NCF is independent of the source spectrum
dex (here 1 corresponds to the source location, the second'n€n normalized bzﬁghe energy of the recorded signals at
index (here 2 to the receiver location, and the third index ©aCh receiver locatiofr.
(herel) to the source-image order. The exponéntor —) In practice, the NCF is constructed from ensemble aver-
indicates, respectively, that the summ, ¢ z,) or difference  29€S denoted by ), over realizations of the noise_source
(z,—2,) of sourcelreceiver depths is used. Figure 1 repre@mplitude S(rg;ts). We assume that the :;gdom impulse
sents the geometric interpretation of the image theorem foffO!S€ SOUrces hav_e2 tr}? same amplit@igPanr™s), have a
the two receivers. Thus, in EqL), the arrival times of the Creation rat€ » (m"*s™) per unit time per surface area, and
TDGF correspond to the free-space travel times from eacR'€ temporally and spat_lal_ly_lncoher&m the limit of infi-
individual images of receiver 1 to receiver 2. For infinite Nite recording time and infinite bandwidtue to the impul-
bandwidth(i.e.,[ @y, w,]=[ o, +]) and in the limit of no ~ SV nature of the sourceshen
volume attenuatiorii.e., ¢c;=0), the previous time-domain

formulation reduces to (S(rg;ts)S(rgr ite)y=2vQ%8(rg —rg)- Sty —ts). (6)
G(ry.25,r1,21;t)"

2
Ry o= V(Ira—ri))?+(zy+2,+2IH)?

Empirical relations between the surface wind speed and the
spatial and temporal statistics of breaking waves are
available®® and can be used to provide estimates of the pa-
rametersy and Q for given sea-state conditions. Since the
&) noise sources are assumed to be uncorrelated after ensemble
In this 3D oceanic waveguide, the noise source distribuaveraging[see Eq.(6)], only the correlations between the
tion is modeled as an infinite 2D plane sheet of monopolerrival times produced by the images of the same noise
impulse sources located at& X6, +Y<€,Zs), wherezgisa  source will contribute to the arrival times of the NCF. Thus,
constant. In the absence of attenuation in the ocean, the resing Eqs(1), (2), (4)—(6), the NCF can be expressed—after
sulting power of the recording ambient noise field would besimplification—as a sum of four cross terms
infinite. In practice, the contribution of the noise sources is
limited in range due to bottom absorption and volume attenu-
ation. In this model, each noise source broadcasts, at a ran-
dom timetg, an impulse of amplitud&(rg;ts). The signal
recorded at the two receivers, locations, from a single ranwhere

|=+0o

o eVl

==

—
1.2) Ri2

Cifdn)=Ars —Aly Ay +AL", (7)
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FIG. 2. Geometric construction of the location of the
noise source corresponding to the first solution of the

stationary phase conditiong=(x2,y?=0), for n=1
andp=0 [see Eq.(12) and Eq.(13)]. Note the align-
-H ment between the noise source imalge depth zg
—2(n—p)H=2z,—2H], the image of receiver Jat

R depth z;—2(n—p)H=2z,—2H], and receiver 2.
s,1,p=0 \ Hence, the difference between the free-space propaga-
- { %, tion path Ry,,_, (dash-dotted ling and Ry,
Zg a - S \ 0 (dashed ling is equal to the free-space distance
A S.@t f Ko 5‘ |z Rion p-1 (dot‘ted ling, i.e., the distance between the
Z Ao 1 ----- 2 image of receiver 1 and receiver 2 itself.
v 1 * ........ 2
"""" H
A{f vanishing derivativesi.e., the extrema ofb;, (rg)], then
p= -+ n= evaluating the spatial integral in the vicinity of each of these
L, (e2de +wd S ol +nly/[pl+nl locations by using a Taylor series expansion, and finally
=vQ — rs (=1 Vi ing th ibuti
w T Jow  pTentte summing these contributions. o
5 The particular noise source locations=(Xs,Ys)] cor-
fw(r+(R7, —RS, Yicg) . a—w(R%, +RS, e lc : e~
e sip Rs2n e s1p” Ts,2n’ti %0 8 responding to the extrema of the phase function;, (ry)
o o pl ) are determined by the two spatial conditions, for a given pair
1 R 2 y
S,1p 's,Z2n

of indices f,p)
where the sign exponents symbols fusing the notation of

Eq. (2)] o== and{==. The double sum over image index ~

p andn is associated with the particular images of the noise ys=0, (10
sources recorded by receiver 1 and receiver 2, respectively.
The arrival times of the NCF; are thus set by the difference Xs Xs—L
of travel timesR¢, ,/cy (from the noise source image of =2 2 >~ 2 2"

. X"+ (21— zs+2pH Xs— L)+ (z,—zs+2nH
order p to receiver 1 and RS ,,/c, (from the noise source s H(Zmzk2pH)T - (6 L) (22 ) (11)

image of ordem to receiver 2. On the other hand, the vol-
ume attenuation for the amplitude associated with these ar- . . . N .
rival times depends on the sum of those travel timesThe ]fII’St.COI’ldItIOH, in Eq(10), |mpI|e§ that NOISE sources
_ w(R;il,p+R§,2,n)ci /cg and on the accumulated amplitude contributing to the NCF are located in the endfire direction,

damping due to bottom reflectiold,'op“‘”'. Thus, the contri- with respect to the two receivers. Th_e second condition in
butions to the NCF of distant noise sources as well as th& (11) specifies a discrete set of noise sources located on

contributions resulting from high-order imagéshich fol- the endfire line due to the boundary conditions at the inter-

low steep propagation pathwill be attenuated quicker. faces of the Wavegt_Jide. The remainder of this se_:ction will
The last step in the image formulation of the NCF in- show that these noise sources create a time delaythe

volves performing the horizontal spatial integration over theNCF between receiver 1 and receiver 2 related 1o the arrival

whole distribution of noise sources. Section 1l C presents théIme of the TDGHsee Eq(1)] between these two receivers.
mathematical derivations for the first term ondy; »  (i.e.,

o={=—), of the NCF[see Eq(7)]. The values of the three

other terms can be directly computed by simple substitution2. Geometric interpretation of the arrival times of the

in Eq. (8), of a different pair R l,p’Rg,Z,n)' for o=+ and  NCF derived from the stationary phase

[(=+. conditions

Figure 2 gives a geometric interpretation of the arrival
times of the NCF derived from the stationary phase condi-
1. The stationary phase approximation tions [see Eq.(10) and Eq.(11)], for a given pair of image

In the high-frequency regime, the spatial integration inindices (,p). The distance between the noise source and

Eq. (8) over the distribution of noise sources can be estiféceiver 1 can be  expressed asRg;,

C. Evaluation of the spatial integration of the NCF

mated using a stationary phase approximafiomhere the =\/|rs|2+((zl+2(p—n)H)—(zS—ZnH)_)Z. HenceR;,, is
phase®d; s (r.) [associated with termh;, ; see Eq.(8)] also the distance between the f)th image of the noise
corresponds to ’ source and thepg—n)th image of receiver 1. Consider the

i - o noise source located ;§= (;E,)ZEO), such that the< n)th

P15 (1= @(7H(Ry1p=Ry20)/Co)- © image of this noise source, thp € n)th image of receiver 1,
For this method, the spatial integration can be estimated bgnd receiver 2 itself are all aligned. The resulting arrival time
first finding the noise source locations whebg , (rs) has 75’ of the NCF is then
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FIG. 3. Geometric construction of the location of the
Zs 0 noise source correspondlng to the second solution of the
7 .127 ‘L}‘ - Z, stationary phase condmon@ (xS,yS 0), for n=
by 2ie —1 andp=0 [see Eq.(14) and Eq.(15)]. The noise
Z1 source image orders considered are—1 andp=0.
H Note the alignment between the noise source injate
R o depthzs—2(n—p)H=2zs+2H], the image of receiver
x5,1,p=0 et T 1 [at depth —(z;—2z,+2(n+p)H)=—2+22
-z,+2z4+2H % i?&ﬂ 'R;; > iyl +2H], and receiver 2. Hence, the difference between
I = : Il 2 o=l e the free-space propagation paRs,,_ ; (dash-dotted
&/,_‘, 2H line) and Rs1p-0 (dashed ling is equal to the free-
Zs+2H """ RY_2 by space distanc®;, ,,.,-_, (dotted ling, i.e., the dis-
tance between the image located at a depthzl
—2zs+2(n+p)H] and receiver 2 itself.
3H
o= Rs,z,n_ Rs;,l,p o= Rs,z,n_ Rs 1p . Rira,z,ner
¢ Co s Co G
Ry L2+(z2—z,+2(n—p)H)? L2+ (22+(2,—2z5)+2(n—p)H)?
-+ 12n—p +\/ ( 1 ( p) ) . (12) Ii\/ ( ( 1 s) ( p) ) ' (14)
Co Co Co

Hence,r, '~ is also the arrival time of the TDGF between
Hence,75 s also the arrival time of the TDGF between the (p+ n)th image of receiver 4 (located at a shifted depth
the (p—n)th image of receiver 1 and receiver 2. Using thisz; —2z,) and receiver 2. Note that, '~ now depends on the
geometric constructlon a closed form expression for thesalue of the noise source dep#y. Using this geometric
noise source Iocatlorﬁ (x ys) is then construction, a closed-form expression for the noise source
locationr=(x&,y?) is

X9=—Sign(7)(z1— zs+ 2pH) - tan( B1 5, )5 Ye=0, 3= —sign(7)(2,— 2+ 2pH) -tan B o4 p);  Ya=0,
(13 L (15)
+
L tan( Bi2n+ p) =

Z,+(z,—225)+2(n+p)H

tan(By 5, p)= ,
PP 2+ 2(n-p)H where 1, , is the angle made by the line joining the
(—n)th image of this noise source, the{ n)th image of
where B, ,,_,, is the angle made by the line joining the receiver B, and receiver 2 itself with respect to the vertical
(—n)th image of this noise source, the{n)th image of axis(see Fig. 3 The stationary phase condition now yields
receiver 1, and receiver 2 itself with respect to the verticakb, 5 (A =w(rx71,"), which |S|ndependent)f the hori-
axis (see Fig. 2 Furthermore, the correspondlng phasezgntal coordinates of the noise souroé 6,3

D1y (TS ) [see Egq. (9)] reduces to P (% ) =w(r

a
+ TG ~), which isindependentf the noise source location Thus, the noise sources located @)(and ts), satisty

the stationary phase conditions fdér; , [see Eq.(10) and

. This geometric condition on the noise source IocatlonEq (11)] and are in the endfire direction with respect to the
g|ves an interpretation of the stationary phase conditions ex-

pressed by Eq10) and Eq.(11).
Similarly, Fig. 3 shows a geometrlc construction for a

second noise source Iocat|t1)§1=(xs,yS 0) which satisfies
the same stationary phase conditions for the pair of image
indices (,p). Another way to express the distance between
the noise source and receiver 1 isRy,,
=[rd?+ ((—z1+2zs—2(p+n)H) — (zs—2nH))?.  Intro-
duce an extra receiveral located at x;=0, y;=0, z;
—2z), which is shifted in depth by a distance2,s with FIG. 4. Top view of the ocean surface. The noise sources making a signifi-

: : — i«_ Cant contribution to the image of receiver 1 of oraet p in C, A7) are
respect to receiver 1. In this Caﬁéﬂﬁ CorreSpondS the dis located within a disk of radius’, [see Eq.(17)] from the noise source

tance betlween the‘(n)t.h image of the noise source and_ the ocations(s) determined by the stationary phase conditifsese Eqs(10),
(p+n)th image of receiver a. If we now consider the noise (11)], which are on the endfire directiod, is the aperture of the cone in
source located aﬁ\, so that the 6 n)th image of this noise Which all of the noise sources contributing to the image of receiver 1 of

_ . . . ordern=*p lie. By definition of the cross-correlation functig®, () [see
source, the FQ n)th Image of receiver &, and receiver 2 Eq. (5)], the noise sources associated with positive arrival times are located

itself are all aligned, the resulting arrival timg '~ of the 4t 4 rangex.<0, while the noise sources associated with negative arrival
NCF is then times are located at a range>L.

endfire
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two receivers. These noise sources contribute to two specific
arrival times of the NCF(1) *r5', which is also an ar- 1
rival time of the TDGF between receiver 1 and 2; a@d oR 3 oSN Bron o) -1 |XNb_L| (17)

+ 7', which is also an arrival time of the TDGF between 5(,:( \/ ot TP ) ~ 2

receiver  and 2 and depends on the noise source depth |x

The sign of these arrival times depends on the relative deptiyhere 5, is the aperture of the cone in which the noise
position of the noise source and the two receivaee the  sources associated with the arrival timgs ™ or 7, '~ of the
Appendix for a complete discussiprPositive arrival times-  NCF lie[see Eq(12) and Eq.(14)]. When using a coordinate
correspond to the correlation of noise sources having a ranggstem centered on the location/2,0,0) (i.e., at equal range

xs<0 (i.e., being on the left of receiver 1 in the endfire from receiver 1 and receive)) hstead of receiver 1, the new
direction). On the other hand, negative arrival timesesult

from the correlation of noise sources having a rarge L ~ i . ; o
(i.e., being on the right of receiver 2, in the endfire direction |Xs—L/2| and this coordinate system is symmetri¢aith

(see Fig. 4. Since the noise sources are distributed sym+espect to the two receiverix?|=|x2—L|. Similar results
metrically around the two receivers’ locations, the NCF,an pe derived for the locatiad. Thus, in this symmetrical

Cy A7), for 7>0 will be a mirror image of the NCK, (7),  ¢oordinate system, the expression of the angular apefiure
for <0, with respect to the time origin=0. is then simply inversely proportional to

\/wRI,anp Sin(ﬂianp)/CO

(or \/wRira,z,n+ p Sin(181+a,2,n+ p)/CO) .

The angular aperturé, determines the amount of noise
Since the phas& 5 (rg), has vanishing derivatives in sources contributing to the arrival timeg'~ or 7, of the
the vicinity of noise source locatiorf, it can be expressed NCF. The parameted, decreases with the image order

8=|x2| 8y,

Co &

range coordinate for the source locatidhis then shifted to

3. Spatial resolution of the NCF

as a second-order Taylor seri@nd similarly forr?) £p fgr the noise' smirce images c'on.sidered due to the factor
SiN(B12p—p) [0 SIN(B1a2n+p)], @nd is inversely proportional
D (r)=d rNb + _ﬁ T(r _rNb to the p_roduct gf the wave numbew/c,) times the free-
15 (1) = P15 (o) +2(rs=Ts) L(rs=rs) space distancR; ,, , (Or Ry, -+ p)- The parametes, can
Vi (Vi @15 (rg))]r b (16)  be interpreted as a directivity pattern of the NCF, which acts
! S

as a beamforming process on the endfire direction for the
Equation(16) can be used to evaluate the spatial integratiofomogeneous horizontal noise source distributions. Equation
for the partial cross correlation between the two receiver§l?) then appears as a generalization of previous free-space
A75 (7) [see Eq(8)] using the stationary phase approxima- result§ to the case of an oceanic waveguide, and includes
tion. Additionally, Eq.(16) shows that the spatial area, cen- Now the dependency on the image orderp and wave-
tered on the noise source locatiof,or (r2) (in the horizon- ~ 9uide geometry.
tal plane of the noise sourgesvhich makes a significant 4. Final formulation of the NCF and its time derivative
contribution to A, (7) _is of the order of Using the results of Secs. IIC1 and 11C2 and noting
[V, (V@15 (r9))] 7, forre=r or r2. This quantity corre- that d(el“)/dr=iwe'®", the derivative of the partial cross
sponds to a disk area centered on the noise source Ioa:@tion correlation between the two receiveks, (7), [see Eq(2)

of radius 5, (see Fig. 4 and Eq.(8)] can then be simplified to
|
AT p=+o =t l0(r=RT 5 1/C0) . @ XS+ pE—LI/SINBT 5 p)-¢; /63

P =—o N=—»

=VQ200fw2dw2 > (—1)lplinlyjpl+in
dr L p

Ri2n-p

J’_

(18)

el (=R 514 1/C0) | @ @(XE+ X LDISINBL, 5 ) /cg)

+
IQla,Z,n-%—p

In this geometry, the € p)th and (—n)th images of this source deptlzg and is close to the arrival times of the TDGF
noise source will contribute to a pair of arrival times of the between receiver 1 and 2 sin@fayzﬁp/co% RI’ZMp/co
NCF, determined by the stationary phase conditize® Eq. when z; is small (i.e., z;—2z4~2;). Similar relationships
(12 and Eq. (19)]: 76" =ERiop-p/Co(7s’ between the time-arrival structure of the time derivative of
== Rfa,zmp/co) for the temporal derivative of the NCF the NCF and the TDGF have also been derived for ultrasonic
dA;3 /d7. The arrival timer;'~ depends on the noise cavities'?
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The three other cross terrﬁ{f, foro=*= and{==*-as pears explicitly in the arrival times by transforming the
defined by Eq(8), of the NCFC, A7) [see Eq(5)], can be modal sum into a infinite sum of imagés.Furthermore,
computed in a similar way to the previous derivation for similar dependency on the noise source ddptinough the
A7y (7). Based on the same stationary phase argumentterm =2z; see Eq(19)] for the vertical coherence of sea-
each time der|vat|ve of these cross terms yields a pair ofurface ambient noise has been previously repdfidthe
arrival times ¢g'* ,7 ' ). Figure 5 illustrates the resulting expression depends on various combinations depth differ-
arrival-time structure of the NCF for a given value of the encesz,*+z; andz,*+z, + 2z,.
image ordem=p. Thus, it appears that some of the arrival
times of the NCF exactly match the arrival times of the
TDGF between receiver 1 and 2. 1g
= L%+ (z2+z1+2(n=p)H)?/c, [note that the exponent This section simplifies this result for the case(bf no
(") has been dropped since we are discussing now theolume attenuation; of2) a small source depth (dipole
complete arrival-time structure of the NGE, (7) and no expansion A direct interpretation of the arrival-time struc-
longerAy5 alond. But, additional times delays also exist, ture of the derivative of the time-averaged NCF then be-
whose values depend on the noise source degthr,  COmes apparent.
=L%+(22+2z1+2z,+2(n+p)H)?/cy [see Eq(14)]. The
amplitudes corresponding to the arrival timgsand 75 have
opposite phasgsee Eq(7)]. In the limit of no volume attenuationc(=0), the ex-

Similar results can be derived based on earlier modapression for the time derivative of the NG,  7)/d 7 [see
formulations of the NCKREef. 13 for the case of the Pekeris Eq. (7) and Eq.(18)] can be expressed simply as, using the
waveguide: the dependency on the noise source demh-  notation of Eq.(1) and Eq.(2)

D. Simplified image formulation of the NCF

1. Case of no volume attenuation

dCy A7) Pl
#:VQZCOJ d(l) 2 E ( 1 |p|+‘nlv‘p|+|n|[2(G p(rZIZZIrl!ZliT) Gn+p(r21221r112117))
w7

p=—® n=—

_(Gn_—p(rzvzzlrllzl_zzs;T)_G:+p(r21221rllzl_228;T))_(Gn_—p(r21221r1121+228;7-)

Gr‘]‘—+p(r21221r1121+225;7-))]1 (19)
|
where and a receivefreferred to as receiveralin Sec. IC2 at a
location (q,2z,—2z) shifted in depth with respect to re-
- gl @(t=Ry 5//co) ceiver 1; and3) G,ftp(rz,zz,rl,zlﬂL 2z.;7), the TDGF be-
Gy (r2,z5,11,255t) = S tween receiver 2 and a receiver at a locatiop, £, +2z)
1.2 20 also shifted in depth with respect to receiver 1.
el ©(t=Ry 5/co)
G|+(r2722,r1121;t): - 2. Dipole expansion

"
Ri2) When the noise source depthis very small compared
The derivative of the NCRIC, f(7)/d7 [see Eq.(19)] to the depth of the two receivers, the source and its surface-
can then be related to three TDGF:(1) reflected imagéat a depth—z,) acts as a dipole. The dipole
Gﬁip(rz,zz,rl,zl;r), the TDGF between receiver 2 and re- radiation pattern can be derived from the last expression of
ceiver 1 itself which has double amplitude(2) the noise cross correlatigsee Eq(19)] using second-order
Gﬁip(rz,zz,rl,zl—ZZS;r), the TDGF between receiver 2 expansion in terms afg

- D, b e 2

D|pole( ) d p=+® n=+x Iw(‘riR _/co) . a—w(|Xe|+[Xe—L|)/sin(By 5. _.)-CilC

> Qw 1,2n-p'~0. @ s s 12p-p’/ ~i'~0

—d —22§vQ2c0f — > > (- 1)|p\+|n\vlpl+\n|_ _
T “’l pf—oo n=—o Rl’2n7p
eiw(ﬂRf’Zmp/cO).e—w(\xg+|x§—L|)/sim3£2n+p)-ci Ic3 X
XCOSZ(,Bl,z,n—p)_ R CO§(B1,2n+p) ) (21
1.2n+p
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FIG. 5. Schematic of the structure of the time-delay arrivals of the noise £ 20 ‘ /N
cross correlatiorC, ,( 7) for a given value of the image indices-p. The = 40 ,/ -10
three correlation arrival times can be related to the superimposed arrival- *g gg / 5
time structure of three TDGFs between sources located)ad depthz; 0 100t v \/
(i.e., receiver 1, corresponding to a TDGF arriva)) or (2) z;+2z (i.e., 0.7 0.75 0.8
two distinct locations shifted in depth from the location of receiver 1, cor- (¢) time (s)

responding to a TDGF arrival) and a receiver located at depth(receiver

2). The depth of the images of the three equivalent sources are indicated|G. 6. Positive time-delay wavefronts @ 7), for varying depth of
above each of the three corresponding arrival times of the NCF. The amplireceiver 2 in the water column, in the case of a simple oceanic waveguide
tudes associated with the two arrival timesare equal and are half the (H=110m,L=1 km, z1=70m) for bothz;=1 m andz,=0.1 m[(b) and
amplitude associated with the time delayas well as having opposite sign. (c)]. It also provides a comparison with the TDGF of this waveguiidg].
Thus, forzs— 0, these three arrival times merge and yield a dipole radiationThe bandwidth i§ w;=1 kHz, w,=3 kHz].

pattern.

where the expressions @1, . ,= By ansp @NdRE o0 *+p (i.e., a given set of noise sourgeshe _arrival timeSTs
=R} .+ p Were evaluated fozg=0. The three arrival times Should be spread around the constant time defayf the
of the NCF represented in Fig. 5 merge fr0, thus cre-  variations ofzg are large. Furthermore, the amplitudes of the
ating a dipole effect. The associated dipole radiation patter§ignals occurring at these arrival times should be much
[represented by the factors &3P 2h.p) in Eq. (21)] yields weaker than the amplitude of the signals occurring at the
a stronger amplitudes for the arrival times of the NCF assodarrival timesrg since these last ones result from the coherent
ciated with a high image orden(: p). sum of all the random noise source amplitudes. Conse-
The following section discusses the influence of theduently, if the random noise sourcesare widely distributed
source depthzy and the effective receiver bandwidth in the water column, the high signal amplitude of the tempo-

([w1,w,]) on the cross-arrival times of the NCF which can ral derivative of the NCEIC, (7)/dr should occur at arrival
be effectively measured. times 7 and thus the temporal derivative of the NCF would

better match the structure of the TDGF. A similar effect was

also predicted by an earlier study of the cross correlation

between a pair of receivers, in the presence of a set of con-
The previous sections showed how the distribution oftrolled sound sources located across the water column

the various arrival times measured by the time derivative otlepth®

the NCFC, () depends, among others factors, on the noise  For a given value of the noise source deptland of the

source deptlzg [see Fig. 5, Eq(18), and Eq.(19)]. In prac- image indicesn= p, the ability to discriminate between the

tice, the determination of the depthy of the acoustically arrival timesr, and 7 is set by the temporal resolutiahT

active bubbles from a breaking event is a complex problenof the cross-correlation procefse., here the inverse of the

(since it may depend on the bubble size, density, or acoustitequency bandwidti\T=2#/(w,— w4)]. For sufficiently

frequency of interegtand is an ongoing research topf@®>  large bandwidth, i.e., AT<|7g— 74, the arrival-time struc-

For instance, this depth was estimated to be 1.5 m, based aore of dC, i(7)/d7 can be resolved. Figure 6 shows wave-

inversion of wave-breaking sound measured at wind speed dfonts ofdC; 5 7)/dr, occurring at positive arrival times, for

10 m/s or greater in the sea-surface bubble 1&5er. varying depth of receiver 2 in the water column, in the case
Only the arrival times, 7s  of a simple oceanic waveguideHE110m, L=1km, z;

= L%+ (z,+2,=22,+2(n=p)H)?/cy of the time deriva- =70m) for bothzg=1 m andzs=0.1 m[Figs. §b) and(c)].

tive of the cross correlatiodC, y(7)/dr, that do not exactly It also provides a comparison with the TDGF of this wave-

match the arrival times of the TDGBee Eq(1)], depend on guide[Fig. 6@)]. Here, the frequency bandwidth is from 1 to

the spatial distribution ofg (i.e., the depth dependency of 3 kHz; thus,AT~0.5ms. Forln+p|>2 andz;=1m, the

the acoustically active noise bubbleblote that the notation various wavefronts fodC; ,(7)/dr can be resolved. They

75 represent both depth shifts2z;. On the other hand, the are thickened compared to the wavefronts of the TDGF since

arrival  times rg=\L%+(z,*z;+2(n+p)H)%/c, of they correspond to the merging of three different arrival

dC, 7)/dr that are independent of the valag for each  timesrg and s [compare Figs. @ and (b)].

noise source considered correspond exactly to an arrival time In the opposite case, iAT>|7g— 17, the temporal

of the TDGF. Thus, for a given value of the image order resolution is then too coarse and does not allow separation of

E. Influence of the noise source depths and the
receiver’s frequency bandwidth
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dB tion. Additionally, transducers having a flat frequency re-

E, 38 -10 sponse over a large bandwidth would allow one to finely
8 gg a0 separate the various arrival times present in the noise cross
2100 correlations, even for noise source depths located relatively
@ 0.7 0.75 08 close to the sea surfa¢see Sec. Il E
Second, the choice of the recording timg., which
E 20 determines the length of the cross-correlations wind@swy
= 38 : driven by the need to record a sufficient number of uncorre-
Bl 569 . lated noise events in order to extract all the different paths of
(b) 0.7 the TDGF from the noise cross-correlation process. Thus, the
recording timeT .. should be larger than botli) the disper-
dB S .

£ 20 7 = sion time of the _sound channeT §,, which corresponds 'Fo
£ gg X temporal spreading of the TDGF between the two receivers
g .80 \ 20 and which is also referred to as the break time of the

190 07 0.75 0.8 systent); and(2) the statistical timél .. Under the ergodic
© time (s) assumption, the noise events are considered as realizations of

a wide sense stationary stochastic process for which corre-
FIG. 7. Same parameters as Fig. 6 but using a previous normal-mode fogponding time and ensemble averages of this process are
Vrciltjrza:lhoeniaR;ff.O:rLz.u:\:t)itoentsh?nsllzring;.laéllty of the arrival-time structure obtained eq_uivalent. In this casély is then the averaging ti_me_re-

quired to converge towards a homogeneous distribution of
spatially and temporally uncorrelated noise soufse® Eq.
(6)]. Any two particular noise events may have significant
peaks in their cross-correlation function due to sidelobes and
other correlated parts of their waveforms. Thiig,depends

the signals occurring at these time delays and 7. Fur-
thermore, the signals occurring at arrival timesaverage
down with the signals occurring at; since they are of op-

posite phas¢see Eq.(19)]. In practice, the separation be- on the particular characteristics of the noise source process

tween 7 and 7 decreases with decreasing image order . :
G s 9 9 and is usually an unknown parameter, but may be estimated

N . . .
= p. Thus, the amplitudes of the signals occurring at earlyusing previous knowledge of the environment. Finally, the

arrival timesrg should then be weaker compared to subse; . ; )
. . : formulation of the cross-correlation process, as defined by
qguent arrivals. This corresponds to a dipole effect as pre- . . . .
. . Eq. (5), is valid for a stationary environment. Thu§,,
dicted by the asymptotic formulas for small valueszgfin L
. - should be smaller than the fluctuation’s time scale of the
Eq. (21) [see Fig. &), for z;=0.1m].

Figure 7 displays the wavefront sructure of the TOGF [T e HCE 88 L e b
and the noise cross correlatidi€; 5(7)/d using a previous ' y

: . averaging over several small correlations windgsusch that
normal-mode formulatiof® for the same parameters as in ging @

Fig. 6. The good agreement between Fig. 6 and Fig. 7 conTr'3°<Tf'uc for each correl.atlon windo Howe\{er, n the. .
ase of sea-surface motion and long averaging time, it is

firms the equivalence between the ray formulation describe .
q y ikely that T,.>Tg,c. But, the main effect of sea-surface

in this article and previous normal-mode formulations. The "~ .
temporal structure is identical but the discrepancies in ampli[nOtlon shou'ld only .be to prevent the emergence of acoystlc
tude are due td1l) the difference in modeling volume and paths gssomated_ with sec:;l-surfage reflections in the estlmate
bottom attenuation; an) the use of a finite number of of the tlme—do_maln Gre_ensfunctlon extracted_from the noise
images as well as a finite number of modes. cross-_correlat_lon function QUe to the d_estructlve interference
occurring during the long-time averaging. Overall, the prac-
tical use of the noise cross-correlation process should be op-
:gXIEERR/;\chTEIE/?g CONSIDERATIONS FOR SEA timal for the following order of the various time scales of the
problem: T gy < Tsai< Trec< Tiiuc-

The successful implementation of the ambient noise  Third, a random homogeneous distribution, in space and
cross-correlations process to extract coherent wavefronts witime, of uncorrelated noise point sources was assumed when
be mainly determined by three facto($) hardware configu- deriving an analytical expression of NCF in Sec[dée Eq.
ration (see beloy; (2) the choice of the duration of the am- (6)]. The effect of the noise source demthdistribution can
bient noise recordings used for the correlation process; anlde clearly identified and recognized from the measured cross
(3) the spatio-temporal distribution of the ambient noisecorrelation(see Sec. Il Q. The approximation of the noise
sources in the environment surrounding the receivers. Theources being uncorrelated should hold for sufficiently long
following discussion suggests optimal conditions for theseaveraging times. However, the noise distribution may not be
three factors. homogeneous in time or in space. For instance, temporal

First, the noise cross-correlation process requires the usehomogeneous distribution may result from some loud
of time-synchronized receivers and the absence of relativecompared to the average ambient noise eweise events
motions between them, in order to precisely determine th@ccurring at certain random timés.g., a ship passing by, or
correlation arrival times. Moored or bottom-mounted arraysan accidental burst of soundrhe effectiveness of temporal
having a common time clock for each of the array elementand frequency equalization to remove high-energy single
recordings, should provide an efficient hardware configuraeventswhich differ from the homogeneous noise levebm
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the noise recordinggprevious to performing the cross- noise, shipping noigeHigh-frequency experiments could be
correlation$ needs to be assessed. Additionally, a spatial anused to determine more specifically the relationships be-
isotropic noise source distribution may be detrimental iftween the spatial and temporal noise statistics of the ambient
there is no, or only a few, noise sou¢seclose to endfire noise field of interest and the emergence of these coherent
direction of the two receivers. Indeed, these noise sourcesavefronts from the NCRe.g., shading of these wavefronts
contribute, on average, to the arrival times of the NCF rewith respect to the actual TDGF wavefronts, convergence
lated to the arrival times of TDGF between these two receiviime towards the TDGF Those relationships could also be
ers[see Eq(10) and Eq.(11)]. It might also be the case that used to monitor the evolution of the noise sources in the
the bottom is not flat and is not equally absorbing in allenvironment.

spatial direction in the vicinity of a field test, thus leading to

a specific directi_onality of th(_e n_oisg field. Thus_, a Carefu'ACKNOWLEDGMENT

study of the spatio-temporal distribution of the noise sources,

in the environment of interest, is critical for explaining the The research was sponsored by the Ocean Acoustics
performance of the noise cross-correlation process. On therogram of the Office of Naval Research.

other hand, when the extraction of coherent wavefronts from

the noise cross-correlation process is successful, one MRAbpENDIX: SIGN OF THE ARRIVAL TIMES OF THE
then attempt to invert for the spatio-temporal distributions ofNcE DETERMINED BY THE STATIONARY

these noise sources. PHASE CONDITIONS

IV. SUMMARY AND CONCLUSIONS For the case of a Pekeris wav%;uide,Na geometric con-
] ) _ struction of the noise source locationg*andry) satisfying
We have demonstrated theoretically how the arrival-timg,q stationary phase conditions E40) and Eq.(11) was

structure of the time-domain Green's functibhDGF) be-  gescribed in Secs. 11C 1 and Il C 2. This Appendix specifies
tween two points can be estimated by cross correlating thg,e exact sign of the corresponding arrival times: ™
ambient noise recorded at these two points, based on a model ;. Ryan o/Coandr, ' ==R;, . ./C Of the NCF. Their

- ZN—p S - a,2n+p .

of surface-generated noise in the ocean. The ambient noiggyn, is'a function of the relative position in depth of the noise

cross-correlation functiofNCF) Cy A7) obtained after time ¢ rce and the two receivers in order to satisfy @@). The
averaging is dominated by the correlations that contain noise . o . > >
sources whose acoustic waves pass through both receivePﬁ‘?‘“O”ary phase; 5 (ro) at the locations i) or (rd) is
thus allowing the extraction of coherent wavefronts and cortnen

responding arrival times. For the case of a homogeneous @"‘($)=w(r—sigr(z —2,+2(n—p)H)

noise distribution, the spatial locations of the noise sources 12 s 2 "

(all located in the vicinity of the endfire direction of the two ‘Rizp-plCo), fOr (z—2z5+2nH)>0
receiver$ contributing to a given coherent arrival time of the

time derivative of the NCF were determined. This result pro- and (z;~2zs+2pH)>0;

vides a physical explanation of the nonintuitive relationshi % . (A1)
betweenptk?/e NCF elland the TDGF. In particular, the reIatioI?] 1y (19)=w(rtsignz,=2,+2(n—p)H)

bet.weer.w the arrlvals_ times qf th_e TDGF and these coherent “Rion-p/Co), for (z,—zs+2nH)<0
arrival times of the time derivative of the NCF were estab-

lished given the parameters of the oceanic waveg(ideer and (z;—zs+2pH)<0;

depth, bottom and volume attenuatipthe receiver(hori- 54

zontal and vertical separations, the spatial and temporal -

noise statistics paramete(s.g., depths of the noise sources, Oy (rd)=w(r+signz,+2z,—2z5+2(n+p)H)

noise events creation rateand the frequency bandwidth of .

interest. This simple image formulation of the NCF also ex- ‘Ria2nsp/Co),  for (zz—2z5+2nH)<0
plains the amplitude shading of the individual extracted co- and (z,— .+ 2pH)>0;

herent wavefronts, as observed experimentally in the otean. Lo ' (A2)

T_hus, these theoretlpal results should be applicable in prac- D15 (13 =w(r—SignZ,+2,— 225+ 2(n+ p)H)
tice for the case of simple, range-independent, shallow-water '
waveguides, and may provide an upper-bound estimate for 'R]J_ra,Z,ner/CO)a for (z,—zs+2nH)>0
the performance of this noise cross-correlation process in
more complex oceanic environments and noise sources dis-
tribution. . ) ,
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