Formulas for ambient noise level and coherence
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This paper investigates the various approximations commonly made in noise and noise coherence
models and shows that in many cases a very simple ray approach can produce the same answers as
full wave treatments such as RANDI-2. The solution presented here takes the form of a single angle
integral which is valid for range-independent environments. Some closed-form solutions are
presented, and the approach makes it very easy to understand such phenomena as the “noise notch.”
The method can be extended to range dependence, and demonstrations are given of performance
near a boundarfinhomogeneous fiejdand in the presence of nonuniform horizontal distributions

of noise sources. €996 Acoustical Society of America.

PACS numbers: 43.30.Nb, 43.30.Re

INTRODUCTION Currently no formulas exist for arbitrary horizontal range
A fundamental aim of this paper is to throw some light separation(B) nor for range-dependent environmens)

on what is, at first sight, a complicated subject, namely, mod!hoygh’ of cg_urst(_e, numfetr;]cal SOIUt'OnS. artt_a possible. (\leth
eling ambient noise in the sea, its vertical directionality, angd’@'ous comoinations of these approximations we end up

spatial coherence. A review of existing models and techWVith well known results, as follows: Cron and Sherthas-

niques is given by Hamsadl? and Kennedyet al? include SBTE(jLI(:A+BJi+D+E+F+G(j)'I Bu%flngharﬁ Sisgmﬁd
references to a number of noise models. Much of the( ¢ ),datr;a,ill l:Eermban ar:c ng?n assugneg . Gf
literaturé ~2either assumes isovelocity or resorts to numeri-> S'€SS€ € above formulas can be derived from

cal methods which are often computer intensive. Alterna-’[he simple ray approach of this paper. This gives one more

tively some authofd modestly believe their approach to be insight into the environmental dependence of ambient noise

oversimplistic when, in fact, they may be perfectly adequatefhnd thedbtl'-:rrw]awor of phfenomenz_a like the n0|se|_no:cz. ?flsot,
for more general regimes. Here we try to clarify some of the € model has Scope for covering more complicated eftects.
particular we will concentrate on the azimuth-independent

assumptions that have been made and reconcile a simple r ind d ith closel d hvd
approach with normal mode approaches, more suitable fo h) ran%e-ln ipenheﬂt C"?lé;@)f 'VAV't cg;eyzpac;B Y ro.-“
low frequencies. In passing we find some closed-form soluP ones(B), and with the aid of Appendices A and B we wi

tions for range-independent environments, and we preseﬁﬂow precisely how to extend the formula to include modal

some numerical comparisons with results from the literatureS eCtS, thus avoiding assumption C. In Sec. V we briefly

The method can deal with uniform noise source distributionsdrOp assumption F and investigate azimuth dependence.

as one might find with wind and rain, and nonuniform dis-

tributions more typical of shipping. It is important to realize !l- DERIVATION

that these solutions do not require any normal mode or ray  Now we will derive a formula for the un-normalized
tracing calculations. The main derivation is equally valid for spatial coherence functigminitially making assumptions A,
range-dependent environments, and these are pursued elgj—cl F (ray treatment in an arbitrary environmgritater in
where(Harrisort*). It is perfectly possible to obtain absolute this section we will show that the effect of assumption C
noise level from these formulas by employing experimentalmuyitipathg is trivial and can be dropped. Similarly it will be
noise source levelsee, for instance, Kuperman and Fetla  shown that it is possible to drop assumption B and assume

and this is discussed by Harristh. wide vertical separations. Thus we will arrive at essentially
the result of Kuperman and Ingenftoand we will have
|. REVIEW OF POSSIBLE ASSUMPTIONS scope for range-dependent extensions.

We will consider the following assumptions. In order to ~ The amplitude from a unit source at horizontal ramge
find a neat solution we will initially adopt assumptions A, B, and depth zero measured by a receiver at deptban be
C, F, but we will show that it is possible to drop them all Written as a summation over all paths,
without making the solution too cumbersome.

Assumption A: ray treatment W(z,,1)=2 Ay(z,,r,0,)€BelZ 00, 1)
Assumption B: closely spaced hydrophone gai—in P

depth, 2—in range wherep is the path indexg, is arrival angle at the receiver,
Assumption C: neglect multipath modal interference A is the(real) amplitude for each path, aglis the phase for
Assumption D: range-independent environment each path. Although this is a ray treatméapproximation A
Assumption E: isovelocity environment it allows for refraction and reflection at both boundaries.
Assumption F: azimuth-independent environment The relevant geometry is shown in Fig. 1 by the slice at
Assumption G: neglect boundary reflections azimuth ¢ containing a noise sourdatr,¢$) and the center
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hydrophone pair. Note th& is a function of hydrophone

> Noise source

' l/ depth, but in the following analysis there is never any ambi-
T 8 SURFACE guity so we avoid using a subscript:
il o (2
L 6, P(dv')’):f f E |Ap(zrrr10r)|2

[ 0Jo p
x ek dcoseg?(g yr dr d . ®)
BOTTOM . .
The phase term can be written in terms of the angles from
2 Fig. 1 as
d sinYcos¢

kd cosé=kd(sin 6, sin y+cosf, cosy cos¢). (4)

Enlargement of
Hydrophone pair

¥
ry

The term|A|? is just the ray intensity which can be written

dcosY
cos Ycos for each path as

FIG. 1. Geometry of the hydrophone pair. cos 6,

“r[(dr/dé,)sin 64 QPn,

|A|? (5)

point of the hydrophone pair. One hydrophone is slightly

above the plane of the paper, the other just below. We adop¥€re P, represents the cumulatii@owey boundary and
Cron and Sherman’s notation for hydrophone spacirand absorption losses after tmth complete ray cycle. Note that

elevation-angley of the line joining the pair. Thus the hy- Po=1:
drophone coordinates relative to the source are n
= : e~ as
2,=7,+(d/2)sin y cos ¢, Py ;Ul Ry( ) Ro( )€ 2%i. 6)
ry=r+(d/2)cosy cos ¢, Here, R; and R, are surface and bottom power reflection
_ coefficients at the surface and bottom grazing anglés the
2,=2,—(d/2)sin y cos ¢, volume absorption, ang, is the path length of a single ray
_ cycle. The subscriptj acknowledges that in a range-
rp=r—(d/2)jcosy cos ¢, dependent environment the angles and cycle distance could

change from cycle to cycle. Additionall) takes care of the

losses along the first part cycle and includes a bottom turning
(P . ) point loss for initially downward rays.

P(d,Y)—CIJO fo W(z1,r) " (2,12)g°(05)r dr d . Substituting Eqs(4)—(6) into Eq. (3) we obtain

)

We have allowed for a noise sourt@mplitude directional-
ity g=sin™ 6, as in Cron and Sherman and we integrate over
the entire sea surface. The number of these sources per unit 2 ;
area is represented Iy ngo Png™(Osn)/sin 60| Q cos 6, df; de.

Note that in normal mode treatmer(tee Appendix A &
one typically assumes a ur{itondirectional point source at
a depthz, below the surface which results in the dipole Remarkably the dr cancels out. What is happening is that
4k?z5 sir? 6,. Thusq/4k?z3 would represent the number of the weakening of intensity due to ray spreading is exactly
this type of source per unit area. Furthermore, one couldompensated by the simultaneous increase in number of
equally well talk of a power per unit area resulting from noise sources with surface area. This was noted by
integration over alld;. Thus unit power per unit area would Chapman for an isovelocity environment but is actually true

and the coherence function is

27 (w2 . . .
p(d,y)= elkdsmer sin ye|kdcosé)r COSy COS ¢
0 — /2

X

be represented by the beam patterneven for range-dependent environments. Note that we have
((2m+1)/2m) Xsir™ 6. In subsequent equations in this cancelled the modulus ofdr with r dr. This simply means
paper we will always take to be 1. that in the integral ove#, all elements of the integrand have

Now we neglect interference between multipathp-  to contribute positive amounts to the total. This actually hap-
proximation G which means we power-add ray contribu- pens quite naturally, and no special precautions are required.
tions and neglect cross terms in the double sum. We assuniée most important point is that E¢?) is valid for a range-
that the two hydrophones are close togettamproximation dependent environment with or without reflecting bound-
B) so that rays arriving from the same noise source via tharies. We shall return to the problem of evaluatfig,, in a
same family of rays are parallel at the hydrophones. Theompanion papéf For the time being we will stick to
complex amplitudes received at the hydrophones have theainge-independent environments. In this ca, is simply
same modulus but differ in phase kg cosé wherek is the  a geometric serie@s Chapman observed for an isovelocity
wave number at the hydrophones and &ads the direction  environmen), and we can drop the subscript for6, and
cosine between the incoming ray and the line joining thethen perform the integration ih. Thus
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1 A. Allowances for large hydrophone separations

2P,

1-Ry(0s)Rp(Op)e %" The derivation in Appendix A assumes arbitrarily spaced
hydrophones at depthg and z,, and shows that for suffi-
To accommodat& we separate the angle integral into two ciently long ranges the vertical phase terms simply become
halves and recombine them to an integral over half the angIéZk sinf#dz instead of k(z,—z;)sin§,=kdsinysing,.

range, G-m/2, with the result This range restriction is comparable to the restriction on va-
lidity of the discrete normal mode sum. No such restriction is
o(diy)= ZwJ'W/Z[l— RURye 2] 1(gkd S sin vgas, required for closely spaced hydrophones.
0
) _ ) B. Inclusion of multipath interference
+ Rbeflk d sin 6, sin 7e7a(SC*Sp)) . _ _ _ _
Equation B2) in Appedix B includes the multipath
X Jo(kd cos 6, cosy)si™ ! g, cos6, d,, (8) terms for a single ray phase speed. If we were to integrate
this in range allowing for different up- and down-going ray
wheres, is the part cycle path lengtirom receiver depth to angles to each hydrophone we would obtain a condition
surface for one upward going ray. equivalent to Eq(A4) in Appendix A. This states from nor-

This integral is easy to evaluate numerically, and soménal mode arguments that, provided the decacluding
examples are shown later. To investigate its behavior we wilpoundary lossgswithin one cycle is small one can neglect
look at several cases. cross terms or multipath interference. The resulting ray or

Notice that there is no explicit water depth dependencénode formula is therefore demonstrably incoherent. Despite
and that receiver depth dependence is also weak, its maffis there is still a systematic depth effect which manifests
effect being through limiting ray angles, as will be seen initself as the mode shagpe.g., Eq.(A5) or (A8) in Appendix
the examples in Sec. IIl. A] or the first cosine term in E@9). The only effects that are

In theory, as all losses tend to zero, there is a possibilitygnored as a result of approximation C are the slight differ-
of a singularity in Eq(8) if the term in square brackets goes ences within a distanck/sin 6. of the boundary(Bucking-
to zero. This will be familiar to astronomers as a 2-D versionham’s “quasihomogeneity’ and the discretization of the
of Olbers’ paradox where one might expect an infinitelyangle integral due to modal propagatisee Appendix A
bright night sky to result from a uniform distribution of stars! Furthermore, these effects are very easy to put back into Eq.
Even with finite losses that tend to zero only at grazing in-(8) without spoiling its simplicity.
cidence them=0 case may result in a singularity, but the
m+#0 cases will usually(but not alway$ avoid it. These Ill. SPECIAL CASES
cases will be noted later.

For simplicity we assume that is small and the reflec- ,
tion coefficientsRy and R, do not deviate far from unity. We assum&,=1, a=0, andR, = e~ “s*"%, wherea
Furthermore we will assume that eithBg or R, behaves (assumed smallis related to the dB loss per radian per
like e *s"? where ¢ is the appropriate boundary angle. bounceagg_through ayg =4.343 a5. We allow for these
[Analytical solutions are still possible for large lossgy  conditions to apply over a limited angle range by generaliz-
assumingR=1—a sin 6) but the solutions are not so ndat. ing the integration limits t&; and 6,. As will be seen, these
This is the same assumptidire., reflection loss proportional angle limits are simply determined by Snell’s law for the
to a sin ) that results in mode stripping and a signal fall-off given sound-speed profil&SB. Equation(9) becomes
with range ofr *2? (see Appendix A In the case where

[
boundary loss dominates, E@) reduces to p(d,’y)Zf ! 4—77 cogkd sin 6, sin )
90 aS

A. Surface dominated losses

/2

p(d,'y)zf 4mra~ ! cogkd sin 6, sin vy)
0

X Jo(kd cos 6, cosy)cos 6, do, . (10

The absolute noise levé], for an environment with an arbi-
sirP™ 1 g, trary SSP consistent with the assumptions is simply the un-
X Jo(kd cos 6, cosy) “eno cosf, df,. normalized correlation function evaluateddst0. This can
be integrated to give

9 am _

In=—" (sin ;—sin 6;). (11
Already there are some obvious simple cases for noise level @s
alone(d=0). For instance, dominance by surface loss with aln a surface duct, for instance, the only dependence on the
dipole noise source results in an integral only dependent 08SP is throughd; which is the steepest ray angle at the
6, and therefore not dependent on refraction details. Similareceiver sustainable by the duof maximum velocityc,,,.,):
simplification results in isovelocity water. Before investigat-
ing these cases in detail we briefly review the effects of
relaxing the approximations B and C. From here on we willlf, despite being in a surface duct, there happens to be a

only deal with dipole sourcesn=1. velocity maximum c, above the receiver, such that

6,=c0S 1(c(z,)/Crmay-
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Cmax>>Cu>>C(2,), then €, is nonzero and given by Clearly all relevant rays must hit the surface and bottom, so

fo=c0s 1(c(z,)/c,). the lower limit is determined by the maximum velocity in the

entire SSP.
Otherwiseg, is zero. It is obvious from Eq.(15) that any environment with
The normalized coherence functi@his 0s= 0, behaves in exactly the same way as the surface loss
6, dominated environment. Also, the role of a critical angle
C= cogkd sin 6, sin y)Jy(kd cos 6, cosy) in the bottom loss is the same &gin Eq. (11). In fact for
% isolvelocity we have the simple formula

X cos 6, db,/(sin 6;—sin 6). (12

In the special case whe®=n/2 and §,=0 we can rewrite
the integral in its original form,

47 .
In=—"(Sin 6.,—sin ).
ap

By invoking Snell's law the absolute noise levg can be

w2 (2w . written as
gk dcost co59 do de.
0

— 72

A7 cg (sinorf A+ X2\ 12
Noting that this is an integral over all solid angles and chang-  In=—_~ " |_ mz) dx, (16)
ing coordinates so that the polar axis is aligned wittwe b~ Jsinfo
obtain where
T I 2 2
f elkd 0863 1 sin ¢ dg= 272 o kd AcT 4 p=a g
0 kd Cg ! Cﬁ '

This result is, in fact, a version of the Sommerfeld integfal. According to Gradshteyn and Rhyk(p. 276 this can be
Thus the coherence function with surface dominateckvaluated in terms of elliptic integrals of the first and second

losses and no angle restriction is kind F andE under six conditions depending on the signs of
sin kd A andB and the relative magnitude &f andB. These cor-
C= d (13 respond to the six ways of ordering, ¢, andc,. Here we

show two of these solutions, one for upward refraction, and
At first sight it is surprising that this is the same as the resulbne for downward refraction. To keep presentation neat we
for a uniform volume distribution of sourcésee Cron and show the integrals with the lower limé, set either to zero or
Shermaf) and there is no dependence on hydrophone paito sine of the appropriate limiting angle. In other words we
orientationy. The reason for this is that the bottom loss law, assume the minimum phase velocity to be nwaxg,cy].

the dipole law, and the ray spreading jointly result in anFrom these, the integrals with any limit can be found. In each
effectively angle-independent emission by the noise sourcesase 6, 6,, are the surface and bottom angles related by
and regarding the multipaths as issuing from many imag&nell’s law tod;.

planes we have surrounded the hydrophones by a uniform

volume of sources. Note that this result is valid for any SSPI1. ¢,>c,>c, : Upward refraction

with dominant surface losses provided the sound speed at the

receiver is greater than at any point in the SSP above it. 4m cg | © sin 6 sin Gy, 2
For other values o), ,f, we can solve the vertical array IN="r o e Py +(A-B)
b Cb [ CsCp 1
case(y=m/2), and
_sin(kd sin 6;) —sin(kd sin 6;) (14 X (F(u,v)—E(u,v))|, 17
kd(sin 8,—sin 6,) '
. where
For largekd Eg. (12) can be solved in many cases by the
method of stationary phase. C0S By=C, /Cp,
— R\ 12 i
B. Bottom dominated losses p=arccog(—B)™sin 6),
. _ -1/2
We assum®,=1,a=0, andR, = e~ % S"bwhereq, is v=(1-BIA)""~
small. Ignoring the effect oR, in the numerator of E¢(8) _
so that Eq/(9) still stands, and, again, allowing for a general 2- €s>C>Cp - Dowznward refraction
upper and lower angle limié; ,6, we obtain 4qr ¢4 | C; sin Oy Sin 6,
pp 9 1,60 = 28| s1 b1 (B—A)Y2E(,v) |,
0, 41t ap Cp | CsCh Sin 91
d, =f — cog kd sin 6, sin
p(d,y) v @ g r Sin y) (18
sin 6, where
X Jo(kd cos 6, cosy) Sin 6, cos 6, dé, . cos By=c, /c,
(15) w=arcco$( —A)Y¥sin 6,),
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v=(1-A/B)" 2

C. Absorption dominated losses

A simple possibility is to assume isovelocity water with
Rs=R,=0 anda#0. Equation(9) then becomes

w2
P(d,7)=277f0 glkdsindrsinyy (kd cos 6, cosy)

X e~ 3% % gin g cos 6, dé,. (19

The absolute noise levé), reduces to the exponential inte-

gral E; (Abromowitz and Stegu):
In=2mE3z(az). (20

If we take insteadR;=R,=1 and make the approximation
thatas; is small, so that +exp(—as.)~as;, we obtain

w2 1 . )
p(d,7)=4ﬂ'J0 a cogkd sin 6, sin y)

X Jo(kd cos 6, cosy)sin 65 cos 6, dé,,
(21)

Phase Speed ——P»

Cr C C

u

N

max c

<¢— Depth

(a)
HBL SB SD NN SD SB D
. B :
s 7 NI
£ :§ ! Z
90° \ N \ .
(owny 62 6,6, 8,0, 6, o)
(b} Angle

wheres, is a function of angle. We might consider two cases,FIG. 2. (a) Diagram showing the only possible phase speed bands for sur-

isovelocity and surface duct.
For isovelocity we have

S.=2H/sin 6
and the absolute noise level is
|N=4—7T 2 si 0 cosfd do= Z—W sire 0}”/2
a Jo 2H aH 3 0
2
~3an (22

For a surface duct we have

c
SC:ZF tan 6.

L HB
For small angles this gives the same result as for surfacg

losses except for a multiplication factor

01 2wc’
COS 6, d0r=? sin 64,

41 ¢’

In=

a 2c¢c Jo 23

where we assume arrival angles in the rapge<6;.

IV. GENERAL CASE
A. Rules of thumb

face noise sources in a range-independent environmen&idiée notch,
SD=surface duct, SBsurface/bottom reflected paths=@irect path, HBL
=high bottom loss pathsb) Intensity contributions in the angle bands
corresponding tda).

maximum value in the entire water colunmy,,,, and the
bottom critical anglec,. These translate into the anglés
6,, and 6, where co%,=c,/c,, €0S6;=cC,/Cna and
cosf,=c,/c., as shown in Fig. @). Clearly we must always
have c,<c,<c . SO potentially there are no more than
four phase speed bands or angle ranges. Fepro ¢, (if
c,=¢,) there may be a noise not¢éNN); from ¢, to ¢,y (if
Cmax>Cy) there may be a surface duct with upward refraction
(SD); from cppax to C. (if c.>Cpa there may be low loss
surface and bottom reflected pai{®B); and abovec. there
will always be direct path¢D) and high bottom loss paths
L).
In Fig. 2(b) the SD and SB contributions are shown as
flat topped for upward rays and slightly drooping for down-
ward rays because of the extRy term [see Eq.(8)]. In
addition, the intensity of the steep upward and downward
rays is proportional to sifl, since the quantity plotted is the
integrand of Eq(8) (omitting the co® because this is part of
the solid angle element

Obviously the surface duct will never be influenced by
bottom reflections, but the SB band can be dominated by
surface, bottom or absorption. Since these losses are additive

We start by deriving some rules of thumb that enablein the denominator of Eq(8), the surface/bottom change
complex environments to be tackled by the simple formula®Ver is given by equating surface and bottom losses:

already derived; then we move on to some numerical evalu-

ations of Eq/(8) for realistic environments. If we consider an

ag Sin 6= ay, Sin 6.

arbitrary range-independent environment with any combinaErom Snell's law this translates to an angle at the receiver of

tion of a, Ry, and R, then the only possible regimes are
shown diagrammatically in Fig. 2 in terms of phase spegd
and noise intensity versus andla.

Four velocities are shown: the value at the receiyer
the maximum value in the SSP above the receiygr the
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Velocity (m/s)
1420 1440 1460 1480 124
0 A A " ' r 1
10 4
8
S g
2
20 4 S
1=
L 64
°
R
o
o 4
40 4
£ 2
£
o
@
e 0
60 r v T v r v v r
0 30 60 90
Angle (degrees)

80 FIG. 4. Bottom loss for the Baltic environment calculated vagFarI.
have a volume absorption of 0.0505 dB/km. The absolute
noise source level per unit area for wind sources follows

100 Kuperman and Ferfd as does RANDI-2.

FIG. 3. Sound-speed profile for a Baltic environment. 1. Noise intensity versus angle

Figure 5 shows noise intensity versus anfle., the
integrand of Eq.(8) with d=0 excluding the final cos,

(25  which is part of an element of solid anglplotted for three
depths 20, 40, and 80 m. Referring to the SSP, these are,
. , .___respectively, above the trough, in the trough, and below the
Use_ of this appr_oach means that We can deal_wnh arb'tra%eak in the SSP. There are several interesting features here.
enwronmentinmsg and coheren):enthqut resortmg.to nor- ne is that the picture is asymmetrical because bottom losses
mal mode cglculauons or ray-traces since all that is requlre‘g)ictate that there is more energy coming from upward than
IS Eq. (8) with appropriate giverRs, Ry, a, and an ap- downward. Another is that at 40 and 80 m there is a clear
proxmatg formula for the ray.cycle complete path length noise notch, and one can easily see the correspondence be-
and partial path length, . For instance we could use tween the parts of this graph and FigbR The narrow
spikes for receivers above the peak in the SSP are low loss
contributions from the surface duct. The small hump at
and around 15° corresponds to relatively low loss bottom re-

2 2 2 2\ 12
Csas_cbab)

Csp=Cr S€Clsp= ( 22— a2
s b

Sp=2;/sin(( 6, + 65)/2)

s.=2H/sin(( 6,+ 65)/2), for bottom rays
s.=(2c/c’)sin 65, for surface only rays.

20

B. Numerical examples

In the following examples we have evaluated ES§)
numerically with given values daf, y, a,Rq(6s),Ry(6p), and
velocity profile. The cycle path lengthsy and s, were cal-
culated by a ray trace for one half-cycle from the sea surface,
respectively, down to the receiver depth and down to the
lower turning point(whether refracted or reflected

The environment is a Baltic case investigated at a fre-
quency of 800 Hz by Hamsdmising RANDI-2. RAND/12
is a noise model, based on a full wave solution, that can
include near-field effects as well as discrete point sources.
Figure 3 shows the sound-speed profile, and the bottom loss,

- : 20
Shown in Fig. 4, has been recalculated usiagARL"" Fol- kg 5. Noise intensity versus angle for three receiver depths: 26otit),
lowing Hamson we take surface losses to be zero, and we m (dotted, and 80 m(dasheg

intensity (ciB)

0 30 40 0
Angle (degrees)
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Intensity (dB)
5
0
20 4
[}
2
Q@
2
O
(8]
40 1 k
E £
oy
2 0.6
60 4
_08 -
1 ] ] T 1) L)
0 1 2 3 4 5
80 4 (a) Hydrophone Separation (m)
1
N
4 N
Y
08 4 W\
- "\
100 e WA
0.6 4 Y\
ALY
FIG. 6. Noise intensity versus depth calculated from: ). (thick solid St
line); Eqg. (8) modified with additional cos ternfthin solid ling; and 044/ ,"—\\\
RANDI-2 after Hamsor(dashed ling SUUNY
02 4/ SN\

flected paths, and the kink at aboti20° is the transition
between linear bottom loss and high fixed I¢® effective
critical angle.

Coherence
S
N o
1

I
~
1

2. Noise intensity versus depth

The thick solid line in Fig. 6 is a plot of noise intensity 06 -
versus depth for the same environment. Notice that there is a
resemblance between the shape of the intensity and the SSP. s
The main reason for this is that the width of the noise notch
increases, and therefore the intensity decreases, when the re- ! T T T T
ceiver enters a local minimum in the SSP. Hamson's 0 ! 2 3 4 5
RANDI-2 results are superimposed as a dotted line in Fig. 6. © Hyarophone Separation (m)

The overall shape is the same, but there are more oscillatiorﬁ

. . . G. 7. Coherence versus hydrophone spacingdpa horizontal pair and
because of wave interference effects, anq ambient noise fall§) a vertical pair at three depths: 20 gsolid), 40 m (dashed, and 80 m
to zero at the sea surface. As discussed in Appendices A andbtted.
B, it is possible to put back the second cos t¢in. (A8),

Appendix A] in our numerical integral, and the result is the o i o ) .
thin solid line in Fig. 6. Considering the simplicity of the Of p is identically zero, and even in this Baltic environment
approach(still a single integral agreement is extremely the variations are small as seen in Figp) for d.epths 20, 40,
good. The remaining discrepancies are due to the discret@nd 80 m. The corresponding plots for vertical piys-0)
ness of the mode angles, which is clearly not represented {#'€ more interesting as seen in Figb)7

the integral. The only penalty is that the extra term can be

highly oscillatory with angle, since the argument is 2
kz sin 6, rather tharkd sin 6, , and this requires finer sam-

pling V. NONUNIFORM SPATIAL DISTRIBUTIONS

) Up until now we have assumed a uniform distribution of
3. Coherence versus hydrophone separation noise sources in range and azimuth. So the earlier results are
Equation(8) can be evaluated for fixed receiver depth, suitable for wind and rain, but not directly for shipping. We
fixed hydrophone elevation angle but varying hydrophone deal below separately with nonuniformity in range and azi-
spacingd. For horizontal pair{y=m/2) the imaginary part muth.
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A. Range nonuniformity

We define our “nonuniform” distribution as uniform
within a thick annulus bounded by a minimum rangeand
a maximum range,. For the purpose of noise calculation
(or vertical array coherengghe fact that this is symmetrical
in azimuth is irrelevant, and the ships could just as easily be
concentrated in a limited spread of azimuth.

By arguments similar to that leading (84) in Appen-
dix A it is easy to show that multipath interference can still
be dropped under certain conditions. For instance, if we were

|
|
|
3
H

Intensity (dB)

3
Y
1
\
1
1
\
1!
1
Tt
1
1
1
0
H
X1

to localize the ships in range with a displaced Gaussian prob- 20 . r . .
ability distribution of width w, the condition for validity %0 €0 %0 0 o 0 °
would be that for all elevation angles the cycle distange Angle (degrees

should be less than the m,Odal decay dIStamé (I'e" FIG. 8. The effect on noise directionality of removing noise sources from

r.6,<<1) andthat the cycle distance should be less than thganges less than: 0 kfsolid), 5 km (dotted, 10 km (dashedfor a receiver

Gaussian’s widtfi.e.,r .<w). Thus this condition of validity  at 20-m depth.

translates to a minimum thickness for the annulus:

r,—r,>r for all elevation angles. This is likely to be satis-

fied in shallow water but possibly a poor approximation inassume the noise source distribution to be uniform except for

deep water when there may be convergence zones of 60 kecircular area above the receiver where there are no sources.

or more spacing. Figure 8 shows the effect of enlarging this area for a receiver
In the earlier derivation leading to E(B) we summed a  5¢ 20.m depth. Narrow angle surface duct returns are largely

geometric ;eries for the 'noise arrival; from zero to infinity. ¢t cted whereas the wide angle bottom reflections are cut

The only difference now is that the series goes fiwpto n, out by mode stripping. The effect is shown as a function of

where range at three depths in Fig. 9. The deepest depth, 80 m, is
ny=INT(ry/r), (26)  attenuated most severely. The other two, 20 and 40 m, being
n,=INT(r,/ro), 27) dominated by surface duct, fall off exponentially because of

) absorption sinceR=exp(—as;) and n=r/r. giving R"
and clearlyn; andn, are range dependent. We now simply ~exp (—ar).

substitute a new geometric series in &8). By convolving these curves, for uniformly distributed

2 . RM-Rn2*l wind sources but nonuniformly distributed shipping, with a
n;l R'= 1-R ' (28 vertical line array beam pattern one can calculate an array

response, and favorable comparisons have been'fhaith

giving RANDI-2 calculations by HamsohThe array response in
77/2[ R"1— RMN2*1 d sin o s
d, :zﬂ_f glkd sin 6, sin yg—asp
p(d,y) . 1-R) (
4 Rbefikd sin 6, sin ye*a(SC*Sp)) 15
X Jo(kd cos 6, cosy)sirP™ 1 45 cos b, db,,
(29) 10 \

whereR = Ry(65)Ry(6p) e~ 2%.

The effect of the extr&R" terms is to emphasize low 8 51
angles; it is precisely the “mode stripping” effett,as is E
easily seen. Assuming reflection loss to d#sin ¢ we have g
terms likeR" = e "* "% hutn is range dependent according £ 01
to Egs.(26) and(27). For isovelocity we have.=2H cot 6
so the termR" becomes exp-r« sin §tan 6/2H). It is the 5
roughly Gaussian behavigin 6) that leads after integration
to mode stripping. Clearly numerical integration is again
straightforward, but for analytical purposes the Gaussian can 10 . . .
be thought of as a cutoff in angle &t=(2H/r )2, provid- 0 10 20 30 40
ing a (range dependentalue for 6, in the earlier integrals. Range (km)
1. Numerical example FIG. 9. The dependence of noise level on the range of the closest noise

. . . source in a distribution that otherwise extends uniformly to infinity. Curves
Taking the earlier environment we can demonstrate they three receiver depths are shown: 2auppe, 40 m (intermediatg, and

effect of range nonuniformity on intensity versus angle. WWeso m (lowen).
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any environmentiassuming the array has enough angularexponential® generalized to exfiA cos¢) we can solve the
resolution will always reflect the features of Fig. @ith or ¢ integral.

without a surface duttsince distant ships will result in tall The complete coherence function becomes
peaks near to the horizontal, whereas uniformly distributed
wind sources will give a broader response. p(d,y)= j F(kd cosy cos6,,8)e” Sir? 6 /2H

B. Azimuth nonuniformity

Returning to Eqs(3) and(4) we see that it is the cas s ) .
term in the exponent that leads to the Bessel functionlg +Rpe ™1k o b sinvemalsemsp)) sirP™ L g
in Eq. (7) after azimuth¢ integration. If we had superim-

X [1_ R]—l(eikd sin 6, sin Ye—a%

X
posed an azimuthal dependeme — 8), whereg is a given cos 6; do , (34)
constant, we would have obtained instead where the functionF is the result of theg integral with
o ¢0:’7T/2
1(A8)= | er = p(g-pras. 30 -
0

F(A,ﬂ)ZWJO(A)'FZi' 51
Numerically it is easy to tabulate againstA for a given =1 el
constantB and to store the functioh(A, 8) independentiyf X c0g2j—1)BIs;-1(A). (35)
any other integrals in elevation angle.

Analytically we can solve Eq:30) whenp is a Gaussian
beam of widthw, i.e., p(¢)=exp(— ¢*w?), since the com-

plex exponential can be expanded in a series of Bess

If B==/2 so that the hydrophone pair is aligned with the
shipping lane the functioR reduces torJy(A) and Eq.(34)
(giffers from Eq.(8) only in the multiplier of 7 (rather than

functiond® (9.1.44, 9.1.4F 277) and the mode stripping term_eJ(q&ay sir? 8/2H) which
is determined by the closest point of approaghThus, but
o _ for the factor of 2, the solution is the same as that in Sec.
I(A,B)=wm? (JO(A)+22 (—1)135(A) V A with n,=« andn;=y/r..
i=1

If B=0 so that the hydrophone pair points across the
shipping lane, the real part of and the absolute noise level
% . o2 are unchanged, but there is an additional imaginary part con-
cosZj Brexp—jw )) sisting of ever-decreasing odd-order Bessel functions.

o0

| 22 (-1 1(A)ced(2)=1B) 1. CONCLUSIONS

This paper demonstrates that a simple ray approach is

capable of modeling sophisticated noise level and coherence

Xexp(— (] _1/2)2W2)) - (3D effects, such as the noise notch, mode stripping, near bound-
ary inhomogeneity, and nonuniform source distributions. The
These series converge rapidly especially for langde.g., Solution is essentially the same as the wave solution in
w~1 rad. For very smalw it is more convenient to use the RANDI-2. Some closed-form solutions are given for special

equivalent formula cases including noise level and coherence in an arbitrary sur-
" ) face duct[Egs. (11 and (13)]. The general case can be
I(A,B)=wm"" expliA cosB) solved by a single numerical integral without the need for
X exp( — (A2w? sir? B)/4). (32) detailed ray tracing or calculation of normal modes. It is

shown that the noise notch is quite a simple phenomenon
whose existence is determined by Snell's law and the excess
in sound speed above the receiver. In an arbitrary range-

A simple scenario is a uniform distribution of noise independent environment there can never be more than three
sourcede.g., shipson one side only of a horizontal straight angle bands contributing to the noise, as shown in Fig. 2.
line displaced by a distangge from the receiver. From this Figure 5 and 6 demonstrate that absolute noise source levels,
we can evaluate the effect of a finite width lane by subtracwhose implementation is described in Harrigbcan easily
tion. Taking the origin of¢ as orthogonal to the shipping be included in this approach. Harrig8rextends this simple
lane we findR" is given by treatment to range-dependent environments.

R"=exp(— ay sir’ 6 sec$/2H). (33

C. A shipping lane

This is dependent o and ¢ so we need to reintroduce the AcxKNOWLEDGMENTS

original ¢ integral. However, it can be seen that the main

contributions come from sma# but a relatively large range The author is indebted to A. Cowley of the UK DRA
of ¢, say,¢,. Thus roughly we can separate the function intowho brought the subject to his attention and sponsored the
exp (—ay sir? 2H) and an angle limit of+ ¢, in the ¢  implementation of some of the algorithms. The author ac-
integral. Using the earlier expansion of the complexknowledges helpful comments from Dr. D. Chapman
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(DREA) and many useful discussions with Dr. R. M. Ham-

son (BAeSEMA) who provided the data for the Baltic envi- Similarly the decay exponent is

ronment. Ol 1+ Ol 2= (6n+ ) (r1+12)/12
APPENDIX A: RELATION BETWEEN NORMAL MODE +(0n— 5m)(r1_rz)/2
AND RAY CALCULATION OF NOISE (8.4 8,)r + (8, 5.)d cOSy COS b,

We give a brief derivation of the discrete mode formulane |ast term of which we can safely neglect. Thus integrat-
for the coherence between two hydrophones in a strat|f|eq,]g in ¢ we obtain

medium in order to compare it with the ray treatment. It is

suggested that this derivation is much simpler than that of ) Un(Zz)Um(Z1) [ 729 22nm
Buckingham or Kuperman and IngenitdoWe start with the p=(2m) f E 2 (KoKt m\'y| H
usual discrete mode sum with a noise source at deptiear

the surface such that the mode function X = Kmg™(on*om Jo((K 1+ Km)d cos y/2)dr.
Up=(2/H)*2 sin( wzon/H) = 7zon(2/H3)2. (A3)
The decay constant i, : We now rewrite the double sum as a single sum of the terms

that haven=m plus the double su_,>=N__ .. When we
Vil (Z) TZoN integrate the single sum inthe only range dependence is the

Wzr)=(2m) E N2UTH decay term which results in a factt#s,) ~* to be multiplied

by the other terms. The equivalent range dependence in the

double sum is the term 2 o@&,,— K ) r)exp(—(5,+ o).

It is easy to show that the integral of this quantity is

N

1/2
e

(2
)

The coherence function is

iKnre*é‘nr. (Al)

2 fxz co(K,,—Kp)r)exp(— (8,+ 6,)r)dr
iR 0
:fo fo P1(21,1 )95 (25,1 2)r dr d¢p

2(6,+ i)
N (Ot o2t (K K2 A4
B 2 2 Up(z1)un(zy) 7Zo 22nm nt “m n— m
=2m = (KKl 1)\ H H Now K,,—K,,=2(n—m)/r. wherer. is the ray cycle dis-
tance. So the integral is
Xexgi(Knyri—Kpra)lexd — 6ur1— ol 2]r dr dé.

(A2) 2(8nt ) ML+ (m(N—m)/r(8y+ 8m))?] 7,
The relationship between (on which the polar coordinate
system is basgdandr, andr, is shown in the top view in
Fig. Al. 2(8n0+ 8m) X (ro(Sp+ Sm)I2m(N—m)).
Providedr is large compared with the horizontal projec-
tion of the array (dcosy) we can put
r=(rqyr,)¥2=(r,+r,)/2 and r;—r,=d cosycos¢. The
imaginary exponent in EqA2) can be rewritten as

and since we can assume that the decay over a ray cycle
I'c0n.m IS small it reduces to

This is necessarily much smaller thés,) ! for the single
sum so we are left with just the single sum, and the cross
terms can be neglected:

N 2 2
N“Up(Zo)up(z z
Knl’l—KmI‘z:(Kn—Km)(r1+r2)/2 P:(ZW)ZE M D ‘JO(Knd COS’)/).
n onKyH H
T (Kn+Kp)(ri—rp)/2 (A5)
=(K,—K)r+(K,+K,/2)d This is essentially the discrete mode part of Kuperman and

Ingenito’s solution. Buckingham assumes isovelocity water
with a vertical array (y==/2) and u,(z)=(2/MH)?
Xsin(mrzn'H). He also shows from the boundary conditions
that &, is proportional ton. Then? in the denominator and
. numerator cancek,, is more or less constaft=k), and we
L are then left with the simple sum of the mode product.
It is informative to translate EqA5) into ray terms and

X COS 7y COS ¢.

h/p
T2 ) then compare it with Eq(9) in the main text. This can be
origin A\ ¢ r e done in a stratified mediurfsee, for instance, Brekhovskikh
hip and Lysano%), but we can make the same point more
r dr clearly by taking the isovelocity case whema =2H sin 6.
;o The Buckingham assumption is equivalent to a loss per
o rdo bouncea sin 6, as assumed in the text of this paper. The
resulting intensity after many bounces is proportional to
FIG. Al. Top view of hydrophone pair and noise source. exp(— a sin or/r)=exp(— ar sir® 6/2H cos 6),
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sincer.=2H cot 6. This gives the familiar mode-stripping, We retain complex reflection coefficien® ,R, and ampli-
r ~%2, propagation lavf> From the above, the amplitude de- tude absorption coefficierst. At sufficiently long range we
cay constant is can always assume there is also a down-going ray with the
5.=a Sir? 614H cos §=n2a\2/16H° cos 6. (A6) same angle c;o_nnecting the same _hydrophone and noise
source. Combining up- and down-going rays for edche
In the normal mode solution a point noise source results in @btain

ipole strength . 4 .
dipole strengt A —[eif1e~512+ R el {1)g(Sc—s1)a]glk oSOy

(2 sin(kz, sin 0))2~4k3Z3 sir? 6. (A7)
We therefore need to divide the normal mode solution by XE (e'cR R e 2%)i[ e 1{2e 522
4k?z3 to obtain the ray solution, where we have assumed a j=0
source strength of simply SiM. Making these substitutions +RE e 1l 2)g= (S s2)a] g~ ik cosr
into Eq. (A5) we obtain
A N nmwz nmwz i il R* R* asg)j B2
_ . 1) . 2 X e ‘c e ,
p=8ma 1%; sm( v )sm( m ) j:O( sRpe ™) (B2)
X Jo(kd cos 6 cos ) Py X l/’; :[(ei(liféz)e*(sfrsz)a
Ao nNm(z,—2,) +RpRy e (1T e (2T
- -1 % 1 72
=47« >H ; ( H +(Rbei(gc—gl—gz)e—(sc+sz—sl)a
nm(z,+z +R*e7i(gcfg17§2)ef(sc+31732>a
—COSM)JO(kd C0S # COoSvy). (A8) b )]
H Xeikd COSy COS 6 CoS ¢

Remembering thatn=/H)(z;—z,) =kd sin ysin 6, we see

that there are two differences between E§8) and Eq.(9).

One is that we have an extra term that has insignificant effect
unless we are near a boundary, as discussed in Appendix B.

The other is that instead (ﬁgxz cos6do we have(\/2H) 3N, R(_amembering thag, must be a myltiple of 2 (and attenu.—
Since sind=n\/2H, if we were to treah as a continuum we 2tons smajl for modal propagation we see that the first

would obtainfT' cos 9 d6=\/2H [%. Therefore this remain- Sauare bracket in EqB2) is simply the mode amplitude at
ing difference is merely that the angles have been discretizeft- FOr €xample withR,=—1 we obtain sir, which could

by the modes in Eq(A8) and Eq.(A5) whereas they are be expa.nd.ed using EcﬁBll) (essentially WKB. Therefore
continuously distributed in E(9). The ray approximations W& obtain in Eq.(B2) precisely the proq%Jct of mode values
A and C are therefore very good. Although this demonstra@t Z1 @ndZ; as in Kuperman and IngenitdVhen expanded
tion assumes isovelocity, one can follow the argumenfS in EQ.(B3) we can see exactly what was missed in the
through equally well in a refracting environment, and themain text by ignoring cross terms. The first two terms m_the
arguments of the two cosine terms can be written in terms opduare brackets ,Of EQB3_) correspond to the two terms in
differences and sums of WKB phases, for exampleEd: (8). In isovelocity water these would be

o0

2, (R Ry )]
=

2

X . (B3)

2, . cod(z,—2z,)mn/H) for the nth mode. The third and fourth
lek(z)sm A2z terms in the square brackets of E§3) are missing in Eq.
(8, but are predicted by Buckinghdm as
APPENDIX B: NEGLECTION OF MULTIPATH cod(z,+z,) wn/H). The first term outside the square brack-
INTERFERENCE ets is responsible for th&, and identical in Eq(8). The last

In this Appendix we identify and quantify terms that term in Eq.(B3) appears to contain cross terms, but in fact
were missed in the derivation given in the main text by re-the mode derivatiofAppendix A) shows that they are insig-
instating multipaths with phases. Apart from discretization ofnificant. Essentially the independence of the noise sources
the ray angle the only effect is found close to a boundary. When integrated over rangeven without the assistance of

To investigate all the terms in Eql) we retain here azimuth integration!reduces the cross terms to zero.

phases and path loss@sflection and absorptiorbut other- So if we have a reasonably large number of moges
wise relative amplitudes in the termi The phase along a thatX,=/[ dn) then the only effect of the neglection of cross
paths, making use of Snell’s law, is terms in the ray treatment is the dropping of the
cos(z;+2z,)mn/H term from Eq. (B3). As Buckingham
f k ds=k cos 6r +f k sin 6 dz=k cos fr +¢, pointed out, this term makes the coherence function slightly
depth dependent‘quasihomogeneous”with particular ef-

(B1) fects near the boundaries. However, if there are many modes,
where( represents the vertical part of the phase. We assumas we have just assumed, this term will be highly oscillatory
that an upgoing ray from hydrophone 1 first hits the surfaceeompared with the other terms in the angle intergrand, and
with {={¢; and adds phasé. after each subsequent surfaceits integral will be zero. Because this term does not depend
reflection. We represent hydrophone 2’s terms by subscript 2n hydrophone spacing one might expect it to have a residual
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effect on noise leveli.e., p(0)]. Indeed it does, but a much 7D. Chapman, “Surface-generated noise in shallow water: A model,” Proc.
more familiar way of stating this is that the noise is propor- 10A 9, 1-11(1988.

: : 8R. M. Hamson, “The effect of propagation conditions on wind-generated
tional to the square of the mode amplitude as derT]onStr(’;“tecjnoise at real shallow water sites,” Bea Surface Sounddited by B. R.

by Eq.(B2), i.e., Kerman (Kluwer, Dordrecht, 1988 pp. 281—293.
9 w . . . . R
1—cos((zl+22)n77/H)=2 sinz((zl+zz)n7-r/2H). R. M. Hamson, “The modelling of vertical array response to shipping

dominated ambient noise in range-dependent environments, including
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. Cp h fth . Bg ki SACLANTCEN Report SR-175, 1991.
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