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Abstract

The vertical directionality of ambient noise is strongly influenced by seabed reflections. Therefore, potentially.

geoacoustic parameters can be inferred by inversion of the noise. In this approach, using vertical array

measurements. the reflection loss is found directly by comparing the upward with the downward going noise.

Modelling and parameter searching are minimised, and the method does not require a detailed knowledge ofthe

noise source distribution.

1. Introduction

It is well known that in shallow water the coherence and directionality of ambient noise depend on the noise

source distribution and environmental parameters such as bathymetry, sound speed profile and bottom reflection

properties, In general. knowing the environment, one would require a detailed model to predict noise.

Nevertheless pioneering work on inverting the noise to deduce geoacoustic parameters has been successfully

accomplished [1, 2, 1'2] in environments that are range- and azimuthvindependent, and where one can rely on the

sources being uniformly distributed. In [2] a vertically separated pair of hydrophones was used to measure the

broad band noise coherence, which was then compared with model calculations searching over geoacoustic

parameter space,

In the Mediterranean, where shipping densities are high, the uniform source distibution assumption is

frequently violated. Furthermore the source distribution may change over a period of hours, and there may he

more dramatic changes associated with individual ships at short ranges. For this reason an alternative method (an

extension of {12]) is investigated in this paper. It is shown below that it is indeed possible to make deductions

about the seabed properties without knowing the detailed source distribution. In fact the reflection loss versus

angle can be found directly by comparing the noise intensity arriving from equal up and down elevation angles. In

some applications, particularly at high frequencies, a solution in the form of a reflection loss may be more

appropriate or useful than the conventional geoacoustic parameters. An additional benefit is that we do not need a

detailed noise model; the penalty is that we need a vertical array to resolve angles. Here we investigate this

“inversion” technique using some experimental ambiem noise data from south of Sicily. Ground truth is

conveniently provided by some independent conventional geoacoustic inversion experiments carried out during

the same trial.

2. Theory

The array response to a directional noise field and noise coherence can be represented as a wave integral of a

Green‘s function (Equation 9,14 of [3]) or as an integral over ray arrivals [4, 5]. Here we choose the latter

approach in order to allow for spatially varying environments and source distributions as has already been

developed in [6]A Generally, given a noise directionality D073. 9) (a function of elevation angle 3 and azimuth (ti)

and the vertical array‘s beam pattern 3(9, 9,) for each steer angle 9,, the array response A(&,) is given by

A(6,)=HD(¢,9)B(9,9,)coseded¢ (I)

It is shown in [6] that the directionalin Dar, 9) can be expressed as two terms:

DUN?) =Q(9)S(¢L9) (2)

In the equivalent formula for coherence in [5, 6] the beam pattern is simply replaced by a phase term, In equation

(2), S is a complicated function of bathymetry, sound speed and noise source distribution including multiple

arrivals, whereas Q is simply:
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Q(Q)=exp(-a5,,). 9 20

:13,7 (0,, )exp(—a{sL 7%)), 9 <0 (3)

where R495) is the local (within one ray cycle of the receiver) bottom (power) reflection coefficient, and 9,, is

related by Snell’s law to 6 at the receiver. The exponential terms represent respectively the attenuations along the

residual parts of the ray directly from the surface (3”) and directly from the bottom (Sr-s”). If we could access the

directionality itself, dividing the down D by the up D would give

Eritfl- _ _D(¢‘+9)’Q(+€)—Rb(ab)exp( ate. 23,,» (4)

Since this is true for all azimuths (I) it is also true for the azimuth integralID(¢,9)d¢. Assuming that the effects

of absorption over one my cycle are small we obtain

JD(¢,—9)d¢
[anaemia

Given appropriate angular resolution in (l) we can actually measure RI, as a function of 9 and hence 6;, since

the beam response tends to the noise directionality D.

= Rt, (95) (5)

The reason for this simplicity, despite inclusion of spatial variation of the environment and noise source

distribution, can be seen as follows. Imagine a distant point noise source from which a single ray extends, after

multiple surface and bottom reflections, to the receiver. For every such ray arriving directly (Le. most recently)

from the surface, there is a corresponding ray arriving from the seabed with exactly one extra bottom reflection,

the same number of surface reflections and almost the same horizontal wavenumber. Provided the environment

changes only slowly over one ray cycle, the slight shifts in position of reflection points have no effect. So all

distant point sources, regardless of their strength, will appear weaker by snob) for downward 3 than for upward 6.

In addition we can relax the ‘distant source' condition provided the source distribution is close to uniform as in

the subsequent part of [6] Thus this approach can tolerate arbitrary arrangements of distant ships and

simultaneous local or distant wind noise.

For later reference we note that the function S in (2.) reduces to

suite) = sin a, l[l— R,(9,)R,,(e,,)exp(—as.)] (6)

with R, and 6, being surface loss and surface angle respectively, in the case where the noise sources are uniformly

distributed dipoles,

3. Experiment

In May 1999 a set of experiments (ADVENTQQ) was carried out near the Adventure Bank, south of Sicily. An

anchored 64—element vertical array was used for the noise measurements The same array was used in conjunction

with sound sources both fixed and towed by SACLANTCEN‘s ship, RV Alliance, for conventional geoaeoustic

inversion experiments (unpublished [7]). The 62 m array was centred in the 80 m water depth, and although all 64

hydrophones were available only the middle 32 regularly spaced ones (at half metre separation) were used for

these noise calculations. Noise was sampled at 6 kHz on an automatically repeated sequence of two roughly 15

second (90112 samples) windows every four minutes (at 0.5 and 3.5 min). The electronics provided a flat band

between about 100 Hz and 2 kHz. Processing consisted of manually selecting portions without obvious

contamination (unpublished [8]) and then beam-forming them in the frequency domain using MATLAB. The

beam~formed array response can be determined conveniently by calculating the crossespectral density between all

pairs of channels, Cum, using a ready-made MATLAB routine including FFT averaging [9], then multiplying by

the steer vectors w,(9_,..f, w,(9,,f) for frequencyfand summing

«0..f):22w.(9.)6,tr>w,<9.) (7)
f 1

An example of the beam-formed spectrum for the middle 32 hydrophones is shown in Figure 1. One can

immediately see that there is more noise from above (top part of figure) than from below (bottom of figure) and

that the picture is dominated by the poor angular resolution of the array at low frequencies. The design frequency

of this middle part of the array is 1500 Hz and there is a clear grating iobe contribution arcing from +90“ at

lSOOHz to +40u at 2000 Hz. An anti-aliasing filter cuts the response off at about 2 kHz.

92



 

C. H. Harrison. D. G. Sin-tons Geoncoustic inversion of ambient noise

a
N r:

An
gl

e
(d

eg
re

es
)

8  

 

  

D 500 1 000 1500 2000 2500 3000
Frequency (Hz)

Figure 1. Beam-farmed ambient noise spectrum measured on a 32-element vertical army.

The conventional geoacoustic inversion using low frequency sweeps (150-850 Hz) [7} led to the inferred
optimum parameters at the ranges shown in Table I. In the current context we regard these values as “ground
truth'K

WM

 

Parameter 2 km 5 km 10 km

Sediment speed cX (in/s) 559:8 156817 1569i32

Sediment thickness h (m) 4‘3i0.7 5.4i0.7 6.616.?

Attenuation or (dB/X) O.4i0.06 (1510.06 0.6i0.20

Density 9 (glcmj) 1.5311105 1.50:0.2 15810.10

Sub-bottom speed c1, (m/s) 1637:17 l742i51 1702:68WWWWWWW
Table 1. Ground truth — environmental parameter estimates taken from [7}.

4. Simulation

Because of the problem of angle resolution it is wise to estimate its effect on the array response. Substituting (2)
into (1) and dividing downward by upward array response we obtain the ratio of beam responses Ell, which is an
approximation to R5

M‘sx) _
Amy-v) — We.) (8)

We note that, although S does not truly cancel out, its influence on the ratio 9W9.) is weak. Therefore we
assume that an estimate of 5 under the ideal conditions of a uniform noise source distribution, as in (6), will
suffice. First we take the ground truth data (for 2 km) with an assumed sound speed of 1510 ms‘1 just above the
sediment. and we calculate the bottom reflection loss (RL=10log|o(Rb)) versus angle using SAFARI [10]. Then we
substitute this into (6) with R,=l and (gum—>0, and we calculate the array response ratio film.) as distinct from the
directionality ratio in (5).

Figures 2(a-d) show a set of comparisons between 9W9) and RI,(QJ at frequencies of 100. 300, 500, 1000 Hz.
One can immediately see the smoothing effect of the beam pattern. The interference nulls (caused by the
interference between the upper and lower boundaries of the sediment) are covered up, and more seriously, at low
frequencies the beampattern averages so much that the high loss part of the RL curve (high angles) is biased
towards a low value. The only solution is to improve the angle resolution by, forinstance, adaptive beam forming,
or to attempt to deconvolve the known beam pattern.
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Figure 2. Reflection loss calcuiatea‘ with SAFARI using 'ground truth' parameters, Rb (dashed), and

ratio ofarmy responses, 9? (saiid); at (a) .100 Hz. (b) 300 Hz. {6) 500 Hz. (d) 1000 Hz.

The ‘before’ and ‘after‘ effect on the complete reflection loss vs angle and frequency can be seen conveniently by

first taking the formulae in Section 1.6.3 of [3] to evaluate the three layer problem, and then applying the same

beam spreading to it. This is shown in Figures 3(a,b).

5. Analysis of results

We have several options with the noise data. We can collect together the usable sections of noise with the aim

of averaging out local changes in directionality. Alternatively we can look at 15 second blocks of noise gathered

at different times of day with the aim of checking the sensitivity of the method to changes in source distribution.

In a separate experiment in the vicinity, MAPEXZDOO (unpublished [11]). noise measurements made with a 256

element horizontal array detected about 14 ships passing in 4 hours. It is thought that there were no ships close

enough to spoil the ‘distant ship’ approximation of Section 3, although clearly a non-uniform and evolving

distribution is to be expected. Invariance of the quantity WW) in (8) would provide some confidence in the theory.

Figure 4(a-d) shows the quantity 10 logm‘fim) calculated from the VLA array response according to (8) for

four separate 15 second blocks each about one hour apart. (The angle has been corrected from that at the receiver

to that at the seabed on the assumption that the respective sound speeds are 1505 and 1500 ms'l.) The array

response is calculated for 181 steer angles from the crossspecttal density (llS-point FFT, sampling at 6000Hz

with averaging over the 15 seconds using the MATLAB function C5D)
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Figure 3. Reflection loss (a) calculated with 3—1ayerformula from [3], (b) including simulated beamforming.

Although there are slight differences the main features appear not to change with time. In contrast the array
response for these same times (Figure 5(a-d)) does show significant variation particularly near horizontal. This
suggests, as we hoped, that 91(6) does not depend on source directionality and is simply a function of the army’s
position.

There are some additional interesting features in Figure 4. As expected from Figure 2, at low frequencies 10
logm‘Rw) is flatter than the true 10 longbm}. For frequencies between about 200 Hz and 1500 Hz (the design
frequency for this vertical array) the variation with angle resembles theory. There is a slow rise in loss up to the
critical angle followed by a rapid rise to a plateau beyond, as we saw in Figure 2. However the peak is not at 90".
in fact Figure 4(a), in particular, shows a hint of fringe patterns following a law of the form fxsin(6) = constant.
Unfortunately we might expect such behaviourfrom modal phenomena. array side lobe phenomena or even
sediment layer thickness phenomena. so we cannot use it to discriminate. Nevertheless the resemblance to the
computed reflection loss versus angle and frequency shown in figure 1.24 of [3] and Figure 3 here is quite
striking.

The peak value of 10 loglugflfll is around 10 dB. whereas the plateau in Figure 2is at about 13dB. At these
steep angles the Rayleigh reflection coefficient for a half-space simply depends on the density‘sound‘speed
product, sothere is limited scope for altering it. For instance, if we set oc=2 the bottom loss is 9.54dB. A more
likely explanation for the discrepancy is the addition of non-acoustic noise to the hydrophones. This will have the
effect of disproportionately boosting the weak upward-going signal, thus making the bottom appear to be a
stronger reflector. It is also possible, though unlikely in these examples, that the upward-going signal is
contaminated by the side lobes of the often much stronger horizontal noise.

In this experiment the data were transmitted via a radio buoy, offset horizontally from the array via a bottom
cable at a nominal distance of 130 £11. A potential complication is that splashes at the buoy would appear as
spatially biased noise. However the direct elevation angle to the buoy is relatively small (17°). Also in Figure 5
there is no obvious single feature at a corresponding angle for all frequencies, Which suggests that the buoy is not
a problem.
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Figure 4. Inferred Reflection Loss versus angle andfrequency atfour times (a,b,c,d) roughly one hour apart.

Slight asymmetry of the peaks in Figure 5 will lead to an anomalous kink near zero grazing angle in reflection

loss, as seen in Figure 4 (particularly (b) and ((1)). A possible cause of this frequency dependent asymmetry could

be that there are several distant ships contibuting from different azimuths to a slightly tilted array. Thus spectral

lines from various azimuths in the horizontal plane are interpreted as deviating from horizontal in a complex

manner.

Finally we form the average relection loss (Figure 6:1) by first taking the power average of the four array

response examples (Figure 6b).
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Figure 5. Beam-farmedArmy Response versusfrequency atfour times (u,b,c,d) roughly one hour apart.

6. Conclusions

A simple technique for extracting geoacoustic parameters from ambient noise measurements has been
proposed and tried out with experimental data. Unlike coherence-based methods that use a hydrophone pair. this
technique does not require a noise model. It can therefore still work when the noise directionality and bathymetry
are unknown. The method works best at high frequencies because of the vertical army’s limited angular resolution
at. low frequencies, Interestingly this complements conventional active inversion techniques where sound speed
fluctuations impede model matching at high frequencies. It is suggested that the invariance of the inferred
reflection loss (Figure 4) coupled with the variability of the array response (Figure 5) provides evidence that the
method is sound. It is likely that some of the anomalies found are caused by poor quality data, For instance, the
maximum value of reflection loss (at high angles) is often not as great as expected. but this can be explained by
contamination with non-acoustic noise. Since first draft better quality data has been collected at several sites
south of Sicily and near Elba.

Topics for further study might include detailed inversion schemes and possibly ways of counteracting the
beam resolution problem.
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