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INTRODUCTLION

The conventlonal in situ methods of determining the speed of sound in bottom
sediments use an energetic sound source such as a sparker, boomer or airgun,
and a recelver array of hydrophones towed by a ship located some distance away.
Sound travelling through the bottom arrives at the receiver, to provide a
medsurement of the sound speed in the bottom. Alternatively, bottom samples
may be taken and thelr acoustic properties determined in the laboratory. Both
techniques are slow and very costly; so a large area survey is a formidable
undertaking.

In this paper a relatively inexpensive technique 1is described for surveying
rapidly large areas of the ocean bottom. The method is based on in situ
acoustic wmeasutements, but no acoustic sources are involved nor are any surface
ships required. Instead, the directional properties of the surface-generated
acoustic ambient nolse fi{eld (which is always present in the ocean) is

exploited using vertical line array (VLA) soncbuoy receivers deployed from an
aircraft. RF signals containing the ambient noise data in the frequency range

0.1-1 kHz are transmitted back to the same alrcraft, where they are recorded
and processed.

The new technique 1s appropriate to continental shelf reglons, where the water
depth is less than 200m (shallow water). 1In such channels the amblent noise
has a modal character, due to the multiple reflections from the aurface and
bottom. Because of the bottom interactions, the signals from the VLA sono-
buoys, representing a spatial sampling of the amblent noise field, contala -
enough information to extract the critical grazing angle of the bottom inter-
face and hence the compressional sound speed in the bottom sediment (assuming
that the sound speed in the water column is known from XBT data).

In deeper water fewer bottom interactions occur and the method camnot be
expected to work. However, it is in exactly those regions where the technique
does work that the bottom properties are often required; for example, in con-
nection wicth the offshore hydrocarbon industry, and of course in many shallow
water acoustics applications, where the properties of the bottom significantly
affect the nature of the sound field in the overlying ocean channel.

The two main advantages of the new method are speed, conferred by the high
mebility of the aircraft, and relatively low cost. A limitation of the tech~

nique is that it gives only the sound speed in the sediment just below the bot—
tom interface and not the sound speed profile down through the sediment. Thus,
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it is perbaps best regarded as a tool which is suitable for making preliminary
exploratlons aimed at identifying potentially interesting regions, which could
then be further investigated using tradltional selsmic refraction or core
sampling methods.

Ambient nolse in shallow water .
2 theoretical model of wind-generated amblent nolse in a ghallow water channel
of the Pekeris type was developed recently by Buckingham . The Pekeris chan-
nel consists of an isovelocity water column with sound speed ci , overlying a

fast sediment with uniform sound speed <y > € (Fig 1). Thus, the boundary

SEA SURFACE
Tttt ~ =~ T HONDPOLES

c WATER COLUMN

SEA_BOTTOM

Co SEDIMENT

Fig 1 Pekeris channel with monopoles representing noise sources
randomly located in a layer just below the sea surface

between the water coluom and the sediment shows a critical grazing angle
a = cos-l(clltz) + In the noise modelz, the nolse sources are represented by

a 1ayef of impulsive monopoles lying just below the sea gurface.

The epatial coherence of the noise fleld at any two points in the channel 1s
derived from a statistical argument based om the Pekeris solution for acoustic
propagaticn in the waveguide. By making the appropriate transformation, the
spatial cohersnce can be expressed as a directional density function. Because
of the asgumed (statistical) symmetry in the distribution of the nolse sgources,
the directional demeity functiom ehowe no azimuthal variation, but depends
only on the vertical angle, & .
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L L
F(8) = @ al)(? uc) AR (1)
a, otherwise '

where a, and a, are constants (independent

of 8), and © 1s measured down from the upward
vertical. Equation (1) states that the noise 1s
a superposition of an lsotroplc component (ao)

and a predominantly horizontal component (ai)

extending out to an angle a. either side of
the herfizental. The latter component represents
noise incident at the receiver from many distant
sources and the 1sorropic component répresents
the contributions from nearby, overhead sources.
The directional density Eunition must satisfy
the normalisation condition

Fig 2 Theoretical directional density

function of the ambient
noise in shallow water

|-

n
f F(8) sin 6 d8 = 1 , (2)
0

where leads to the constraint that

+ = . )
ao a1 sin a, 1 (3)

If two point sensors are arranged vertically in the nofse field, the spatial
coherence function between the noise fluctuations at the sensors 1s

n
I(w) = %f F(8) exp(ju cos 8) sin 6 do , (4)
o ,

where w = mklcl . ' (5)

In equation (5), w 18 the angular frequency and £ is the separation of the
two sensors. On substituting equatfon (1) into equation (4), and uging the
result in equation (3), we find that
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- sin(w sin o
sin w ( c)

r(u) = a +(l-a)——= . (6)
0 0 -
w w 3in o
c
This expression 1lnvolves just two unknown parameters, a, and ac » These can

be determined by making measurements of F(a) between vertically disposed pairs
of hydrophones in the water column. Equation (6) thus provides a basis for
extracting the critical grazing angle uc , and hence the sound speed in the
sediment, c2 , from the directionality of the ambient noise in the channel.

The technique is described below. AF LINK
Experimental procedure

To measure the vertical coherence of

the ambient noise, we have used VLA = o
research sonobuoys, as illustrated in NI _&_&ETATIDN BAG
Fig 3. These are receive-only buoys,
designed as general tools for investi-
gating shallow-water acoustic fields and
are, in fact, far more sophisticated
(and expensive) than la actually necesas-
ary for the ambleat noise measurement.
The hydrophone array has an aperture of
34 metres and consists of eleven sensors
in total arranged to form four nested
arrays each containing five sensors.
These sub-arrays each cover an octave
band of frequency, and the four octaves
span the range 62.5 Hz to 1 kHz. The
signals from the sensors are time-— -
division multiplexed in the buoys and 25.5m
transmitted to the aircraft over an RF

link. On being de-multiplexed, the ele-

van gsensor signals are recovered and

subsequently analyzed. The vertical 34m HYDROFHONE ARRAY
alignment of the array is maintained

within 2° by a drogue and a weight on

the lower end of the cable; and a

compliant section decouples the array e
from the motion of the upper flotation

unit. Thia design ensures a stable con-

figuration of sensors, and also mini-

mises flow nolse 1n the system, eince

the drogue, and hence the array, drifts

with the water column. A battery of

lithium cells gives the buoys a lifetime Fig 3 Schematic of VLA sonobuoy
in excess of eight hours.

UPPER UNIT

COMPLIANT CABLE

KITE

DROGUE

LOWER UNIT

SUSPENSION WEIGHT

A system dedicated to the ambient nolse measurement could be made much simpler,
with just a peir of vertically separated hydrophones for sensing the amblent
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nolse field. These could be incorporated into a sonebuoy, of a data-logging
buoy” drifting freely around the ocean along a racorded track. The remote
sensing capability of elther system would mean that latge areas of the ocean
could be covered quickly and efficlently, at relatively low cost.

Measurements of the amblent noise using VLA sonobuoys were made at half a dozen
sites around the UK coast in areas where the water depth 1s between 100 m and
200 m. The trials sites have a variety of propagation conditions and all are
flat or very slowly shelving. The positions of the sites and other available
data are listed in Table 1.

Table 1. Enviroazental daca for the eix sitee around the UK coast
where the VLA ambisnt ooisa trisle were conducted

obtained uwsling
noise techoique
vater Transalssion l Sea Vind| Cricicsl Sound
Site Position depeh| Bottom Eype aspeed| grazi apeed
{u) lase acate | hys angle :E € Y5 ]
Celeie Sea | 69°10°'H, 08°a2'W | 148 | Very flne send Low-loas 1 1.5 26.2* 1670
South
Celtic 3ea | 51%05'N, 08712°W 104 Chalk High-lose ! 1.3%-% 42.8" 2044
Herth
Hebrides 56"29'NH, 08"10°W | 140 | silt, broken Righ=loss -4 5 29.4° 1722
South shalls
Hebriden S$8°32'N. 06*55°W | 178 | Sand, gravel, Low-losa 2-3 | 3.7=5] 23.4° 1634
Rorth pebblea,
brokan wholle|
Norcth sea [ S8°0&'F, 00°30'W | 124 | 3and, silt Low-loms 1-2 -5 23.0° 1630
South West | 49"70°N, 056°27'W | 120 | Rock, sand, 1  Low-lams 3 2.5-3| 12.0* 1534
approachesd : shalle i

At each site a VLA sonobuoy was deployed and the ambient nolse data from all
the hydrophones in the array were recorded. These data were then beamformed at
B00 Hz to provide a direct measure of the directional deansity function of the
nolse field. The normalized cross-spectral density (or coherence function) was
also formed for each pair of hydrophonas in the array and plotted as a function

of normalized frequency = mﬂ.lc1 , where &£ 18 the aeparation of the two
sensors and cl is the sound speed in the water column above the bottom
interface. The frequency resolution in the coherence function plots is 2 Hz.

An example of the results obtained 1s shown in Fig 4. These data were gathered
at the Celtic Sea South site. Fig 4a shows the sound epeed profile fn the
channel, Fig 4b the directional density function of the noise at 800 Hz and
Fig 4c the coherence function of the noise from two sensors at a mean depth of
42 m and separated by a distance L = 1l m . The directional density functicn
plot in Pig 4b shows voiase power per Hz per unit solid angle as a function of
beam angle. A peak in the noise around the horizontal appears prominently,
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Fig 4 Celtic Sea South site
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superimposed upon an lsotropic nolse component. This is consistent with Fig 2
and the argument in the preceding section. Extracting the critical graziag
angle from Fig 4b, however, is not easy because of the counsiderable smoothiang
introduced by the relatively broad beams of the array. The coherence function
data in Fig 4c¢ are in a much more suitable form for extracttng a, . by com=-
parison wirh the theoretical expreasion In equation (6).

Curve fitting
£

We wish to 'fit' equation (6) to experimental data of the sort shown in Fig 4c,

in order to determine the two unknown parameters 30 and sin ao . A least-

squares curve fitting procedure 1s not appropriate because of the form of
equation {6), so an alternative must be sought. A satisfactory method i3
described below.

To begin, values of the weasuted coherence function T (which ig vweal in our
case, since the nolse fileld is symmetrical about the horizomtal) are taken at

N regularly spaced values of & . If the o*® value of T s l‘(nao) y
taken at w = n&o » then from equation (6) :

_ ain nao sin(nao sin a )
Tnwy) = 8y———+ (1 - a5) — . -
Luwy Bwg sin o,

Adding all K values of r(ni.]o) gives

N ' N - N -
o = z ri) - a_o ein g . {1 - ao) zsin(nmo ain u.c) (®)
- N 1 ? Yo = n w, 8in a ) B *

n= Yg ¢ n=1

Now, the summations here converge very rapidly, and prow}ided N 1is greater than
aix or so it can be safely replaced by infinity. But the function sia(2mx) i“u

gaumed from n =1 to n== {is lmowul' to be the first Bernoulli polynomial,
B, {x):
1

B ) = -%Z““z“ - -y . 9)
= | |
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Thus, we have from equation (8),

a fu (1 -a,) fu,siaa
suz--’zi[__o(ﬂ_c’-)ar_ 0 (0 - “-1)] . (10)

mo u.'.0 sin u.c

which can be rearranged to give

(1 - ay) ' '
0 c
a0
where B o= (25, + 1) - (12)

is known from the experimental data.

As a second condition, we take the measured value of [ at w= 1
{corresponding to half-wavelength spacing):

{1 -a,)

Iin) sin{nr sin uc) . (13)

% sin a
c

The last expression here is ‘obtained by eliminating a_. using equation (li).

If we put 0
. 7 I'{n)
e 14
Y B -1 s (14)
which 1s also known from the experimental data, then from equation (13)
sin(n sin ac) - y{1l - sin ac) = -0 . (15)

This equation can be solved numerically for sin o using Newton's method, and
then ao is determined from equation (11):
(8 sin a, - 1)

0 ° “(sin a, - 1y (16)
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Thus, the two unknowns a- and a, can be evaluated from the data, as )
required. '

Results and conclusions

As well as the experimental coherence function data for the Celtle Sea South

site, Fig 4c also shows equation (6) fitted to the data using the procedure

outlined above. The values of the two unknown parameters found for this case !

are a, = 0.22 and o, = 26.2° (corresponding to a sedimeat souad speed

cz = 1670 m/s}. An independent measure of a, obtained from a careful inves=~

tigation of the bottom properties at this si:es, glves a value of 28° (c2 =

1699 mfs), representing very close agreement with the ambient nolse result.

I —_——

The values of ao and ac deduced from the coherence function data can be

used to estimate the directional density function of the nolse as seen by the
array- This is achieved by conveluting the beam pattern of the array with the
directional density function, F(8), given by equations (1) and (3). The result
is plotted for comparison with the measured directiomal density function in

Fig 4b. A satisfactory fit is obtained, which is Further evidence that the
curve fitting technique gives reasonable estimates for a. and a .

0 [
The values of @ and c2 determined using the ambient noise method are
listed {n Table 1 for all six sites visited. Chapman and Ellis® give o = 51°

e
for the Celtic Sea North site, which is 8° higher than the value obtained by
the nolse field method. This site is known to have a chalk bottom which
strongly supports shear, and this may be respoasible for the discrepancy. Ne
independent data are available for the remaining four sites, although the value
of c, = 1634 m/s obtained for the North Sea site is consistent with the value

expected of a sand/silt sediment®.

In conclusion, the remote sensing technique described in this paper provides a

quick, Llnexpensive means for sampling the compressional sound speed <, in the

sediment underlying shallow ocean channels. It relies on the vertical direc-
tionality of the ambient noise in the water column, and this appears to be a
stable property of the noise fileld, unlike the absolute level of the noise
which 1s highly variable. We have found that the method works satisfactorily
and consistently in conditlons ranging from sea state 1 to sea state 6, the
high sea state limit belng determined largely by washover of the sonobuoy upper
unit causing data drop-out. The robustness of the new ambient noise method
implies reliability, which 18 a desirable feature of any large-scale surveying
technique. Moreover, the extraction of the critical grazing angle by curve
fitting to the coherence data could be easily autowated, which is a further
attractive feature of the technique.
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