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PREFACE

Session K at the 68th meeting of the Acoustical Society
of America, Austin, Texas (October, 1964) was devoted to re-
flection and scattering of sound from the sea bottom. Three
invited papers were read, and are presented here, The ses-
sion was conceived and organized by Aubrey Pryce, Director
of Acoustics Programs, Office of Naval Research, Judging
from the spirited discussion which foliowed the papers, a debt
of gratitude is owed to Mr. Pryce for his interest in this impor=-

tant and timely subject,

Thanks are due to the authors for their permission to re-
produce the papers, and to The Office of Naval Research, who

sponsored printing and distribution of this document,
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Reflection and Scattering of Sound by the Sca Bottom
Part L Theory
H. W. Marsh
AVCO Marine Electronics Office, New London, Connecticut

Abstract

This paper is Part I of a trilogy, the others being Part II - Field
Data and Fart IIl - Model Studies. Theoretical topics which are rele-
vant to the most important effects observed in the field are discussed.
These are grouped under Intensity of Reflection, Distortion of Reflected
Wave and Sound Scattering, and include models predicting effects of

absorbing bottoms, layered media and irregular boundaries.

t
Prepared for the 68 h meacting of the Acoustical
Society of America, under the sponsorship of The

Acoustics Programs, Office of Naval Research,



Introduction

The subject has been of interest at least since the introduction of the
echo sounder. It is significant to the design and operation of modern sonars,
and will undoubtedly become increasingly important as deep submergence

activity develops.

As in most cases, the role of theory is twoafold. On the one hand,
theory can provide a guide or prediction under conditions which have not
been directly observed. On the other, it can aid in the interpretation and
collation of experirmrental findings. In the present case, theories are cle-
mentary, but often are complex and difficult to interpret meaningfully
without resort to extensive numerical investigation. Their utility for pre-
diction is seriously limited by a lack of knowledge of the physical character
and structure of the sea bottoms, Their application to the interpretation of
experiments is hampered by the quality and scope of availatle data. It
happens that most of our knowledge of the sea bottom is acquired through
geophysical studies employing sound as a primary tool, either directly in
the field, with reflection/refraction shooting and continuous profiling, or
in the laboratory with acoustic measurements on core samples, With this
in mind, it appear s‘that the actual use of theory is in the development of a
self consistent model of the sea bottom, as '"seen' through acoustic experi-

ments, for application to acoustic effects.

In this paper, the character of bottom reflected sound will be discussed-
qualitatively, and theories dealing with various features of the reflection will
be outlined. It will be seen that exisfing theory is not adequate in several
situations, This discussion will be developed under three headings: Intensity
of Reflection, Distortion of Reflected Wuve and Sound Scattering. These
have been selected because of their direct significance tv sonar problems, and

because available datal! discloses the following facts:




a) Appreciable energy is transmitted into the bottom and not
returned to the field in the water

b) There is considerable backscatter, or bottom reverberation

c) There is great variability of effects, sometimes correlated
with geographical location, compssi.ion and structure of the bottom,
acoustic frequency, beam width, angle of incidence and reflection,

wave form, etc.

It is clear that any analytical model which can claim generality must

be capable of predicting resualts of these types.

Intensity of Reflection

Figure 1 is a composite of many measurements® of "Bottom Loss",
showing its dependence upon acoustic frequency and grazing angle, This
loss is conceptually related to the reflection coefficient, as shown in
Figure 2, This shows the waves reflected and transmitted by a smooth
boundary between hornogeneous fluids of given densities and sound velocities
for an incident wave at grazing angle 6. The bottom loss NB (Figure 1)

is intended to be
Ar

Ai

= - 2,0
NB log

or in other words, the bottom loss is the reflection coefficient in dB., It
must be emphasized that the results shown here are "average'" and not
necessarily representative of any particular situation or geographical locae
tion. Nevertheless, the apparent dependence upon frequency and grazing

angle must be accounted for in our model.

There is available data on the density and sound velocity of sea water,
and of a number of deep sea sediments. Mackenzie’ has shown reflection

coefficients measured in the field are well accounted for by correlated
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measuremeits on the density and complex velocity of a number of sediments,

He employed Morse's* formulae

Ar|?* _ (h-osing)?+g?
Ay (h + o 8in $) % + g?
htig = k;m;et
kz = %=ﬁ+iﬂ
2
o = pki/pi B

In these formulae w is the angular frequency and the wave numbers are

k, =w/c, and k; = w/c,. Attenuation is admitted in the bottom material
through the presence of the term a in k;, implying a complex velocity. To
apply the equations, Snell's law is required in the form

1/
2 n2 2
cos ¢ _ (cos¢+"—k€—)

1

cos Ot

In his calculations, Mackenzie employed measurements of density and coma
plex velocity made by Hamilton® and Shumway® , and showed the importance
of absorption in the sediments. He extrapolated the values measured at 30
ke/ s to frequencies between 0, 2 and 5.0 kc/s and concluded that linear exe
trapolation was best. Additional measurements on acoustical properties of
sediments have been reported by Nafe’ , Nolle® , Wood? and Hampton'®, Wood
in particular pointed out the extreme importance of care in handling sediment
samples, and made in situ measurements in mud, He found a linear depen=
dence of absorption upon frequency and concluded that available theory ( Biot!},
Urick'?) cannot account for the dependence, Nolle compared values of flow
resistance and absorption according to an equation of Morse*, and concluded

that although the two were in fair agreement, abso»ptior was a better measure




of flow resictance than the reverse case, On the other hand, scdimentary
vélecities’ are in reaconable agreement with those calculated from the
Wood!? equation

1

— = (Zf p (2§ C)

c2 iPi i i

’ . . .th . .

with 4 repregenting the volume fraction of the i constituent and (3i the

compressibilitics,

From the foregoing discussion, it may be concluded that an adequate
general account of bottom reflectivity can be given in terms of the simple
model so far presented. However, for a detailed accounting, the model is
inadequate, as may be seen from Figure 3, which is taken from Barnard,
The large variations in reflectivity suggest interference effects, and onec is
led to consider structured media, or media in which the physical properties
are a function of depth of penetration. In fact, the stmmaries of Nafe'show
that even in the relatively homogeneous sediments, both density and com-
pressional velocity increase with depth below the ocean floor, with gradients
in the case of velocity amounting to 0. 5 « 2. 0 sec™!. It is an interesting re«
sult that in the case of an exponential density variation of the form

vZ
Pz = P2 €

then for norrnal incidence the reflection coefficient is

z .2
N vidl
Ar _ __[Czpz."cxPL l - =7 ] ~ipcyvcp/w
Ai

/ 2 _ 2
v c .
[Cz Pz + Cy Py 1-‘_2“&"} +ipieyv cp/w

W

This result, which was pointed out by Berman!*

» shows that a frequency de=~
pendent reflection coefficient can result from non absorbing material, if it is
not homogeneous. By combining effects, a multi~layered bottom of absorbing
materials with various constants can be developed, and these may be further
generalized to admit rigidity, and hence allow for transverce waves, The

general equations accommodating these effects may be found, for example,

in Brekhovekikh!® or Thomsoa'’, Detailed calculations on specific examples




GRVS ONIAVIMIAO LN3WIQ3S

QINTd v 804 39NV ONIZVHO SNSH3A LN3I0I4430D NOILD31438 '€ 3IMNOI4
S$334930 - 39NV SNIZVYH9

(¢ 03 ﬁm&- (o)) 0S Ob 0¢ 02 (o]} OOn
asvinomwy ————— - G2

a3y¥yNsSvin
02

N —— - e

gp - SSO1 NOILO3143Y




of thie genzral naedel have been mads ot 2 number of laboratories?®, A
mzjor problem is the lack of values for the several constants involved,
especizally in the case of shear waves, Some information oa echear velociw
ties and a.b:zorptiorf"@is surnmarized by Nafc'and more recent reoulis are

given by Bucker?®?,

It would be well to recapitulate at this point. A composite picture of
bottom loss was displayed, showing dependence upon grazing angle and frew
quency, The theory subsequently outlined would appear adequate to account
for such behaviour, if sufficiently dectailed knowledge of the physical cone
stants of bottom materials were available, The theory, however, demands
a plane, monochromatic reflected wave, neither of which hold in the field,
For one thing, finite beam widths ana pulse lengths are employed in practice,
and it is found at times that the bottom loss measured is a function of the
technical parameters of the experimental equipments, In short, sound is
distorted upon interaction with the sea bottom, and we shall turn our atten-

tion next to this distortion.

Distortion of Reflected Wave

Since the reflection coefficient of the models considered so far are frew
quency dependent, some distortion has already been admitted. An important
aspect of this is phase distortion. Returnirg to the Morse*equation, there is
a phase shift ¢ between reflected and incident waves, given by

20 g 8in ¢
¢? sin® ¢ ~(h% + g?)

tan ¢ =

Even in the absence of structure or absorption, a significant phase shift can cc.
cur, If there is a critical angle,then for angles more grazing than critical,it is

known that the ref{lection coefficient has unit magnitude, and for the phase




e

1
shift . v _ - o eec? m/z
2 notan ¢

This phase shift, which is independent of freguoncy, increases from 0 at
the critical angle to 7 at grazing incidence and will produce dictortion in
a wide band signal, The effect has been investigated both theoretically
and experimentally by Arons’! for an exponential pulse. Abramowitz??
computed the effect for one cycle of a sine wave, and a number of results
have been obtained by Cron?. Figure 4, which was kindly furnished by

Cron, illustrates the distortion of a Gaussian pulse with phase shift #/2,

Other examples of phase distortion with various types of frequercy
dependence could be computed from the general equations identified above,
Mackenzie® has computed phase shift for a few absorbing materials, but
the subject has not received particular attention, nor (excepting the cited

work of Arons) is there reported field data.

Another form of distortion can be introduced by a slight generalization
of the model to allow motion relative to the bottom. Frequency distortion
will thus be produced by the familiar Doppler components. In Figure 5,
suppose the source of sound and point of observation move with velocity v
parallel to an "average' bottom plare, and that ¢i y $ ; are the grazing

angles relative to this plane. If the true bottom is inclined at angle A, the

frequency of the reflected wave will be

w, = w+ -S-Nc— [cos ¢i- cos 4>r]
and ¢'i = ¢ A
¢r = ¢+ 4

where ¢ is the grazing angle with respect to the true bottom. This frequency
distortion could have implications for wide hand signal processing, but is

perhaps more significant to scattered sound?!, which will be considered sube- -

sequently.

10
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Lzcther acpeet of dlotorticn oy e identificd under thic torm "delay

distortion). Analytleolly, ths veflccted wave do conventently reprovsuted
in tirss doemnin retlior thon the feoguorey domeln, ond e regarlcd 25 2 cons

&

LR B iy PS

volutics: of wovees crrivins wil's dilicrent epochs, Thus, for en fnclden?
plane wove of arbitrory form t'i (¢}, the reflected wave will be

&

£ (t) = -L«a“” £t av) dr

The "impulse response” A (T ) will be characteristic of the material and
structurc of the boitom, and of the anzle of incidence, Of course, the ima-
pulse recponse is determined in principle by the Fourier transform of the
reflection coecfficient. As a practical matter, however, an aprproximate
calculation of the one may be practical where the other is not, This is es-
pecially true when the reflected wave consists of 4 sequence of more or less
overlapping arrivals, as is normally the case in seismic experiments, In
this instance, the problem is one of eorting out individual reflections from
reasonably well defined layers, and the impulse response is the sum of a
few delta functions. A more interesting situation for theoretical purposes
is, however, that in which the properties of the impulse response are known
only in some statistical sense, which will be considered below as a scattering

phenomenon.

Sound Scattering

Another composite of field measurements is shown in Figure 6, which
displays "scattering strength" as a function of acoustic frequency and grazing
angle. This quantity is conceptually related to the idealized experiment shown
in Figure 7. Here, in contradistinction to the reflection diagram, a wave exa
ists proceeding at an angle other than the grazing angle of the incident wave,
and is called a scattered wave. The amplitude of the scattered wave is thus a

function of the two angles ¢ and 6, When this amplitude is measured directly

13
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it is found to depend in a systematic way upon such factors as the duration

of the incident wave and the directional properties of the receiving instru-
ment, For this reascon it is custemary to measure the so called scattering
coefficient, which is illustrated in Figure 8, Here is 3hown a sinusoidal
pulse of duration T, intensity I; at the '""scattering region' dM. The received
intensity is I at time t = t; + t;, with t; being the travel time from source

to dM and t, the travel time from dM to receiver. The scattered intensity is
evidently a function of the scattering coefficient A and the particular geometry
which related dM to the travel time t;, t;, This geometrical relation may,
in more complicated cases, depend upon the directional properties of source
and receiver. In the field, the scattering intensity Ig is measured, but the
scattering coefficient A is desired, and some model is necessary for data re-
duction. The scattering may be thought to originate from inhomogeneities
within the bottom, in which case dM involves a volume element and A is the
"scattering coefficient per unit volume'. Nolle?® considered this point of
view in studying backscatter from sand layers in a laboratory tank, but no
theory has been developed for application in the field, and we shall not con-

sider volume scattering further?®

As a second possibility, the scattering region may be regarded as lying
upon the surface of the bottom. In thic case, providing T is emall compared

with t; and t;, we have 2t t, !
Tle, & ) = — -t

In this equation, I; is the intensity of the source at unit distance and dA the
area of the surface scattering region. The angle y measures the inclination

of the plane containing source, receiver and dA from the vertical to the sur «

face,

The quantity thus represented is the surface scattering coefficient for

unit area, although it is a numeric and independent of the units employed.

16
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In the special case 8 = ¥ = ¢, ¢ = o we have the back scattering coefficient,
and the back scattering etrength is

Ng = 101ogJ

We have already seen a summary of reported values of N, in Figure 6.
There are two general features to the reported data, the roughly s shaped

dependence upon grazing angle, and substantial independence upon frequency,

Our model must now account for these features, There are two types of

models in use, which we may designate as phenomenological, and analytic,

In theformer category, Lambert's law?” has been employed, which states

that
J = & 8in 6 8in ¢

6 beinga constant of the bottom material. Although this law provides an ape
proximate empirical representation for many circumstances, there is no

theory which can account for either the law or the dependence of § upon other

properties (However, see Kuo®™). For backscatter, Lambert's law gives

J = 6sin’é
GeneralizatioB ! this result have been made in the form
J = 6&sin" ¢
Some measurements are better represented by n = 1 than n = 2, but again,

there is no theoretical account for such behavior,

A second phenomenological model has been proposed by Patterson?},

in which scattering is regarded as reflection from facets in the bottom inter=-

face, which are suitably inclined. He postulates that the backscattered inten-

sity is: -
1 = £ 2 D)t Ble L) alL)

8  m=0 L0
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In this expression, D (m)Yis the dictribution of faccet elopes m (acowmed to be
Gaussian), f(L}is the "strength" of the faccts (assumed to be proportional
to their lenzth LY, B (0, L) is the beam pattern of the facets a0 a function of
size and grazing anzle (azsumed to be that of 2 line reflector)eud d (L) is the
distribuwiion of lenzth which is aseurancd to be Rayleigh, Ao with an earlier
model*?, he also multiplies the expression above by the reflection coefficient
to allow for loss into the bottom. By svitable chzice of constants in this
model, Patterson obtains a good fit to some reported data excepting at the
lowest grazing angles. He comments further on the possibility of using
Schoocley's concept of "facet tolerance' to allow for some curvature in the
facets, Patterson's results are of value at least for empirical purposes,

but similar results can be obtained by analytic methods, as will be seen.

Further, Eaglesfield®® has objected to the use of the reflection coefficient in

this manner.

All analytic methods are approximate either in principle or in appli-
cation, but start with an attempt to solve the boundary value problem for an
irregular surface. A gocd survey of methods as of 1958 has been presented
by Lysanov®*. We shall confine our attention to two more recent developments,
which are particularly applicable to the sea bottom. These consider the inter-
face to be described by a function z(x,y) representing the elevation z at a point

(x, y) from the mean bottom plane. The particular properties of interest are

such statistics of z as the jovint probability distribution

P [Z(xv 1)z (x,, Yz)] ,

which is assumed to depend only upon the separation between the two points

(x;, v3)and (x;, y;). Inthat case, there is the auto covariance

plx.y) = <zlx,y))z{x; +x yy+y) >
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and the (power) epectrum
A(kx. ky) = j[ ei(k"x+kVy)p(x,y)dxdy

For isotroplc curfacces, if r? = z? + y?, the auto covarience is a function
only of r, and there ic the wove number gzectrum
P
0]

A% (K) =f Jo (Kr)p(r)dr

0

In considering radar backscatter for a totally reflecting earth, Hayre®® ob.

tained the following expression for the scattering coefficient:

J = u ?-2¢ euvozo vn
* 2 |cose n=1 (n-1) 1(2 u + n?) /3.

u=(kBsin¢)?; v =(2kecos ¢)?

pl(r) = u‘!e“r/B

He employed a slight extension of the basic work of Eckhart, using a modie
fied Kirchhoff-Huygens method, and assumed the surface roughness to be
normally distributed with variance of and the indicated exponential autoco-
variance, He found good agreement with various reported measurements, and
also obtained estimates of ¢ and B from army contour maps of various contie
nental US areas., These results could be applied to the sea bottom if the bottom

were to be regarded as totally reflecting.

If the first order perturbation results which.Marsh® developed for the

sea surface are applied to a totally reflective bottom, there is obtained the

expression 7 - sin® ¢ X} A2 (K)
= 7 cos ¢
K = 2k cos &
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We raote thnt 3 AP{) 1o proportionnl to 73, then tho boshironttor will Lo

indepcondont of the acouttic wove numnber ko Thie erprooclon has been eme

ployed to crotimate the spectrum of ceveral noturally cocurring surfoces,

wheve racncurements of bockeontter were avellable
Figure ¢, elong with valuzs compuled from the cupreocionn of Hayre, Tho
curveo for the "Threchier Arvcn! were doveleped’ from a {ine grained sure
vey map raade available by WHOIL, using Hayre's technique, and the curve
for Lake Trovis wae taken from Horton®® , who emmployed a2 similar mapping
method. The solid parts of the curves cover rangec of wave number where
either zcoustic measurements arc available, or where the contour methed

is believed applicable; dashes are extrapolation, On the whole, an asympe
totic form of K ™3 is fairly typical (or K3, in the case of an exponential

autocovariance.

Marsh's results are defcctive at grazing incidence, where they vanish
too rppidly. To remedy this, and also allow for non-totally r'eflecting materia
al., Kuo®® has extended his results by solving the boundary value problem for

two fluids, and obtained to first order

= [A(y)]|?]
- o y2)p,c,2 (prmpy)
a = P22y -piqqn 2(1 Y 1Pac 1pa=py
(v) P2C2Y tpiCiN Ap2cay + prcin) ®
n =v1 - (1 : ) Y = siné

J is the coefficient for total reflection, The quantity fl may be called the
modified reflectivity, It is seen to bear a family resemblance to the reflece
tion coefficient, to which it is equal at normal incidence. However, the two

differ significantly near grazing incidence, and Kuo's results provide a greatly
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iroproved fit to a number of experimentzl rezults, including Lottom revere

baration, ae well s backscatter from ice and from eand surfaces,

The Karch-lue theory may also be anplied to ecatterin
tion, and conld be terted, for example, anninst the "eide ceotter’ reported
by Urick®, Inthe forward direction, it is shown that there is & speculay
component of maznitude given by the reflection coefficient for the smooth
interface, At directions close to the gpecular, there will be scattered energy
of amounts depending upon the elevation spectrum and material properties.
Accordingly, there is 2 scattered contribution to the apparent reflectivity or
bottorn loss measured with practical beamwidths and pulse lengths, The cal~
culation of this contribution is a tedious exercise in numerical integration,
and has been carried out only for totally reflecting surfaces’, Related calcu=

lations apply to the delay distortion in wave form, because of the dispersion

of arrival times of the scattered waves,

If the same cquations are applied to the joint statistics of the scattered
field at points separated in time and/or space, it turns out that, at least to
the first perturbation order, the scattered field is totally incoherent. It is
thus suggested that the total return from the bottorn can be separated into re-
flected and scattered components by measurement of the coherence or related
properties of the return relative to the incident wave, Figure 10 gives some
results obtained with very wide band explosives, The direct arrival and bot-
tom return were low pass filtered and the normalized cross correlation of the
filtered signals computed. The maximum value of this correlation is called
the "average coherence", and ia shown as a function of the low pass cut off
frequency, For this particular bottom, the scattered return represents about

one=half of the total, varying between 20 and 80%,
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In conclucion, we moy cwamerice the ovtetanding deficiencics in
precoptly ovoilable theory, Theore is no edeguate theory for th

ticn which {o eo imaportent in real motorinle, Scattering effccts are lar

but the theorics are cither oversimyplificd or too cumbereome. Although

we have nst covered several important acpects of the subject, including
shallow water esound propagation and varicus classes of seismic waves,
theee two deficicncies are probably at the top of any list which might be

compiled.

saeh
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REFLECTION AND SCATTERING OF SOUND
BY THE SEA BOTTOM

PART 11, FIELD DATA

T, G, Bell
U. 8, Navy Underwater Sound Laboratory
Fort Trumbull, New London, Connecticut

ABSTRACT

A review is made of bottom reflection experiments in both shallow-
and deep-water ocean areas, illustrating frequency- and angle-derendent
reflection effects, Interpretations of these measurements are made in
the light of knowledge of the geological character of the regions involved,
Itis concluded that existing field data on bottom reflection in the specular
direction is consistent with a model which considers the bottom to be
flat and stratified into absorbing layers,

This paper is Part II of a trilogy to be presented at Session K of
the 68th Meeting of the Acoustical Society of America at Austin, Texas,
21-24 October 1964, (Partl: H. W, Marsh, '""Theory, ' Part IIIL
C. W, Horton, '"Model Studies, ')

INTRODUCTION
I intend to limit the scope of my discussion of field data to the
reflection of sound in the specular direction, rather than in back or

side directions,

29




GEOMETRY OF REFLECTION IN THE SPECULAR DIRECTION

SOURCE RECEIVER
g

§\t§§\\§\§§~\\\\\m\\ N
MR

Slide 1
1dealized Geometry for Reflection of Sound from the Sea Bottom {n the Specular Direction

The first slide illustrates the idealized geometry of the situation
we shall consider, In practice, positioning the receiver and source in
this manner does not mean that all the energy arriving via the bottom
reflection path actually arrives at the receiver by a specular, or
mirror-like, reflection mechanism, A very irregular sea bottom would
tend to produce many paths from the source to the receiver. However,
the interpretation of the reception of forward reflected sound as largely
a specular phenomenon is common, Thus the spreading along the path
is considered to be inverse square except as modified by refraction,
After sea water attenuation is accounted for, the remainder of the loss
is assumed to arise from the penetration of energy into the bottom.

The definition of the ''bottom reflection coefficient'' as the ratio of
the reflected to incident scund pressure at the sea bottom interface is
unambiguous for the idealized situation. Minus twenty log to the base
ten of this ratio is called the ''bottom loss'' in db, In practice, however,
a pulse of sound from the source will often produce a cluster of arrivals
at the receiver at a time close to that corresponding to the specular
path. For most bottoms, multiple arrivals are caused by reflection
from the sea surface and from sub-bottom strata, Therefore the answer
one gets for reflection coefficient of the bottom dep:nds to some degree

upon the exact time of measurement, the averaging period, the pulse
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length and the directivity of the receiver, It is conventional to correct
for the extra path, or paths, due to the sea surfoce reflection but the

sub-bottoms arc properly considcered a part of the bottom impedance.

DEPENDENCE OF BOTTOM LCIES ON
FREQUENCY AND GRAZING ANGLE

Prior to 1950 no published data can be found on the dependence of
bottom loss on frequency and grazing angle, During the early 1950's
the Underwater Sound Laboratory collected a sizable amount of data on
bottom loss in the deep ocean and summarized these data, and some
from other sources, in the frequency- and angle-dependent curves
presented by Dr, Marsh in Part I, A few years ago, these curves were
revised at the Underwater Sound Laboratory to take into account the
surface reflection path contribution to the measurements of the reflected
sound, This path tends to provide a 6 db boost to long pulse signals
taken with nondirectional sources and receivers and produces an
apparent bottom loss that is lower than the true value by some 6 db,

The marked frequency dependence of the bottom loss data presented
in Part I was initially a mystery and not accounted for by either
Rayleigh or modified Rayleigh two-fluid models of the sea bottom
interface, even though such models have upon occasion given an adequate
explanation of the angular dependence of reflectivity at a single
frequency, »? Schulkin suggested that a bottom consisting of an absorb-
ing fluid overlying a rigid sub-bottom would be a physically credible
mode!l for explaining the observed frequency dependence.3

Cole later refined Schulkin's model to a two-fluid absorbing bottom

and noted that this model not only accorntea for frequency dependence
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but also explained interference effects which were evident in the field

data taken in specific locaticns, as shown in the next slide.!

INTERFERENCE EFFECTS WITH CHANGE IN ANGLE
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Slide 2
Substrata Interference Effects wath Change in Grazing Angle

This is an example of an interference effect produced by the phase
of a sub-layer reflection acting successively in concert and in opposi-
tion with the phase of the reflection from the water-bottom interface
as the inclination angle is changed, The data points are statistically
significant, with a standard error of each point being less than 1 db.,
The theoretical computation was based on bottom properties arrived
at from the data as follows., The critical angle effect at 19 degrees
permitted solving for the velocity of the upper layer. The spacing
between the peaks tells us the upper layer must have beeh 4.2 feet
thick, The properties of the sub-layer were assumed equal to those of
a typical sand layer. The number of remaining independent variables

is not as great as it might seem since the high correlation between

density, velocity, and attenuation in sediments is well established, The

attenuation at 4.5 kc was extrapolated downward in frequency according
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to the accepted first power relation from the high frequency data of
Shumway's.‘ The agreement between the theoretical computation and
the data points is so close that a rather convincing case seemas to be
presented not only for the nature of the reflecting mechaniom but for
the acoustic constants of the sediments themselves,

The closest existing core samples were three cores taken by Lamont
some 150 miles distant from this decep water location, They showed
sand layers varying in depth from 1 to 10 feet, While multiple sand
layers are often found, a two-layered bottom model is not as naive as
it might at first appear to be, since both the high reflectivity and the
high attenuation of the uppermost sand layer tend to minimize contri-
butions from deeper layers. However, the model can be extended to
any arbitrary number of solid or fluid layers by methods presented by

Brekhovskikh.®
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Slide 3
Apparent Substrata Interference Effects in Mackenzie Data

Similar deductions can be made from field data previously presented
by Mackenzie.'! The experimental points are not densely enough dis-

tributed in angle to attempt a complete inference of a cyclical behavior,
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but the curve computed from the deduced core properties at least

seems to be consistent with the actual behavior of the experimental
data, Note the agreement between the amplitude excursion of the
computed curve and the experimental points, as well as the tendency
for both to smooth out at the smaller angles, This time the sand sub-
layer was inferred to be at a depth of 80 feet.

Dr. Marsh in Part I has already discussed Barnard's tank
experiments in which similar interference effects were produced by
a two-layer sediment structure and correlated with computations

. . r
based on the acoustic properties of the sediments,

THE PREDICTION OF REFLECTIVITY FROM
CORE MEASUREMENTS
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Slide 4
Comparison of Computations from In Situ Core Data with Reflectivity Observations

This slide represents our first attempt to compare computations
from measured in situ core properties with acoustic reflectivity

measurements, A singl: core, taken at the 2750-fathom location of
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the measurement on thie Sohm Abyssal Plain, showed a sand layer at
2.3 feet, The Hamilton and Shumway semi-empirical relations
between sediment properties and velocity or attenuation were used to
provicde the estimated acoustic propertiea."' The densitics were
measured directly, Two scts of data were obtained, of which the
means are shown herc, one at 20° and one at 30°., The standard
error of these points is less than a db, While this can hardly be put
forth as a complete verification of the model, it is at least a start
and offers some encouragement that the calculations from such a
model are useful,

Some further unpublished comparisons of this type in other areas
suggest that such computations will tend to indicate too high a loss
where deep reflecting strata exist underneath comparatively transparent
surface sediments, That is, a core may show no reflecting strata
simply because it does not go deep enough, The pattern that seems to
be developing concerning the usefulness of reflectivity predictions
from cores is that the presence of sand layers within a core will be a
good indicator of a comparatively strong reflecting bottom, The
absence of reflecting layers in a core, however, does not necessarily
indicate that the bottom reflectivity will be poor, It may simply mean

that the core is not deep enough to show highly reflective substrata,

LATERAL VARIABILITY
One objection to predicting bottom reflectivity from core measure-
ments relates to the popular conception of the ocean bottom as a rather
chaotic medium, varying rapidly as geographic position is changed and

defying anything but a statistical description. Geologicai observations
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do not bear this out, While confused bottoms may be found in some
locations, sub-bottom profiler tracks show other areas to be stratified
over many miles.’ Ewing has shown layer by layer core analysis to

. s ea e . 10
reveal detziled similarity in cores separated by as much as 80 miles,
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Slide 5

Example of Repeatablility of Bottom Lots Messurements

In a preliminary attempt to explore lateral variability in reflectivity,
a 2200-fathom area was selected. Curve 1l in this slide shows the
average measured reflectivity at each of three angles, 39°, 27.5°,
and 16°, In curve 2 the reflection point for each angle has been
laterally displaced 1 mile by shifting the source-receiver geometry,
The mean change in reflectivity over the 1 mile distance is slightly
greater than a db, which is comparable to the standard error of each
observation, Curve 3 shows an attempt to repeat the first curve upon
returning to the general area 4 days later. It is unfortunately not
possible to say how close we were to the original area 4 days later
because of limitations in navigational accuracy which could have given
us a positioning error of several miles, In any event, except for the
39-degree point, there is no significant difference in the results in
curve 3 from the other 2 curves, This suggests we were operating in

an acoustically homogeneous patch having an extent of at least several

miles,
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Slide 8
Example of Difference in Bottom Lo Between Two Areas 12 miles Apart

This slide shows the result of a second experiment in an area
i2 miles removed from the first, which we call here '"'Area II,"" The
results from the first area are shown by the shaded region. Those
from the second area are separated into initial measurements and
those obtained after a revisit to the station 4 days later. Again
navigational errors imply that it is likely there was a separation of
gseveral miles in the reflection points over the 4-day time span. As
in Area I, we see in the Area II data that good repeatability is obtained
over lateral distances of a few miles, However, the difference in the
Area l and II curves shows that there is a significant change in
reflectivity properties over a separation of 12 miles.

Cores have been taken in Areas I and I1I but have not yet been
analyzed, Mackenzie plans to look at these two areas in detail with the
bathyscaph TRIESTE during the next year. It wili obviously be of
great interest to be able to obtain a physical description of these
bottoms. In any event we see that the reflectivity properties of the bot-
tom are not chaotic but show evidence of an orderly behavior with

change in point of reflection,
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EFFECT OF SCATTERING
Another popular conception about bottom reflectivity in the specular
direction is that the ocean bottom must be rough enough in detail to
make the reflection process more of a scattering process than a
specular reflection, However, as Urick has pointed out, the received
levels observed in the specular direction so greatly exceed those in
side and back directions, that the reflectivity must at least show a

great concentration of energy in the forward direction,"
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Slide 7
Test Setup for Determining Importance of Non-Specular Reflection {a the Forward Direction

With this setup we decided to investigate in a particular location
whether or not energy received in directions close to specular is
comparable in magnitude with that received in the specular direction,
A four wavelength Ligh 3,5 kc transmitting array with a vertically
steerable beam was used as a source., The receiver was 19, 000
yards away on a specular angle of 30 degrees, If the specular path
were far stronger than any non-specular path, the beam pattern
should be traced out as the beam is vertically steered, Strong non-
specular arrivals would tend to widen or perhaps completely destroy

the beam pattern.
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Slide 8
Measurement of Vertical Directivity Pattern on Bottom Reflected Sound Pulses

Here we have plotted in our relative levels received from the
hydrophone at 19,000 yards as we change the depression angle of
our transmission beam, Shown as the dashed curve is the short-range,
direct path beam pattern determined with a hydrophone at a 30-degree
depression angleAas the depression angle of the transmission beam is
changed. The evident close similarity between the direct-path and
bottom-reflection patterns indicates that any non-specular transmission
path via the bottom was far weaker than the specular path in this

location.

To summarize, our observations presented inthis paper, of bottom
reflection in the specular direction, have indicated that in both deep
and shallow water, existing field data are consistent with a model
which considers the bottom to be flat and stratified into absorbing
layers. This model is capable of ex;laining the dependence of bottom

SUMMARY AND CONCLUSIONS
| loss on frequency, location, and incident angle, Geolougical and
{ :
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acoustical reflectivity properties can be related by considering the
bottom impedance as derived from the established correlation between
the physical properties of the sediments and their fundamental velocity
and absorption characteristics, Behavior of the field data discussed in
this paper has shown no evidence that scattering processes play a
significant role in either adding to or subtracting from the sound
reflected in the specular direction,

Our conclusions are, however, limited to locations which represent
only a few specks on world-wide charts of the ocean bottom, More
field data must obviously be collected over a greater sample of bottom
locations before we can lay claim tv a broad understanding of bottom
reflectivity, Future acoustical investigations should be backed up
with all possible means of observing in situ bottoin characteristics in

order to facilitate the testing and improvement of reflectivity models,

40




10.

11,

LIST OF REFERENCES

K. V. Mackenzie, "Reflection of Sound from Coastal Bottoms, "
Journal of the Acoustical Society of America, vol. 32, no.2, 1960.

John C, Fry and Russell W, Raitt, " Sound Velocities at the Sur-
face of Deep Sea Sediments, " Journal of Geophygical Rescarch,
vol, 66, no.2, 1961,

H. W. Marsh, Jr. and M. Schulkin, U. S. Navy Underwater
Sound Laboratory Rept. 255, 21 March 1955, (unpublished).

B. F. Cole, "Marine Sediment and Ocean-Bottom Reflected
Sound, " Paper E-1, 68th Meeting ASA.

George Shumway, " Sound Speed and Absgorption Studies of Marine
Sediments by a Resonance Method — Parts I and II, ¥ Geophysics,
vol. XXV, nos.2 and 3, April and June 1960.

Brekhovskikh, " Waves in Layered Media, " Academic Press,
New York.

G. R. Barnard, V. L. Bardin, and W. B. Hempkins, " Underwater
Sound Reflection from Layered Media, " Manuscript for Journal
of the Acoustical Society of America, 1564.

E. L. Hamilton, George Shumway, H. W, Menard, and

C. J. Shipek, " Acoustic and Other Physical Properties of
Shallow- Water Sediments off San Diego, " Journal of the Acousti-
cal Society of America, vol.28, no.!. pp.1-15, January, 1956.

John Ewing, Bernard Luskin, Archie Roberts, and Julius Hirshman,
" Sub-Bottom Reflection Measurements on the Continental Shelf,
Bermuda Banks, West Indies Arc, a2nd in the West Atlantic Basinsg, "
Journal of Geophysical Research, vol. 6% no.9, September 1960,

David B. Ericson, M. Ewing, Bruce C. Heezen, and G. Wollin,
" Sediment Deposition in Deep Atlantic, " Geological Society of

America, pp.205-220, Special Paper 62, 1955.

R. J. Urick, " Side Scattering of Sound in Shallow Water, "
Journal of the Acoustical Society of America, vol.32, no.3,

March 1960,

41




REFLECTICN AND SCATTERING OF SOUND BY THE SEA BOTTOM
Part II1I. Model Studies
C. W. Horton

Defense Research Laboratory, The University of Texas, Austin, Texas

Abstract
This paper is Part III of a trilogy, the others being Part I - Theory
and Part II - Field Data. The advantages offered by measurements of reflection
and scattering of sound from models of the sea bottom are discussed. Model
studies provide a useful supplement both to theoretical analyses and to fileld
studies. Selected experiments performed in the laboratory are reported which
are valuable in interpreting effects observed in the field. The models illus-

trate the effects of fluld and rigid layered media and of rough surfaces.
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SCALE MODELS AND THEIR USES

I believe that the two preceding papers hive convinced everyone in
the audience that the study of the reflection and scattering of sound from
the sez bottom presents meny cignificant problems both of a thecretical
and of a practical nature. In fact, the prcblems are so extensive that
one should use every possible method of attacking them.

Scale models have been used frequently as a laboratory tool for the
study of complex problems in the earth sciences, and & wide range of prcb-
lems have been studied in this manner., The following list of scale model
experiments 1s 1llustrative only and is by no means complete: ocean cur-
rents such as the Gulf Stream (von Arxl), propagation of seismic waves,
generation of selsmic waves by simulated earthquakes, electromagnetic
waves in geophysical prospecting (Yoste), reflection of acoustic waves
from artificially produced water waves (WOOdB), and propagation of ecoustic
waves in turbulent media (Stoneh).

The advantages offered by scale models are many. First, they provide
a significant guide to the validity of the mathematical approximations
introduced in the theoretical work. In all but the most simple of probleas,
even though the physical situation is idemslized, one still obtains often a
solution which is a power series in some parameter associated with the prob-
lem. When the expansion is formidable, one obtains only the first few terus,
and frequently no assessment can be made of the remainder term. Sometimes,
one cannot even be certain 1f the series i1s convergent or, if not, 1 i: is
an asymptotic solution. A carefully designed program of model studies cen

offer & significant guide to the range of velidity of the theoretical analy-

8is and show with respect to which paremeter the expansion should be made.
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Sometimes one introduces into the theoretical problem approximations
which are physical rather than mathematical in nature. An example of
this type of simplification arises when one analyzes the reflection of
sound waves from a rough sea bottom. The problems are greatly simplified
if one assumes elther that the bottom is a pressure release surfece or
that it is perfectly rigid. These essumptions are comtonly made in the
study of this problem (Eckarts, Marshé, Uretsky7). In the first paper of
the series Dr, Marsh has presented arguments to the effect that one can
modify the solutions for these ideal bottoms by multiplication by a suite
able factor so that they will apply to other types of bottoms. The vale
idity of this modification can be tested extensively with scale models.

Another assumption of a physicel nature that is frequently made in
these problems is the neglect of the shear modulus of the materials in the
ocean bottom. The argument usually offered is either that the layers be-
low the ocesan bottom are unconsolidaeted sediments which have negligible
shear modulus, or that since the incident and reflected waves are longi-
tudinal, one can obtain an edequate description of reflection and scatter-
ing coefficients by neglecting the shear modulus of the bottom. Evidence
from scale models will be offered below to show thet the shear modulus can-
not be neglected in these problems.

Studies with scale models offer equally significant guides to the de-
sign of field programs for the measurement of data. There are 50 many
physical parameters which might affect the reflection of sound from the sea
bottom that it is easy to fall to record some of the significant parameters.
Thus in the elsborate studies on transmission that were made near San Diego

during World War II the only information known and recorded abou' the bottom
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was the simple descriptions, mud, silt, sand,... Kow it is known that
the layering of the upper ten to twenty feet has a eignificant effect on
the reflection coefficient and hence on the transmission rén@es obteined
in some of these experiments.

A second exgmple of an important physical parameter is the botton
topography. It may be very difficult to determine the contours of the
sea bottom with sufficient accuracy to predict fully the scattering phen-
omena. Results on scale models will be presented below which indicate
that bottom features of quite moderate relief have significant effect on
the behavior of scattered sound. This suggests that topographic meps of
the sea bottom must be made with much greater detail than hithertc. 1In
fact, it may not be possible to measure bottom relief with the accuracy
necessary to predict all of the details of the scattering phenomena., In
this case one must devote more effort to acquiring an understanding of the
factors that govern the bottom relief, factors such as grain size distri-
bution, silt content, ocean currents end stratification.

One significant feature of scale model studies is their economy.
This is most strikingly illustrated when one compares the cost of labora-
tory studies with measurements made at sea. Laboratory studies are not
as economical as theoretical studies, although the difference ia these
costs has become much less now that large digital computers are used ex-
tensively. It is easy to be misled in thinking about the cost and diffi-
culty of scale model studies. Good scale model studies cannot be carried
out without carefully constructed, high quality equipment. The physical
and acoustic properties of water make it an excellent medium for the scale
models. Unfortunately, however, this means that when one increases the
frequency 1n order to compress the physical size of the model, the wave-

length and the perliod are both decreased. Consequently, the accuracy with
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which one must position the transducers and the scattering bodies and the
precision of the elecronic timing circuits increases., One 1s required
to use heavy, rigid support standg and the positioning mechanisms must be
carefully designed and constructed. However, once & good model has been
constructed, it 1s possible to carry out e lerge suite of measurements
rapidly and thereby to make extensive studies of the various parameters
such as grazing engle.

It is not necessary to dwell upon the difficulty of good field measure-
ments since most of the members of the audience have had some experience

in this ares.

SCALE MODEL STUDIES OF REFLECTION FROM SAND SURFACES

The sclentists at DRL have used model experiwents of various kinds in
their work in underwater acoustics. One of the earliest of these programs
was carried out during 1952-54 by Prcfessor A. W. Nolle8 and his students
under a contract with the Bureau of Ships. They studied the acoustlic prop-
erties of water-filled ssnds e2nd also studied back scattering from the sur-
faces of these sands. Figure 1 shows the experimentsl arrangement used in
these back scattering measureuments,

These workers fcund that even though they sieved the sand, removed
the air by boilirg, packed the sand by mechanica’ agitation, &nd swmnotiied
the surface carefully; t%e anplitude of the back scattered signal fluctuated
by £ 3 dB when the refleciion point was moved over the surface of the water-
sand interface. This fluctuation was attributed to small ripples in the
sand, ripples so small tl.at they could be seen only when an intense beam

of light was shone on the surface at a low grazing angle.
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A specific exesmple of this phenomenon will be described. BPBack scatter-
ing measurements were carried out with acoustic pulses of length 30 usec
and center frequency 500 kcps. The grazing engle wes 20° and the effective
beam dismeter was 5 cm. The transducer was moved horizonlaiiy so that the
point of reflection changed uniformly with tiwme. Thus an oscillogram wes
obtaired which showed the amplitude of the back scattered sound versus dis=-
tance elong the scettering surface. Figure 2 contains a reproduction of an
oscdllogram obtained in this manner. The record corresponds to & distance
of 20 cm on the bottom. Figure 3 is an autocorrelation function based on
50 samples with a Ax = 0.4 cm. The sand used in these experiments was from
the sea bottom near Penama City. The sand was sieved and ell particle sizes
below 20 mesh were retained.

These results illustrate a voint mentioned earlier that surprisingly
small departures from flatness of the reflecting surface will produce sig-
n;ficant changes in the scattering from the surface. The substantisl nega-
tive value for the autocorrelation function st Ax = 2.5 cm cannot be attrib-
uted to the granular nature of the sand but it is caused most probably by
small ripples on the surface.

After these experiments were terminated the scale model studies at IRL
vere directed toward measurenents of echo structure for discrete objecis.
Although many interesting results were obtained, such as the first demonstra-
tion of the creeping waves predicted by Franzg, these results are not germane

to the present discussion and must be passed over.
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REFLECTICN FROM PLANE AND SINUSQILAL SURFACES

In 1960 a new prograes of model studies on reflection from the sea
bottom wa~ initiated at DRL under the sponsorship cf the Buresu of Ships.
This work has been carried out under the supervision of Mr. Garland Barnard,
to whom 1 am indebted for the use of some of the fcllowing material.

Figure 4 shows the new model tank which is eight feet in diameter and
has a water depth of 7.2 feet. The horizontal and vertical tracks shown
in the slide enable one to-position the transducers, A 5-in. diameter
shaded, circular piston operating at 100 kc/sec was used to insonify layers
of various fluld and solid media supported near the bottom of the tank by s
L ft by 4 ft tray.

Dr. Marsh has shown one experimental curve obtained with this equip-
ment and the corresponding thenretical curve for a fluid sediment. It is
of interest to show the behavior of reflection from a layer with rigidity.

A model was constructed with the layers shown in Fig. 5. The experi-
mentel and theoretical curves for the reflection coefficient are shown in
Fig. 6. The agreement is quite good except over the angular range 52° to
62°. It turns out thst the theoretical response in this renge is highly
sensitive to the value used for the attenuation of shear waves in the lime-
stone. Since the critical grazing angle for the sediment-limestone inter-
face 1s 52°, the theoretical response for smaller grazing angles is not sen-
sitive to the value of this attenuation. This model study suggests that the
rigidity of the layers in the sea bcttom is of significance in bottom re-
flections.

A reflecting surface that has been analyzed quite extensively is :he

corrugated surface whose cross-section is a sinusoid. When such a surface
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{5 consiructed of a pressure release material, it can be used @5 & model
~f the ocean surface cr as an all in the study of reflection from the sea
bottom. Further interest in the problem results from the fact that there
are a large number of thecretical studies of the problem although most of
these analyses contain serious restrictions on the magnitude of the relief
and/or the slope.

La Casce and Tamarkinlo have made some scale model measurements on a
sinusoidally corrugeted surface and have comparea their data with some of
the approximate theories, Uretsky7 has developed an exact solution that
contains no explicit restrictions on the parameters of the reflecting sur-
face. However, the computations required to evaluate his solution are
rather extensive when the relief or the slope of the surface is large.
Uretsky has made numerical comparison of the prediction of his theory with
tlie resuivs obteined by La Casce and Temarkin.

When one examines these compariscns between experiment and theory for
the sinusoldal surface, one cor.cludes thal aithough the measurements of
La Casce and Tamarkin are important and interesting, the range of parameters
in their experiments was not sufficiently extensive to provide a thorough
test cf the varicus theoretical analyses. Consequently, we felt that there
was a need for nore detail 2¢ measurements on a model having significaut
relief fo provide a critical test of the exact and approximate theories in
the literature.

A sinusoidal surface of peak-to-peak amplitude 3 cum and wavelength 4.5 cm
was constructed out of styrofoem. Extensive measurements of scattering were
made using frequencies of 100 to 40O kcps. This range of frequencies cor-
responds to N\ = 1.46 cm to 0.37 cm which falls in the critical range in

which neither thz high-frequency nor the low-frequency approximations are

55



valid. Ocme results of this work were reported yesterday by Mr. Barnard.
Concurrently with these experimental measuremen.s, theoretical calcula-
tions are bcing carried out with the aid of the formulas developed by
Uretsky. Mr. Spitznogle, who is currently on leave of absence frcm Mine
Defense Lotoratory to do graduste study here at The University of Texas,
is working on this sspect of the probvlem.

Figure 7 shows a theoretical and experimental curve for the corrugated
surface. It should te stressed that there has brcen ro adjustment in the
vertical positions of either curve.

The experimental measurements on corrugated surfaces will be of great
help to workers on the thecretical problem. The theory is sufficiently dif-
ficult that one can easily overlcok significant fea‘ures. It 1s expected
that the results of the experimen*al umeasurements will suggest new avenues
for the theoretician to follow. In particular, probe measurements of
pressure in the velleys of the mcdel may help resolve questions about the
coumpleteness of the set of functions used in the exparsion. That this is
a8 problem of current interest can be ceen from the letter to the editor by

Murphy and Lord11 in the August issue of JASA.

REFLECTION FROM ROUGH SURFACES
The sea bottom does not in general have the regularity of a sinusoidal
surface, 50 one must consider models with a more irregular surface. We
could not locete any céntour maps of the sea hottom which were sufficiently
detailed for a model so we were forced to look elsewhere for a random surface.
It was discovered that some of the aeromagnetic maps prepared by the Canuadian
Geolcgical Survey, when interpreted as topographic meps, ylelded rough sur-

faces sultable for a model sea bottom. Figure 8 shows one of these mars from
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A SIMPLIFIED VERSION OF AN AEROMAGNETIC MAP
FROM CANADA USED AS A MODEL FOR A RANDOM SURFACE.
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a region in the Northwest Cenudian Shield. The area represented in thic
map is 16 miles x 16 miles and the paper map itself is 1¢ in. x 1% in.
Four of these maps in the form of & sguare vere usa2d ac the pattern for
constructing a relief mocdel.

The model was constructed of Jow-density styrofcen with the bhuce wnd
sides of reinforced fiterglaczc. Enough steel was used in this reinforce-

b ~ 1 + i{rmepne d oy
e herizontar dimensicon:

ment so that the model wculd renain sutzerged.
are 32 in, x 32 in,, while tne vertical relief waz ~onstructec in sprroxi-
mately 7C steps of height 1/52 in. Thic gave gn overell relief of grew.or
than two inchnes. Trkis is epproximately 3.9 et & freguency of 12C keopos.
Figure 9 is e pnctogreuph of the model. It 17 obvious *hat the hills and
valleys are elonguated and huvz a wrend in tie cirection NIZTE. This value
for the trend is buceu on o statisticel anclysic, snd one ooel tron the
figure that the trends visiltle on the mouel gre dicoritutee ot oous thic
value.

BEauch of the four sercmupgnetis waps which cervec so tie po ternc for
the relief model was sampled o & network of pointe formine a oguare gric

Tues o8 map, wWlonh owere

1/2 inch on & side. This yielded 1,053 cump.e v

used to compute autocovarisnce functionc. Figuare | chows the wutocovarinn e

~

function for ore of the four waps used In the rolief oodel,  This plet Jheows
more strikingly the H12°E trend seen in the ELoternpn of the model. ThIC
figure is & contow repre:entation of the fundumernt:l ttatictical fun2ticy,
the autocovariance function, that is5 intrcooucec in theoretical otudles of
reflection from rough surfaces., With the sic of b autocovisciunce funetion
one can predict the scattered intensities thea' will be geasures experinentnily

in the model tank. There are numerous thecretice] pupers aevoted ‘o ‘he

problem of scattering of sound by rouwsh surfucer of which only thore bty
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FIGURE 9
THE MODEL BUILT TO STUDY THE REFLECTION
OF SOUND FROM A ROUGH, PRESSURE RELEASE SURFACE
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Eckart5 and Marsh6 will be mentioned. The relief of the present model 1s

50 large compared with the hori :ontal that one cannot test the low-frequency
limits of the theoretical expressions., This defect will be remedied with
another model having less vertical reiief,

It might be mentioned that the latest issue of Geophysics has an
article by Horton, Hempkins, and Hoffmanle vwhich shows the autocovariance
functions of each of the individusl maps and relates their characteristics
to the geology of the region.

At the pres~it time one of my graduate students, Mr. Muir, is develop-
ing special cases of Eckart's theory so that comparison can be made between

this theory and the experimental measurements,
SUMMARY

It is apparent that & wide variety of problems can be attacked success-
fully with the ald of scale models. The accuracy with which a scale model
can be constructed enables one to control the critical parameters. This
means, for example, that one can determine with certainty whether anomalous
values of scattering amplitudes that are observed in field measurements are
caused by interference effects or are due to random fluctuations of small
probability. It seems desirable that any large scale program of acoustic
meesurements at sea should Le preceded by a laboratory scale model study
which is a replica of the procedures planned for the field. These laboratory
tesis wculd enable one to optimize the field techniques.
13

Since this paper was completed Barnard, et al., have published an

account of their work on scale models.
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