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I. INTRODUCTION

This report is a summary of research carried out as part of a
continuing study of the interaction of underwater sound with the sea

floor.

Under a wide variety of conditions of source-receiver geometry,
acoustic frequency, sound speed profile, and water depth, sound
propagation in the ocean can be heavily influenced by the ocean
bottom. Although sea floor structure and composition has itself been
a subject for study by geophysicists and seismologists for many years,
only comparatively recently has it been appreciated that sea floor
makeup can impact sound propagation over ranges, frequencies, and

geometries of concern to Naval applications.

The scope of these applications which must be concerned with
bottom effects includes system performance prediction, system design,
interpretation of acoustical data, the integration of geophysical data
into acoustic modeling, and the design of experiments intended to gather
acoustic data in the ocean. This broad range of concerns in which
acoustic bottom interaction can play a significant role requires various

levels of description of bottom interaction effects.

Traditionally, the nature of bottom interaction has been characterized
by a single quantity, bottom loss. For many applications knowledge of this
quantity is indeed sufficient, for example, in ray trace estimates of
propagation loss used in some system performance prediction models.
However, more complex problems involving phase interference between various
multipaths, such as the functioning of arrays, the nature of Doppler line
broadening, and a range of problems concerned with multipath, or mode
conversion due to range changing bathymetry, all require more detailed
characterization of the sea floor if these phenomena are to be understood

quantitatively. Many of these problems may require fairly detailed




descriptions of subbottom sound speed and attenuation profiles as well
as location of major interfaces (reflectors) and possibly of shear wave
parameters. Such problems go beyond a simple regional characterization
of bottom loss estimated in 1/3 octave bands, however useful such

information may be for certain problems.

Applied Research Laboratories, The University of Texas at Austin
(ARL:UT), has been conducting a study of the influence of the ocean bottom
on sound propagation characteristics. 1In view of the various levels
of description of the ocean bottom required by the intended applications,
this study has encompassed three primary research areas: (1) sensitivity
of bottom loss to variations and uncertainties in subbottom parameters,
(2) the role of the bottom in various range changing environment problems,
particularly slope coupling and bottom roughness, and (3) bottom inter-
action effects such as those involved in array studies, cw line structure,

and the interpretation of experimental acoustic data.

From the outset the primary goals of this research program have been
fourfold: (1) to determine and provide guidance on the level of detail
of subbottom parameters required for acoustic applications (sensitivity
studies), (2) to determine which aspects of mode, or multipath conversion
caused by slope coupling, and roughness, are predictable and exploitable,
(3) to develop computational tools appropriate to the study of a wide
range of complex bottom interaction problems, and (4) to interact with
experimental measurement programs via exercise planning and data analysis

and interpretation.

During FY78, as reported here, research is being carried out on
problems associated with slope coupling, the effects of lateral changes
in subbottom composition, bottom roughness effects, and various
sensitivity studies. Much of the work during FY78 has been to develop
computational tools to deal with these problems, and much of this work
is expected to come to fruition in FY79. Examples of such work would be
slope coupling problems approached via a mode-mode coupling study, and

the effects of sediment shear waves on bottom reflection loss.
2
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The remainder of this report is divided into three major sections
dealing with range changing environment problems, bottom roughness
studies, and bottom interaction sensitivity studies. Substantial
documentation, in the form of papers or reports, gives detailed
expositions of the bulk of this work. As a consequence, this report
attempts only to summarize the technical approach and to give example
results. It should be appreciated that every important research area
discussed here is a subject of continuing work with results to be

expected in the directions indicated here.
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II, PROPAGATION IN A RANGE VARIABLE ENVIRONMENT
A. Motivation

The purpose of this year's work on propagation in a range dependent
environment has been to lay the foundation for studying a number of
problems of current interest involving sound propagation in a range
variable ocean environment. These problems can be divided into sloping
bottom studies and studies of the effects of lateral subbottom range

variability.

Specific problems to be addressed include: (1) determining the
depth dependence of average propagation loss in the presence of slopes,
with applications to ambient noise and signal-to-noise problems,

(2) partitioning of propagated energy between water and bottem paths,

(3) arrival angle structure for receivers and arrays located near
continental slopes, and (4) the influence of slope subbottom structure
on slope enhancement, bottom interference effects, and array performance.
Theoretical parameter studies and the development of analytical and
numerical computational techniques will emphasize use of a detailed
description of the subbottom. These studies will use data from previous

and ongoing ARL:UT projects.

The work carried out during FY78, and summarized here, has
successfully produced the analytical and computational methods and
computer software necessary to attack this broad range of problems. It
is recognized, and indeed essential, that at this early stage certain
problems may be addressed with a level of detail that is unnecessary for

practical solutions. Since one of the objectives of this work is to

determine the level of detail that will be required, not only in describing

the sea floor acoustically but also in modeling propagation, the investiga-

tion should proceed from a general point of view.
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In the studies of lateral subbottom range variability, emphasis
will be on determining the sensitivity of propagation characteristics
to lateral variations in subbottom structure. Such variations can
arise from nonhorizontal layering beneath the water-sediment interface,
or from gradual lateral changes within a layer due to differential

deposition of varying grain sizes.

In order to attack the problem of sound propagation in a region
of bottom range variability, one needs to select the proper computational
approach to the problem. Since the main concern is with bottom range
variability, the coupled mode theory of Pierce1 and Milder2 was selected
since it allows a complete description of the bottom. Software has been
developed for computation of acoustic fields in a range dependent environ-
ment using coupled mode theory, in particular, for computing mode coupling
coefficients and radial equations in the adiabatic approximation. Also,
work has been done using analytical radial solutions and coupling
coefficients in an effort to understand the mode coupling process and to
understand the physical phenomena without the massive cbmputational effort
required in a general mode coupling solution. Sensitivity studies
dealing with the influence of bottom type on the adiabatic solution to the
radial equation were also carried out this year and the results are

summarized in this report.

B. Theoretical Background

The starting point for this work is the coupled mode theory of
Pierce1 and Milder.2 In this theory one seeks to describe acoustic
propagation in a range dependent medium within a formalism in which the
normal modes of propagation in the waveguide are coupled via the range

dependence of the medium.

The development of the coupled mode theory begins with the three-

>
dimensional wave equation for a point source located at X
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For a medium having azimuthal symmetry and radial range dependence, the

solution to Eq. (1) is expressed in partially separated form as

V(r,z) = Z R (1) ¢ (z,1) > (2)
n

where Y (r,z) is the velocity potential and ¢n(z,r) satisfies the following

differential equation at each range point r:
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At each range r, the ¢n(z,r) form an orthonormal set of functions

normalized such that

f P9 (2,7) Go(z,m)dz = 6, @)

(0]

where p is the density of the medium.

If Eq. (2) is inserted in Eq. (1) and the orthonormality property 1
of Eq. (4) is exploited, one may obtain the following equation for the ' 4

radial function Rm(r). |
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Equation (5) is a set of coupled radial equations and the Amn(r) and

an(r) are referred to as coupling coefficients. The coupling coefficients
are proportional to radial rates of change of mode amplitudes, and their
presence in Eq. (5) gives rise to a redistribution of modal energies as

a function of range.

Since the numerical and computational techniques for calculating
the mode functions of Eq. (3) are well in hand, the main effort involved
in the coupled mode approach is to calculate the coupling coefficients
of Eqs. (6) and (7) and to solve the range equation (Eq. (5)). The
coupling coefficients Amn and an are perhaps the most important
functions in the coupled mode theory since both the numerical procedures
for solving the range equation and the simplifying approximations to the
range equation depend critically on the range behavior of the an and
Amn' Therefore it is necessary to be able to compute these coefficients
as quickly and efficiently as possible. Computer code is now in existence
for computing the coupling coefficients of Eq. (7) for a completely general

range variable propagation geometry.
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If the terms involving mode coupling in Eq. (5) are, in some sense,
small compared to the other terms of the equation, it makes sense to

employ the adiabatic approximation to Eq. (5). Witkin this approximation,

Eq. (5) becomes

2
d 2 _ o 28(x)
——E-Rm + Rm + km(r) Rm A p(zo) ¢m(zo,r) - (8)

dr

|
e

Since the radial equations in the adiabatic approximation are many times
easier to solve than the coupled radial equations, it is extremely useful
to be able to estimate the magnitude of sediment range variations that
may be tolerated within the adiabatic approximation. Computer code has
been written to solve Eq. (8) in a general range changing environment.

An analytic solution to Eq. (8) for an isovelocity, wedge shaped ocean

has also been developed and some results obtained through its use will

be presented.

C. Results for Lateral Variations in the Sea Floor

The first work done using the numerical tools developed this
year deals with the validity and sensitivity of the adiabatic approxima-
tion as a function of the range dependence of sediment geoacoustic
parameters (see Refs. 3 and 4). This work contains elements of both

the sloping bottom and lateral inhomogeneity problems.

There are several criteria for the validity of the adiabatic
approximation; the one selected for use in this work was derived by
Milder and involves a comparison of the coupling coefficients an with

the eigenvalue spacing. Using this criterion, the adiabatic approximation
is valid if
B

X
mym+l “m|_ ¢ << 1 9)

m
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where Xm is the mode cycle distance given by

Hence, if the mode coupling over a mode cycle is small, then adiabatic

mode invariance is expected.

The first range dependent parameter investigated was the sediment
sound speed. Figure 1 depicts the waveguide geometry used in the
numerical calculations that were performed. The first layer is a water
layer 4500 m deep having an arbitrary sound speed profile (for the
calculations presented in this paper a mid-Pacific type profile was i

used). The sediment layer is 300 m deep and is dependent on range and §
depth as

cz(r,z) = co(r) + g(z-H) 5

This investigation of the radial sediment sound speed gradient falls

into the lateral subbottom inhomogeneity category.

Figure 2 depicts the relationship between mode number and local
radial sound speed derivative such that Eq. (9) is satisfied for
€=0.1. The frequency was taken to be 20 Hz and the sediment was ¥
modeled as either clay, silt, or sand. There are about 106 discrete
modes for this frequency and layering geometry. Several interesting 1

features are evident in this figure. First, note the large dip in the

curves at about mode Noc. 24, This dip marks the dividing line
between modes with truning points in the water and those with turning
points in the sediment. For modes with m<24 one sees very little

influence from the range variation of the sediment sound speed.

The main findings of this portion of this work may be summarized

as follows,

10
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Based on Fig. 2 and a choice of €=0.1 it can be said that a radial
sediment sound speed gradient of about 10—3 sec—1 may be tolerated
within the adiabatic approximation for all of the sediment types and

for all mode numbers.

In the lower mode number portion (less than m~60) of Fig. 2
the curves are in the order sand, silt, and clay; in this low mode
region sand can withstand the highest radial gradients followed by
silt, and then clay. This behavior is related to the fact that the
characteristic acoustic impedance of sand is higher than that of silt,
which is higher than that of clay. Hence, for the low mode numbers in
question, the sand bottom contains the lowest fraction of acoustic energy
present and is least affected by the presence of a radial sediment sound
speed gradient. Silt is affected to a greater degree than sand since
its characteristic impedance is less, followed by clay with the smallest

impedance.

In long range propagation, it is likely that only the lower modes are
of importance. In a situation such as this the magnitude of radial sound
speed gradient that may be handled within the adiabatic approximation can
be seen to vary over an order of magnitude as the bottom type varies from

clay to sand.

D. Results for Sloping Bottom Applications

The next parameter that was examined was local bottom slope. The
waveguide geometry used for calculation of the normal modes, coupling
coefficients, and mode cycle distances is shown in Fig. 3. There is
a water layer of variable depth given by H(r) overlying isovelocity
sediment and substrate layers. The calculations to be presented were
performed at a range where the water depth was 4500 m and the sediment
thickness was 300 m. Again, the water sound speed profile is a typical
mid-Pacific type.
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Figure 4 shows the relationship between mode number and local bottom
slope, dH/dr, satisfying Eq. (9) for €=0.1, with the sediment being
treated as a clay, a silt, and sand. For a given mode number m, values
of dH/dr lying beneath a curve correspond to slopes that may be treated
adiabatically, while those lying above a curve correspond to slopes
that may not be treated adiabatically. Based on the choice of €=0.1,
Fig. 4 reveals that most of the modes propagate adiabatically for slopes

up to about 0.5°.

Figure 4 summarizes our findings concerning the sensitivity of
the adiabatic approximation to bottom slope and sediment type. Note
that the curves tend to lie in the order clay, silt, and sand with clay
being able to tolerate more slope angle than sand; This ordering
follows the ordering of the characteristic acoustic impedances of the
sediments, with clay having the smallest and sand the largest. This
behavior is not inconsistent with one's intuition that an acoustically
hard, sloping bottom would give rise to more mode conversion than an
acoustically softer, more penetrable bottom. The curves in Fig. 4, for
the choice €=0.1, indicate that mode conversion effects begin to arise in
sand for local bottom slopes between 0.057° and 0.57°, whereas for clay,
mode conversion effects begin at slope angles on the order of 0.5° to
1.0°. Hence, the mode conversion process due to a sloping bottom seems to

be fairly sensitive to bottom type.

Another piece of work completed this contract year concerns the
relation between ray theory and mode theory concepts in a sloping bottom
region. The basic question examined concerns the relationship of the
coupling coefficients to the physically meaningful ray theory concept
of multipath conversion. In other words, is it the presence of the
coupling coefficients in Eq. (5) that gives rise to multipath phenomena

or do they play a more subtle role?

To address this problem, an analytic solution to the adiabatic range
equation for an isovelocity wedge shaped ocean was derived. Using this
analytic solution, it was possible to extend the methods of Tindle and
Guthrie5 to perform a ray trace entirely within the context of mode

15
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theory. Figure 5 depicts a ray trace for a source located at the
surface at a point where the water depth is 500 m. The bottom was

treated as rigid, with a 10° slope. The solid curve represents a

conventional ray theory ray trace and the circles represent a ray trace
performed using the adiabatic radial solution. Note the excellent

agreement even for the large (10°) slope considered. This leads one to
conclude that the adiabatic solution describes the geometric properties

of the sound propagation while the coupling coefficients are responsible

for redistributing modal amplitudes.
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III. BOTTOM ROUGHNESS STUDIES

A. Review of Water—-Sediment Roughness Studies

The problem of accounting for the effects of bottom roughness on
sound propagation characteristics is a very difficult one that has
received the attention of many researchers over a period of years.

Since the inception of this bottom interaction program a small effort

has been devoted to this specific problem. In particular, the goals

of this work have been to first assess the usefulness of existing

methods for accounting for bottom roughness and then to carry out
sensitivity studies using the most promising of these methods. The goals
of the sensitivity studies are: (1) to determine the required level of
detail of description of subbottom roughness (How much do we have to know,
rms roughness, correlation length, correlation function, etc.?), and

(2) to assess the impact of bottom roughness effects on surveillance

problems.

Beginning in FY77, efforts in this area were based entirely on a
smoothed or average boundary condition approach;6’7 such an approach
was found by previous study to offer the bes: method for accounting for
low frequency roughness effects. Sensitivity study results concerning
water-sediment interface roughness were published during F'Y78.8 These
results suggested that water-sediment interface roughness is probably
not important, at low frequencies, and for high porosity sediments
(clays and silts) such as those found in deep ocean basins (abyssal
plains). During FY78 it was suggested that, for regions of thin sediment
cover such as the Northeast Pacific, the most important roughness effects
might occur at the sediment-basement interface. Work was initiated during

FY78 to extend existing theory to include the sediment~basement interface.

19
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B. Basement Roughness Studies

During FY78 the work of Kuperman6 on the randomly rough two-fluid
interface was extended to the case of a fluid-solid interface. The

aim was to calculate the specular reflection and transmission coefficients

of the coherent component of the sound field.

The geometry considered is shown in Fig. 6. A two-dimensional
coordinate system is used with the z axis increasing downward. The fluid
(medium 1) and the solid (medium 2) are separated by the interface given
by z=a(x). The origin, z=0, is chosen so that the average height of the

surface is zero.

The exact boundary conditions at a point on the surface (xo,a(xo)) are
written in a coordinate system (x',z') in Fig. (6) whose z axis is normal
to the interface at that point. The boundary condition is converted to
the original coordinate system by means of a rotation by an angle
6 = tan_l = and a translation along the z axis of a(xo). The

dx|)x,
resulting boundary conditions are expanded about z=0 to second order in a.

The next step involves the separation of the fields into mean and

stochastic components. In terms of scalar and vector potentials this is

s Sy i, W,

g A SO

y=Y +w 3

where ¢1, ¢2 are scalar potentials; y is the vector potential in the
solid; Vis Voo and w are stochastic fields (in the variable x) due to
the rough interface; and ¢1, ¢2, and ¥ are the mean fields. The

boundary conditions can now be ensemble averaged to give
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2 — i axz = FZ(QI,QZ,W; vl,vz,w) . (11)
and
41— = g—: = F3(¢1,¢2,w; vl,vz,w) - (12)

where the functions Fl’ FZ’ and F3 are second order in o and vl, vz, and w

are first order in o. Subtracting the mean field boundary conditions from

the full boundary conditions gives, to order a, the boundary conditions

satisfied by the stochastic fields:

2 2
(o] v
_s)(aw' _3 "2)_
ey 292( m) <;x 3 ax2> G1(°1’°2’w) ' B
Bvé 32w
A | oW _
o i G2(4’1"’2’“’) ’ )

and

dw 6. ,0.,Y¥ (15)

— '——=

1~ %2 % G3( 1% ) :
The functions Gl’ G2’ and G3 are first order in o and independent of the
stochastic fields.,

At this point Eqs. (10) through (12) state that the correction due to

roughness in the specular direction is of order a2 because Eqs. (10) through

(12) reduce to the plane interface boundary conditions if F1=F2=F3=0.

The procedure for calculating the reflection and transmission

coefficients is as follows. First set Fl-FZ-F3-0 and, assuming plane
These

waves, solve for the zero order (in a) fields at the interface.

22




can then be used to calculate G

1’ GZ’ and G3.
(15) are then used to obtain the stochastic fields in terms of the zero

Equations (13) through

order fields. The zero order fields and the stochastic fields are then

used to calculate F_, F_, and F Equations (10) through (12), after

1* 2 o
subtracting the zero order fields, are then used to calculate the second
order correction to the mean fields. Assuming a unity amplitude
incoming wave will yield the correction to the reflection and transmission

coefficients.

The theory outlined above is complete and in a form suitable for
numerical computation. Work is in progress to develop computer software
for carrying out these computations. The results of sensitivity studies
to be carried out using these methods will be reported during the next

fiscal year.
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IV. BOTTOM INTERACTION SENSITIVITY STUDIES

A continuing aspect of the bottom interaction studies at ARL:UT has
| been the use of various "measures" of bottom interaction as vehicles to
test the importance of one or more parameter variations or uncertainties,
In the beginning a commonly used measure was propagation loss, and
work was carried out to determine the sensitivity of propagation loss to
variations in bottom loss. More recent studies have explored the
. acoustical importance of various sea floor parameters such as density,
sound speed, and absorption gradient using bottom reflection loss as a

measure of bottom interaction.

Sections following deal with two additional elements in this line of
investigation: one, the effect of sediment rigidity, again uses bottom

reflection loss as the measure; the other concerns the effects of bottom

interaction on cw line spectra. A third section is concerned with the
?J relationship between two commonly used measures, bottom reflection loss

per bounce and mode attenuation.

A. The Effects of Sediment Rigidity

! 1. Background

| In FY76 a study was begun of the sensitivity of bottom reflection
%i loss to subbottom parameter variations. Initially the work concentrated

i on the properties of a fluid sediment and was carried out using a
sophisticated bottom reflection loss model9 developed at ARL:UT for this
purpose. This model treats the sediment as a fluid. The unique feature

of the model is its use of direct numerical integration to solve the wave

e M e s i i 2 S SRR N bt iy

; equation. This permits arbitrary depth variations to be treated accurately

and without resort to approximation. As a research tool the model has

proved to be very flexible and convenient to use. Various sea floor

25
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parameters such as density,10 sound speed and absorption gradients,
12,13

and substrate rigidity have been successfully studied.

In FY78 the direction of these studies turned toward the
inclusion of sediment rigidity (shear waves) in the bottom reflection
loss model. Guided by the success of the ARL:UT fluid model, it was
decided to develop a model based on direct numerical integration for use
in studying the acoustic properties of solid sediments. The necessary
theoretical work has been completed and translated into an operating
computer program which computes the bottom reflection loss for frequencies
above about 10 Hz. This model makes it possible, for the first time, to
quantitatively estimate the importance of sediment rigidity within the
context of an inhomogeneous geoacoustic model without making the
approximation of many homogeneous layers. A second, more complex (and
computer time consuming) model is being developed to extend the frequency

range down to about 3 Hz and verify the accuracy of the basic solid model

at its low frequency end.

Useful and realistic results have been obtained by using

estimates of shear wave parameters from the work of Hamiltonla’15 and

Shirley and Hampton,16 to constrain parameter ranges in sensitivity studies.
Initial studies of a hypothetical turbidite layer have been completed and

suggest that sediment shear waves may be more important than heretofore

thought.

2. Theoretical Background

Theoretical work was necessary in two areas. The first was the
determination of the appropriate form of the depth separated wave equations
to be solved. Major considerations were the direct effect of parameter
gradients and the effect of coupling between shear and compressional waves

induced by the gradients. The second area of theoretical work involved

26




developing a formalism for calculating the plane wave reflection

coefficient which would allow the use of direct numerical integration.

a. Differential Equations

The model is shown schematically in Fig. 7. A two-
dimensional, horizontally stratified ocean bottom is considered. It
is composed of a solid sediment overlying a solid, homogeneous, |
semiinfinite substrate. Sediment parameter values are permitted to vary
arbitrarily with depth. Solid lines indicate compressional waves and
dashed lines indicate shear waves. The z axis increases downward. H

is the sediment thickness and © is the grazing angle. Subscripts are

used to identify quantities in different media: 0 refers to the water

A

column, 1 to the sediment, and 2 to the substrate.

P TR TR

At low frequencies the displacement u in the sediment can be

written in a generalized potential form due to Richards17

1
u ZPl(x,z,t) + Fl(z) _ngl :

e st e
=] fl(z)

The scale functions fl(z) and Fl(z) satisfy the differential equations E

F!(2) v <p' v')
1 1 1 1
G, (z) = — <+ 4
1 F. (z) 2 2\p v |
1 1 v1 1 1
£:(2) Pl !
i W e
gl(z) . fl(z) pl Gl(z) b

where P1 is density, c, is sound speed, and vy is shear speed, all of

1
which are permitted to vary arbitrarily, but continuously, with depth.

The scale functions have the initial conditions Fl(o)-f(0)=1. A prime
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is used to denote a derivative with respect to z. Decomposing the potentials

P1 and 91’ assuming plane waves, gives

P, = ¢,(2) gt )

g, = fuy(2) TR

where w is the angular frequency, k=kosin9, ko=w/co, and § is a unit

vector along the y axis. Using the equations of motion, the approach of
Richards19 can be applied and extended to obtain the closed form coupled

equations:

(16)
f D! D
1 1 1
= 1 k cos6 -—) == +(—'1>¢" ’
<F1 D1 1 dl 1
di d1 2
SR Ul Bt gl LS il =il Y
1 1 vy
17)

2 2
where dl-l-(bl/w Y Dl"l-(Bl/m ), and

& 2 (] [} L 2
=" (91 g1/01) 5 (2 41 g1"’1) *g 81] ,

2f ' +6 -G
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Equations (16) and (17) are equivalent to the equations of motion and
are valid at all frequencies. The direct effect of gradients appears in
the ¢i and wi terms on the left side of the equations. The right side

of these equations describes coupling between shear and compressional

waves.

Estimates of the magnitude of b1 and B1 for gradients typical
of marine sediments show that this coupling is negligible (d=1, D=1) for
frequencies above about 3 Hz. For higher frequencies we can set d1=D1=1

and di-Di=0 to obtain the uncoupled equations

oy + (oymg)ey + 138 =0, (18)
n — ] 2 =
where
Ki = (l)/cl)2 o k(z)COSze » and

2 2. .2 -9
6 = (m/vl) kocos 8 "

Equations (18) and (19) still contain the terms due directly to physical

parameter gradients.

Estimates of g, and G1 show that the second terms in Eqs. (18)
and (19) can be neglected above about 10 Hz. Neglecting these terms
results in the simplified description given by

o+ Ki¢1 -0 , (20)
" 2
el =0 . (21)

To complete the description of the acoustic field, the

components of the stress tensor which are continuous across an interface
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‘ are required, i.e., the normal stresses p

and shear stresses -
jzz’ - Pyzx

These can be written as

and

For the water and

ozz

0zX

2zz

o22x

he i(kx-wt)
pjzz ojzz(z) i .

S (2) ei(kx-wt)

pjzx jzx

substrate the depth functions have the familiar form

0 w6 _(2)

=0

-p2(m2—2v§k2) 6, (2) + 21p2v§kw5(z)

210, vk 43 (2) + 0, w-2v2KD),(2) .

The presence of scale factors in u; results in a more complicated result

in the sediment layer.
(18) and (19) we have

Egs.

o]
1zz

and

g

1zx

For the high frequency uncoupled limit of

[

[0
2 2.2 1 2
= -pl(w -2v1k ) f1 - chlcl :

D'hl-e-

<

v 3
2 1 2 1
- iplclc1 k FI + Ziplvl k —I

]
2. % o §
= -iolglvl k ?I * 2101 v,k f1

=N
-

"
2 2
+ 0, -2v1k2) i,—l— + 0,8,V
1

L]
2 V1
1%
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These differ from the usual results in two ways. First, the potentials
and their derivatives are scaled by their respective scale factors.
Second, new terms appear which depend on the gradients of sediment
parameters through gl and Gl'

b. Mathematical Formalism

Most models which include both sediment rigidity and the

depth dependence of sediment parameters have been based on the Thomson-

18,19
Haskell

by many thin homogeneous layers. Within each layer the wave equations

matrix method. In this method gradients are approximated

are solved analytically in terms of upgoing and downgoing plane waves.
The matrix approach allows the elimination of most plane wave amplitudes
as quantities to be calculated, and compactly represents a structured
ocean bottom in terms of only four variables, one of which is the

reflection coefficient R.

Our approach is motivated by the success of direct
numerical integration in modeling fluid sediments, and by the compactness
of the Thomson-Haskell matrix representation of layered solids. Both of
these can be combined using the "propagator" formalism.zo In this
formalism the differential equations describing shear and compressional
wave propagation within a layer are replaced by a matrix relating boundary
values at the top and bottom of the layer. The elements of the propagator
matrix can be calculated by direct numerical integration of the depth

separated wave equations.

The two second-order differential equations for ¢1 and wl
can be written as four first-order differential equations for ¢1, ¢i, wl,

and wi. These four equations can be written in matrix form as

de,
&« WY
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where ¢1=(¢1,¢i,wl,wi) is the four-component potential vector and

the matrix Ai(z) representing Eqs. (18) and (19) is

0 1 0 0
2
-Kl 8 G1 0 0
Al = .
0 0 (0} 1L
2
0 0 —Bl Gl-g1

Since the elements of él are continuous functions of depth the solution

can be written as

° (W) = E (8,00 0,(0)

where §1(H,0) is the propagator relating ¢1 at z=H to its value at z=0.

The propagator is evaluated by choosing a set of different
potential vectors at the top of the sediment and integrating to the bottom.
A set of equations in the unknown matrix elements is generated and solved.
For the differential equation sets of Eqs. (18) and (19) and Eqs. (20)
and (21) there are only eight nonzero matrix elements since the shear and
compressional fields are decoupled. In these cases only two properly

chosen iaitial vectors are required.

The procedure for calculating the reflection coefficient
is the same as that of the traditional Thomson-Haskell matrix method
with the exception of using the propagator to solve the differential
equations. Briefly the procedure is as follows. Starting with the
potential vector in the water due to the incoming and reflected plane
waves, convert to the stress displacement vector and use the continuity
of normal displacement and stress and shear stress to cross into the
sediment. Converting back to potentials, the propagator is used to cross

the sediment layer. Next, the sediment-substrate interface is crossed by
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converting to stress displacement, using the continuity conditions and
converting back to the potentials due to the shear and compressional

plane waves in the substrate. This procedure results in four equations

in four unknowns, one of which is the reflection coefficient. Solving

the system of equations leads to the reflection coefficient. All possible
configurations of fluid or solid sediment and substrate have been treated

in the matrix formalism.

3. Computation of Bottom Loss

A model based on the inhomogeneous wave equations (Egqs. (20)
and (21)) has been developed into a functioning computer program. This
model is the most efficient in terms of computation time, and provides
accurate results for frequencies above 10 Hz. The numerical integration

technique has been discussed in detail elsewhere.9

Efforts are currently under way to implement a model based on
Eqs. (18) and (19). This will be used to check the accuracy of the basic
model at low frequencies, and also to extend the model capability to

yet lower frequencies.

In the basic model at a given frequency and grazing angle the
reflection coefficient is calculated for the appropriate case of fluid
or solid sediment or substrate. The quantity delivered as output is not

R itself but rather the reflection loss (bottom loss),
RL = -20 log, (|R[) ,

and the phase angle of R, 6=tan-1[1m(R)/Re(R)]. These are available
both as hard copy printout and as a disk file prepared for plotting.

Two types of output are possible: (1) RL as a function of grazing angle
at a given frequency, or (2) RL as a function of frequency at a given
grazing angle. In this latter case the attenuation is assumed to be

21,22

proportional to frequency and is input normalized to the value at
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1 kHz. Because of a local error tolerance feature, execution times

increase with wave frequency as wavelengths become small.

Typical input parameters are shown in Table I for the sediment
structure of Fig. 8 taken from Fryer.23 The depth grid cn which the
parameters are specified is arbitrary. Linear gradients are assumed
between grid points. No assumptions are made about the relationship

between parameters.

Figure 9 shows typical results obtained for the profile of
Fig. 8. Three cases at a frequency of 20 Hz are shown. For a fluid
substrate no difference was seen between a solid (dashed curve) and fluid
(dotted curve) sediment. For a fluid sediment and solid substrate the
expected increase in RL is seen between es=50° and 0p=70°, where 6_ and ep
are the critical angles for shear waves and compressional waves in the
substrate. For a solid sediment and a solid substrate (solid curve) the

resonance structure between es and ep is modified. No other major effect

is seen.

The correct operation of the program was verified as follows.
For a fluid sediment the results for solid and fluid substrate conditions
were compared with those obtained from an existing model,9 which treats
fluid sediments only. For a solid sediment the results for fluid and
solid substrates were compared with those obtained for particular choices
of depth dependence for which analytic solutions of the wave equations
are possible. The reflection coefficient was calculated by solving the
set of six (fluid substrate) or seven (solid substrate) simultaneous
equations generated by the continuity conditions for a homogeneous sediment.
The comparisons showed excellent agreement and thus verified the logic flow
of the program and the accuracy of the numerical integrator. In the course
of operation one area of inaccuracy has been noted. For small grazing
angles and deep sediments, a loss of precision is possible because of the

exponential nature of the wave functions. However, this is not a serious
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TABLE I
PHYSICAL PARAMETERS OF SEDIMENT STUDIED. THE ATTENUATIONS
ARE GIVEN FOR A FREQUENCY OF 20 Hz.

c v P a

a
o o s

P
m/sec m/sec g/cm3 dB/m dB/m

1530 1.03 == =

(0] 1510 1.53 0.0013 0.169

36 1582 1.579 0.0020 0.112

120 1674 1.689 0.0040 0.172

518 1992 2.010 0.0027 0.087

Substrate 4460 2.46 0.00016 | 0.00079
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problem, since the wave does not penetrate deeply into the sediment and
the thickness of the layer can be reduced until accurate results are

obtained.
4, Results

This model has been used by Vidmar and Foreman24 to study the
effect of sediment rigidity on R for the hypothetical turbidite layer
of Fig. 8 which was obtained from Fryer.23 These parameters represent
realistic depth variations as deduced from geophysical data. There are

also depth dependent attenuations not shown.

Figure 9 shows a comparison of the calculated reflection
coefficients of this sediment for three different bottom configurations
at a frequency of 20 Hz. The dotted curve is obtained by setting the

shear parameters to zero and corresponds to the case of a fluid sediment

and a fluid substrate. The oscillations are due to the interference
between the wave reflected directly from the water-sediment interface
and the wave penetrating the sediment and returning to the water. To
isolate the effect of substrate rigidity, the dashed curve was generated
for the case of a fluid sediment but a solid substrate. Comparison with
the dotted curve shows that substrate rigidity is responsible for the
increased loss and the structure between 50° and 70°. The critical
angle for shear wave propagation in the substrate is 50°, and 70° is :
the critical angle for compressional waves. The increased reflection
loss between the two critical angles is due to energy carried away by

the substrate shear waves, The effect of sediment rigidity can now be

seen by comparing the solid and dashed curves. The solid curve was
generated for a solid sediment and substrate. The difference between
these two curves is entirely due to sediment rigidity. There is a

negligible effect except between the two critical angles; here sediment

rigidity produces a shift in the location of the peaks.

i S+ b o A s e e
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| Figure 10 shows the effect of sediment rigidity when the
sediment thickness is reduced to 252 m, still at 20 Hz. Both curves
were obtained for a solid substrate. As in the previous and following
figures, the solid curve is for solid sediment and the dashed curve for
fluid sediment. In addition to the expected peak shifts between the

: critical angles, sediment rigidity has the additional effect of

{ increasing the reflection loss above 24°.

As the sediment thickness is further reduced a pattern
develops. There is a minimum angle, 00, above which sediment rigidity

increases the reflection loss. The angle Oo steadily decreases as the

thickness decreases. The situation at 36 m thickness is shown in Fig. 11,

still at 20 Hz. Here Oo has decreased to zero. Sediment rigidity clearly |
dominates the reflection loss at low angles with a dramatic increase of ;

20 dB near 13°. '

The effect of sediment rigidity is expected to decrease at
higher frequencies. Figure 12 shows the reflection loss at 200 Hz for
the same 36 m layer. The increased reflection loss is indeed smaller,
but is not yet negligible. Even at this relatively high frequency there

is an increase of about 4 dB between 15° and 30°.

Several observations can be made based on these results.
First, sediment rigidity does matter. Second, the reflection loss depends
on layer thickness in a regular fashion. The angle above which sediment
rigidity is important increases as the thickness increases. Thirdly,
excitation of shear waves at the water-sediment interface is not important,

whereas conversion of compressional waves at the substrate interface is

dominant.

This last point requires some elaboration. Significant changes
in the reflection loss occurred when only the sediment thickness was

changed. Since the upper interface parameters were constant, physical

processes occurring there are not likely to be the major cause of the i

40




,m 5328

. e

N -4 e

b | zH 0Z 1V ¥3AV1 311A193N1 TVIILIHLOdAH MDIHL

| W 267 V 304 JTONV ONIZVY9 snsiaA §S07 NOILDI 143
| ot 3¥n9id

: _ 6ap — 3TONY INIZVY9O
A
m
i
- 2
0
=
o
=z
=
(@]
a
|
Q.
o]

IN3WIA3S aINd ===
A1N3WIA3S A0S —— o

: -0¢

%

]

”Aiiu — i i R ——— o ..,$v..,.Eifa.ir;h.i.;i!;-!..t

1™ =
‘ " £ . o " = o . P T g e e e D L T ————— e —



7H 07 1V ¥3AV 3L10IGENL TVIILIHLODAH NDIHL
w 9¢ V 304 ITONV ONIZVYO nsia4 §5071 NOLLOT 143
| Lt 33n914

6ap — ITONV ONIZV¥9
L4

42

gpP — $SOT NOILO3143d

AN3IWIG3S AN ==--
1N3wia3s ainos — &




e e R

AS-78-17395

ARL:UT
PJV-GA

ZH 00Z 1V ¥3AV1 31101948NL TTVIILIHLO0dAH MOIHL
W 9g vV JOd ITONY ONIZVYI snsiaAa §SOTT NOILDI 143y
ZL AN9Id

6ap — JTONV ONIZVY9

43

gp = SSOT NOILIIN43

IN3WIA3S AINTd ===—-—
AN3WIA3S aInos




increased reflection loss. If we consider the interaction of the
compressional wave with the substrate, we notice that there is an angle
above which the interaction is strong. For thick sediments the angle is

large. As thickness decreases, the angle decreases. This is qualita-

tively the same dependence found for Oo. This similarity suggests the

importance of compressional wave conversion at the lower interface.
Preliminary work on a small parameter expansion of the reflection and

transmission coefficients at the interfaces also verifies this conclusion.

An additional application of this work during FY78 was the
estimation of the importance of shear wave effects to the development
of a geoacoustic model for the BEARING STAKE area. This work was
carried out in support of the BEARING STAKE exercise data analysis.

B. Bottom Interacting Multipath Effects on Line Structure

The presence of a significant spread in multipaths, and hence
group velocities, will cause a moving cw source to produce Doppler effects
which can be significantly different for the various multipaths. As a
result, the spectra associated with such acoustic fields will display
Doppler broadening effects. Although such an effect will occur whenever
more than one multipath is significant, an important spread in multipath
group velocities will usually occur only when a number of bottom inter-
acting paths are present. Thus, the structure of cw line spectra provides
an additional measure of the importance of bottom interaction, and one
which is of considerable practical importance.

A general purpose method was recently developed at ARL:UT25
to deal with the problem of Doppler broadening and the interplay of
propagation effects and signal processing parameters. This method relies
on a normal mode theory of the field generated by a moving source and
includes a complete structured bottom as well as arbitrary source-receiver

geometry. The remainder of this section will be devoted to exhibiting a

number of results obtained using this model in an effort to show that the
anticipated sensor geometry, source speed, and integration time dependencies

are indeed obtained quantitatively.
44




1. Receiver and Source Depth Effects

Consider now, as an example, a source moving on a constant
course at constant speed v, passing, at CPA, within 30 km of a receiver.
The geometry is shown in Fig. 13 where the source-receiver range R(t) will
be given by (30 km) X cos6(t). Figures 14 and 15 show the results of
predicted 25 Hz line spectra for a 5 m source depth and 1000 m and 4500 m
receiver depths, respectively. The sound speed profile used in these calcu-
lations is taken from the CHURCH OPAL exercise area with a bottom descrip-
tion appropriate to this area of the North Pacific. The spectra shown
here have 1 mHz resolution (1000 sec integration time). The multipath
broadening effects are quite evident, as is the basic Doppler shift
(upward from 25 Hz). Because the various multipaths interfere in different
ways at the two receiver depths and because at the deep receiver (380 m
above the bottom) there will be a higher proportion of bottom interacting

energy, the details of line structure are different at these locationms.

Figures 16 and 17 show the same configuration except that the

source depth is 100 m rather than 5 m. Again it is observed that receiver

depth affects line structure. Moreover, comparing Figs. 11 and 12, we see that

the low Doppler bottom interacting modes are more important for the shallow

source than for the 100 m source.

e Range Effects

Figures 18 through 21 show a sequence of spectra for a 100 m source
for ranges of 200, 100, 50, and 10 km from CPA (again, 30 km). It will be
observed that as the source moves closer to the receiver the bottom
interacting modes become more important, leading to more pronounced
Doppler shifts for these paths. The receiver depth in these four cases is
4833 m (50 m above the bottom). It is clear from these calculations that,
especially for cases of a receiver near a boundary, line shape will also

depend on bottom loss
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3. Source Speed Effects

Figure 22 shows the same situation as in Fig. 15 except that
the source speed has been changed to 15 kt. It will be observed that not
only is the overall Doppler shift increased (the rms frequency is changed
from 25.020 to 25.053 Hz) as would be anticipated on the basis of elementary
Doppler shift theory, but the line structure itself is altered. However,
both of the rms Doppler shifts, 20 mHz and 53 mHz, and the rms line widths,
3.2 mHz and 9.6 mHz, are increased by approximately a factor of 3 when the

source speed is increased from 5 to 15 kt.

4, Frequency Effects

It can be expected that there will be some changes in line
structure between lines of appreciably different frequencies, particularly
when bottom interacting multipaths (and therefore frequency dependent bottom
loss) are important. Figure 23 shows a situation identical to that of
Fig. 16 except that the line frequency has been changed from 25 to 100 Hz.
It will be observed that the secondary lines seen in Fig. 16 are absent
in Fig. 23. Additional possibilities for frequency effects lie in the

areas of amplitude and frequency fluctuations of the spectrum.

5. Integration Time Effects

It would of course be expected that decreased integration

time (decreased resolution) would act to broaden lines and "smear out"
secondary lines. Direct calculations, of the type shown in this section,
have been carried out and verify this expectation. However, there is
another integration time related effect which is also contained in the
model predictions, and which acts in the opposite direction. When the
rate of change of range is large, the rms Doppler shifted frequency also
changes rapidly with time. This results in an FM-slide type of effect,

whatever the multipath structure. For sources moving at fairly high
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speeds, this effect can result in very broad lines with a shape

completely characteristic of an FM slide.

Under these conditions, a decrease in integration time will
result in a narrowing of the line, not a broadening. Calculations
have been carried out confirming the existence of this effect for cases
of practical importance. Thus, line width is dependent on (1) integration
time, (2) multipath structure of the field, and (3) the range-rate effect
near CPA. Since the combined effects of (1) and (3) can act in a way
that is opposite to the combined effects of (1) and (2), the factors
determining line widths in a particular case can be quite complex. These

issues have been discussed in a recent paper by Hawker and Shooter.

C. The Relationship Between Mode Attenuation and Bottom Loss/Bounce

In the context of propagation problems the loss effects of the
ocean bottom are taken into account in two principal ways: (1) mode
attenuation in normal mode models, and (2) bottom loss used in ray
models. Of course, bottom loss could be computed from geoacoustic
description using wave theory methods, as is done in reflection loss

models, and the result used in a ray theory propagation model.

Nevertheless, the disjoint approach to loss effects brought on by
a reliance on either bottom loss per bounce or mode attenuation is not
only conceptually troublesome, but it has inhibited progress in bottom

loss measurement and in parameter studies of bottom interaction effects.

During the present year an investigation of this subject was
carried out with the purpose of obtaining relationships between mode
attenuation (and normal mode quantities such as mode interference
distance) and bottom loss per bounce. The principal results of this
study are given by Tind1e27 with additional theoretical background by

Weston and Tindle.28
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The primary results of this study are twofold:

. The mode attenuation Gn per mode interference distance
Dn=2ﬂ(dn/dkn) given by Gn/Dn is essentially identical with
reflection loss. This equivalence has been shown within the
context of WKB theory as well as generally, using numerical
computations.

. The mode interference distance was also found to be given by

o e :Ylkn = :
" (v,0,m) %+ (o)

where Un and U; are the values of the normal mode evaluated

at the bottom of the water column, and Yi=ki-k§.

These results are important for several reasons going beyond

the conceptual advances they produce. The combination of these two
results, together with the identification of U;(H)/Un(ﬁ) with a particular
function of the reflection coefficient, opens the possibility of normal
mode computation based on bottom loss rather than a geoacoustic subbottom
description. Although a major thrust of this overall bottom interaction
research program has been to emphasize the utility of a geoacoustic
description, the existence of a large body of measured bottom loss data

requires that bottom loss be a possible input in propagation models.
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V. SUPPORT ACTIVITIES

With the analytic intractability of many of the acoustic equationms,
computer assisted numerical computation serves a vital function in the
bottom interaction program. The acquisition of the CYBER 171 by ARL:UT
in January 1978 has greatly improved the computing capabilities of this
laboratory. Tasks formerly regarded as infeasible due to limited core

and disk space and excessive computation time can now be performed.

During 1978, the major software tools previously developed by the
bottom interaction program, including the ray and mode models and the
bottom loss reflection model, were converted to CYBER compatible FORTRAN
Some of these models were restructured and/or expanded to enable more

efficient use of the computer.

The major software development during this year was an extension
of the existing BOTLOSS (bottom loss reflection) model. Previously
dealing only with fluid sediments, this model will now compute effects
due to shear waves in the sediments. The program has been extensively
tested and is being used in production runs. The software package
centered around the normal mode model was enlarged by the design and
implementation of a model calculating the time series and line structure

generated by a moving source.

A laboratory-wide computer terminal network was set up in April,
and with this means of easy access to the CYBER, usage of all software
was greatly increased. It became apparent that most users were unable
to take advantage of the sophisticated models due to their incomplete
knowledge of programming, job operations, and/or specific model require-
ments. To remedy this and to provide easy and effective use of all
production models, a model operating system was initiated. This system
facilitates the running of the models, reduces the possibility of errors,

and requires only a very limited knowledge of CYBER job control. All
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bottom interaction software has been incorporated into this system, and
consequently has been used extensively. Computer accessible documentation
directing the use of this system has been installed. A library of sound

speed profiles is also available via terminal interaction.
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! 104 Crandon Boulevard

Key Biscayne, FL 33149
84 Attn: S. Daubin

’ Defence Scientific Establishment
HMNZ Dockyard
Devonport, Auckland
NEW ZEALAND

85 Attn: K. M. Guthrie

86 R. N. Denham

p 87 R. Bannister

Physics Department
The University of Auckland
Private Bag, Auckland
NEW ZEALAND
88 Attn: A, C. Kibblewhite
89 G. Bold
90 C. T. Tindle

The Catholic University of America
Washington, DC 20064
91 Attn: H. M. Uberall

Department of Geology and Geophysics

] Geophysical and Polar Research Center

f Lewis G. Weeks Hall for Geological Sciences
The University of Wisconsin, Madison
1215 W. Dayton Street
Madison, WI 53706

92 Attn: C. S. Clay
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93 Courant Institute

b 251 Mercer Street

New York, NY 10012
Attn: D, C. Stickler
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f Commander
Naval Coastal Systems Center
Department of the Navy
Panama City, FL 32407

94 Attn: G. McLeroy
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Bolt, Beranek, and Newman, Inc.
50 Moulton Street

Cambridge, MA 02138

Attn: P, W. Smith, Jr.

Boeing Aerospace Corporation
Advanced Projects

P.0. Box 3999, M.S. 84-63
Seattle, WA 98124

Attn: Bob Arnold

The Institute of Acoustic Research
615 SW 2nd Avenue
Miami, FL 33130
Attn: M. Kronengold
J. Clark

Massachusetts Institute of Technology
Department of Ocean Engineering
Cambridge, MA 02139

Attn: Professor I. Dyer

The Lamont-Doherty Geological Observatory
Columbia University
Palisades, NY 10964
Attn: R. D. Stoll
H. A. Kutschale

Hawaii Institute of Geophysics
The University of Hawaii
2525 Corres Road
Honolulu, HI 96822
Attn: G. Sutton
G. Fryer

Director
North Atlantic Treaty Organization
SACLANT ASW Research Centre
APO, NY 09019
Attn: T. Akal
F. Jensen
D. Ross
W. Kuperman
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Defence Research Establishment Pacific
CF Dockyard
Victoria, B.C., CANADA

108 Attn: G. R. Ebbeson

Defence Research Establishment Atlantic :

9 Grove Street

P.0. Box 1012

Dartmouth, N.S., CANADA
109 Attn: 1I. Fraser |
110 D. Chapman 3

Rosensteil School of Marine and
Atmospheric Science
The University of Miami
10 Rickenbacker Causeway i 3
Miami, FL 33149 i 8
111 Attn: Dr. H. DeFerrari

E / Applied Physics Laboratory
The Johns Hopkins University
Johns Hopkins Road

‘ Laurel, MD 20810

;# 112 Attn: L. H. Wallman

Bell Telephone Laboratories
Whippany Road
Whippany, NJ 07961

113 Attn: F. Labianca

Polar Research Laboratory, Inc.

123 Santa Barbara Street

Santa Barbara, CA 93101 ‘
114 Attn: B. M. Buck
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The University of Miami
10 Rickenbacker Causeway
Miami, FL 33149

115 Attn: Dr. F, Tappert

! Geophysics Laboratory
: Marine Science Institute
The University of Texas
700 The Strand
Galveston, TX 77550
116 Attn: J. Worzel '
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Department of Geology
The University of Texas at Austin
Austin, TX 78712
117 Attn: Dr. M. M. Backus
Department of Electrical Engineering
The University of Texas at Austin
Austin, TX 78712
118 Attn: Dr. E. Hixon t
1 ! School of Mechanical Engineering ?
Georgia Institute of Technology i
Atlanta, GA 30332
119 Attn: Dr. A. D, Pierce
Department of Geology i
The University of Texas at Austin i
Austin, TX 78712
120 Attn: Dr. Clark Wilson
i
Defense Advanced Research Projects Agency I
1400 Wilson Boulevard I
E: Arlington, VA 22209 !
X 121 Attn: T. Kooij |
15 122 Office of Naval Research ;
4 Resident Representative ‘
! Room No. 582, Federal Bldg. g
] Austin, TX 78701
i 123 Glen E. Ellis, ARL:UT ;
5 &
f 124 Terry L. Foreman, ARL:UT
i
125 Ruth Gonzalez, ARL:UT
126 Loyd D. Hampton, ARL:UT ‘
3 127 Kenneth E. Hawker, ARL:UT :
. g
| i 128 John J. Lemmon, ARL:UT
: -
‘ { 129 Stephen K. Mitchell, ARL:UT
' i
| - 130 Susan G. Payne, ARL:UT
131 Steven R. Rutherford, ARL:UT
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132 Jack A. Shooter, ARL:UT
133 Clark S. Penrod, ARL:UT
134 Dana S. Hougland, ARL:UT
135 Paul J. Vidmar, ARL:UT
136 Reuben H. Wallace, ARL:UT
137 Karen E. Cumella, ARL:UT
138 Claude W. Horton, Sr., ARL:UT
139 A, 0. Williams, Jr., ARL:UT
140 Garland R. Barnard, ARL:UT
141 Library, ARL:UT

142-171 Reserve, ARL:UT
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