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I. INTRODUCTION

This report presents the results of a 1981 study of bottom
interaction in a range changing environment conducted at Applied
Research Laboratories, The University of Texas at Austin (ARL:UT).
Bottom interaction in a range variable environment is one of the major
areas of study in the ARL:UT bottom interaction program. The main
thrust of this work has been to determine the effects and relative
importance of subbottom variability and sloping boundaries on the
propagation of low frequency underwater sound.

To adequately characterize propagation in range variable
environments, we must consider the effects of the environment on the
acoustic signal relevant to a given problem. A suitable indicator of
the effects must be chosen and an appropriate description of the
environment must be employed. These considerations may be problem
dependent.

One example of the problems in propagation through range variable
environments is the determination of noise field characteristics given
some configuration of sources. This 1is the simplest such problem
because the components of the noise field have random phase, so that
only the incoherent (phase averaged) sound field is relevant. The phase
content of an acoustic signal might be quite sensitive to environmental
details whereas the amplitude of a noise field will be determined by
gross features of the environment. Thus the incoherent propagation loss
is a suitable indicator of environmental effects on noise fields.
Likewise the extent to which gross environmental features must be
specified is then an important consideration in implementing a range
variable environmental description and will determine the type of

acoustic propagation model required.
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Except for mode cutoff considerations or effects outside the
adiabatic model, such as mode coupling, the intermediate environment
between source and receiver does not play a primary role, other than
through attenuation, in adiabatic normal mode analysis of noise
propagation. This is because 1in the adiabatic model the depth
dependence for each mode is a locally defined quantity determined by the
local sound velocity profile (SVP), water depth, and geoacoustic
description. The range dependent amplitude for each mode has a phase
which 1is dependent upon the intermediate environment between the re-
ceiver and each noise but which is random with respect to any of the
other contributing sources. These various sources contribute through a
given mode to the intensity at the receiver and therefore an average
intensity is produced which is the incoherent sum of the intensity for
that mode from each noise source. The intensity of each mode varies
with range due to cylindrical spreading, attenuation, and variation of
the local mode function. Cylindrical spreading loss is independent of
the intermediate environment except for its extent. The attenuation
through the intermediate environment is cumulative but does not affect
the depth dependence of the mode functions at the receiver.

The method used to describe range variability must also be exam-
ined. One wants to avoid the expense of numerous detailed measurements
of acoustic properties while still maintaining a predictive capability.
Several procedures use geological information and available
measurements to produce geoacoustic profiles. One such procedure is to
construct local geoacoustic parameter sets by suitably interpreting

! acoustic transmission measurements and cores taken in a given area.
Another possibility is to use available geological information to define
geophysical provinces characterized by particular sediment types, etc.,
with corresponding averaged geoacoustic parameters. In practice these
two methods are combined.

The first ARL:UT work on range variability in 1978 was primarily an
assessment of analytical tools for describing sound propagation in a
range variable environment. Also begun was a determination of the




importance of lateral subbottom variability and sloping boundaries. The
FY 78 work is summarized in Ref, 1.

In 1979 the range variable work included several accomplishments.
In 1978 coupled mode theoryz’3 was determined to be the best means for
modeling and investigating bottom interaction mechanisms in a range
variable environment, and a firm theoretical foundation was established
for the application of coupled mode theory to problems of interest. One
particular problem investigated was the effect of boundary condition
approximations on coupled mode theory in sloping bottom problems.4’5 The
implications of the adiabatic approximation6 were also studied and the
1978 work, concerning the importance of lateral variability and sloping
boundaries, was continued. Another aspect of the 1979 work was the
development of an adiabatic normal mode model. A1l the 1979 bottom
interaction work is summarized in Ref. 8.

In 1980 the adiabatic normal mode model was used to examine the
sensitivity of propagation over a sloping bottom to sediment attenu-
ation.9 This work demonstrated that spreading loss, renormalization
loss, bottom attenuation, differential mode excitation, and mode cutoff
are the basic mechanisms of acoustic slope propagation. Reference 9
also contains a theoretical development of the mathematical formalism
for implementing coupled mode theory. A summary of this 1980 bottom
interaction work is in Ref. 10,

Section Il of this report gives the results of a study of
sensitivity of upslope and downslope propagation to sediment type using
incoherent propagation loss as an indicator. Section IlI presents the
results of a sensitivity study on propagation over an absorbing patch
and examines the merits of an averaged versus more detailed description

of range variable environments. Portions of this work were performed in
1980 but were not discussed in Ref. 9. Section IV discusses the
application of the results of Sections II and IIl to the combined
problem of 1lateral variability over a sloping bottom. Section V
summarizes the work and offers some observations.

Aottt
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I1. A STUDY OF SLOPE PROPAGATION DEPENDENCE j
ON BOTTOM TYPE

In the study of the importance of sediment type on the sensitivity
of propagation to attenuation precedence continues to be given to the
identification of mechanisms rather than details that depend upon the
specific realization used in the model. Thus this work addresses the
relative importance of the previously identified slope propagation
mechanisms for different sediment types and how this is reflected in
propagation sensitivity to sediment attenuation,

A. The Mode]l

The modeling tool used to make this investigation was the adiabatic

9 The downslope and upslope propagation geometries

normal mode mode).
are shown in figs. 1 and 2. The source position is at r=0 and 2=z, and
the bathymetric variation with constant slope occurs between ry s 40 km
and ro-. Between r=0 and "1 is a range invariant region, as is the
region between rs and rg =ry+ 40 km., The value of rs is determined by
the slope angle and is 66.7 km or 120 km for a 3° or 1° siope,
respectively. This arrangement of fixed length for the range invariant
regions was chosen so that the comparisons between 1° and 3° slopes
would only be affected by the difference in slope and in the horizontal

extent of the sloping region (see Sections I1.B.3 and 11.C.3).

The water sound velocity profile (SVP) given in Fig. 3 was used
throughout the region r=0 to r=ra. This choice isolates e attenuation
and sloping bottom effects from the water sound speed profile effect,
For water depths less than the deep water depth of 1825 m, the SVP was
truncated as the bathymetry varies. For example, only the first 430 m
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of the profile is used, where the water 1is shallowest. The water
density used was 1.053 g/cm3.

This study considers propagation over sloping bottom regions of
three sediment types: clay, silt, and sand. The sediment layer is
200 m thick throughout the region r=0 to rers. The density and
surficial sound speed used for each sediment type are given in Table I.
The sound speed gradient used is 1.0 (m/sec)/m for all sediment types.
The values were chosen to be representative of those given by Hamﬂton11
to the extent that density and sound speed for each sediment type are in
the range of the quoted average values. However, the ratio of surficial
sediment sound speed to water sound speed is not kept constant along the
slope, as was done in the FY 80 study,9 with no qualitative changes.
More comment concerning velocity contrasts appears in Section 11.8.2.
A1l sediment types are assumed to be fluids.

The substrate is assumed to be a homogeneous half-space as speci-
fied in Table I. The substrate is assumed to be a fluid, whereas in :
19809 the substrate was assumed to be a solid. Again, a comparison of
the results with this work shows no qualitative changes. This change i
was made to simplify the normal mode computations and to acknowledge |
the fact that the importance of sediment (and substrate) rigidity is a
function of such properties as sediment thickness and water depth. A
compressional speed of 2700 m/sec has been chosen for the substrate
although a speed of 5000 m/sec is more appropriate for basalt because \
the 200 m thick sediment strongly attenuates those higher order modes
which interact with the substrate. The use of 2700 m/sec, which is a
typical shear velocity for basalt, rather than 5000 m/sec for the |
substrate compressional speed serves to remove only these higher order ?
modes from the calculation. These higher order modes would also be
removed from the calculation if a solid description of the basalt were
used. Consideration of such factors as thinner sediments and bottom
rigidity on propagation in range variable environments is deferred to

future work.




TABLE I
SEDIMENT AND SUBSTRATE GEQACOUSTIC PARAMETERS

Density Compressional Speed
Type (a/en’) NS
Clay 1.25 1525
Silt 1.6 1560
Sand 2.1 1725
Substrate 2.7 2700

10
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In this study only sediment attenuation is allowed to vary. The
water attenuation is neglected for the low frequency (100 Hz) considered
here. The substrate attenuation is fixed to be 0.2 dB/m/kHz. The three
sediment attenuation values employed in the study--0.0, 0.025, and
0.007 dB/m/kHz--are from a range of values appropriate for a high
porosity sediment. (For sand these values are unrealistically low, but
our conclusions are unchanged because they do not depend on particular
parameter values but are based upon the important mechanisms. This
point will be verified in Section 11.B.2.)

For the cases presented here, eight different mode sets were used
to represent the adiabatic variation of modes from deep to shallow water
or vice versa. Each mode set is identified with the midpoint of a range
interval or bin (except the first and last mode sets, which are
identified with source and receiver ranges).

B. Downslope Propagation

1. Basic Mechanisms

As discussed in Ref. 9, the basic mechanisms involved in
downslope propagation are spreading loss, shallow water attenuation,
renormalization loss, and mode effectiveness. The relative importance
of these mechanisms for the parameter values of interest determines the
sensitivity of propagation, as measured by propagation 1loss, for
example, to changes of those parameters. For an environment with no
azimuthal dependence, the spreading loss contribution to propagation
loss is independent of everything except range from source to receiver.
Thus the magnitude of spreading loss may be used as a measure of the
importance of the other mechanisms and of the sensitivity of propagation
to parameter variations. On the other hand, renormalization loss is
dependent upon the change, between source and receiver, in the effective
vertical extent of the sound channel. This effective vertical extent,

1"




Heff’ does depend upon the form of the SVP, bottom geoacoustic profile,
and mode number. Thus, the importance of renormalization loss may be
dependent upon sediment type and the combination of source depth and
receiver depth. For the mechanism of attenuation and mode
effectiveness, the analysis is not so simple because their effect on
acoustic transfer between source and receiver depends upon the waveguide
properties at intermediate ranges.

2. Sediment Type Effects

The downslope propagation results are illustrated in
Figs. 4-7. These figures show the dincoherent propagation loss as a
function of range for the three sediment types and for different
attenuation coefficient values. To simplify the display, the 0 dB/m/kHz
results corresponding to the three sediments were combined into one
reference curve which differs by less than 1 dB from the displayed
curve, Figures 4-7 differ 1in the combination of source depth and
receiver depth. The arrows above the range axis show the beginning and
end of the sloping bottom region.

The steplike behavior of the incoherent propagation loss
curves in Figs. 4-7 and others to follow reflects the discretization of
the range variation as implemented in the adiabatic normal mode mode].9
Smoothing of the incoherent propagation 1loss versus range by the
windowed range average employed in Ref. 9 was not used because the jumps
in these curves give information concerning the action of propagation
mechanisms (when analysis using this information is discussed, more
details will be supplied). In the downslope propagation cases the
steplike behavior occurs, if at all, at the crossing from one range bin
to the next. At these crossings the adiabatic model begins calculations
with the eigenmode set for the new range bin, i.e., no interpolation is
used for the eigenfunctions between ranges associated with the
environmental information used to calculate the eigenmode sets. On the
other hand, the phase integrals describing the rapid range dependence of

12




In this study only sediment attenuation is allowed to vary. The
water attenuation is neglected for the low frequency (100 Hz) considered
here. The substrate attenuation is fixed to be 0.2 dB/m/kHz. The three
sediment attenuation values employed in the study--0.0, 0.025, and
0.007 dB/m/kHz--are from a range of values appropriate for a high
porosity sediment. (For sand these values are unrealistically low, but
our conclusions are unchanged because they do not depend on particular
parameter values but are based upon the important mechanisms. This
point will be verified in Section I11.B.2.)

For the cases presented here, eight different mode sets were used
to represent the adiabatic variation of modes from deep to shallow water
or vice versa. Each mode set is identified with the midpoint of a range
interval or bin (except the first and last mode sets, which are
identified with source and receiver ranges).

B. Downslope Propagation

1. Basic Mechanisms

As discussed in Ref. 9, the basic mechanisms 1involved in
downslope propagation are spreading loss, shallow water attenuation,
renormalization loss, and mode effectiveness. The relative importance
of these mechanisms for the parameter values of interest determines the
sensitivity of propagation, as measured by propagation Tloss, for
example, to changes of those parameters. For an environment with no
azimuthal dependence, the spreading loss contribution to propagation
loss is independent of everything except range from source to receiver.
Thus the magnitude of spreading loss may be used as a measure of the
importance of the other mechanisms and of the sensitivity of propagation
to parameter variations. On the other hand, renormalization loss is
dependent upon the change, between source and receiver, in the effective
vertical extent of the sound channel. This effective vertical extent,

1
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the acoustic field do not contain abrupt changes in the adiabatic model
because splines are used to fit the eigenvalue range dependence. The
phase integral information is important in determining convergence zones
or any interference phenomena. An accurate representation of the phase
integrals across range bin boundaries is more important than an accurate
interpolation of the eigenfunction. The phase integral error cumulates
whereas the errors in eigenfunction are typically largest near the range
bin boundaries but vanish at the ranges corresponding to the eigenmode
sets. In the 1imit that the range bin width goes to zero, the exact
adiabatic result is obtained. In many cases, a relatively coarse
sampling (large range bins) is adequate.

In the discussion to follow, the sensitivity of results to
parameter variations, particularly sediment attenuation, is considered.
Qualitatively, a result is sensitive to parameter variations if small
absolute changes in parameter values produce large absolute changes in
the result; it is this sense that is meant in the present discussion.
In applications a more quantitative specification is required. For
example, if propagation 1loss must be known within 3 dB, then how
accurately must sediment attenuation be known? (This quantitative sense
appears in Section V.)

Each of the Figs. 4-7 shows that the sensitivity of propa-
gation loss to the value of sediment attenuation decreases with in-
creasing acoustic impedance contrast (clay to silt to sand) at the
water-sediment interface. This result agrees with the notion that the
smaller the impedance contrast, i.e., the softer the sediment, the more
the acoustic field penetrates the sediment and interacts with an
attenuating medium.

Each of the Figs. 4-7 shows also that sensitivity to sediment
attenuation increases as the receiver Jlocation traverses the slope
toward deeper water. The 1980 report9 notes this result and ascribes it
to the change in mode effectiveness between deep and shallow water,

Briefly, the first mode dominates at all depths in the shallow water

17
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because it is least attenuated. (The lJowest order modes, which have the

smallest phase velocities, are concentrated in the water column, i.e.,
regions with the smallest sound speed. As the mode number and phase
the corresponding mode eigenfunctions extend into
speed regions, e.g., the bottom.) In the deep water

higher sound

regions near the surface or bottom the first mode no longer dominates,

i.e., only higher order modes couple well to a receiver near the surface

or bottom, but in the shallow water regions these modes are most attenu-

ated. Thus, as may be verified by comparing Figs. 4-7, the sensitivity

of downslope propagation to attenuation depends not on the source depth
(in shallow water), but on the receiver depth (in deep water). This

conclusion would be modified if there were a sound channel in the

shallow water region or if there were no sound channel in the deep

understanding the mode effectiveness mechanism allows

one to modify the conclusions without further modeling. For example, if
shallow water sound channel 1is present and the frequency is
sufficiently high that one or more modes are effectively confined to the
then sensitivity to attenuation would also depend on the
shallow water acoustic element depth. The presence of a significant

sound channel means that sources off the channel axis will excite higher

order modes more strongly than near-axis sources. Thus, the near-
surface and near-bottom deep water acoustic field will depend upon
shallow water source depth.

Another way of analyzing Figs. 4-7 is to note the difference
increases of propagation loss (artifacts of the
environmental discretization) where the range bin boundary crossings
occur, i.e., where there is a change in the eigenmode set used. These
Jumps are typically largest at the first bin crossing around a range of
largest value of attenuation, and for the shallower
receiver depth. For example, Fig. 4 shows that for clay with an at-

tenuation of 0.07 dB/m/kHz, at the first range bin crossing around 42 km

there is a jump in propagation loss of approximately 4 dB. Of this
is attributable to renormalization loss due to a
change in water depth from 430 m to 630 m. (The reference curve, for

value about 1.5 d8

18



zero sediment attenuation, shows approximately this change.) The
remaining contribution to the 4 dB jump is associated with the downward
shift, relative to the water surface, of the least attenuated low order
modes and with the lack of compensating near-surface energy from the
more heavily attenuated higher order modes. It is possible for the
shifting of certain modes or groups of modes to produce the opposite
effect over short range intervals, i.e., as the modes move in depth, an
eigenfunction's amplitude at a given receiver depth can increase as a
nearby null point in the eigenfunction moves farther down. This
phenomenon occurred between 55 km and 60 km for the 18 m/91 m source
depth/receiver depth combination results shown in Fig. 5.- In this
interplay between attenuation and effective mode mechanisms, sediment
type mainly determines the amount of attenuation suffered by a mode,
although it has some small effect in the details of the vertical shift
of modes in the water column.

To verify that for sandy sediments the sensitivity of propa-
gation to sediment attenuation does not increase at larger, more
realistic values of attenuation, Fig. 8 shows the propagation loss over
sand for attenuation values of 0.3 and 0.4 dB/m/kHz along with the
results for the three lower values used earlier. The source and re-
ceiver are both at a depth of 18 m. In this more realistic range of
attenuation values incoherent propagation loss is less sensitive to the
precise value of attenuation than it is at lower values of attenuation
appropriate for softer sediments (see Fig. 4). A change of
0.05 dB/m/kHz in sediment attenuation produces a change of about 5.5 dB
in propagation loss for clay (Fig. 4), whereas twice that change in
sediment attenuation produces 2.8 dB change in propagation loss over
sand (Fig. 8). The reason for this decrease in sensitivity is that as
sediment attenuation values increase the highest order modes are
practically eliminated at longer ranges. At long ranges with increasing
sediment attenuation value, only the lower order modes remain. Their
levels are relatively independent of the sediment attenuation value,
compared to the effect on higher order modes, because the lower order
modes interact most weakly with the bottom, especially when it is hard.
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Figure 8 also shows quite clearly the increased importance of
the effective mode mechanism as attenuation increases. Observe the
jumps in propagation loss (artifacts of the chosen range discretization)
just past 40 km, and note that the Jjump increases as attenuation
increases. The explanation for this is that as attenuation increases,

the higher order modes decrease more strongly in amplitude in the first
40 km. When the water depth increases, the maxima in the lower order
mode amplitudes occur farther below the water surface. The decrease in
the near-surface acoustic field is more noticeable, and the
corresponding jump in propagation loss is larger, when the higher order
modes are weaker due to stronger absorption in the sediment (larger
values of attenuation). At the smaller values of sediment attenuation
the higher order modes have larger amplitudes and their fields near the
surface mask the decrease in the surface acoustic field due to decreases
in the lower order mode amplitude near the surface.

Figures 4-7 show that sensitivity to sediment attenuation
depends on sediment type. Whether this dependence on sediment type is
actually dependence on impedance contrast rather than density contrast
or velocity contrast, etc., was not directly examined in this study.
However, some conclusions can be drawn from this work through
comparisons with Ref. 9, In comparison with Ref. 9 where just a density
contrast is used, the results obtained here have essentially the same
curves for zero sediment attenuation, but the results of Ref. 9 show
larger propagation losses for the same nonzero values of sediment
attenuation. Upon noting that the density used in Ref. 9 was 1.4 g/cm3,
which is intermediate to the clay and silt densities used here, we
suggest that the sensitivity of propagation to the attenuation values of
soft sediments in shallow water is more dependent on the water-sediment
sound speed ratio than on the density ratio.

3. Slope Angle Effects

For downslope propagation the effect of slope angle can be
obtained from the results of Figs. 4-7 by a simple procedure. First,
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the range axis in the sloping region is rescaled so that the 1° s1ope
interval between 40 km and 120 km instead covers the range 40-67 km.
The range invariant region between O km and 40 km is left unchanged, and
the region from 120 km to 160 km instead becomes 67-107 km., Second, the
propagation loss curves for ranges larger than 40 km are adjusted
upwards by adding a range dependent term 10 Tlog[r(km)/40 km}, which
removes the difference in spreading loss between the 1° slope and the
shorter 3° slope. This procedure yields results that are consistent
with the lack of dependence on slope angle as seen in the downslope
results cited in Ref. 9. Aside from the rescaling, the effect of
sediment type and the interplay between the propagation mecharisms is
identical to that given for the 1° results. Further discussion of slope

angle independence and the presentation of model results are deferred to
Section II.C.3.

4, Energy Partitioning

An examination of the distribution of power between waterborne
and bottom interacting modes is useful 1in determining ranges at which
bottom interaction is important and at which shifts between waterborne
and bottom interacting energy take place. A particular mode at some
receiver range may be classified as waterborne or bottom interacting
depending on whether the horizontal phase speed is less than or greater
than, respectively, the water sound speed at the sediment survace. This
corresponds to the condition that a mode turning point cross from the
water into the sediment or, in the ray approximation, a ray penetrate
into the sediment.

The power radiated into a given mode is determined by the
coupling between that mode and the source. The power is carried by the
mode as a whole and is not associated with any particular depth. The
coupling between a mode and the source, and hence the radiated power,
does depend upon the value of the mode at the source depth. Thus the
power in a particular mode depends on the source depth and is
independent of receiver depth.
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Figures 9 and 10 show the waterborne and bottom interacting
power, respectively, as a function of range for the case of propagation
down a 1° slope. The source depth is 18 m. In Fig. 9 the waterborne
power does not appear until around 80 km where the sound channel becomes
part of the SVP. On the other hand, Fig. 10 shows that the bottom
interacting power is essentially constant over th= range 40-90 km, i.e.,
between the shallow end of the slope and the point where bottom
interacting modes change over into waterborne modes. Again, the
conclusion 1is that the sensitivity to attenuation observed in the
propagation loss occurs in the shallow water environment, i.e., the
power dissipated due to absorption in the sediment is determined
primarily by the shallow water sediment attenuation value rather than
the sediment attenuation values on the slope or in deep water.

The waterborne and bottom interacting power versus range for a
source depth of 91 m were examined but are not shown here. For this
deeper source, the case when the sediment attenuation is nonzero has
more waterborne and less bottom interacting power in the sound field in
deep water compared to the 1levels in Fig. 9. This source depth
dependence does account for the small differences between Figs. 4 and 6
or between Figs. 5 and 7. The larger differences between Figs. 4 and 5
or between Figs. 6 and 7 occur because the coupling to a receiver by a
given mode is strongly dependent on depth in a depth dependent sound
speed profile, whereas source excitation of a given mode is weakly
dependent on depth in isovelocity water.

5. Depth Dependence

As the sound field from a source in shallow water propagates
to deeper water, the depth dependence of the field is affected by
several environmental parameters. These parameters control the relative
importance of the attenuation and mode effectiveness mechanisms.

A convenient concept embodying the key features of the mutual
interaction of attenuation and mode effectiveness can be further
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developed from the discussion of renormalization in Section I1.B.l.
Let Hors be the effective extent of the waveguide in depth for a given
mode, i.e., the depths occupied by the mode. Heff is a function of mode
number and range, because the portion of the water column or sediment
occupied by a given mode depends on range through the SVP and the water
depth. 1If the vertical extent defined by Heff at a given range includes
the bottom, then sediment attenuation will be an active mechanism at
that range for that mode; this is typical for shallow water. For deep
water with a sound channel it is possible that the lower modes will have
Heff entirely within the water column; for these modes attenuation is
not an important mechanism at that range. In either deep or shallow
water Heff is typically smaller for the lower order modes. Higher order
modes, which are more bottom interacting, become less important with
increasing range provided that both the source and receiver couple well
to the lower order modes. This will occur when the waveguide sections,
defined by Heff for the lower order modes, overlap along the propagation
path to a high degree and contain the source and receiver depths at
either end. Thus the effectiveness of a particular mode in propagation
between some particular source and receiver depends upon the overlap of
Hope With (1) the source, which governs the energy coupled into the
mode, (2) the receiver, which governs the energy coupled out of the
mode, and (3) the bottom along the propagation path, which governs the
attenuation of the mode.

One conclusion to be drawn from these observations is that
Heff of the effective modes will determine the depth dependence of the
deep water sound field produced by sources in shallow isovelocity water.
The effective modes are the modes which were excited by the source and
were relatively unattenuated over the propagation path. If there remain
only a few lower modes whose Heff is confined to the sound channel axis
in deep water, the sound field will be concentrated near this axis. If
higher order modes whose Heff can extend far above and below the channel
axis survive, the deep water sound field will be distributed more evenly
over the water column. For sources in isovelocity shallow water where
Heff contains the entire water column for most of the modes, the source
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depth is not particularly important in determining the depth dependence
in deep water. In shallow water with a sound channel present the
sources in the channel, as opposed to near-surface or near-bottom
sources not in the channel, would produce a sound field much more
concentrated around the deep water channel axis. In this case, for the
lower order modes, Heff is confined to the channel axis and does not
include the bottom anywhere between source and receiver. For higher
order modes Heff includes the bottom everywhere between source and
receiver, and these modes are strongly attenuated. Thus the sound field
is concentrated in the channel everywhere between source and receiver.

Considerations of source and receiver depth dependence based
upon the mechanism viewpoint were illustrated for a given sediment type
in Ref. 9. Figure 11 demonstrates the receiver depth dependence for
different sediments. Here the depth dependence of the sound field
propagated down a 1° slope from a source 18 m deep is given for a
reference sediment with no sediment attenuation and for clay and sand
sediments with 0.07 dB/m/kHz attenuation. The reference curve is
actually for sand, but the corresponding curve for clay is basically
identical. Note that the reference curve shows the sound field to be
nearly uniformly distributed across the water column except very near
the surface and very near the bottom. This is the result of a large
number of effective modes having survived over the propagation path.
The depth dependence for the clay sediment shows that the sound field is
somewhat more confined to the interior of the water column. For the
sand sediment, the sound field extends much closer to the bottom. This
is a result of the reduced penetration of the sound field into the
harder sand bottom leading to a reduction in the attenuation of the
higher modes which contribute to the near-bottom field. However, for
the higher and more realistic attenuation values for sand sediments
discussed in connection with Fig. 8, the higher modes are stripped from
the sound field by the larger attenuation, so that the sound field depth
dependence is more similar to that given for clay in Fig. 11.
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C. Upslope Propagation

1. Basic Mechanisms

The upslope mechanisms include the mechanisms of downslope
propagation listed in Section II.B.1 and, in addition, the mechanism of
mode cutoff as discussed in Ref. 9. Typically, as the water depth
decreases, the modes with the largest mode number are no longer bound by
the waveguide but radiate into the bottom. In this report attention
will be directed primarily to the effect of sediment type on determining
the relative importance of these mechanisms and the sensitivity of

propagation to sediment attenuation.

2. Sediment Type Effects

Upslope propagation results are shown in Figs, 12-15. These
figures show the incoherent propagation loss as a function of range for
the three sediment types and for different attenuation values. To
simplify the display the 0 dB/m/kHz results for each of the three
sediments were combined into one reference curve which differs by less
than 1 dB from the computed values. Figures 12-15 differ in the
combination of source and receiver depth, The deep water end of the
slope is at 40 km range, and the shallow water end is at 120 km range.

In Figs. 12-15 the discretization of the sloping bottom in the
adiabatic propagation model gives rise to two types of artifacts. The
first of these artifacts 1is a discontinuity 1in the incoherent
propagation loss curves when the range bin boundaries are crossed. This
artifact was discussed in detail in Section I1.B.2 for downslope
propagation. The second artifact occurs midway between the range bin
crossings and is associated with mode cutoff 1in upslope propagation.
Mode cutoff in the adiabatic approximation is the total 1loss by
radiation into the bottom of whatever energy is in the highest order
modes. The loss of modes through cutoff occurs because the number of
modes which exist in a waveguide decreases as the effective depth of the
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waveguide decreases. Because the mode eigenvalues are not computed once
a mode has gone past cutoff, information about the eigenvalue versus
range is not available beyond the range associated with the last range
bin containing that eigenvalue. Instead, these modes, having nearly
reached cutoff, are dropped from the computations at the center of that
range bin. These two processes are particularly evident in the
reference curve in Fig. 13 over the ranges 80-120 km, The sudden
increases in propagation loss associated with mode cutoff alternate with
sudden decreases in propagation loss associated with renormalization
gain and mode effectiveness. The renormalization gain is the decrease
in propagation loss produced when the acoustic field is “compressed" as
the effective depth of the wavequide decreases for sound propagating
upslope. Note that a finer sample of the range variation would show a
smoother behavior in propagation loss versus range, but would not change
the net effect of the processes identified with artifacts produced by
this coarser sample.

Over the region of the slope, 40-120 km, four mechanisms are
particularly evident in the artifacts. These are: mode effectiveness,
mode cutoff, renormalization, and attenuation. For the reference curves
attenuation plays no role. The results of the competition between the
other three mechanisms will depend upon both the source depth and the
receiver depth. For the source and receiver combination in Figs. 12 and
13 the reference curve shows an overall increase in propagation 1loss,
with all three processes most pronounced (both increases and decreases
occur) in Fig. 13. These same effects nearly cancel in the reference
curve of Figs. 14 and 15 (increases cancel decreases). However, for the
largest attenuation values and softer sediments the attenuation
effectively removes those modes which would be cut off. Renormalization
and mode effectiveness remain to give the sudden decreases in
propagation loss shown in curve 5 in Figs. 12-15. The portion of these
Jumps attributable to renormalization gain increases from 0.49 dB at the
bottom of the slope to 1.7 dB at the top of the slope.
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These results show that sediment type determines the
sensitivity of propagation to attenuation. Again, the harder the
sediment the more the sound field is confined to the water column and
the less the sensitivity to the attenuation value assumed for the
sediment. It is also clear from the behavior of the curves in Figs. 12-
15 that past a range of 120 km the renormalization gain is quickly
negated by attenuation in the shallow water, and the more so, the softer
the sediment.

3. Slope Angle Effects

In the previous report9 the results as presented give the
impression of a strong dependence on slope angle for upslope propagation
but not for the downslope case. This conclusion can be traced to the
use of a longer range interval for the shallow water region following
the 3° slope than for the region following the 1° slope. In this report
this difference is removed, and the analysis and conclusions concerning
the sensitivity of propagation to sediment attenuation as a function of
slope angle will be seen to apply to both upslope and downslope
propagation.

Figure 16 illustrates the case of propagation up a 30 slope
for source and receiver both at a depth of 18 m. The incoherent propa-
gation Toss is given as a function of source to receiver separation out
to 107 km. Range invariant intervals 40 km in extent precede and follow
the slope region as in Figs. 12-15. The zero attenuation curve is a
reference similar to that used in Fig. 12. Just the results for silt
and sand sediments with an attenuation value of 0.07 dB/m/kHz are given.

In Fig. 16 curve 3 especially demonstrates the "slope en-
hancement" effect. This effect is observed in some propagation loss
measurements in which a fixed receiver in a deep water region monitors
the acoustic field generated at source positions located at various
points along a slope. The principle of reciprocity may be invoked to
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interchange source and receiver positions so that the results in Fig. 16
apply. Thus, as the position of the moving acoustic element moves with
increasing range in Fig. 16 up the slope from deep water to shallow
water, the propagation 1loss decreases between 40 and 50 km before
increasing again, As also holds for Figs. 12-15, this "slope
enhancement" is a result of competition between loss due to cylindrical
spreading, attenuation, and mode cutoff and gains due to renormalization
and shifts in the effective modes for the given combination of source
and receiver depths. At long ranges the spreading loss rate is small
and attenuation tends to eliminate those modes which wouid otherwise be
cut off. Considerations of slope enhancement can neglect both cutoff,

when there are many modes, and spreading loss, at long ranges.

Comparison of Fig. 16 with the corresponding portions of
Fig. 12 shows the curves to be quite similar except for a compressed
range interval in Fig. 16 which emphasizes the gain by the renormaliza-
tion effect relative to spreading loss and attenuation. In fact, a
comparison of the numerical values for propagation loss at 160 km for
the 1° slope with the values at 107 km for the 3° slope shows the former
to be approximately 2 dB larger for each of the curves. This difference
is mostly a result of the difference of 1.6 dB in spreading loss to be
expected due to the difference 1in total range intervals. Some
difference in propagation loss for the two slopes is also expected
because of a difference in accumulated attenuation. Basically, for the
same total depth change, a 1° slope contains a longer range interval of
higher attenuation, 1i.e., shallow water, than does a 3° slope.
Otherwise, within the adiabatic approximation, no dependence on slope
angle can exist whether propagation 1is upslope or downslope. In
particular, the effects of renormalization and the shift in depth of the
effective modes are independent of slope angle. Thus, the "slope
enhancement” effect depends on slope angle only through differences in
accumulated attenuation and the actual range at which it occurs.
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4. Energy Partitioning

Figure 17 shows the waterborne and bottom interacting power as
a function of range for propagation up a 1° slope from sources at depths
of 18 m and 91 m. The sediment is sand with an attenuation of
0.07 dB/m/kHz.

For both of these source depths the bottom interacting modes
dominate the propagation. A noticeable fraction of the power from the
91 m source is first in waterborne modes but is transferred into bottom
interacting modes at the bottom of the slope between 40 km and 60 km.
Thus, the upward jumps in curve 4 of Fig. 17 are associated with the
drops in curve 2. Thereafter, the bottom interacting modes carry most
of the power which is steadily reduced by attenuation. The upward jumps
in curve 4 between 40 km and 60 km are power transfers from waterborne
to bottom interacting modes and are not "slope enhancement" effects.
The power in a mode, aside from attenuation 1losses, is a conserved
quantity in the adiabatic approximation and is identified with the whole
mode rather than a given depth. However, "slope enhancement" is partly
associated with the change in power per unit depth which results from
changes in water depth.

Figure 17 shows no sudden drops in the bottom interacting
power. This indicates that the highest order modes, which are under-
going cutoff, carry a small fraction of the power at their cutoff range.
The power from the shallower source (18 m) attenuates more rapidly than
power from the deeper (91 m) source because the modes excited by a
shallower source are higher order, hence more bottom interacting, than
those excited by the deeper source.

5. Depth Dependence

The sound field dependence on source and receiver depths was
discussed in some detail in Ref. 9. The conclusion there was that the
shallow water field for upslope propagation depended most strongly on
source depth, but was relatively insensitive to receiver depth, That
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conclusion is verified by the studies presented here. The dependencies
of bottom interacting and waterborne power versus range for different
source depths, as in Fig. 17, reflect this depth dependence.

6. Attenuation Gradient

For all of the model results presented thus far, the sediment
attenuation has been taken as constant in depth. Figures 18-21 show the
upslope propagation loss for several source-receiver configurations for
a 200 m clay sediment layer with attenuation increasing linearly with
depth from 0.025 dB/m/kHz at the sediment surface to 0.2 dB/m/kHz at the
substrate.  The resulting gradient, 8.75 x 10°% dB/m%/kHz is a
compromise., This value is several times larger than might be expected
for silt-clay but is of opposite sign and perhaps an order of mag?gtude

A

problem with larger negative gradients is examined in Section III.C.

less than expected for sand-silt, especially near the surface.

For comparison each figure also shows the loss for two constant sediment
attenuation values of 0.025 dB/m/kHz and 0.07 dB/m/kHz (see Figs. 12-
15). Results for silt and sand sediments are qualitatively similar to
those presented for clay, although propagation over the clay sediment
was most sensitive to the presence of the attenuation gradient because
the sound field penetrates farther into the softer sediment.

The most noticeable effect of the attenuation gradient occurs
for the shallower source (Figs. 18 and 19) which excites more effec-
tively the bottom interacting modes most sensitive to the gradient. The
gradient affects propagation throughout the deep and sloping regions.
However, as the sound field propagates farther into the shallow water
region, the more strongly attenuated bottom interacting modes carry
little energy, leaving only contributions from those modes which sample
at most the top of the sediment layer. Thus the shallow water portion
of the propagation loss curves, when there is a positive depth gradient
of sediment attenuation, first approach the curves for a sediment with
constant attenuation but with the same surface value. The same effect
is also evident in the deep water portion of Figs. 18-21. From the
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source, curve 1 in each figure diverges from curve 3 and approaches
curve 2 until the slope is encountered at 40 km. After 120 km curve 1
continues to approach curve 2. On the slope, between 40 km and 120 km,
curve 1 approaches curve 3 because the weakly bottom interacting modes
penetrate more deeply into the sediment as the water depth decreases and
thus sample the higher attenuation values resulting from the gradient.
At longer ranges in shallow water curves 1 and 2 eventually diverge (see
Fig. 21) because the attenuation coefficient of the most weakly
attenuated (last remaining) mode must be larger for a positive
attenuation gradient than without the gradient. 1

D. Conclusions
The mechanisms which determine the incoherent propagation loss over

a sloping thick sediment bottom are spreading loss, renormalization,
mode effectiveness, and attenuation within the sediment. These are

active in either upslope or downslope propagation. An additional
mechanism active in upslope propagation is mode cutoff. These
mechanisms operate for all sediment types.

The sensitivity of propagation to sediment attenuation, or depth
gradients thereof, is greatest for softer (clay) sediments. For harder
(sand) sediments the sensitivity to attenuation 1is much decreased.
Propagation is most sensitive to the attenuation in the shallowest
regions., Thus the degree of sensitivity to attenuation for a particular
situation depends most heavily on the extent of shallow regions with
soft sediments along the propagation path.

The results of this study also show that neither the local nor the
average slope angle are relevant quantities characterizing slope
propagation. Instead the length of the shallow water portion of the
propagation path is important because that length determines the effect
of attenuation. This conclusion holds whenever the adiabatic approxi-
mation used in this study is valid, i.e., whenever mode coupling effects
can be neglected.
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The depth dependence of the sound field and the sensitivity to
attenuation is determined by the depth of the deep water element (either
source or receiver) and is relatively independent of the shallow water
element depth. This holds for either upslope or downslope propagation.
Thus the acoustic power versus range, and its partitioning into water-
borne or bottom interacting modes, depends on source depth only when the
source is in deep water. For upslope propagation the bottom interacting
power can be a major component of the acoustic field over a substantial
portion of the slope. For downslope propagation at low frequencies of
course almost all of the power is bottom interacting in the shallower
regions of the slope.
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III. A STUDY OF PROPAGATION WITH RANGE VARIABLE BOTTOM ATTENUATION

A. Introduction

This section examines the predictive capabilities of average and
locally detailed methods for describing range variable sediment
attenuation in shallow water. Inasmuch as the work described in
Section II showed that attenuation in shallow water was an important
process, this study is also an opportunity to look at the process of
sediment attenuation in more detail.

Two problems will be considered. In the absorbing patch problem a
comparison is made between a detailed (or localized) sediment at-
tenuation description and a description in which the sediment attenu-
ation is a range average of the detailed dependence. In the second
problem this same comparison between detailed and averaged descriptions
is made for range varying depth profiles of sediment attenuation.

B. The Absorbing Patch

1. Model Descriptions

Figure 22 shows a sample shallow water environment which was
used for a geoacoustic description throughout a region 200 km in extent.
The shear and compressional attenuations in the substrate were fixed at
0.03 dB/m/kHz and 0.2 dB/m/kHz, respectively. The sediment attenuation
used was determined in two ways. In the model depicted in Fig. 23, one
20 km interval has a sediment attenuation of 0.3 dB/m/kHz, and the
remaining 180 km has a sediment attenuation of 0.03 dB/m/kHz.  This
configuration is called the absorbing patch model. The second
configuration had a range invariant sediment attenuation of
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0.057 dB/m/kHz corresponding to the range weighted average of the
absorbing patch model.

Given that a mode amplitude decays in range as
exp[~ ﬁ; dx én(x)], where & 1is the mode attenuation coefficient, then
the range averaged attenuation profile is

200km a(z,r)
alz) = ./; 200k

where

2 .
_ 2af > a(z,r)
6,(r) = E;T?S' o c(z,r) olz) ¢

In this expression for the mode attenuation coefficient, c(z,r) is the
sound speed, p is the density, ¢n is the normal mode depth function, f
is the frequency, and kn is the normal mode eigenvalue (horizontal wave
number). To obtain the mode attenuation coefficient Gn for the range
averaged profile, T(z) is substituted for the attenuation, o(z,r), in
the expression for Gn' This second configuration is the range averaged
model. This proposed definition of range averaged attenuation profile
is the only appropriate one for the problem considered because the
averaged attenuation coefficient for each mode should reproduce the
total modal attenuation obtained from the range variable attenuation

coefficient for the averaging interval R, Thus, we require

- 1 JrR
8, F R ) dr 5n(r)

Upon substituting into this equation the previous expression for dn(r)
and interchanging the order of range and depth integrations, @&(z) as
defined is seen to be the natural choice for the attenuation profile
corresponding to 5n when no other range variation is present. When the
other quantities besides attenuation vary with range, defining an
averaged attenuation profile may be Tess meaningful (see Section IV for
related discussion).
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2. Results and Comparison

Figure 24 compares the propagation loss versus range for the
range averaged model and for the patch model. The patch is located at
different positions between source and receiver. The source depth is
10 m and the receiver depth is 100 m. The case with no patch is also
shown and gives the upper loss curve, labeled 1, in the figure. When
the patch occurs in the first 20 km after the source the propagation
loss curve is the lower one, labeled 3 and then 2, in Fig. 24. The
range averaged case (curve 4) shows a smooth increase in propagation
loss from the no patch curve to the curve for a patch immediately
following the source. When the patch is located at some intermediate
location, the propagation loss over that range interval smoothly changes
from the no patch curve to the curve for a patch immediately following
the source (curve 1 to curve 2).

Comparing the two models for treating the range variability in this
problem, one finds that either the range averaged or patch method is
adequate if no predictions are desired for intermediate ranges. This is
seen in Fig. 24 by observing that at 200 km curve 4 for the range
averaged profile gives the same incoherent propagation loss as obtained
from curve 2 at 200 km. In fact, all of the propagation loss curves
obtained by locating the patch center between 10 km and 190 km give the
same incoherent propagaticn loss at 200 km as does curve 2. However,
the range averaged description will give substantially misleading
results for intermediate ranges. For example, compare curve 3 with
curve 4 in Fig. 4. For curve 3, with the patch centered at 10 km, the
incoherent propagation loss after 20 km is as much as 7 dB greater than
that obtained from curve 4 with the more slowly accumulated loss of the
range averaged attenuation profile.

As a practical example, if one 1is interested in modeling propa-
gation over a variety of paths through a region containing a known
sediment channel which passes through an otherwise uniform environment,
a patch description will produce a more reliable model result than an
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FIGURE 24 .

PROPAGATION LOSS versus RANGE FOR
PATCH AND AVERAGED MODELS
SOURCE DEPTH: 10m RECEIVER DEPTH: 100 m
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averaged description of the region. On the other hand, because
attenuation is cumulative, a propagation problem for which paths always
traverse the channel may be solved with either the range averaged or the
detailed description.

C. Sensitivity to Attenuation Depth Gradients

1. Model Description

The frequency and geoacoustic parameters used for this problem
are the same as those employed in the absorbing patch problem except for
the sediment attenuation. In this section a dramatic range variation in
the attenuation values and profile is considered. Beginning at the
source with a constant sediment attenuation value of 0.03 dB/m/kHz, the
attenuation profile smoothly changes to one at 100 km range with a
surficial value of 0.3 dB/m/kHz and a constant depth gradient of
-0.001 dB/mz/kHz. Comments on gradient values12 and results from a
problem with a positive gradient are given in Section 11.C.6. Between
the source and 100 km, the surficial value and the value of the depth
gradient change linearly with range. Over the ranges 100-200 km, the
attenuation profile smoothly returns to the constant profile used at the
source by reversing the change between the source and 100 km. The range
average of this sediment attenuation profile is one with a surficial
attenuation of 0.165 dB/m/kHz and a constant depth gradient of
-0.0005 dB/mz/kHz. A constant attenuation profile with the same
surficial attenuation range variation and the corresponding range
average will also be considered.

2. Results and Comparison

Incoherent propagation 1loss versus range for the range
variable and range averaged attenuation profiles is shown in Figs. 25-27
for a source depth of 10 m and receiver depths of 10 m, 50 m, and 100 m,
respectively. The results with and without a depth gradient differed by
at most a few hundredths of a decibel and are not shown separately.
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The comparison between range averaged and range variable cases
is similar to that in the absorbing patch model. 1In short, substantial
differences in propagation loss between the range averaged and range
variable models may occur at ranges interior to the averaging interval,

Before discussing the results of the effect of attenuation
depth gradients, several preparatory remarks are appropriate. Hawker et
a1.13 discuss the sensitivity to positive attenuation depth gradients
typical of various deep water (softer) sediments. The absorption
becomes more sensitive to the depth gradient with increasing mode
number, The harder sediment and corresponding negative attenuation
depth gradient considered here is intended to complement the results of
Ref. 13 by treating an appropriate shallow water environment where
lateral variability is more common.

The sensitivity shown 1in Figs. 25-27 to attenuation depth
gradients of a physically realistic nature is totally ascribable to the
behavior of the mode attenuation coefficients. Because of the large
sound speed difference across the water-sediment interface, the first
few modes penetrate the bottom only weakly and are slowly attenuated.
A1l the remaining modes, with horizontal phase velocities exceeding the
sound speed at the top of the sediment layer, are heavily attenuated due
to stronger penetration and interaction with the bottom. Thus, the
modes which propagate with the least attenuation barely sample the depth
dependence of the attenuation while the modes which do sample the
attenuation depth dependence are quickly attenuated in range. The long
range sound field is thus dominated by the least attenuated modes which
are least sensitive to the attenuation depth gradient.

For softer sediments, a greater sensitivity to the attenuation
depth gradient is likely to occur (as was observed in Section I1.C.6)
because the sound field will better penetrate the sediment and sample
more than the surficial attenuation. However, even for softer sediments
the sensitivity to the attenuation gradient is likely to vary with
increasing range and for the reason cited in Section II.C.6. The
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shallower the water the more rapid the change in sensitivity with range.
With respect to the loss versus range for a sediment with a constant
attenuation value equal to the surficial value when a gradient is
present, the propagation loss with a negative gradient in sediment
attenuation will first decrease when the higher order modes are more
slowly attenuated deep in the sediment than with no gradient. As these
higher order modes become, at longer ranges, more attenuated and less
important than the lower order modes, the propagation loss with the
gradient approaches the loss without the gradient. Eventually, at the
longest ranges the loss with the negative gradient decreases relative to
the loss with no gradient.

A negative gradient in the attenuation profile is also prob-
ably Tless noticeable than a positive gradient. Modes which penetrate
the sediment far enough to notice the negative gradient are still as
heavily attenuated in the near-surface sediment as less penetrating
modes, whereas modes which penetrate into a positive gradient would be
more heavily attenuated than modes which do not penetrate.
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IV. LATERAL VARIABILITY ON A SLOPING BOTTOM

On continental slopes and margins some variability in sediment
types is expected. As observed in Section 11, different sediment types
vary in the degree to which propagation is sensitive to their
attenuation values. In order to establish priorities for measuring the
geoacoustic parameters of these sloping bottom areas several factors
need to be taken into account. The importance of the shallow water end
of the slope has clearly been established as has the need for accurate
sediment attenuation values in that region. The implication is that the
priority for establishing sediment properties decreases with increasing
water depth along the slope. Thus, removing uncertainties in bottom
type in the deeper regions of a slope has a lower priority than
obtaining the properties of the more shallow portions of the slope.

To illustrate this point consider the problem of modeling propa-
gation for the 30 upslope geometry with sediment parameters described in
Section II, except for an attenuation gradient in the sediment as given
in Section II.C.6. Instead of using the same sediment type throughout,
let the deep water range interval comprising the first 40 km have either
a sand, silt, or clay sediment. A clay sediment is used over the
remainder of the range interval. Thus, by comparing the incoherent
propagation loss versus range for the three different sediment types
used in the deep water the relative importance for upslope propagation
of knowledge of the deep water sediments to knowledge of the shallow
water sediments may be ascertained.

Figures 28-31 show the results of this study. For all four source
depth/receiver depth combinations the propagation loss through the deep
water regions (first 40 km) is quite different for the three sediment

59




INCOHERENT PROPAGATION LOSS — dB

40‘} | - SAND—CLAY AT 40 km
2 - SILT—CLAY AT 40 km

50_1 3 - CLAYONLY

no 1 f S S Ea— S 1
0 20 40 60 80 100 120 140 160
RANGE — km

FIGURE 28
PROPAGATION LOSS versus RANGE FOR LATERALLY
VARYING SEDIMENT ON A SLOPE
SOURCE DEPTH: 18 m RECEIVER DEPTH: 18 m
SEDIMENT ATTENUATION: 0.025 dB/m/kHz to 0.2 dB/m/kHz in 200 m
BOTTOM SLOPE: 3° UP




INCOHERENT PROPAGATION LOSS — dB

1 - SAND~CLAY AT 40 km
2 - SILT->CLAY AT 40 km
3 - CLAY ONLY

é
|
!
]
) '
110 ]L T T | T T T T ]
0 20 40 60 80 100 120 140 160
RANGE — km
FIGURE 29

PROPAGATION LOSS versus RANGE FOR LATERALLY
VARYING SEDIMENT ON A SLOPE
SOURCE DEPTH: 18 m RECEIVER DEPTH: 91 m
SEDIMENT ATTENUATION: 0.025 dB/m/kHz to 0.2 dB/m/kHz in 200 m
BOTTOM SLOPE: 3° UP




[
i

INCOHERENT PROPAGATION LOSS — db

40 ] - SAND-CLAY AT 40km
2 - SILT—CLAY AT 40 km

50 — 3 - CLAY ONLY
60 —
70—

]
80

3
90
100
‘]o LU ..._,’_.,.,_, e e - U

T T 1 T | T T —
0 20 40 60 80 100 120 140 160
RANGE — km
FIGURE 30

PROPAGATION LOSS versus RANGE FOR LATERALLY
VARYING SEDIMENT ON A SLOPE
SOURCE DEPTH: 91 m RECEIVER DEPTH: 18 m
SEDIMENT ATTENUATION: 0.025 dB/m/kHz to 0.2 dB/m/kHz in 200 m
BOTTOM SLOPE: 3° UP

ARL:UT
AS-82-194
RAK - GA
3-5-82
62 8




INCOHERENT PROPAGATION LOSS — d8

1 - SAND—+CLAY AT 40 km
2 - SILT—>CLAY AT 40 km
3 - CLAY ONLY

N0 T T T T T T T \
0 20 40 60 80 100 120 140 160
RANGE — km
FIGURE 31

PROPAGATION LOSS versus RANGE FOR LATERALLY
VARYING SEDIMENT ON A SLOPE
SOURCE DEPTH: 91 m RECEIVER DEPTH: 91 m
SEDIMENT ATTENUATION: 0.025 dB/m/kHz to 0.2 dB/m/kHz in 200 m
BOTTOM SLOPE: 3°UP

Pndibaca .




types. However, as the clay sedimented slope is traversed, the three
incoherent propagation loss curves merge in each figure some 10 km
before the top of the slope where the sound channel axis intersects the
water-sediment interface. The coherent propagation loss curves also
merge eventually, but they do not become especially similar until
approximately 10 km into the shallow water past the edge of the slope.

One aspect of these results that should be noted is that, con-
sistent with the results discussed in Section II and in Ref. 9, the
variation in propagation loss over the first 40 km for the three dif-
ferent sediments is dependent upon source depth, i.e., the differences
result because the highest order modes to which a shallow source couples
are most sensitive to bottom type. Thus, bottom type is not negligible
in determining the sound field incident on the slope, especially for
either shallow sources or receivers. Also, the effect of bottom type
could not be neglected if propagation between near-surface or near-
bottom sources and receivers in deep water were the subject of interest.

Because the modeling parameters in this example were somewhat
exaggerated, some care must be exercised in drawing conclusions.
Indeed, additional work in this area is needed. However, our conclusion
concerning the relative importance of the shallow water parameters are
well founded because they are based upon knowledge of the relevant
propagation mechanisms.

A tentative conclusion is that a more detailed description of the
continental margins is more suitable for propagation modeling of slopes
than an "average" bottom description because of the rapid change in
sensitivity to bottom parameters as sound propagates over a slope.
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V. CONCLUSIONS

The work presented in this report concerns the propagation of low
frequency underwater sound over regions with sloping bottoms and
laterally varying subbottom properties.

lha® o e e ek

The work in Section Il considered low frequency underwater acoustic
propagation over thickly sedimented slopes. The major propagation
mechanisms identified were spreading 1loss, renormalization, bottom
attenuation, mode effectiveness, and mode cutoff. Bottom type, SVP, and
water depth are environmental features which determine the relative
importance of these propagation mechanisms. In determining the relative
importance of these mechanisms, the effect of varying range, source
depth, receiver depth, sediment type, sediment attenuation, bottom
slope, and sediment attenuation gradient was studied. The role of
basement properties, sediment thickness, shallow water depth and SVP,
and frequency was not treated.

The following conclusions were reached concerning propagation over
a sloping bottom.

1. The sensitivity of incoherent propagation loss to the value of
sediment attenuation increases with changes in sediment type from sand
to silt to clay. However, when the magnitude of attenuation value is
restricted to the physical range appropriate to each sediment type, this
sensitivity is approximately independent of sediment type. This happens
because the increase in sensitivity with sediment type is compensated
for by a decreasing physical range of variability for attenuation

values.




2. Accurate values of sediment attenuation are more important for

shallow water than deep water. This relative importance increases with
increasing difference in water depth between deep and shallow areas.

3. The relative importance of wusing accurate shallow water
sediment attenuation values versus accurate deep water sediment at-
tenuation values increases with increasing range from the shallow water
acoustic element to the beginning of the slope.

4., Slope angle is not a useful parameter for characterizing
incoherent propagation loss over thickly sedimented slopes. All effects
ascribable to slope angle are more usefully decomposed into cylindrical
spreading and accumulated attenuation.

5. Incoherent propagation Tloss for propagation over slopes
depends on the depth of the deep water element only, whether it be the
source {upslope) or receiver (downslope). It depends only weakly on the
depth of the shallow water element. The depth gradient of the downslope
incoherent propagation loss is strongest near the water surface or near
the water-sediment interface. This depth gradient is weakest near the
sound channel axis.

6. The ratio of bottom interacting power to waterborne power from
deep water sources increases as the source moves nearer the surface and
away from the sound channel. As the source depth approaches the channel
axis, the waterborne power nearer the channel axis is converted upon
encountering a slope into bottom interacting power which is less rapidly
attenuated than the bottom interacting power propagating directly from
sources nearer the water surface.

7. The sensitivity of propagation to positive sediment attenu-
ation gradients may increase or decrease with source to receiver sepa-
ration. This sensitivity will typically decrease with increasing range
for propagation to short ranges in either deep or shallow water or
downslope. For upslope propagation or at sufficiently long ranges in
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shallow water, the effect of a sediment attenuation gradient will
typically increase with increasing range.

The work in Section III considered low frequency shallow water
propagation over thick sand sediments with laterally varying
attenuation, A comparison was made between range averaged and
unaveraged descriptions of an absorbing sediment patch and of a range
varying attenuation gradient. The following conclusions were made.

1. For propagation over ranges different from that over which the
averaging was performed, the range averaged description of Tlateral
sediment variations can give large errors in incoherent propagation
loss.

2. For a fixed low frequency, incoherent propagation loss over
thick sand sediments in shallow water is insensitive to modest negative
depth gradients in the attenuation profile.

The work in Section IV considered low frequency propagation up a
slope with thick sediment cover and laterally varying sediment type.
The following conclusion was made.

1. The importance of deep water sediment type in determining the
incoherent propagation loss decreases with range from the bottom to the
top of the slope.

Several observations are relevant with regard tc various aspects of
this work. Questions concerning the sensitivity of a quantity, such as
propagation 1loss, to variations in parameters can have meaningful
answers if the questions specify how the quantity is to be used., For
example, suppose a system performance prediction will be accurate if an
uncertainty of 0.05 dB/m/kHz in the sediment attenuation value produces
Jess than 3 dB change in propagation loss. Results presented here show
that for silt and clay this requirement is not met, whereas for sand it
is. In this instance propagation over silt and clay would be sensitive
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to variations in sediment attenuation values whereas propagation over
sand would not be. On the other hand, if accurate system performance
predictions require that any value from the observed range of
attenuations for a given sediment give the same propagation loss

prediction within 3 dB, then propagation over any sediment type would be
sensitive to sediment attenuation value because the requirement is not
met for any sediment, as shown by the results presented here.
Conversely, the same results show that measurement of propagation loss
to within 3 dB might allow the determination of attenuation value for a
clay sediment to within 0.03 dB/m/kHz, whereas the same measurement for
a sand sediment could give an uncertainty of 0.1 dB/m/kHz or larger.
Similar comments could be made concerning the results of Sections III
and IV on sensitivity to lateral variations.

Since the time the work on sensitivity to depth gradients of
sediment attenuation was performed, as reported in Section III, Mitchell
and Focke14 have observed that the existence of an optimum frequency for
shallow water propagation may be related to the behavior of the
attenuation profile with depth. Inasmuch as the lateral variability
study results given in Section III do not consider frequency dependence,

future efforts should be directed to this aspect of the problem,

Another area for future work in lateral variability is the further
examination of propagation over variable sediment type, particularly in
more shallow regions of a slope. The effect of sediment patching on
coherence between array elements would be of interest.

Finally, future efforts need to examine the effect of solid base-
ments and sediments in propagation through range variable environments.
The additional mechanisms associated with shear waves should be iden-

tified, especially for propagation over sloping bottoms with sediment
variability.
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