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Shallow-water seabeds are often varied and complex, and are known to have a strong effect on 
acoustic propagation. Some of these seabeds can be modeled successfully as fluid or solid half- 
spaces. However, unexpectedly high propagation loss with respect to these models has been 
measured in several regions with rough, partially exposed, hard-rock seabeds. It is shown that 
the high propagation loss in these areas can be modeled successfully by introducing a thin layer 
of elastic-solid sediment over the hard-rock substrate. Propagation loss predictions using the 
S^F^RI fast-field program exhibit bands of high loss at regularly spaced frequencies. Normal- 
mode calculations show resonance phenomena, with large peaks in the modal attenuation 
coefficients at these same frequencies, and with rapid changes in the mode wavenumbers. 
Bottom reflection loss calculations indicate that the high propagation loss is due to absorption 
of shear waves in the sediment layer. 

INTRODUCTION 

Acoustic propagation in the ocean is influenced by 
many things. In shallow water, the acoustic field may inter- 
act repeatedly with the seabed along the propagation path. 
Propagation loss is thereby affected strongly by the reflec- 
tion characteristic of the seabed. Sound energy is lost as a 
result of radiation into, and absorption by, the seabed, and 
by scattering at layer boundaries. 

The propagation loss characteristics of some seabed 
types can be modeled by treating the seabed as a fluid or solid 
half-space substrate, with a plane boundary at the water- 
substrate interface (Akal and Jensen, 1983). A seabed cov- 
ered with a thick layer of sediment may be modeled as a fluid 
half-space, and propagation over a chalk seabed has been 
treated successfully by including shear-wave conversion and 
attenuation in the chalk (Ellis and Chapman, 1985). These 
same models predict low propagation loss over hard-rock 
seabeds. However, acoustic measurements in several shal- 
low-water areas with partially exposed, hard-rock seabeds, 
or hard-rock seabeds covered with a thin layer of sediment, 
reveal very high propagation loss over a wide band of fre- 
quencies (MacPherson and Fothergill, 1962; Worley and 
Walker, 1982; Staal and Chapman, 1985; Beebe and Hol- 
land, 1986). 

Very little has been published about propagation loss 
measurements over partially exposed, hard-rock seabeds. 
MacPherson and Fothergill (1962) show propagation loss 
measurements from the Hartlen Point region of the Scotian 
Shelf, an area with a rough, partially exposed, hard-rock 
seabed. They point out a strong seasonal dependence for the 
propagation loss, with low propagation loss in the winter, 
when a positive temperature gradient produces a surface 
duct, and high propagation loss in summer, when a negative 
temperature gradient causes the acoustic field to interact 
with the seabed. Worley and Walker (1982) show data from 
an experiment in the Gulf of Maine, over a hard-rock seabed 

with a thin covering of sediment. Their explosive shot data 
are not calibrated, but the measurements indicate high prop- 
agation loss in the area. Beebe and Holland (1986) show 
propagation loss data from an experiment on the Scotian 
Shelf, in an area with a thin layer of sediment covering a 
hard-rock seabed. Their modeling work indicates that 
neither bottom roughness nor shear-wave excitation in the 
rock seabed can account for the high acoustic propagation 
loss below about 100 Hz. They show that the inclusion of a 
thin layer of solid sediment over the hard-rock substrate can 
account for the observed propagation loss. Staal and Chap- 
man (1985) present measurements from an experiment on 
the eastern Canadian Continental Shelf, in an area with a 
rough, partially exposed, granite seabed. They measured un- 
expectedly high propagation loss in the 10- to 100-Hz fre- 
quency band, and attribute this to seabed roughness. Staal et 
al. (1986) show additional data from the same area, from an 
experiment designed to determine the effect of bottom 
roughness on propagation loss over the partially exposed, 
granite seabed. They determine that although bottom rough- 
ness does affect propagation loss, it is not the dominant fac- 
tor in the high loss observed in the 10- to 100-Hz frequency 
band. Chamuel and Brooke (1988) present some propaga- 
tion loss data from the Barrow Strait area, in the Canadian 
Arctic. Their data display high propagation loss above ap- 
proximately 10 Hz. They suggest that energy lost to Bragg 
scattering due to topographical roughness of the seafloor is 
responsible for the high propagation loss. 

Theoretical analyses of the effect of sediment layers on 
acoustic propagation in the ocean have been presented by 
¾idmar (1980a,b) and Harrison and Cousins (1985). Har- 
rison and Cousins discuss a number of different sediment 

and substrate configurations with regard to relative 
compressional and shear speeds. They state that in the case 
of a very low shear-speed sediment and a high-speed sub- 
strate, one would expect a resonance in the sediment shear 
wave at a frequency corresponding to a layer thickness of 
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one-quarter wavelength. Vidmar describes the specific case 
of a layer of solid sediment over a semi-infinite solid sub- 
strate. He discusses the conditions for which the sediment 

layer may be considered thick and treated as a fluid, and 
contrasts this with the case of a thin layer of sediment, which 
must be treated as a solid. The sediment layer is thin if the 
incident compressional wave is able to reach the sediment- 
substrate interface, where some of the compressional wave 
energy can be converted into sediment shear-wave energy. 
He predicts a resonance of the sediment shear wave at fre- 
quencies corresponding to a layer thickness of one-quarter 
wavelength. This sediment shear-wave resonance results in 
peaks in the bottom reflection loss on the order of 25 dB. He 
concludes that shear-wave excitation in the thin layer of 
sediment can be the dominant energy loss mechanism. 

The purpose of this work is to show that the high propa- 
gation loss measured at some shallow-water sites is due to 
the excitation of sediment shear waves. We model propaga- 
tion loss data from five sites: two sites on the Scotian Shelf, 
one site on the eastern Canadian Continental shelf, one site 
in the Canadian Arctic, and one site on the UK Continental 
Shelf. We include new data from an area near one of the sites 

reported by Beebe and Holland ( 1986, their site 2), and new 
data from near the area in Barrow Strait reported by Cha- 
muel and Brooke (1988). Also included are data from the 
eastern Canadian Continential Shelf reported previously by 
Staal et al. (1986). Except for one of the Scotian Shelf sites 
and the UK Continental Shelf site, these areas can be charac- 
terized by a hard-rock substrate covered by a thin layer of 
sediment. 

In Sec. I, we present theoretical and measured propaga- 
tion loss over seabeds with three different consolidations: 

unconsolidated sediment (sand), consolidated sediment 

(chalk), and hard rock (granite). The theoretical propaga- 
tion loss data are calculated using the SAFARI program 
(Schmidt, 1988), a fast-field computer program that imple- 
ments a full-wave solution of the wave equation for range- 
independent layered media. We show that the theoretical 
propagation loss data calculated for a single-layer fluid sand 
seabed and for a single-layer solid chalk seabed are in agree- 
ment with experimental data. For the hard-rock seabed, 
however, the theoretical propagation loss calculated for the 
single-layer solid model differs from the experimental data 
by as much as 60 dB. 

In Sec. II, the geoacoustic model for the hard-rock 
seabed is modified to include an overlaying thin layer of solid 
sediment. For this two-layer seabed model, we demonstrate 
that SAFARI, a normal-mode program developed recently at 
DREA, predicts narrow bands of very high propagation 
loss, at regularly spaced frequencies. These predictions are in 
approximate agreement with the experimental propagation 
loss measurements. Calculations of the mode attenuation co- 

efficients and mode wavenumbers indicate a resonance effect 

due to the excitation of shear waves in the thin layer of sedi- 
ment. 

In Sec. III, we present calculations of bottom reflection 
loss for the two-layer seabed model of the site on the eastern 
Canadian Continental Shelf. Also shown are the compo- 
nents of bottom reflection loss due to absorption of compres- 

sional waves and shear waves in the thin layer of sediment, 
and due to radiation of compressional waves and shear 
waves into the hard-rock substrate. These calculations indi- 

cate that the only significant loss mechanism at the frequen- 
cies of high propagation loss is associated with absorption of 
shear waves in the sediment layer. 

Section IV contains a discussion of our results. Particu- 

lar emphasis is placed on the excitation of shear-wave reson- 
ances in the thin layer of sediment. Conclusioni•are given in 
Sec. V. 

I. EXPERIMENTAL PROPAGATION LOSS AND SIMPLE 
MODEL 

In this section, we present theoretical calculations of 
acoustic propagation loss as a function of frequency for three 
different bottom types: unconsolidated sediment (sand), 
consolidated sediment (chalk), and hard rock (granite). 
The theoretical propagation loss data are compared with 
measured data for similar seabeds. 

The measured propagation loss data were recorded us- 
ing the hydrophone array Hydra (Staal, 1987). In all cases, 
explosive charges were used as the acoustic source. The data, 
taken from hydrophones resting on the seabed, have been 
averaged over third-octave bands centered at frequencies 
from 2.5-812.7 Hz. 

The theoretical propagation loss data are computed us- 
ing SAFARI (Schmidt, 1988), a fast-field computer program 
that calculates acoustic propagation loss in horizontally 
stratified fluid-solid environments. The program is based on 
a full-wave solution of the wave equation, and can accommo- 
date a large number of fluid and solid layers. Input to SAFARI 
consists of a description of the physical environment: the 
geoacoustic model. The SAFARI geoacoustic model describes 
each layer in terms of layer thickness, sound speed, attenu- 
ation, density, and roughness at the upper boundary of the 
layer. Shear speed and attenuation are specified for solid lay- 
ers. Output from SAFARI is coherent propagation loss as a 
function of range for the given geoacoustic model, source- 
receiver geometry, and frequency. 

The coherent propagation loss output from SAFARI fluc- 
tuates rapidly with range. In order to make meaningful com- 
parisons, for a given range, with the measured third-octave 
propagation loss versus frequency data, it is necessary to 
smooth out these fluctuations. Smoothed propagation loss 
versus frequency curves are obtained from the SAFARI out- 
put as follows. First, we approximate the propagation loss 
with a function of the form 

PL = A log(r) + Br + C, ( 1 ) 

where, P L is the approximate propagation loss, r is the 
source-receiver range, and A, B, and C are constants deter- 
mined by least-squares techniques. We then sample the ap- 
proximate propagation loss from Eq. (1) at the range of 
interest. All theoretical propagation loss calculations pre- 
sented here from SAFARI make use of Eq. ( 1 ). 

The simple geoacoustic model is that of a shallow, isove- 
locity ocean over a semi-infinite seabed. We do not expect 
exact agreement between the measured data and the results 
of this model: SAFARI models a continuous source, while the 
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FIG. 1. Measured propagation loss versus frequency over a thick bank of 
sand (filled squares), and theoretical propagation loss over fluid (upward 
pointing triangles) and solid (downward pointing triangles) single-layer 
unconsolidated sediment seabeds (Table I). The source-to-receiver range is 
12.7 km; the water depth is 70 m. 

experimental data are from an explosive source; the theoreti- 
cal data do not include the effects of third-octave filtering; 
SAFARI models a range-independent environment, which is 
not always a good approximation to the experiment environ- 
ment; and the model employs an isovelocity sound-speed 
profile. However, these approximations yield a simple model 
that is able to show the low-frequency propagation loss fea- 
tures to be illustrated here. 

A. Propagation over unconsolidated sediment 

Large portions of the Scotian Shelf are made up of sand- 
covered banks. In areas where the sand is so thick that very 
little acoustic enegy reaches the substrate, the seabed may be 
modeled as a fluid half-space (Vidmar, 1980a). In Fig. 1, we 
show a comparison between measured propagation loss over 
a thick bank of sand on the Scotian Shelf, and theoretical 
propagation loss over both fluid and solid half-spaces of 
sand. 

The geoacoustic model for the solid sand seabed is given 

TABLE I. Geoacoustic model for propagation over an unconsolidated sedi- 
ment seabed (sand). Sound speed and attenuation in the seabed are given 
for both compressional waves (p) and shear waves (s). 

Layer 
Thickness Sound speed Attenuation Density 

(m) (m/s) (dB/m/kHz) (g/cm 3) 

Water 70 1460 0.0 1.0 

Seabed •o p 1750 0.26 2.06 
s 170 13.0 

in Table I. (The geoacoustic model for the fluid seabed is 
obtained by setting the shear speed and shear attenuation to 
zero.) The seabed properties are for "Sable Island" sand, a 
common surficial sediment on the Scotian Shelf. The 

compressional speed is 1750 m/s (Chapman and Ellis, 
1980), the compressional attenuation is 0.26 dB/m/kHz 
( Dodds, 1980), and the density is 2.06 g/cm 3 ( Beebe, 1980 ). 
The shear speed and attenuation for the solid seabed are 
estimated from Hamilton (1980) to be 170 m/s and 13 dB/ 
m/kHz. The sound speed in the water is 1460 m/s, a value 
typical for winter conditions on the Scotian Shelf. The water 
depth at the bottom-mounted hydrophone receiver is 70 m, 
and the acoustic source is a 0.8-kg (1.8-lb) explosive charge 
detonated at 18.3-m (60-ft) depth. The source-to-receiver 
range is 12.7 km. 

From Fig. 1, we can see that the theoretical propagation 
loss characteristics for the fluid sand and solid sand seabeds 

are very similar, with the loss over solid sand about 2 dB 
greater than over fluid sand. Furthermore, we see that both 
these theoretical predictions agree well with the measured 
data at frequencies above the cutoff for nonattenuated modal 
propagation (about 9.5 Hz) (Urick, 1975). Below 4 Hz, the 
measured data show energy that may be associated with an 
interface wave, while the theoretical propagation loss in- 
creases dramatically below the mode cutoff frequency. The 
interface wave would likely propagate along the boundary 
between the sediment layer and the substrate. With the 
seabed modeled here by a sand half-space, the boundary 
between the sediment layer and the substrate has been ig- 
nored, so the interface wave effect cannot be predicted. 

B. Propagation over consolidated sediment 

In Fig. 2, we show a comparison between measured 
propagation loss over a chalk seabed on the UK Continental 
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FIG. 2. Measured propagation loss versus frequency over a thick layer of 
chalk (filled squares), and theoretical propagation loss over fluid (upward 
pointing triangles) and solid (downward pointing triangles) single-layer 
consolidated sediment seabeds (Table II). The source-to-receiver range is 
13.0 km; the water depth is 106 m. 
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TABLE II. Geoacoustic model for propagation over a consolidated sedi- 
ment seabed (chalk). Sound speed and attenuation in the seabed are given 
for both compressional waves (p) and shear waves (s). 

Layer 
Thickness Sound speed Attenuation Density 

(m) (m/s) (dB/m/kHz) (g/cm 3) 

Water 106 1500 0.00 1.0 

Seabed oo p 2400 0.1 2.2 
s 1000 1.0 

Shelf and theoretical propagation loss over both fluid and 
solid half-spaces of chalk. The geoacoustic model is given in 
Table II. (Again, the shear speed and attenuation are set to 
zero to obtain the geoacoustic model for the fluid seabed. ) 
The compressional speed and attenuation are 2400 m/s and 
0.1 dB/m/kHz, the shear speed and attenuation are 1000 m/ 
s and 1.0 dB/m/kHz, and the density is 2.2 g/½m 3 (Ellis and 
Chapman, 1985). The water sound speed is taken to be 1500 
m/s. The water depth at the bottom-mounted hydrophone 
receiver is 106 m, and the acoustic source is a 0.45-kg (l-lb) 
explosive charge detonated at 38-m (125-ft) depth. The 
source-to-receiver range is 13.0 km. 

The measured data show high propagation loss below 
approximately 100 Hz. In contrast, the theoretical data cal- 
culated for the fluid seabed show uniform propagation down 
to the mode cutoff frequency (about 4.7 Hz). The theoreti- 
cal data calculated for the solid seabed more closely match 
the measured data, showing high loss at frequencies between 
10-100 Hz. We see that it is necessary to include shear-wave 
conversion in the seabed to predict the propagation loss 
characteristics measured over the chalk seabed (Staal, 1983; 
Ellis and Chapman, 1985). 

C. Propagation over hard rock 

There are extensive shallow-water regions along the east 
coast of Canada where the seabed was scoured by glaciers 
during the last ice age. In these areas, the sediment covering 
is very thin, on the order of a few meters, or nonexistent. 
There are areas with outcroppings of bedrock, and areas 
with large boulders scattered about. In Fig. 3, we show a 
comparison of measured propagation loss over a rough, par- 
tially exposed granite seabed off the eastern Canadian Conti- 
nental Shelf ( Staal et al., 1986), and theoretical propagation 
loss over a solid hard-rock half-space. 

The geoacoustic model for the theoretical propagation 
loss calculations over the solid hard-rock seabed is given in 
Table III. The sound speed in water is taken to be 1460 m/s, 
typical for this area. The seabed parameters are for granite 
(Beebe and Holland, 1986): the compressional sound speed 
and attenuation are 5500 m/s and 0.1 dB/m/kHz, the shear 
sound speed and attenuation are 2400 m/s and 0.06 dB/m/ 
kHz, and the density is 2.6 g/cm 3. The water depth at the 
bottom-mounted hydrophone receiver is 150 m, and the 
acoustic source is a 0.45-kg (l-lb) explosive charge detonat- 
ed at 65-m (215-ft) depth. The source-to-receiver range is 
13.0 km. 
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FIG. 3. Measured propagation loss versus frequency over a rough, partially 
exposed granite seabed (filled squares), and theoretical propagation loss 
over a single-layer solid, hard-rock seabed (downward pointing triangles) 
(Table III ). The source-to-receiver range is 13.0 km; the water depth is 150 
m. 

Figure 3 shows clearly that the single-layer solid-seabed 
model does not account for the propagation loss measured at 
this site. The measured data exhibit high propagation loss in 
a wide frequency band below about 1 kHz, while the theo- 
retical calculations predict low propagation loss down to the 
cutoff frequency for mode 1 (about 2.5 Hz). 

In the next section, the geoacoustic model is modified to 
include a thin layer of solid sediment overlaying the hard- 
rock substrate. It will be shown that the measured propaga- 
tion loss curve in Fig. 3, and propagation loss measured at 
two additional shallow-water sites, can be described success- 
fully by such a model. 

II. PROPAGATION LOSS OVER A TWO-LAYER SEABED 

In this section, we describe theoretical calculations of 
propagation loss using a modified model of the seabed: a 
two-layer model with a thin layer of solid sediment overlay- 
ing a hard-rock substrate. The two-layer seabed model yields 
predictions of bands of very high propagation loss, i.e., prop- 
agation nulls, at regularly spaced frequencies. 

TABLE III. Geoacoustic model for propagation over an exposed hard-rock 
seabed (granite). Sound speed and attenuation in the rock seabed are given 
for both compressional waves (p) and shear waves (s). 

Layer 
Thickness Sound speed Attenuation Density 

(m) (m/s) (dB/m/kHz) (g/cm 3 ) 

Water 150 1460 0.00 1.0 

Seabed oo p 5500 0.1 2.6 
s 2400 0.06 
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TABLE IV. Geoacoustic model for propagation at the Scotian Shelf site. 
Sound speed and attenuation in the sediment and substrate are given for 
both compressional waves (p) and shear waves (s). 

Layer 
Thickness Sound speed Attenuation Density 

(m) (m/s) (dB/m/kHz) (g/cm 3 ) 

Water 72 1460 0.00 1.0 

Sediment 5 p 1780 0.7 2.2 
s 170 13.0 

Substrate oo p 5500 0.1 2.6 
s 2400 0.06 

TABLE VI. Geoacoustic model for propagation at the Arctic Shelf site. 
Sound speed and attenuation in the sediment and the rock substrate are 
given for both compressional waves (p) and shear waves (s). 

Layer 
Thickness Sound speed Attenuation Density 

(m) (m/s) (dB/m/kHz) (g/½m 3) 

Water 165 1460 0.00 1.0 

Sediment 2.5 p 2000 0.15 2.1 
s 800 1.75 

Substrate oo p 5500 0.1 2.6 
s 2400 0.06 

A. The geoacoustic model 

The geoacoustic models for three shallow-water sites 
with sediment-covered hard-rock seabeds (Scotian Shelf, 
Continental Shelf, and Arctic Shelf) are given in Tables IV- 
VI. At two sites (Scotian Shelf and Continental Shelf), the 
thin layer of sediment is composed of sand, with low shear 
speed and high shear attenuation. At the third site (Arctic 
Shelf), the thin layer is composed of glacial till, with a higher 
shear speed and lower attenuation. At all three sites, the 
underlying hard-rock substrate has high speed and low at- 
tenuation for both compressional and shear waves. 

The first site (Scotian Shelf, Table IV) is modeled by a 
5-m layer of low shear-speed sand covering a granite sub- 
strate. The layer thickness and geoacoustic parameters for 
the sediment are from Beebe and Holland (1986): the 
compressional sound speed and attenuation are 1780 m/s 
and 0.7 dB/m/kHz, the shear sound speed and attenuation 
are 170 m/s and 13 dB/m/kHz, and the density is 2.2 g/cm 3. 
Also from Beebe and Holland (1986) are the geoacoustic 
parameters for the granite substrate: the compressional 
sound speed and attenuation are 5500 m/s and 0.1 dB/m/ 
kHz, the shear sound speed and attenuation are 2400 m/s 
and 0.06 dB/m/kHz, and the density is 2.6 g/cm 3. The 
sound speed in water is taken to be 1460 m/s. The water 
depth at the bottom-mounted hydrophone receiver is 72 m, 
and the acoustic source is a 0.8-kg (1.8-lb) explosive charge 
detonated at 18.3-m (60-ft) depth. The source-to-receiver 
range is 12.4 km. 

The second site (Continental Shelf, Table V) is modeled 

TABLE V. Geoacoustic model for propagation at the Continental Shelf 
site. Sound speed and attenuation in the sediment and the rock substrate are 
given for both compressional waves (p) and shear waves (s). 

Layer 
Thickness Sound speed Attenuation Density 

(m) (m/s) (dB/m/kHz) (g/½m 3 ) 

Water 150 1460 0.00 1.0 

Sediment 1.75 p 1780 0.7 2.2 
s 170 13.0 

Substrate oo p 5500 0.1 2.6 
s 2400 0.06 

using the same sediment and substrate parameters as speci- 
fied for the Scotian Shelf site (Table IV), except that the 
thickness of the sediment layer is 1.75 m. The thickness of 
the sediment layer has been chosen to position the null in the 
theoretical propagation loss at the experimentally observed 
null frequency of about 25 Hz. The remaining geoacoustic 
parameters are the same as given above in Sec. I C (Table 
III) for the Continental Shelf site. 

The third site (Arctic Shelf, Table VI) is modeled by a 
2.5-m-thick layer of glacial till with the following geoacous- 
tic parameters: the compressional sound speed and attenu- 
ation are 2000 m/s and 0.15 dB/m/kHz, the shear sound 
speed and attenuation are 800 m/s and 1.75 dB/m/kHz, and 
the density is 2.1 g/cm 3. The compressional sound speed is 
based on field observations (Ozard, 1989), while the other 
parameters are estimates based on the structure of the till 
material. The thickness of the till layer is consistent with 
field observations in the area (Ozard, 1989), and has been 
chosen to produce a null in the theoretical data at the ob- 
served null frequency of about 130 Hz. The sound speed in 
water is taken to be 1460 m/s. The water depth at the bot- 
tom-mounted hydrophone receiver is 165 m, and the acous- 
tic source is a 0.45-kg (l-lb) explosive charge detonated at 
65-m (215-ft) depth. The source-to-receiver range is 9.3 km. 

B. Sn•nR• propagation loss calculations 

Using the SAFARI program, theoretical propagation loss 
data have been calculated for the shallow-water sites de- 

scribed above and specified by the geoacoustic models given 
in Tables IV-VI. Figures 4-6 show the theoretical and mea- 
sured propagation loss data for each site. In all cases, the 
measured data exhibit high loss across a wide band of fre- 
quencies. 

Figure 4 shows a comparison between measured propa- 
gation loss at the Scotian Shelf site and theoretical propaga- 
ton loss for the two-layer seabed model given in Table IV. 
Also shown are the data of Beebe and Holland (1986). Their 
data were obtained in only 32 m of water and at a source- 
receiver range of just 4 km. Our measured propagation loss 
data from a nearby site are nonetheless very similar, and are 
extended in frequency down to 2.5 Hz. The measured propa- 
gation loss increases steadily with decreasing frequency 
from 1 kHz down to about 80 Hz. Below 6 Hz, there is evi- 
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FIG. 4. Measured propagation loss versus frequency at the Scotian Shelf 
site (filled squares), and theoretical propagation loss for the corresponding 
two-layer seabed (d6wnward pointing triangles) (Table IV). The source- 
to-receiver range is 12.4 km; the water depth is 72 m. Also shown, for com- 
parison, are Beebe and Holland's data (1986) (open squares). 

dence in the measured data of an interface wave, probably 
propagating along the sediment-substrate interface. The 
theoretical propagation data match the measured data well 
above 40 Hz. There is also an indication in the theoretical 

data of an interface wave at 5 Hz. Note the peaks (bands of 

low propagation loss at 4, 16, and 25 Hz) and nulls (bands of 
high propagation loss at 10, 20, and 32 Hz) in the measured 
propagation loss, and corresponding peaks (at 5, 20, and 32 
Hz) and nulls (at 8, 25, and 40 Hz) in the theoretical propa- 
gation loss data. These peaks and nulls are evidence of a 
resonance condition associated with the thin layer of solid 
sediment, and will be discussed in some detail in Sec. III. 

The propagation loss data measured at the Continental 
Shelf site, previously reported by Staal et al. (1986), are 
shown in Fig. 5 with the theoretical calculation of propaga- 
tion loss using the two-layer seabed model given in Table V. 
The measured propagation loss increases steadily with de- 
creasing frequency from 1 kHz down to about 50 Hz, with a 
band of very high propagation loss centered at 25 Hz. Below 
25 Hz, the propagation loss decreases rapidly to a minimum 
at 5 Hz. The theoretical propagation loss data show a deep 
primary null at 25 Hz and a secondary null at about 70 Hz. 
These nulls are evidence of a resonance condition associated 

with the thin layer of solid sediment. 
The measured and theortical propagation loss data for 

the Arctic Shelf site are shown in Fig. 6. The measured prop- 
agation loss is reasonably constant from 1 kHz down to 
about 15 Hz, with the exception of a null at about 130 Hz. 
Below 15 Hz, the propagation loss decreases, probably due 
to an interface wave and low-order modes. The theoretical 

propagation loss data match the measured data well at and 
above the null at 130 Hz, and below about 10 Hz. Between 
these frequencies, the theoretical propagation loss is much 
less than the measured propagation loss. This discrepancy is 
likely due to the approximations made in the modeling and 
an incomplete knowledge of the seabed structure at the ex- 
perimental site. Even so, the propagation null at 130 Hz is 
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FIG. 5. Measured propagation loss versus frequency at the Continental 
Shelf site (filled squares), and theoretical propagation loss for the corre- 
sponding two-layer seabed (downward pointing triangles) (Table V). The 
source-to-receiver range is 13.0 km; the water depth is 150 m. 

FIG. 6. Measured propagation loss versus frequency at the Arctic Shelf site 
(filled squares), and theoretical propagation loss for the corresponding 
two-layer seabed (downward pointing triangles) (Table VI). The source- 
to-receiver range is 9.3 km; the water depth is 165 m. 
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FIG. 7. Theoretical propagation loss versus frequency for the two-layer 
seabed model for the Continental Shelf site (Table V), using the s^F^aI 
program (open squares) and the DREA normal-mode program (open cir- 
cles). The source-to-receiver range is 13.0 km; the water depth is 150 m. 

strong, and is evidence of a resonance in the thin layer of 
glacial till. 

C. Normal-mode calculations 

A normal-mode program has been developed using a 
generalization of the method of Hall et al. (1983) to obtain 
the mode wavenumbers and mode functions for an environ- 

ment with multiple solid layers. Mode normalizations, at- 
tenuations, and group velocities are then obtained using the 
formulas of Koch et al. (1983). The model is discussed in 
more detail in Appendix A. Propagation loss calculations, 
performed for the Continental Shelf case using the inputs 
from Table V (source-receiver range is 13.0 km), are com- 
pared with the S^F^RI predictions in Fig. 7. The normal- 
mode propagation loss predictions are made by summing the 
modes incoherently, while the S^F^RI predictions are ob- 
tained from smoothing the coherent Propagation loss output 
using Eq. (1). In spite of the differences between the two 
calculations, the predictions are in excellent agreement up to 
about 100 Hz. Above 100 Hz, the two models are in reason- 
able agreement, although the normal-mode calculations 
show nulls that are not present in the SAFARI predictions. 
Calculations of mode attenuations and eigenvalues are also 
presented below, since they help explain the nature of the 
resonances at low frequencies. 

Figure 8 shows attenuation coefficents in dB/km for the 
first few modes. Note the very high attenuations around 25 
and 70 Hz, corresponding to the high loss bands in the mea- 
sured propagation loss and in the model predictions shown 
in Figs. 5 and 7. These result from resonances in the thin 
layer of sediment, at frequencies corresponding to 1/4 and 
3/4 wavelengths of the shear wave. Since the measured data 
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FIG. 8. Normal-mode attenuation coefficients versus frequency for the first 
six modes (n ---- 0 to 5), based on the geoacoustic model for the Continental 
Shelf site (Table V). Note that the lowest-order mode drops out as the fre- 
quency increases through each resonance. 

shown in Fig. 5 are averaged over third-octave bands, the 
effect of the resonances at higher frequencies is reduced in 
the measurements compared to the model predictions. An- 
other interesting feature of the modal attenuation coeffi- 
cients, not evident from Fig. 8, is that at the higher frequen- 
cies the attenuation coefficients are relatively large for 
modes corresponding to grazing angles around 30 ø in the 
water. This behavior corresponds to the plane-wave reflec- 
tion loss results described in the next section [ and illustrated 
in Fig. 10(a) ]. Also, the attenuation is quite low at angles 
just below the critical angle, or mode cutoff; this means that 
it is essential to include both the low-order modes and the 

high-order modes in the propagation loss calculations. 
Group velocity calculations are not presented here, but 

they often show minima at the frequencies corresponding to 
the attenuation peaks. This is expected since the formula for 
the group velocity is identical to the formula for the modal 
attenuation coefficient when the absorption coefficients are 
replaced by the reciprocal of the corresponding sound speeds 
[see Eqs. (A14) and (A15) ]. 

The mode eigenvalues are also interesting, since the thin 
layer of sediment has a dramatic effect on them. Instead of 
looking at the usual mode phase velocities or horizontal 
wavenumber •Cn, we look at the vertical wavenumber Yn, in 
the water: 
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where to is the frequency, and cw the sound speed in the 
water. There are several reasons for using the vertical wave- 
number. Since the sound speed in the water is constant for 
our calculations, the mode functions are described simply by 
An sin(ynZ), where z is the depth coordinate measured from 
the sea surface, and An is the mode normalization constant. 
The phase of the mode function at the seabed (z- h) is 
determined by Yn h, and the relative amplitude by sin (yn h ). 
Figure 9 shows Yn h/rr as a function of frequency for the first 
few modes. Of particular interest is the fact that, for a given 
mode, Yn h is relatively constant for frequencies between the 
resonances, but drops by rr as the frequency increases 
through a resonance. The resonance corresponds to Yn h be- 
ing a multiple of vt. In the absence of a thin layer, Yn h would 
start just above (n -- 1/2)rr at the mode cutoff frequency, 
rise toward (n q- 1/2)rr as the frequency increases, then 
drop slowly toward, but never cross, nrr as the frequency 
increases without bound. (Mode 0 is somewhat unique' yoh 
would start at 0, rather than - rr/2, increase toward rr/2, 
then decrease through 0, at which point yoh would become 
imaginary corresponding to the mode becoming an interface 
wave. ) However, when the thin layer is present, ?'n h drops 
by rr as the frequency increases through a resonance. Thus 
mode n changes its character and begins to look like mode 
(n - 1 ) since sin (ynZ) then has one fewer zero crossing in 
the water. For example, at the first resonance ( about 25 Hz), 
mode 0 starts to look like an interface wave and mode 1 starts 
to look like a zero-order mode. At the second resonance 

(about 70 Hz), all the modes lose another zero crossing in 
the water column, and mode 1 becomes an interface wave as 
well. The disappearance of the zero crossing in the water 
column is compensated for by the additional zero crossing 

(of the shear-wave component of the mode function) in the 
thin layer of sediment. Since the interfacial modes are highly 
attenuated, this in some sense gives the modes an upper cut- 
off frequency; cf. Figs. 8 and 9. The positions of the reson- 
ances are determined by the thickness of the layer and the 
low shear speed in that layer. For example, if the thickness of 
the thin layer were increased by 50% (less than 1 m), the 
resonances would be moved to 16, 48, 80 Hz, etc. The pres- 
ence of a thin layer can have a dramatic effect on the propa- 
gation. 

III. BOTTOM REFLECTION LOSS 

Acoustic propagation loss in shallow water is affected 
strongly by reflection loss at the seabed. It is instructive, 
therefore, to calculate bottom reflection loss for the two- 
layer seabed model, where both layers support shear waves. 
It is also instructive, in this case, to calculate that portion of 
the acoustic energy incident on the seabed that is lost due to 
refraction into a given layer of the seabed. Based on Brek- 
hovskikh's work describing the calculation of reflection and 
transmission coetficients for multilayered media (Brekhov- 
skikh, 1980), we have calculated total bottom reflection loss 
and reflection loss due to excitation and absorption of 
compressional waves and shear waves in the two seabed lay- 
ers. Details of these calculations are given in Appendix B. 

Calculations of theoretical bottom reflection loss for the 
Continental Shelf site (Table V) are shown in Fig. 10(a)- 
(e). These data are shown as grey-scale plots, calculated for 
grazing angles from 0 ø to 90 ø, and for frequencies from 2 to 
1024 Hz. The data are plotted in terms of energy loss with 
respect to an incident plane wave in the water layer. The 
scales are full white for low loss (0 dB), and full black for 
high loss ( 16 dB or more). Note that the total bottom reflec- 
tion loss [Fig. 10(a) ] is the sum of the components of reflec- 
tion loss [Fig. 10(b)-(e) ] due to absorption and radiation 
in the seabed layers. However, since the density scale is not 
linear and the grey levels are quantized to the nearest inte- 
gral decibel value, the appearance of the total bottom reflec- 
tion loss plot may be deceiving. In particular, it is possible for 
the total bottom loss figure to indicate greater loss then one 
would expect from the component figures. Each of the fig- 
ures is described below. 

Figure 10(a) shows the total theoretical bottom reflec- 
tion loss for the seabed at the Continental Shelf site. The 

figure shows, for a given frequency and grazing angle, the 
energy lost from the water layer into the seabed. High loss, 
full black in the figure, means that very little energy is re- 
flected back into the water layer, while low loss means that 
very little energy is lost into the seabed. At zero grazing 
angle, thei'e is total reflection back into the water, and the 
figure shows full white for all frequencies. There is little bot- 
tom loss at low frequencies and low grazing angles. This is 
consistent with the low propagation loss measured in this 
frequency band at this site. At grazing angles greater than 
about 52 ø, the critical angle for shear waves in the substrate, 
there is relatively high bottom reflection loss, particularly at 
higher frequencies. At certain frequencies (near 25, 70, 130 
Hz, etc.), the figure shows high loss over a wide range of 
grazing angles. At these frequencies, one would expect high 
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FIG. 10. (a) Total bottom reflection loss versus frequency and grazing an- 
gle based on the geoacoustic model of the Continental Shelf site (Table V). 
Note the high bottom reflection loss for a wide range of grazing angles at 
frequencies corresponding to the propagation nulls (bands of very high 
propagation loss at 25 Hz, 70 Hz, etc. ) shown in Fig. 5. (b) The component 

•of bott6•-'reflection loss due to radiation of compressional waves into the 
substrate for the two-layer seabed model for the Continental Shelf site (Ta- 
ble V). The critical angle for compressional waves in the substrate is about 
75 ø. (c) The component of bottom reflection loss due to radiation of shear 
waves into the substrate for the two-layer seabed model for the Continental 
Shelf site (Table V). The critical angle for shear waves in the substrate is 
about 52 ø. (d) The component of bottom reflection loss due to absorption of 
compressional waves in the thin layer for the two-layer seabed model for the 
Continental Shelf site (Table V). (e) The component of bottom reflection 
loss due to absorption of shear waves in the thin layer for the two-layer 
seabed model for the Continental Shelf site (Table V). Note the high bot- 
tom loss for a wide range of grazing angles at frequencies corresponding to 
the propagation nulls. 

propagation loss over this seabed, as has been found to be the 
case for the Continental Shelf (see Fig. 5). At higher fre- 
quencies, as the sediment layer becomes acoustically thick, 
the effect of the bottom structure becomes less pronounced, 
and the angular range of high reflection loss decreases to a 
narrow band of grazing angles about 30 ø . This is consistent 
with large attenuation coefficients for modes at this grazing 
angle, as discussed in Sec. II C. 

Figure 10(b) shows the component of bottom reflection 
loss due to the radiation of compressional waves into the 
hard-rock substrate. The figure shows clearly that the only 
significant loss here occurs at grazing angles above the criti- 
cal angle of 75 ø . 

Figure 10(c) shows the component of bottom reflection 
loss due to radiation of shear waves into the hard-rock sub- 

strate. This figure shows that a significant contribution to 
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the bottom reflection loss occurs in a band of grazing angles 
delineated by the critical angle for shear waves in the sub- 
strate of 52 ø, and the critical angle for compressional waves 
in the substrate of 75 ø . The white horizontal features at the 

frequencies of the propagation nulls (near 25, 70, 130 Hz, 
etc. ), indicate that there is little acoustic energy in the sub- 
strate shear wave at these frequencies. There is also a contri- 
bution to the bottom reflection loss at a grazing angle of 
about 50 ø and for frequencies below about 100 Hz. This loss 
component below the critical angle is due to the finite attenu- 
ation of shear waves in the substrate. 

Figure 10(d ) shows the component of bottom reflection 
loss due to the absorption of compressional wave energy in 
the thin layer of sediment. At frequencies below a few 
hundred hertz, there is very little bottom reflection loss due 
to absorption of the compressional wave in the sediment lay- 
er. At higher frequencies, where the sediment layer becomes 
acoustically thick, there is a small component of the bottom 
reflection loss due to absorption of compressional waves in 
the sediment layer. 

Finally, Fig. 10(e) shows the component of bottom re- 
flection loss due to the absorption of shear-wave energy in 
the thin layer of sediment. This figure shows that there is 
little bottom loss due to sediment shear-wave absorption at 
frequencies other than those of the propagation nulls. At 
these frequencies, this component of the bottom loss extends 
over a wide range of grazing angles. This indicates that the 
high propagation loss at these frequencies is due to the exci- 
tation and absorption of shear waves in the thin layer of 
sediment. 

IV. DISCUSSION 

We have shown that a single-layer seabed model, using a 
fluid or solid-half-space seabed, is inadequate for predicting 
the acoustic propagation loss measured over partially ex- 
posed, hard-rock seabeds. The single-layer model predicts 
low propagation loss, whereas we have measured high prop- 
agation loss over a wide band of frequencies at three different 
shallow-water sites. We have shown that some of the mea- 

sured propagation loss features can be modeled successfully 
by including a thin layer of solid sediment over the hard-rock 
substrate. In particular, this two-layer seabed model predicts 
narrow bands of very high propagation loss that approxi- 
mate the observed propagation loss characteristics. 

A detailed theoretical explanation of the sediment 
shear-wave resonance mechanism has been given by Vidmar 
(1980a,b). In the present context, it appears as though the 
compressional wave incident from the water passes through 
the sediment layer to the substrate. Since the sediment layer 
is thin, the incident compressional wave suffers little attenu- 
ation, and is partially converted to a sediment shear wave at 
the sediment-substrate interface. The sediment shear speed 
is small, so the sediment shear wave travels almost vertically 
for any angle of incidence of the compressional wave in the 
water. A resonance condition exists when the thickness of 

the sediment layer is an odd multiple of quarter wavelengths 
of the shear wave. The sediment shear wave is attenuated 

highly, and, at resonance, sediment shear-wave excitation is 
the dominant energy-loss mechanism. 

At low frequencies, the reflection and transmission coef- 
ficients for the seabed layers are controled by the properties 
of the shear wave in the sediment layer. The resonance con- 
dition is satisfied when 

Kd=m•r/2 (m = 1,3,5 .... ), (3) 

where K is the wavenumber (K -- 2•r/A), d is the sediment 
thickness, and m is an odd integer. At resonance, most of the 
incident acoustic energy is absorbed via the sediment shear 
wave. Since this happens over a wide range of grazing angles, 
there is very high acoustic propagation loss at these frequen- 
cies. At higher frequencies, the reflection and transmission 
coefficients are increasingly more dependent on the behavior 
of the compressional wave in the sediment, and the effect of 
the shear-wave resonance diminishes. This is manifested in 

better propagation at higher frequencies. In the limit of very 
high frequencies, the sediment layer becomes thick in the 
sense that the incident compressional wave is greatly atten- 
uated by the time it encounters the sediment-substrate inter- 
face, and very little energy is converted into the sediment 
shear wave. In this regime, the seabed may be modeled as a 
semi-infinite fluid (Vidmar, 1980a). It is interesting to note 
that the sediment layer becomes nearly transparent, except 
for small compressional wave losses, at wavelengths for 
which Kd is an integral multiple of •r. 

It is beyond the scope of this paper to deal with the mode 
functions in any great detail, but the essential feature of the 
resonance is that all the mode functions tend to be small at 

the bottom of the water column when the frequency is close 
to a resonance, since Yn h is near a multiple of •r. As well, the 
amplitude of the vector potential in the thin layer is relative- 
ly large at these frequencies. This is analogous to the reso- 
nance effects in the mode functions and group velocities dis- 
cussed by Chapman and Ellis (1983) for fluid sediments. All 
the modes reach resonance at the same frequency, due to the 
fact that the shear speed is so low in the sediment layer; so for 
all angles of incidence (mode arrival angles in the water), 
the shear-wave component in the sediment is traveling near- 
ly vertically. 

Other researchers have presented different hypotheses 
to explain the very high propagation loss characteristics pre- 
sented here. Staal and Chapman (1985) suggested that 
roughness at the substrate interface could cause bulk scatter- 
ing that would result in higher propagation loss. However, 
Staal et al. (1986) describe an experiment, at the same site, 
that shows the high loss centered at about 25 Hz to be largely 
independent of seabed topography. The effect of interface 
roughness on the theoretical propagation loss has been cal- 
culated using a recent version of the S^F^RI program (Ku- 
perman and Schmidt, 1986), which can include interface 
roughness in its geoacoustic model. Figure 11 shows a com- 
parison of theoretical propagation loss over a smooth granite 
seabed and over a rough granite seabed. The seabed is mod- 
eled as a semi-infinite solid using the substrate parameters 
given in Table V. The interface roughness is 4.9 m (rms), 
measured acoustically at the experiment site. This roughness 
value compares well with values reported elsewhere for simi- 
lar areas (Berkson and Matthews, 1983). Figure 11 shows 
that interface roughness has a strong effect on propagation 
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FIG. 11. Theoretical propagation loss versus frequency over a smooth gran- 
ite seabed (downward pointing triangles) (Table III), and over a rough 
granite seabed (open stars) (4.9 m rms roughness). 
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FIG. 12. Measured propagation loss versus frequency at the Arctic Shelf 
site, for a range of bearing angles. Note the high propagation loss above 
about 20 Hz is evident for all bearing angles. 

loss at higher frequencies (above 100 Hz), but does not pro- 
duce the deep null that has been measured in the 10- to 100- 
Hz frequency band. This is consistent with, and supports, 
the experimental findings of Staal et al. (1986). 

Chamuel and Brooke (1988) suggest that energy losses, 
due to Bragg scattering, associated with interface roughness 
may be responsible for the high propagation loss they ob- 
served above approximately 10 Hz. Our data from the same 
area in the Canadian Arctic, shown in Fig. 12, do not sup- 
port this argument. The figure shows propagation loss re- 
corded for a series of explosive charges detonated in a circle 
around an array of bottom mounted hydrophones. The fig- 
ure shows measured propagation loss versus frequency at 
one of the hydrophones for various bearing angles around 
the array. Any propagation loss characteristic dependent 
upon Bragg scattering would exhibit an angular dependence: 
i.e., show high propagation loss along one direction and low 
propagation loss along the perpendicular direction. The data 
do not show this characteristic, rather, they show an in- 
crease in the propagation loss above 10 Hz for all directions. 
This behavior is consistent with the effect of a thin layer of 
sediment (glacial till) overlaying a hard-rock seabed. 

V. CONCLUSIONS 

We have shown typical characteristics for acoustic 
propagation loss in shallow water over three seabed types: 
unconsolidated sediment (sand), consolidated sediment 
(chalk), and hard rock (granite). For propagation over un- 
consolidated sediment, the seabed can be modeled as a semi- 
infinite fluid, and a consolidated sediment seabed can be 
modeled as a semi-infinite solid. These simple single-layer 
seabed models predict low propagation loss over a hard-rock 
seabed. However, at several sites with rough partially ex- 

posed granite seabeds, we have measured high propagation 
loss over a wide band of frequencies. We have shown that 
this type of seabed may be modeled successfully by including 
a thin layer of solid sediment in the geoacoustic model. This 
two-layer seabed model predicts narrow bands of very high 
propagation loss that approximate the observed propagation 
loss characteristics. 

We have shown that the observed high propagation 
losses are associated with sediment shear-wave resonances 

within the layer of sediment. The dominant loss mechanism 
at low frequencies is excitation of shear waves in the layer, 
and the sediment layer can have profound effect on the low- 
frequency acoustic propagation loss characteristics. We ex- 
pect other areas with thin layers of sediment covering hard- 
rock seabeds to have similar propagation loss 
characteristics. 

APPENDIX A: NORMAL-MODE CALCULATIONS 

Here, we sketch out the equations and method used to 
perform the normal-mode calculations. The normal-mode 
equations and expressions for the mode normalizations and 
attenuation are taken from Koch eta/. ( 1983 ). The numeri- 
cal solution is expressed in matrix form as a generalization of 
the technique of Hall et al. (1983) to solid layers; standard 
numerical packages are used to solve for the mode eigenval- 
ues and mode functions. 

The environment consists of N horizontally stratified 
layers, each of which may have elastic properties. Each layer 
is characterized by a thickness h, density p, compressional 
sound speed c•,, compressional attenuation coefficient e•,, 
and for the solid layers a shear sound speed Cs and attenu- 
ation coefficient es. Within each layer, the depth-dependent 
parts of the scalar and vector displacement potentials, u, 
and u,, respectively, for mode n are given by 
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and 

u•+( • • co/c b - • )u• (z) = 0 

v'. ' + (co/c - )v. (z) = o, 

(A1) 

(A2) 

where the additional subscript j refers to layer j, •c. is the 
horizontal wavenumber for the nth mode, and the primes 
refer to derivatives with respect to the depth coordinate z. At 
interfaces between the layers, a number of continuity condi- 
tions apply: 

u•, + •v., (A3) 

pu. -- 2(•/•s)(u. + v•, ), (A4) 
2u•, + (2• -- •s)V., (A5) 

p(u, + v• ). (A6) 

In the above equations, % = cO/Cs. These conditions follow 
from the continuity of vertical particle displacement, conti- 
nuity of normal stress •-zz, continuity of tangential stress 
•-rz, and continuity of radial particle displacement. All four 
conditions apply at a solid-solid interface; at a fluid-solid 
interface, the first three apply, and •-,• = 0 in the fluid; at a 
fluid-fluid interface, only the first two conditions apply 
(with v, =0, of course). 

Within each layer, the solution can be written in terms 
of two independent solutionsf(z) and g(z): 

u, (z) =/lif•i(z) -F Bigp/ (z) (A7) 
and 

v, (z) = C•fs•(Z) + D•gsi(Z), (AS) 
where the subscript j refers to the layer, and p and s refer to 
the compressional and shear components. In our case, the 
layers have constant sound speeds, so the functions land g 
are either sin(yz) and cos (yz), or exp( -- IyIz) and 
exp(IYIz), where ?' = (co2/c2 - • )•/2. The choice of func- 
tions depends on whether ?' is real or imaginary. 

Fairly general boundary conditions of the form 
au, + bu•- 0 can be allowed. For the calculations de- 
scribed in this paper, the following conditions have been 
used: 

at the ocean surface 

u.(O) =0; 

at the top of the bottom most layer 

) = - co/c;,,v) 
and 

(A9) 

(A10) 

) = -- co/Cs•v ) (z•v). (A11 ) 

The solution can now be reduced to the solution of a 

matrix equation. Equation (A 12) illustrates the form of the 
equation for the fluid-solid-solid case modeled in this paper. 
Many of the matrix elements are zero, as shown. The lower 
case x's represent terms of the matrix that are nonzero (but 
not, in general, equal to one another); the uppercase X's 
mark the diagonal, but similarly have no other particular 
numerical significance. 

'X x 0 0 0 0 0 0 0 0' 

x X x x x x 0 0 0 0 

x x X x x x 0 0 0 0 

x x x X x x 0 0 0 0 

0 0 x x X x x x x x 

0 0 x x x X x x x x 

0 0 x x x x X x x x 

0 0 x x x x x X x x 

0 0 0 0 0 0 x Y X x 

.0 0 0 0 0 0 x x x Y ß 

=0. 

(A12) 

There are ten equations: one for the surface boundary condi- 
tion, three for the fluid-solid interface, four for the solid- 
solid interface, and two for the basement boundary condi- 
tions on the scalar and vector potentials. The Y's in the last 
two rows represent the only nonzero elements when the 
basement boundary represents a half-space with decaying 
exponential solutions, as in Eqs. (A 10) and (A 11 ). 

The eigenvalues are obtained using a generalization of 
the method of Hall et al. (1983) to handle solid layers. They 
construct a matrix like the one shown in Eq. (A12), and find 
the zeros of a determinant. Our code uses the banded matrix 

solver SGBDI from the LINPACK linear algebra package 
(Dongarra et al., 1979) to obtain the determinant, and the 
IMSL (1982) root finder ZBRENT to obtain the zeros. The 
determinant undergoes large positive and negative excur- 
sions; for thick layers and high frequencies, the exponentials 
could underflow or overflow and cause problems. However, 
even in single precision, there is sufficient dynamic range 
and precision for the calculations presented here. 

Once the eigenvalues are obtained, the homogeneous set 
of equations can be solved for each eigenvalue to obtain the 
coefficients. In our calculations, we set one of the coefficients 
(A • ) to unity, eliminated one of the equations [the second 
row in Eq. (A 12) ], and solved the reduced set of equations 
for the coefficients in terms of the one set to unity. The exact 
boundary conditions for the bottom half-space are used to 
avoid problems with growing exponentials. The LINPACK 
routines $GBFA and $GBSL are used to calculate the solutions. 

The value of the mode function at the ocean surface gives a 
measure of the accuracy of the solutions; the value of the 
normalized mode function is typically 10 -6 for calculations 
performed on a DEC-20 computer in single (about eight 
digits) precision. 

The relative values of the coefficients A•, B•, etc., are 
determined from the solution of the homogeneous equations 
given above in Eq. (A 12). The absolute values of the coeffi- 
cients are obtained by setting the normalization integral I, 
equal to unity, where 

I. = p(Q:. + P.v.)dz, (A13) 

with Q. = u. + v•,, and P. = 2Q •, + •sV.. The mode at- 
tenuation coefficients 6. and group velocities g. are given by 
the formulas (Koch etal., 1983): 

294 J. Acoust. Soc. Am., Vol. 88, No. 1, July 1990 Hughes ot a/.: Shallow-water propagation 294 

Downloaded 25 Sep 2012 to 134.246.166.168. Redistribution subject to ASA license or copyright; see http://asadl.org/terms



and 

•0 © 2 3 6,, = (/n•'n)-' ,O&,,%Un + 

X [P•n + 2Qn (P; + •sV;) ]}dz, (A14) 

(gn )-1 ((_t)LK. n ) 1 i9{l•pUn _3_ 4K. •- 

X [p2 + 2Q n (p, + •sV; ) ])dz. (A15) 
In our case, all the integrals can be computed analytically 
within each layer. 

The solution is now complete. Propagation loss calcula- 
tions for a source at depth z o in the water column are given by 
the usual expression 20 log[P(r,z)], where 

N 

P(r,z) = i•rp • U n (Zo)U n (z)Ho('•(•Cnr). (A16) 
n=O 

The mode functions can also be summed incoherently, giv- 
ing a smooth function of propagation loss versus range; this 
is quite useful when comparing propagation losses as a func- 
tion of frequency, as in many of the figures in this paper. The 
SAFARI predictions had to smoothed by averaging over range 
in order to present easily interpreted results. 

APPENDIX B: REFLECTION LOSS CALCULATIONS 

Here, we outline the method used to calculate theoreti- 
cal bottom reflection loss for the two-layer seabed model: a 
semi-infinite layer of water overlaying a thin layer of sedi- 
ment (thickness d) and a semi-infinite hard-rock substrate. 
The equations are based on Brekhovskikh's calculations of 
the reflection and transmission coefficients for multilayered 
solid media (Brekhovskikh, 1980). We have extended that 
work to include the effect of absorption in the media, and 
also to permit calculation of the components of bottom re- 
flection loss due to attenuation of compressional waves and 
shear waves in the thin layer of sediment. The effect of ab- 
sorption in the media is included by using the following for 
the wavenumber: 

(co/c) ( 1 + ie In 10/40½r), (B1) 

where •c is the wavenumber including the effect of absorption 
in the media, co is the angular frequency of the incident 
acoustic pressure wave, c is the sound speed in the medium, 
and e is the absorption coefficient for the medium (dB/ 
wavelength). The absorption coefficient, e (dB/wave- 
length), may be calculated from the attenuation coefficients 
(in dB/m/kHz) given in the geoacoustic models by multi- 
plying the attenuation coefficient by the sound speed, in me- 
ters per second, and dividing by 1000. 

The reflection coefficient Rw for an acoustic wave inci- 
dent on the seabed is given by [Brekhovskikh, 1980, Eq. 
(8.41)] 

R w = (Zin -- Z•o)/(Zin + Z•), (B2) 

where Zin is the input impedance of the seabed [Brekhovs- 
kikh, 1980, Eq. ( 8.43 ) ], Zw = pw c•/sin (0•) is the acoustic 
impedance of the water, and 0• is the grazing angle of the 
incident wave. We have used the subscript w to refer to prop- 
erties of the water layer. The bottom reflection loss, BL•, is 
then given by 

BL• = -- 20 log I, (B3) 

The components of bottom reflection loss due to the 
excitation of compressional and shear waves in the substrate 
and due to the absorption of compressional and shear waves 
in the sediment layer may be determined via calculations of 
energy flux. The energy flux vector, E, of any wave in the 
sediment layer or in the substrate is given by (Auld, 1973) 

E = -- 1/2 Re (v*- if-), (B4) 

where v* is the complex conjugate of the particle velocity 
vector, and if- is the stress tensor. 

The energy flux vector E can be regarded as the vector 
sum of a horizontal component parallel to plane-parallel me- 
dia boundaries, and a vertical component normal to the 
boundaries. As we are primarily interested in energy passing 
from one medium to another across the plane boundary se- 
parating them, we will only consider the vertical component 
of the energy flux in what follows. 

The ratio of reflected to incident vertical energy flux in 
the water layer is just the square of the reflection coefficient 
IR• 12, so by examining the vertical energy flux in the sedi- 
ment and substrate layers, we can identify the various contri- 
butions to bottom reflection loss: absorption of compres- 
sional and shear waves in the sediment, and radiation of 
compressional and shear waves in the substrate. 

Energy flux in the substrate layer can be related to the 
transmission coefficients for compressional waves and shear 
waves. Dividing the energy flux in the substrate by the ener- 
gy flux in the water gives the relative energy flux in the sub- 
strate: 

REes = {psRe[%s sin(0es)]/p•cw sin(O•))l Tv 12, 
(BS) 

REss = {psRe[n'ss sin(ass)]/p•n'• sin(a))lTsl 
(B6) 

where REvs and REss are the relative energy flux terms for 
the compressional and shear waves in the substrate, p• and 
Ps are the density of water and the substrate material, •c are 
the wavenumbers, and a are the grazing angles for the re- 
spective waves in the water and in the substrate. The trans- 
mission coefficients Tv and Ts of the velocity potentials for 
compressional and shear waves in the substrate are given by 
[Brekhovskikh, 1980, Eqs. (8.45) and (8.44)] 

Tp = [ (2Z•)/Zin + Z•) IS (B8) 

and 

Ts=GT,,,, (B7) 
where S and G are nontrivial functions given by Brekhovs- 
kikh's Eqs. (8.46) and (8.44). The bottom loss components 
due to excitation of compressional and shear waves in the 
substrate are given by 

BL•s - - •0 logl• - RE•sl (B9) 
BLss = -- 10 logl 1 - REss I (B10) 

Calculation of the components of bottom reflection loss 
due to absorption of compressional and shear waves in the 
thin layer of sediment is more involved. The energy absorbed 
in the layer may be found by calculating the energy flux at 
the top of the layer and subtracting the energy flux at the 

295 J. Acoust. Soc. Am., Vol. 88, No. 1, July 1990 Hughes ot a/.: Shallow-water propagation 295 

Downloaded 25 Sep 2012 to 134.246.166.168. Redistribution subject to ASA license or copyright; see http://asadl.org/terms



bottom. The difference may be taken to be the energy lost to 
absorption. The energy flux in the layer can be written in 
terms of potential functions associated with upward and 
downward traveling compressional and shear waves in the 
layer. We have, after some tedious calculations, 

E•,l(Z) = 1/2plw Re[a] [ldl exp(2 Im[a]z) 
--I•u 12 exp( -- 2 Im[a]z) ] 

+ pl w Im[a] Im[•bu (•ba)* exp(3' Re[a]z)], 
(Bll) 

Es,(2 ) = 1/2filw ge[• l[ I•d 12 exp(2 Im[• ]z) 

- 12 exp( -- 2 Im[• ]z) ] 

+p•w Im[• ] Im[•u (•a)* exp(2i Re[• ]z)], 
(B12) 

where Ee• (z) and Ea (z) are the compressional and shear- 
wave energy flux te•s as functions of depth z in the sedi- 
ment layer (z = 0 at the bounda• between the sediment 
layer and the substrate, z = d at the boundary between the 
water and the sediment layer). The upward and downward 
traveling scalar and vector potentials are •u, •a, •u, and 
respectively, p• is the density of the sediment material, 
a = •e• sin (0e•), and • = •s• sin (0s•). 

The horizontal (x) and vertical (z) components of the 
particle displacement vector (u) and the z-component of the 
stress tensor (•) can be related to the scalar potential func- 
tions, •u and •a, associated with the compressional wave, 
and the vector potential functions, •u and •a, associated 
with the shear wave. This relationship is given by [Brek- 
hovskikh, 1980, Eq. (8.26) ] 

Uz • •d 
--M , (B13) 

where M is the 4 X 4 mat•x given in Brekhovskikh's Eq. 
(•.•). 

It is possible, in the case of a single layer, to invert the 
matrix M, apply the necessary conditions of continuity at 
the interface with the substrate, and delve analytic expres- 
sions for the sums and differences of the potential functions. 
This work is straightforward but tedious, and will not be 
shown here. The bottom loss components due to compres- 
sional wave absoftion, BL•, and shear-wave absorption, 
BLa, in the layer are then given by 

BLpl = -- 10 log 

BLa = -- 10 log 

1 -- Epl(d) -- EpI(O) 

I 

1/2p•o•c•o sin(O• ) 

Esl(d) --Esl(O) 

1/2pw•cw sin (0w) 

(B14) 

(B15) 

In the absence of absorption within the sediment layer, 
the vertical energy flux at the top and the bottom of the layer 
should be the same, i.e., what goes in must come out. In Eqs. 
(B 11 ) and (B 12), the energy-flux components become inde- 
pendent of depth z, ifIm[a] = Im[/3] = 0. (It is the imagi- 
nary part of the wavenumber that is associated with attenu- 
ation. ) The contribution to the bottom loss from this layer is 

the difference in flux between the top and the bottom of the 
layer, so clearly it is the absorption of the waves in this layer 
that is important. In contrast, the primary contribution to 
the bottom loss from the substrate is due to radiation of ener- 

gy away from the boundary, and absorption of those waves 
plays only a minor role. 
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