Effects of Depth-varying Compressional Wave Attenuation on
Sound Propagation on a Sandy Bottom in Shallow Water
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ABSTRACT

The characteristics of bottom sedimnent may be able to vary within a few meters of depth in shaliow water, Stnce
bottorn attenuation coefficient as well as sound velocity in the bottom layer is determined by the composition and
characteristics of sediment itself, it is reasonable to assume that the bottom attenuation coefficient is accordingly
variable with depth. In this study, we use a parabolic equation scheme to examine the effects of depth-varving
compressional wave attenuation on acoustic wave propagation in the low frequency ranging from 100 to 805 Hz. The
sea floor under consideration is sandy bottomn where the water and the sediment depths are 40 meters and 10 meters.
respectively. Depending on the assumption that attenuation coefficient is constant or depth-varying, the propagation
loss difference 1s as large as 10 dB within 15 km. The predicted propagation loss is very much comparable to the

measured one when we employ a depth-varying attenuation coefficient.
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Effects of Deptivarving Compressoonal Wave Arrenuation on Sennd Propagation on: a Sandy Botton :n Shallow Wazer

. introduction

When an acoustic wave fravels i shallow wi
ter, 1t s mainly controlled by the acoustic proper-
ties of the bottom, The doniinait Juss suecilats-
ms associated with the bottom have been report-
ed as compressional wave attenuation, scattering
loss, and conversion of incident compressional
wave to shear waves.!* In this paper, we consider
only the effects of compressional wave attenuat-
1on On acoustic wave propagation,

Since there are relatively few measurements of
attenvation in real sediments at the low fre-
quency, attenuation 1s usually estimated from ge-
oacoustic models, Among these, many researchers
adopted Hamilton's geocacoustic model to caicu-
late propagation loss, Hamulton'* complied field
measurement data and suggested empirical for-
mulas for the estimation of sound velocity and
the attenuation related to mean grain size or po-
rosity in sediment, He also showed that the at-
tenuation coefficient of bottom sediment is nearly
proportional to the first power of frequency.

In process matching the predicted propagation
loss to the measured one in the low frequency,
Ferla et al.” found that they agree very well if
the model includes shear wave attenuation n ad-
dition to compressional one. However, the shear
wave required in the model is around 600 m/sec
and appears to be greater than any other measur-
ed one in the natural sediments to date. Hence,
he suggested that there exist an additional bot-
tom attenuation mechanism not included in the
preceding theory of elastic media where compres-
stona] wave attenuation varies hnearly with fre-
quency.

On the other hand, from the analysis of field
and laboratory data, Stoli*¥ reported that the lin-
ear frequency dependence of attenuation coef-
ficient is unacceptable in nearly all cases of marine
sediments. Some authors'®™ attempted to reveal
the frequency dependence of attenuatien coef-
ficient by a normal mode scheme. By adjusting

=~
~1

mput parameters and making the calculated re-
sults coincide with the measured dafra. they de
Anced attenuation coefficients i a sedirment whi
ch have nonlinear frequency dependence. This in-
welprelation is based on the assumption that at:
tenuation coefficient at any frequency i1s constant
with a bottom sediment depth. In shallow water,
however, there may exist significant changes of
material properties over a few meters of depth
even in sands of homogeneous composition,™ !t In
addition. variations of material properties with dep-
th can result in variations of bottom attenuation,
There 1s little reason to assume that bottom at-
tenuation at any frequency is constant with depth.

In this study, we use a parabolic equation sch-
eme to verify the effects of depth-varying com-
pressional wave attenuation on acoustic wave pro-
pagation in shallow water in the low frequency
ranging from 100 to 805 Hz. The sea floor under
consideration is sandy bottom where the depths
of water and sediment are 40 meters and 10 me-
ters, respectively, We also compare the measured
propagation loss with the predicted one under the
assumption that bottom attenuation exponentially
decreases with depth and linearly increases with

freguency.

Il. effects of bottom attenuation on wave
propagation

A tnput parameters

Input paramters of the model are shown in Fig.
1. The water depth is about 40 meters, The sea
floor is flat sandy bottom whose depth is about 10
meters, We consider three different cases of bot-
tom attenuation with depth :Case 1) exponential
decrease from 0,8 dB/a to 0.44 dB/A where A is
wavelength, Case [} constant value of 0.8 dB/a,
and Case [I) constant value of 0.4 dBfx. The at-
tenuation coefficients are the values with respect
to the source frequency of 100 Hz, The exponent-
ial decrease of attenuation with depth has been
reported by Hamilton® in sandy bottom. Except
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fen the bottan attenuation, all other mnput para
mcters remained the same for the three cases, In
particidan, sound speeds inoa sediment are assum
cd 1o Increase expenentially with depth, This is
known as common in sandy bottom.” In calculat
Ing propagation loss, @ numerical model based on

PE scheme 1s used.

{Case I}

[Case 1111

Fig.l. Input parameters for the calculation of propa-
gatjon loss for the three different cases. Case 1:
bottom attenuation decreases exponentially from
0.8 dB/A to (.44 dB/A with sediment depth, Case
0. [ :bottom attenuations are constant{(.8 dB/
A and 0.4 dB/x) over sediment depth. V :sound
velocity{m/sec), «:attenuvation coefficient(dB/
A). p i density(g/cm®)

Fig.2 shows the water temperature profile used
in calculating propagation loss. The profile was
obtained in a site near the receiver during the pro-
pagation loss measurement, From the tempera-
ture profile, it can be shown that the temperat-
ures are increasing or nearly constant from sur-
face to 9 meter depth. Meanwhile, the strong th-
ermocline, whose gradient is about 0.7C/m. is for-
med from 10 to 20 meter depth.

B. Predicted propagation loss

Fig.3 shows the mode! outputs for the three
different cases of input parameters in Fig.1. The
sound profile, which is obtained using the tem-
perature profile in Fig. 2, is used for the three
cases of calculations. Relative propagation loss is
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Fig.2. Water temnperature profile obtained during the
propagation loss measurement on September 3,
1991
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Fig.3. Calculated propagation loss for the three cases in
Fig.1. (a)130 Hz, (b)505 Hz, (¢}805 Hz.



Eitects of Depth varying Compress)

plotted 1n every U0 meters. The source and fne
receiver depths are 10 meters and J0 meters. re-
apectivelv

At the source frequency of 130 1z, tic juss b
Case 1 13 woughly 3 4B gieater thau ihat ui Case
i, and about 4 dB less than that in Case Il wi-
thin 13 km. When the source frequency 15 505 Hz.
there are some remarkable changes in the loss
trend, That is. the loss difference increases as
much as 10 dB between the Case I and [ while
decreases to 3 dB between the Case | and 1.
This 1s because the loss increasing rate with ran-
ge in Case [ and [ s less than that in Case I.
This trend is more obvious in the case of 805 Hz.
Moreover, the loss in Case [ is less than that in
Case | over 5 km range. Namely, when the bot-
tom attenuation is constant with depth and hnear
with frequency, the loss increasing rate with
range becomes smaller with increasing frequency.

Fig.4 shows the calculated propagation loss,
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the Case .
AU s e cheares wr thee hortome
alivin of deouslic citergs ful 163 He 15 very ot
abie i1 ihe scuiltur lay g as siluwll it [lg.da,
That 1=, the depth into which acoustic energv can
penetrate 13 nearly 30 meters. In the case of U5
Hz. however, the acoustic energy seems to be dif-
fused into the sedument laver. and the penetrat
ing depth 1s limited to the first few meters of a
sediment layer. This also implies that the extents
attenuated in a bottom Javer depend on fre
guency, Accoring to a numerical experiment with
normal mode scheme,* the attenuation Is import-
ant down to 20 to 30 meters at 30 Hz. but. the
first 4-8 meters at 100Hz,

C. Predicted propagation loss with measured one
An experiment has been conducted to measure
propagation loss in the shallow water which has

-3 L)
Relative Loss in dB

Fig.4. Calculated propagation loss in depth and range
for the Case I. The horizontal range is 15 km,

ta) 165 Hz. (b!305 Hz,
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searhe flar hottomi Fig st The bottom thackness
= about Dmeters and the sediment tyvpe i sand,
Source and 1ecetver depths are fixed to 10 meters
Jand 4 meters, respectively. The source frequency
1= selectable among 100, 130, 165, 505, and 805 Hz
and the source level in each frequency is fixed to
the value n the range 110-170 dB. While the re-
ceiver 1s fixed. the source is towed toward the re-
ceiver over about 14 km range. The exact range
hetween the source and the receiver is obtained
using the GPSiglobal positioning systemn} of which

accuracy is about 5 meters.
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Fig.5. Track line of the sound source towing in the pro
pagation loss rmeasurement on September 3. 19491

Fig.6 shows comparisons of the predicted propag-
ation loss with the measured one at the frequency
of 130. 505. and 805 Hz. The predicted propa-
gation loss is obtained assuming that sediment at-
tenuations vary with depth as the Case ! shown
in Fig.1, At 130 Hz. the predicted loss is a little
It lower than the measured one within 3 km but
agrees very well thereafter. At 805 Hz, the pred-
icted loss is very comparable to the measured one
except within 6 km where the difference reaches
5 dB. That is, if we adopt a sediment attenuation
5o that it varies exponentiaily with depth. the pred-

icted loss is comparable to the measured one cven

if an attenuation s still linear with frequency.
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Fig.6. Comparison of the measured propagation loss
with the predicted one for the Case [ in Fig.1.
{a)130 Hz, (b)505 Hz. (c}805 Hz.

{II. biscussion

If the loss trends in Case [I and {l are compar-
able to that in Case I, the attenuation should be
increased nonlinearly with frequency. This fact
corresponds to the results of Zhou and Zhang ™
Zhou and Zhang found that excellant agreement
is achieved between the predicted propagation loss
and the measured one when the attenuation is pro-
portional to frequency to about the 1.8 power,

The effects of a depth-varying attenuation on
wave propagation can be inferred by examining
the mode attenuation coefficient in a normal mo-
de. The mode attenuation coefficient , 1s defined
as the imaginary part of the nth eigenvalue k, of
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homogeneous wave equation.
ko w +s i

A parturbation solution fur on van be developed 1
terms of the unperturbated W. and .. where ¥,
15 the nth depth component solution or mode fun-
ction of wave equation.’® The &, is valid on a con-
dition that attenuation is small over ranges com-
parable to an acoustic wavelength. And we also
assume that the attenuation is so small that the
mode function ¥, may be used. Under these con-

ditions, 4 is expressed as

| @2y e, (2)
Jams c(z)

"11@:”: P ‘ ) lW»(ZszZ‘

Here. 4, is the normalization factor for the nth
mode. The density of the mth layer, pm, 1S assum-
ed to be constant with depth.

If we consider three-layered media(water, sedi-

ment, and substrate) whose attenuation 1s c¢on-

stant in each layer, Eq.(2) can be simplified to

(5" = Qsed 71:1 + Qhax yl?'._’- (’1)
Yoy ==L 1|9 (2)1¥el2) dzfdn.,

Kn wd
Vg = a5 j |¥a(z)1/c(2) dzfAn.

Nn bas

Here, o and amas are the attenuation coefficients
of sediment and substrate, respectively. Eq.(3) is
simpler than Eq.(2) for the numerical calculat-
ions of &, but allows unrealistic vartations of the
attenuation with depth .e., constant attenuation
in each layer. If the attenuation varies with dep-
th, even though the attenuation locally varies line-
arly with frequency, &, computed from Eq.(2) will
not be linear with frequency. For the two com-
pressional wave attenuation profiles which vary
with depth, Mitchell and Focke' obtained two at-

tenuation coefficients from Eq.(2) which are non-
linearly dependent on frequency. Although fullv
adequate evidence s still uynavailable. the tran
sition between frequency-independent and fre-
gueiicy Jdependeni behiaviot can vocw u ihe very

low frequency{< 100 Hz) 1"

V. Conclusion

Depending on the assumption that a compres-
sional attenuation is depth-varying or constant,
the model prediction shows that the difference of
propagation loss is as large as 1} dB within 15 km
in a sandy bottom. The predicted loss is compar-
able to the measured one within 5 dB when we
employ a depth-varying bottom attenuation. It is
suggested that a depth-varying attenuation, which
1s still remained to be linear with frequency, be a
possible mechanism on acoustic wave propagation

in shallow water.
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