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Abstract⎯The paper presents the results of an experimental study of spatial attenuation of low-frequency
vector-scalar sound fields in shallow water. The experiments employed a towed pneumatic cannon and spa-
tially separated four-component vector-scalar receiver modules. Narrowband analysis of received signals
made it possible to estimate the attenuation coefficients of the first three modes in the frequency of range of
26–182 Hz and calculate the frequency dependences of the sound absorption coefficients in the upper part of bot-
tom sediments. We analyze the experimental and calculated (using acoustic calibration of the waveguide) laws of
the drop in sound pressure and orthogonal vector projections of the oscillation velocity. It is shown that the vertical
projection of the oscillation velocity vector decreases significantly faster than the sound pressure field.
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1. INTRODUCTION: EXPERIMENTAL 
CONDITIONS

The spatial attenuation of sound is an important
factor for estimating the efficiency of underwater
observations, as well as when organizing acoustic-sig-
nal-based navigation and acoustic monitoring systems
for a maritime water area. This is especially important
for oceanic shelf zones in which the values of the
attenuation coefficient for sound signals vary within
significant limits depending on the area where experi-
ments are conducted [1]. One of the reasons for the
large scatter of sound attenuation is the substantial
spatial variability of the acoustic properties of bottom
sediments [2, 3]. It should be noted that nearly the
entire body of experimental data was obtained earlier
using sound pressure (scalar) receivers. Recently,
interest has arisen in studying the vector characteris-
tics of acoustic fields, such as the oscillation velocity,
oscillation acceleration, or power f low. This is because
these characteristics yield additional information on
the structure of sound fields and can be used effec-
tively in practical problems [4–6]. Therefore, the
study of spatial attenuation of not only the sound pres-
sure (SP) but also the orthogonal projections of the
oscillation acceleration vector (OAV) or oscillation
velocity vector (OVV) is topical. Note that, to a certain
degree, these are conditional “vector” components,
because they are calculated with the scalar potential.

Experiments to study the peculiarities in the for-
mation of vector-scalar sound fields have been con-

ducted in a shallow-water area with a depth  of 53 m
and a sufficiently even bottom. According to geologi-
cal data, the upper part of the sea bottom was sandy-
clayey sediment with a predominant sand fraction.
The sound velocity in the water layer decreased from a
value of 1477.2 m/s at the surface to 1473.4 m/s at a
depth of around 10 m. With depth, the sound velocity
slowly increased to a value of 1474.4 m/s at the bottom.

A towed four-component pneumatic cannon was
used as a sound source, which was towed at a depth of
around 10 m. The depth was recorded. Figures 1a and
1b show the shape and the spectrum of the emitted sig-
nal received by a control hydrophone at a distance of
2 m from the source. The emitted pulses were
recorded on board a vessel in the unified time system.

Clearly, the structure of the emitted pulse is deter-
mined by the shock wave and subsequent gas bubble
pulsations. The arrival of a surface-reflected signal
lagging 0.0143 s behind the shock wave is also
observed. Such a lag is evidence that this pulse was
emitted at a depth of approximately 10.5 m. Gas bub-
ble pulsations lead to the appearance of local maxima
in the emitted signal spectrum at frequencies f = 26,
52, 78, 104, and 130 Hz. At higher frequencies, the
maxima in the spectrum are blurred and a monotonic
drop in spectral density is observed.

Acoustic signals were recorded by two four-com-
ponent vector-scalar receiver modules, one of which
was near the bottom and the other was raised 22 m
above the bottom. The recorded signals were transmit-
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ted in digital form via cable to the receiving vessel. The
receiving and emitting vessels were equipped with GPS
receivers, which made it possible to synchronize the
emission and reception modes, measure the coordinates
of the receiving and emitting vessels, and calculate the
absolute propagation time of pulses. Figures 1c–1f show
the time dependences and spectra of the SP and verti-
cal projection of the OAV (VP OAV) received by the
upper module at a distance of approximately 7570 m
from the emitter.

As vector receivers, we used inertial-type receivers,
which recorded three orthogonal oscillation accelera-
tion projections.

From comparison of Figs. 1a, 1b, and 1c–1f, it fol-
lows that during propagation, the low-frequency part
of the signal significantly weakens much more than
the high-frequency part. This effect is especially man-
ifested in the spectra of the vertical component of the
oscillation acceleration. The horizontal projection of
the OAV (HP OAV) in Fig. 1 is not shown, because at
large distances, its structure almost completely coin-
cides with the SP structure [6, 7].

2. EXPERIMENTAL STUDY OF VECTOR-
SCALAR FIELD ATTENUATION

IN A WAVEGUIDE
2.1. Frequency Dependences of Attenuation of SP 

and Orthogonal Projections of OAV in a Waveguide
It is of interest to study the laws of attenuation of

isolated normal waves propagating in a waveguide and

compare the characteristics of attenuation of the SP
and orthogonal projections of the OAV. The data are
subsequently used to predict sound attenuation in the
surface layers of the bottom.

The following procedure was used to estimate the
spatial attenuation coefficients for scalar and vector
sound fields.

In all recorded realizations of the sound field, 2-s
realizations were isolated so that the first second con-
tained only noise, and the second second, noise and
pulses of signals emitted within 5 to 10 km to the sound
source. Then, in the one-third octave bands with dif-
ferent central frequencies for the time interval of the
first second, the noise energy was calculated, and for
the second, the noise and signal energy. Here, in the
low-frequency region, the central frequencies of the
filters corresponded to the positions of local maxima
in the spectrum of the signal emitted by the pneumatic
cannon (see Fig. 1). After this, signal energy estimates
were obtained from the energy of the sum of the signal
and noise. The distance dependences of the signal
energy were approximated by the cylindrical law of the
drop in pulse with additional exponential attenuation.
Analysis of the results showed that the additional
attenuation b is almost identical for the SP and HP
OAV, and for the VP OAV, it can be appreciably higher.
The frequency dependences of the b value for the two
reception depths are shown in Fig. 2.

Clearly, in the case of near-bottom reception, the
VP OAV attenuation coefficients exceed the SP atten-
uation coefficients in nearly the entire frequency

Fig. 1. Time dependences and amplitude spectra of emitted and received pulse signals: (a, b) sound pressure of emitted signal;
(c, d) sound pressure; (e, f) vertical oscillation acceleration component of received signal.
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range. For the raised module, this effect is observed at
100–150 Hz or higher.

2.2. Study of the Laws of Attenuation of Normal Waves

For subsequent analysis, narrowband filtering of
the recorded signals was done to select the modes
forming the received signals. The width of the filter at
each frequency was chosen to best estimate the arrival
time of each mode. Figure 3 shows the results of such
filtering for the raised modulus. The distance from the
emission point was approximately 7575 m.

It has been established that at frequencies higher
that 30 Hz, the time structure of the signals recorded
by the SP and OAV receivers are different. Whereas the
SP field is mainly formed by the first and third modes,
in the VP OAV field, the main role is played by the sec-
ond mode. This completely corresponds to the results
of [7, 8] and is related to the position of the raised
module near the zero of the second SP mode, whereas
at the same depth, the second mode of the VP OAV
reaches the maximum value. At 26 Hz, in a waveguide
at large distances there is only one mode in the sound
field, the first. The remaining modes at such a dis-
tance have already almost completely attenuated.
Therefore, the acoustic field attenuation coefficients
at this frequency are the same for both receiver mod-
ules (see Figs. 2, 3). At 180 Hz, the signal recorded by
the VP OAV receiver component is appreciably longer
than the signal received by the SP receiver. This testi-
fies to the fact that at this frequency, in the formation
of the VP OAV field, a significant role is played by
higher-number modes, the contribution of which to
the SP field is insignificant [8]. Therefore, at higher
frequencies, the VP OAV attenuation components are
noticeably larger than the pressure attenuation coeffi-
cients, since during multimode sound propagation, in
the formation of the VP OAV, lower-number modes
having, as a rule, the minimum attenuation coeffi-
cients are suppressed, whereas higher-number modes
are emphasized. It can also be seen that at 52 Hz, a
second mode can be traced in the SP signal, which at
higher frequencies is practically undetectable. In [9] it

was shown that with a decrease in frequency, the posi-
tions of the minima and maxima of the mode ampli-
tude shift toward the sea bottom, and this shift is the
larger, the lower the frequency. Therefore, manifesta-
tion of the second mode in the structure of a pressure
pulse at 52 Hz is caused by the shift of the zero of this
mode with respect to the depth of the raised module.
On this basis, the authors of [10] proposed using the
location depths of zeros and maxima of the vertical
distribution of modes to estimate the sound velocity in
the upper part of bottom sediments.

To estimate the attenuation coefficients for indi-
vidual modes, narrowband filtering of received signals
was done at different distances to the emitter. Here,
the location of the vector-scalar module manifested
itself predominantly near the zero of the second mode.
Figure 4 shows the structure of a pulse signal at 104 Hz
for the two receiver modules and three distances from
the sound source. From the figure it follows that for
the raised module, at all chosen distances, three
modes are resolved, whereas for the bottom module,
mode selection is possible only at the maximum dis-
tance. Therefore, below, the attenuation coefficients
of the first three modes are estimated from the signals
of the raised module.

To estimate the attenuation coefficients in the cho-
sen frequency bands, the envelopes of all signals were
isolated. Then, the time intervals were established in
which the values of the envelop of each mode were
equal to or exceeded half its maximum value. This was
done, on the one hand, to maximally exclude the
influence of neighboring modes at higher frequencies,
and on the other hand, to take into account intramode
dispersion. In each time interval, the energy of the
corresponding mode was calculated at different dis-
tances. The dependence of the mode energy on dis-
tance was corrected to the cylindrical law of diver-
gence, after which, the spatial coefficient of mode
attenuation gm was estimated by the least squares

method. Figure 5 shows the frequency dependences of
the attenuation coefficients of the first three modes.

The estimates of the mode attenuation coefficients
B were the basis for determining the absorbing proper-

Fig. 2. Frequency dependences of spatial attenuation coefficients: (a) raised module, (b) bottom module. (1) pressure, (2) vertical
projection of oscillation acceleration.
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ties of the sea bottom. Here, the results of
1
 [8] were

used, in which from the same experimental data a bot-
tom model was obtained in the form of a f luid layer

with a thickness of  = 18.9 m, lying on a halfspace;
the density and sound velocity values in this layer and
the halfspace were also estimated. It was established
that for the characteristics at frequencies higher than
50 Hz, it is possible to ignore the influence of the half-
space on the sound field in the water layer at large dis-
tances. Therefore, this study used the results obtained
at frequencies higher than 50 Hz, and the sea bottom
was considered as a halfspace with the following
parameters of the upper layer of the bottom: density ρ
1467 kg/m3 and sound velocity с 1634.4 m/s. In such a
model, the absorbing properties of the bottom are char-
acterized by the parameter α, which is responsible for the
imaginary part of the wavenumber in the bottom, which

in turn is given as   [2, 3].

These characteristics of the model were sought in
the same way as in [11], by minimizing the functional
of the form

(1)

Lh

= + α� (1 ),k k i = π2k f c

−= − σ∑∑
2 2

( ) ,

g g

e c
g

f n

L g g

where  is the mean square deviation of the experi-

mental estimates for the mode attenuation coeffi-

cients;   are the frequency values and mode num-

bers at the frequencies for which estimates of the

attenuation coefficients were obtained. The superscripts

e and c denote, respectively, the experimental estimates

and calculated values of the mode attenuation coeffi-

cients. Functional (1) was minimized by the Nelder–

Mead multidimensional optimization method (simplex

method) [12].

For successful optimization as a result of nonlin-

earity of the algorithm, it is desirable to set the initial

values of the these parameters close the sought ones.

The initial values of the parameters were found as fol-

lows. The water layer was replaced by an isovelocity

layer with a sound velocity of  m/s. For such

a waveguide model (Pekeris waveguide), the authors of

[3] gave the initial expressions with which it is possible

to obtain the formulas that relate in explicit form the

sought parameter α and the mode attenuation coeffi-

cients 

σB

,gf gn

= 1475wc

:mg

Fig. 3. Results of narrowband filtering of received signal (a–c), (g–i) pressure; (d–f), (j–l) vertical component of oscillation
acceleration. Frequency f: (a, d) 26; (b, e) 52; (c, d) 78; (g, j) 104; (h, k) 130; (i, l) 180 Hz.
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(2)

where m is the mode number. Water density  is con-

sidered to be 1000 kg/m3. The longitudinal wavenum-

bers of modes  were estimated for the ideal wave-

γ + γ −α = ξ γ = +
γγ γ γ + γ

γ = − ξ γ = ξ − = ρ ρ
= π

2 2 2 2 2

2 2 2 2 2

2 2 2 2

2 , ,
2 2
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2 ,

w w w
m m

w w

w w m m w

w w

d h k kdg N N
d d

k k d
k f c

ρw

ξm

guide model with perfectly soft boundaries and an

effective water layer width of  In accor-

dance with [13], quantity  is determined as

  For such a

model, longitudinal wavenumbers  are determined

by the well-known formula 

Such an approximation yields quite good accuracy for
modes whose phase velocity noticeably exceeds the
sound velocity in the halfspace.

= + Δ .wH h h
Δh

−Δ = θ 1
( sin ) ,wh d k θ = arccos( ).wc c

ξm

( )ξ = − π 22
.m wk m H

Fig. 4. Structure of pulse signals at frequency of 104 Hz: (a–f) raised module; (g–l) bottom module. (a–c), (g–i) pressure;
(d–f), (j–l) vertical projection of oscillation acceleration; (a, d, g, j) r = 5475; (b, e, h, k) r = 7570; (c, f, i, l) r = 9505 m.
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Fig. 5. Attenuation coefficient of first three modes: (a) mode 1, (b) mode 2, (c) mode 3.
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The initial approximation of parameter α was esti-
mated from the experimentally measured frequency
dependence of the attenuation coefficient of the sec-
ond mode, because it best corresponds to the theoret-
ically representations in a wide frequency band. The
table 1 gives the  estimates for four frequencies.

To minimize functional L for all frequencies, a
mean value of α = 0.0086 was taken as the initial
approximation. This is based on the data in the table 1,
from which follows a weak dependence of  on fre-
quency. This indirectly confirms the possibility of
describing the fields at these frequencies with the
Pekeris–Brehovsky model, because for this model, 
is given as a constant value for all modes and frequen-
cies [14, 15].

As a result of this numerical optimization using (1)
and (2), a value of α = 0.0072 was obtained. Figure 6
compares the experimental data and calculated atten-
uation coefficients of the first three modes for two α
equal to the calculated 0.0072 and the 0.0086 taken
directly from experiment. Despite the fact that the
value of α was sought for the experimental data at fre-
quencies higher than 50 Hz, Fig. 6 shows all available
experimental data, including for lower frequencies.

Clearly, for an appreciable difference in the two  val-
ues, their use approximates the experimental data with
sufficient accuracy. To explain this effect, the error in
estimating was calculated using formula (3) [16]:

 (3)

in which the second derivatives of parameter α are cal-
culated at the point where the L value reaches the

minimum Lmin. Quantity s2 is found from the scatter of

the ge values with respect to the theoretical

α

α

α

α

α

−

α
⎡ ⎤⎛ ⎞∂σ = ⎢ ⎥⎜ ⎟∂α⎝ ⎠⎢ ⎥⎣ ⎦

1 212
2

2

1
,

2

Ls

 curves, where

m is the total value of the estimates for the mode atten-
uation coefficients [14]. It turned out that the size of

the error  has quite a large value: 0.0063. This may
why appreciable differences in the α value do not lead
to substantial divergences of the approximating curves.

3. COMPARISON OF THE DEPENDENCES 
OF THE VECTOR-SCALAR FIELDS 

WITH THE CHARACTERISTICS CALCULATED 
AS A RESULT OF WAVEGUIDE CALIBRATION

Analysis of the aforementioned experimental data
characterizing the laws of the drop in the scalar and
vector components is of certain practical interest.
However, to predict both the SP and OP OAV fields,
an adequate experimentally confirmed waveguide
model is needed. Today, most authors use the f lat-lay-
ered waveguide model with a lower boundary (the bot-
tom) given in the form of a f luid or an elastic halfspace.
The bases of the model were laid in [14, 15] and devel-
oped, e.g., in [3]. In [9], a model of the transfer func-
tion of a waveguide with a f lat-layered bottom was
developed. We also use as the bottom model a system
of f luid layers lying on a hard or f luid halfspace (this
study and, e.g., [6–8, 11]. However, in this case, for
predictive calculations, the results of experimental
estimation of the characteristics of these layers and the
halfspace are needed. In [8], the waveguide was acous-
tically calibrated and the mentioned characteristics
were calculated experimentally for the studied area.
This made it possible to construct the model of the
waveguide transfer function and compare the experi-
mentally measured and calculated dependences of the
SP and OP OAV values. It is assumed that the devel-
oped model is confirmed (or refuted) in the case of
agreement (or disagreement) of these dependences.

( )⎡ ⎤= − −
⎣ ⎦∑ ∑ ∑

2 2
( ) 1

e c

n f
s g g m

ασ

Table 1. Dependence of parameter α on frequency

Frequency, Hz 78 104 130 180

α 0.0084 ± 0.0016 0.0093 ± 0.0015 0.0082 ± 0.002 0.0087 ± 0.0065

Fig. 6. Frequency dependences of attenuation coefficients of first three modes: (a) mode 1, (b) mode 2, (c) mode 3; (1) experi-
mental data, (2) calculated for α = 0.0072, (3) calculated for α = 0.0086 (solid and dotted lines, respectively).
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We have compared the measured spatial attenua-
tion values of the vector-scalar field components val-
ues and those calculated with the developed bottom
model at relatively high frequencies [8]. The reason is
that for small-mode propagation, random depths of
the emission and reception points play an excessively
important role, since the relation of the amplitudes of
propagating modes substantially depends on the coor-
dinates. Therefore, for the raised module, Fig. 7 com-
pares the spatial dependences of the SP and VP OAV
measured experimentally and calculated with the
model at frequencies higher than 100 Hz.

It is also interesting to compare to laws of the drop
in the SP and VP OAV at frequencies not taken into
account when developing the model. For this, Fig. 7c
compares the experimental and calculated data at a
frequency of 315 Hz. Clearly, at all frequencies, the
experimental dependences of both the SP and the VP
OAV agree well with the characteristics calculated with
the multilayer waveguide model constructed as a result
of acoustic calibration. Here, the VP OAV also con-
structed with higher-number modes attenuates more
quickly than the SP and HP OAV.

It is also clear that in individual areas of the dis-
tance dependences, deviations of the experimental
data from the calculated data are observed. Essentially,
these deviations at different frequencies are mani-
fested in the same distance intervals; i.e., they are not
random. From the comparison of the deviations for
the SP and VP OAV values (see Fig. 7), it can be con-
cluded that the main factor is not variation in the
waveguide depth along the towing track, but the corre-
sponding variation in the bottom characteristics, due
to which larger deviations are observed in the VP OAV
dependence in comparison with the SP.

4. CONCLUSIONS

A waveguide in which oscillation accelerations (or
velocities) form is a spatial filter that “weighs” its hor-
izontal and vertical projects differently. HP OAVs sup-

press higher-number modes, and VP OAVs suppress

modes of the first numbers.

The attenuation coefficient of the VP OAVs at mid-

dle and high frequencies exceeds by a factor of 2 or

more the attenuation coefficient of scalar signals and

HP OAVs. With an increase in distance, at low fre-

quencies for a small number of modes, within the

limit—during propagation of one mode—the values of

the attenuation coefficients are close to each other. As

a result, the attenuation coefficients at the lowest fre-

quencies become close to each other.

Owing to the difference in the spatial filtering of

different mode numbers, in the time domain, different

wave packets are formed at the outputs of the SP, VP

OAV, and HP OAV receivers, which is important for

their active ranging. In particular, at the output of the

vertical channels, the signals are notably “drawn out”

in comparison to the remaining channels. The attenu-

ation coefficients of individual modes significantly

(twofold or more) increase with increasing mode

number.

The proportionality coefficient in front of the

imaginary part of the wavenumber, which character-

izes the value of sound signal attenuation in bottom

sediments, depends weakly on frequency and can be

taken as a constant, which agrees with the Pekeris–

Brehovsky model and indirectly confirms its possible

use at least at middle frequencies.

The laws of attenuation of the OAV and SP compo-

nents, measured and calculated from the results of

acoustic waveguide calibration, agree well with each

other, but at different distances, deviations of the

experimental dependences from the calculated ones

are observed for all frequencies. Since these deviations

for the VP OAV significantly exceed the deviations for

the SP field (and the HP OAV), we can assume that the

reason is variation in the characteristics of the surface lay-

ers of the bottom along the emitter towing track.

Fig. 7. Comparison of calculated (1, 2) and measured (3, 4) dependences of SP and vertical component of oscillation acceleration
on distance: 1, 3—pressure; 2, 4—oscillation acceleration; (a, b, c) frequencies of 130, 183, and 315 Hz, respectively.
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