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An oscillation phenomenon of the reverberation intensity was observed in a recent
shallow water reverberation experiment. This phenomenon cannot be explained by the
widely used incoherent reverberation theory. In this paper, to explain the observed
oscillation phenomenon, the modal interference of reverberation in the shallow water with
a thermocline is discussed on the basis of the ray-mode theory. The theoretical analysis and
numerical results show that modal interference can cause the regular oscillation
phenomenon of the reverberation intensity, and the oscillation phenomenon of the
reverberation intensity can be used to test different reverberation models.

© 2002 Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

The predominant background interference of the active sonar in shallow water is often
bottom reverberation. In the past few years, several reverberation models based on ray [1],
PE [2], and normal mode [3, 4] theories have been developed. Those models mainly treat
the propagation from the source to scatterers and from scatterers to the receiver.

The reverberation model based on normal mode, combined with ray-mode analogies, is
one of the most practical models. The basic idea of this reverberation model was first
introduced by Bucker and Morris, further developed by Zhang and Jin [3], and reviewed by
Ellis [4]. Based on this model, good agreements have been obtained between the measured
reverberation data and the incoherent reverberation calculations. In the past several
decades, very less attention has been paid on the calculation of coherent reverberation in
shallow water. At least the following two reasons make the discussion on the coherent
reverberation theory extremely difficult: (1) The lack of information about the bottom
scattering mechanics; (2) The range or frequency averaging of the measured data often
makes the cross terms in the coherent reverberation calculation less important. Apparently,
it is important to have a high-quality at-sea reverberation data base to test coherent
reverberation numerical models and bottom scattering mechanism hypotheses.

An oscillation phenomenon of bottom reverberation loss, which cannot be explained by
the incoherent theory of reverberation, was observed in the China-U.S. Yellow Sea
Experiment in 1996. The details of this phenomenon are presented in section 2. To explain
this phenomenon, the modal interference of the reverberation based on the coherent
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Figure 1. A sound speed profile during '96 Yellow Sea Experiment.

reverberation theory is discussed in section 3. In section 4, the comparisons of the numerical
calculations and the measured data are presented, and some theoretical explanations are
also given.

2. AN OSCILLATION PHENOMENON OF THE REVERBERATION

The joint China-U.S. Yellow Sea 96 Experiment was conducted over a 2-week period in
August 1996 in the middle of the Yellow Sea. The summer conditions in the Yellow Sea
produce an approximate three-layer sound-speed profile, with a near-linear thermocline
connecting a warmer surface isovelocity layer to a cooler isovelocity bottom layer Figure 1.
The explosives were detonated at depths of 7 and 50 m respectively. A vertical line array was
used to receive the reverberation signals.

In the experiment, an oscillation phenomenon of reverberation loss was observed. In
Figure 2 the reverberation losses versus time, which was received by the 32-element array
are shown. The source was a charge of 1 kg TNT, which was detonated at a depth of 7m.
The hydrophone depths for figures (a), (b), (c), and (d) in Figure 2 were 6, 18, 20, and 50 m
respectively. The central frequency of the measured data was 2000Hz, and
a 1/3oct-frequency averaging had been carried on the data. It can be seen from Figure 2 that
only for the hydrophones at 18 and 20m that were located within the thermocline, the
received reverberation losses had a regular oscillation. This phenomenon has not been
observed before and cannot be explained by the incoherent theory of reverberation [3, 4].
One possible hypothesis is that bubbles near the ocean surface may cause the oscillation
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Figure 2. The reverberation loss versus time for the explosive source detonated at 7m. The central frequency is
2000 Hz. The receiver depths are 6, 18, 20 and 50 for (a), (b), (c) and (d) respectively.

[5]. However, this hypothesis cannot explain as to why only for the receivers within the
thermocline there is a regular oscillation of the reverberation intensity, and why the period
of the reverberation loss oscillation on the time axis is 0-8 s. Alternative hypotheses are thus
required in order to explain the data. In the next two sections, detailed discussions of this
phenomenon and the coherent reverberation model will be presented.

3. THE COHERENT MODEL OF THE REVERBERATION

Figure 3 illustrates the reverberation generated by the bottom scattering. The
reverberation pressure at the receiver (z,, 0) is often calculated by the summation of the
sound pressures scattered from the bottom scattering elements over the area insonified by
the incident pulse,

p() = pis (1)

where p; is the sound pressure scattered from the ith bottom scattering element in a bottom
circular ring with the radius of ct/2 and width of ¢t/2; 7 is the signal duration.
By omitting the cross terms, the received reverberation intensity can be written as

I(t) = p(t) p*(t)
= Z Ipil?s ()

where the superscript star (*) denotes the complex conjugate.
The backscattering pressure p; can be expressed as [3, 4]

pi = Z Z @m(zs’ h) eiﬂmr @n (er h) eiu"rDi(ams g(n)’ (3)
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Figure 3. Schematic illustrating reverberation scattered from the bottom.

where
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Combining equations (2) and (3) gives the reverberation intensity at the receiver scattered
from the ith bottom scattering element,

I; = pipf
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The incoherent summation is obtained by assuming that the cross terms (the second,
third, and fourth terms) in equation (4) can be neglected due to the average over frequency
or space:

Iinc = EOan Z Z | @m(zsa Zb)|2 |@n (er Zb)|2 O-(ama O‘n)' (5)



AN OSCILLATION PHENOMENON OF REVERBERATION 461

70

80

90 z,=50m, z,=50m
g
3

100

z,=7m,z
110
]20 1 1 1 1 1 1
1 2 4 6 8 10 20 40
Time (s)

Figure 4. Comparisons of the experimental data and the incoherent model predictions for different source
depths. The central frequency is 1000 Hz.

For the Lambert model, one has o(x,,®,) = usina,sino,, where o, and a, are,
respectively, incident and scattering grazing angles.
The reverberation loss is defined as

E
RL;,. = 101log, I—O

nc

- 1010glO |:an Z Z |@m(zsa Zb) |2 | @n(zra Zb)|2 O-(OCm’ Ocn)j|' (6)

In many cases, the cross terms (the second, third, and fourth terms) in equation (4) can
indeed be neglected due to averages over both frequency and space, and equation (6)
provides a good explanation for many experimental data. The experimental reverberation
losses for several frequencies and source depths in the Yellow Sea Experiment are compared
in Figures 4 and 5 with the numerical calculations from equation (6). The receiver depth in
Figures 4 and 5 is 50 m which is outside the thermocline. In those figures, the solid lines are
calculated by equation (6), and the dotted lines indicate the experimental data. The bottom
parameters used in equations (1) and (4) are from reference [6], and the Lambert scattering
model is used. It can be seen from the figures that the numerical results and experimental
data are in good agreement.

However, the incoherent model cannot predict the oscillation phenomenon shown in
Figure 2 when the receiver is within the thermocline. Numerical calculations show that in
shallow water with a thermocline, when the source is above or below the thermocline, the
third and fourth terms in equation (4) can be neglected after an averaging over frequency
due to the interference of a large number of cross terms with factors ¢!~ If the receiver
is not within the thermocline, the second term in equation (4) can also be neglected due to
the same reason. If the receiver is within the thermocline, only a few scattering normal
modes have significance effects on the reverberation, and the modal interference cannot be
neglected, which will be discussed in the following.

Figure 6 shows the amplitudes, cycle-distances, and grazing angles of different normal
modes, where the frequency is 2000 Hz, and z in |@,,(z, h)|* is 19 m, which is within the
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Figure 5. Comparisons of the experimental data and the incoherent model predictions for different frequencies.
The depths of the source and receiver are 7 and 50 m respectively.

thermocline. In Figure 6(a) it is shown that when the receiver is within the thermocline, only
a few modes have large amplitudes (between the two dashed lines in Figure 6). These modes
are often called effective normal modes, and the grazing angles of those normal modes are
called effective grazing angles. It can be seen from Figure 6(b) that when the receiver is
within the thermocline, the effective grazing angles are within a small range of angle, which
is about 12 to 15°. In general, the scattering directivity D;(a,, %,) is complicated and difficult
to measure. However, it is reasonable to assume that for each scattering element, D;(a,,, o,,)
is almost a constant in such a small range of effective scattering grazing angle, that is

Di(“mv(xn) X Di(am:“c)’ (7)

where o, is the median of effective scattering grazing angle.

On combining equations (4) and (7), the coherent reverberation intensity [7] and the
coherent reverberation loss which include the effect of the modal interference can be written
as

zZ'Qm(zsszbnz|@n(zrazb)|20(amaan)
Icoh = E()TU'C o > (8)
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Figure 6. The comparison of the amplitudes, the cycle-distances, and the grazing angles of different normal
modes, where the frequency is 2000 Hz, and z in |0,,(z, h)|* is 19m.

4. NUMERICAL RESULTS AND COMPARISONS WITH DATA

In Figures 7 and 8, the comparisons of the coherent reverberation loss, incoherent
reverberation loss and the measured data are given. In the figures, the solid lines indicate the
experimental reverberation data, the dashed lines indicate the incoherent reverberation
losses calculated from equation (6), and the dotted lines indicate the coherent reverberation
losses calculated from equation (9). The bottom parameters are taken from reference [6].
The receiver depths for figures (a) and (b) in Figures 7 and 8 are 18 and 20 m respectively. In
Figures 7 and 8, the source depths are, respectively, 50 and 7m, and the, frequencies are,
respectively, 1000 and 2000 Hz. It can be seen from the figures that the numerical results
from the coherent reverberation model can predict the oscillation phenomenon and are in
better agreement with the measured data.

To explain the oscillation phenomenon theoretically, further discussions of the modal
interference are presented in the following. Based on the BDRM theory [§], one has

N 2n
U = Um—1 Sm—1
21 21
~ Um—-2 — 5 10
Hm—2 <Sm1+Sm2> (10
m—1 1
~ =2 —
iy — 21 ) 5

i=n

where S; is the cycle-distance of ith normal mode.
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Figure 7. The comparisons of the calculated coherent reverberation losses (dotted line), incoherent (dashed line)
reverberation losses and the measured data (solid line). The center frequency is 1000 Hz, the source depth is S0 m,
and the receiver depths are, respectively, 18 and 20 m for (a) and (b).

From Figure 6(c), when the receiver is within the thermocline, the cycle-distances of the
effective scattering normal modes can be approximated as a constant,

S~ S., (11)
On substituting equations (10) and (11) into equation (9), one obtains

RLn = — 101ogy,

Z Z |@m(zs, Zb)|2 |@n(zrs Zb)lzo-(“ma OCn)

m n
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o #n)

X | re

(12)

From equation (12), it can be seen that the second term has a space period of R = S,
which is T = 2R/c = 2S,./c on the time axis. The cycle-distances of the effective scattering
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Figure 8. The comparisons of the calculated coherent reverberation losses (dotted line), incoherent (dashed line)
reverberation losses and the measured data (solid line). The center frequency is 2000 Hz. The source depth is 7 m,
and the receiver depths are, respectively, 18 and 20m for (a) and (b).

normal modes are about 600 m from Figure 6(c). Hence, the period of the reverberation loss
oscillation on the time axis is about T =2 x 600/1500 = 0-8s, which agrees with the
experimental data in Figures 7 and 8.

It should also be pointed out that the oscillation phenomenon of the reverberation in
Figures 7 and 8 is due to the interference of the normal modes. The bottom reverberation is
the sound field scattered from the bottom scattering elements. In Figure 9, the sound speed
profile and rays which emanate from the bottom within an aperture of 15° (steeper rays
have large attenuations or very small eigenfunctions at the receiver within the thermocline)
are shown. It can be seen from the figure that in the thermocline, there is something like
a convergence zone and shadow zone in deep water. The convergence-zone range is about
600m, which agrees with the period of the reverberation loss oscillation. From the
viewpoint of normal modes, this convergence zone and shadow zone are due to normal
mode interference. Hence, when the source is close to the bottom, and the receiver is within
the thermocline, the transmission loss will also exhibit a similar oscillation phenomenon.
Figures 10 and 11 give the numerical results of the transmission loss calculated by the
BDRM [8] theory. In the figures, the source depth is 75m, and the receiver depths
for figures (a) and (b) in Figures 10 and 11 are 18 and 20m respectively. The central
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Figure 11. The transmission losses predicted by BDRM theory. The frequency is 2kHz. The source depth is
75m. The receiver depths are, respectively, 18 and 20 m for (a) and (b).

frequencies in Figures 7 and 8 are 1 and 2kHz, respectively, and a 1/3oct-frequency
averaging has been carried out on the results. The sound speed profile and the bottom
parameters are the same as those in the above section. It can be seen from the figures that
the transmission losses also exhibit the oscillation phenomenon at a period of about 600 m,
which agrees with that of the reverberation.

5. SUMMARY

In this paper, an oscillation phenomenon observed in the China-U.S. Yellow Sea
Experiment is described. The modal interference of the reverberation based on the coherent
ray-mode reverberation theory is discussed, and is used to explain the observed oscillation
phenomenon of shallow water reverberation. The results show that in shallow water with
a thermocline, when the receiver is within the thermocline, there occurs an oscillation
phenomenon of the reverberation intensity, which is due to the interference of the normal
modes. The numerical results also indicate that there may exist an oscillation phenomenon
of the transmission loss when the receiver is within the thermocline and when the source is
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ne

ar the bottom. The oscillation phenomenon of the reverberation intensity shown in this

paper can also be used to test the different reverberation models.
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APPENDIX A: NOMENCLATURE

) angular frequency

c(z) sound speed

k(z) wavenumber, k(z) = w/c(z)

O the grazing angle of the mth normal mode, which is determined by k(h) cos o, = i,
D (0, ) the scattering directivity of the ith bottom scattering element

Vi the complex eigenvalue of normal mode, i.e., v,, = t,, + 1S,

S the cycle-distance of the eigenray

O, a factor determined by the surface reflection phase

d the slope of k?(z), d = dk?(z)/dz

E, the energy flux density of the transmitting signal at unit distance
<D the statistical average over the bottom scattering area

the scattering number per unit area.

T (Ot ) the bottom scattering coefficient, (o, o,) = N{D;(ot,, o)
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