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Fig. 1. (color online) (a) Parameters of water column and sea bottom for a Pekeris waveguide; (b) functional
relationship between modal phase slowness difference S, ;m,m+1 and modal group slowness difference Sg,m,m+1 for
adjacent modes in the Pekeris waveguide of (a); (c¢) parameters of water column and sea bottom for a waveguide
with thermocline; (d) functional relationship between modal phase slowness difference Sp m,m+1 and modal group

slowness difference Sg, m,m+1 for adjacent modes in the waveguide of (c). The results in (b) and (d) are calculated

for a broad band, which is from 100 Hz to 2500 Hz.
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Fig. 2. (color online) The sketch map for integral pro-
jection of acoustic intensity image. The intensity im-
age is transformed into a curve after it is projected
according to an arbitrary angle. The direction of pro-
jection is labeled as y axis, while the direction perpen-
dicular to the projection is labeled as x axis. When
the projection direction is along the striations, the pro-
jected curve has the period identical with space be-

tween striations.
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Fig. 3. (color online) The simulation result in a range-independent waveguide given in Fig. 1 (c) (the acoustic source

is at a depth of 30 m with frequency band from 700 Hz to 800 Hz, and receivers are deployed from 20 km to 22 km

at a depth of 50 m): (a) Averaged acoustic modal amplitude; (b) acoustic interference pattern.
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Fig. 4. The striation angle and waveguide invariant 8 extracted from interference pattern with source at
30 m deep: (a) Striation angle calculated by Radon transform as in Ref. [7]; (b) distribution of 8 computed
by the 2D-FFT based method which can be found in Ref. [23].
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ism~! . (2n)~! and the result is averaged over the frequency band from 700 Hz to 800 Hz.
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Fig. 5. (color online) The separated 3 spectrum when
acoustic source is at the depth of 30 m. Labels A-F
represent six spectrum values which can be identified,
and they arise from the interference between the first

six acoustic modes.
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from acoustic modal dispersion for different combi-
nations of modes. Modal phase slowness and group
slowness are both calculated by Kraken model. The

background sound speed profile is given in Fig. 1 (c).
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Fig. 7. (color online) The simulation result in a range-independent waveguide given in Fig. 1 (c). The acoustic

source is at the depth of 20 m with frequency band from 700 Hz to 800 Hz, and receivers are deployed from

20 km to 22 km at 50 m deep: (a) Averaged acoustic modal amplitude; (b) acoustic interference pattern.

1.2
(a)
1.0f
L oosf
Ay )
=
E 0.6
=
&
0.4 [
0.2 f T
0 QQTT T Tﬂ ‘PT?
0 10 20 30 40 50
faj IR 54
7
—22 km, #EWIREN 50 m)
2.5
(a)
e 20}
2
@ 1.5f
=
1ot
<
]
o
0.5}
o . , .
~100 —50 0 50
BURHAEE/ (°)

8  FEIRUREEN 20 m I M T3 25 AU RIS B B 26 BSOS A LA B

100

1.0
(b)
0.8f
o 0.6f
=
=
= 04}
h M
0 . .
—10 -5 0 5 10
B

(a) Radon 443 2 (¥ 5% SUBURHA

BRI [7]; (b) %8 2D-FFT SVAMSRIRB S AL BHUE A, % 0K [23)

Fig. 8. The striation angle and waveguide invariant 8 extracted from interference pattern with source at
20 m deep: (a) Striation angle calculated by Radon transform as in Ref. [7]; (b) distribution of 38 calculated
by the 2D-FFT based method which can be found in Ref. [23].
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#2 B (c) BT ES T IER AR (B m—t - (2n) ~ 1, RAEEE Y 700—800 Hz 6 T4 H)

Table 2. The horizontal wavenumber difference for higher-order modes in the waveguide shown in Fig. 1 (c).

Unit is m~! - (2n) ™! and the result is averaged over the frequency band from 700 Hz to 800 Hz.

fal IE 354
11 12 13 14 15 16 17 18 19 20 21
10 0.0013 0.0027 0.0044 0.0062 0.0081 0.0103 0.0126 0.0150 0.0176 0.0204 0.0233
11 0.0014 0.0031 0.0049 0.0068 0.0090 0.0112 0.0137 0.0163 0.0191 0.0220
12 0.0017 0.0035 0.0054 0.0075 0.0098 0.0123 0.0149 0.0176 0.0206
13 0.0018 0.0038 0.0059 0.0082 0.0106 0.0132 0.0160 0.0189
& 14 0.0019 0.0041 0.0064 0.0088 0.0114 0.0142 0.0171
& 15 0.0021 0.0044 0.0069 0.0095 0.0122 0.0152
gg 16 0.0023 0.0047 0.0073 0.0101 0.0130
17 0.0024 0.0050 0.0078 0.0107
18 0.0026 0.0054 0.0083
19 0.0028 0.0057
20 0.0029
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Fig. 11. (color online) The simulation result when SNR is —9 dB: (a) Acoustic interference pattern with the same
parameters as those in Fig. 3; (b) the distribution for 3 calculated using the 2D-FFT based method; (c) the striation

angle calculated using the Radon transform; (d) the separated waveguide invariant 8 spectrum.
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Fig. 13. (color online) The sound intensity spectrum
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Table 3. The horizontal wavenumber difference for modes
1-5. Unit is m~! - (2) "1 and the result is averaged over
the frequency band from 300 Hz to 400 Hz.
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Abstract

There are two kinds of definitions for waveguide invariant 8. One is defined according to the striation slope of
acoustic interference patterns, and the other is defined on the basis of dispersion characteristics of acoustic modes. The
first definition is appropriate for engineering applications, while the second is suitable for theoretical analysis. However,
the two definitions are not consistent with each other for a waveguide with thermoclines, because modal dispersion
in such a waveguide can be very different for different modes and different frequencies. In such cases, the waveguide
invariant defined according to modal dispersion can take many different values, which are referred to as the spectrum of
waveguide invariant (8 spectrum for short) in the paper. Each 8 spectrum can be related to some interference striation
patterns with corresponding striation slopes. The sound field is composed of many modes, so the interference pattern is
the summation of many components of different striation slopes and may be very complicated as a result of the diversity
of B spectrum. In such a case one single 3 is not able to describe the complicated interference pattern adequately;
instead multiple values of 8 spectrum are required. From the point of view of engineering application, however, the
present [-extracting methods can only give one optimal value, and thus a lot of information is lost. In this paper
an algorithm for doing so, called 8 spectrum separation technique, is proposed. By adopting the concept of integral
projection used in digital image processing, the image of acoustic intensity is projected at different angles to separate
out the striations of different slopes; and then fast Fourier transform (FFT) is applied to the projected curve in order to
isolate striations of different spacing from each other. The values for 5 spectrum can be computed according to striation
slopes, which are also mapped into the positions of their corresponding acoustic modal horizontal wavenumber differences
in the wavenumber domain. The applicability of this algorithm for the extraction of S spectrum is tested and verified
by simulation results and experiment data. It is shown that the algorithm can separate out each § spectrum of different
intensity components from acoustic interference structure. The algorithm maps 8 spectrum into a two-dimensional plane
thereby being able to suppress noise more effectively and work in the condition of low signal-to-noise ratio compared

with the already-existing B-extracting algorithms.

Keywords: waveguide invariant spectrum, striation slope, striation separation distance, integral projec-
tion
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