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UNDERWATER ACOUSTICS

Intense Internal Waves and Their Manifestation in the Interference
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Abstract—Data of the SWARM-95 experiment, where intense internal waves on a stationary path led to
coupling of acoustic source field modes, have been processed. The spectral-density localization domains,
which are due to unperturbed and perturbed fields, are obtained using a double Fourier transform of
interference pattern on a hologram. The interference patterns of these fields have been reconstructed by
filtering these regions and applying double inverse Fourier transforms to them, which made it possible
to reconstruct the unperturbed-waveguide transfer function and the time variability of the medium. The
velocity of intense internal waves is estimated based on the recorded perturbed-field hologram.
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1. INTRODUCTION

The SWARM-95 experiment was carried out
on the New Jersey coast [1−4]. Stationary acous-
tic paths made angles β1 = 5◦ (the first path) and
β2 = 39◦ (the second path) with the front of in-
tense internal waves (IIWs); the angle between the
path directions was α = 34◦ (Fig. 1). The speed-of-
sound depth profile is shown in Fig. 2. Along the
first (14.98-km-long) and second (17.95-km-long)
paths, the depth varied within 71−73 and 70−88 m,
respectively. The IIW amplitude reached ≈10 m, the
propagation velocity was ≈0.65 m s−1, the time scale
of variability was ≈10 min [5]. An airgun source,
located at a depth of 12 m, emitted a 0.2-s pulse every
minute; the pulse spectrum is shown in Fig. 2 [6]. The
signal from a single hydrophone of a vertical linear
antenna, located at a depth of 36 m, is considered
here.

On the first and second paths, the IIWs caused
horizontal refraction of sound waves and coupling
of source field modes, respectively. The horizontal
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refraction and mode coupling are two limiting cases
of the IIW influence on acoustic fields. The recon-
structed interference patterns of the unperturbed and
perturbed (scattered from refractive-index inhomo-
geneities) fields on the first path, obtained using holo-
graphic sound-source localization [7], were presented
in [6]. Here, the dependence of the squared modulus
of sound pressure on time and frequency, caused by
the interference of source-field normal modes, is con-
sidered to be an interference pattern, and the double

Fig. 1. Schematic of the experiment [2]. The vertical
linear antennas of the first and second paths are denoted
as VLA 1 and VLA 2, respectively.
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Fig. 2. Unperturbed speed-of-sound profile [5].

Fourier transform of the interference pattern is re-
ferred to as a hologram.

Following [6], the interference patterns of the un-
perturbed and scattered fields on the second path were
reconstructed. Based on the holograms obtained,
the IIW propagation velocity was estimated and the
unperturbed-waveguide transfer function and time
variability of the medium were reconstructed.

2. PRINCIPLE OF INTERFERENCE
PATTERN RECONSTRUCTION

The variations in the ocean-medium refractive in-
dex, being caused by a hydrodynamic perturbation,
initiate changes in the horizontal wave numbers (and,
in general, mode amplitudes) with respect to the
unperturbed values. This leads to the following: the
resulting interference pattern, which is determined
by the difference in the horizontal wave numbers, is
a linear superposition of two independent interfer-
ence patterns, generated by unperturbed and scat-
tered fields. A double Fourier transform of an in-
terference pattern (in view of linearity) creates two
independent localized domains in the form of focal
spots on a hologram. The first domain, related to
the unperturbed field, is concentrated mainly along
the time axis, whereas the second domain, which
is due to the hydrodynamic perturbation, is concen-
trated along the frequency axis. The holograms of
these fields can be separated by filtering the domains.
Their interference patterns can be reconstructed by
applying a double inverse Fourier transform to them.
In the former and latter cases, the interference pat-
tern is formed by the interference of modes of un-
perturbed and perturbed media, respectively. With
a known source spectrum, one can reconstruct the
unperturbed-waveguide transfer function and exam-
ine the time variability of the medium.

3. PROCESSING RESULTS

The data processing on the first path was per-
formed with the same single-receiver depth and fre-
quency ranges as in [6]; this approach (under the
same receiving conditions) makes it possible to es-
timate the influence of the path position with respect
to the IIW front on the operation of the holographic
method [7], when the latter is used to reconstruct the
interference patterns of unperturbed and perturbed
fields.

Figure 3 shows the initial interference patterns
and holograms in the presence of IIWs for several
frequency ranges. To increase the contrast and res-
olution, the mean values are cut in the interference
patterns. The modulus of normalized hologram in
the three-dimensional image is indicated as | ̂F |. At
low frequencies, when the scattering from inhomo-
geneities is insignificant, vertical localized fringes,
related to the unperturbed waveguide, dominate in
the interference pattern. The scattering effects are
enhanced with an increase in frequency, as a result
of which the contribution from the horizontal local-
ized fringes increases and the interference pattern be-
comes more complicated (Figs. 3(a), 3(d), 3(g), and
3(j)). The focal spots of holograms are located mainly
on the time and frequency axes (Figs. 3(b), 3(c), 3(e),
3(f), 3(h), 3(i), 3(k), and 3(l)). The spectral density
beyond these spots is significantly suppressed. Su-
perposition of focal spots with maximum intensity is
practically absent, due to which one can reconstruct
the transfer function and observe the time variability
of the medium.

Filtering of the focal spots located on the frequency
axis and application of double inverse Fourier trans-
form to them is shown in Fig. 4. The spectral densities
are barely along the time axis; therefore, the recon-
structed interference patterns in the form of horizontal
localized fringes can be assumed to be caused by a
hydrodynamic perturbation. An increase in frequency
does not lead to ripple effect in the interference pat-
terns (stronger manifestation of the small-scale per-
turbation structure). The IIW propagation velocity w
can be estimated from the scattered-field hologram
([7], formula (29)). According to [2], the differences
in the horizontal wave numbers hmn = hm − hn for
the neighboring mode numbers at a frequency of
f0 = 64 Hz are h12 = 0.00928 m−1, h23 = 0.0144 m−1,
h34 = 0.0113 m−1, and h45 = 0.0158 m−1. The princi-
pal maximum in the hologram (Figs. 4(a) and 4(b))
is located at ν1 = 0.0015 Hz. As a result, we have
w = 0.74 m s−1, a value close to the experimental es-
timate: 0.65 m s−1.

The filtering of the spectral densities of the holo-
grams concentrated near the time axis and their nor-
malized Fourier transform are shown in Fig. 5. The
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Fig. 3. Normalized (a, d, g, j) interference patterns and (b, c, e, f, h, i, k, l) holograms for various frequency ranges in the presence
of IIWs. The bandwidths are 40 to 80 (a−c), 180 to 220 (d−f), 380 to 420 (g−i), and 580 to 620 Hz (j−l).

interference patterns look like sets of vertical localized
fringes; hence, their occurrence can be caused by
the interference of unperturbed-field modes. With
an increase in frequency, the number of sound-field
modes increases, and the small-scale variability of the
interference pattern is intensified.

Figure 6 shows the normalized time interference
patterns at frequencies of 60 (a), 200 (b), 400 (c),
and 600 Hz (d), which are vertical cuts of the recon-
structed two-dimensional IIW-induced interference
patterns (Figs. 4(c), 4(f), 4(i), and 4(l)). The asyn-
chronous behavior of time variability at various fre-
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Fig. 4. (a, b, d, e, g, h, j, k) Filtering of the spectral density of a hologram localized near the frequency axis and (c, f, i, l) recon-
struction of interference patterns for various frequency ranges.

quencies is related to the dependence of the perturba-
tion of horizontal wave numbers on their unperturbed
values, a fact suggesting their frequency dependence.

The squared modulus of the waveguide transfer
function |G(f)|2 is

|G(f)|2 =
|I(f)|
|S(f)|2 , (1)

where S(f) is the emitted-signal spectrum and
I(f) is the horizontal cross section of the recon-
structed interference pattern of unperturbed wave-
guide (Figs. 5(c), 5(f), 5(i), and 5(l)).

Figure 7 shows the frequency dependence of (1).
As one would expect, the frequency scale Λ of the
waveguide transfer-function oscillations decreases
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Fig. 5. (a, b, d, e, g, h, j, k) Filtering of the spectral density of a hologram localized near the time axis and (c, f, i, l) reconstruction
of interference patterns for various frequency ranges.

with an increase in frequency. In the frequency ranges
of 40 to 80 (Fig. 7(a)), 180 to 220 (Fig. 7(b)), 380
to 420 (Fig. 7(c)), and 580 to 620 Hz (Fig. 7(d)),
Λ = 3.2, 2.8, 1.9, and 1.7 Hz, respectively.

A change in frequency leads to a redistribution of
the spectral densities of the holograms formed in the
absence and the presence of perturbation (see Fig. 3).

This intensity redistribution can be described by the
ratio

g(f) = |Fmax(ν, f)|/|Fmax(τ, f)|, (2)

where |Fmax(ν, f)| and |Fmax(τ, f)| are the maxima
of the hologram focal spots, corresponding to the
scattered and unperturbed fields, respectively.
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Fig. 6. Cut of the reconstructed interference patterns of scattered field at frequencies of 60 (a), 200 (b), 400 (c), and 600 Hz (d).

Fig. 7. Reconstructed squared modulus of the unperturbed-waveguide transfer function.

The plot of function (2) with a resolution of 5 Hz is
shown in Fig. 8. The frequency scale of variability is
≈42 Hz. The dependence is resonant, with the enve-
lope peaking at a frequency of ≈370 Hz. The reason is
that the perturbation of the horizontal wave numbers
depends resonantly on the frequency, and the wave
numbers are peaking at the frequency in the vicinity
of which the field-forming modes are maximally over-
lapped with the thermocline [5]. In the experiment,
the thermocline was located at a depth 10 < z < 35 m
(see Fig. 2).

As one would expect, the position of the maxi-
mum of function g(f) barely changed in comparison
with the first path ([6], Fig. 7), the maximum value
decreased by a factor of 1.6, and the characteristic
frequency scale of variability increased by a factor
of 1.2. The latter circumstance is explained by the

Fig. 8. Frequency dependence of the ratio of the spectral
maxima of focal spots in the presence and in the absence
of IIWs.

geometric factor: the frequency scales Λ1,2 of vari-
ability g(f) on the first and second paths are linked by
the relation Λ1 = Λ2 cos α. Assuming that Λ1 = 30 Hz
[6] and α = 34◦, we obtain Λ2/Λ1 = 1.4, which is in
agreement with the experimental estimate.

4. CONCLUSIONS

We used the holographic method to experimentally
demonstrate the reconstruction of the unperturbed-
waveguide transfer function and the possibility of
observing the time variability of the medium under
the conditions of mode coupling (caused by the
IIW manifestation) for the source acoustic field.
The holographic method is based on recording the
initial Fourier hologram, formed by unperturbed and
scattered fields. The hologram is a set of separated
localized domains of spectral densities, related to the
absence or presence of perturbation. The application
of double inverse Fourier transform to these domains
made it possible to obtain the interference patterns
of unperturbed and scattered fields. The perturbation
propagation velocity was estimated based on the
scattered-field hologram.

Having generalized the results obtained on two
paths, we can suggest that they are also applicable
to other hydrodynamic perturbations of oceanic shelf
(such as background internal waves, surface rough-
ness, and tidal oscillations). Thus, the holographic
method makes it possible to comprehend anew the
phenomena in ocean acoustics where the wave inter-
ference caused by a broadband signal is critical.
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