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Abstract—Field experiments to measure the scalar—vector structure of an acoustic field at a Moscow State
University hydroacoustic test site with an ice cover are analyzed. The anisotropy of the noise field in the water
is estimated. Noise cross-correlation functions are constructed using the directional characteristics of two

spaced combined receiving modules.
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INTRODUCTION

An important way of studying large areas of ocean
is passive acoustic tomography, which is based on a
theoretically substantiated procedure for estimating
Green’s function for two spaced points via the cross
correlation of diffuse noise fields specified at those
points [1]. For passive monitoring, the scheme is two
hydrophones spaced arbitrarily at a certain distance in
the area water where isotropic acoustic noise is
observed; part of the noise propagates through both
hydrophones in turn and forms the desired signal. This
situation is equivalent to a scheme in which one
hydrophone transmits a signal and the second one
receives it. Noises coming from other directions are
considered interference. The main factor that deter-
mines the efficiency of using passive tomography is
the period of noise signal accumulation [1]. In our
opinion, a promising area in the development of pas-
sive acoustic tomography is the use of combined
receiving modules that can record both the scalar and
vector characteristics of acoustic fields at one point in
space [2]. This approach allows us to obtain a much
larger volume of information on the structure of a
wave field in a period comparable to the one possible
when using solitary pressure receivers. Theoretical
estimates show [3] that using combined receiving
modules in passive tomography considerably reduces
the period of noise signal accumulation required for a
reliable estimate of Green’s function.

The aim of this work was to analyze experimental
data [4] obtained at a Moscow State University hydro-
acoustic test site in the winter of 2019 by making mea-
surements in the water of an ice-covered Klyaz’ma
Reservoir. To perform our experiments, we selected an

extensive horizontal area of a water layer approxi-
mately 8 m deep and covered by ice 40—50 cm thick at
some distance from the shore. Two combined receiv-
ing modules (CRM 1 and CRM 2) were spaced on the
bottom, first at 40 m and then at 90 m. They were used
to measure simultaneously sound pressure and three
mutually orthogonal components of the noise field’s
rate of vibration. The orientation of the receiving
modules’ X channels was known: @, = 250° NW and
©, = 257° NW, relative to true north.

PRIMARY CORRELATION PROCESSING

The experimental data were processed to synchro-
nize the signals arriving from both receiving modules
to a set of analog-to-digital converters. To accomplish
this, an FM signal was transmitted to additional chan-
nels of both converters in real time from the same
radio station as the acoustic measurements were being
recorded. The relative time delays of cross-correlation
function (1) were calculated for each sample of the sig-
nal recorded from the two different converters. The
signal from CRM 2 was then interpolated to a new
time axis with allowance for the delays, synchronizing
the signals from the radio channels with accuracy up to
the point of reference. The signals from the channels
of CRM 2 and 3 were processed using this algorithm.
Synchronization allowed us to move on to correlation
analysis of the noise fields in the water to derive the
desired signal propagating between the receivers
against the background noise.

The cross-correlation function was calculated for
noise fields p(#,¢) and p(#,t), recorded at two points
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Fig. 1. (a) Envelope of the derivative of the cross-correlation function of whitened noise signals received on a pair of hydrophones
spaced at 40 m; (b) normalized spectrogram of the derivative of the correlation function for 40 m.

7 and 7 (where 7 = {x, y,z} is the radius vector), cor-
responding to the positions of receivers 1 and 2,
respectively:

T
K@) = % ! P 1) p(B,t — D, (1)

where T'is the period of noise accumulation. Function
K(7) is expected to have two symmetrical peaks. The
peaks in the positive part of time scale T correspond to
the recording of the signals propagating from CRM 1
to CRM 2, while those in the negative part match the
signals traveling to the opposite side. Time delays T
corresponding to the maxima of K(T) are determined
by the time required for the signal to propagate
between the hydrophones. For a more accurate esti-
mate of the length of signal propagation, we subse-
quently analyze the envelope of derivative correlation
function (1) by time delay 7T [5].

Measurements made with the ice cover produced
signal recordings 45 min long, obtained using two
CRMs spaced at 40 and 90 m. After whitening [5],
they approximated a stationary noise that was close to
white, the spectral components of which were distrib-
uted uniformly across the range of frequencies. All
recordings were broken down into segments of 120 s, and
a cross-correlation function was obtained for each one in
the frequency band of 20—45 Hz using formula (1).
Summing and normalizing to the maximum value, a
single correlation peak was observed for both distances
around the zero lag (Fig. 1a). We could identify no
second peak symmetrical to the first one.

To analyze our results, we calculated the spectro-
grams of correlation functions K(7):

+oo

K, (t', f)= I K(t)h(t — 1') exp(—i2mfr)dt, 2)

where /(T) is a rectangular window function.
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The spectrogram constructed using short time
Fourier transform (2) (Fig. 1b) shows that most of the
energy of the signal recorded by the two CRMs was
focused in the range of 30—40 Hz, which could corre-
spond to the frequency of propagation of one of the
lowest acoustic modes. It was shown in [6] that the
main contribution to the formation of the noise cor-
relation function comes from the stationary phase
point corresponding to the local minimum in the
group velocity of the considered mode. According to
our estimates, however, the critical frequency of the
first normal wave was only 80—100 Hz under the
experimental conditions.

A numerical study showed that when there is an
intermediary layer with a speed of sound around 100—
300 m/s at the bottom of a water area, a wave can
partly localize in this low-speed layer, the group veloc-
ity of which has a minimum of around 35 Hz. Such a
low-velocity layer of sediments is known to exist in the
waters of Klyaz’ma Reservoir. This is explained by a
high content of methane bubbles [7] and considerably
reduces the speed of sound. Figure 2a shows the profile
of the speed of sound versus depth for a three-layer
waveguide model with an ice cover, where # = 0—0.5 m
corresponds to ¢ = 2200 m/s (ice); A=0.5—7 m,toc =
1450 m/s (water); A = 7—8.3 m to ¢ = 100 m/s (a gas-
saturated layer); and # = 8.3 m and deeper, to ¢ =
1800 m/s (the bottom, in the form of a liquid half-
space). The ratio of the densities of the bottom and the
water layer is p,/p; = 2.1. The results from numerical
modeling for the above parameters of the waveguide
yielded an estimate of the group velocity of a wave
whose minimum falls within frequencies of 35—40 Hz.
Note that such a wave had never been observed exper-
imentally before.

Nothing needs to be radiated when using passive
means of study, which is a clear advantage of such
techniques. In our case, this allowed us begin studying
a low-frequency hydroacoustic field, which is a com-
plex problem in the active regime due to technical
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Fig. 2. (a) Profile of speed of sound c in the water of Klyaz’ma Reservoir with respect to depth /#; dependence of phase Cph and
group ¢, velocities on frequency f; (b) results from numerical modeling for the specified profile of the speed of sound.

restrictions on the possibility of radiating low-fre-
quency sound.

The correlation function obtained by processing
noise (Fig. 1) contained no peaks symmetrical to a zero
lag, which requires separate consideration. This could be
due to the pronounced anisotropy of the noise field (i.e.,
there being a preferential direction from which the main
energy of a recorded noise signal arrives).

STUDYING THE SPATIAL ANISOTROPY
OF A NOISE FIELD

To study the reasons for the emergence of a single
peak relative to a zero lag instead of two symmetrical
ones, we estimated the distribution of intensity in a
recorded signal with respect to the angle of the direc-
tion [8] in the range of 20—45 Hz for both CRMs. The
selected band of frequencies was divided into N =
100 different discrete components f;, for each of which
we calculated azimuth angle ¢;. Intensity was deter-
mined as the sum of the modules of the components in
the vector of the flow of acoustic power, averaged with
respect to the recorded time:

W, .
tan(pi=ﬁ, [(ﬁ,¢i)=m’

Rx,i
where Wy, ;and Wy, ; are the projections of the flow of
acoustic power for each component 7 in directions x
and y.
We then divided the range of angles from 0° to 360°

into M = 100 sectors with widths A, = 3.6°. This
determined the angular resolution for specified num-
ber of sectors M. Next, we plotted a histogram for total
intensities /(¢,) of the signals falling into each sector:

3

N
1@,) = Y I(f,In-1Ag, < @, < nAgy),  (4)
i=l1

where @, = Ag, (n + %) n=1,2, ..., M. Figures 3a, 3b
illustrate the result from plotting /(¢,) for the above
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processing parameters. It is seen that the noise field
has strongly pronounced anisotropy. Peaks of intensity
are recorded at ~340° for CRM 1 and ~65° for CRM 2
with an approximately 3.5° accuracy of determining
the angle. Based on the estimated direction of the
noise signal’s arrival, and allowing for the known con-
figuration of the distribution of vector receiver chan-
nels, we suggest that the CRM sound receivers also
recorded a wave propagating in a direction different
from the straight line along which the receiving mod-
ules were positioned. This explains why the correlation
function has only one peak. This intensity of the wave
is much greater than that of the noise coming from
other directions, so no symmetrical peaks of the cross-
correlation function are observed.

For self-corroboration, we also plotted the time
dependences of the angles of arrival using algorithm
(3). On average, the angles of arrival were 69° + 3.5°
and 341° £ 2.8° for CRM 1 and CRM 2, respectively;
this coincides with the direction marked in the histo-
gram of intensities and confirms our assumption there
was pronounced spatial anisotropy of the noise field in
the body of water. This feature of the recorded noise
field must be considered separately when constructing
noise correlations.

CONSTRUCTING THE NOISE
CROSS-CORRELATION FUNCTION
USING A CARDIOID

Since the interference’s direction of arrival is
known and we have information on the mutual orien-
tation of the receiving modules’ X channels, we can
construct cross-correlation functions that allow for
the anisotropy of noises. The correlation processing
algorithm used in this case was similar to (1), the stan-
dard procedure. In order to determine the directions
of noise signal propagation, which were of greatest
interest, we also shaped the cardioid characteristics of
directivity on each CRM:

U=P+pc(V,cosp+V,sing). ®)
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Fig. 3. Angular distribution of the intensity of noise characterizing its spatial anisotropy for (a) CRM 1 and (b) CRM 2 in the 20—

45 Hz band of frequencies over 45 min of observations.
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Fig. 4. (a) Envelope of the derivative of the cross-correlation function for the angles characterizing the directions to cardioid max-
ima @; = 7 and @, = 0; (b) normalized spectrogram of the derivative of the cross-correlation directional function for a pair of

hydrophones spaced at 40 m with ¢; = and ¢, = 0.

An alternative approach is to form such a cardioid
in which the effect of interference from a specified
direction is removed by turning the cardioid’s mini-
mum in the direction of intense interference. For
formed functions U (5), we plotted the cross-correla-
tion functions referred to below as directional correla-
tions. The directions of the cardioid maxima were
selected as azimuth angles in two ways. In one
(Fig. 4a), angles ¢, = ® and @, = 0 were designated
azimuth angle @. As a result, the characteristics of the
two CRMSs’ directivity were co-oriented in directions
opposite to each other. In the second, the azimuth
angles were selected as @, = @(¢) + 180° and ¢, = @(?) +
180°, where @(¢) are the angles of arrival as estimates of
the direction to the identified noise interference
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obtained earlier. We thus attempted to offset interfer-
ence in the considered band of frequencies.

For the directional correlations in Fig. 4a, we can
see symmetrical correlation maxima standing out
among the noise, despite interference near the zero lag
that was not removed completely. In the 20—45 Hz
range of frequencies, these peaks correspond to the
wave localized in the bottom layer, as was noted ear-
lier. The shift of the peaks relative to zero is about
0.4 s, allowing us to estimate the speed of a wave trav-
eling along the straight line connecting the two CRMs.
Our estimate yields a speed of 100 m/s, which is con-
sistent with our assumption about the possible forma-
tion of a low-velocity sound wave in the gas-saturated
mud of Klyaz’ma Reservoir’s bottom layer.
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Formula (2) was also used to construct the spectro-
grams of the derivative correlation functions for the
two different ways of denoting angles ¢, in analogy to
the preliminary calculations. For greater clarity, a fil-
ter was applied to the central band in the time range of
—0.2t0 0.2 s, reducing the intensity by a factor of 20 and
allowing us to distinguish areas of the concentration of
noise propagating between the CRMs. Figure 4b shows
they were localized in the 30—40 Hz range of frequen-
cies, as the main interference suppressed by the filter.

A wave propagating at a speed of sound consider-
ably lower than the one in the water layer was thus
recorded in the gas-saturated intermediate layer of
mud using combined sound receivers separated in
space. Signals at frequencies around 35 Hz were not
analyzed in experiments performed earlier in the
waters of Klyaz’ma Reservoir [9].

The use of a cardioid in correlation processing
allowed us to identify symmetrical peaks against the
background of intense anisotropic interference. The
described procedure for constructing a directional
cross-correlation function is promising for analyzing
different ranges of frequencies with propagating waves
that carry information on different characteristics of a
waveguide (i.e., those of a water layer in the high-fre-
quency range and the parameters of a bottom in the
low-frequency range).

CONCLUSIONS

Data obtained during field measurements plus the
processing algorithms executed numerically and
tested in this work form the basis for developing means
of passive tomography for a shallow sea using the sca-
lar—vector characteristics of the solund field. A poten-
tial area of future development is the correlation pro-
cessing of noise in order to form a cardioid at each
combined receiving module in different ranges fre-
quencies, along with creating a passive monitoring
scheme that considers the anisotropy of the noise
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field. According to theoretical estimates and prelimi-
nary experimental results [1, 4], the period of noise
accumulation required for a reliable estimate of the
length of signal propagation between receiving stations
can be reduced substantially in this case, compared to
using single pressure receivers.
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