
ARCHIVES OF ACOUSTICS
Vol. 45, No. 2, pp. 349–357 (2020)
DOI: 10.24425/aoa.2020.133155

Research Paper

Underwater Noises of Open-Circuit Scuba Diver

Vladimir KORENBAUM(1)∗, Anatoly KOSTIV(1), Sergey GOROVOY(1), (2)

Veniamin DOROZHKO(1), Anton SHIRYAEV(1)

(1)V.I. Il’ichev Pacific Oceanological Institute, Far Eastern Branch
Russian Academy of Sciences

Baltiyskaya 43, Vladivostook, 690041, Russia
∗Corresponding Author e-mail: v-kor@poi.dvo.ru

(2)Engineering School, Far Eastern Federal University
Sukhanova 8, Vladivostok, 690090, Russia; e-mail: gorovoysv@mail.ru

(received July 3, 2019; accepted January 21, 2020 )

The features of respiratory noises and noises of fins for open-circuit scuba divers, indicating a multipole
character of noises emission, are specified in cameral conditions. It demonstrates a possibility to detect
low-frequency components of noises of fins with pressure gradient sensor in near field. A possibility of
estimating the respiratory rate of an open-circuit scuba diver is demonstrated at distances up to 100 m
in real sea. It gives an opportunity of estimating the bearing (time delay in a pair of hydrophones) for the
open-circuit scuba diver by respiratory noises at distances up to 150 m in real sea. Thus, low-frequency
underwater noises of open-circuit scuba divers may be successfully applied to monitor the safety of diving
and to prevent waterside intrusion by trespassers.

Keywords: underwater acoustics; diver; respiratory noises; noises of fins; open-circuit scuba; breathing
apparatus; detection; monitoring; bearing.

1. Introduction

Passive acoustic monitoring of scuba divers is
a promising way to monitor the safety of diving and
to prevent waterside intrusion by trespassers. Respira-
tory noises and noises of fins emitted by a scuba diver
into water may be applicable here.

The respiratory noises of an open-circuit scuba
diver consist of the noise of exhaled and floating air
bubbles (Lohrasbipeydeh et al., 2014; Gorovoy
et al., 2014; Korenbaum et al., 2016), while in in-
spiration the noises are connected to an operation of
the high-pressure regulator in scuba breathing appa-
ratus (Donskoy et al., 2008; Gemba et al. 2014).
These powerful quasi-periodic signals have a repetition
frequency corresponding to diver’s respiratory rate.
Noises of fins are associated with hydrodynamic vor-
tices created during their oscillatory movements.

Objective of the paper is detailed experimental
study of low-frequency noises of an open-circuit scuba
diver, emitted into water, and drafting possible appli-
cations.

2. Theory

The main sources of scuba diver noises have small
wave size in low frequencies, and can be considered as
the point multipole emitters. It is known that a point
source of sound can oscillate with various modes, the
main of them are monopole, dipole, and quadrupole.

The source of respiratory noises seems to be closer
to monopole one. For a monopole source in an unlim-
ited medium expressions for sound pressure

p = P0 exp (−ikr)
r

,

and radial component of oscillatory velocity

vr =
P0 exp (−ikr)

ρcr
(1 − i

kr
)

are well known (Skouchek, 1976), where r – distance,
P0 – sound pressure at the distance of 1 m from the
source, k – wavenumber, i – imaginary unit, c – sound
speed in medium, ρ – its density. For this type of
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source, the sound pressure in the unlimited space de-
creases in accordance with the 1/r law whereas the
radial component of vibrational velocity decreases ac-
cording to the 1/r2 law. The latter (non-wave) compo-
nent dominates in the near field of the source, and
approximately describes the hydrodynamic effect of
the source on the point receiving sensor. An acous-
tic sensor in the form of omnidirectional pressure re-
ceiver (hydrophone) is weakly sensitive to such effect
(Korenbum, Tagiltsev, 2012). Therefore, it is pos-
sible to measure the monopole source characteristics
in its vicinity with hydrophones. On the contrary, vec-
tor sensors, in particular, made in the form of pressure
gradient receivers, perceive the non-wave field compo-
nent more efficiently than the wave one. The response
of modern pressure gradient sensors is proportional to
oscillatory acceleration

v′r = iω
P0 exp (−ikr)

ρcr
(1 − i

kr
).

Obviously, it is more efficient to receive a signal
for small kr, using pressure gradient sensors, whereas
for large kr the potentials of pressure gradient sensor
and pressure sensor are equalized by the signal due to
attenuation of the non-wave component. A transition
zone where an equality is achieved at kr = 1. For exam-
ple, if you set the frequencies of the noise spectrum
as 10–20 Hz, then at distances less than r = 24–12 m,
a pressure gradient sensor should be more suitable for
signal registration than a pressure sensor.

As for noises of fins, a fin movement is characterized
by oscillations of its edge with a flow shedding, which
can be represented as a dipole source. In the case of
dipole source, its emission is given by sound pressure

p = B exp (−ikr)
r

(1 − i

kr
) cosϕ,

and components of oscillatory velocity:
• radial

vr = B
exp (−ikr)

ρcr
(1 − 2i

kr
− 2

(kr)2
) cosϕ,

• and tangential

vτ = B
exp (−ikr)

ρcr2
(1 − i

kr
) sinϕ,

where B – constant of dipole emission (Skouchek,
1976). The tangential component of oscillatory veloc-
ity is an important feature of the near-field emission
of the dipole source in comparison with the monopole
one. In the far field an efficiency of dipole source emis-
sion is small compared to the monopole one. However,
in the near field the dipole source radiates much more
efficiently than the monopole one due to the existence
of components proportional to 1/r2 (by sound pres-
sure), 1/r3 (by radial component of oscillatory veloc-
ity), and 1/r3 (by tangential component of oscillatory

velocity). This effect is physically explained by appear-
ance of alternating hydrodynamic flows near the oscil-
lating (dipole) source. It is obvious that likely to the
case of monopole source a transition zone for effec-
tive reception by pressure gradient sensor is defined as
kr = 1. Furthermore, an application of pressure gra-
dient sensor to record emission of the components of
oscillatory velocity (acceleration) of a dipole source in
near-field zone seems to be even more advantageous
than in a case of monopole source.

If we consider the radiation of a pair of fins in their
alternate motion (swimming in the crawl style), then
a second dipole emitter should be added to the first,
turned on in invert phase at a distance of less than
0.25 m. The physical picture of alternating vertical os-
cillation of two fins looks like a so-called transverse
quadrupole source. Its radiation similarly is given by
sound pressure, radial and tangential components of
oscillatory velocity (Skouchek, 1976). The emission
efficiency of a quadrupole source in the far field is even
lower than that of the dipole source. However, in the
near field of such source the registering of components
of oscillatory velocity (acceleration) by means of pres-
sure gradient sensor may be even more beneficial than
for dipole due to existence of components proportional
to 1/r3 (by sound pressure), 1/r4 (by radial compo-
nent of oscillatory velocity), and 1/r4 (by tangential
component of oscillatory velocity).

3. Materials and methods

The hydroacoustic array was developed for exper-
iments and consisted of 12 undirectional hydrophones
distanced at 4 m. Each hydrophone was made in the
form of an assembly of 3 standard piezoelectric cylin-
ders of 18 mm diameter, sealed with common rub-
ber sheath (Bogorodskiy et al., 1983). To reduce
the influence of hydrodynamic noise caused by water
flows, sound-transparent fabric covers made of syn-
thetic terry cloth 5 mm thick were put on each hy-
drophone. Hydrophones were connected to underwa-
ter electric cable with longitudinal sealing having total
length of 100 m, on the remote part of which 12 her-
metic taps were spaced apart at a distance of 4 m. Tap
length was 3 m. The sealed containers were installed at
the ends of the taps, which were connected to 2-wire
hydrophone pins. Preamplifiers (gain 12) were installed
inside containers. According to the results of calibra-
tion, the sensitivities of hydrophones (without pream-
plifiers) were between 100 and 154 µV/Pa. Additional
amplification (gain 200) was applied before recording.

Additionally 3-component pressure gradient sensor
of inertial type was used (Korenbaum et al., 2017).
It consisted of common foam housing and 3 orthogo-
nally oriented accelerometers PCB 393B05 (Piezotron-
ics) sealed into it. The sensitivity of every pressure gra-
dient component to sound pressure in the flat wave was
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near 500 µV/Pa at 100 Hz. Additional amplification
was not applied. The housing was suspended with rub-
ber files into sound-transparent grid metal case with
heavy base. The case was covered with lattice synthetic
cloth to reduce influence of hydrodynamic noise caused
by water flows.

The signals were preconditioned, transmitted
through electric cable, amplified and registered with
16-channel PowerLab (ADInstruments) recorder, sam-
pling frequency of 10 kHz. FFT spectral analysis
was performed with SpectraPLUS (Pioner Hill Soft-
ware) software. Spectrograms were evaluated. The
cross-correlation function and cross-correlograms of re-
sponses of pairs of hydrophones were calculated with
specially designed software.

The respiratory noises of an open-circuit scuba
diver were initially studied in the hydroacoustic basin.
The scuba diver was placed in the center of the basin
at rest. The hydrophones of array were placed at the
bottom of the basin equally distanced at 1.2 m.

In real sea noises of open circuit scuba divers were
recorded during wet shallow-water submersions in the
Peter the Great Bay with dive depth of about 7–8 m.
Noises were registered by the bottom-mounted (near
10 m) linear array of hydrophones equally distanced
at 4 m and one 3-component pressure gradient sensor
bottom-mounted near the hydrophone 2 of array (left
about 0.5 m from its line).

The scuba diver displacement inside water area was
monitored with GPS-tracker placed in airtight buoy,
towed behind the diver with 8–10 m hawser at sea
surface. To assess positions of hydrophones the diver,
equipped with GPS-tracker, lay at the bottom consis-
tently near each hydrophone of the array for several
minutes. The diver had also a stop near the pressure
gradient sensor.

Fig. 1. Spectrograms of responses of hydrophones, placed in the basin near breathing open-circuit scuba diver – upper
diagram (Left ch.) is a response of the hydrophone at distance of 10 m; bottom diagram (Right ch.) is a response of the
hydrophone at distance of 3 m: 1 – noise in beginning of exhalation, 2 – noise of the main part of exhalation, 3 – high-

frequency noise of inhalation.

4. Results and discussion

4.1. Respiratory noises of open-circuit scuba diver
in the basin registered in near-field conditions

with hydrophones

The open-circuit scuba diver was placed in the
center of the basin at rest (without movement of
fins). Spectrograms (8192 time samples, Hann window,
50% overlap) of responses of two bottom mounted hy-
drophones were analysed (Fig. 1).

The powerful respiratory signals are seen in both
hydrophones (Fig. 1). Their repetition frequency cor-
responds to diver’s respiratory rate, recognized by ear.

The beginning of exhalation is seen (Fig. 1 – 1 ) in
the frequency band of 70–130 Hz. It may be treated
as a detachment of exhaled air bubble from the scuba
apparatus. The main broadband signal of exhalation in
the frequency band of 200–1000 Hz (Fig. 1 – 2 ) starts a
little later. Therefore, it may be connected to the noise
of floating bubbles during expiration.

One can see especially in the frequency band of
70–130 Hz a noticeable widening of the low-frequency
signal spectrum near the source of emission at the dis-
tance of 3 m (Fig. 1 – 1, Right ch.) in comparison with
the distance of 10 m (Fig. 1 – 1, Left ch.). This may
be explained by predicted above exposure of the hy-
drophones by near-field components of emission from
complex source of respiratory noise. It looks like that
not only pulsating but also higher components (dipole,
quadropole) appear in the source at small wave dis-
tances. Thus, the source of low-frequency respiratory
noises of open-circuit scuba diver could not be consid-
ered as a pure monopole as it was expected above.

The high-frequency signal in the frequency band of
2.5–4.9 kHz (Fig. 1 – 3 ) may be associated with inspi-
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ratory noises connected to an operation of the high-
pressure regulator (Donskoy et al., 2008; Gemba
et al., 2014).

4.2. Noises of fins and respiratory noises registered
in near-field conditions with hydrophone and pressure

gradient sensor

In order to record respiratory noises and noises
of fins simultaneously, the open-circuit scuba diver in
shallow-water area made a passage along the linear an-
tenna array installed at the bottom (10 m) at a height
of about 2 m above it. The spectrograms for this ma-
neuver are shown in Fig. 2. The scheme of location
and mutual orientation of pressure gradient compo-
nents and the diver is shown in Fig. 3 (position of the
diver when approaching pressure gradient sensor is in-

Fig. 2. Spectrograms of responses of bottom-mounted hydrophone 2 of the array and adjacent 3-component pressure
gradient sensor to the scuba diver passage with fins (approximate velocity of 0.5 m/s) along the line of array at 2 m
height above sensors: a) the hydrophone 2 of array; b) the pressure gradient component of longitudinal orientation, set
at the angle of 45○ from the bottom (Fig. 3 – 5 ); c) the pressure gradient component of horizontal transverse orientation
to the line of array; d) the pressure gradient component of longitudinal orientation, set at the angle of 135○ from the
bottom (Fig. 3 – 6 ); 1 – fragment of respiratory noises of the hydrophone 2; 2 – fragment of respiratory noises of pressure
gradient component of longitudinal orientation, set at the angle of 45○ from the bottom; 3 – fragment of noises of fins;
4 – fragment of respiratory noises of pressure gradient component of transverse orientation; 5 – fragment of respiratory

noises of pressure gradient component of longitudinal orientation, set at the angle of 135○ from the bottom.

dicated by L1, while moving away – L2 ). The diver
moved from the hydrophone 1 to the hydrophone 12,
i.e. his displacement coincided with the direction from
right to left for Figs 2 and 3. The responses of the
hydrophone 2 of the array and adjacent 3-component
pressure gradient sensor to the passage of the diver are
presented in Fig. 2.

The spectrogram of hydrophone 2 (Fig. 2a) in the
frequency range of 40–400 Hz has typical vertical strips
of respiratory noises (Fig. 2 – 1 ) with a repetition fre-
quency of about 0.2 Hz. The noises, as expected, reach
a maximum of intensity (and maximum bandwidth
expansion in the low-frequency range) when the diver
passed directly above the hydrophone 2 (Fig. 2 – 1 ).
The range of detection of these noises (taking into
account the speed of the diver about 0.5 m/s) is about
20 m, both approaching the hydrophone and distan-
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Fig. 3. Scheme of mutual orientation of the source of emission of fins of the diver with orientations of the pressure gradient
sensor components: L1 – position of the diver approaching the sensors, L2 – position of the diver leaving the sensors, 1 –
position of the leg of the diver, 2 – position of one fin, 3 – dipole component of emission of noises of the fin, 4 – direction
of movement of the diver, 5, 6 – dipole directivity patterns of pressure gradient components oriented longitudinally in
relation to the line of movement of the diver and the line of the bottom antenna array (dipole directivity pattern of the

pressure gradient component having transverse orientation is not shown), 7 – bottom of the water area.

cing from it. It should be noted that the signal re-
reflection from the water surface can be neglected for
distances up to the depth of the site (10 m) due to
spherical divergence of the wave front. However, at
larger distances a contribution of waveguide effects to
the observed picture may not be excluded.

In the spectrogram (Fig. 2b) of the pressure gradi-
ent component, longitudinally oriented along the array
line and installed at the angle of 45○ from the bottom
(Fig. 3 – 5 ), respiratory noises are synchronous with
the reply of the hydrophone 2, during approaching the
sensors (Fig. 2 – 2, Fig. 3 –L1 ). When the diver is pass-
ing over the pressure gradient sensor, which time is de-
termined by the maximum of signals in the response
of hydrophone 2 (Fig. 2 – 1 ), and moving further away
from gradient sensor (Fig. 3 –L2 ), these signals are
significantly weakened. It may be explained by the
dipole directivity of this pressure gradient component
(Fig. 3 – 5 ) oriented by its minimum to the source of
respiratory noises. In the area of 2.5–3 kHz a continu-
ous horizontal strip is seen in the spectrogram Fig. 2b.
It is associated with the resonance of accelerometer.

Additionally, in the response of this pressure gra-
dient component the more frequently repeated verti-
cal strips are clearly visible in the frequency range of
10–30 Hz (Fig 2 – 3 ), having a repetition frequency of
about 0.5 Hz. It is interesting that similar formations
are also seen in the spectrogram of hydrophone No. 2
(Fig. 2a) but less clearly. As the bandwidth of these
spectral strips evidently increases when approaching
pressure gradient sensor (Fig. 2b), they can be at-
tributed to a noise associated with the movement of
fins.

When the diver is passing over pressure gradient
sensor and leaving it, the bandwidth of these spectral
strips gradually decreases again. This probably may

be connected with the specified vertical orientation of
a dipole component of the source (Fig. 3 –L2, 3 ) to
the sensor (Fig. 3 – 5 ). The range of detection of these
noises when approaching pressure gradient sensor is
about 25 m, and when departing it – 17 m. It is worth
noting that the distances are close to the above men-
tioned theoretically predicted estimates for kr = 1 in
frequency range of 10–20 Hz.

In the spectrogram (Fig. 2c) of the pressure gra-
dient component oriented horizontally in transverse
direction to the array line, and by minimum of its
directivity pattern to the route of the diver, respira-
tory associated noises are observed only when the diver
is passing above the sensor. Moreover the signals are
significantly weakened (Fig. 2 – 4 ). The characteristic
spectral strips of respiratory noise are blurred (espe-
cially below 500 Hz). It is interesting that an asymme-
try between ranges of detecting respiratory noises of
the diver during approaching the sensor and distanc-
ing from it disappears in this case. The observed ef-
fects can be associated with the predominant register-
ing not radial but tangential component of oscillatory
acceleration of the respiratory noise source, which con-
firms its multipole character (a presence of the dipole
and quadrupole components described above) in the
near field. This speculation is confirmed by almost as
stable registration of noises associated with movement
of fins, as for the longitudinally oriented component
of pressure gradient sensor (Fig. 2 – 3 ). As noises of
fins lie in the lower frequency region (below 20–30 Hz)
than the main respiratory noises, this effect is even
more pronounced here and makes it possible to detect
these noises at practically the same distances that were
found for the longitudinally oriented pressure gradient
component (Fig. 2b) and had been theoretically pre-
dicted for kr = 1.
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In the spectrogram (Fig. 2d) of the longitudinally
oriented pressure gradient component, installed at the
angle of 135○ from the bottom (Fig. 3 – 6 ), a mirror
image is seen with respect to the longitudinal com-
ponent of pressure gradient sensor (Fig. 2b) oriented
orthogonally to it (Fig. 3 – 5 ) in terms of respiratory
noises. Here the respiratory noises are amplified when
the diver is moving from the sensor. The effect may
be connected to the mirror orientations of the dipole
directivity patterns of pressure gradient components
under consideration (Fig. 3 – 6 vs Fig. 3 – 5 ) manifest-
ing for far field (kr < 1). Whereas the noises associated
with fins are visible almost at the same distances and
with characteristics similar in frequency bands to other
pressure gradient components. This observation may
be interpreted in favour of the predominantly near-
field (kr < 1) character of emission of recorded noises
of fins by the dipole/quadrupole sources. A combina-
tion of these sources has in near field predicted above
tangential emission components leading to a loss of the
dipole directivity typical for the pressure gradient sen-
sor components in far field.

4.3. Detection of open-circuit scuba diver
by respiratory noises in real sea and estimation

of acoustic bearing

Respiratory sounds of open-circuit scuba divers
were recorded in summer during shallow-water sub-
mersions in the Peter the Great Bay, Japan Sea near
port of Vladivostok with dive depth of about 7–8 m
(sea state 2–3 on the Beaufort scale; sandy bottom
with a depth of around 10 m). A high level of exter-
nal background noise was observed during the experi-
ment, that included intensive continuous and discrete
spectral components of noise of many small boats as
well as intensive pulse noise components generated by
marine crustaceans. The averaged spectral levels of sea
noise during trials corresponded to the (Wentz, 1962)

Fig. 4. Spectrogram of response of the bottom-mounted hydrophone 2 to open-circuit scuba diver passage with fins away
from the hydrophone (velocity of about 0.5 m/s).

curves for deep sea with a sea state up to 7 on the
Beaufort scale.

Noises were registered with described (Subsec. 4.2)
bottom-mounted array of hydrophones. The open-
circuit scuba diver moved with fins away from the hy-
drophone 2. Spectrogram (8192 time samples, Hann
window, 50% overlap) for the hydrophone 2 is shown
in Fig. 4. Respiratory noises of the diver are visible in
the frequency range of 30–1000 Hz in vicinity of the
hydrophone with progressive narrowing of this band
to about 100–300 Hz when the distance from the hy-
drophone is increasing (Fig. 4). The vertical strips of
respiratory noises are seen in the spectrogram during
at least 200 s. Since velocity of the diver displacement
was around 0.5 m/s maximal distance of his detection
in the spectrogram may be assessed as 100 m. In accor-
dance with the basin measurements (Subsec. 4.1) the
vertical strips in the spectrogram should mostly char-
acterize the noise of floating bubbles during expiration.
The signals provide a possibility to estimate the diver’s
respiratory rate being about 0.25 Hz for this fragment
(Fig. 4) and may be applied for passive detection and
bearing estimation.

It should be noted that inspiratory high-frequency
noises are not identified clearly here in contrast with
the basin measurements (Subsec. 4.1). This probably
may be explained by specific hydrology or bottom
properties. The low-frequency noises of fins recorded
in near field conditions (Subsec. 4.2) are visible here
only close to the hydrophone. The latter seems to be
caused by the waveguide effects, neglected at small dis-
tances in the Subsec. 4.2.

Previously only high-frequency (above 1 kHz) part
of respiratory noises was used for bearing estimation
of open-circuit scuba divers (Sutin et al., 2013). How-
ever, it is evident that low-frequency acoustic signs
(Fig. 4) may also provide monitoring of the displace-
ment of a scuba diver by means of determining the
time delays of maxima of cross-correlation function at
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two hydrophones. The time delay may be used to as-
sess the acoustic bearing in well-known manner. An
example of the trace of such time delays for the pair of
hydrophones is shown in the correlograms of normal-
ized cross-correlation function Rxy (Fig. 5). The correl-
ograms are evaluated for approximately the same time
fragment which spectrogram is shown in Fig. 4. The
raw correlogram with time accumulation 1 s (50% over-
lap) is represented in Fig. 5a. The correlogram with
automatically found maxima of normalized correlation
function in each interval of accumulation (highlighted
with red dots) is seen in Fig. 5b.

The distance between geometric center of pair of
hydrophones 2 and 7, and the buoy with GPS-tracker
towed by the diver in this maneuver is shown in Fig. 6.

a)

b)

Fig. 5. a) Correlograms of responses of hydrophones 2 and 7 (distanced at 20 m) of the array to underwater noise during
movement of the open-circuit scuba diver away from the pair of hydrophones approximately along the axis between
hydrophones on local time of the day – raw correlogram; b) correlogram with automatically found maxima of normalized

correlation function in each interval of accumulation (red dots).

Fig. 6. GPS distance between the diver (towed buoy) and the center point of the pair of hydrophones 2, 7
as a dependence on local time of the day.

Time delays of automatically found maxima of nor-
malized cross-correlation function Rxy and time delays
calculated by GPS data as well as the value of normal-
ized cross-correlation function Rxy for this maneuver
are shown in Fig. 7.

In correlogram Fig. 5a one can see the trace of max-
ima of normalized cross-correlation function during all
analyzed fragment from 13:39 up to 13:44 of local time.
In this time fragment the distance between diver (tow-
ered buoy) and the center point on the line connecting
pair of hydrophones 2 and 7 changed from about 20 m
up to 150 m (Fig. 6). The trace (Fig. 5a) has maxi-
mum amplitudes and minimal width in the vicinity of
hydrophones and decreases gradually with increasing
the distance. However, at the end of the time fragment
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Fig. 7. Time delays of maxima of cross-correlation function (blue) with time delays calculated by GPS data (red) – upper
diagram; and the value of coefficient of normalized cross-correlation function Rxyas a dependence on local time of the day

– bottom diagram.

an amplification of the amplitudes of the trace is ob-
served again. This unusual behaviour may probably be
explained by changing in hydrology or bottom proper-
ties along the diver route. Moreover in the correlogram
Fig. 5a additional and more fuzzy traces are seen for
other noise sources.

Additional procedure of calculating maxima of nor-
malized cross-correlation function in each time interval
forms the correlogram with automatically found max-
ima labelled with red dots (Fig. 5b). These automat-
ically found dots are used to evaluate acoustic time
delays for the upper diagram in Fig. 7 and Rxy mean-
ings for the bottom diagram in Fig. 7.

In the whole analyzed time fragment the values of
maxima of normalized cross-correlation function Rxy
of two hydrophones are between 0.4–0.6 (Fig. 7, bot-
tom diagram). Meanwhile they were no more than 0.3
under background noises.

One can see (Fig. 7, upper diagram) that acoustic
and GPS time delays (both determining bearing) are
aligned near a distance of 45 m being in common very
close to each other up to the distance of about 150 m.

However, there are several failures in the evalua-
tion of acoustic time delays especially between 13:41
and 13:43 of local time. An origin of these failures is
probably connected to additional more fuzzy traces in
the correlogam Fig. 5a for which a number of false
found dots is automatically calculated in the correl-
ogram Fig. 5b for the same time fragment. Probably
some kind of smoothing technique should be used to
fend off these failures in future.

Another problem is a mismatch of acoustic and
GPS time delays at short distances up to 45 m. This
problem is connected to an incorrectness of calculation
of acoustic time delay because the range between hy-
drophones (20 m) is of the same order as the distance
to the diver here. Thus the necessary condition of a lo-
cally flat wave is not satisfied for both hydrophones at
small distances.

Nevertheless for large distances (far above between-
hydrophones range) the traces of time delays in correlo-
grams (like in Fig. 5) are quite accurate (Fig. 7, upper
diagram) and should provide a possibility of the tri-
angulation estimate of the diver location with several
pairs of hydrophones. It will be the topic for future
study.

5. Conclusions

The features of respiratory noises and noises of fins
for open-circuit scuba divers, indicating the multipole
character of emission are specified. A possibility to
detect low-frequency components of noises of fins
with pressure gradient sensor is demonstrated. An
opportunity of estimating the respiratory rate of an
open-circuit scuba diver by his respiratory noises is
demonstrated at distances up to 100 m in real sea.
It shows a possibility of estimating the bearing (time
delay in a pair of hydrophones) for the open-circuit
scuba diver by respiratory noises at distances up to
150 m in real sea.
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The results suggest that low-frequency underwater
noises of open-circuit scuba divers may be successfully
applied to monitor the safety of diving activity and to
prevent waterside intrusion by trespassers.
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