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Abstract
Laboratory water tanks are widely used to investigate
the effects of underwater noise on aquatic organisms.
However, small bounded volumes generate complex
and highly reverberant acoustic fields, and the spatial
distribution of sound inside experimental tanks is of-
ten insufficiently characterized prior to behavioural or
physiological studies. As a result, the acoustic expo-
sure experienced by organisms may vary significantly
within the tank, introducing uncertainty in controlled
noise experiments. This work presents an automated
methodology for three-dimensional acoustic field map-
ping in laboratory tanks based on broadband impulse
response measurements. A spatial scan is performed
throughout the tank, and at each measurement po-
sition a broadband excitation signal is recorded and
processed through deconvolution to estimate the im-
pulse response. The methodology is applied to an
experimental tank previously used for low-frequency
and virtual reality exposure studies and the result-
ing dataset allows the spatial variability of the sound
field within the tank to be assessed and provides a
reproducible framework for tank calibration prior to
bioacoustic experiments. This approach contributes
to improving the reliability and interpretability of
controlled underwater noise studies conducted in labo-
ratory environments, focusing on fish or other marine
organisms.
Keywords: underwater acoustics, bioacoustics, acoustic
field mapping, water tanks

1. Introduction
Anthropogenic underwater noise is widely recognized
as a growing environmental concern, with documented
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effects on fish communication, behaviour, and physiol-
ogy [1], [2]. At the same time, large-scale monitoring
initiatives and open datasets have improved the char-
acterization of vessel noise and coastal soundscapes in
European waters [3], [4]. While such efforts improve
understanding of real-world acoustic environments,
controlled laboratory experiments remain essential for
assessing organismal responses under reproducible con-
ditions. These experiments are frequently conducted
in water tanks, where acoustic conditions differ fun-
damentally from open-water scenarios.
Small water tanks behave as bounded reverberant
systems in which reflections at rigid walls and at the
water–air interface generate modal patterns and strong
spatial variability. The acoustics of small tanks have
been recognized for several decades, with early foun-
dational work describing the modal behaviour of con-
fined water volumes [5]. Moreover, later studies have
highlighted distortions and measurement uncertainties
associated with confined environments [6], [7]. Un-
der these conditions, sound pressure levels may vary
substantially across spatial locations, raising concerns
about the representativeness of single-point calibration
approaches commonly used in biological experiments.
Analytical modelling of rectangular water-filled tanks
has been addressed using modal formulations that
account for boundary effects and structural leakage.
In particular, [8] proposed a modal formulation capa-
ble of predicting normal frequencies and the spatial
distribution of sound in rectangular tanks. More re-
cently, combined theoretical predictions with robotic
measurements to analyse the spatial distribution of
normal modes in fish tanks is presented in [9], demon-
strating the influence of frequency, water level, and
measurement depth on acoustic uncertainty.
Despite these advances, many tank-based bioacoustic
studies still rely on limited spatial sampling or cal-
ibration at selected reference points. For example,
previous experimental work conducted in the same
tank considered in this study employed a restricted
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measurement grid and manual positioning to define
an exposure location for low-frequency experiments
[10], [11], [12].
The present work extends this by implementing an
automated three-dimensional mapping methodology
based on broadband impulse response measurements.
By measuring the acoustic response at multiple lo-
cations throughout the tank, the proposed approach
enables the spatial distribution of the sound field to
be analysed across the measurement volume. This
framework provides a reproducible basis for calibrat-
ing laboratory tanks used in bioacoustic experiments.

2. Experimental Tank and Context
The measurements presented in this work were con-
ducted in a laboratory water tank previously used for
controlled bioacoustic exposure experiments. The tank
has internal dimensions of approximately 50 × 50 × 35
cm and is made of 1 cm thick plexiglas walls filled
with either freshwater or seawater. Such small labora-
tory tanks are commonly employed in experimental
bioacoustics due to their accessibility and the ability
to control environmental conditions.
Previous experiments performed in this tank focused
on the study of biological responses to controlled un-
derwater noise stimuli and visual stimuli. In those
studies, the acoustic field was characterized using a
limited number of measurement positions in order
to define a reference exposure point within the tank
[10]. While this approach improves repeatability at
a specific location, it does not provide a complete
description of the spatial acoustic variability inside
the enclosure.

3. Measurement Methodology
3.1. Acoustic Excitation and Recording Chain
Acoustic measurements were performed using an un-
derwater loudspeaker (AKUASOUND, Mausound)
driven by a Behringer NX3000D Class-D power ampli-
fier. The loudspeaker is an electrodynamic underwater
transducer with a nominal impedance of 8 Ω and a
maximum power rating of 100 W RMS, designed for
broadband underwater sound generation.
The acoustic signal was recorded using an Aquar-
ian AS-1 broadband hydrophone. The hydrophone
provides an omnidirectional response and a linear fre-
quency response in the range of 1 Hz to 100 kHz
(±2 dB), with a sensitivity of −208 dBV re 1 µPa.
Signal playback and acquisition were performed us-
ing a SpectraDAQ-200 data acquisition interface con-
nected via USB. The interface provides 24-bit reso-
lution and supports sampling rates up to 192 kHz.
In the present study, measurements were recorded
at a sampling rate of 44.1 kHz. Two input channels
were used: one channel recorded the hydrophone sig-
nal, while the second channel recorded a loopback
reference from the output signal. This configuration
ensures precise synchronization between playback and
recording signals during impulse response estimation.
The excitation signal consisted of an exponential sine

Figure 1: Experimental setup used for the automated
acoustic measurements. The water tank is mounted within
a rigid structural frame supporting a three-axis positioning
system. The tank is mechanically suspended to reduce
coupling with external vibrations, while the surrounding
instrumentation enables synchronized signal playback and
recording.

sweep ranging from 10 Hz to 10 kHz with a duration
of 1.2 s. The sweep signal was generated digitally and
reproduced through the underwater loudspeaker. All
measurements were stored for offline post-processing.

3.2. Spatial Sampling
To characterize the acoustic field inside the tank,
measurements were performed on a structured three-
dimensional grid covering the accessible measurement
volume. The underwater loudspeaker was suspended
in the water near one side of the tank and remained
fixed during the measurements. The hydrophone
was mounted on a three-axis positioning system that
moved it sequentially between measurement points.
The primary tank used in this study has internal
dimensions of approximately 50×50×35 cm and mea-
surements were performed using a spatial resolution
of 3 cm along each axis, resulting in a total of 910
measurement points within the accessible volume.
In addition to the main tank measurements, a sec-
ondary experiment was conducted using a smaller
suspended enclosure with approximate dimensions of
20 × 20 × 20 cm. Due to the effective water height
and sensor geometry, the measurement region was re-
stricted to approximately 16×16×12 cm, resulting in
a total of 180 measurement points. The same spatial
resolution of 3 cm was used for these measurements.
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Figure 2: Detail of the positioning system inside the
tank. The hydrophone is mounted on the vertical axis
(z-axis), which is driven by a stepper motor mechanism
allowing controlled positioning within the measurement
volume. The structure enables repeatable and precise
spatial sampling of the acoustic field.

3.3. Impulse Response Extraction

At each spatial coordinate, the exponential sine sweep
was reproduced through the underwater loudspeaker
while the hydrophone signal was recorded simultane-
ously with a loopback reference of the playback signal.
The loopback channel provides a direct recording of
the excitation signal as reproduced by the playback
system and was used as the reference signal for the
impulse response estimation. Impulse responses were
estimated offline using frequency-domain deconvolu-
tion between the recorded hydrophone signal and the
loopback reference and a regularized spectral divi-
sion was applied to obtain a stable estimate of the
transfer function between the loudspeaker and the
hydrophone, the impulse response was then obtained
through inverse Fourier transform of the resulting
transfer function. To focus the analysis on the direct
acoustic arrival and the early reflections, the impulse
responses were windowed around the main peak of
the signal. This processing was repeated for all mea-
surement positions, producing a spatially indexed set
of impulse responses across the scanned volume.

4. Automated 3D Mapping Framework
An automated three-dimensional measurement system
was developed to characterize the acoustic field inside
the tank. The system combines a motorized position-
ing mechanism for the hydrophone with synchronized
signal playback and acquisition. As mentioned, the
hydrophone was mounted on a three-axis Cartesian
positioning system that moves the sensor sequentially
between predefined spatial coordinates.
To minimize positioning time the grid was scanned
using a serpentine scanning strategy. In this approach,
the hydrophone moves along the x direction for each
row of measurement points, reversing direction be-
tween consecutive rows while incrementing the y coor-
dinate. Once a full horizontal plane is completed, the z
coordinate is incremented and the process is repeated,
reducing unnecessary repositioning movements.
The entire acquisition sequence was executed auto-
matically using a custom Python control script that
coordinated hydrophone positioning, signal playback,
and data recording. The positioning system was con-
trolled by a Raspberry Pi connected to a FlyD5 motor
controller module driving the stepper motors of the
three-axis positioning mechanism. The control script
was executed on a separate computer that commu-
nicated with the Raspberry Pi to send positioning
commands and manage the acquisition sequence, see
Figure ??.

Figure 3: Graphical interface developed and used to
configure and visualize the automated measurement pro-
cedure. The left panel allows the user to define scan
parameters, including tank dimensions, safety margins,
spatial resolution, and acquisition timing. The right panel
provides a three-dimensional preview of the scan volume
and measurement trajectory. The color gradient indicates
the scan progression.

5. Preliminary Spatial Characterization
The automated measurement framework produces a
spatial dataset of impulse responses throughout the
tank volume. Preliminary results are shown in the
following section, where these measurements are ex-
plored to illustrate the capabilities of the system and
to highlight the spatial variability of the acoustic field
inside the tank for these preliminary results.
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5.1. Impulse Response Example
Figure 4 shows an impulse response measured at a
representative position within the measurement region.
The impulse response was obtained by deconvolving
the recorded hydrophone signal using the simultane-
ously acquired loopback reference, which provides the
excitation signal used for both temporal alignment
and deconvolution.
The resulting signal exhibits an early arrival followed
by a sequence of reflections originating from the tank
boundaries, including the walls, bottom surface, and
water–air interface. These contributions produce a
decay characteristic of a reverberant environment. A
prominent early arrival is observed at approximately
0.7 ms, corresponding to the direct acoustic path com-
bined with a fixed system delay introduced by the
acquisition chain. The absolute arrival time is there-
fore not interpreted in terms of propagation distance,
but is used here to illustrate the temporal structure
of the impulse response.
Such behaviour is expected in small bounded water vol-
umes, where multiple reflections dominate the acoustic
response. The impulse response reflects the complex
propagation conditions within the tank, with succes-
sive arrivals associated with repeated boundary inter-
actions.

Figure 4: Impulse response measured at a representa-
tive position within the measurement region (x = 18.0
cm, y = 21.0 cm, z = 12.0 cm). A prominent early ar-
rival is observed at approximately 0.7 ms, followed by
multiple reflections from the tank boundaries, resulting in
a prolonged decay characteristic of a highly reverberant
bounded environment.

5.2. Frequency Response and Resonant Be-
haviour

The frequency response of the tank can be derived
from the Fourier transform of the measured impulse
responses. Figure 5 shows the magnitude spectrum
obtained at the same representative position.
The spectrum shows pronounced peaks and notches
across the analysed frequency range. These features
come from constructive and destructive interference
effects associated with the excitation of normal modes
of the tank. This type of behaviour has been observed
in previous studies on small water tanks, which have
reported significant spectral irregularities and resonant

effects in confined acoustic environments [5], [6], [9].

Figure 5: Magnitude spectrum derived from the impulse
response at the same measurement position.

5.3. Spatial Variability of the Acoustic Field
One of the main advantages of the proposed measure-
ment approach is the ability to evaluate the spatial
variability of the acoustic field within the tank. By
comparing impulse responses across the measurement
grid, it is possible to observe differences in both ampli-
tude and spectral content as a function of hydrophone
position.
Figure 6 shows the spatial distribution of acoustic
magnitude at two representative frequencies within
the same horizontal measurement plane.
At low frequency (125 Hz), the acoustic field exhibits
relatively smooth spatial variations across the measure-
ment region. A clear amplitude gradient is observed,
with higher levels closer to the loudspeaker, which is
located near the right-hand side of the plots. This
indicates that the field is largely dominated by direct
propagation from the source, with limited spatial com-
plexity due to the wavelength being large compared
to the tank dimensions. The remaining asymmetry
is primarily associated with the source position and
boundary influences; asymmetrical positioning of the
source within the tank, which contributes to the ob-
served spatial gradient at low frequency.
At higher frequency (8000 Hz), the spatial distribution
becomes significantly more irregular, with localized
regions of higher and lower amplitude across the plane.
Although the influence of the source position is still
present, the field is now strongly shaped by interfer-
ence effects and multiple reflections from the tank
boundaries. This leads to a more complex and spa-
tially heterogeneous acoustic field.
These results show the frequency dependence of spatial
variability within the tank. While low frequencies
produce smoother, source-dominated spatial patterns,
higher frequencies give rise to increasingly structured
fields due to the combined effects of interference and
boundary interactions, highlighting the importance of
frequency when interpreting acoustic measurements
in water-tank environments.
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(a) Low frequency regime (125 Hz): smooth spatial variation
dominated by direct propagation from the source

(b) High frequency regime (8000 Hz): increased spatial com-
plexity due to interference and boundary reflections

Figure 6: Spatial distribution of acoustic magnitude
within the same horizontal measurement plane at two rep-
resentative frequencies. The loudspeaker is located near
the right-hand side of the tank. At 125 Hz (top), the field
exhibits relatively smooth spatial variations with a clear
gradient increasing toward the source, indicating a dom-
inant contribution from direct propagation. At 8000 Hz
(bottom), the spatial pattern becomes more irregular, with
localized amplitude variations due to stronger interference
and boundary reflections.

6. Conclusions
The results presented in this study highlight the com-
plex and strongly position-dependent nature of the
acoustic field within small laboratory water tanks.
The combination of broadband impulse response mea-
surements and automated spatial sampling provides
a detailed view of how acoustic energy is distributed
throughout the tank volume.
The impulse response analysis confirms the highly re-
verberant character of the environment, with a promi-
nent early arrival followed by a dense sequence of
reflections, behaviour consistent with classical descrip-

tions of small tank acoustics, where multiple boundary
interactions dominate the sound field.
In the frequency domain, the presence of pronounced
peaks and notches further supports the interpretation
of the tank as a resonant system. These spectral
irregularities are indicative of modal behaviour and
interference effects arising from the tank geometry
and boundary conditions.
The spatial analysis provides additional insight into
how these effects manifest across the measurement
volume. At low frequency, the acoustic field is largely
dominated by direct propagation from the source, re-
sulting in relatively smooth spatial variations with a
clear dependence on source proximity. In contrast,
at higher frequencies the field becomes increasingly
heterogeneous, with localized regions of constructive
and destructive interference. The results demonstrate
that the acoustic exposure within the tank cannot be
adequately described by a single measurement point.
Even within a relatively small volume, substantial
spatial variability is observed in both amplitude and
spectral content. This has direct implications for bioa-
coustic experiments, where organisms may experience
significantly different acoustic conditions depending
on their position within the tank. The automated
three-dimensional mapping framework presented in
this work addresses this limitation by enabling system-
atic and reproducible characterization of the acous-
tic field. Compared to traditional manual measure-
ments or sparse sampling approaches, the proposed
method provides a volumetric dataset that captures
both global trends and local variations. Moreover,
the system is built from standard components, mainly
based on CNC or 3D printers, with an estimated ma-
terial cost below $400, making it accessible and easily
reproducible in typical laboratory environments.
Despite these advantages, several limitations should
be acknowledged. The measurements are influenced
by the specific configuration of the experimental setup,
including the position of the loudspeaker, the tank
geometry, and the boundary conditions. As a result,
the observed spatial patterns are not solely determined
by intrinsic tank modes but also by source placement
and experimental constraints. In addition, the analysis
focuses on early impulse response components, which
may not fully capture late reverberation effects. A
constant delay between the loopback reference and
the hydrophone channel might be observed, likely
associated with the acquisition and signal routing
chain. Although, this study represents an initial step
on the proposed automated measurement framework,
demonstrating the capability to capture the spatial
and spectral complexity of the acoustic field within
the tank.
Future work will focus on extending the analysis to-
ward a more detailed characterization of modal be-
haviour and energy decay within the tank. The inte-
gration of these measurements with predictive acoustic
models could further improve the understanding of
sound propagation in confined water environments
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and support the design of more controlled bioacoustic
experiments.
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