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B Review I

Development and Application of Advanced Science
and Technology in Fisheries Acoustics

Dezhang CHU i

Abstract:

The escalating impact of climate change, particularly since the turn of the century, has posed an increas-
ingly formidable challenge to the global marine ecosystem. Effectively managing this ecosystem involves
significant responsibilities for marine scientists, encompassing the tasks of monitoring, assessing, and
researching the distribution of marine resources. Traditional fisheries surveys that employ trawl and net
samplings, while effective, are both labor-intensive and time-consuming, rendering them inefficient. Since
the mid to late 1930’s, acoustic technologies have played a pivotal role in revolutionizing fisheries surveys,
offering a more efficient means of conducting surveys for critical fish stocks worldwide. This paper pro-
vides an overview of the scientific and technological advancements achieved in fisheries acoustics over
almost a century, with a particular focus on broadband and multibeam technologies. It also highlights the
importance of theoretical modeling for understanding scattering by aquatic targets with complex shapes and
varying material properties. To illustrate the benefits of employing these advanced scientific and techno-
logical approaches in fisheries research, some practical examples that emphasize on their advantages over

traditional methods are provided.

1. Introduction

The mounting challenges of climate changes,
especially in the 21st century, have significantly
impacted the global marine ecosystem, presenting
a formidable obstacle. Effective management of
this ecosystem requires substantial responsibilities
for marine scientists, including monitoring, assess-
ing, and researching marine resource distribution.
Although traditional fisheries surveys utilizing trawl
and net samplings have been effective (Miller and
Judkins, 1981; Frost and McCrone, 1974; Wiebe

et al., 1976), they are labor-intensive and time-
consuming, thus inefficient. Since the mid to late
1930’s, acoustic technologies have played a crucial
role in transforming fisheries surveys by providing
a more efficient method for surveying critical fish
stocks worldwide (Anon, 1934; Johns, 1934; Sund,
1935; Simmonds and MacLennan, 2005). Fisheries
acoustics, a specialized field within marine science,
utilizes sound waves to study aquatic organisms
and their environment. It has become an essential

tool for fisheries research owing to its non-invasive
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nature and its capability to survey large areas effi-
ciently (Kimura, 1929; Cushing, 1952; Anon, 1965,
1967; Simmonds and MacLennan, 2005). Over the
past eight to nine decades numerous progresses in
science and technology have been made in fisheries
acoustics. This paper provides a brief overview of
these progresses, including echosounder technolo-
gies, data processing and interpretation techniques,
and the sampling platforms that carry the echo-
sounder systems to conduct scientific research and

fisheries surveys.

2. Science and technology advances in fisheries
acoustics

The foundational technology used in fisheries
acoustics involves emitting pulses of sound into
the water and analyzing the echoes returned from
underwater targets, such as fish and plankton. By
applying empirical or theoretical acoustic scatter-
ing models, the biological information such as size,
abundance, and biomass of these aquatic entities
can be estimated and inferred (Medwin and Clay,
1998; Simmonds and MacLennan, 2005). The
advancements in the science and technology of fish-
eries acoustics can be categorized into three main
areas: data collection hardware—echosounders, data
sampling platforms, and data processing or inter-
pretation software.

Each of these components plays a vital role in
the modern practice of fisheries acoustics, col-
lectively enabling more precise and comprehen-
sive studies of aquatic ecosystems, and is briefly

described in the following subsections.

2.1 Echosounder systems

Since the introduction of sonar technologies into
fisheries and zooplankton acoustics starting from
as early as in the late 1920’s to early 1930’s of the

20th century, sonar or echosounder (downward-
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looking sonar) systems have evolved from the orig-
inally simple and primitive systems that primarily
consisted of a single beam (channel) with a single
narrow-band frequency to much advanced multi-
beam and/or broadband systems (Kimura, 1929;
Simmonds and MacLennan, 2005; Stanton, 2009;
Korneliussen et al., 2009; Stanton et al., 2010;
Chu, 2011). An online document from Simard,
Kongsberg, a notable developer in this field, pro-
vides a comprehensive overview of this technol-
ogy evolution along with the advances of their
echosounder/sonar products (https://www.simrad.
online/cat/scientific_all a4 en_lores.pdf). Although
this evolution has been a continuous process, sev-
eral distinct milestones have significantly advanced
fisheries acoustics, enabling it as an effective and
efficient survey method for conducting large scale
fisheries surveys (Fernandes et al., 2002). These
developments not only allow for better survey
capabilities but also enable a deeper understand-
ing of marine ecosystems, contributing to more
informed conservation and management decisions.

2.1.1 Qualitative to quantitative

Early applications of acoustics in fisheries were
primarily qualitative (Johns, 1934; Anon, 1934;
Sund, 1935), meaning the interpretations of echo-
grams displayed on paper were only qualitative
and were not able to provide quantitative biological
information such as abundance and biomass based
on robust scientific knowledge.

The shift from qualitative to quantitative analysis
began to take shape in the mid-1960’s. Dragesund
and Olsen (1965) proposed a quantitative relation-
ship between the received electric voltage and the
fish abundance (number of fish) in an acoustically
insonified volume, marking the beginning of using
echo integration techniques for estimating fish

population densities:
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where v(f) represents the received electric volt-
age, T is the transmit pulse duration, and N is the
number of fish in the sample volume. The process
of this accumulative sum of the received electric
quantity is known as echo-integration, or echo-
integrator. However, Scherbino and Truskanov
(1966) discovered that the fish number density was
more accurately correlated with the echo intensity
rather than just the voltage, leading to the modified

relationship:

Noch (o) dt, )

This change led to a more accurate relationship
for assessing fish populations, establishing a more
reliable foundation for quantifying fish abundance
using acoustic data. This modification in echo-
integration technique laid the foundation for cor-
rect abundance estimates in fisheries acoustics,
enhancing its adoption in scientific and commercial
fisheries management (Midttun and Nakken, 1968;
Simmonds and MacLennan, 2005).

This improvement in echo-integration method
enabled researchers and fishery managers to make
more informed decisions based on robust acoustic
data, facilitating better resource management and
conservation practices. The evolution of these tech-
niques illustrates the dynamic nature of technologi-
cal advancements in marine science, particularly in
how acoustic data is interpreted and used in eco-
logical and fisheries research.

2.1.2 Analog to digital

The transition from analog to digital echosound-
ers in the late 1960’s and early 1970's marked a
significant technological advancement in fisheries
acoustics, driven by developments in electronics.
This change enabled a more sophisticated handling

of acoustic data, which was crucial for improving

the accuracy and efficiency of marine studies.
Dowd's work in 1967 initiated this shift by
showcasing the potentials of digital technologies
in acoustic measurements. Further research by
Dowd and others in 1970 highlighted that digital
echo-integrators could achieve high correlation
coefficients, greater than 0.90, for various pulse
durations (Dowd et al., 1970), indicating reliable
performance as shown in Fig. 1. The ability to
record and store data digitally facilitated not only
better data preservation and accuracy but also
enhanced the capabilities for data processing.
Technologies developed during this period allowed
for more complex data manipulation, display,
and analysis, significantly improving the qual-
ity and utility of acoustic data in marine research
(Nickerson and Dowd, 1977; Brede, 1984).

This transition fundamentally changed how data
was handled in marine acoustic surveys, setting
the stage for the modern digital techniques used
in today’s marine research and fisheries manage-
ment. The advancements in digital technology have
continued to evolve, providing researchers with
tools that are ever more precise and easier to use,
enabling more detailed and comprehensive studies
of marine environments.

2.1.3 Single frequency to multi-frequencies

Beginning in the early 1970's, development of
the multi-frequency, or multiple discrete frequency,
systems significantly strengthened scientists’ abil-
ity to identify and classify aquatic objects due to
complicated frequency dependence of these aquatic
organisms (Holliday, 1971, 1977; Holliday et al.,
1989; Jech and Michaels, 2006; Korneliussen
et al., 2009). In the mid-1970’s, dual-beam and
split-beam were developed, which enhanced target
detection capabilities. The dual-beam technology
relied on the beampattern difference between the

transducer aperture to locate the target, whereas the
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Comparison between the analog and digital echo-integrators for different pulse durations. The echosounder frequency

is 38 kHz. Figure is adapted from Dowd et al. (1970, with permission).

split-beam technology used the interferometry for
target localization, to achieve more precise local-
ization of an individual target within the field of
view of the echosounders, resolving issues like
angular ambiguity that were inherent in dual-beam
systems (Ehrenberg, 1974; Hester, 1975; Foote,
1984). The latter included a system with four
beams that could precisely determine the location
of an individual target, with angular resolution pro-
portional to the ratio of the transducer aperture to

the acoustic wavelength.

Alongside the development of the multi-frequen-

cy technologies, echosounder linearity that relates
the acoustic intensity and detected biological
targets was further confirmed through convinc-
ing laboratory and ex sifu observations (Foote,
1983). Concurrently, more accurate and practical
calibration method and protocols were developed
(Dragonette et al., 1981; Foote, 1982) and gained
international acceptance (Demer et al., 2015).

2.1.4. Single beam to multibeam

The evolution from single beam to multibeam
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echosounder systems marked a significant techno-
logical leap in marine acoustic surveying. While
dual-beam and split-beam echosounders developed
in the 1970’s were capable of resolving accurately
only one individual target at the same range within
the beam. The true commercial multibeam acoustic
systems, including down-looking echosounders
such as Simrad ME70 and side-looking sonars
such as Simrad MS70, were available not until the
1990's (Gerlotto et al., 1994, 1999; Mayer et al.,
2002; Cochrane et al., 2003; Foote et al., 2005;
Trenkel et al., 2008; Korneliussen et al., 2009;
Cut et al., 2016). Most of the currently multibeam
echosounders/sonars are pseudo 3D multi-beam
systems, they can provide true 2D images in the
athwartship plane for each ping (Fig. 2) and then
forms a 3D volumetric image by compiling a series
of pings along the ship track (Simrad, https://
www.simrad.online/cat/scientific_all a4 en lores.
pdf). These systems include Simard ME70, SM20
(formerly SM2000), and Reson Seabat 7000 and
8000 series.

The Simrad MS70, a true 3D multibeam system,
is particularly notable for its array of 500 beams
arranged in a 25X20 grid (Fig. 3). This setup allows
for instantaneous, high-resolution imaging of marine
life, including fish and zooplankton schools, providing
critical data on their morphology and dynamics in
real time (Korneliussen ef al., 2009; Ona et al., 2009).
Such advanced capabilities significantly enhance the
capasibility of classification and characterization of
aquatic species, offering profound insights into their
behaviors and environments.

2.1.5 Narrow band to broadband

The transition from narrowband to broadband
echosounder systems in fisheries acoustics provid-
ed a significant development in the field, enhancing
the resolution and applicability of acoustic data. It

is well established that the scattering or backscat-

tering of aquatic organisms depends strongly on
frequency, or more accurately on the dimensionless
parameter, kd, where k is the acoustic wave number
and d is the characteristic dimension (length, width,
and height) of the aquatic object in question (Chu
et al., 1993; Medwin and Clay, 1998; Stanton et
al., 1998b; Lavery et al., 2010). This dimensionless
parameter is proportional to the ratio of d to the
wave length, i.e., kd=2n(d/A) o< (d/A) (Medwin and
Clay, 1998). There is often a confusion between a
broadband and a wideband system and the terms
are frequently used interchangeably. However, to
differentiate between the two, we define a wide-
band echosounder system as one that may contain
a number of narrow-band frequencies but spans
a wide frequency band. In contrast, a broadband
echosounder system is characterized by its abil-
ity to transmit and receive acoustic signals that
span a continuous frequency band, which is also
wideband. A wideband system may also consist of
either type of echosounder system, or a combina-
tion of both (as illustrated in Fig. 4).

Another aspect of interest is the definition of a
broadband system, particularly through the use of
a unique parameter known as a quality factor, Q.
This factor commonly used to describe the fre-
quency characteristics of an echosounder system.
The quality factor is defined as the ratio of center
frequency (f.) to the 3-dB (or —3dB) bandwidth
(BW,4)- If the Q value of an echosounder system
is greater than 10, it is classified as a narrow-band
system. Conversely if the Q value is smaller than
3, it qualifies as a broadband system. If the Q value
between 3 and 10, there is no consensus and may
depend on specific applications or even uses’ pref-

erence shown below:

>10 Narrowband
0= Je — {in between 7 3
3dB <3 Broadband
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Calibration
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-

e rem—— s e

Fig. 2 Illustration of a 2D multi-beam echosounder, Simrad ME70 (top), and a Simrad SM20 image display of one ping dur-

ing a calibration (bottom), where the calibration sphere is an aluminum sphere with a diameter of 38 mm (Chu, 2011).

The advantages of broadband systems include
their ability to provide a continuous wideband fre-
quency coverage of the scattered acoustic signals
(3-dB bandwidth), a higher signal to noise ratio
(ocT BW 15, where T is pulse duration and BW, 4

is the system 3 dB bandwidth), and a higher tem-
poral (spatial) resolution in the direction of wave
propagation (¢BW,y;) (Chu and Stanton, 1998;
Stanton, 2009; Stanton e al., 2010). The quality

factor, O, of the two commonly used broadband
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Fig. 3 (a) Illustration of a 3D multi-beam echosounder (Simrad MS70), (b) a herring school mapped by a single ping of the
MS70 multibeam sonar system (Korneliussen, 2009; Chu, 2011).

echosounder systems in fisheries acoustics, Simrad
EK80 and EdgeTech (towed echosounders), is list-
ed in Tables 1 and 2 for comparison. Table 1 also
includes the Q parameters for the Simrad EK60
narrow band system.

An illustrative example of the temporal and
spectral aspects of a broadband system is shown in
Fig. 5. In this example, the transmit pulse duration
is 1 ms, featuring an upsweep frequency from 50 to
90kHz (f.=70kHz) over the entire pulse duration.

The tapering function applied is a split Hanning
window, covering about 10% of the pulse dura-
tion. The 3dB bandwidth (Af;4g) is a about 35kHz,
which is narrower than 40kHz due to tapering, and
the pulse temporal resolution is about 30 us, slight-
ly larger than the ideal temporal resolution (Ar=1/
Afyqs)=28.6 us).

This shift from narrowband to broadband echo-
sounder systems represents a significant techno-

logical advance in marine research, providing
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researchers with more powerful tools for exploring

and managing aquatic environments effectively.
2.2 Sampling platform
2.2.1 Ship-mounted echosounders

One important performance parameter of an

— Narrowband

Wideband

‘/\_ Jy Broadband

/\/\/meww\..ﬂka'

F1 equency

Fig. 4 Conceptual definitions of narrow-band, broadband
and wideband echosounder systems.

J. Marine Acoust. Soc. Jpn. Vol. 51 No. 4 Oct. 2024

echosounder is its signal-to-noise ratio (SNR). The
SNR of an echosounder depends on many factors
including both internal and external aspects. While
the internal aspect is inherent to the echosounder
and is normally fixed and stable for a period of
time, the external aspect consists of environ-
mental conditions and the sampling platform the
echosounders are mounted to. Early fisheries
acoustic surveys used hull-mounted echosounders
to conduct fisheries acoustic surveys (Simmonds
and MacLennan, 2005). It revolutionized fisher-
ies survey by allowing scientists to efficiently and
accurately estimate fish abundance and distribution
in the water column. However, due to the direct
coupling of the echosounders to the ship’s hull,
the mechanical and electrical interference from
the ship itself resulted in a degraded quality of

the recorded data and inferior performance of the

echosounders.

Table 1 Quality parameters for Simrad EK60 and EK80 echosounders, where Q=f./BW; 4. For EK60 narrow-band
echosounder: Using the minimum pulse duration to estimate the bandwidth with Hanning window of 100%
tapering.

EK60 EK80
Nominal freq
(kHz) Min T Est. 0 Center freq Freq range BW Est. 0
(us) (kHz) (kHz) (kHz)
18 512 9 18 16-20 4 4.5
38 256 10 38 3244 12 3.2
70 128 9 70 45-90 45 1.6
120 64 8 130 90-160 70 1.9
200 64 13 210 160-260 100 2.1
333 64 21 365 280-450 170 2.1

Table 2 Quality parameters for EdgeTech (https://www.edgetech.com) broadband echosounders (Stanton et al., 2005;

Lavery et al., 2010).

Channel Frequency band (kHz) Center frequency (kHz) Estimated O
Shamu 1-12 6.5 0.6
424 4-24 14 0.7
Reson 45-105 75 1.3
Low 160-270 215 2.0
Medium 220-330 275 2.5
High-Low 330470 400 2.9
High-High 450-590 520 3.7
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Fig. 5 Temporal and spectral characteristic of a broadband system.

To address

improvement was made in the late 1960s and
early 1970s with the introduction of echosound-
ers mounted on a retractable centerboard. This
design modification allowed the transducers to
be indirectly coupled to the ship's hull, greatly
reducing mechanical and electric cross-talk and
enhancing the overall SNR of the acoustic data.
However, while retractable centerboard mounting
systems greatly improved data quality, they also
introduced new challenges, such as increased drag
when the ship was in motion. This increase in drag
could lead to higher fuel consumption and, conse-
quently, higher operational costs during surveys.
Despite these drawbacks, the benefits of improved
data accuracy and reliability often outweigh the

increased costs, especially in comprehensive, large-

scale fish stock assessments.

This development highlights the ongoing need

these challenges, a

significant

tional efficiency in marine research platforms.

2.2.2 Towed echosounders

resolution since the spatial resolution is a function

Afsap

to balance technological advancements with opera-

Towed echosounders represent a dynamic and
flexible approach to marine acoustic surveys,
enabling researchers to collect high-resolution data
from various depths and positions in the water
column. Unlike ship-mounted systems, which are
fixed to the vessel’s hull, towed echosounders are
deployed using a tow cable that includes electronic
conducting wires, allowing for greater maneuver-
ability and the ability to target specific depths and
areas (Kloser, 1996; Dalen et al., 2003; Johnson
and Smith 2019; Smith and Johnson, 2020). One
of the advantages of a towed echosounder systems
is that it can be deployed at any desirable depths

hence achieve higher spatial (radial and angular)

of range. This feature is very useful for exploring
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the acoustical and biological characteristics of indi-
vidual fish as well as fish schools. Another advan-
tage of the towed systems is that the raw acoustic
data can be displayed and processed in nearly real
time, facilitating on-the-spot analyses and decision-
making during survey operations.

A notable example of a specialized towed
echosounder is the Blo-Optical Multi-frequency
Acoustical and Physical Environmental Recorder I1
(BIOMAPER 1I). This system integrated the acous-
tic, bio-optical, and environmental data collection
systems into a single towed sled (Wiebe et al.,
2002). It was used to study a wide range of marine
organisms including phytoplankton, zooplankton,
and krill in the Gulf of Maine and the Antarctic
Southern Ocean and provided a wide-angle view
of microscopic sea life by measuring acoustic,
bio-optical, and physical conditions simultaneously
(Foote, 2001; Warren, 2001). With BIOMAPER
II, broad-scale echosounder data, groundtruthed
by bio-optical small-scale video and combined
with environmental data, are capable of provid-
ing a complete picture of aquatic live animals in
the water column. Such capabilities make towed
echosounders invaluable tools for modern marine
research, significantly enhancing our understanding
of oceanic ecosystems.

2.2.3 Autonomous uncrewed vehicles

Autonomous uncrewed vehicles, including
Autonomous underwater vehicles (AUVs) and
uncrewed surface vehicles (USVs), have trans-
formed the landscape of marine research by
addressing some limitations inherent in traditional
ship-mounted and towed echosounder systems.
Since both types of data acquisition platforms
require a mother-vessel to conduct data collection,
the inevitable ship-induced noise not only reduce

the SNR of the recorded acoustic data (ICES, 1995)

but also alter behaviors of marine targets of interest

J. Marine Acoust. Soc. Jpn. Vol. 51 No. 4 Oct. 2024

(Goncharov et al., 1989; Brehmer et al., 2000). The
development of these AUV/USV technologies not
only enhances data collection efficiency but also
significantly reduces the human and environmental
footprint associated with marine surveys.
Developing AUVs, or Unmanned Underwater
Vehicles (UUVs), offers a solution to overcome
the limitations associated with ship-mounted and
towed echosounders. The first autonomous under-
water vehicles, the Self-Propelled Underwater
Research Vehicle (SPURV), was developed as
early as 1957 at the Applied Physics Laboratory,
University of Washington for
research applications (Widditsch, 1973). SPURV
was a battery-powered AUV equipped with a velo-

oceanographic

cimeter (sound velocity), a quartz thermometer,
and a thermistor-controlled Wien bridge oscillator
(WBO), and later, a fluorometer.

While acoustic applications to map seafloor using
either echosounders or sonars carried by AUVs
were reported in the 1980’s (Kosalos and Chayes
1983; Jarry, 1986; Tyce, 1986) and then have been
extensively used internationally in marine geosci-
ence (Wynn et al., 2014; Cutter et al., 2016), their
applications to bioacoustics were not reported until
2010's.

AUVs, such as the REMUS [https://www.
whoi.edu/what-we-do/explore/underwater-vehicles/
auvs/remus/, Fig. 6(a)] (Moline et al., 2015),
Autonomous Benthic Explorer (ABE), SeaBed
developed at the Woods Hole Oceanographic
Institution, Odyssey-class AUVs at MIT, and the D.
Allan B at the Monterey Bay Aquarium Research
Institute, represent some of the key developments
in this technology. These vehicles are predomi-
nantly battery-powered and autonomous, capable
of operating independently from human operators
for the duration of their battery life, which typi-

cally lasts only a few hours. This limitation, along
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Fig. 6 Illustration of Autonomous Uncrewed Vehicles (AUVs): (a) REMUS (https://hii.com/what-we-do/capabilities/unmanned-

systems/remus-uuvs/); (b) Ocean glider (https://oceanservice.noaa.gov/facts/ocean-gliders.html); (c) Wave Glider

(https://www.liquid-robotics.com/;

(d) Saildrone (https://www.seattletimes.com/seattle-news/science/saildrones-go-

where-humans-cant-or-dont-want-to-to-study-the-worlds-oceans/).

with the need for deployment and recovery from a
support ship, adds significant operational costs and
logistical challenges (Moline et al., 2015).

Despite these challenges, the expansion of
AUV capabilities has greatly enhanced our ability
to explore and understand marine environments,
offering tools that can reach areas that are other-
wise inaccessible to human divers or larger manned
vessels. The continued advancement in AUV tech-
nology promises further improvements in marine
research, expanding our knowledge of the ocean’s
complex ecosystems and the life they contain.

Ocean gliders represent a type of Autonomous
Underwater Vehicle (AUV) that harnesses natural
energy sources to operate, utilizing a unique buoyancy-
driven propulsion system [https://oceanservice.noaa.

Fig. 6(b)]. These

gliders adjust their buoyancy to sink or rise through

gov/facts/ocean-gliders.html,

the water, and their motion is converted into for-

ward propulsion by wings attached to their bodies.
This method of movement is highly energy-effi-
cient, enabling ocean gliders to undertake extended
missions lasting several months, often covering
vast areas of the ocean (Benoit-Bird et al., 2018).
However, while these vehicles excel in energy
efficiency for propulsion, they face limitations
when it comes to powering onboard electronic data
acquisition systems. The energy needs of these
systems are entirely dependent on the batteries
included in the AUV'’s payload. This dependency
often constrains the operational capabilities of
power-intensive instruments like echosounders,
which are crucial for acoustic data acquisition. To
manage energy consumption, ocean gliders may
need to reduce the ping rate or shorten the opera-
tional duration of these systems, which could limit
the depth and breadth of data collection during

long missions.
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Uncrewed Surface Vehicles (USVs) like Wave
Gliders [https://www.liquid-robotics.com/wave-glider/
how-it-works/, Fig. 6(c)] and Saildrones [https://
www.saildrone.com/technology/vehicles, Fig. 6(d)].
utilize natural energy sources available at the
water’s surface to significantly enhance the effi-
ciency and sustainability of maritime research
operations, marking a significant advantage over
other types of marine research vessels that rely on
more traditional fossil energy sources.

Wave Gliders operate by harnessing the energy
of ocean surface waves. They consist of two main
parts: the float, which stays at the surface, and the
sub, which is tethered below the float by a cable
and moves vertically with the waves. This motion
between the float and the sub is converted into
forward thrust by the glider’s unique design. The
vertical movement of the sub in response to wave
action allows Wave Gliders to traverse large dis-
tances without fuel, making them highly efficient
for long-duration oceanographic missions.

Saildrones leverage wind energy for propulsion,
using a sail attached to an unmanned autonomous
vehicle. This setup allows them to navigate across
oceans collecting data for months at a time. The
sail provides the necessary power to move the
drone and operate its instruments, making it ideal
for various maritime research and observation tasks
without direct human intervention.

One of the significant advantages of the USVs is
that their main body remain on the water surface
and can take advantage of the inexhaustible solar
energy to charge their carried batteries through
surface-mounted solar panels, or photovoltaic (PV),
providing the electric power for the data collection
electronic instruments including the echosounders
that are essential for fisheries acoustics applica-
tions. Ideally, as long as the installed solar panels

can convert sufficient solar energy to power all
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electronic data acquisition systems, these USVs
can operate indefinitely at sea except for necessary
maintenance. However, during cloudy days when
the solar panels cannot provide adequate power,
the USVs can remain on the surface for more days
to charge the batteries. However, for systems like
Wave Glider, noise generated by glider’s operation
can significantly interfere with echosounder sys-
tems so a towed system with a particular bouncy
(about 6-m bellowed the sea surface), PAMBuoy,
is needed for operating echosounders [Fig. 6(c)].
As a result, combination of the glider main body
and a towed echosounder makes system’s deploy-
ment and recovery very challenging, as well as
making their operation more vulnerable to some
unexpected event such as trawls from fishing ves-
sels. In contrast, the echosounders that mounted on
the keel of a Saildrone, about 5 feet below the main
body, offer more reliable autonomous operation
at sea, making it a more desirable for conducting
fisheries acoustic surveys. A comparison of features
among these different autonomous vehicles (AUVs,
USVs) is provided in Table 3.

Both Wave Gliders and Saildrones represent
innovative approaches to marine research, enabling
the collection of vital environmental data while
minimizing carbon footprints and operational costs.
Their ability to harness natural energies contributes
to their effectiveness in extended missions, par-
ticularly in remote or harsh environments where
traditional vessel operations might be challeng-
ing or impractical. The evolution from traditional
ship-based to autonomous survey methods marks
a significant advancement in marine science, offer-
ing a way to conduct more respectful and less
intrusive research in marine environments. These
technologies continue to evolve, promising further
improvements in how we study and interact with

ocean ecosystems.
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Table 3 Comparison of features among the different types of AUVs (USVs).

System Survey speed Sustainability Payload Deloy/recovery
Wind-Powered medium long medium easy
Wave-Powered slow long medium moderate
Gravity-Powered slow long medium easy
Battery-Powered medium short high easy

2.3 Scattering modeling by fish with and without
swimbladder
2.3.1 Scattering by swimbladder-bearing fish
Since early 1930's, there has been significant
progress in modeling scattering by swimbladder-
bearing fish. Minnaert (1933) provided a formula
to calculate the resonance frequency of a spheri-
cal bubble based on his “pulsation theory”, which
involved the principle of conservation of acoustic
energy. An exact modal series solution was pro-
vided for a fluid sphere in the early 1950's by
Anderson (1951) over an entire frequency band
limited only to the computer’s capability (conver-
gence of the spherical Bessel functions at very high
frequencies). Andreeva (1964) presented a reso-
nance model that include an elastic wall around the
gas-filled spherical gas bubble. A later publication
by Feuillade and Nero (1998), extended Andreeva’s
work (1964), proposed a viscous-elastic model to
describe the scattering. The model consisted of a
spherical air bubble enclosed by an inner elastic
shell representing the swimbladder wall, and then
by an outer viscous shell representing the surround-
ing fish flesh. Using this viscous-elastic model,
they obtained a good agreement between the theory
and the measured data. This model was further
modified to overcome its computational instability
by replacing the Neumann functions with Hankel
functions (Anson and Chivers, 1993) and validated
by a good agreement between the theoretical pre-
dictions and those calculated using the finite ele-
ment method (FEM) (Khodabandeloo et al., 2021),

where nulls due to the interference among waves

at some depths were reasonably predicted by the
model.

A publication by Ainslie and Leighton (2011)
provided an extensive review of scattering and
extinction cross-sections, damping factors, and
resonance frequencies of a spherical gas bubble
in terms of the representative forms of the reso-
nance scattering [Egs. (1) and (2) in Ainslie and
Leighton, 2011], where the resonance frequency
and its radiate, viscous, and thermal damping were
investigated.

Since most fish swimbladders are elongated and
non-spherical, using prolate spheroids to approxi-
mate the geometric shape of fish swimbladders
became a natural choice, especially for scatter-
ing near and below resonance frequency, which
involves only non-directional breathing mode.
A renowned work by Strasberg extended the
Minnaert’s resonance frequency formula for spheri-
cal bubbles to non-spherical spheroidal bubbles
(Strasberg, 1953). In 1973, by applying Strasberg’s
formula of resonance frequency for spheroids,
Weston presented a scattering model by a prolate
spheroid as a function of frequency near or smaller
than resonance frequency (Weston, 1973). His
model included only the radiation damping. Love
(1978) further developed a scattering model for
a prolate spheroid with inclusion of thermal and
viscous properties of fish swimbladder and flesh.
At the same time, he corrected a typo in Weston's
work for predicting the resonance frequency of
a prolate spheroid (Love, 1978). However, since

Love's work was primarily based on a spherical
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bubble, his scattering function only considered the
influence of bubble elongation on the resonance
frequency not on the scattering amplitude. Nearly
two decades later, Ye introduced a scattering model
that accounted for the elongation effects on both
resonance frequency, radiation damping, and the
scattering amplitude (Ye, 1997). A resonance scat-
tering model based on Ye's but including the vis-
cous and thermal damping factors was proposed by
Scoulding et al. (2015, 2022).

Except for the exact fluid sphere model and the
viscous-elastic model, which is valid only for
spherical gas bubbles and requires to solve a 10X10
linear equation system that involves Bessel func-
tions of the first and second/third kinds (Feuillade
and Nero, 1998; Khodabandeloo et al., 2021), all the
previous resonance scattering models (Andreeva,
1964; Weston 1973; Love, 1978; Ye, 1997; Scoulding
et al., 2015, 2022) are valid only for frequencies
that are lower and around resonance frequency.

In this section, we propose a hybrid scattering
model for fish with swimbladders that is valid in
the resonance scattering, the geometric scatter-
ing regions, and extends to the ultimate asymp-
totic scattering level. Rather than pursuing an exact
solution—which requires solving complicated
equations and can be difficult to implement with
adequate accuracy, especially for higher frequen-
cies—we propose an approximate hybrid scattering
model. This model is analytical and straightforward
to implement, an essential attribute for solving
inverse problems using a model-based iterative
and/or Bayesian approach (Chu et al., 2016). In
addition, each term in the analytical form of the
scattering model has a clear physical and mathe-
matical significance. The geometry of the scattering
by an ellipsoid is depicted in Cartesian coordinates
in Fig. 7. The resonance scattering for a prolate

spheroid, a special case of an ellipsoid when a=5,
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Fig. 7 Geometry of an ellipsoid in a Cartesian coordinate

system.

is based on the model proposed by Ye (1997) but

presented here in a slightly different form:
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where e,.=a/c<1 is the aspect ratio, the ratio of
semi-minor to semi-major axis. Note that it is easy
to verify that the elongation effect of prolate spher-
oids reduces to unity for the case of a sphere, i.c.,

F,

spheroia= 1 for e,.=1. It is obvious that the effects of

the elongation of prolate spheroids not only on the
resonance frequency (Weston, 1973; Love, 1978),
but also on the damping (denominator) and ampli-
tude (numerator) as well (Ye, 1997). This model
ignores the viscous and thermal damping, as well
as the potential interactions among the incident
and scattered waves from different part of the fish
swimbladder and the body at higher frequencies as
investigated and reported by Khodabandeloo et al.
(2021). It was also demonstrated that the thermal
and viscous damping due to surface tension at the
swimbladder/fish body interface, and the viscos-
ity of the fish body played negligible effect on
the backscattering by swimbladder fish as long as
the frequency is outside a narrow band around the
resonance frequency (Scoulding ef al., 2015, 2022).

To account for orientation dependence of the
scattering, a Sinc function can be introduced as in

Stanton (1989) and Scoulding et al. (2015):

sin(kesin@)
0(9) ==l 6
©) kesinf ©)

where 6 is the angle of orientation of the prolate
spheroid (perpendicular to the major axis Z, see
Fig. 7) relative to the incident wave. The combined

scattering angle-dependent scattering model is then

res

a;3 (ka

esr?

0) =0(0)oy, (ka,, ) @)

For ka,,>1, or ka,,— °, when the first Fresnel
zone is much smaller than the geometry of
the target, the backscattering will approach its
asymptotic value derived based on the Kirchhoff
Approximation (Eq. 64 in Gaunaurd, 1985):

oo gy = AO20)

s R @®)

where a,(f) and a,(f) are the radii of curvatures
that are orthogonal at the point where the incident
wave (angle-dependent) intercepts the surface of
the scattering target. For an incident wave imping-
ing on an ellipsoid with an incident angle 6 in the
X—Z plane, the asymptotic differential backscatter-

ing cross-section can be derived as

4

o-bxoeac 9

.2 2 29\ ©)
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where 0=0 is for the broadside incidence:
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where e,,=b/a and e,,=1 for a prolate spheroid.

(10)

For the case of a sphere, i.e., a=b=c, 0, reduces
to a2/4, a well-known solution for a perfectly
reflecting sphere (Stanton, 1989). To combine Egs.
(7) and (9), for ka,,>ka,, we proposed the fol-
lowing transition function (a transient response
of a passive electric system to a step function,
Alexander and Sadiku, 2013, Ch. 7.5) to form a
hybrid scattering model:

hybrid
Ops (k Aoy >

0)

Jl:? (ka 0)5 kaesr < kTa

esr?
[Ogjymp (e) - O—gss (kTaesr s 6):'
X (1— o))

0)7 kaesr Z Taesr (1 1)

esr

top (kray,
where k; is the wave number corresponding to the
frequency where the transition starts, o is a param-
eter governing the transition rate (equivalent to the

time constant, 7, for a RC circuit).

7S"" (ka,,.,0) =10log,, 0" (ka,,,0).  (12)

esr? esr?

Comparison of this analytical model with the
numerical simulations using the Boundary Element
Method (BEM) is shown in Fig. 8, where we plot
the reduced target strength (RTS) as a function of

131



132

ka

esr:

O_hybrid ( ka

. ,0
RTS™" " (ka,,,,0) =10log,,| —2 a9 |

esr?

O-bs0
(13)

The transition function, Eq. (11) was chosen
quite arbitrary as long as it could produce satisfac-
tory results.

Figure 8 shows the comparison between the
reduced target strength (RTS) predicted by using
our hybrid model, Eq. (13), and those com-
puted using the boundary element method (BEM)
(Katsikadelis, 2016) for backscattering by prolate
spheroids with aspect ratios of 1.0 (sphere), 1/2,
1/3, and 1/4. To produce the results shown in

Fig. 8, the incident angle is set to zero, or normal

50

Analytic Model
40 «  BEM:alc = 1 (Sphere)

30

20

Reduced TS (dB)

-20
10°

50

Analytic Model
40 * BEM:alc=1/3

30

20

Reduced TS (dB)

20
10° 102 107 10° 10’ 102

J. Marine Acoust. Soc. Jpn. Vol. 51 No. 4 Oct. 2024

incidence, and k; a.,=0.1. It can be seen that the
agreement is very good. An interesting observation
is that the ka,,, value where the RTS approaches its
asymptotic value, decreases with aspect radio, i.e.
the more elongated, the fast the scattering to reach
its asymptotic value.

To show the angular dependence, we compared
the theoretical predictions using Eq. (12) with the
measured data published by Foote (1985), as well
as the numerical integration based on the Kirchhoff
approximation presented with the data (Fig. 9). The
experimental data were an average of 13 Pollack
(Pollachius pollachius) and 2 Saithe (Polllachius
virens) with the root-mean-square (rms) length,
height, and width of the swimbladders being
13.0cm, 1.17cm, and 1.76cm, respectively. The
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Comparison of the hybrid scattering model by a prolate spheroidal gas bubble with the numerical simulations using

boundary element method (BEM). The four plots correspond to prolate spheroids with aspect radios of 1.0 (sphere),

1/2, 1/3, and 1/4, respectively. In each of the plots, the horizontal axis is the dimensionless parameter, ka,,,, where k

is the acoustic wavenumber, and a,,, is the equivalent spherical radius (equal volume). The vertical axis is the reduced

target strength (RTS) defined in Eq. (13) and ksa,,,=0.1.
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Kirchhoff model used by Foote (1985) was fre-
quency dependent model, and the integration was
done numerically involving a series of digitized
cross sections of swimbladders cut with a micro-
tome and photographed at intervals varying from

200 to 1400um (Foote, 1985). The theoretical
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Fig. 9 Comparison of the experiment data (dashed line)
and Kirchhoff model (solid black line) (adapted
from Foote, 1985, with permission) and those com-
puted using Eq. (12) (solid red line). The TS of the
experiment data were an average of 13 Pollachius
pollachius and 2 Polllachius virens with the rms
length, height, and width of the swimbladders being
13.0cm, 1.17c¢m, and 1.76cm, respectively. The
Kirchhoff model used by Foote (1985) was frequen-
cy dependent model, and the integration was done
numerically (solid black line). The theoretical TS
predictions of the hybrid scattering model using Eq.
(12) used the following computation parameters for
a prolate spheroid: semi-major axis ¢=13/2=6.5cm,
semi-minor axis a=v(1.17x 1.76)/2=0.72 cm (equal
area of a circle).

model predictions of the fish target strength (TS)
were calculated using Eq. (12) with the following
computation parameters for a prolate spheroid:
semi-major axis ¢=13/2=6.5cm, semi-minor axis
a=v/(1.17x1.76)/2=0.72cm (equivalent area of
a circle), and the ka,,=3.6 at 120kHz, which is
in the geometric scattering region and basically
approaches the asymptotic scattering level (Fig.
8). It can be found that the hybrid scattering model
provided much more smoothed curves than the
Kirchhoff Approximation integral since the former
uses a much simpler geometry to approximate the
real shape of swimbladders of 15 individual fish.
2.3.2 Scattering by fish without swimbladders

For fish without swimbladders, the whole fish
can be approximated as a weakly scattering target
with homogeneous material properties inside fish
body. The backscattering of a weakly scattering
object of an arbitrary shape can be approximated
by an integral form of a volume (v,) based on the
Distorted Wave Born Approximation (DWBA)
(Chu et al., 1993; Stanton et al., 1998b):

DIVBA _ ]i

scat 4r

where k,, are the wave numbers in media 1 (sur-

I(Mw&kmpmﬂ%m(m
Yo

rounding water) and 2 (scatterer), respectively. 7,
is the position vector inside the scatterer, and ﬁi
and K, are unit vectors of the incident and scattered
wavenumbers, respectively. h=k,/k,=c,/c, is the
sound speed contrast of the animal. By using a
density contrast g=p,/p;, we can express y; and y, as

1= gh?

Ve = _g7
K ghz

and 7y, (15)

With the geometry shown in Fig. 7, the two unit-

vectors are

ﬁi:cosﬁi cos¢; X+cosl; sing, p+sinh,Z  (16)
ﬁs:cosﬁs cosp X+ cosl; sing, Y+sind, z (17)

where (0, ¢) are spherical angles (polar and azi-
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muth) in the spherical coordinates. In deriving
Eq. (14), the unknown wave number ﬁs of the
integrand in the exact Helmholtz-Kirchhoff integral
equation (Morse and Ingard, 1968) is replaced with
the local wave number inside the scattering body,
K,=kKk kK, (Chu et al., 1993).

There are many publications of applying the
DWBA to weak scattering objects, such as zoo-
planktons with complicated shapes (Stanton et al.,
1998a; Chu and Ye, 1999; Lavery et al., 2002; Chu
et al., 2016). A link providing more potential appli-
cations of the DWBA with various geometric
shapes and material properties is given by Gastauer
et al. (2019).

To study the scattering by fish body (no swim-
bladder), we can use an ellipsoid to approximate
the geometric shape of a fish body. To simplify the
derivation, we assume that the material properties
of the fish are homogeneously distributed inside the
body, i.e. y, and y, defined in Eq. (15) are constants
inside the entire integration volume. It is straight-
forward to show that the scattering amplitude of
an ellipsoid can be expressed as a compact and

analytical form (Chu et al., 2008):

DWBA
scat

(e i+ e 2 )
=k? (hzyk —yp)abc

2 2 2 2 2
kya [T+ ¢ T2+ €2, 12

(18)
where j,(x) is the spherical Bessel function of order
1, and e,,=bla, e,,=e,. =cla.

I, =cos b; cos ¢; — cos b, cos P,
IT, =cos 6, sin ¢, — cos b, sin ¢,

I1,=sin6; — sin b, (19)

For a backscattering scenario, which is the case for

most applications in fisheries acoustics, k; k,=—1,
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0,=r— 0, and ¢,=m+ ¢,, the three sine and cosine

items in Eq. (19) are
I1,=—2 cosb, cosp,
I1,=—2 cost, sing,

I1,=—2 siné, (20)

Note that ;=0 corresponds to the broadside inci-
dence with ¢,=0, for incident wave along x-axis
(X-Z plane) while ¢,=x/2 for incident wave along
y-axis (Y-Z plane).

3. Application examples

In this section, we present a few examples to
show (1) applications of broadband technology
to characterize the acoustic scattering by different
targets, and (2) an application of conducting an

acoustic survey using USVs.

3.1 Broadband systems
3.1.1 Spectral characterization of fish and
zooplankton

A field application of a towed broadband system,
EdgeTech as described earlier in Section 2.1.5,
was carried out during a herring survey aboard
the NOAA Ship Fisheries Research Vessel (FRV)
Delaware Il over Georges Bank off Cape Cod,
MA in the period 7-15 September 2005 (Stanton
et al., 2010). The FRV Delaware II was equipped
with the standard Simrad EKS500 narrow-band
echosounders, with the calibration conducted in
the field during the cruise. The calibration of the
towed EdgeTech calibration was conducted post-
cruise off Provincetown, Cape Cod, MA using a
small R/V Tioga. A comparison of the 120kHz
narrow-band echosounder and the broadband echo-
sounder of EdgeTech (6-17kHz) is illustrated in
Fig. 10. The pulse duration of the narrow-band

echosounder was 1.024ms, while the bandwidth of
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Distance (m)

Edge Tech
(6 —17 kHz)

Distance (m)

Comparison of the echograms recorded with Simrad EK500 120kHz narrow-band echosounder (adapted from

Stanton et al., 2010, with permission). The pulse duration of the narrow-band echosounder was 1.024 ms, while the
bandwidth of the EdgeTech broadband echosounder (channel 424, see Table 2) was about 10kHz (6-17kHz). The
EdgeTech echograms were displayed after pulse-compressing process (Chu and Stanton, 1998). The two echograms

on top panels are from the narrow-band data while the bottom two panels are from broadband data.

the EdgeTech broadband echosounder was about
10kHz (6-17kHz). The EdgeTech echograms were
displayed after pulse-compressing process (Chu
and Staton, 1998), which provided much higher
range resolution.

The spectral characterization of the volume back-
scattering  strength, S,=101log,,s,=10log,,(na,),
from different marine organisms shown in Fig. 11
(adapted from Stanton et al., 2010), where oy
represents the average differential backscattering
cross section of an individual target, and »n is the
number density of the scattering targets within
the acoustically insonified volume. Backscattering
by herring, depicted in Fig. 11(a), clearly dem-
onstrates the resonance phenomenon observed in
two separate patches or aggregations. The dense
patch corresponds to the large central aggregation
in Fig. 10 (lower-left plot), and the sparse patch
corresponds to one of the small patches nearby.
The three segments of data correspond to the three
broadband acoustic channels, i.e., Shamu (low

frequency), 424 (mid-frequency), and Reson (high

frequency)—each detailed in Table 2. A signifi-
cant advantage of the EdgeTech system is its low
frequency channel (Shamu) that encompasses the
resonance frequency of many fish species, such
as herring in this application. The fact that the
resonance patterns (frequency responses) being
consistent for both patches suggest they comprised
herrings of the same size; the mean strength of the
patches reflected the numerical density of the fish
aggregations, estimated at 0.3 and 0.05m " for the
denser and sparser patches, respectively. The two
thick solid black curves represent the theoretical
model predictions, combing the resonance scatter-
ing model (Love, 1978) with the deformed cylinder
model (Stanton, 1989).

The backscattering from a near-surface day-
light swarm [Fig. 11(b)] appeared to originate
from weak scattering zooplankton in mostly the
Rayleigh scattering region, transitioning to the
geometric scattering around 85kHz—consistent
with elongated fluid-like scatterers approximately

Scm long. The spectral data were recorded with
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Spectral characterization of volume backscattering strength, S,, from different marine organisms (adapted from

Stanton ef al., 2010, with permission). (a) Resonance phenomenon observed in two separate patches of herring. The

three segments of data correspond to the three broadband acoustic channels (Shamu, 424, and Reson, Table 2). The

thick solid lines are predictions from the theoretical scattering model and the numbers are estimated numerical den-

sity of herring. (b) S, of a near-surface daylight swarm of what appears to be zooplankton (~50mm long). Estimated

3

numerical density is N=20m °. The transition from Rayleigh to geometric scattering is at about 85kHz. The red

solid line is the model prediction based on the DWBA.

the high frequency channel (Reson). We fitted the
DWBA model of an elongated cylinder (Staton et
al., 1998b) to the measured data and obtained a
numerical density estimation of about 20 animals
per m’ (Staton ef al., 2010). Although the aggrega-
tions were not directly sampled during the time of
data recording, their form and timing were con-

sistent with swarming behavior when they were

attacked by predators (Nottestad, 1988).

3.1.2 Nearfield calibration using a standard target
Calibrating broadband echosounder systems

accurately and reliably in the farfield can be chal-

lenging due to the extended distance required for

farfield conditions. For instance, with the Simrad

ME70 multi-beam system operating at 120kHz,

the farfield distance, calculated using the formula
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rp=D"/), where D is the diameter of the transducer
and /1 is the wave length of the transmitted pulse,
turns out to be approximately 20 meters. This dis-
tance complicates the calibration setup and maneu-
verability significantly.

To address the farfield calibration difficulties,
a method of conducting a nearfield calibration
and extending the resultant parameters to farfield
applications, was developed by Chu and Eastland
(2015). This method was implemented during a
calibration experiment at the NOAA Fisheries
Northwest Fisheries Science Center (NWFSC) in
2013. The experiment setups, as illustrated in Fig.
12, utilized a pair of custom-made broadband trans-
ducers made of 1-3 composite materials (Material
System, Inc., Littleton, MA). These transducers had
a maximum amplitude between 550 and 600kHz
and a nominal bandwidth of about 200kHz. The
experiment configuration was a pseudo-monostatic,
with two transducers adjacent to each other to
simulate a backscattering scenario.

A 25-mm tungsten carbide sphere (WC25) was

used and placed at 8.25, 9.25, 10.25, 11.25, and
15.25cm away from the center of the two transduc-
ers. Based on the formula r.=D/1, the estimated
farfield distances were about 8.3cm at 200kHz,
and 37.5cm at 900kHz. Figure 13(a) illustrates
the measured frequency responses of the received
pulses at 8.25, 11.25, and 15.25 cm, demonstrating
that at low-frequency end, all curves are closely
aligned, whereas at the high-frequency end, the
spectrum corresponding to 8.25cm shows a greater
decrease more than that at 15.25cm, highlight-
ing the influence of nearfield effects. The theo-
retical predictions of the frequency responses at the
farfield and the near field at those three distances
are displayed in Fig. 13(b), where the transducer
frequency response was excluded.

The theoretical predictions of the bi-scattering by
a calibration (elastic) sphere can be expressed as a
quadruple integration over the transmit and receive

transducer surfaces as (Chu and Eastland, 2015)

Positioning
System

Calibration
Sphere |

‘ Pulse/Receiver

e

Fig. 12 Photograph depicting the setup of the laboratory experiment system used for nearfield calibration, as originally shown

in Chu and Eastland (2015, with permission).
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Prear (TriTr) = ATIARJ.J.A, J.J‘AR py(EsE)dArdAy

- S

< ¢, (2n+ DA (k)P (k)
X P, (cos0)dA,dAy
2]

where p, (¥,; ¥, is the pressure of the bistatic scat-
tering by a target (WC25) with a point source and a

. . > -
point receiver; rp and rg are vectors from the cen-
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ter of the scatterer to the center of the transmitter
and receiver, respectively; ry and r, are the vectors
from the center of the scatterer to an arbitrary point
on the surfaces of the transmitter and receiver,
respectively. The two double integrals are over
the transducer surfaces of the transmitter (4;) and
receiver (Ay), respectively. hf,l)(x) and hff)(x) are the
spherical Hankel functions of the first and second
kind. P,(x) is the Legendre polynomial of degree
n, and the angle is the angle between the two posi-
tion vectors, r, and r,. The coefficient ¢, is given
explicitly by Faran (1951). p, is the pressure at a
reference range, 7, In addition, the fact that the
two transducers were identical leads to 4,=A4z=A.
More details regarding the experiment setups and
system configuration, and the data processing can
be found in Chu and Eastland (2015).

A calibration curve as a function of frequency
was obtained by smoothing out the points around
nulls as detailed in Chu and eastland (2015). The
comparisons of the measured data with the pre-
dicted TS after applying the calibration curve at
different depths are displayed in Fig. 14. The figure
demonstrated that there is a reasonable agreement
between model predictions and the experiment
data over a wide frequency band, ranging from
300 to 900kHz, which is three times wider than
the nominal bandwidth. The overall root-mean-
square (rms) mismatch was about 1.0dB when
nulls were included and reduced to less than 0.5dB
(0.34%=0.02dB) when nulls were excluded (Table
4). This demonstrates the effectiveness of the
calibration method in addressing the complexities
associated with farfield calibration in broadband
echosounder systems.

The findings from this approach are highly prom-
ising for applying the calibration conducted with
nearfield configuration to the farfield applications.
This method potentially simplifies the calibration
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Table 4 Comparison of the model predictions and the measured near-field spectra. The frequency range is from 300 to
900kHz as shown in Fig. 14.
Range (cm) 8.25 9.25 10.25 11.25 1525 Mean=s.d
rms calibration uncertainty (dB) (nulls included) 0.90 0.91 1.01 1.00 132 1.03+0.17
rms calibration uncertainty (dB) (nulls excluded) 0.34 0.31 0.34 0.34 0.37  0.34+0.02

process, particularly in terms of the calibration
gear and setups required, which is especially ben-
eficial for future application of multi-beam systems
(Gerlotto et al., 1994; Foote et al., 2005; Trenkel et
al., 2008; Ona et al., 2009; Misund and Coetzee,
2000). This simplification could lead to more effi-
cient and accessible calibration protocols for com-
plex multi-beam echosounder systems, ultimately
enhancing the accuracy and reliability of acoustic

measurements in marine research.

3.2 Sampling platforms
The integration of autonomous vehicles into

ocean sciences has shown significant promise,

(Widditsch, 1973; Kosalos and Chayes 1983; Jarry,
1986; Tyce, 1986; Jaffe et al., 2001; Greene et al.,
2014; Wynn et al., 2014; Moline et al., 2015).
However, using autonomous vehicles to conduct
fisheries acoustic surveys had not been reported
until late 2010’s (DeRobertis et al., 2019, 2021;
Chu et al., 2019, 2021). These studies primarily
utilized Saildrones (https://www.saildrone.com/),
a type of Uncrewed Surface Vehicles (USVs),
renowned for their long endurance, data quality,
and operational convenience (Table 3).

De Robertis and his colleagues (2019) con-
ducted a comprehensive survey of walleye pollock

(Gadus chalcogrammus) for 103 days in Bering
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Sea, involving both NOAA Ship Fisheries Survey
Vehicle (FSV) Oscar Dyson and three Saildrones
(De Robertis et al., 2019). Opportunistic compari-
sons indicated that backscatter paths were similar
where the FSV and USVs crossed. Overall, for the
acoustic data collected with Simrad EK80 38-kHz
echosounders, Saildrone (SD) detected equivalent
backscatter to within 10% of that of FSV.

Here we present another survey example to
compare the acoustic backscatter recorded with the
echosounders mounted on FSV and USVs (Chu et
al., 2021) based on a coast-wide survey. A Biennial
Pacific Hake (Merluccius productus) acoustic sur-
vey was conducted from June 15 to August 21,
2019 (68 days) for FSV Bell Shimada and from
June 17 to August 25 (70 days) for SDs. There
were total of five SDs operated during the survey,
ensuring four SDs working at sea at the same time
to collect acoustic survey data. The coast-wide
Pacific hake survey was conducted from south to
north spanned a distance of about 850 nautical
miles (nmi), or more than 1,500km. Both FSV and
SDs were running the same transects. A total of 85
transects were surveys and 68% of time the FSV
and SDs were overlapped within £3 days, and 84%
within =5 days. Two SDs were switched due to
technical malfunction, which was repaired in-field
quickly. The total distance that the SDs surveyed
was 2,845 nmi, or about 5,270km with an average
survey speed of 2.1 knots, about 1/5 of the FSV
survey speed (10 knots).

The 2D map of the acoustic backscatter com-
parison is shown in Fig. 15, where the red circles
represent the nautical areal scattering coefficient
(NASC or s,), and the diameter of the circle
reflects the value of NASC indicated in the figure
legend. Observation of these two maps reveals
that the overall distribution is similar but there are

many differences. For example, there are places
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where noticeable backscatters (red circles) can be
seen in the FSV's NASC map between transect 70
and 80 (left) while only very few backscatters (red
circles) on the SD's NASC map (right). In contrast,
on transects 5 and 6 in the south, red circles can
be clearly identified on SD’s NASC map, while
there are basically no red circles on the FSV's
NASC map. These differences may due to the time
difference when the FSV and SDs surveyed the
transects, reflecting dynamic feature of hake dis-
tribution. Over all depth distribution comparison is
shown in Fig. 16, while the left plot is the average
NASC vertical profile, the right plot is the cumu-
lative NASC distribution. Although the absolute
NASC values are different, their relative or normal-
ized cumulative NASC profiles are very similar.

In fisheries science, understanding the distribu-
tion of biomass or abundance at age is crucial for
effective stock assessment. The comparison of
estimated biomass at age distributions based on
the acoustic data collected with FSV and SDs is
illustrated in Fig. 17. There are some differences
between the two histograms, SD’s histogram over-
estimates ages 3, 7, and 9 while the FSV’s histo-
gram over-estimates ages 2, 3, and 8. However,
over all distribution pattern agrees with each other
reasonably well. The comparison of the total bio-
mass and the corresponding coefficient of variance
(CV) are provided in Table 5. The total biomass
estimated based on the SD data was about 21% less
than that of FSV’s. The CVs that were estimated
with Kriging (Deutsch and Journel, 1992; Journel
and Huijbregts, 1992; Kitanidis, 1997) and Jolly-
Hampton'’s method (Jolly and Hampton, 1990)
based on the SD data were all larger than those of
FSV's.

There are a few possible explanations for these
differences. One of the most important is that there

were many biological samplings (trawls) at about
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Fig. 15 Comparison of the 2-D NASC maps based on acoustic data collected with centerboard-mounted echosounders with
that obtained from USV-mounted echosounders (Chu et al., 2021).

the same time as the acoustic data were collected to
verify the hake identification/classification during
the FSV survey while identification/classification of
hake aggregations using the SD's data was purely
based on the knowledge and experience of the sci-
entists who processed and interpreted the acoustic
raw data. Second, FSV had five frequencies while
the SD was only equipped two frequencies, which
made the scientists much hard and less confident in
identifying the hake aggregations. Third, due to the
dynamic features of Pacific hake, difference in time
acoustic data recording would also likely lead to
the discrepancy in acoustic backscatter.

Despite these differences, the application of

SDs to fisheries acoustic surveys offers significant

advantages including (1) flexibility in survey time
and area; (2) more cost effective; (3) more resilient
to harsh weather; (4) more environment friendly.

It can be envisioned that while the fisheries
acoustic surveys using AUVs including USVs are
unlikely to replace the ship-based surveys, they
are poised to significantly enhance the capability,
efficiency, and flexibility of traditional ship-based
fisheries acoustic surveys. The integration of USVs
into fisheries research and surveys represents a
forward-looking approach to oceanographic stud-
ies, promising to expand the scope and scale of

monitoring and conservation efforts significantly.
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Fig. 17 Comparison of the histogram of biomass at age based on acoustic data collected with centerboard-mounted echo-
sounders with that obtained from USV-mounted echosounders (directly taken from Chu et al., 2021).

Table 5 Comparison of Pacific hake biomass estimates (million-metric-tons, mmt) between those estimated with FSV
and USV acoustic data, where CV (Krig) is estimated CV based on the Kriging and CV (J-H) is the estimated
CV based on the method proposed by Jolly and Hampton (1990).

Biomass-FSV Biomass-USV Biomass
US (mmt) CV (krig) CV (J-H) US (mmt) CV (krig) cv -y  Difference (%)

1.485 6.33% 13.95% 1.168 9.71% 16.38% - 21.4%
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4. Summary

Acoustic technologies have been a cornerstone
in fisheries science for nearly a century, evolving
significantly over this period. Initially, these tech-
nologies were basic, consisting of single-frequency,
single-beam systems that provided only qualitative
data. Today, they have transformed into sophisti-
cated multi-frequency, multi-beam systems that are
calibrated and quantitative. This paper explores the
science and technology advancements in this field,
covering developments in echosounder hardware,
data acquisition platforms, and theoretical acoustic
scattering models. The theoretical acoustic scatter-
ing models initially focused on simple models such
as spherical bubbles and evolved to current more
complicated shapes, enhancing the accuracy and

utility of acoustic data in fisheries research.
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