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Broadband acoustic scattering techniques are not widely used in fisheries acoustics, but this may change due to the recent commercial avail-
ability of a broadband echosounder system operating at frequencies commonly used in fisheries surveys. A four-channel (15-150 kHz) broad-
band echosounder was used to investigate the potential of broadband methods to improve species discrimination during a walleye pollock
(Gadus chalcogrammus) survey in the Gulf of Alaska. Narrowband echosounders combined with mid-water and bottom trawls were used to
identify aggregations of interest for broadband measurements. Broadband frequency responses were measured for multiple pelagic and semi-
demersal fishes as well as euphausiids. No clear patterns in the broadband frequency responses were identified that would aid in discrimina-
tion among the commonly encountered swimbladder-bearing species. The results are consistent with narrowband observations and suggest
that both techniques face the same challenges when attempting to discriminate among acoustically similar species as frequency responses
overlap within the measured bandwidth. However, examples are presented in which broadband frequency responses provide additional infor-
mation about near-resonant scatterers. The benefits of broadband operations have not been fully realized and widespread adoption of broad-
band techniques and improved processing algorithms may yield improved acoustic-based species discrimination for use during fisheries
surveys.
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Introduction

Acoustic-trawl (AT) surveys support fisheries management by
combining remote sensing and physical sampling techniques to
provide abundance estimates. Acoustic methods allow for rela-
tively rapid sampling of large volumes of water, but are limited in
their ability to discriminate among species (Horne, 2000). In AT
surveys, species compositions and length-frequency distributions
from occasional midwater and bottom trawls are combined with
acoustic backscatter data from one or more narrowband
echosounders to attribute backscatter to different species and size
classes (Greenlaw, 1979; McClatchie et al, 2000; Jech and
Michaels, 2006). Direct sampling methods (e.g. trawl hauls),
however, are time consuming allowing for only a limited number
of trawls on a given survey. In addition, the size and species com-
position of the catch may not reflect that of the organisms in the

environment (Wileman et al., 1996; Williams et al., 2011). Thus,
target identification is a major source of uncertainty and any
additional information that can be derived from acoustic back-
scatter could increase efficiency and reduce biases in AT surveys.
It is well-known that multiple frequencies can be used to dis-
tinguish among acoustically diverse groups (e.g. swimbladder-
bearing fish vs. euphausiids), but that discrimination amongst
acoustically similar species or age classes of a single species is dif-
ficult (Horne, 2000; De Robertis ef al., 2010). Broadband acoustic
backscatter systems differ from narrowband systems, which trans-
mit a pulsed wave of a single frequency, in that they typically
transmit a frequency-modulated signal that may span up to an
octave or more. Broadband systems offer additional information
in the form of a continuous measurement of frequency-
dependent backscatter within the measurement band. They are

Published by International Council for the Exploration of the Sea 2017. This work
is written by US Government employees and is in the public domain in the US.

Downl oaded from https://academ c. oup. conli cesj ms/ advance-articl e-abstract/doi/10. 1093/ i cesj ns/ f sx204/ 4626990
by Mpss Landing Marine Laboratories user
on 23 January 2018


mailto:chris.bassett@noaa.gov
Deleted Text: ,
Deleted Text: ,

becoming more prevalent in fisheries research and there is an in-
terest in exploiting their additional capabilities. For example, it
may be possible to use broadband acoustic measurements to bet-
ter discriminate among species by using the additional bandwidth
to identify acoustic features associated with distinctive morpho-
logical characteristics or size (Lavery et al., 2007; Stanton et al.,
2010).

Early studies of broadband biological reverberation in the ma-
rine environment (Chapman and Marshall, 1966; Holliday, 1972)
relied on explosives as sound sources, but unreliable source levels
and low duty-cycles limited their widespread adoption. More re-
cent use of broadband systems with better controlled source levels
both in situ (Simmonds and Armstrong, 1990; Zakharia et al.,
1996; Lavery et al., 2010; Stanton et al., 2010; Ross et al., 2013)
and in laboratories (Chu and Stanton, 1998; Stanton et al., 1998)
has demonstrated the potential of broadband systems for discrim-
inating not only among biological scatterers, but also physical
sources of scattering [e.g., turbulent mixing, microstructure
(Lavery et al., 2010, 2013)]. Although broadband systems have
been commercially available, if not widely adopted, for more than
a decade (Ehrenberg and Torkelson, 2000), these studies were his-
torically performed using custom systems. The recent commercial
release of broadband echosounder systems similar to those used
widely in fisheries acoustics (e.g. the Kongsberg Simrad EK80),
and the availability of existing wide-bandwidth transducers on
many research vessels have generated further interest in the adop-
tion of broadband techniques in fisheries surveys.

Broadband signals and pulse compression processing tech-
niques, often referred to as matched-filter processing (Turin,
1960), have been applied extensively in other fields including ra-
dar (Westerfield et al., 1960), acoustic flaw detection in materials
(Papadakis and Fowler, 1969), and sub-bottom profiling
(Henkart, 2006). In contrast to narrowband signals, broadband
signals can be processed to improve the signal-to-noise ratio and
temporal/range resolution (Chu and Stanton, 1998; Ehrenberg
and Torkelson, 2000; Stanton, 2012). Although the improved
range resolution and higher signal-to-noise ratios are widely
exploited in other applications, the potential for better target
characterization using the frequency response (i.e. frequency
spectrum) has not been widely investigated. The broadband
approach differs from narrowband techniques primarily in that
the volume backscatter spectrum can be analysed over a wider
bandwidth with fine frequency resolution. An important research
question is the degree to which taxonomic discrimination tech-
niques can be improved by characterizing the nearly continuous
frequency spectra, as opposed to the limited number of discrete
frequencies available from multi-frequency narrowband systems.

Surveys using narrowband echosounders regularly attempt to
discriminate among taxa in near real-time to support human in-
terpretation of the observations and the decision to trawl in a
given location. This is often accomplished by comparing observa-
tions of frequency response to statistics compiled from the mea-
sured or modelled frequency-dependence of taxa-specific
backscatter (SIMFAMI, 2005; Fernandes, 2009; De Robertis et al.,
2010; Ressler et al., 2012; Woillez et al., 2012; Korneliussen et al.,
2016). The principle underlying this approach is that the physical
characteristics of animals such as size or anatomical features
(e.g. a swimbladder or other gas inclusion) result in distinct
frequency-dependent scattering that, when coupled with a priori
knowledge of the likelihood of a species being present, can be
used to identify the sound-scattering organisms. Although
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Figure 1. Ship tracklines and broadband sample locations for the
summer 2015 Gulf of Alaska walleye pollock survey.

organisms with large differences in frequency-dependent scatter-
ing can be readily distinguished from dissimilar scatterers
(Ressler et al., 2012), it is much more difficult to discriminate
among animals that are characterized by more subtle differences
in frequency response. The extent to which the increased band-
width and frequency resolution afforded by broadband systems
can be leveraged to improve species discrimination based on these
differences remains an open question.

To address the utility of broadband measurements for species
discrimination during fisheries surveys, this study focuses on the
mean frequency response of aggregations given its widespread use as
a method for target characterization. Measurements from four
broadband channels (15-150 kHz with gaps) obtained during a
walleye pollock survey in the Gulf of Alaska are reported. The objec-
tives of the work are to (i) calibrate the system and adapt existing
post-processing methods to establish a broadband frequency
response, (ii) characterize the broadband frequency response of the
species encountered during the survey, and (iii) compare the results
to historical narrowband measurements of frequency response.

Methods

Broadband backscatter measurements of the species encountered
during an AT survey in the Gulf of Alaska were made between 10
June and 8 August 2015 (Figure 1). The approach was to oppor-
tunistically conduct dedicated broadband measurements in areas
where aggregations of species of interest were identified during
routine survey operations, thereby evaluating the potential advan-
tages of measuring the broadband frequency responses in a survey
context. The following sections include a description of the
broadband acoustic system, calibration and post-processing in-
formation, as well as a summary of how sampling sites were se-
lected during the survey, and how the biological scattering
sources in these aggregations were identified. The signal process-
ing procedures used in this study are the same as those applied by
Simrad (Demer et al, 2017) and are similar to those described
elsewhere (Jech et al., 2017; Lavery et al., 2017).

Broadband echosounder system

The broadband echosounder system employed consisted of four
Simrad EK80 wide band transceivers (WBTs) driven by a desktop
computer (EK80 software version 1.8.0) and four Simrad split-
beam transducers (nominal frequencies: 18, 38, 70, and 120 kHz)
mounted on the ship’s centreboard. The signals received on each of
the four channels of the split-beam echosounders are digitized at
1.5 MHz and are filtered and decimated (i.e. the sampling rate
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Broadband echosounder measurements

reduced) in two stages. First, echoes are passed through a hardware
filter and decimated. A second-stage software filter, followed by ad-
ditional decimation, results in the final, complex-valued data that
are saved for post-processing (Demer et al., 2017). The software fil-
ter and final decimation factor are determined by the software
based on the transmit signal’s parameters. Storing the decimated
data prior to pulse compression significantly reduces the data rate,
while allowing for flexibility in post-processing (i.e. a broader range
of post-processing techniques can be applied compared with stor-
ing data after pulse compression). Each file includes metadata
about the transmit signals, filters, and decimation factors that are
required for post-processing of the received echoes. All post-
processing was performed using custom MATLAB scripts. Table 1
includes details about the four transducers, transmitted signals, fi-
nal sampling rates, and other beam parameters.

Transmitted signals

The EK80 software permits the generation and transmission of
linear frequency-modulated signals, referred to as chirps, over a
restricted set of user-specified frequencies that overlap with the
transducer’s specified nominal frequency. The analysed frequency
ranges for the four transducers were 15-25, 35-38, 50-87, and
100-150 kHz, respectively. The EK80 software offered two trans-
mit signals tapers—“fast” and “slow”. A “fast” taper, which was
used for the 18, 70, and 120 kHz transducers, applies a half-raised
cosine taper to the beginning and end of the signal. The “slow”
taper applies a Hann (raised-cosine) window to the entire trans-
mit signal and was used on the 38 kHz channel due to hardware
and software limitations. Additional information about these sig-
nals and their impact is described elsewhere (Chu and Stanton,
1998; Demer et al., 2017; Lavery et al, 2017). Due to the taper
and increased noise levels later attributed to a damaged trans-
ducer cable, the 38 kHz data exhibited low signal-to-noise ratios
and the useful bandwidth obtained with the transducer was lim-
ited to a narrow band near the transducer’s nominal frequency.

Calibration

The broadband system was calibrated in situ on 11-12 June 2015,
using three calibration spheres: a 64-mm diameter copper sphere
and 25- and 38.1-mm diameter tungsten-carbide (WC) spheres
with a 6% cobalt binder. The acoustic properties of the spheres
were assumed to match those reported in Foote and MacLennan
(1984). A Sea-Bird (SBE-911plus) conductivity, temperature, and
depth sensor deployed at the calibration site was used to calculate
the water sound speed, ¢, = 1478.4 ms~, at the depth of the
sphere (Francois and Garrison, 1982a, b).

The broadband frequency response for a given calibration
sphere, depending on the transmitted bandwidth and target size,
may contain nulls that complicate calibration procedures
(Dragonette et al., 1981; Foote, 2000; Atkins et al., 2008; Stanton,
2012; Hobaek and Forland, 2013; Lavery et al., 2017). As a result,
multiple calibration spheres with different sizes and material
properties can be used to account for the frequency response
across the transmitted bandwidth using portions of the theoreti-
cal target strength curve that are relatively well-behaved (i.e. por-
tions of the curve with few nulls). This approach minimizes the
need for interpolation. Combining results obtained with different
spheres should produce smooth calibration curves with no offsets
or other artefacts derived from the different targets across the
bandwidth of the transducer.

Table 1. Transducer and analysis parameters.

ES18-11 ES38B ES70-7C ES120-7C
Nominal frequency (kHz) 18 38 70 120

Transducer

Transmit frequency range (kHz) 12-28" 30-42° 47-90  95-155
Analysis frequency range (kHz) 15-25  35-38 50-87  100-150
Transmit signal duration (ms) ~ 2.048 2048  4.096 4.096
Transmit power (W) 2000 2000 1000 250

faec (kHz) 23438 15625 62500  125.000
Beamwidth at f,,om (°) 11 7 7 7
10log;o(Phnom) -174 =207 —210  —213
Range resolution, 1%+ (cm) 7.4 246 20 15

Nerr 48 32 128 256

The sampling rate for all frequencies prior to filtering and decimation is 1.5
MHz and the post-decimation sampling rate is f4... The range resolution is
calculated using a sound speed of 1478 ms™ ' and the analysis bandwidth.
Neer is the number of data points used in the Fast Fourier Transform of the
compressed pulse output and corresponds to the window length closest to
1.5 m. The resulting frequency resolution is 488 Hz.

Simrad does not recommend broadband operation of these transducers.
Although the ES18-11 provided acceptable broadband results, measurements
from the ES38B were limited to frequencies near the specified nominal
frequency.

The basic calibration procedures for broadband echosounders
otherwise follow those used to calibrate narrowband systems
(Demer et al., 2015). Use of the 38.1- and 25-mm WC targets
yielded similar calibration curves (the response of the 64 Cu
sphere is too complicated for effective use at high frequencies),
suggesting that a linear interpolation of the 38.1-mm WC re-
sponse across the nulls was a good approximation. Despite the
similarities, a small (<0.5 dB) but systematic offset between the
25- and 38.1-mm WC spheres was consistently observed. The
source of this discrepancy, which has been reported by others
(Hobaek and Forland, 2013), was not identified. Because this
study focuses primarily on comparing the spectral structure as
opposed to the amplitude of the volume backscatter curves, this
offset was not critical for this application so long as the same cali-
bration curve was used in all cases. Therefore, calibration results
from the 38.1-mm WC sphere were used for all channels.

Calibration curves were initially generated using a custom
MATLAB  script.  Split-beam  processing (Simmonds and
MacLennan, 2005) of the compressed-pulse data was performed on
the calibration echoes to identify the location of the targets within
the beam. The split beam processing requires angle sensitivities
that depend on frequency and sound speed. These can be indepen-
dently calculated in controlled experiments or assumed to match
nominal manufacturer specifications (Demer et al., 2015). In this
case, simultaneous measurements of electrical and mechanical angle
at the —3 dB points of the transducers, which were provided by the
manufacturer, were used to derive estimates of the angle sensitivity
at the nominal frequencies of each transducer. Calibration data were
manually reviewed to remove instances where echoes from other tar-
gets (e.g. fish) appeared within 2 m of the sphere. Targets <0.2
degrees off-axis (10-20 pings retained per channel) were averaged
to produce the calibration curves. At the highest frequencies trans-
mitted by the different transducers, these restrictive off-axis limits
require <0.5 dB of compensation for the two-way beam pattern.

After this calibration procedure was implemented, the manu-
facturer released software with improved single-target detection
algorithms for calibration processing. The curves derived using
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Figure 2. (a) Calibration curves obtained using the EK80 software
and the MATLAB script. The curves agree well except near the edges
of the bands and near nulls in the theoretical target strength curve
for the 38.1-mm WC sphere. (b) A comparison between the
theoretical scattering curve for the 38.1-mm WC sphere and the
measurements when applying the calibration curve generated by the
EK80 software.

the method described earlier are shown in Figure 2 with the cali-
bration results later post-processed using the EK80 software (ver-
sion 1.8.3) and over 1000 pings per transducer. Calibration
curves generated using both methods agree well despite small dif-
ferences that are attributed to different methods for interpolating
across the nulls. Given the agreement between both methods, the
calibration curves from the EK80 software were applied in further
processing as this method is more likely to be used in future stud-
ies. Figure 2b shows good agreement between the theoretical
targets strength curve and measurements from the 38.1-mm WC
sphere across the analysed bandwidths with the calibration curves
applied.

The volume sampled by the beam, which changes as a function
of frequency for a fixed-size transducer, must be characterized for
calibrated measurements of volume scattering. As with narrow-
band measurements, the beam volume can be calculated accord-
ing to theory or by using off-axis targets during calibration if the
angle sensitivities are known. Both approaches were compared to
ensure the system was operating as expected. By moving the
target throughout the beam and plotting the normalized ampli-
tude vs. the target location within the beam the combined trans-
mit and receive beam pattern is obtained at each frequency. Here
the beam patterns were assumed to be axisymmetric, and no
significant deviations from this assumption were noted. The com-
bined beam pattern at each frequency is fit with a third order
polynomial and compared with the theoretical beam pattern for a
piston transducer (Medwin and Clay, 1998; Simmonds and
MacLennan, 2005). Figure 3a illustrates good agreement between
the measured beam pattern for the 47-90 kHz channel at 70 kHz,
the theoretical beam pattern given the transducer’s beamwidth at
the nominal frequency, and a third-order polynomial fit to the
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Figure 3. (a) Comparison of the observed squared (i.e. two-way)
beam pattern at 70 kHz, the theoretical two-way beam pattern
given the transducer’s specifications, and a third order polynomial fit
to the data. (b) The equivalent beam angle vs. frequency based on
the transducer’s specifications combined with Equation (1), and the
equivalent beam angle calculated by integrating the fits to the data.

observations. Equivalent beam angles (\) were calculated by inte-
grating the empirical fits to the main-lobe as a function of fre-
quency (Simmonds and MacLennan, 2005). These results are
compared with the relationship used by Simrad,

Y(f) = ¥y, — 20 log, QL), (1)

where f,om is the nominal frequency of the transducer and ¥y _ is
the equivalent beam angle of the transducer at fom,. This term
accounts for the theoretical decrease in beamwidth with increasing
frequency for a fixed-size transducer (Medwin and Clay, 1998).
Figure 3b shows the good agreement between W(f) calculated
from the measurements and according to Equation (1), which is
the form used in calculations of volume backscatter.

Broadband acoustic measurements

The broadband measurements were collected periodically during
a large-scale walleye pollock AT survey of the Gulf of Alaska
(Jones et al., 2017). The survey uses narrowband acoustic mea-
surements and trawl catches to attribute the acoustic backscatter
to unique taxa and age classes. The narrowband measurements
(i.e. Simrad EK60 at 18, 38, 70, 120, and 200 kHz) were collected
throughout the survey. Trawl hauls targeting aggregations of
fishes were conducted using either a pelagic Aleutian Wing Trawl
(AWT) (Guttormsen et al., 2010) or a Poly-Nor’Eastern bottom
trawl (Stauffer, 2004). Trawl haul depths and mouth openings
were measured using either a Simrad FS70 or a Furuno CN24
trawl monitoring system. The AWT was fitted with a stereo cam-
era system mounted in the aft region of the trawl to determine
whether species were stratified by depth when the catch composi-
tion was not dominated by a single species (Williams et al., 2010).
In addition, nine Methot trawl hauls (Methot, 1986) were con-
ducted during the survey to verify the species composition of sus-
pected euphausiid aggregations.

These tools were used to identify aggregations dominated by a
single species or taxon for broadband acoustic backscatter mea-
surements. Assignment of the backscatter to a species was based
on the species composition of the trawl catch for most fishes.
Backscatter was attributed to euphausiids or mesopelagic fishes
by applying narrowband multi-frequency algorithms based on
historical measurements in the same geographic region
(De Robertis et al., 2010). To collect broadband measurements
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Broadband echosounder measurements

with the same transducers as the narrowband survey, the trans-
ducer cables were disconnected from the EK60 transceivers and
connected to the WBT corresponding to the same nominal fre-
quency. The broadband measurements on the same aggrega-
tion(s) were collected over periods of 12-70 min with a 1 Hz
sampling rate and synchronous pings [Calibration was also
performed using synchronized pinging. More recent work
(Demer et al., 2017) suggests the potential for crosstalk between
channels in this configuration and advises against synchronous
pinging until the issue is further studied. Calibration should be
performed using the same configuration as data collection.]. The
distance covered by these broadband measurements was based on
the size of the aggregations of interest, but it always exceeded the
spatial extent of the targeted aggregations. It was assumed that
the species composition did not change between narrowband and
broadband measurements.

Broadband measurements chosen for further analysis were
selected to maximize the number of observations of different
single-species aggregations commonly encountered in the survey
area. Volume backscatter spectra, S,, were produced for an aggre-
gation by first identifying pings and depths that had relatively con-
stant levels of S, in the temporal domain. For each set of pings and
depth ranges containing the data of interest, the centre of a new
data window was taken every 0.25 m. The individual data windows
were processed and averaged in linear units to produce a represen-
tative S, spectrum for the aggregation. With a window length of
1.5 and 0.25 m separation there was an 83% overlap between win-
dows. This overlap resulted in a smoother spectrum, but means
that samples used to produce the average were not statistically in-
dependent. The volume represented by each ping at the nominal
frequency was dependent on the depth and thickness of the aggre-
gations but ranged from 60 to >4000 m’. Combining the depth
ranges and number of pings with a typical vessel speed of 6 knots
(3.1 ms ™), the approximate sampled volumes for the aggregations
ranged from 180 m’ for relatively shallow (~50-m depth), small
schools of pollock to >29 000 m’ for deeper (~300-m depth)
mesopelagic layers. Over 80% of the sampled aggregations, as
processed, had volumes between 200 and 3000 m°.

Calculation of broadband frequency responses

The number of data points processed to produce frequency spec-
tra can be dictated in post-processing based on the desired appli-
cation (e.g. target strength vs. volume backscatter) or desired
frequency resolution. Using a longer portion of the time series
(hereafter, window length), increases the frequency resolution of
the spectrum. However, if the window length is longer than the
matched-filter response for the target of interest, or if another tar-
get is present within the window, the spectrum will be affected by
this additional noise. Therefore, the desired window length bal-
ances the need to have enough data to observe structure in the
frequency response vs. limiting the window length to effectively
characterize single targets. Here, all data are presented using 1 ms
(~1.5 m) data windows, which results in a frequency resolution
of 488 Hz. Backscatter from the targeted aggregations was suffi-
ciently dense that individual targets were indistinguishable and
windows included multiple targets.

Given that aggregation behaviour changes with density and
environmental cues such as time of day, discrimination among
taxa based on S, values alone is a poor choice as this depends on
numerical abundance as well as the acoustic properties of the

animals present. Thus, a s, (linear units) ratio, or relative fre-
quency response, approach is commonly used as this does not de-
pend on numerical density (SIMFAMI, 2005; Korneliussen et al.,
2009, 2016; De Robertis et al., 2010). This presentation preserves
the spectral shape, which is driven by factors related to the physi-
ology and behaviour of a species while removing any amplitude
offsets driven by the density of animals within an aggregation.

To replicate this approach for broadband data, a representative
spectrum for each species is calculated. An S, curve is initially
obtained by taking the log,, of the average of the raw s,
spectra for the aggregation. This average is then normalized by S,
(114 — 126 kHz), which is the mean value (log space) of the spec-
trum from 114 to 126 kHz. The relative frequency response,
in decibels, of an aggregation, AS,, is then described
by AS,(f) = S,(f) — S, (114 — 126 kHz). Backscatter observa-
tions are often normalized by the amplitude at 38 kHz in fisheries
work (Korneliussen and Ona, 2003; De Robertis et al, 2010).
However, the 120 kHz channel was used in this case because of
concerns with the data quality of the 38 kHz channel. An average
curve for the species, (AS,), is created by averaging all AS, curves
from the individual aggregations for that species. These results
are compared directly to narrowband frequency-differences for
the same species established from previous surveys in the area
(De Robertis et al., 2010). Slopes are calculated for the AS, curves
by performing a linear, least-squares regression on the data, ex-
cluding the 38 kHz channel.

Catch composition and broadband acoustic samples
Twenty-eight broadband acoustic samples were obtained. Trawl-
hauls were analysed for species composition and length-
frequency distributions of the dominant species. Aggregations
not dominated (>95% by weight and number) by a single species
based on trawl data were excluded from further analysis (see
below for two exceptions). Thus, subsequent analyses included
aggregations dominated by either walleye pollock (Gadus chalcog-
rammus), Pacific ocean perch (Sebastes alutus), Pacific herring
(Clupea pallasii), euphausiids (typically Thysanoessa inermis in
areas west of Prince William Sound; Simonsen et al., 2016), or
mesopelagic fishes. Two mixed species aggregations were also
included: (i) capelin (Mallotus villosus) and Pacific herring and
(i1) northern rockfish (Sebastes polyspinis) and Pacific cod (Gadus
macrocephalus).

Results

Catch composition

Twenty-one of the 28 broadband samples were identified for fur-
ther analysis based on species composition thresholds and the
presence of well-defined, separable aggregations from which S,
curves could be determined. Some of these samples included
aggregations of multiple spatially separated taxa (e.g. walleye
pollock and euphausiid aggregations). The total number of obser-
vations analysed for the different taxa is summarized in Table 2.
At least one well-defined aggregation was manually identified and
used to construct independent S, curves for each of the sampled
taxa.

The fishes dominating the trawl hauls in the locations where
broadband measurements were conducted exhibited mainly
unimodal size distributions and in some cases bi-modal size
distributions (a figure showing the length-frequency distributions
of fishes captured in the trawl-hauls is available as online
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Table 2. Number of broadband acoustic samples and aggregations
classified by taxonomic group based on catch composition and/or
EK60 observations.

Number of Aggregations

Species hauls analysed
Walleye pollock 12 24
Pacific ocean perch 4 7
Pacific herring 1 7
Capelin and Pacific herring (mixture) 1 1
Northern rockfish and Pacific cod (mixture) 1 2
Mesopelagic fishes - 2
Euphausiids - 1

Supplementary Material). Walleye pollock aggregations were
composed of either a single size class (30-42 cm) or a bimodal
distribution also including fish between 20 and 30 cm. Small
numbers of fish larger than 42 cm were present in all trawl hauls.
Pacific ocean perch aggregations were dominated by fish between
25 and 40 cm in length. Trawl camera observations from a mixed
aggregation of capelin and Pacific herring showed that the two
species were mixed in a diffuse layer. Capelin comprised ~80% of
the catch (by number) vs. 20% for herring. Both species had simi-
lar length distributions (8-13 c¢m). The other mixed aggregation
data were from a bottom-trawl that was dominated by northern
rockfish (87% by number) although Pacific cod (9%), flatfishes
(<3%), and other rockfishes (<1%) were also present. Mean eu-
phausiid lengths and standard deviations from the nine Methot
trawls were 19.3 £ 1.9 mm with euphausiids comprising 96% of
the catch by number, which is consistent with previous observa-
tions on this survey (Simonsen et al, 2016).

Observations of frequency response
Raw S, spectra (i.e. those derived from a single data window) ex-
hibit high ping-to-ping variability. These variations are driven by
many factors including the density of animals, random motion
and orientation changes between pings, and frequency-dependent
backscatter from animals. Thus, the resulting spectra can be
smooth, well-structured (e.g. regularly space peaks and nulls), or
highly variable. Figure 4 shows an echogram of a euphausiid
aggregation, an S, spectrum for a single ping, the envelope en-
compassing 95% of the individual S, spectra, and the average S,
spectrum for a portion of the aggregation. The raw spectra show
that individual windows deviate by over 20 dB from the mean.
Although the variability observed from individual windows may
contain useful information for species classification, this has not
been well-established, and is beyond the scope of this work.
Averaging is necessary to reduce variability, produce a smooth
Sy curve, and develop statistical descriptions of S, spectra that can
be applied in species discrimination algorithms. This is illustrated
in Figure 5, which includes probability density functions (PDFs)
and statistics derived from 1.5-m windows on single-species aggre-
gations of walleye pollock, Pacific herring, and Pacific ocean perch,
which all possess swimbladders. The AS, distributions calculated
for a single frequency bin (70 kHz) have standard deviations >5
dB. When averaging over multiple frequency bins (66.5-73.5 kHz)
the distributions of AS, are considerably narrower and have stand-
ard deviations <2.5 dB for all three aggregations. The mean slopes
of AS, for all three aggregations are between —1.7 and —2.4 dB per
100 kHz. Fits to the AS, curve for individual pings within all three
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Figure 4. (a) Echogram from the 120 kHz channel showing a
euphausiid aggregation. The black box shows the portion of the
aggregation used to calculate the representative S, spectra in (b). (b)
The average spectrum based on 100 windows, the spectrum for a
single ping, and the envelope for 95% (2.5-97.5%) of the raw spectra.
The individual pings are highly variable, but show a frequency
response consistent with that of euphausiids. Only through
averaging does the curve become relatively smooth.

aggregations yield slopes from —8 dB per 100 kHz to >2 dB per
100 kHz. All of these examples demonstrate substantial noise
inherent in values derived from unaveraged S, spectra.

Raw AS, and (AS,) spectra for all of the species encountered
highlight the challenges in species discrimination among acousti-
cally similar species as well as situations in which the added band-
width provides clear benefits (Figure 6). Average frequency
responses for monospecific aggregations of walleye pollock, Pacific
ocean perch, Pacific herring, and a mixture of northern rockfish
and Pacific cod have similar structures. The similarities in (AS,),
combined with the variability in AS,, again highlight the challenge
of using basic metrics for species discrimination. For a single, dif-
fuse layer of capelin and Pacific herring of similar size (8-13 cm)
the spectrum has a steeper slope at low-frequencies than the other
fishes. The curve representing the average frequency response of
euphausiids clearly shows the transition between the Rayleigh and
geometric scattering regimes. Two examples of measurements
from different layers of mesopelagic fishes from a single broadband
sample exhibit different frequency responses with peaks between
20 and 38 kHz. Finally, a curve from an unknown source includes
a resonance peak (described in detail below) in the 18 kHz channel.
Figure 6 also includes historical narrowband observations of
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Figure 5. PDFs with 1 dB bins of the multiple statistical quantities derived from individual 1.5-m windows from one single-species aggregation
of walleye pollock (n = 140 windows), Pacific herring (n = 102 windows), and Pacific ocean perch (n = 165 windows). Each subplot shows the
mean values and ranges for 95% (2.5-97.5%) of the distributions. (Column 1) The AS, at 70 kHz. (Column 2) AS, (averaged from 66.5 to 73.5
kHz; linear space). (Column 3) The slope of AS, per 100 kHz. (a-c) PDFs for a walleye pollock aggregation. (d—f) PDFs for a Pacific herring
aggregation. (g—i) PDFs for a Pacific ocean perch aggregation. There is considerable overlap in the distributions, which suggests that species
discrimination based on these metrics is difficult. The use of different processing parameters (i.e. window lengths or averaging of spectra) would
have an impact on the statistical distributions, but is unlikely to lead to reliable discrimination of these groups due to similarities in the
frequency responses and the high variability. Note that statistics from an individual aggregation are not necessarily consistent with averages
derived from multiple aggregations of the same species. For example, here the mean slope for walleye pollock is steeper than Pacific ocean
perch, a result that is inconsistent with historical observations (De Robertis et al,, 2010) and the average calculated from multiple aggregations.

frequency response for the same species and from the same region
(De Robertis et al., 2010). Although the sample sizes may be too
small to reliably characterize the variability of the broadband fre-
quency response of these species, there is good agreement between
the historical data and the broadband observations (mean devia-
tion = 1.1 dB, range = —0.7 to 2.3 dB).

As demonstrated by some of the examples in Figure 6, there
are instances where broadband measurements provide additional
insight compared with narrowband measurements. This im-
proved capacity is particularly obvious in cases where scatterers
produce relatively high amplitude peaks with narrow bandwidths
(e.g. resonance). Echograms, AS,, and comparisons to narrow-
band data are shown in Figure 7 for two examples with strong
frequency responses in the 18 kHz channel. The first example
(Figure 7a—c) includes a walleye pollock aggregation at 30-100-m
depth with elevated levels of scattering relative to other frequen-
cies in the 18 kHz channel outside of the aggregation. This
region’s frequency response is attributed to a mixture of small,
unknown animals with small resonant gas inclusions and fluid-
like scatterers (e.g. euphausiids). Modelled scattering curves
arbitrarily adjusted to match the amplitude of the AS, curve are
included to show their potential contributions. At low frequencies
the modelled mixture is dominated by a fit for a bubble at a depth
of 75 m with a 1.4 mm equivalent radius (Love, 1978). Although

no observations (e.g., net tows) are available to suggest the pres-
ence of a high number of young-of-the-year fish, it is worth noth-
ing that this bubble size would be roughly consistent with the
swimbladder of a 2.2 cm age-0 walleye pollock (Coyle and
Pinchuck, 2002). This is consistent with the size range expected
for young-of-the-year pollock during the survey (Dougherty
et al., 2007). At higher frequencies the scattering is consistent
with the frequency response of euphausiids, which are modelled
using the Distorted-Wave Born Approximation applied to a fluid
bent cylinder geometry (Stanton, 1989) for an animal length of
19.3 mm, the mean length of euphausiids from Methot trawls.
Acoustic properties (¢ = 1.017 and h = 1.005) and aspect ratio
are based on measurements of euphausiids in the Bering Sea
(Smith et al., 2013) and orientation distributions are assumed to
be normal with a mean of 0° and a standard deviation of 27°. The
clear resonance peak shows how the additional bandwidth
afforded by broadband systems can help constrain the possible
interpretations of the observations when other information
(e.g. physical samples) is not available.

The second example (Figure 7d-f) is from broadband mea-
surements on a number of near-bottom rockfish aggregations.
The 18 kHz channel shows relatively high levels of scattering
throughout the water column that do not appear in the higher-
frequency channels. This region’s frequency responses suggests
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Figure 6. AS, and (AS,) for different single-species aggregations and mixtures encountered during broadband measurements. The small
figures include the average curves (black), the curves for the individual aggregations (grey), and the number of individual aggregations (n).
The lower inset includes the averages from the upper plots. Two examples are included in the case of mesopelagic fishes due to differences in
the frequency response. In the case of the Pacific herring examples, the 18 kHz channel is missing because of a WBT license issue. The dots in
some of the subplots highlight historical data using narrowband echosounders for the same species and geographic region (De Robertis et al.,

2010).

near-resonance scattering with a peak below 15 kHz, which
results in relatively high levels of scattering near 18 kHz but a
relatively flat frequency response at higher frequencies. Although
narrowband observations also suggests elevated levels of scatter-
ing at 18 kHz, the added bandwidth from the broadband mea-
surements confirms that any peak must be below 15 kHz and can,
therefore, help constrain the possible interpretations of the obser-
vations. The source of this scattering was not retained in the
trawl, but concurrent camera observations revealed the presence
of small (less than a few centimetres) unidentified fish that may
exhibit resonant scattering in this frequency range. Similar
elevated levels in broadband 18 kHz echograms relative to the
narrowband 18 kHz data channel were noted on multiple tran-
sects distributed throughout the survey area.

Discussion

The use of broadband techniques to acoustically discriminate
among taxa in the marine environment has been the focus of many
studies (Holliday, 1972; Stanton et al., 1998, 2012; Ross et al., 2013;
Jech et al.,, 2017). The additional information associated with the
frequency spectra and improved range resolution of pulse com-
pressed data come at the cost of larger datasets along with more
complex calibration and processing procedures (Demer et al,
2017; Jech et al., 2017). Despite the additional bandwidth provided
by broadband signals, expectations regarding the potential im-
provements in species discrimination at frequencies commonly
used in fisheries surveys (e.g. 18-333 kHz) should be kept in

perspective. The principles governing the scattering physics still
constrain the available information. As a result, if frequency re-
sponses for two species are similar in narrowband observations,
significant differences in broadband measurements are unlikely.
This, of course, does not mean that broadband scattering measure-
ments cannot improve species discrimination and are an ineffective
tool. Rather, expectations for what can be gained through the use
of broadband measurements should reflect the challenges of work-
ing with complex and highly variable biological scattering sources.

The potential benefits are dependent on the targeted ecosys-
tems and species. Broadband frequency responses were calculated
for aggregations of walleye pollock, Pacific ocean perch, Pacific
herring, capelin, euphausiids, unknown mesopelagic fishes, and
unidentified scatterers encountered in the Gulf of Alaska.
Analysis of frequency responses from these aggregations suggests
that the additional spectral information does not provide obvious
advantages when applying frequency differencing methods to
dominant taxa targeted during this survey (i.e. large fishes with
swimbladders cannot be distinguished), but they may be helpful
for characterizing smaller fishes with swimbladders near reso-
nance. Of course, these results are based on small sample sizes
and relatively simple algorithms. Thus, the development of other
discrimination algorithms (e.g. those that rely on other metrics
besides the mean frequency response) that could perform better
than narrowband approaches may be possible.

Random differences in the volume backscatter from ping-to-
ping result in noisy S, spectra computed from small volumes.
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Figure 7. Examples where broadband frequency responses provide addition information compared with narrowband measurements. (a-b)
Broadband echograms (a—18 kHz, b—120 kHz) of a walleye pollock aggregation and other, unknown scatterers. The boxes highlight the area
used to produce the frequency response shown in (c) for the unknown near-resonant scatterers surrounding the aggregation. (c) AS, spectrum
for the area highlighted in (a) and (b) whose spectrum suggests the presence of small fish and euphausiids. A resonance peak is evident at 20.5
kHz while at higher frequencies the spectrum is consistent with euphausiids. The combined model curve is the incoherent addition of the
resonance and euphausiid scattering curves. Narrowband observations agree well with broadband data but do not capture the resonance

peak. (d-e) Broadband echograms (d—18 kHz, e—120 kHz) of a rockfish aggregations with other, unknown scatterers throughout the water
column. (f) AS, spectrum for the area highlighted in (d) and (e). The slope at the lowest frequencies suggests near-resonance scattering.

Likewise, volume backscatter spectra can vary widely for an indi-
vidual species within a single school and between aggregations.
Variability in the frequency response for individual aggregations
is a major challenge relating to species discrimination. Averaging
is necessary to produce smooth curves that can be applied in
spectrally-based discrimination algorithms with high levels of
statistical confidence. Effective use of AS, curves as a criterion in
species discrimination requires that differences among species are
consistently observed not only when averaged over many aggrega-
tions, but also the scales over which the classification will be
made in situ. Where the frequency response does not capture a
defining feature of the scattering associated with the particular
species (e.g. swimbladder resonance or the transition between
scattering regimes for fluid-like scatterers), structural similarities
to spectra from other species are likely. Here, all of the
swimbladder-bearing fish species, with the exception of the meso-
pelagic fishes, were observed above swimbladder resonance.

This study, as well as historical observations (De Robertis et al.,
2010), indicate that the variability in AS, spectra at a given

frequency, both from within a single aggregation or separate aggre-
gations, can be equal to or greater than the expected differences
among species. Although differences in morphology may cause
marginally different scattering spectra when they are highly aver-
aged or observed in a well-controlled environment (e.g. Conti and
Demer, 2003), in practice, these differences may be masked by the
high degree of variability in field measurements. As a result,
discrimination techniques based on AS, and the slope of AS, are
unlikely to produce statistically meaningful results for single
pings except in the most obvious cases (e.g. euphausiids vs.
swimbladder-bearing fish). These challenges also extend to aggrega-
tions. For example, in addition to overlapping AS, distributions,
the observed slopes of AS, for individual, single-species aggrega-
tions of walleye pollock and Pacific ocean perch were similar. The
mean observed slope for walleye pollock aggregations is —1.4 dB/
100 kHz (range: —3.5 to —0.1 dB/100 kHz) vs. —1.8 dB/100 kHz
(range: —2.7 to —0.5 dB/100 kHz) for Pacific ocean perch. As a re-
sult, one could not confidently assign backscatter to walleye pollock
vs. Pacific ocean perch based on these metrics alone and the same
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conclusion likely applies to other acoustically similar species. The
single capelin and herring aggregation, a diffuse layer, did have a
steeper frequency response than the other fishes, as previously re-
ported for capelin (De Robertis et al., 2010). Unfortunately, with
only one aggregation, there were not sufficient data to determine
whether this difference is consistently observed.

Despite these challenges, there are situations in which broad-
band measurements at frequencies commonly used in fisheries
acoustics provide valuable information to help discriminate
among biological sources of scattering. Although flesh, organs,
and bones contribute to backscattering from all fishes, the back-
scattering cross section of swimbladder-bearing fishes is domi-
nated by the gas inclusion (Foote, 1980). Variations in target
strength or volume backscatter as a function of frequency that are
attributed to morphological differences between fishes lacking
swimbladders have been previously identified (Gorska et al,
2007; Johnsen et al., 2009; Korneliussen, 2010; Jech et al., 2017),
and could be more effectively exploited with nearly continuous
spectra. Another example is scattering at or near resonance
(Verma et al., 2017), when the peak can, with some assumptions,
provide an indication of the size of the gas inclusion or swimblad-
der (Love, 1978; Benfield et al., 2003). The additional frequency
content of broadband signals can also be helpful in the case of
mixed-species aggregations when it can help differentiate between
dominant scattering sources in different portions of the spectra
(Figure 7). Likewise, the dominant size of animals in zooplankton
aggregations can be better constrained by nearly continuous S,
spectra curves if the transition between scattering regimes associ-
ated with the size of the animals is observed (Greenlaw, 1979;
Holliday and Pieper, 1995; Lavery et al., 2007). The improved
range resolution and additional frequency content may also allow
for better resolution of morphological features of targets that
could be exploited for species discrimination (Stanton et al.,
2003; Reeder et al., 2004; Lee et al., 2012).

Elevated levels of backscatter in the 18 and 38 kHz channels in
this study that suggested resonance or near-resonance scattering
was observed in many locations. Improvements in operational ca-
pacity between 25 and 50 kHz would likely reveal benefits not fully
realized in this work due to a combination of factors that limited
the broadband operation of the system in this frequency range.
First, this work used the Simrad ES38B transducer, which is not de-
signed for broadband operation. New 38 kHz transducers designed
for operation over a wider bandwidth will help overcome this limi-
tation. High noise levels throughout the cruise motivated a post-
cruise investigation into the source of the decreased signal-to-noise
ratios when compared with previous surveys. These noise levels
were later attributed to a salt water intrusion into the cable. Finally,
hardware limitations at the time of the study limited the 38 kHz
channel to operation using the “slow” taper, which results in de-
creased signal-to-noise ratios where the bandwidth is suppressed
(Demer et al., 2017; Lavery et al., 2017). Given that these factors
should not constrain future studies, studies of mesopelagic fishes
and other organisms with peaks in backscatter between 25 and 50
kHz will likely benefit from the use of broadband systems.

The application of broadband scattering techniques at lower
frequencies (f < 10 kHz) to exploit swimbladder resonance may
also improve species or size class discrimination (Holliday, 1972;
Jagannathan et al., 2009; Gong et al., 2010; Stanton et al., 2010,
2012), thereby reducing a key source of uncertainty in abundance
estimates derived from AT surveys (Woillez ef al, 2016). Despite
some clear advantages, these lower-frequency approaches have

C. Bassett et al.

the same complexities as other broadband techniques in addition
to other technical and operational challenges related to noise, the
transducer size, calibration procedures, and environmental con-
cerns related to the use of low- to mid-frequency active sonars.

A number of challenges and uncertainties related to the use of
broadband echosounders were not directly addressed in this manu-
script. First, precise calibration techniques and processing parame-
ters for calibration should be further refined for adaptation in
survey applications. Standardized methodology should be developed
for calculating spectra to limit the introduction of calibration arte-
facts, which can become apparent in post-processing when calculat-
ing highly averaged target strength or volume backscatter curves.
Examples of one such artefact appear in the curves in Figure 6 (the
local maximum between 120 and 140 kHz), where most of the
curves contain similar frequency responses. These artefacts could
have been manually removed, but were instead retained to highlight
their impact and the need for procedures to deal with this challenge.

Broadband data can be processed using a range of window sizes.
A longer data window means more data are captured and the re-
sulting spectrum will have higher frequency resolution. A window
as short as a few centimetres may adequately capture the target
strength of a point scatterer or an individual fish (Demer et al,
2017), whereas a longer window may be desired for analysis of fish
schools. Acoustic features captured in the temporal domain mani-
fest themselves in the frequency domain and processing windows
should be chosen to match the application. Future work should
identify optimal processing parameters for different applications.
In some applications, rather than creating nearly continuous spec-
tra, band-averaging over a specified bandwidth to produce curves
more similar to narrowband observations, but with more data
points, may prove to be a practical solution. Finally, observations
in this study used synchronous pinging during calibration and
broadband transects. This approach may be susceptible to cross-
talk between the channels even without overlapping bandwidths
(Demer et al., 2017). Future studies should consider the implica-
tions of synchronous operation in field applications.

Conclusions

Species discrimination using broadband scattering techniques
faces the same challenges as narrowband approaches at similar
frequencies. Discrimination among acoustically similar taxa re-
mains a challenge because of the variability observed in situ and
the limitations of the scattering physics. For example, measure-
ments of swimbladder-bearing fishes including walleye pollock,
Pacific ocean perch, and Pacific herring resulted in similar broad-
band frequency responses. Furthermore, basic frequency
differencing and slope-fitting algorithms are unlikely to greatly
improve the discriminatory power of broadband measurements.
Nonetheless, examples demonstrating the benefits of broadband
operation that identified peaks in acoustic scattering that could
be missed with narrowband measurements highlight the potential
of the technology in other applications. The challenges of working
with broadband systems will be reduced as the technology is
more widely adopted and new processing techniques are devel-
oped to identify and exploit the additional information inherent
in broadband signals. This streamlining of the processing may fa-
cilitate the analysis of larger datasets and the development of
more effective species discrimination algorithms. Until these al-
gorithms and processing techniques are optimized for the appli-
cation and provide near real-time information, it seems likely
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that routine abundance surveys will continue to rely on narrow-
band measurements.

Supplementary data
Supplementary material is available at the ICESJMS online ver-
sion of the article.
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