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Abstract

Despite the potential benefits for species identification, broadband acoustic data collection has yet to be widely implemented in fisheries
surveys. In large parts, this is because it remains unclear whether broadband echo integration produces similar abundance estimates as
traditional narrowband data. This work compares the integration of broadband and narrowband data from EK80 transceivers operating
at nominal frequencies of 38, 70, 120, and 200 kHz. We sequentially transmitted broadband frequency modulated (FM) and narrowband
continuous wave (CW) pings to investigate the relationship between the volume backscattering coefficients measured using the two
signal types, Sy.cw and Sy rm. Sv.pm was calculated using two approaches. The first approach calculated the pulse-compressed volume
backscatter in the time domain, Sy (¢), using three different methods for estimating aggregate terms in place of frequency-dependent
terms. The second approach calculated the mean volume backscatter in the frequency domain, Sy(f). While time-domain estimates
provide reasonable first approximations of Sy gy, calculation of volume backscatter using the mean of Sy (/) produces backscatter es-
timates that are statistically equivalent to those calculated from Sy cw. These comparisons indicate that broadband signals processed
in the frequency domain can be echo integrated for fisheries surveys, maintaining continuity of long-term indices of abundance and

biomass.
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Introduction

Broadband echosounders offer the potential for improved
classification of acoustic targets via increased spectral con-
tent relative to the narrowband echosounders currently used
in most fisheries acoustics surveys (Lavery et al. 2007, Bas-
sett et al. 2018). However, broadband signals have yet to be
widely adopted in fisheries surveys in part due to uncertainty
whether echo integration of broadband signals is equivalent to
that produced with the conventional narrowband signals used
in long-standing time series. These surveys depend on the ap-
plication of consistent methodology to ensure that estimates
of fish abundance by species and size derived from echo in-
tegration of volume backscattering (Simmonds and MacLen-
nan 2005) are comparable over time. Measurements showing
that new acoustic instrumentation or processing techniques
provide comparable, or better, echo integration are needed
to transition to new methodology for scientific and manage-
ment applications. For this reason, previous transitions to new
acoustic instrumentation have merited investigation (Jech et
al. 2005, Macaulay et al. 2018, De Robertis et al. 2019).
Over the past decade, advances in commercial
echosounders have led to more widespread application
of echosounder systems capable of broadband operation
into platforms including fisheries survey and oceanographic
vessels (Demer et al. 2017), cabled infrastructure (Ona et al.
2020), moorings (Levine et al. 2024b), and uncrewed vehicles
(Benoit-Bird and Waluk 2020, Bassett et al. 2022, Grassian
et al. 2023). A notable example of this is the development
of the widely used Kongsberg Simrad EK80 echosounder,

which can transmit and process both continuous wave (CW,
hereafter also referred to as narrowband) signals as well as
linear frequency modulated (FM, hereafter also referred to as
broadband) signals (Demer et al. 2017).

Broadband signals offer several potential benefits over nar-
rowband signals. The range resolution of the pulse com-
pressed signal is proportional to the inverse of the transmit-
ted frequency bandwidth rather than the pulse duration (Chu
and Stanton 1998, Ehrenberg and Torkelson 2000), which can
improve resolving individual scatterers (Lavery et al. 2017).
Theory suggests that signal-to-noise ratios (SNR) are also im-
proved by pulse compression techniques (Chu and Stanton
1998, Ehrenberg and Torkelson 2000). Perhaps most com-
pelling among the benefits is the potential to improve taxo-
nomic classification via frequency-based estimation of scatter
composition (Lavery et al. 2007, 2010, Bassett et al. 2018,
Blanluet et al. 2019, Benoit-Bird and Waluk 2020, Cotter et
al. 2021, Urmy et al. 2024), and remote estimation of scatterer
size and orientation (Stanton et al. 2012, Loranger et al. 2022,
Kubilius et al. 2023, Tuser et al. 2023, Pedersen et al. 2024).

In contrast to narrowband signals, which are processed in
the time domain using well-established methods and calibra-
tion coefficients (Demer et al. 2015), processing of broadband
signals is more complex and requires more decisions from the
user (Lavery et al. 2017). Broadband signals can be processed
in either the time or frequency domain. Generally, time do-
main signals are processed using the matched filter, or pulse
compression, method (Turin 1960, Chu and Stanton 1998).
The details of this approach are critical as they provide the
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Table 1. Method and calibration parameters used for the six echo integration datasets.

Method Approach Gain selection o v

Gew Time domain (CW) Gew acw Yew
G Time domain (FM) G(f.) alfe) (fe)

Gy Time domain (FM) Mean over f Mean over f Mean over f
Gim Time domain (FM) Sphere integration Mean over f Mean over [
Sv(f) Freq. domain (FM) G(f) a(f) w(f)
Sv(few) Freq. domain (FM) G(f) a(f) w(f)

There are four methods using the time-domain approach: narrowband processing (Gcw), use of gain at the center frequency (Gy.), average across the bandwidth
(G¢), and gain derived from the integration of the calibration sphere (Giy). For the frequency-domain methods, Sy (fcw) represents the integration in the

frequency domain over a bandwidth consistent with narrowband measurements, and Sy (f) represents integration based on the full band. The absorption
coefficient (o) and two-way equivalent beam angle (W) used are shown for each approach.

theoretical a basis for establishing equivalence between echo
integration of signals regardless of whether they are narrow-
band or broadband. In the time domain, pulse compression
employs cross-correlation, or convolution, of a replica signal
with scattered signals. When the frequency content of a sig-
nal is of interest, pulse compressed signals are typically trans-
formed to the frequency domain using a discrete Fourier trans-
form. Critically, a discrete Fourier transform is a linear oper-
ation. Thus, the energy in the temporal domain is equal to
that in the frequency domain (Rudin 1987). Theory therefore
suggests that time- and frequency-domain processing tech-
niques should produce equivalent echo integration results if
processed correctly.

Despite the potential advantages of broadband signals for
echo classification and the theoretical expectation of equiv-
alent echo integration performance, adoption of these meth-
ods in abundance surveys has been slow and many applica-
tions of fisheries echosounders continue to rely on narrow-
band data. To take advantage of the improved capabilities of-
fered by use of broadband signals in this context, it must be
demonstrated that echo integration of broadband signals does
not increase the uncertainty or introduce bias in abundance es-
timates. The primary approach to echo integration of broad-
band data has been to use time-domain processing (Andersen
etal.2024) where the calibration parameters are not explicitly
frequency dependent. Rather, calibration parameters such as
gain, equivalent beam angle, and absorption coefficients are
calculated at a single frequency. For example, gain has been
computed at the center (Blanluet et al. 2019, Loranger et al.
2022) or nominal (Jech et al. 2017) frequency of the trans-
mit signal in different studies. This approach is likely to be a
simplification, summarizing complex calibration parameters
in a single value (Bodholt 2002, Andersen et al. 2024), and
as such has primarily been employed for the purpose of dis-
playing calibrated pulse compressed data. Alternatively, one
could calculate volume backscatter in the frequency domain,
including all frequency-dependent calibration parameters, and
subsequently average across a portion or the entirety of the
bandwidth.

There has yet to be a standardized and well-validated pro-
cedure for echo integration of broadband data, which presents
a barrier to confidently introducing broadband observations
into existing time series of acoustic-derived abundance esti-
mates made with traditional narrowband instruments. The
goal of this paper is to compare different approaches for pro-
cessing broadband signals to investigate whether broadband
transmit pulses can be echo integrated to obtain equivalent
values to their narrowband counterparts. If this is the case,
it will open the door to operate echosounders in broadband

mode without sacrificing the quality of critical quantitative
echo integration measurements needed to meet survey require-
ments and other scientific objectives.

Methods

We investigated two potential approaches encompassing five
methods for echo integration of broadband data and com-
pared the results with a single standard method for narrow-
band integration (Table 1). These methods were selected as
they are the most commonly employed in frequency- and time-
domain processing of acoustic data. The first approach cal-
culates the pulse-compressed volume backscatter in the time
domain, Sy (¢) (dB re 1 m~!; MacLennan et al. 2002), using
aggregate calibration terms in place of frequency-dependent
terms (see Supplementary Material A1; Andersen et al. 2024).
Calculation in the time domain assumes uniform sensitiv-
ity across frequency, as it applies single-frequency or band-
averaged terms such as gain and two-way equivalent beam
angle (e.g. gain computed at the center frequency of the band-
width; Lavery et al. 2017, Andersen et al. 2024).

The second approach we explored is the use of volume
backscatter in the frequency domain, Sy (f), which, given its
applications for echo classification, is a typical product of in-
terest for broadband data. This approach requires more com-
plex processing as it applies frequency-dependent quantities
to compute volume backscatter (Supplementary Material A1;
Andersen et al. 2024). However, this likely better accounts
for the frequency dependence of the calibration, changes in
sampling volume, transmission loss, and transmit/receive sen-
sitivity of the signal. The resulting Sy ( f) is then averaged over
the full (Sy (f)) and narrower CW-equivalent (Sy ( fcw )) band-
width, combining contributions from all frequencies within
those bands to calculate a single estimate of volume backscat-
ter.

This paper assumes a familiarity with the fundamental
characteristics of narrowband and broadband signals used
in echosounding applications and associated terminology
(MacLennan et al. 2002). Readers unfamiliar with these prin-
ciples should refer to references including Ehrenberg and
Torkelson (2000), Stanton and Chu (2008), Stanton et al.
(2012), and Demer et al. (2017) for more information.

Data collection

Data were collected during acoustic-trawl surveys in the Gulf
of Alaska (10-17 March 2022) and the Eastern Bering Sea
(4 June to 5 August 2022) on the NOAA ship Oscar Dyson
(Fig. S1). Walleye pollock (Gadus chalcogrammus) dominates
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Table 2. Transmit parameters used for each transducer.

Transducer ES38-7 ES70-7C ES120-7C ES200-7C
Nominal frequency (faom, kHz) 38 70 120 200
FM centre frequency (f., kHz) 39.5 70 125 212.5
FM transmit range (kHz) 34-45 50-90 95-155 165-260
Pulse duration (ms) 1.024 1.024 1.024 1.024
Transmit power (W) 2000 750 250 105

CW transmissions were at the nominal frequency. The same pulse duration and transmit power were used for the CW and FM signals.

the biomass in acoustic-trawl surveys in both regions (De
Robertis et al. 2021, Levine and Jones 2025). Measurements
were made with split-beam Kongsberg EK80 echosounders
operating at 38 (ES38-7), 70 (ES70-7C), 120 (ES120-7C), and
200 kHz (ES200-7C). The transducers were mounted on the
ship’s centreboard at a depth of 9.15 m. Data presented here
were collected opportunistically between survey transects at
ship speeds of ~ 0-2.5 m s~! in bottom depths of ~ 30-
1300 m. A total of 39 collection events (Fig. S1), averaging
3.8 h of data collection per event, were completed. Collections
were conducted in relatively high and consistent fish density,
and at slow speeds to minimize inter-ping variability given the
relatively slow ping rate used in the study (described below).

The echosounders were configured to alternate between
narrowband and broadband transmissions using the ‘Ad-
vanced Sequencing’ option in the EK80 software (Simrad
2022). While the CW signals were transmitted simultaneously,
the FM signals were transmitted sequentially to eliminate any
potential for interference between FM channels (i.e. crosstalk;
Khodabandeloo et al. 2021, 2024). The echosounder repeated
a cycle of five pings: a narrowband ping transmitted at all four
frequencies simultaneously followed by sequential FM pings
at 38, 70, 120, and 200 kHz. All data were collected at the
maximum ping rate possible such that time between succes-
sive pings was twice the time required to sample to the bot-
tom to avoid observation of the bottom echo from the previ-
ous ping (range of 0.5—4 pings s~'; Renfree and Demer 2016).
The transmit parameters used are included in Table 2.

Echosounder calibration

Five calibrations were conducted between 1 January and § Au-
gust 2022 following the standard sphere method (Demer et al.
2015), with the echosounders operated in the same configura-
tion used during data collection. The primary output of a cal-
ibration is echo integration gain (G, equivalent to 10/og1o[g]
as presented in Andersen et al. [2024]), which has a large in-
fluence over echo integrals (Sy) in both time- and frequency-
domain processing. For example, in logarithmic terms, Sy is
proportional to —2G (see Supplementary Material).
Calibrations were conducted at all frequencies using a 38.1-
mm tungsten carbide sphere suspended at a range of 18-25 m.
During four of the calibrations, a 22-mm tungsten carbide
sphere was suspended 5 m below the 38.1-mm sphere. The
same spheres and suspension mechanism were used for all cal-
ibrations, using copolymer line as suggested by Renfree et al.
(2020). These concurrent observations were used to produce
additional estimates of gain for the 120- and 200-kHz chan-
nels (Fig. 1) as described in the following sections. The use
of two spheres reduced spectral gaps in the 120- and 200-
kHz channels caused by excluding sphere responses near the
nulls during calibration processing (Lavery et al. 2010). Sound
speed (Chen and Millero 1977) and absorption (Francois and

Garrison 1982a, b) were computed at each calibration site
from a conductivity temperature and depth (Sea-Bird Scien-
tific 911plus) cast from the average of the water column pro-
file between the transducer face and depth of the calibration
sphere.

Narrowband calibration gain

The on-axis echo integration CW gain (Gcw, Gain + S4 cor-
rection parameter from EK80 software) was estimated for all
events (red dots, Figs 1 and 2) using the EK80 software cal-
ibration tool (Simrad 2022). For the four calibration events
where the 22-mm sphere was included, the final CW gain at
120 and 200 kHz were computed as the linear average of the
results from the two spheres (mean pairwise absolute differ-
ence of 0.3 and 0.8 dB at 120 and 200 kHz, respectively). This
was done to match the use of both spheres for broadband cal-
ibration (see below). Assuming each calibration is valid with
the potential for random error, all five calibrations were then
averaged in linear units and back-transformed to compute a
single gain Gcw at each frequency.

Broadband calibration gain

The echo integration gain as a function of frequency, G(f),
was estimated for all FM channels using EK80 calibration
software (note that the S, correction is always 0 for FM cali-
brations). Gain curves for the 38- and 70-kHz channels were
determined using the 38.1-mm sphere. In broadband measure-
ments with common sphere diameters, 120 and 200 kHz have
one or more nulls in the frequency spectra making it difficult
to estimate gains across the transmitted bandwidth. The gaps
created by these nulls were filled by combining the calibrations
from both spheres (e.g. Lavery et al. 2017). For a given fre-
quency f where data from only one sphere was available due
to the nulls, G(f) was assigned the corresponding gain from
that sphere. Where data were available from both spheres, the
gains from both spheres were averaged in the linear domain.
To address any remaining gaps and produce values at regular
intervals of f (calibration results are reported in intervals of
99-856 Hz), the resulting G(f) for each event were linearly
interpolated at an interval of 100 Hz.

To calculate Sy (¢) using pulse-compressed broadband sam-
ples, a single value of gain measured at the centre frequency
(f.) of the channel bandwidth was used in place of frequency-
dependent terms (Equation 30 in Andersen et al. 2024). For
each channel, the gain at the centre frequency G, was se-
lected from the estimates of G(f) from each calibration event
(blue, Fig. 2).

To further evaluate the influence of gain selection on the cal-
culation of Sy (¢), two alternative single-value representations
of gain were calculated. Using the estimates of G( /) from each
calibration event, the mean gain over the bandwidth of each
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Figure 1. Gain curves for the (a) 38-, (b) 70-, (c) 120-, and (d) 200-kHz channels (nominal frequencies). The solid lines are calibrations using a 38.1-mm
tungsten carbide sphere and dotted lines at 120 and 200 kHz show the calibrations using a 22-mm tungsten carbide sphere. The blue line indicates the
average of the linearly interpolated gains for all calibration events. Red circles indicate calculated gain for CW signal.
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Figure 2. Calibration gains calculated for CW (G¢yy, red) and FM pings at
the centre frequency (Gye, blue), using the mean across the band (Gy,
light green), and using on-axis integration methods (G;,, green). For
comparison, the mean of G(f) within the bandwidth equal to the CW
band (Gy,,,, purple) is included. The circle indicates the mean value at
each frequency and the whiskers indicate the minimum and maximum
values.

channel (Gf, light green, Fig. 2) was calculated as
Gy =10logio (8). (1)

where g is the linear average of the gains reported in the cali-
bration results for all 7 values of f calculated as

G(fn)

g::n*1§:10(10). (2)

A third estimate of gain (G;,,;) was derived via integration of
the calibration sphere (dark green, Fig. 2). With allowances for
the differences in FM processing, this method can be thought
of as analogous to the calibration method applied in narrow-
band calibrations. For each channel and calibration, the tar-
get strength (TS(¢), dB re 1 m?, MacLennan et al. 2002) was
calculated for every sample (Andersen et al. 2024, Equation
25) using a single nominal gain value. Single targets were de-
tected (Ona and Barange 1999) and restricted to the known
range of the sphere (£ 2 m). On-axis targets were determined
by restricting single targets to those with a maximum phys-
ical angle of 0.2 degrees, which corresponds to beam com-
pensation of < 0.05 dB for the 7° transducers used in this
study. Pings which met those criteria were used to calculate
the mean sphere range and mean observed sphere T'S. Sy ()
was calculated for these on-axis pings by integrating the data
within 4 1.5 m of the sphere into a single value from which
an observed nautical area backscattering coefficient (s4, m?
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Table 3. Gain (G) and two-way equivalent beam angle (W) used for calculating Sy (t) using the three broadband (Gy,: centre frequency, G¢: mean across the
band, Gy on-axis integration) and CW (Gcw) methods, calculated as the average across all five calibrations.

Gain EBA
fnom _ _ -
(kHz) Gew Gy Gy Gint Gy v v(f.) v
38 27.01 26.92 27.46 27.17 27.04 —20.70 —21.04 —-20.95
70 27.72 27.69 27.75 27.57 27.69 —20.70 -20.70 —-20.33
120 26.53 27.20 27.40 27.39 26.57 —20.70 —-21.05 —20.80
200 28.37 29.17 27.89 28.07 27.89 —-20.70 —-21.23 —21.00

The average gain of the narrowband-equivalent portion of the bandwidth centred on the nominal frequency (G(fcw)) is shown for reference.

nmi~2; MacLennan et al. 2002), s o5, was computed. The
expected reference target strength (T'S,, (), calculated using the
linear average of TS(f), was determined based on the sphere
size, bandwidth, and environment (Demer et al. 2017). A refer-
ence s (sa ) was calculated from TS,,, range (r), the two-
way equivalent beam angle (¥, equivalent to 10/ogio(y) in
Andersen et al. 2024), and range to the sphere (71,4.¢), where

TSref 2
107 x 47t x 1852

v
10710 X 744rger”

(3)

SAref =

The corrected Sy gain (Gj,;) was calculated by adjusting the
nominal gain used to initially calculate S, (G,.om):
10log1o (M)

SA,obs

2

Given that each calibration was considered valid, variation
between calibrations was assumed to represent random error.
Thus to parameterize with our best estimate of calibration pa-
rameters, all five calibrations were averaged in linear units and
back-transformed to compute a single gain for each method
as was done for the narrowband gain.

Gint = Gnom - (4)

Data processing

All data processing was conducted in Python using the pyE-
cholab library (Wall et al. 2018) for raw data processing and
an implementation of the broadband data processing and as-
sociated Python scripts presented in Andersen et al. (2024).
Narrowband data were processed according to established
methods (Simmonds and MacLennan 2005). Broadband data
were processed in both the time and frequency domain using
each gain type and additional calibration coefficients (Table
1).

Echo integration in the time domain

Volume backscatter (Sy) was calculated in the time domain
(Sy (¢)) for narrowband data and the three variations of single-
value broadband gains (Table 1). When calculating Sy (¢) using
Gim and Gy, the mean two-way equivalent beam angle was
used, calculated as the linear average of W(f,) for all n val-
ues of f (Table 1). Values of ¥(f,) were calculated following
Andersen et al. (2024) (their equation 29), as

W (fu) = W (fuom) +20l0g10 (%) +20l0g10 (CC;) .

(5)

where W(f,0n) is the logarithmic two-way equivalent beam
angle at the nominal frequency measured by the manufac-
turer in a tank. The inclusion of 20/0g10(c?/c,?) is to cor-

rect for the effect of the local sound speed at the time of data
collection (c) relative to the sound speed during the manu-
facturer measurement in a tank under different sound speeds
(¢o) (Bodholt 2002). Since all analyses conducted here were
conducted on Sy ratios that are unaffected by this term (it
cancels out when computing ratios), this was left out and the
original manufacturer values of W( f,,) were used (Table 1). Al-
though this correction generally has a small effect, this term
should be included in standard processing. The value of W(f,,)
where f, = f. was used for calculations using G .. The mean
absorption coefficient (o, dB m~!) was calculated in 100-Hz
intervals across the bandwidth of the channel following Fran-
cois and Garrison (1982a, b), with the value at f. used for
G . calculations and linearly averaged for the other two gain
types (Table 1). The gain and two-way equivalent beam angle
values used in data processing are shown in Table 3.

Echo integration in the frequency domain

Volume backscatter spectra Sy (f) were calculated on a ping-
by-ping basis using 2-m data windows from 5 m below the
transducer to 5 m above the sounder-detected seafloor, with
the centre of a new data window taken every 0.5 m (75%
overlap). The individual data windows of resulting spectra
within every 50 ping (horizontal) by 5 m (range) integration
cell were averaged in linear units to produce a single Sy ( f) per
cell (Fig. 3). The spectra were then further averaged in linear
units across the entirety of the channel bandwidth, Sy (f), to
produce a single value of Sy for each integration cell. To inves-
tigate the impact of integrating across a limited section of the
bandwidth, a second Sy (¢) equivalent was calculated by av-
eraging a subset of Sy (/) around the nominal frequency cor-
responding to the bandwidth of the equivalent narrowband
signal, Sy (fcw ). A CW-equivalent bandwidth of 976 Hz was
used based on the pulse duration of 1.024 ms for all channels
(Table 2), calculated as 1/t, where 7 is the pulse duration in
seconds (Simmonds and MacLennan 2005).

Comparison of echo integrals

Volume backscatter for both narrowband and broadband sig-
nals were integrated into 50 ping (horizontal) by 5 m (range)
cells from 5 m below the transducer to § m above the sounder-
detected seafloor for comparison. The narrowband signals
were processed in the same manner as in standard acoustic-
trawl surveys of the area (De Robertis et al. 2021, Levine and
Jones 2025). To remove cells dominated by noise, estimates
of noise in each cell were calculated using passive data col-
lection of both signal types recorded before each sampling
event. When passive data were not available (15 of 39 col-
lection events), background noise was calculated from ac-
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Figure 3. Example echograms at 38, 70, 120, and 200 kHz (left to right)
during observations of (a) fish and (b) zooplankton. (c) Mean Sy (f) of the
red and blue regions indicated on the echograms. The black circles
indicate the CW Sy in the corresponding regions.

tive transmissions following De Robertis and Higginbottom
(2007). Methods for noise estimation are not well developed
for FM signals. As a first-order approximation, we applied
the methods used for CW data to the G ;. FM processed data.
Integration cells with an SNR < 10 dB in either the CW or
G s. datasets were removed from subsequent analyses. Analy-
sis was further restricted to relatively strong scatterers using a
Sy integration threshold of —70 dB re 1 m~!, as in acoustic-
trawl surveys of these areas (Levine and Jones 2025). The nau-
tical area backscattering coefficient s4 was calculated in each
cell.

The gridded datasets were further averaged into single val-
ues integrated from 5 m below the surface to 5 m above the
seafloor in 15-minute intervals. In order to assess the signifi-
cance of differences between s4 of both signal types, the mean
and 95% ClIs of the ss rpm/sa.cw ratio were estimated using

Levine et al.

the methods in De Robertis et al. (2019). For each calcula-
tion method, a bootstrap sample j was generated by drawing
a random sample of the available 5953 15-min intervals with
replacement, from which the ratio 7; was calculated as

/= SAFM,j

,- (6)

SA,CW,j
and the mean ratio for the bootstrap sample was computed
by averaging the ratios in the logarithmic domain and back-
transforming to linear units:

[ Stogute |

7 =10 (7)

Given the use of average gains when calculating s4, the in-
fluence of calibration uncertainty (i.e. variability between cal-
ibration) was estimated by calculating a linear calibration fac-
tor g. For each iteration, n = 5 calibration events were drawn
with replacement and linear averaged (Gp,) for each pulse
type and compared to the mean gains Gy and Gy used for

post-processing,
|:2(CFM,buot’éFM )]
10
10

[Z(GCW,boot_GCW ):| '
10
10

The estimates of the FM/CW echo integration ratio were
then modified by the calibration factor as

Fit =78 9)

For each FM gain type, the mean and 95% Cls of 7;,,
calculated using 5000 bootstrap realizations.

To evaluate the influence of frequency response on the vari-
ability between broadband- and narrowband-derived volume
backscatter, we compared cells with distinct scattering re-
sponses consistent with those of fish and zooplankton. For
every cell in which data from all four narrowband frequen-
cies had an SNR > 10 dB (no integration threshold was
applied during this analysis), CW Sy at all frequencies was
normalized to the 38-kHz backscatter (frequency differenc-
ing, Korneliussen and Ona 2003). These cells were then clus-
tered using the K-means algorithm (Lloyd 1982). The opti-
mal number of clusters (k = 5) was determined using an el-
bow analysis for & = 1:10. The mean and 95% percentiles
of the s4 ratios were computed from integration cells for the
clusters exhibiting narrowband frequency responses consis-
tent with those previously reported for pollock and zooplank-
ton (krill) in this area (De Robertis et al. 2010, Bassett et al.
2018).

g =

were

Results

In total, ~ 2.3 x 10° pairs of pings containing broadband
and narrowband observations were collected at the four fre-
quencies during the 39 collection events. The initial gridding
into 50 ping by 5 m cells resulted in 60 584 cells. Restricting
grid cells to those with an SNR > 10 dB for both narrowband
and broadband observations further reduced the number of
valid cells (ranging from 4.2% reduction at 38 kHz to 35.8%
reduction at 200 kHz). The implementation of a —70 dB re
m~! integration threshold created the greatest reduction of
the dataset, with 37.4%, 33.6%, 33.7%, and 24.9% of the

original grid cells remaining after filtering at 38, 70, 120, and
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Figure 4. Mean FM/CW echo integration ratios and 95% Cls including
the calibration uncertainty for all 15-minute intervals of paired FM and
CW integrated water column observations using =70 dB re 1 m~'
integration threshold. Estimates of s, were calculated using gains
calculated at the centre frequency (Gyc), using the mean across the band
(Gy), using on-axis integration methods (Gin:), using the average of the
volume backscattering spectrum across the entire bandwidth (S, (f)) and
a subset of the bandwidth equal to the CW band (Sy (fow)).

200 kHz, respectively. After further integrating the entire wa-
ter column in 15-minute intervals, the final dataset contained
558-613 15-minute intervals of paired FM and CW observa-
tions depending on frequency.

The average ratio between estimates of broadband in-
tegrated backscatter (sqpy) and narrowband integrated
backscatter (s4.cw) varied as a function of gain selection and
calculation method. For all versions of Sy (z), the 95% inter-
vals of the ss pp/sa.cw ratios differed from 1.0 for least two
of the four frequencies (Fig. 4). Data calculated using param-
eters at the centre frequency, G ., resulted in significantly dif-
ferent ratios (i.e. confidence intervals did not overlap with 1)
at both 70 and 200 kHz while G (applying the mean gain
across the bandwidth) was significantly different at all fre-
quencies except 200 kHz where it produced the mean ratio
closest to 1. Given that the time-domain methods were calcu-
lated using the same equations, these differences are attributed
to the uncertainties associated with the use of single values
for frequency-dependent calibration parameters. The G;,; in-
tegration method was statistically equivalent to CW at 38 and
200 kHz but not at 70 and 120 kHz. Given that the absolute
magnitude of the error bars of the sj py/sa.cw ratios (Fig. 4)
are similar to those of calibration alone (Fig. S2), it appears
that most of the uncertainty in these ratios is attributable to
calibration.

In contrast, the sj pp/sacw ratios calculated from Sy(f)
were not significantly different from 1 at any frequency (Fig.
4). Thus, Sy(f) is deemed to produce estimates of volume
backscatter comparable with narrowband data. While time-
domain processing produced comparable estimates for some

frequencies, Sy (f) was the only method to do so across all
frequencies tested. Using only the equivalent narrowband por-

tion of the bandwidth of the FM signal, Sy ( fcw ), resulted in
similar ratios as Sy (f) that were also not significantly differ-

ent from 1. This suggests that integrating over a wider band-
width around the nominal frequency does not affect the com-
parison to the narrowband estimate for these scatters. Ping-
to-ping variability of Sy (f) computed in narrow bandwidths
was higher than for the full bandwidth (Fig. S3). However,
Sy (f) processed in CW-equivalent bandwidth was consistent
with the variability observed in the CW data suggesting simi-
lar information content (Fig. S3).

The use of Sy (f) for integration also produced echo inte-
grals consistent with narrowband methods for scatterers with
distinctly different responses. K-mean clustering resulted in
the selection of 5693 and 2114 cells exhibiting frequency re-
sponses consistent with pollock and krill, respectively (Fig. 5a,
total n = 38 559). Ratios of sj pm/sa.cw show minimal vari-
ability between fish and zooplankton cells, with no significant
difference between narrowband and broadband integration
results for either scatterer type (Fig. 5b). Due to the smaller
cell size used, variability between cells resulted in large confi-
dence intervals compared with water column integration com-
parison (Fig. 4). The consistency between the narrowband and
broadband integration for the zooplankton-like cells (Fig. 5)
indicated that Sy (/) produces equivalent echo integration to
CW signals for weak targets (as the —70 dB re 1 m~! integra-
tion threshold was not applied).

Discussion

This comparison indicates that frequency-dependent volume
backscatter from broadband signals processed in the fre-
quency domain can achieve comparable results to narrow-
band methods. In other words, Sy gy calculated from Sy (f)
can be used to echo integrate in place of Sy cw. Even when
averaging across a smaller portion of the total bandwidth
equivalent to that of the CW signal, the use of Sy(f) ac-
counts for the frequency-dependence of the system sensitiv-
ity, which likely explains the improved performance over
more simplified time-domain approximations. The equiva-
lence between narrowband and broadband echo integrated
results using Sy (f) provides an opportunity to expand the
use of advanced capabilities (e.g. improved echo classification)
without interfering with the core objectives of acoustic-trawl
surveys (e.g. estimate abundance and continue existing time
series).

The decision to use narrowband or broadband signals
should ultimately be informed by the application. Currently,
narrowband data is the primary data type used for echo in-
tegration in acoustic-trawl surveys. Our results suggest that
if broadband data collection is desired for secondary ap-
plications (e.g. to inform taxonomic classification) the best
approach for integration is to calculate and integrate vol-
ume scattering spectra. This is more computationally ex-
pensive than the direct integration of the time-domain sig-
nal, but can be overcome with improved computer hard-
ware and software. In addition, relative to narrowband data
collection, broadband data collection requires higher data
volumes (in this study, the broadband data volume was 14
times larger than narrowband). In cases where only a sin-
gle frequency is used for abundance estimation, or a sub-
set of pings collected in broadband can provide the fre-
quency resolution required for additional objectives, the
mixing of narrowband and broadband collection can be
considered.
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Figure 5. (a) Frequency response for a subset of 5 m by 50 ping integration cells with scattering consistent with fish (n = 5693, black) and zooplankton
(n = 2114, blue). (b) Ratio of s4 c,v and sa ru for the included integration cells when calculated using Sy (f). The circle indicates the mean and the lines

show the 95% Cls.

In many applications, the magnitude of the uncertain-
ties corresponding with the narrowband to broadband ratios
shown in Fig. 4 may not be the largest driver of uncertainty in
acoustic estimates of abundance. Uncertainties in calibration
(Demer et al. 2017, Renfree et al. 2020), species identification,
acoustic properties of the scatterers (Simmonds and MacLen-
nan 2005), and behavior and size (Hazen and Horne 2004, De
Robertis et al. 2019) can lead to variability in volume scatter-
ing larger than the differences in processing methods explored
here. The deviation of the s4 pp/sa.cw ratio from r = 1 across
the methods in Fig. 4 is likely relatively small compared to the
uncertainties in the final estimates of abundance of a given
species when considering all of these factors. Thus, an ade-
quate accounting for all uncertainties in a given application
would, in many cases, suggest that impacts of the signal type
or processing methods are not the dominant source of error.
While the uncertainty associated with time-domain methods
is unlikely to affect the conclusions of previous studies apply-
ing these methods, echo integration in the frequency domain
should be the preferred method for quantitative echo integra-
tion going forward.

The ability to assess the difference between narrowband-
and broadband-derived estimates of s4 largely relies on the
accuracy and precision of the calibration. While it is possible
that there are unrecognized differences between narrowband
and broadband echo integration, their magnitude is smaller
than that of the calibration variability and unlikely to be im-
portant in practice. Given the large volume of data averaged
in this study, most of the uncertainty in the ss pm/sa.cw ra-
tio is likely driven by calibration uncertainty (i.e. the mag-
nitude of the uncertainty due to the gain alone (Fig. S2) is
comparable with that of the total integration ratios). Calibra-
tion uncertainty tends to increase with frequency (De Robertis
et al. 2019) which is evident as higher variability between re-
peated calibrations (Fig. 1). This can be driven by variability in
the suspension apparatus (Renfree et al. 2020) or lower target
SNR. Assuming the calibrations are accurate (i.e. on average,
the gain of the system is correctly represented), the precision of
the calibrations (i.e. variability between calibrations) was the

primary factor affecting the confidence intervals of the echo
integration ratios (Fig. 4).

Integration of broadband data in the time domain depends
on single-values (Table 1) to parameterize a complex non-
linear relationship. This does not adequately account for the
non-linear frequency-dependence in instrument parameters
(gain, two-way equivalent beam angle), physical properties
(absorption), and target scattering responses. And while there
are other potential ways to summarize calibration parameters
not explored here (e.g. selection of parameters at ), the
unlikelihood of capturing these nonlinear calibration param-
eters remains. Gain, for example, varies across the total band-
width by up to ~ 4-7 dB (Fig. 1) which results in a change of
8-14 dB in volume backscatter. Summarizing gain to a single
value by sub-selecting (G ., G ,), averaging (G ), or integrat-
ing the sphere response across all frequencies (G, ), does not
adequately represent the gain curves. For example, the effec-
tiveness of using the commonly employed G 4, for broadband
integration may depend on the centre of the bandwidth rela-
tive to the nominal frequency of the narrowband data being
used for reference. An instance of this occurs in the 200 kHz
results presented here, where G ;. is > 1.2 dB higher than G/.
In this case, the value at the centre frequency is a poor rep-
resentation of the observed gain across the bandwidth. The
steep slope in gain between f,,, and [, (Fig. 1) translates to
a large deviation from the narrowband backscatter between
these two estimates (Fig. 4). In contrast, the use of Sy ( fcw ) ac-
counts for the frequency dependence and thus more accurately
represents the behavior of the signal near f,, regardless of
the larger transmit bandwidth. Thus, whether integrating the
entire band or sub-selecting a portion of the bandwidth, this
variability can only be fully accounted for when calculat-
ing volume backscatter in the frequency domain as the first
step.

We found that averaging only a small subset of the band-
width in the frequency domain, in this case equivalent to the
narrowband signal, resulted in equivalent estimates of vol-
ume backscatter between narrowband and broadband signals.
While there is inherent value to using a wider bandwidth for
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both echo integration and species discrimination applications,
processing of smaller sub-bands of the broadband signal may
have benefits, such as restricting the signal bandwidth to ad-
dress potential crosstalk (Khodabandeloo et al. 2024), reduc-
ing the size of the processed dataset for storage and archiving,
as well as in situations where the useful portion of the band
is limited due to noise or interference from other acoustic sys-
tems. Ping-to-ping variance is higher when using a subset of
the bandwidth to calculate Sy (f) (Fig. S3). However, as when
processing spectra (Bassett et al. 2018), this variance can be
reduced by averaging more observations (i.e. larger integra-
tion cells). Thus, in practice, this increased variability is likely
to have only a limited impact on echo integration results in
many applications.

While increased confidence in the effectiveness of echo inte-
gration of broadband data may facilitate wider adoption for
many applications, challenges remain with regards to the col-
lection and post-processing of broadband signals that should
be considered before transitioning towards new methods. Rel-
ative to narrowband signals, data volumes are larger. This
larger data volume also increases the complexity of post-
processing, increases processing time, and puts more require-
ments on the software and computers used for processing and
analysis. While most common software for fisheries acoustics
can be used to analyse broadband data, processing is neither
standardized nor as accessible as narrowband data process-
ing. The lack of standardized methods also applies to param-
eterization of processing beyond calibration, such as proper
selection of the data window length and overlap (Lavery et
al. 2017, Bassett et al. 2018, Liu et al. 2023), and requires
thoughtful consideration specific to the application. Future
work should include the development of and consensus on
useful guidelines for the selection and implementation of these
processing parameters, with considerations for acoustic-trawl
surveys as well as other applications.

While broadband pulse compression is expected to im-
prove signal-to-noise (Chu and Stanton 1998, Ehrenberg and
Torkelson 2000), in practice this benefit may not be realized.
Using the same 1.024 ms pulse duration for both signal types,
background noise was consistently higher in the broadband
data than the narrowband data (Table S1, Fig. S4). This in-
creased sensitivity to noise was apparent at all frequencies,
though was substantially higher (>10 dB) at 70 kHz and
above. This background noise was range limiting, particularly
at 200 kHz where background noise was on average 16 dB
higher in the FM data than CW. The increased noise at equiv-
alent pulse durations could be due to a larger bandwidth and
thus higher susceptibility to electrical, ambient, and/or noise
spikes from the vessel (Mitson 1995), with electrical noise
dominating at higher frequencies and propulsion noise at
lower frequencies in many cases (e.g. De Robertis and Higgin-
bottom 2007). When using the same pulse duration, relative
to the narrowband data, one might expect shorter observa-
tion ranges for broadband data, particularly at higher frequen-
cies. Depending on the application, broadband signals can be
configured and/or processed to reduce noise. Broadband sig-
nals can be collected at longer pulse length while maintaining
range resolution which can suppress noise (Khodabandeloo et
al.2024), although there are tradeoffs that include larger blind
zones near strong boundaries such as the seafloor (Lavery et
al. 2017). Additionally, in cases where noise is disproportion-
ately high within specific portions of the signal bandwidth,

high-noise bands can likely be identified from the frequency
response and filtered to improve SNR.

Avoiding crosstalk while maximizing the available band-
width can be difficult when using broadband signals trans-
mitted simultaneously (Khodabandeloo et al. 2021, 2024).
Given the objective of this study was to compare echo inte-
gration between narrowband and broadband signals within
a channel, broadband data were collected sequentially across
broadband channels to eliminate the potential confounding
influence of crosstalk. In practice, eliminating crosstalk via
sequential pinging adds a limitation on ping rate for multi-
channel data collection. Simultaneous pinging is more practi-
cal for surveys and greatly increases the efficacy of other ap-
plications that depend on high temporal coverage (e.g. target
tracking).

The impact of crosstalk and how it might inform the use
of broadband systems for specific applications are discussed
in Khodabandeloo et al. (2021) and Khodabandeloo et al.
(2024). Though unavoidable, thoughtful processing windows
can minimize the impact on processed data while signal prop-
erties, especially the transmitted bandwidth, power, and pulse
duration, can be modified to reduce crosstalk (Khodaban-
deloo et al. 2021, 2024). The effects of crosstalk will be
more significant for applications involving individual scat-
terers (i.e. target strength), when the crosstalk can intro-
duce artifacts that impact the frequency response, particu-
larly for weaker targets which can be distorted or masked
(Khodabandeloo et al. 2024). For echo integration the im-
pacts of simultaneous pinging can be relatively minor (Khod-
abandeloo et al. 2021). While this continues to be an on-
going area of study, with appropriate configuration of the
transmit signals to reduce crosstalk, the results presented
here should apply to simultaneously collected multi-channel
data.

With these results in mind, we believe that more widespread
use of the capabilities of broadband echosounders in sur-
vey applications is worthy of consideration. Given that
narrowband-broadband equivalence has been established, this
is no longer an impediment to the adoption of broadband
techniques when echo integrating. Thus, whether to adopt
them represents a balance of what can be gained from broad-
band sampling versus the additional complexity, data density
and computational cost of working with FM signals. With
improved processing protocols, decreases in the costs of data
storage and improvements to computational capabilities, the
potential improvement in classification capability justifies the
transition to broadband data collection. Thus, we advocate
for the broader adoption of broadband operations and are
seeking to transition our efforts to better exploit broadband
signals in abundance surveys.

Conclusion

Echo integration of broadband samples, when calculated by
averaging the frequency-dependent volume backscatter pro-
duced by frequency domain processing, results in echo inte-
grals that are equivalent to narrowband integration of the
same nominal frequencies. This use of Sy(f) for integra-
tion further streamlines processing methodology by essentially
producing echo integration as a byproduct of the calculation
of scattering spectra used for echo classification. However, ad-
ditional hurdles to continued adoption of broadband data for
routine abundance surveys remain. Data processing methods
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are not as well characterized and available in processing soft-
ware, and data storage and processing requirements relative
to narrowband collection can be prohibitive, at least in the
near term. In addition, many of the decisions for data collec-
tion and processing have not been standardized. Regardless
of these needs, the results here show that when there is an ex-
pected benefit of collecting broadband data (e.g. vertical res-
olution for fish tracking, spectra for echo classification), the
collection of broadband data does not prohibit making abun-
dance estimates that are consistent with those from traditional
narrowband echosounders.
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