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The Simrad EK60 echosounder is widely used in acoustic-trawl surveys. It has recently been replaced by the EK80, which can be configured to oper-
ate in a manner similar to the EK60. To examine whether EK80s can be substituted for EK60s, the echosounders were configured to alternate
transmissions from common transducers at four frequencies during three acoustic-trawl surveys. Significant differences between echo-integration
measurements of fish were observed at 18, 38, and 70 kHz. EK80 measurements were 3—12% lower than those from EK60. At 120 kHz EK80/EK60
ratios were less than, but not statistically different from one. The EK80/EK60 discrepancy increased with range. The observed discrepancies were
identified to be related to slight over-amplification of low-power signals (<—90 dB re 1 W) by EK60. EK80 amplified signals linearly over a wider
range of measured powers. After accounting for over-amplification of weak signals by the EK60, the range dependence was removed and both
echosounders produced equivalent results. The impact of over-amplification by the EK60 will be relatively small for surveys of strong scatters

(fishes with swimbladders) at short ranges, but has the potential to be greater for surveys of weak scatterers and/or long observation ranges.

Keywords: acoustic survey, echo-integration, echosounder linearity, EK60, EK80, intercomparison.

Introduction

Acoustic-trawl surveys are widely used to aid in fisheries manage-
ment. During these surveys, abundance is derived from echo-
integration measurements made with calibrated echosounders
and size and species composition from trawl samples (Simmonds
and MacLennan, 2005). A primary goal of these surveys is to de-
termine changes in abundance indices over time (National
Research Council, 1998; Stenevik et al., 2015), which requires the
application of consistent methodology. Many acoustic-trawl sur-
veys worldwide are, or have been, conducted with Simrad EK60

echosounders (Boyra et al., 2013; Fielding et al., 2014; Stenevik
et al., 2015), which are no longer commercially available (Demer
et al., 2017). These surveys either are, or will ultimately need to
be, conducted with other instruments, and it is prudent to evalu-
ate the performance of these alternatives relative to the EK60, so
that the potential impact of changes in instrumentation on abun-
dance surveys can be quantified.

The EK80 echosounder, the successor to the EK60, is capable
of producing and processing broadband signals, which offer
many potential benefits and have been an area of substantial
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recent interest (Bassett et al., 2017; Demer et al., 2017; Lavery
et al., 2017). However, the EK80 was also designed to operate
with single-frequency, continuous wave (CW) signals similar to
those of the EK60 so that it can be used to continue acoustic-
trawl time series. In principle, after appropriate calibration
(Demer et al., 2015), EK60 and EK80 systems operated in CW
mode will produce equivalent survey results. The backscatter
measurements underlying acoustic-trawl surveys depend on a
complex chain of hardware and software, and it is helpful to com-
pare the results of both instruments operated under realistic con-
ditions. It is important to investigate whether any biases could be
introduced into survey abundance indices used for fisheries man-
agement when survey methods are changed (Ona et al, 2007; De
Robertis and Wilson, 2011; Miller, 2013; Moriarty et al., 2018),
and substituting echosounders is no different.

Macaulay et al. (2018) compared EK60 and EK80 echosound-
ers configured to alternate transmissions, and found that the
echosounders produced echo-integration measurements within
0.6 dB (15%) at 38 kHz, which is a relatively large discrepancy
(e.g. calibration precision is ~*5% at 38 kHz; Foote et al., 1987;
Demer et al., 2015). They observed range and power-dependent
trends in the EK60/EK80 ratio, which were attributed to differen-
ces in the noise floor, but there are indications of smaller unex-
plained discrepancies in regions dominated by scattering from
fish (see Figures 5-7 in Macaulay et al., 2018). Thus, it remains
unclear whether there are systematic differences between these
instruments, and whether transitioning surveys from EK60 to
EK80 instruments will result in negligible changes to survey abun-
dance time series.

The aim of this study is to determine whether EK60 and EK80
instruments produce echo-integration measurements of fish that
are comparable such that one might replace one with the other;
that is, to test the hypothesis that sx, gxso = Sa, Exeo> Where s, is
the nautical area backscattering coefficient. This term is an areal
unit of integrated acoustic backscatter (m? nmi~?) widely used in
fisheries acoustics, which is proportional to fish abundance
(MacLennan et al, 2002). We alternated pings from EK60 and
EK80 electronics on the same transducers using a multiplexer de-
vice during three winter surveys of pre-spawning walleye pollock
(Gadus chalcogrammus) in Alaska. The question being addressed
is whether the two instruments measure the same mean backscat-
tering coefficients over the long term (e.g. an entire survey),
which is the most relevant metric for understanding whether sur-
veys conducted with EK60 and EK80 instruments will produce
equivalent results. The data from EK60 and EK80 echosounders
were processed independently using standard methods to repli-
cate a scenario in which the survey was conducted with either
echosounder. The echosounders were calibrated on six occasions
using the same methodology to quantify the uncertainties in the
observed s, attributable to calibration. Application of this calibra-
tion to field measurements, which are often much weaker signals
than those from the calibration sphere, rests on the assumption
that the echosounder has a linear response over the range of sig-
nals integrated. Although echosounder linearity has been mea-
sured in the past (Foote et al, 1987) in current practice, the
linearity of the echosounder is often unverified and the
echosounder is assumed to be linear (Demer et al, 2015). In
other words, in many survey applications, a calibration derived
from high-power measurements is assumed to be applicable to
lower power signals. We characterized the linearity of EK60 and
EK80 echosounders to investigate whether differences in how
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signals are amplified could explain differences between the
instruments.

Methods

Study area

Echo-integration data from Simrad EK60 and EK80 echosounders
were compared from three acoustic-trawl surveys of pre-
spawning walleye pollock conducted in winter 2018 (Figure 1).
Measurements were made along survey transects following estab-
lished practice (McKelvey and Lauffenberger, 2017; Stienessen
et al, 2017) in the vicinity of the Shumagin Islands (7-12
February), Bogoslof Island region (3-7 March), and Shelikof
Strait (15-22 March). Walleye pollock accounts for the majority
of acoustic scattering during these surveys: in 2018, pollock
accounted for 97.4% of trawl catch by weight in the Shumagin
Islands, 98.5% in Bogoslof, and 97.6% in Shelikof Strait. These
areas differ substantially in terms of pollock abundance and depth
distribution. Briefly, pollock were relatively shallow and least
abundant in the Shumagin Islands (Figure 2a); at intermediate
densities at a variety of depths, including shallow in the water col-
umn (i.e. <75 m) in the Shelikof Strait area (Figure 2c); and
deeply distributed at high densities in the Bogoslof survey
(Figure 2e). The received electrical power of the signals (dB re 1
W, see Lunde and Korneliussen, 2016) varied over a wide range
(Figure 2b, d, and f). Most of the echoes from fish were well be-
low the power of the signals used for calibration (—53 to —75 dB
re 1 W depending on frequency, see below).

Data collection

Paired EK60 and EK80 data sets were collected with the NOAA
ship Oscar Dyson using a five-frequency (18, 38, 70, 120, and 200
kHz) system with transducers (Simrad model ES18, ES38B, ES70-
7C, ES120-7C, ES200-7C) mounted on a retractable centreboard
at a depth of 9.15 m. The EK60 and EK80 echosounders were
configured to alternately collect pings on the same transducers
during surveys conducted at a ship speed of 6 m s~ . This was ac-
complished by means of a multiplexer and triggering system
(Jech et al., 2005; Macaulay et al., 2018), which alternately con-
nected the transducers to the EK60 and EK80 electronics and trig-
gered data collection. Computer clocks were synchronized to a
timeserver every 15 min, and the then-current software versions
(EK80 v 1.11.1, and ER60 2.4.3) were used to collect echosounder
data. The 200 kHz echosounders were too noisy to provide high
signal-to-noise data at the depths where most of the fish were
present (at >100 m, background noise was above the —70 dB re 1
m~! integration threshold used in these surveys) and 200 kHz
data were excluded from the analysis.

Each echosounder was operated by transmitting on all fre-
quency channels simultaneously with a 1.024 ms pulse duration
using the power settings recommended by Korneliussen et al.
(2008). The EK80s were configured to produce CW signals with
“fast” ramping applied (Demer et al., 2017), which is the pulse
configuration that most closely replicates the EK60 transmit
pulses. We timed the interval between successive pings such that
2.2 times the time required to sample to the maximum bottom
depth elapsed between pings. This interval was sufficient to elimi-
nate above-threshold backscatter from the bottom echo from the
previously transmitted ping (Renfree and Demer, 2016) at all fre-
quencies. We also included a 100 ms delay before switching the
transducers with the multiplexer and triggering the electronics to
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transmit a ping. In the case of the Shumagin Islands, alternating
pings were collected on EK80 and EK60 echosounders to 250 m
at an interval of 0.85 s between EK60 and EK80 pings, in Bogoslof
data were collected to 1000 m at an interval of 3.15 s, and in
Shelikof data were collected to 300 m at a ping rate of 1.25 s. At
the seaward end of transects in Bogoslof where bottom depths
exceeded 1200 m, the FK80 was turned off to avoid further reduc-
tions in the EK60 ping rate during the survey.

Echosounder calibration

The on-axis standard sphere calibration technique (Demer et al.,
2015) was used to estimate the gain applied in echo integration
(i.e. S, gain, or the gain + s, correction parameters). Calibrations
were conducted at a range of ~20.5 m on six occasions between
27 January 2018 and 13 March 2018 with the EK80/EK60 multi-
plexing system in operation. A 64 mm copper sphere was used at
18 kHz, and a 38.1 mm tungsten-carbide sphere was used at the
other frequencies. The measured power of the on-axis sphere
echo was —53/—68/—68/—75 dB re 1 W at 18/38/70/120 kHz. A
conductivity temperature and depth (CTD) cast was used com-
pute sound speed and absorption coefficients at the calibration
site. Calibration data from the EK60 and EK80 were processed in
an equivalent fashion with the software used to post-process the
survey data (Echoview 8.0.104).

During each calibration event, two replicate gain estimates
were made except in one case where a single measurement was
made, and another in which five replicates were conducted. The
replicate measurements made during a single calibration event
were transformed to linear units and averaged. The resulting
calibration events (n = 6) were averaged in a similar fashion
and used to estimate the average S, gain (G) used in post-
processing. Calibration precision was estimated using a boot-
strap approach (Efron and Tibshirani, 1991) with 5000 itera-
tions: for each iteration, n = 6 calibration events were drawn
with replacement and an estimate of gain was computed by av-
eraging these events in linear units. The impact of applying this
gain to compute the EK80/EK60 integration ratio [see Equation
(2)] compared to the gain used for post-processing was esti-
mated according to

;o lo[z(Gbuol,LKBO — GEkso )/10]

g 1)

N IO[Z(Gbool.EKGO - GvFKGD)/IO} '

where ¢’ is the linear correction factor, G is the average S, gain
[dB] used in post processing, and Gpoot is the S, gain value [dB]
of the bootstrapped sample. As with g¢’, other variables defined
with a prime symbol represent bootstrap samples. The 95% confi-
dence intervals (CIs) representing the uncertainty introduced by
calibration on the EK80/EK60 ratio were estimated by finding the
2.5 and 97.5 percentiles of the distribution of g'.

Data processing

Data along the survey transects were used for further analysis.
Post-processing of the EK60 and EK80 data was conducted in an
equivalent fashion using Echoview software. The mean S, gain
from the calibrations (G) was applied. Otherwise, identical
parameters influencing echo-integration values including the
equivalent beam angle, absorption coefficients, and sound speed
were applied to both systems. The rationale for this is that even if
these parameters are inaccurate, they bias the backscatter
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Figure 1. Map of the three survey areas showing transects where
the EK80 and EK60 echosounders were compared.

estimated from the EK60 and EK80 echosounders in the same
way, and will not affect the EK80/EK60 integration ratio.

Water column signals were isolated by editing a bottom exclusion
line 3 m above a 5-frequency blended sounder-detected bottom
computed with EK60 data (Jones et al.,, 2011) as needed to exclude
signals from the seafloor. A surface exclusion line at 18 m depth was
edited to remove the nearfield and backscatter from bubbles swept
under the transducer. The EK60 and EK80 data were visually
reviewed to identify noise spikes or suspect near-bottom echoes,
which were removed if present. The acoustic data were echo inte-
grated into 5 min by 10 m deep bins using a —70 dB re 1 m ™" inte-
gration threshold to produce estimates of the nautical area scattering
coefficient. Data aggregated at the transect level were also analysed,
but are not presented as the results were similar.

To ensure that noise was not integrated into the s, values, conser-
vative depth limits were established for each frequency such that
measurements above the integration threshold were driven by bio-
logical scattering rather than noise. These integration limits were
800, 700, 400, 120 m for the 18, 38, 70, and 120 kHz channels, re-
spectively. The measurements considered were made at high signal-
to-noise ratios: measurements with echosounder in passive mode
(i.e. with the transmitter disabled) indicated that the —70 dB re 1
m™" integration threshold was 11-32 dB greater than the noise floor
(depending on frequency) of either instrument at the maximum
range included in the analysis. In the Bogoslof survey, where fish
were deeply distributed (Figure 2e and f), only the 18 and 38 kHz
channels were post-processed. Data were exported and visualized in
a series of diagnostic plots designed to identify potential outliers (e.g.
maximum S, in a given cell, outliers detected at a single frequency).
In cases where outliers were detected, the data were re-examined and
manually edited, if required, to exclude artefacts (e.g. noise spikes or
bottom integrations).

Statistical analysis
The EK80/EK60 integration ratio r;, defined as

SA, EK80,i
rh= —, (2)
SA, EK60,i

was estimated for each 5-min elementary distance sampling unit
(EDSU, Simmonds and MacLennan, 2005), where s, represents
the nautical area scattering coefficient computed over the water
column and i is an index corresponding to the EDSU. We
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Figure 2. Echograms (38 kHz EK60) showing S, (first column) for high-density pollock aggregations along with received power (second
column). (a and b) Shumagin Islands area, where the mean fish depth was 124 m (95% of EDSUs 67-169 m). (c and d) Shelikof Strait, where
the mean fish depth was 150 m (95% of EDSUs 53-237 m). (e and f) Bogoslof Island area, where the mean fish depth was 336 m (95% of
EDSUs 210-445 m). Calculation of fish depth follows Equation (4) of De Robertis and Wilson (2011), and was computed for EDSUs with s

>100 m? nmi 2.

excluded partial EDSUs (i.e. those where <95% was on a survey
transect), and cases where backscatter in either instrument was
low (s, <100 m* nmi~?) as preliminary analysis indicated that
r; was more variable where fish were scarce. The mean EK80/
EK60 integration ratio was computed as

r = n71~2r,', (3)

where n corresponds to the number of EDSUs.

The 95% CIs of 7 were estimated via bootstrapping. To ac-
count for spatial variability, a bootstrap sample was generated by
drawing n observations of s, ; where j is drawn with replacement
from the EDSU indices (i) of the original data set,

SA, EK80,j
/ ) s
r; = L} .

(4)

SA, EK60,j

The mean ratio for the EDSU bootstrap sample is computed as
per Equation (3),
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= nl Z r'. (5)
n

Finally, to account for the effects of calibration uncertainty,
these estimates are multiplied by a randomly drawn calibration
factor [g'see Equation (1)],

o= 1 -g. (6)

The mean and 95% CIs of the EK80/EK60 integration ratio
were estimated by finding the mean and 2.5 and 97.5 percentiles
from the 5000 bootstrap realizations of 7 ,mt. In general, results
are presented in detail for the 38 kHz data, as this is the primary
frequency used in these and many other acoustic surveys of fish
(Furusawa, 1991). Results for the other frequencies are
summarized or given as Supplementary Material.

The potential for range-dependence in the EK80/EK60 ratio
was explored by computing 7 "ot for 10 m layers (i.e. rather than
vertically integrated results as described above) for all data where
sy >10 m® nmi 2 in both echosounders. Bootstrap CIs of the
mean were estimated for each range bin as described above. To
increase the amount of data in shallow water for these calcula-
tions an additional 41 five-min EDSUs where fish were located at
<50 m were selected from periods when the vessel was transiting.
These additional data were used only to evaluate range depen-
dence of the EK80/EK60 integration ratio.

Measurement of echosounder amplification

The amplifier linearity of the EK60 and EK80 echosounders was
measured using a test system designed to measure EK60 and
EK80 using the same methodology. The approach is similar to
that described in Foote et al. (1987). A common mode choke
(Shaffner RN112-1, 2/02) used as a coupling transformer creating
a differential signal from a single-ended CW pulse at the
echosounder’s operating frequency provided by a signal generator
(Agilent 33500B). The signals were stepped from 0.1 to 9.9 V in
0.1 V steps. Each signal was passed through one of four passive
attenuators and measured at the receive terminals of the EK60 or
EK80. Received power levels were recorded by EK80 software
with no time-varying gain applied. The use of the EK80 software
ensures that the digital filters are applied to the received signals.
The four attenuator circuits reduced the input voltages by ~1/
330 000, 1/10 700, 1/1000, and 1/16 (EK60) or 1/25 (EK80). The
difference in the lowest attenuator circuits for the EK60 and EK80
was driven by the different impedances of the EK60 and EK80
transceivers. Given the voltages and the observed noise levels, am-
plification could be measured from —40 to —130 dB re 1 W,
which covers the dynamic range of the measurements included
above the echo-integration threshold used in this study. A
Keysight 34410A digital multimeter was used to verify the output
of the signal generator. This multimeter could also be used to
measure the input voltage to the transceiver from the two smallest
attenuators.

For each measurement, the input power was calculated based
on the voltage setting of the signal generator and the attenuator
used (P,, = V*/R, where V is the attenuated voltage and R is the
nominal impedance of the transceiver). The exact values of the
attenuators are unknown. However, the attenuators were
designed such that the recorded power outputs from the different
stages would overlap. Therefore, the data were manually shifted

A. De Robertis et al.

by a constant such that measurements from one attenuator to the
next overlapped/transitioned with minimal discontinuities under
the assumption that the amplifier response is continuous. We
normalized the measurements such that the ratio between the
expected and measured power expressed in linear units (Ap) was
1 at the power at which the calibration measurements were made.
The resulting data were smoothed with a three-point running
mean (except near the edges of the measurement range where the
number of points was reduced to maintain a symmetrical averag-
ing window) and then fit with a piecewise cubic Hermite spline
fit (Supplementary Figure S1). Measurements were made on the
specific EK60 and EK80 echosounders used in this study and
other EK60 and EK80 echosounders. Measurements were made at
18 kHz (one EK60; one EK80), 38 kHz (four EK60s; eight
EK80s), 70 kHz (three EK60s; three EK80s), and 120 kHz (one
EK60; two EK80s). The measurements on the specific EK60
echosounders used in this study were repeated (four times at 38
kHz, two times for other frequencies) and averaged, while a single
measurement was made for the other instruments. The repeated
measurements of EK60 linearity agreed to within 1-2% across the
range of measured powers.

Correction for amplifier linearity

A correction accounting for the effect of measured amplifier line-
arity on backscatter measurements was implemented. The effect
of the linearity measurements on the EK80/EK60 ratio was esti-
mated as corr,p, = Apgkso,p, /APexeo.p,- The results for the spe-
cific EK60s and EK80s used on the Oscar Dyson were used to
develop the correction for each frequency. A set of EK60 files
with an adjustment for the combined effect of EK60 and EK80
linearity on the EK80/EK60 integration ratio was written by cor-
recting each  EK60  received power sample [ie.
Peorr = Preas + lologm(corr,pm)] using a Matlab script based
on the Echolab toolkit (Towler, 2017). The EK80/EK60 ratios
were re-computed from the corrected files to assess whether the
results change if the measurements of amplifier linearity for these
instruments are taken into account.

Results

The estimates of integration gain from the six calibration events
were similar. In the case of 38 kHz, the 95% intervals of ¢ indi-
cated that the expected impact of calibration uncertainty on the
EK80/EK60 ratio, which relies on the mean gain estimated from
six calibrations, ranged from 0.98 to 1.03. That is, at 38 kHz, dis-
crepancies of >3% in the EK80/EK60 ratio cannot be attributed
to sampling uncertainty and calibration precision alone, and are
likely to be related to other processes influencing the measure-
ments. Overall, calibration uncertainty increased with frequency
(Figure 3), introducing an uncertainty of ~2% on the EK80/
EK60 integration ratio at 18 kHz, 3% at 38 kHz, 7% at 70 kHz,
and 9% at 120 kHz (Figure 3).

Backscatter observed with the EK80 was consistently lower
than that observed by the EK60, at both the scale of 5-min
EDSUs, and when averaged over the survey area. For example, at
the EDSU scale, the 38 kHz the EK60 s, measurements exceeded
those from EK80 in 69.4% of the measurements (Figure 4). The
survey-average backscatter (i.e. integrated over all depths and
EDSU’s) observed with the EK80 was consistently lower (2-7%)
than that with EK60 for all surveys and frequencies (Table 1).
Survey-average ratios for all 10 comparisons were <1, which
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Figure 3. Mean and 95% Cls showing the impact of calibration
uncertainty [¢, Equation (1)] on the EK80/EKG0 echo-integration
ratio as a function of frequency. The grey band demarcates *5%.
Higher precision of calibrations at the lower frequencies results in
narrower 95% Cls.

is unlikely if there was no difference between instruments [p <
0.001 (binomial test) if there is a 50% chance of observing a
ratio <1].

The EK80/EK60 integration ratios [7 "wot> see Equation (3)],
which estimate a similar quantity and also provide an estimate of
the variance, indicate that backscatter observations from the
EK80 echosounder were consistently lower than backscatter
measurements from a similarly calibrated and configured EK60.
The bootstrap estimates of sampling variability indicate that for
all data combined, the EK80/EK60 integration ratio at 38 kHz
was 0.94 (Figure 5a, 95% CI 0.93-0.94), and including the cali-
bration uncertainty in the error budget [Equation (6)] did not
cause the CIs to overlap with 1 (Figure 5b, 95% CI, 0.91-0.96).
This trend was evident at other frequencies, with overlapping
confidence bounds for the EK80/EK60 ratio across frequency
(Figure 6). However, the CIs increased with frequency due to a
shorter effective range, lower sample sizes (Table 1), and higher
calibration uncertainty at higher frequencies (Figure 3). At 18, 38,
and 70 kKHz s, gkso was 3—12% lower than sy gxeo, and the 95%
CIs for excluded one in all cases but Shelikof Strait at 38 kHz
(Figure 6). At 120 kHz the EK80 was 4-8% lower than EK60, but
the 95% CIs for the EK80/EK60 integration ratio included one,
meaning that when calibration and spatial effects are accounted
for, the results from EK80 and EK60 were not significantly differ-
ent. These results were not sensitive to the s, >100 m® nmi~? cri-
terion: repeating the analysis shown in Figure 6 with a threshold
of s, >1 m? nmi? resulted in similar ratios (average difference of
1.2%, range: 0.1-4.4%). However, uncertainty generally increased
as the inclusion of more variable low-backscatter observations
(Figure 4) counteracted the effect of increased sample sizes [95%
CT’s increased by an average of 34.6% (range: —5.4 to 65.4%)].

The ratios differed among survey areas, with lower EK80/EK60
ratios in Bogoslof where the biomass is dominated by deeply
distributed pollock (Figure 2e). In contrast, the ratios were closer
to one in the Shumagin Islands and Shelikof Strait areas which
were dominated by shallower backscatter (Figure 2a and c). The
EK80/EK60 ratio exhibited range dependence, with ratios variable
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but not significantly different from one at <~100 m, and de-
creasing to ~0.8 at ranges of 700 m (see Figure 7 for 38 kHz,
Supplementary Figure S2 for other frequencies).

Measurement of echosounder linearity indicated that the EK60
slightly over-amplified low-power signals. The EK60 was linear
(to within 3%) for powers of —40 to —90 dB re 1 W, but increas-
ingly over-amplified weak signals (Figure 8a and Supplementary
Figures S3 and S4). At low powers (< —110 dB re 1 W), the
measurements are more variable both within and across units
(Supplementary Figures S2 and S3) likely due to the influence of
electromagnetic interference and the inherent thermal noise of
the system. In contrast, all EK80s tested were linear to ~5% from
—40 to —130 dB re 1 W. Measurement of a single EK80 at multi-
ple frequencies produced similar results (Supplementary Figure
S5).

Measurement of echosounder linearity indicates that over-
amplification of low-power signals by EK60 will result in lower
EK80/EK60 ratios when the instruments are calibrated at high
power. This will introduce range-dependence, as spreading and
absorption losses lead to lower-power signals. After accounting
for the effect of the measured amplifier response on the EK80/
EK60 ratio (Figure 8a), the EDSU-level ratios were close to 1
(compare Figures 6 and 8b). With only one exception (the lower
bound for 18 kHz in Bogoslof was 1.01) the CIs were not signifi-
cantly different from a ratio of 1. However, these CIs are overly
narrow as they do not incorporate uncertainties in the linearity
correction, which if included, would likely indicate that the dis-
crepancy in Bogoslof at 18 kHz is not significant. The survey-
average backscatter ratio, which was consistently <1 before cor-
rection (Table 1), was also close to 1 after correcting for instru-
ment linearity (Table 2). The range-dependence in the EK80/
EK60 ratio was no longer evident after accounting for
echosounder linearity (see Figure 8c for 38 kHz, Supplementary
Figure S6 for other frequencies).

Discussion

The primary finding of this study is that echo-integration meas-
urements from EK80 instruments are consistently lower than
those from EK60 instruments across the range of frequencies
commonly used in fisheries acoustics. This discrepancy was
range-dependent, which suggested that the amplification of one
or both instruments might not be completely linear as is required
when applying calibration measurements of gain to measure-
ments at different power levels than those at which the calibration
was conducted (Foote et al., 1987; Demer et al., 2015). The range
dependence caused us to investigate the linearity of the instru-
ments involved, and ultimately attribute the discrepancy in the
EK80/EK60 integration ratio to over-amplification of weak sig-
nals (< —90 dB re 1 W) by the EK60. The EK80 is linear over a
broad range of powers. In our application, calibration occurred at
powers higher than the signals from most fish aggregations, and
this resulted in the EK60 over-estimating backscatter from the bi-
ological targets.

Echo-integration measurements made with EK80 were ~3 to
12% lower than those from EK60, depending on frequency, for
the three surveys in this study. Based on the CIs, the differences
observed at 18/38/70 kHz are outside those attributable to sam-
pling variability and calibration uncertainty alone, which indi-
cates a systematic difference between the instruments. At 120
kHz, average echo-integration measurements from the EK80 in
this study were lower than those from the EK60, but the
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Figure 4. EKGO s vs. EK80 s for five-min EDSUs from the 38 kHz

channels. The inset is an expanded view showing that many of the
individual points are below the 1:1 line.
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Figure 5. (a) Bootstrap estimates of spatial variability on 38 kHz
EK80/EK60 ratios [Equation (5)] for samples combined from all
three surveys, where s, >100 m”> nmi” (n = 1236 EDSUs). (b)
Bootstrap estimates combining the effects of spatial sampling (a)
and calibration uncertainty on the EK80/EKG60 echo-integration
ratios [Equation (6)].

A. De Robertis et al.
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Figure 6. Mean EK80/EKGO integration ratios and 95% Cls including
spatial and calibration uncertainty [Equation (6)] for all observations
combined and individual survey areas. The survey areas are listed in
order of fish depth. The dotted line indicates the expectation for no
difference between the instruments. The differences among surveys
are attributed primarily to the strength of the received signal, with
ratios decreasing when low-power signals from deep or sparse fish
are included. Sample sizes are given in Table 1.

differences were not statistically significant. This is likely attribut-
able to higher uncertainty due to lower calibration precision, and
smaller data sets and more variable fish distributions given the
120 m depth limit imposed at 120 kHz. Survey-wide average
backscatter from EK80 was 2-7% lower than from EK60.
Discrepancies for survey-wide average backscatter were noticeably
smaller than the EDSU level discrepancies in Bogoslof. This is be-
cause areas with high fish densities (and high amplitudes) con-
tribute  disproportionately to survey-averaged backscatter
(Macaulay et al., 2018). In Bogoslof, dense pollock aggregations
at moderate depths resulted in high-amplitude measurements
(Figure 2e and f) where both the EK60 and EK80 are linear rela-
tive to the power at which they were calibrated (Figure 8a).
Overall, the differences reported here are on the order of those
reported in a similar study (Macaulay et al., 2018) where EK80/
EK60 integration ratios were reported to agree within 0.6 dB or
15%. One key difference between the results reported here and
those of Macaulay et al. (2018) is that we attribute these discrep-
ancies to systematic differences between EK60 and EKS80
echosounders.

There is evidence for range-dependence such that the EK80
produces lower echo-integration values than EK60 for fish at lon-
ger range. In instances where fish were shallower than 100 m
measurements from EK60 and EK80 were more similar. Where
pollock were more deeply distributed (e.g. Bogoslof), the average
EK80/EK60 integration ratio was lower. This range-dependence is
due to slight over-amplification of low-power signals by the EK60
echosounder, which will bias abundance estimates as it violates
the assumptions inherent in echo integration (Foote, 1983).
Given that the received signals are strongly attenuated with range
due to spreading and absorption while calibration occurs at high
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Table 1. Backscatter ratio (EK80/EK60) observed during the three surveys.

Frequency [kHz] Shumagin Islands, 586 EDSUs

Shelikof Strait, 863 EDSUs Bogoslof, 559 EDSUs

18 0.96 (265)
38 0.93 (235)
70 0.95 (220)
120 093 (77)

0.94 (632) 0.98 (350)
0.96 (636) 0.94 (365)
0.94 (632) n/a
0.95 (435) n/a

Entries represent the ratio of the EK80/EK60 integral computed over the entire survey (i.e. >, sa ekso,i/ 2 _; Sa ekeo,i» Where s represents the nautical area scatter-
ing coefficient and i represents the EDSU). The total number of EDSUs (which are used in this calculation) is given in the top row. The sample size used in
Equation (3) (number of 5-min EDSUs with s, > 100 m” nmi~ subject to depth limits) is given in parentheses for each entry. Frequencies that were not ana-

lysed in the Bogoslof survey are identified as n/a.
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Figure 7. EK80/EK60 integration ratios at 38 kHz as a function of
range (a) Number of valid measurements (i.e. those with s, >10 m?
nmi~2 in a 5-min by 10-m cell) as a function of range. (b) Mean and
95% Cl of the EK80/EK60 integration ratio [Equation (5)] as a
function of range in 10 m range bins. The EK60/EK80 ratio is range
dependent with values <1 at ranges >~100 m. The elevated
uncertainty at short ranges is driven by small sample size and higher
spatial variability.

power, the calibrated gain may not be appropriate for lower-
power measurements of fish at long ranges. At short ranges,
measurements of fish backscatter from EK60 and EK80 will be
equivalent, because both instruments are linear at powers <—90
dB re 1 W. Thus, the discrepancy between these instruments will
depend on multiple factors including the linearity of the equip-
ment used, the signals transmitted, the range and sphere used for
calibration, range to aggregations dominating the backscatter, the
density of the scatterers, and the acoustic scattering strength of
the animals.

We designed the comparison to minimize potential biases in
our experimental design. By using a multiplexer system, we were
able to drive the same transducers on the EK80 and EK60 elec-
tronics. We cannot entirely rule out that the multiplexer affected
the measurements, but did not observe any effects during initial
testing and calibration with and without the multiplexer. Using

the same transducer for both echosounders reduces uncertainties
compared to using independent transducers. This includes uncer-
tainties related to the volume sampled (i.e. the equivalent beam
angle), which is not characterized by the standard sphere calibra-
tion method, and can be a major source of uncertainty in echo-
integration measurements (Haris ef al., 2017). In addition, we ap-
plied the same environmental parameters (e.g. sound speeds, ab-
sorption coefficients) when processing both data sets. Any
inaccuracies in these parameters result in equivalent biases for
both echosounders, which will not affect the EK80/EK60 integra-
tion ratio. We applied the same calibration procedures and the
same software to process the calibrations and echo-integration
measurements from both systems. This may have led to better
agreement between instruments than if echosounder specific pro-
tocols were used as there are small differences in how calibration
is implemented in the EK60 and EK80 software (Macaulay et al,
2018).

The use of numerous calibrations is key to investigating poten-
tially significant differences between echosounder systems.
Multiple calibrations of both systems allows for the effect of cali-
bration uncertainties on the EK80/EK60 ratio to be quantified.
Given that the ratios of the echo-integrated data for the survey
are relatively close to one, the observed variability of the EK80/
EK60 ratio for a single calibration is generally larger than the ob-
served discrepancies (Supplementary Figure S7). Without multi-
ple calibrations it would not be possible to define sufficiently
narrow CIs to identify and further investigate differences in the
echo-integrated values between the systems.

The discrepancies between EK80 and EK60 are also potentially
attributable to either the echosounder hardware/software or the
post-processing software used. Given that the EK80 is a new in-
strument, we conducted a series of tests to investigate whether
the differences in the echo-integrated results could be attributed
to the post-processing methods used for this instrument. For ex-
ample, echo-integration measurements of an on-axis calibration
sphere processed with Echoview and the EK80 calibration soft-
ware were close (Echoview/EK80 ratio: 1.005 * 0.006, Xx*+SD).
We also found that ranges to a sphere moved through the beam
were similar when processed with Echoview and EK80 calibration
software (range discrepancy of 0.03 % 0.03 m, X*SD). One po-
tential explanation for the observed range-dependence is that the
attenuation or time-varying gain was accounted for improperly
in post-processing. We ruled this out by confirming that the
specified attenuation values were correctly applied to the EK60
and the EK80 data. In addition, we verified that volume backscat-
tering was correctly being computed from received power for
both instruments. Thus, although minor differences may remain,
our conclusions are consistent with those of Macaulay et al.
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Figure 8. (a) Measurement of echosounder amplification at 38 kHz.
The EK60 over-amplifies weak signals by up to ~18%, while the EK80
is linear to within 3% over the depicted range. Corr refers to the
correction applied to EK60 data to correct for the measured 38 kHz
amplifier response on the EK80/EK60 ratio. (b) EK80/EK60 ratios are
close to 1 after correcting for the EK80/EK60 amplification ratio. (c)
EK80/EK60 ratio at 38 kHz as a function of range after correction for
the amplifier ratio. The inset shows the results for the uncorrected
data (i.e. Figure 7b) on the same scale for comparison.

(2018) that post-processing software packages are correctly com-
puting volume backscatter. The small discrepancies we observed
were insufficient to explain our observation of differences in
echo-integration results from EK80 and EK60 echosounders.

In our study, five frequencies were transmitted simultaneously
as is common practice with these instruments. However, the
EK80 and EK60 operated in CW mode may have different re-
ceiver bandwidths (Demer et al., 2017). Thus there is the poten-
tial for differences in cross-channel interference due to nonlinear
acoustic propagation at high sound pressures (Tichy et al., 2003;

(see Figure 8a).

Table 2. EK80/EK60 backscatter ratio observed during the three
surveys after correction for measured amplifier response.

Frequency [kHz] Shumagin Islands Shelikof strait Bogoslof
18 0.99 0.97 1.02
38 0.98 1.02 1.01
70 1.02 1.03 n/a
120 1.04 0.99 n/a

This is the same as Table 1, but computed after applying the correction
shown in Figure 8a.

Demer et al., 2017). This effect, where the response at a given fre-
quency can be affected by harmonics caused by transmission at
other frequencies is a potential mechanism for the observed
range-dependence, as this additional signal is range-dependent
(Tichy et al., 2003), and calibrations at short ranges would not be
applicable at longer ranges where the nonlinear effects are
attenuated. Macaulay er al. (2018) suggest that crosstalk and sub-
harmonic interference caused by simultaneously transmitting
EK60 echosounders at several frequencies may have affected the
EK80/EK60 ratio. However, comparison of calibration results
conducted with all channels pinging synchronously and others
with only one channel active at a time indicated that estimates of
the maximum effects of potential cross-channel interference were
too small to explain the observed range-dependent effects
(Supplementary Figure S8). Thus, differential effects of crosstalk
between channels cannot explain the observed range-dependent
EK80/EK60 integration ratio.

Previous studies of echosounders used in acoustic-trawl sur-
veys have primarily focused on short-range measurements under
controlled conditions (Jech et al., 2005; Demer et al., 2017), in
great part because such measurements are controlled and the
quantities of interest can be precisely estimated. However, this
does not capture all the conditions encountered in a survey (e.g.
low-power signals), and it is thus valuable to complement these
studies with field validations that evaluate system performance in
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a wide range of realistic conditions. Because of the variability of
field measurements, sample sizes must be large for the compari-
son to resolve small but meaningful differences. In addition, the
observations must cover a wide range of conditions. In this study,
without sufficient sampling across a wide depth range the power
dependence in the EK80/EK60 ratio would have been less evident.

The discrepancies in the EK80/EK60 ratio identified in this
study are associated with slight over-amplification of low-power
signals relative to high-power signals by the EK60, which can be
considered a calibration issue. Calibration measurements are
made at high power to ensure high signal-to-noise measurements,
but as in the surveys considered here, the resulting gains are often
applied to low-power measurements. This assumption has long
been recognized, but is often overlooked. Foote et al. (1987) dis-
cuss this assumption and discuss how to make electrical measure-
ments to measure amplifier linearity and other aspects of
echosounder performance. However, in current practice,
echosounders used in fisheries acoustics are generally assumed to
be linear but this is generally not verified. This work suggests that
amplifier linearity should be considered explicitly when calibrat-
ing echosounders, and that further efforts are needed to develop
practical methods to characterize the linearity of quantitative
echosounders. One option is to characterize echosounder linear-
ity in the laboratory (Foote et al., 1987). Given that these meas-
urements will be difficult for many users to make, manufacturers
would ideally measure the amplifier response of each quantitative
echosounder, or demonstrate the linearity of a particular model.
Another approach may be to expand calibration to span the range
of powers used to make field measurements. Calibrating over the
useful dynamic range of modern echosounders using the standard
sphere method is likely to be impractical as suspension tethers are
likely to interfere with weak targets, and stronger targets would
have to be deployed at very long ranges to calibrate at low power.
Development of an inline attenuator to reduce the received signal
from a standard calibration sphere may prove a practical
solution.

In the context of the large dynamic range (>100 dB) of the
instruments the over-amplification of weak signals by the EK60
reported here is rather slight. While the measurements suggest
that low-power signals can be over-amplified by ~20%, given
that higher power-signals contribute disproportionately to esti-
mates of biomass (e.g. compare Table 1 and Figure 6), this is
likely to introduce only modest uncertainty in many acoustic sur-
veys of strong acoustic scatters at short range (e.g. Figure 9). In
surveys of fish with swimbladders at greater depths, average meas-
urements from EK60 will be biased slightly high (3-12% in this
study). For low-power signals from sparse, weakly scattering and/
or deeply distributed organisms (Proud et al., 2017), the differen-
ces will be larger.

Conclusions

Comparison of EK60 and EK80 echosounders configured to
transmit single-frequency CW signals similar to those produced
by the EK60 indicates that survey abundance estimates based on
EK80s will be consistently lower than those from EK60
echosounders when low-power signals are measured. This dis-
crepancy (up to 12% in the surveys considered here) is attribut-
able to nonlinear amplification of low-power signals by EK60,
which results in a range and density-dependent bias in echo-
integration measurements. After correcting for the amplifier re-
sponse of the two systems, the range dependence was removed
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and the echo-integrated results from the two echosounders
showed good agreement. Thus, although calibrated EK60 and
EK80 echosounders produce similar echo-integration measure-
ments for high-power signals, measurements on lower power sig-
nals with EK60s will be biased high. The EK80 is linear to within
~5% over the useful dynamic range, and represents an improve-
ment over the EK60.

The magnitude of biases introduced by amplification will de-
pend on the characteristics of the echosounder used, the received
power of the observed signal relative to that at calibration, which
are related to calibration practice and the depth distribution,
abundance, and scattering strength of the organisms being sur-
veyed (Figure 9). The consequences of echosounder linearity and
methods for measurement of linearity have long been understood
(Foote et al., 1987), but the subject has received relatively little at-
tention. The linearity of many quantitative instruments remains
poorly characterized. Although the errors introduced by over-
amplification of low-power signals by EK60 are relatively small
relative to other sources of uncertainty in acoustic surveys
(McClatchie and Coombs, 2005; Simmonds and MacLennan,
2005; Ona et al., 2007; Williams et al., 2011; Haris et al., 2017),
the linearity of this and other calibrated instruments can be char-
acterized and, if needed, corrected for.
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