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Acoustic quantification of aquatic biomass using echosounders requires accurate calibration. With the advancing applications of deep-water
echosounders involving moored, towed, profiling and autonomous instruments, calibration of echosounders at the operating depth is needed
to ensure unbiased estimates of biomass and species identification. In this context, the deepwater calibration acoustic facility (DeCAF) was
used to examine the depth-dependent variations in on-axis gain (G0) and equivalent two-way beam angle (W) of three different transducers,
operating at 38 (Simrad ES38-DD and MSI-38) and 120 kHz (Simrad ES120-7CD) used for biomass surveys and species identification. The anal-
yses carried out using the sphere calibration method reveal significant variations in calibrated G0 and W that in combination could result in
substantial systemic biases in quantitative biomass estimation and species identification. The depth-dependent G0 variations derived using
the DeCAF system are in accordance with available deep-water calibration results, demonstrating reasonable repeatability of target strength
measurements (60.6 dB) over the calibration deployments. Importantly, W of the transducers was calculated to be consistently lower than
the values specified by the manufacturer, and for one transducer would result in 18% change in the estimated biomass. These results highlight
the potential for bias if the W of transducer is not independently calculated using the actual survey echosounder.
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Introduction
Echosounder calibration is a fundamental requirement in quanti-

tative aquatic biomass surveys and species identification

(Simmonds and MacLennan, 2005). Traditionally, surveys have

been conducted using hull-mounted transducers, but increasingly

echosounders are being used on “deeply” moored (Brierley et al.,

2006; Doksæter et al., 2009; Kaartvedt et al., 2009; Urmy et al.,

2012; Godø et al., 2013), towed (Dalen and Bodholt, 1991;

Kloser, 1996; Kloser et al., 2002, 2013; Dalen et al., 2003; Ryan

et al., 2009; O’Driscoll et al., 2013), profiling (Ona, 2003; Kloser

et al., 2009; Pedersen et al., 2011; Kloser et al., 2016), and autono-

mous (Godø and Totland, 1996; Fernandes et al., 2003; Patel

et al., 2004; Moline et al., 2015) systems to investigate biomass

and species composition of deep-water ecosystems. Acoustic

observations from deep-water echosounders on a range of plat-

forms can advance our understanding of deep-water ecosystems

(Handegard et al., 2013). In this context, in situ calibrations of

these instruments are required to reduce the bias in estimates of

biomass and to improve species identification. Calibration of

acoustic systems involves primary calculations of two perform-

ance parameters: (i) the transducer on-axis gain G0 (dB re 1), and

(ii) the equivalent two-way beam angle W (dB re 1 sr) of the

transducer beam pattern Bða;bÞ (dB re 1) (Demer et al., 2015).

The overall on-axis performance of echosounders can be eval-

uated by the established sphere calibration method (Demer et al.,

2015). This method provides calibrated G0 values and commonly

used to monitor on-axis performance of hull-mounted split-

beam echosounders (Knudsen, 2009). However, in deep-water

systems the G0 parameters that account for the corresponding

twofold variations in the measured target strength (TS) (dB re

1 m2) may vary as a function of operating depth (Kloser, 1996;

Dalen et al., 2003; Ryan et al., 2009; Pedersen et al., 2011;
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O’Driscoll et al., 2013) and environmental parameters (Demer

and Hewitt, 1992; Brierley et al., 1998; Demer and Renfree, 2008).

Therefore, it is important to calibrate echosounders over the

range of environmental conditions (i.e. temperature, salinity, and

pressure) encountered during the biomass survey.

The W of transducers is an important (and apparently the least

investigated) calibration parameter in echo-integration based bio-

mass estimation. Incorrect W values contribute to a first-order

bias in a biomass estimate (Reynisson, 1998; Demer, 2004).

The W is estimated by comprehensive mapping of the transducer

Bða;bÞ by rotating the mounting arrangement (Simmonds, 1984,

1990), repositioning the calibration sphere (Reynisson, 1986,

1990, 1998; Kieser and Ona, 1988; Brede et al., 1990; Ona, 1990;

Vagle et al., 1996), or both (Jech et al., 2005), and trimming of

the vessel above calibration sphere (Ona and Vestnes, 1985). It is

often assumed that the manufacturer-specified W0 (dB re 1 sr)

(adjusting for the difference in sound speed) is correct due to the

difficulty in obtaining an independent measurement. However,

discrepancies have been observed between calculated W and W0

values (Simmonds, 1990; Reynisson, 1998), necessitating the

requirement to determine the correct value of W, and examine its

depth-dependent variations for each transducer used in the bio-

mass survey.

In this context, we used the deepwater calibration acoustic

facility (DeCAF) that was specifically developed to characterize

the depth-dependent variations in G0 and Bða; bÞ of deeply

deployed split-beam echosounders down to 1500 m (Malan et al.,

2016). This development overcomes previous limitations of deep-

water echosounder calibration where it was difficult to maintain

the target sphere on-axis due to currents and misalignment of the

platform (Kloser, 1996; Ryan et al., 2009). Using the DeCAF plat-

form, it is now possible to independently verify Bða;bÞ of the

transducers and its depth-dependent variations in the survey

area.

In this article, we calibrated three deep-water scientific split-

beam echosounders to determine how the echosounder on-axis

sensitivity changes with depth over multiple deployments.

Moreover, we measured the transducer Bða;bÞ and derived W
variation as a function of operating depth.

Methods
Calibration deployments
The DeCAF system was used to calibrate three transducers (Table

1) simultaneously from the surface down to 800 m water depth

(Malan et al., 2016). The DeCAF deployments (IN 2015-E03, OD

2015, and IN 2016-E02) were conducted in suitable weather con-

ditions to minimize platform movement with Bða; bÞ measure-

ments at 100 m depth intervals (Figure 1).

The extension arms of DeCAF (Figure 2a) were used to suspend

a 38.1 mm diameter calibration sphere (made from tungsten car-

bide with 6% cobalt binder material, WC) and a 10 kg ballast

weight by conjoining three Kevlar lines (16 m length and 1 mm

diameter). This arrangement positioned the sphere at 15 m with

reference to the transducer plate and the counter weight ensured

the sphere was stationary relative to the platform. The transducer

plate was adjusted in real-time following a pre-programmed

sequence of angles. The sequence of angles was programmed to

extend beam coverage across the target for Bða;bÞ measurements

(Figure 2d). The orientation of the transducer plate was precisely

measured by absolute encoders (model: Gurley A19, accuracy:

60.04�), and recorded as the alongships (major) and athwartships

(minor) mechanical angles.

In addition to the DeCAF deployments (Figure 1), the trans-

ducers and general purpose transceivers (GPTs) were routinely

installed on an acoustic optical system (AOS) (EP 2013) and a

profiling lagrangian acoustic optical system (PLAOS) (IN 2015-

C02 and IN 2017-V02) for evaluating depth-dependent repeat-

ability in calibrated G0. The platform based calibration data

acquisition settings are tabulated in Table 2.

The AOS is a self-contained multi-frequency acoustic optical

platform equipped with 38 (ES38-DD) and 120 kHz (ES120-7CD)

split-beam transducers and GPTs (Ryan et al., 2009; Sherlock

et al., 2010). The platform attaches to the headline of the commer-

cial fishing vessel’s demersal trawlnet (Ryan and Kloser, 2016).

Prior to calibration, the AOS was detached from the trawlnet and

vertically deployed down to 800 m (with stopovers at 100 m inter-

vals). A 38.1 mm diameter WC sphere (at 20 m) was suspended

beneath the transducers by a thin (0.5 mm) monofilament line

(no counter weight attached).

The PLAOS is a profiling multi-frequency acoustic optical

platform equipped with 38 (MSI-38), 120 (ES120-7CD), and 333

kHz (ES333-7CD) split-beam transducers and GPTs operable

down to 1500 m (Kloser et al., 2016; Marouchos et al., 2016).

Two WC spheres of diameter 22 (at 4.5 m) and 38.1 mm (at 5.5

m) were suspended concurrently underneath the transducers by a

thin (0.5 mm) monofilament line. The 38 kHz transducer was

calibrated with a 38.1 mm WC, and the 120 kHz was calibrated

with a 22 mm WC sphere.

The AOS and PLAOS were not designed to tilt the transducer

mounting plate (as in DeCAF) thus the Bða; bÞ measurements

were not performed. These calibrations are used to compare the

depth-dependent G0 variations derived using the DeCAF system

and to examine repeatability of TS measurements over the

deployments.

Split-beam echosounder calibration
In a Simrad EK60 split-beam echosounder, the data from each

transmission (ping) includes received echo power per (W), phase

angles a and b (�) (in two orthogonal alongships and athwart-

ships planes typically aligned with major and minor transducer

axes respectively), with the GPT settings: frequency f (kHz),

transmit power pet (W), pulse duration s (s), G0, area backscat-

tering coefficient sa (m2 m�2) correction factor Sa corr (dB re 1)

(i.e. difference in energy of the nominal and actual received

pulses), and W of the transducer. These data and associated set-

tings were used to calculate TS (Figure 2b) and volume backscat-

tering strength Sv (dB re 1 m2 m�3) as

Table 1. Manufacturer specifications of the transducers used in this
study.

Transducer MSI-38
Simrad
ES38-DD

Simrad
ES120-7CD

f (kHz) 38 38 120
Serial number 100-0602 28362 109
a�3 dB

0 n b�3 dB
0 (o) 14 7.4\7.5 7.4\7.3

W0 (dB re 1 sr) –14.7 –20.2 –20.3
K0 (electrical�/geometric�) – 21.9 23
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Figure 1. Map in the top panel shows geographic location and year of calibration deployments using DeCAF, AOS, and PLAOS. The bottom
panel displays environmental conditions at the deployment site (IN 2015-E03). The environmental parameters were measured during all
deployments and utilized in the respective calibration analyses.
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TS ¼ Per þ 40log10 rð Þ þ 2aar � 10log10

ðpetk
2g2

0 Þ
16p2

� 20log10

gða;bÞ
g0

� �
; and (1)

Sv ¼ Per þ 20log10ðrÞ þ 2aar � 10log10

ðpetk
2g2

0 cwswÞ
32p2

� �
� 2Sa corr; (2)

where Per (dB re 1 W) is the received power, r (m) is the range to

the target, aa (dB m�1) is the absorption coefficient, k (m) is

the wavelength, g0 (dimensionless) is the transducer on-axis gain,

gða;bÞ (dimensionless) is the transducer gain in the direction of

off-axis angles a and b (�), cw (m s�1) is the sound speed in water,

and w (sr) is the equivalent two-way beam angle (Demer et al.,

2015).

The transducer gain gða; bÞ is defined as the ratio of acoustic

intensity values observed at a distant point, resulting from trans-

missions with constant transmit electric power of a real trans-

ducer and an idealized lossless omnidirectional transducer [see

Equation (1.5) in Demer et al. (2015)]. The transducer on-axis

gain g0 is the gða; bÞ on the transducer beam axis (a ¼ b ¼ 0)

that has been logarithmically transformed and denoted in this

paper as G0. w is the solid angle at the apex of the ideal conical

beam which would produce the same echo-integral as the real

transducer when the targets are randomly distributed in space

[see Equation (2.11) in Simmonds and MacLennan (2005)]. In

this paper, w is expressed in decibel as W ¼ 10log10 wð Þ.
Split-beam transducers are separated into subarrays of piezo-

electric elements (e.g. four quadrants for the circular transducers

used in this study). The effective separation between the subarray

centres (deff ) cause resolvable range differences to the target that

are observed as phase-differences /e (electrical�) in the received
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Figure 2. (a) The DeCAF platform with extension arms on board RV Investigator (IN 2015-E03). Panel (b) displays an example of 38 kHz
(ES38-DD) in situ uncalibrated TS echogram with platform at 300 m. It is important to isolate sphere TS region (at 15 m) from all other
possible sources of interference including biological scattering flagged as bad data. The resulting near-axis [B a; bð Þ � 0.3 dB] calibrated TS
as a function of water depth is depicted in panel (c). The corresponding Bða; bÞ characteristic of the transducer is shown in panel (d). The
“þ” symbol denotes position (a and b) of the calibration sphere with respect to the electrical major and minor transducer axes at all depths.
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signals between each pair of quadrants. The split-beam

echosounder estimates a and b from /e as

/e ¼ Ksinh; (3)

where h (geometric�) is the angle to the target relative to the

transducer beam axis (i.e. a or b). The symbol K (electrical�/geo-

metric�) is termed as the transducer angle sensitivity, a factor

used to convert split-beam electrical angles to target bearing

angles in alongships (major) and athwartships (minor) planes.

The K can also be represented as the product of acoustic wave-

number k (m�1) and deff . The a and b of the sphere position

were used to model the transducer Bða;bÞ as

B a;bð Þ ¼ 6:0206
2a

a�3 dB

� �2

þ 2b
b�3 dB

� �2

�0:18
2a

a�3 dB

� �2
2b

b�3 dB

� �2

0
BBBBBBBB@

1
CCCCCCCCA
; (4)

where a�3 dB and b�3 dB (o) denotes the along- and athwartships

–3 dB beamwidths of the transducer. Equation (2.6) in Demer

et al. (2015) has been logarithmically transformed and presented

here as Equation (4). This equation (after applying angle offsets)

was used to compensate the recorded TS measurements for angu-

lar location in the acoustic beam. In this paper, the Bða; bÞ com-

pensated sphere TS derived from received power signals is

referred to as the “compensated TS”, while the recorded TS with-

out applying Bða;bÞ compensation is denoted as the

“uncompensated TS”.

Accurate computation of W essentially requires precise sphere

position information (a and b) that has to be measured com-

pletely independent of the split-beam angle information.

Accordingly, the transducer mounting plate in DeCAF was

rotated in two axes (Figure 3a) to characterize Bða;bÞ of the

transducer. In order to compute W of transducers experimentally,

the sphere TS data were recorded from the on-axis main lobe to a

level less than –6 dB down in both a (major) and b (minor)

directions of the transducer axes (Figure 3d). The a and b
recorded by the DeCAF were converted from Cartesian to polar

coordinate to represent the transducer Bða;bÞ as a function of

mechanical angle off-axis (Figure 3e). A polynomial fit to the

resulting distribution was utilized to calculate the half power

points and the corresponding beamwidth h�3 dB (�). The W was

calculated by two methods, first, by integrating the Bða; bÞ as a

function of mechanical angles off-axis [see Equation (2) in

Reynisson (1998)], and second using an empirical formula

(Urick, 1983). For a circular transducer with >99% of the trans-

mitted energy confined within the main lobe, the W can be com-

puted as

W ¼ 10log10

ðh�3 dBÞ2

5800

 !
: (5)

The manufacturer-specified W0 values were recalculated based

on the difference in sound speed at the deployment site (Figure

1b) to compare with the in situ measurements (Foote, 1987;

Bodholt, 2002). The tank temperature data for MSI-38 transducer

was unknown, therefore the W0 values were calculated assuming a

summer time tank temperature of 20 (�C).

In the calibration process (Figure 4), the G0 were adjusted to

compensate for the discrepancy observed between the on-axis TS

and TStheory (recalculated for the environmental conditions at

each depth) as

new G0 ¼
TS � TStheory

2
þ old G0; (6)

where new G0 and old G0 (dB re 1) represents calibrated and

uncalibrated G0 respectively (Figure 3f). The established depth-

dependent non-linear changes in the recorded sphere TS (Figure

2c) were characterized by a polynomial variation in new G0

(Ryan et al., 2009; Ryan and Kloser, 2016). This polynomial func-

tion was integrated in the analyses to calibrate in situ TS at each

depth. It is important to note that 61 dB change in the derived

new G0 represents a twofold 62 dB variation in the recorded TS

data. The Sa corr were calculated at each depth using standard

methods to test for variability and provide calibrated Sv measure-

ments (Demer et al., 2015).

Echosounder calibrations are normally valid for near on-axis

measurements if the Bða;bÞ compensation is correct. For PLAOS

calibrations, adequate care was taken to position the sphere close

to the acoustic axis of all transducers. The alignment of the trans-

ducers were adjusted to obtain sufficient overlap of acoustic foot-

prints at the sphere range [see Figure 1 in Kloser et al. (2016)].

Moreover, measurement of h�3 dB parameters using the DeCAF

system characterized the transducer Bða;bÞ, and the calibration

analyses were performed ensuring appropriate Bða;bÞ compensa-

tion (Figure 4).

The calibration data files were processed using a custom

Matlab-Echoview software (Echoview, 2015) suite that was devel-

oped to facilitate the analyses. The single target detection (split-

beam method 2 algorithm) parameters defined in Echoview were:

Table 2. Platform based calibration data acquisition settings.

Platform DeCAF AOS PLAOS

Transducer model ES38-DD MSI-38 ES120-7CD ES38-DD ES120-7CD MSI-38 ES120-7CD
f (kHz) 38 38 120 38 120 38 120
pet (W) 2000 500 500a 2000 500a 500 250a

s (ms) 1.024 1.024 1.024 1.024 1.024 0.512 0.256
aFollowing the manufacturer’s recommendation, 500 W transmit power was used for ES120-7CD transducer calibrations on DeCAF and AOS. With reference to
the numerical simulation results reported by Pedersen (2006), this transmit power may possibly cause a 0.3 dB non-linear sound attenuation for 120 kHz in sea-
water (at 9 m distance from the sound source). To reduce non-linear effects in 120 kHz, the transmit power was decreased for PLAOS calibration as recom-
mended by Korneliussen et al. (2008).
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–50 (dB re 1 m2) TS threshold; 6 (dB re 1 m2) pulse length deter-

mination level (i.e. the decibel level below the peak value of a

detected pulse defined for determining the pulse length during

single target detection); 0.3 (dimensionless) minimum normal-

ized pulse length, 1.5 (dimensionless) maximum normalized

pulse length (normalized pulse length is the ratio of measured

and transmitted pulse length intended to reject pulses that fail the

estimate for expected pulse length); and 12 dB maximum beam

compensation parameter [i.e. the compensation applied to a

recorded TS value to correct it for the transducer Bða;bÞ]. The

resulting sphere TS data were processed within Matlab using a

graphical user interface (GUI). The GUI enabled the user to

dynamically adjust parameters (such as TS limits and depth

ranges) to export results in a systematic way.

Results
Depth-dependent new G0 variation
The new G0 of each transducer over multiple deployments high-

lights distinct variation with depth (Figure 5). The new G0

(between 20 and 1000 m) varied by 0.7 6 0.3, 1.1 6 0.2, and 0.3
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6 0.3 dB, respectively, for ES38-DD, MSI-38, and ES120-7CD

transducers, indicating significant correlation with depth. The

associated correlation coefficients (r) are –0.86, 0.95, and 0.96

(with p-values < 0.001). Opposite correlations of new G0 values

(–0.86 and 0.95) with a broader depth-dependent new G0 varia-

tions are evident for ES38-DD (range: 23.6–24.3 dB) and MSI-38

(range: 18.7–19.8 dB) transducers. The ES120-7CD (exclusive of

the outliers) displays relatively stable variation that is positively

correlated (0.96) within a narrower range of new G0 values

(range: 27.3–27.6 dB).

The precision of new G0 representing relative variability or

repeatability of TS measurements at each depth including down

and up casts are summarized in Table 3. The variability in new

G0 is greater at the water surface for all the transducers where the

temperature variations (62�C) between the calibration deploy-

ments are highest (Figure 6).

The difference in new G0 calculated for respective down and

up calibration profiles highlight the magnitude of depth hysteresis

(Figure 7). The hysteresis values were within 60.2 dB for all the

transducers, representing a twofold 60.4 dB (9%) variation in

the recorded TS data. This hysteresis effect is not consistent

between transducers, indicating unique pressure/temperature

response and tolerance of the transducers varying as a function of

depth/temperature.

The derived Sa corr (between 20 and 1000 m) varied by 0.2 6

0.1, 0.1 6 0.1, and 0.1 6 0.03 dB, respectively, for ES38-DD,

MSI-38, and ES120-7CD transducers. The associated r values are

0.24 (p ¼0.47), –0.43 (p ¼0.17), and 0.11 (p ¼0.74), indicating

stable depth-dependent variation and not significantly correlated

with depth.

Calculated W of the transducers
The W values calculated by integrating the Bða;bÞ (as a function

of mechanical angles) and using the empirical formula (Equation

Calibration data set:
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Calculate new G

Adjust θ−3 dB' and/or Λ' for correct 
beam pattern compensation

Calculate Sa corr

Echosounder calibrated 
for TS measurements

Echosounder calibrated 
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Calibration data set:
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Echosounder calibrated 
for TS measurements

Echosounder calibrated 
for Sv measurements

Independent 
measure of θ−3 dB

DeCAF 
calculated Ψ

DeCAF

Conventional calibration

Position of targets

Sphere TS and electrical (α, β)

for (α, β) and apply
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Figure 4. Flowchart of the calibration analyses for unbiased TS
measurements and biomass estimation.
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Figure 5. Box plot represents repeatability in new G0 for (a) ES38-
DD, (b) MSI-38, and (c) ES120-7CD transducers. A polynomial fit to
the average new G0 values with number of deployments (n) at each
depth are superimposed. It is important to note that 61 dB change
in the new G0 represents a twofold 62 dB variation in the recorded
TS data [see Equation (6)]. Correspondingly, the 120 kHz sphere TS
acquired during IN 2016-E02 was nearly –2 dB less sensitive as
compared with the remaining deployments.
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5) were similar between the methods with a maximum difference

of 0.02 dB. The calculated W (between 20 and 800 m) varied by

0.3 6 0.3, 0.4 6 0.4, 0.4 6 0.3 dB, respectively, for ES38-DD,

MSI-38, and ES120-7CD transducers, indicating relatively stable

depth-dependent variation but high standard deviation of meas-

urements (Figure 8, Table 4). The associated r values are 0.68

(p ¼0.04), 0.62 (p ¼0.07), and –0.58 (p ¼0.10). The W is

expected to vary with the change in sound speed with depth

(1520–1485 m s�1). This would introduce a negative 5% (�0.2

dB) change (r ¼ –0.96, p < 0.001) in W with depth as the sound

speed decreases (Figure 8). Therefore, the correlation observed in

the 120 kHz transducer is consistent with this expected variation

while the two 38 kHz transducers display positive correlation

with depth but none are statistically significant.

The W of transducers calculated using the DeCAF system were

consistently lower than the W0 values specified by the manufac-

turer at all depths. Of note is the ES38-DD transducer where the

calculated W at 600 m is 0.85 dB less than the specified W0 value,

and represents a first-order bias in biomass estimate (Figure 8,

Table 4). In a typical deep-water biomass survey (between 400

and 800 m), the differences in W values would result in the cor-

rected survey Sv being 18 6 2, 6 6 1, 5 6 2% higher than the

measured Sv with the same increase in estimated biomass, respec-

tively, for ES38-DD, MSI-38, and ES120-7CD transducers.

Unbiased TS measurements
Inaccurate values of new G0 will translate to biased TS. Similarly,

errors in K and/or h�3 dB cause incorrect angular position of the

800

600

400

200

0

900

700

500

300

100

W
at

er
 d

ep
th

 (m
)

1000

10 12 14 16 18
Temperature (o C)

86 20 224

Figure 6. Observed temperature variations between the calibration
deployments (in Figure 1). The average values at each depth are
overlaid.

Table 3. Summary of calibration parameters describing precision in
new G0.

Depth

Precision in new G0 (dB)

n ES38-DD n MSI-38 n ES120-7CD

0 9 24.29 6 0.29 10 18.67 6 0.14 16 27.35 6 0.29
100 10 24.17 6 0.06 15 18.87 6 0.13 21 27.33 6 0.28
200 7 24.21 6 0.04 15 19.10 6 0.11 20 27.37 6 0.26
300 9 24.16 6 0.17 15 19.27 6 0.11 21 27.44 6 0.26
400 6 24.30 6 0.10 15 19.40 6 0.10 18 27.42 6 0.27
500 11 24.19 6 0.18 15 19.49 6 0.10 22 27.49 6 0.25
600 9 24.15 6 0.17 14 19.56 6 0.11 22 27.49 6 0.23
700 9 24.08 6 0.14 14 19.61 6 0.10 22 27.52 6 0.22
800 9 23.88 6 0.12 15 19.67 6 0.09 19 27.57 6 0.21
900 4 23.68 6 0.22 15 19.73 6 0.08 17 27.60 6 0.19
1000 4 23.55 6 0.10 14 19.81 6 0.06 17 27.58 6 0.12

Precision represents relative repeatability of TS measurements over the cali-
bration deployments (in Figure 1). The number of deployments (n) at each
depth are also tabulated.
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Figure 7. Difference in new G0 for respective down and up calibration profiles representing the magnitude of depth hysteresis associated
with each transducer. A polynomial fit to the average values at each depth are overlaid.
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targets (a and b) and potentially compensated off-axis TS. The

consequences are demonstrated in Figure 9 considering MSI-38

transducer as an example. Due to practical constraints, the MSI-

38 calibration data were acquired using Simrad ES38-12 GPT

settings. The ES38-12 has nominal 12.5� h�3 dB
0 and 12.5 K0 (elec-

trical�/geometric�). Consequently, the compensated TS data for

MSI transducer does not exhibit a uniform response across the

transducer axes, evidencing inappropriate K and/or h�3 dB

used during the data acquisition. The TS display significant bias

in Bða; bÞ compensation (�2 dB for 10� off-axis angles, note that

the magnitude of this bias would be different in other trans-

ducers). Independent measurement of MSI-38 transducer Bða;bÞ
using the DeCAF system resolved the ambiguity in h�3 dB (hence

W), and the off-axis TS measurements are corrected by adjusting

the K0 value (Figure 9). Accordingly, the accurate K (10.5)

required to provide an unbiased TS response of the MSI trans-

ducer is recomputed with 13.5� h�3 dB measured using the DeCAF

system (h�3 dB values were averaged for this purpose). The calcu-

lated K also vary with the change in sound speed with depth

(1520–1485 m s�1). This would introduce a positive 0.2 (elec-

trical�/geometric�) change in K with depth as the sound speed

decreases.

Discussion
Echosounder on-axis sensitivity
The contrasting behaviour of depth-dependent new G0 values

and hysteresis presumably indicates the consequence of both tem-

perature and pressure-induced effects on the transducers. The

active bottom surfaces of ES38-DD, MSI-38, and ES120-7CD

transducers have approximate diameters of 450, 200, and

800

700

600

500

400

300

200

100

0

W
at

er
 d

ep
th

 (m
)

−22 −21 −20 −19

n=15

n=6

n=7

n=4

n=5

n=5

n=5

n=1

n=10
Ψ'

ES38-DD-38 kHz

−16 −15 −14 −13

MSI-38 kHz

n=2

n=6

n=2

n=2

n=2

n=4

n=2

n=2
 Ψ'

−21 −20 −19 −18

ES120-7CD-120 kHz

Ψ'

n=5

n=16

n=6

n=5

n=11

n=8

n=8

n=1

n=11

Equivalent two-way beam angle Ψ (dB re 1 sr)

Mechanical angle off-axis (ο)

U
nc

om
pe

ns
at

ed
 T

S 
(d

B
 re

 1
 m

2 )

0 5 10−5−10

−42

−44

−46

−48

−50

−52

−54

−56

−58

−60

−42

−44

−46

−48

−50

−52

−54

−56

−58

−40

6.9o

13.6o

7.2o

MSI-38 kHz ES38-DD-38 kHz ES120-7CD-120 kHz

θ−3 dB (
ο)

(a)

(b) (c) (d)

Figure 8. (a) Two-way Bða; bÞ characteristics of the transducers are represented as a function of DeCAF mechanical angles off-axis. The box
plots represent depth vs. W variation for (b) ES38-DD, (c) ES120-7CD, and (d) MSI-38 transducers. A polynomial fit to the average W values
with number of Bða;bÞ measurements (n) at each depth are superimposed. The manufacturer-specified W0 values (adjusting for the
difference in sound speed) are juxtaposed to assess accuracy.

Deep-water calibration of echosounders 1125

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/75/3/1117/4683721 by guest on 17 M
ay 2022



152 mm, respectively. The transducers are constructed as arrays

of piezoelectric elements with different composition and manu-

facturing standards. The elements are moulded into housings

designed to withstand high hydrostatic pressure. Conceivably,

each transducer possesses a unique temperature and pressure

response (with different tolerance) that could distinctively differ

as a function of depth. A complete assessment of temperature

and pressure-induced effects on transducers (including impe-

dance measurements and related new G0 variation) is beyond the

scope of the present study. In this study, we accentuate the

requirement to measure on-axis sensitivity of echosounders over

the range of environmental conditions that exist in the survey

area, ideally before and after the survey.

It is also possible over time that the performance of trans-

ducers and associated electronic components may degrade gradu-

ally or abruptly. The transducers are also vulnerable to

mechanical damage and ageing effects (Knudsen, 2009).

Therefore, it is important to quantify such changes routinely to

apply suitable corrections required during the post-processing of

data and subsequent species identification and biomass estima-

tion. An abrupt shift in the new G0 (as in Figure 5c) indicates a

system change and necessitates more frequent calibrations to

monitor performance.

Variability in on-axis sensitivity has been observed by other

researches from a combination of factors including: system elec-

tronics (Jech et al., 2005); ageing effects (Knudsen, 2009); data

acquisition settings (power, pulse length, and non-linear effects)

(Tichy et al., 2003; Pedersen, 2006); range to the calibration

sphere (Ona et al., 1996); signal-to-noise ratio (Kieser et al.,

2005); environmental conditions (pressure, temperature, and hys-

teresis) (Kloser, 1996; Demer and Renfree, 2008); density and

composition of the calibration sphere (Foote and MacLennan,

1984; Islas-Cital et al., 2010); and position (a and b) of the target

sphere within the acoustic beam (Kieser et al., 2000).

Demer and Renfree (2008) demonstrated that temperature can

cause impedance variation and potentially affect the transducer

performance. However, in our deep-water applications involving

DeCAF, AOS, and PLAOS, the new G0 (and related TS) vary sig-

nificantly due to combined temperature and pressure-induced

effects on the transducer. In the similar context, Kloser (1996)

calibrated a towed (EDO Western 38 kHz) transducer from the

surface down to 1000 m and evaluated depth-dependent changes

in the transducer sensitivity and Bða; bÞ. The towed transducer

exhibited a 3 dB depth-dependent variance in the sphere TS with

a hysteresis of (�1 dB at 700 m) for the respective down and up

calibration deployments. Dalen et al. (2003) deployed dual-

frequency deep-towed Simrad ES38-DD and ES120-7DD trans-

ducers down to 500 m and noticed a 2 dB difference in the result-

ing sphere TS. Ryan et al. (2009) calibrated an AOS down to 900

m and observed a 1 and 6 dB shift in the sphere TS response of

the ES38-DD and ES120-7D respectively. The ES120-7D

transducer used by Ryan et al. (2009) is now discontinued by the

manufacturer. Likewise, O’Driscoll et al. (2013) calibrated the

ES38-DD transducer on an AOS down to 600 m and observed a

0.6 dB difference in new G0, representing a 1.2 dB variation in

the recorded TS data.

The hysteresis observed by Kloser (1996) was most likely due

to the air-backed design of the transducer used. Whereas, the

Simrad ES38-DD used in this study is fabricated as a liquid filled

transducer, whilst the MSI-38 and Simrad ES120-7CD utilize

composite transducer technology. These transducers have greatly

reduced hysteresis (<0.5 dB) and seem more suitable for deep-

water applications.

Accuracy of W
Accuracy of W is an important factor in echo-integration based

biomass estimation. It is common practice to assume that the

manufacturer-specified (calibrated) W0, adjusting for the sound

speed variation is correct due to the difficulty in obtaining an

independent measurement of the transducer Bða; bÞ. The W of

transducers calculated using the DeCAF system at all depths are

consistently lower than the values specified by the manufacturer.

Similar results were also reported earlier by Reynisson (1998)

while analysing the W values derived for 18 individual hull-

mounted transducers. Therefore, considering the differences

observed between calculated W and W0 values, it is important to

determine the true value of W for each transducer in situ to

reduce bias in biomass estimation. Based on the present study

results it appears there are no significant depth-dependent W
changes for the transducers evaluated. For these transducers, at

least an independent Bða; bÞ measurements at the water surface

revealed the accuracy of W, and indicate the related first-order

corrections needed for biomass estimates. Of course it would be

preferable to test all transducers at their depth of operation for

Table 4. Summary of calibration parameters describing accuracy of W.

Depth
Accuracy of W (dB)

ES38-DD MSI-38 ES120-7CD

n W W0 Bias n W W0 Bias n W W0 Bias

0 6 –21.12 6 0.17 –20.03 28% 2 –15.32 6 0.42 –14.54 19% 5 –20.39 6 0.31 –20.13 6%
100 15 –21.01 6 0.18 –20.03 25% 6 –15.04 6 0.19 –14.54 12% 16 –20.48 6 0.18 –20.12 8%
200 7 –21.01 6 0.28 –20.04 25% 2 –14.90 6 0.03 –14.56 8% 6 –20.27 6 0.19 –20.14 3%
300 4 –20.92 6 0.13 –20.08 21% 2 –14.95 6 0.08 –14.60 8% 5 –20.42 6 0.17 –20.18 5%
400 5 –20.76 6 0.25 –20.12 15% 2 –14.89 6 0.05 –14.64 5% 11 –20.29 6 0.18 –20.22 1%
500 5 –20.91 6 0.13 –20.14 19% 4 –14.99 6 0.05 –14.65 8% 8 –20.46 6 0.16 –20.24 5%
600 5 –21.00 6 0.20 –20.15 21% 2 –14.91 6 0.03 –14.66 5% 8 –20.59 6 0.13 –20.24 8%
700 1 –20.84 –20.15 17% 0 – –14.67 – 1 –20.69 –20.25 10%
800 10 –20.83 6 0.22 –20.16 16% 2 –14.93 6 0.00 –14.68 5% 11 –20.50 6 0.17 –20.26 5%

Accuracy indicates the closeness of calculated W with respect to the manufacturer-specified W0 value (recalculated based on the difference in sound speed at
the deployment site). The related first-order change (%) in biomass estimation with number of B(a, b) measurements (n) at each depth are also tabulated.
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any changes to surface values through monitoring the correct

Bða;bÞ compensation of the off-axis sphere TS.

Jech et al. (2005) measured the alongships h�3 dB of a ES38-12

transducer, and observed a difference of 0.6� compared with the

manufacturer’s nominal value. This reduced the calculated W by

0.3 dB, although the difference was within the nominal specified

range of 61 dB provided by the manufacturer. In this study, the

W0 values specified in the calibration sheets of the transducers

were used and precision of the calculated W0 were not provided.

Therefore, we recommend the manufacturer to provide precision

of the calculated W0 for each transducer tested and supplied

including the sound speed measured at the transducer face. Jech

et al. (2005) further demonstrated the influence of threshold on

W calculation using the Bða;bÞ integration method. In the

present study, the W values were computed with a –12 dB thresh-

old using both integration and empirical (Urick, 1983) methods,

and are consistent with a maximum difference of 0.02 dB. Also,

the Bða; bÞ of the transducer was measured with the survey

echosounder that includes both transceiver (Simrad EK60)

and transducer configuration as used for the biomass surveys.

The Bða;bÞ is directly measured (using sphere calibration

method) as the combined transmit-receive intensity response of

the transducer with an independent mechanical angle

measurement.

Improving target identification with accurate positioning
Accurate computation of new G0 and h�3 dB are needed to

obtain unbiased TS and position measurements. Ideally, the off-

axis sphere TS are compensated to an on-axis reference value

ensuring correct Bða;bÞ compensation (Figure 4). However, in

practice, even after determining accurate h�3 dB, the compensated

TS measurements across the transducer axes can exhibit a non-

uniform response with inaccurate K values. The K0 values speci-

fied by the manufacturer should change if the measured h�3 dB is

different from the manufacturer-specified h�3 dB
0. Minor error in

K0 values can cause incorrect angular position of targets within

the beam and major biases in the compensated off-axis TS meas-

urements. Rectification of this error is advantageous for unbiased

TS studies (Ona, 1999), particularly involving multi-frequency
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acoustic-optical platforms (such as AOS and PLAOS), wherein

the acoustics and optics are often used for coincident measure-

ments of the targets [see Figure 10 in Kloser et al. (2016)]. For

accurate target positioning, we assume any phase delay induced

errors in the transmission and reception circuitry are compen-

sated for by adjusting the K parameter to match phase angles

with the mechanically measured angles. In this case, the K is

“matched” to the survey echosounder that should be documented

and monitored to note any changes between calibrations. This

could be indicative of changes in the system and subsequent

changes to the perceived Bða;bÞ and W.

Influence of calibration parameters on biomass
estimation
Inaccurate values of new G0 and W can translate to a bias in an

echo-integration based biomass estimation (Demer, 2004;

Simmonds and MacLennan, 2005). In recent years, multi-

frequency deep-water acoustic platforms have been used for

improved species identification (Kloser et al., 2002, 2013, 2016)

and biomass estimation (Kloser et al., 1996; Ryan and Kloser,

2016), necessitating accurate calibration of each echosounder at

the operating depth. For such studies, it is important to charac-

terize the depth-dependent variations in new G0 and accuracy of

W as both parameters have a direct impact on biomass estimation

(Figure 4).

Normally, echosounders are calibrated at the water surface or

in a controlled laboratory environment. However, the new G0

value obtained at the surface (or in a calibration tank) is inappli-

cable for deep-water systems if the recorded TS varies as a func-

tion of depth (Kloser, 1996; Dalen et al., 2003; Ryan et al., 2009;

Pedersen et al., 2011; O’Driscoll et al., 2013). As an example, the

average new G0 value of ES38-DD at 600 m was less sensitive

when compared with the surface new G0 and would result in a

6% decrease in the estimated biomass, conversely, the MSI-38 at

600 m was more sensitive resulting in a 50% increase in the esti-

mated biomass. Similarly, an imprecise W can introduce signifi-

cant first-order bias in biomass estimation. In this case, the

manufacturer-specified W0 for ES38-DD transducer (recalculated

based on the sound speed variation) at 600 m depth was signifi-

cantly larger (0.85 dB) than the calculated W. In a deep-water bio-

mass survey and analyses, using the manufacturer-specified W0

would decrease the estimated biomass by 18%.

Depending on the characteristic response of an individual

transducer used for the survey, inaccurate values of new G0 and

W in combination could contribute to substantial bias (when not

counterbalancing each other) in biomass estimation. Therefore,

calibrations of echosounders at the surveying depth are needed to

determine accurate new G0, and validation of the correct W at

the surface and preferably at depth for new transducers.

Conclusion
Considering the diverse applications of deeply deployed multi-

frequency acoustic platforms for species identification, classifica-

tion, and biomass survey, this work demonstrates the importance

of accurate deep-water calibration to reduce the bias in estimates

of biomass and to improve species identification. Three trans-

ducers (Simrad ES38-DD, ES120-7CD, and MSI-38) were selected

to examine the depth-dependent repeatability in new G0 and

accuracy of W. The results indicate appreciable variations in

new G0 and W that in combination can result in significant sys-

temic biases in quantitative biomass estimation.

In order to improve calibration of acoustic systems it is recom-

mended that

(1) The new G0 of each transducer is quantified over the range

of environmental conditions (i.e. temperature, salinity, and

pressure) encountered during the biomass survey (ideally

before and after the survey).

(2) The manufacturer-specified W0 needs to be recalculated with

the survey echosounder and monitored under actual envi-

ronmental conditions. At a minimum, independent B(a,b)

measurements at the water surface should be performed to

reveal the accuracy of W.

(3) The manufacturer needs to provide a transducer calibration

report specifying the precision of W0 and the sound speed

measured at the transducer face.
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