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In fisheries acoustics, target strength (TS) is a key parameter in converting acoustic measurements to biological information such as biomass.
Modelling is a versatile tool to estimate TS of marine organisms. For swimbladdered fish, flesh shear viscosity is one of the required parameters to
correctly calculate TS around the resonance frequency, where the target scatters most strongly. Resonance of mesopelagic swimbladdered fish
can occur over a range of frequencies and can be within commonly used frequencies (e.g. , , or  kHz). Since there is little information on
flesh shear viscosity of fish, especially for mesopelagic species, their resonance can bias the biological information extracted from acoustic mea-
surements. Here, first, the applicability of using a spherical model to estimate resonant backscattering of a generic swimbladder is investigated.
Subsequently, a viscous–elastic spherical gas backscattering model is used to estimate the flesh shear viscosity of swimbladdered mesopelagic
fish (most likely Cyclothone spp., Family: Gonostomatidae) from in situ broadband backscattering measurements. Finally, the effects of flesh shear
viscosity on the TS of swimbladdered mesopelagic fish at ,  (a widely used channel to study mesopelagic layers), and  kHz are examined.

Keywords: broadband, mesopelagic fish, modeling, resonance, shear viscosity, swimbladder, target strength.

Introduction
Mesopelagic fish are believed to play a key role in carbon flux and
biochemical processes in the oceans (Davison et al., 2013; Irigoien
et al., 2014). In addition, their suitability as a food source for hu-
mans and a major source of fatty acids and protein is under investi-
gation (Robinson et al., 2010; Alvheim et al., 2020). However, there
is at least one order of magnitude uncertainty in our current esti-
mates of their biomass, which restricts understanding of their ac-
tual significance and suitability for commercial exploitation (Gjoe-
saeter and Kawaguchi, 1980; Irigoien et al., 2014; Davison et al.,
2015b). Active acoustic methods are essential tools in pelagic fish-
ery surveys and may be more efficient than other methods such

as trawls and optical cameras in estimating densities of organ-
isms at mesopelagic depths (Kaartvedt et al., 2012). Acoustic sam-
pling provides vast amounts of data that can potentially be used for
both qualitative and quantitative observations of marine organisms
over large spatial and temporal scales (Simmonds and MacLen-
nan, 2005; Kloser et al., 2009). Fisheries acoustic technologies have
matured over time, and the availability of advanced and sophisti-
cated digital hardware has catalysed the research in this area (Chu,
2011). Yet, one of the main challenges regarding acoustic methods
is to interpret the collected acoustic data to identify and size the
targets.

Target strength (TS) is a logarithmic measure of the backscatter-
ing cross-section, which is the backscattering from a single acous-
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tic target. It is a key parameter in quantitative analyses of acous-
tic data in fisheries acoustics (Ona, 1999). For acoustic data collec-
tion, a transducer transmits controlled acoustic pulses and records
the reflected acoustic waves (the backscattered pressure) by the in-
sonified targets. The backscattering depends in a complex manner
on the target size (compared to the wavelength of incident acous-
tic wave), shape, orientation, and its material properties (Faran,
1951; Hickling, 1962; Stanton et al., 1998). These features can be
very different among aquatic organisms. To adequately character-
ize the marine organisms acoustically, a reasonable approach has
been to categorize the organisms per gross anatomical features into
gas-bearing, elastic-shelled, and quasi-fluid (Medwin, 2005; Lav-
ery et al., 2007; Stanton et al., 2010). Resonant scattering by gas-
bearing organisms is one of the main issues that complicates the
analysis of the acoustic data for biomass estimation (Davison et
al., 2015a). A gas-filled organ is a strong sound reflector and ac-
counts for more than 90% of the total backscattering (Foote, 1980)
of an organism, if such an organ is present. Resonant scattering by
swimbladder-bearing fish frequently dominates the backscattering
in the lower frequencies (Love, 1978). For epipelagic fish, the res-
onant frequency is expected to be around 1–25 kHz. On the other
hand, for mesopelagic species, the resonance frequency can occur
at higher frequencies due to smaller swimbladder size and higher
density of its gas content due to the depth (Khodabandeloo et al.,
2021a). To convert measured backscattering into biologically mean-
ingful quantities such as biomass, backscattering models are useful
(Love, 1978; Ona, 1999; Horne, 2000; Reeder et al., 2004).

Shear viscosity is one of the material properties that characterizes
the resistance to shear deformation (Baidakov et al., 2011). Shear
viscosity of the fish flesh affects the backscattered amplitude around
the resonance frequencies of swimbladder-bearing fish (Scoulding
et al., 2015; Davison et al., 2015a). However, there is little informa-
tion for fish tissue (Love, 1978; Feuillade and Nero, 1998; Scoulding
et al., 2015; Proud et al., 2019), especially for mesopelagic species.
Using incorrect values for the flesh shear viscosity causes under-
or over-estimation of the TS. This subsequently biases the esti-
mates obtained from analysing the collected acoustic data by using
backscattering models.

A viscous–elastic model, based on the model presented by Feuil-
lade and Nero (1998), has been demonstrated to be able to describe
frequency responses from mesopelagic fish measured over wide-
band frequencies (38 and ∼50–250 kHz) in the field (Khodabande-
loo et al., 2021a). The model has 12 tunable parameters, and fitting
the model to measured frequency responses from swimbladdered
fish in situ resulted in estimates of swimbladder sizes of the fish.
However, the model can also be used for the estimation of other
parameters, such as flesh shear viscosity.

In the present study, the aim is to estimate the flesh shear vis-
cosity of swimbladdered mesopelagic fish from broadband acoustic
field data. Since swimbladders usually have a non-spherical shape,
at first, the applicability of spherical model to study resonance of
non-spherical gas-filled shapes is investigated. In this regard, a finite
element model (FEM), providing a numerical solution to model
backscattering pressures of arbitrary shapes is used (Jech et al.,
2015). Subsequently, flesh shear viscosity of mesopelagic fish was
estimated by fitting the viscous–elastic gas-filled sphere model to
in situ measured wideband (38 and ∼50–250 kHz) TS spectra of
mesopelagic fish. Furthermore, the effects of flesh shear viscosity on
the TS of swimbladdered mesopelagic fish are studied at frequencies
that are used by most fishery surveys to monitor the mesopelagic
layers.

Material, methods, and results
Field TS measurements
TS of mesopelagic organisms used in this paper was collected in
the eastern part of Mid-Atlantic Ocean, offshore Morocco, dur-
ing a research cruise on board R/V Kronprins Haakon (Norwegian
Institute of Marine Research, IMR) in (2−22) May 2019. An un-
derwater vehicle, MESSOR (Knutsen et al., 2013), was towed be-
hind the ship, performing oblique hauls from 0 to 1000 m depth
at a horizontal speed of ∼2 m s−1. It was equipped with a four-
channel echosounder system (Simrad EK80 WBT Tubes) with mul-
tiple downward-looking split-beam transducers: one 38 kHz nar-
rowband and three broadband with centre frequencies of 70, 120,
and 200 kHz. In addition, the MESSOR was equipped with a con-
ductivity, temperature, and depth (CTD) profiler (Seabird SBE 49
FastCAT). The echosounder settings can be found in Khodabande-
loo et al. (2021a) and are repeated in Supplementary Table S1 in the
supplementary material. The observation range was limited to 60 m
and the echosounders were pinging simultaneously with 3–4 pings
per second. Acoustic interference between the channels (crosstalk)
was reduced by adjusting the power settings (Khodabandeloo et al.,
2021b).

Based on acoustic measurements from MESSOR, single targets
were manually selected from a depth of ∼500 to 900 m at a sta-
tion located from 30.31◦N 13.49◦W to 30.37◦N 13.34◦W. Only
those targets that had the primary resonance within the measured
broadband frequencies were selected for parameter estimation with
the focus on flesh shear viscosity. Further analyses and back-
ground information on the acoustic data can be found in Khoda-
bandeloo et al., (2021a). Biological sampling using a macroplank-
ton trawl (García-Seoane et al., 2021) and Multinet suggests that
the dominating micronekton genus within the depth strata at
this station was Cyclothone spp. (Family: Gonostomatidae), which
is one of the world’s most numerous vertebrates (Nelson et al.,
2016).

Finite element backscattering model of arbitrary shape
axisymmetric swimbladders
It is more likely for a swimbladder to have ellipsoidal or irregular
shape than being a sphere (e.g. Marshall, 1960). To calculate the
backscattering of a non-spherical swimbladder, numerical meth-
ods are required since analytical solutions either do not exist or are
complicated. One of the powerful numerical methods for backscat-
tering estimation of an object with an arbitrary shape is finite ele-
ment method (FEM). It has the potential to provide highly accu-
rate estimates but is computationally expensive (Jech et al., 2015).
To investigate the effects of swimbladder shape on the backscatter-
ing, a frequency-domain FEM was implemented by using COM-
SOL Multiphysics® V.5.4. To reduce the computational cost, axisym-
metric swimbladders were studied that enable us to solve a 2D ax-
isymmetric problem (adapted from Zampolli et al., 2007; Bonomo
and Isakson, 2016) instead of a full 3D problem. The memory re-
quirements for a 2D model are much less than a 3D model (Ida,
1983), which is specifically important for backscattering estimation
at high frequencies (Antona, 2016). Backscattering from five differ-
ent axially symmetric swimbladders (Figure 1) with the same vol-
ume subjected to a planar acoustic wave was estimated over the fre-
quency range of 0.5–400 kHz with a frequency spacing of 0.25 kHz.

To include the planar incident wave in an axisymmetric model,
the Jacobi–Anger expansion is used (Cakoni and Colton, 2005),
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Figure 1. (Left) Different swimbladder shapes (SB–) but with the same volume as a sphere of  mm radius. SB is a sphere and SB and SB
are prolate spheroids with the aspect ratio of  and , respectively. (Right) D axisymmetric FEM, using SB as an example of swimbladder
shape. The computational domain is surrounded by a perfectly matched layer (PML) to diminish the reflections of the waves from the domain
boundary. The symmetry axis (r = ) is shown by the dashed line and is the incident angle.

which expands a planar wave (e.g. propagating in x-direction) in
a series of cylindrical waves (r and θ):

eikx = eikr cos θ =
+∞∑

m=−∞
imJm (kr) eimθ , (1)

where k is the wave number and Jm refers to the mth Bessel func-
tions of the first kind. First 11 terms (m = 0, 1, 2, …, 10) were used
to estimate the backscattering. To benchmark the finite element so-
lution, backscattering of the sphere (SB1) by FEM was compared to
that of analytical modal solution (Anderson, 1950; Figure 2) with 21
backscattering modes. The agreement between them validates the
implementation of FE modelling and the adequacy of 11 terms in
this example.

Then the TS is constructed by adding the backscattering of each
individual terms as

T S = 20 log10

(
N−1∑
m=0

rpm (r) /pinc

)
, (2)

where pm(r) is the backscattered pressure at range r for the term
m, pinc is the incident pressure amplitude, and N is the number of
terms included in the backscattering calculation.

Effects of swimbladder shape on the backscattering
Broadside backscattering (i.e. φ = 90◦ in Figure 1) for five swim-
bladders SB1–5 (Figure 1) were estimated between 0.5 and 400 kHz
at discrete frequencies spaced 0.25 kHz (Figure 2) using FEM. The
density and sound speed of the swimbladder were assumed to be
80 kg m–3 and 325 m s–1, respectively. Surrounding water density
and sound speed were 1027 kg m–3 and 1500 m s–1, respectively.
The overlap between the estimated backscattering of the sphere

(SB1) from FEM and modal solution validates the FEM implemen-
tation. Furthermore, the shift in the resonance frequency of prolate
spheroids (SB2 and SB3 in Figure 2) with respect to that of their
spherical counterparts (i.e. the same volume sphere) estimated by
FEM (SB1 in Figure 2) is compared (Table 1) to the values obtained
by the Ye (1997) formula see Equation (S1). To improve the accu-
racy of finding the resonance frequency, a spline was fitted to the
discrete TS values (frequency resolution = 0.25 kHz) obtained by
FEM around the peak.

For different shapes (SB1−5), the resonance frequencies vary be-
tween 12442 and 13054 Hz and the peak TS values are within −34.4
and −34.8 dB. It is seen that around the main resonance frequen-
cies, unlike the higher frequency region, the TS frequency response
is not considerably affected by the swimbladder shape (Figure 2).
For frequencies beyond approximately four times the resonance fre-
quency, the spherical swimbladder (SB1) resulted in lower TS values
compared to the broadside backscattering from elongated swim-
bladders (SB2–5).

Effects of swimbladder orientation on the backscattering
The target orientation is usually unknown when measuring its
acoustic backscattering in the field. Therefore, it is necessary to
know at which frequencies and how much the target orientation
affects the backscattered wave. This is studied by estimating the
backscattering of the prolate spheroid with the aspect ratio of 3
(SB3) for different incident angles, φ (Figure 3).

It is observed that around the resonance frequencies, the TS fre-
quency response is independent of the incident angle. One the other
hand, it has significant effects on the TS frequency response in the
higher frequency region (e.g. up to ∼15 dB). Highest estimated TS
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Figure 2. (Top) Estimated broadside (φ = 90o ) backscattering for five different swimbladder shapes (SB–, Figure ) using a D axisymmetric
FEM implemented in COMSOL Multiphysics using  terms in Equation (). For the spherical swimbladder (SB), backscattering is also
calculated using the Anderson model (Anderson, ) with  modes. Resonance and a higher frequency region are zoomed by “A” and “B”,
respectively. The targets were assumed to be at a depth of around  m. Density and sound speed of gas are assumed to be  kg m– and 
m s–, respectively, and  kg m– and  m s–, respectively, for water.

Table 1. Resonance frequency ratio “ω0ε/ω0” for a prolate spheroidal bubble compared to the sphere of the same volume from the FEM and Ye
() formula. ω0ε and ω0 are the resonance frequencies of the prolate spheroid and sphere of the same volume, respectively.

FEM (Figure 2) (Ye, 1997) Difference (%)

ω0ε/ω0 Aspect ratio =  . . .
Aspect ratio =  . . .

values were obtained when the incident angle was 90◦, and TS de-
creased with decreasing incident angle.

In summary, the studied backscattering from the swimbladder
examples in this section indicates that resonance frequencies vary
up to 5% from the spherical one. In addition, orientation has no ef-
fect on the backscattering around the resonance frequencies. There-
fore, spherical models can be useful to study the in situ measured
swimbladder backscattering around the resonance frequency even
if their shapes and orientations are unknown.

Viscous–elastic swimbladder model
One of the backscattering models that includes fish flesh shear vis-
cosity is a two-layer viscous–elastic mathematical/physical spher-
ical model (Feuillade and Nero, 1998). It was used to model the
backscattering from swimbladder-bearing mesopelagic organisms
(Khodabandeloo et al., 2021a). In this model (Figure 4), a spherical
gas bubble with an elastic shell, which represents the swimbladder
and swimbladder wall, respectively, is surrounded by a viscous layer
representing the fish flesh.

Explanation of model parameters is briefly repeated here, but
for a detailed description of the model’s governing equations and
parameters, see Khodabandeloo et al. (2021a). It requires 12 pa-
rameters to estimate backscattering (see Supplementary Table S2
in supplementary material). Some of the model parameters are ei-
ther based on a thermodynamic law and experimental equations
or have minimal effect on the backscattering. For example, sound
speed (cSB) and density (ρSB) of the gas inside the swimbladder,
which is assumed to be filled by oxygen (Ross, 1976; Priede, 2017),
are calculated using the pertinent equations for the given pressure
and temperature provided by in situ conductivity, temperature, and
depth (CTD) measurements (Khodabandeloo et al., 2021a). Sound
speed (cw) and density (ρw) of the surrounding seawater are a func-
tion of pressure, temperature, and salinity (see Appendix A in Mas-
sel, 2015). Parameters such as flesh density (ρ f ), sound speed (c f ),
and swimbladder wall tissue density (ρSBW ) are known to be con-
fined to the limited range of values based on experimental mea-
surements and have secondary effects on the overall backscatter-
ing. Another parameter is flesh thickness, which has a minor ef-
fect on the backscattering around the resonance (see the section
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Figure 3. Estimated backscattering for a prolate spheroid swimbladder (SB) for six different incident angles φ = 90 (broadside incident),
75, 60, 45, 30, and 15◦ by FEM. Zoomed regions around the resonance and higher frequencies are labelled by “A” and “B”, respectively.

Figure 4. Viscous–elastic two-layer spherical swimbladder model
(Khodabandeloo et al., a). RSB is the swimbladder equivalent
spherical radius (ESR), � is the swimbladder wall thickness, and Rf is
the ESR of fish flesh.

"Model parameters effects on TS around resonance"). Swimblad-
der wall thickness and its shear elasticity vary between species,
juveniles, and adults (Marshall, 1960). Flesh shear viscosity influ-
ences the resonance amplitude, but there is limited information for
mesopelagic species. Swimbladder size has a significant effect on the
overall backscattering (Khodabandeloo et al., 2021a).

Model parameters effects on TS around resonance
Effects of four model parameters, i.e. swimbladder radius, RSB,
swimbladder wall thickness, �, its shear elastic modulus, μSBW , and
flesh shear viscosity, μ f , on the backscattering are shown for a shal-
low (50 m) and deep (500 m) occurring target, focusing on the reso-
nant region of the two targets (Figure 5). Each of the parameters are
changed at a time, using values reported in the literature (see e.g. Ta-
bles 3–5 in Khodabandeloo et al., 2021a), and their effect(s) on the
backscattering are observed by comparing C2–5 to the backscat-
tering from the base model shown by solid black line (C1). The
backscattering is most sensitive to the swimbladder size (RSB) and
flesh shear viscosity (μ f ) variations. The former one affects reso-
nance location and the latter one influences resonance amplitude.
For example, changing the flesh shear viscosity, μ f , from 1.0 to 3.0
kg m–1 s–1 (curves C1 and C5) resulted in a more damped/flattened
resonance region. The decrease in TS level at the resonance peak
was more pronounced for the shallow-occurring target. A smaller
swimbladder radius (C2) resulted in a higher resonance frequency
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 B. Khodabandeloo et al.

Figure 5. Calculated backscattering from the viscous–elastic spherical swimbladder model for a shallow ( m; left panel) and deep ( m;
right panel) target. Effects of RSB (C), � (C), μSBW (C), and μ f (C) on the backscattering are observed by comparing the curves to the base
model (C). The common parameters for all cases are given on the right side of the figure.

Figure 6. (Left) Backscattering around the resonance frequency for eight different flesh thicknesses, presented as a ratio between fish flesh and
swimbladder radius (Rf/RSB). (Right) The peak amplitude of backscattering for eight different flesh thicknesses. The model parameters are
RSB = 1 mm, � = 0.02 mm, ρSB = 71 kg m−3, cSB = 325 m s−1, μSBW = 0.2 MPa, μ f = 1 kg m−1 s−1, ρw = 1027 kg m−3, cw = 1500 m s−1,
ρSBW = 1040 kg m−3, ρ f=  kg m−3, c f = 1510 m s−1, and cSBW = 1520 m s−1. The flesh thickness is Rf − RSB − � and is given for eight
different values (i.e. Rf/RSB = ., ., ., ., ., ., ., and .).

and lower TS both at the resonance peak and at higher frequencies
(data not shown for the latter). The thickness of the swimbladder
wall (C3) and its shear elasticity (C4) had minor effects on the reso-
nance amplitude and resonance frequency, especially for the deeper
target. Swimbladder wall thickness and its shear elasticity depend
on the species and are reported for few species (see Tables 4 and 5
in Khodabandeloo et al., 2021a).

In addition to the four parameters studied in this section,
flesh thickness effects on the resonance backscattering are studied
(Figure 6). The sensitivity of resonant backscattering to the flesh
thickness is studied through an example (Figure 6). The backscat-
tering from the viscous–elastic model is simulated for eight dif-
ferent flesh thicknesses, while the rest of model parameters were
unchanged. It is observed that for a thin layer of flesh thickness
(R f /RSB < 1.5), the backscattering is more sensitive to the flesh
thickness. On the other hand, beyond a certain flesh thickness

(R f /RSB >∼ 2), its increase has minor effect on the backscattering
amplitude. The dependence of backscattering on the shell thickness
has been studied by Baik (2013) for different gas bubble radii and
similar results were reported. It is worth noting that TS amplitude
variations are less than ∼1.5 dB between the smallest and largest
flesh thicknesses.

Automated curve-fitting
Parameters of the viscous–elastic model can be tuned such that the
TS frequency response from modelling resembles the measured one
(Khodabandeloo et al., 2021a). This process can be automated using
an optimization algorithm. Here, “least_squares” function, which is
a nonlinear least-squares algorithm from the optimization module
of “SciPy v1.7.0” (Jones et al., 2001), a Python library, was used. The
algorithm finds the local minimum of the cost function by solving
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Flesh shear viscosity estimation by broadband 

Figure 7. Data and model for shear elastic modulus of . MPa and swimbladder wall thickness of  μm. The swimbladder radius and flesh
shear viscosity, which provide the best match around the resonance between the modelled and measured TS frequency responses, are given.
Estimated swimbladder radii of the targets are listed from smallest (upper left graph) to largest (lower right graph).

a nonlinear least-squares problem within the given bounds for the
independent variables.

Many of the parameters were selected per thermodynamic laws
or based on previously reported biological values from the litera-
ture (for details, see Khodabandeloo et al., 2021a). The optimiza-
tion variables were swimbladder radius (RSB) and the flesh shear
viscosity (μ f ). To increase the chance of finding global minimum
within the given bounds, the optimization was performed for three
different initial values of the optimization variables as (0.15, 0.5),
(0.25, 0.5), and (0.25, 2), where the first parameter represents swim-
bladder radius (mm) and the second parameter is shear viscosity
(kg m–1 s–1).

Model-fitting to in situ TS measurements for flesh shear viscosity
estimation
Single targets with main resonance within the measured broadband
frequencies were selected for parameter estimation with the focus
on flesh shear viscosity. The fitting of the model to the measured TS
values are shown for nine (among 247) selected targets after sort-
ing the estimated swimbladder radii in ascending order. The fitting
was performed only for the frequency band around the resonance
(indicated by bold black dots in Figure 7). The swimbladder radius
and flesh shear viscosity are obtained through optimization (curve-
fitting) and shown for each target in their panel. In Figure 7, the
swimbladder wall thickness and its shear elastic modulus were as-
sumed 20 microns and 0.2 MPa, respectively.

Of the values applied in Figure 5, thickness and shear elastic
modulus of the swimbladder wall have limited effects on TS around
the resonance region. Since these two parameters are unknown for
many mesopelagic species, the optimization problem is solved for
three different swimbladder wall shear elastic moduli, 0.2, 1, and
2 MPa and three swimbladder wall thicknessess of 20, 100, 200 mi-
crons, which provide nine different combinations. The fitting qual-
ity is quantified by the fitting error, which is the mean square of dif-
ferences between the modelled and measured TSs at the frequen-
cies used for the curve fitting, divided by the number of frequen-
cies used for fitting. For some targets, the resonance frequency was
near the edge of the measured broadband frequencies and there-
fore fewer points were used for the curve fitting. The fitting error
for each target is normalized to the largest value of the nine dif-
ferent cases and is called column-wise fitting error (Figure 8). The
fitting error normalized to the largest fitting error of all targets is
called global normalized fitting error (Figure 8). From the column-
wise normalized fitting error, it is observed that swimbladder wall
thickness of 20 microns gives the best fitting quality irrespective
of the shear elasticity of the swimbladder wall (smaller normal-
ized fitting error). In addition, the lower values of shear elasticity
(softer) provide better fitting quality than the higher ones (stiffer).
The global normalized fitting error shows that except for a few tar-
gets, the majority of targets have almost similar quality of fitting
(Figure 8).

For the case where swimbladder wall thickness and shear elas-
ticity were assumed 20 μm and 0.2 MPa, respectively, the estimated
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 B. Khodabandeloo et al.

Figure 8. Estimated flesh shear viscosities and swimbladder radii from fitting the model to the measured TS of selected (N = ) targets for
different combinations of swimbladder wall thicknesses and shear elastic moduli. The fitting errors are normalized column-wise (a) and global
(b). For the column-wise normalization, the values of each column are normalized to the largest value of the column. For the global
normalization, the values are normalized to the largest value of the entire matrix. (c) Difference between modelled and measured peak TSs.
Estimated swimbladder radius (d) for three different cases indicated in the graph after sorting targets in ascending order (i.e. starting with the
target having the smallest swimbladder radius). (e–i) Estimated flesh shear viscosity for five different combimations of swimbladder wall shear
elasticity and flesh shear viscosity (denoted on each panel) with the global error colour bar. Note the different y-axes for subplots “e–i”.

flesh shear viscosity values and swimbladder sizes are chosen for
further analysis (Figure 9). Note that targets with swimbladder ra-
dius between ∼0.3 and 0.34 mm are not present in the data. The
reason is that those targets have resonance within the unmeasured
or excluded frequency band ∼80-97 kHz and were therefore not
selected for viscosity estimation.

A regression line is fitted to the data, and slope, intercept, and the
corresponding standard errors are obtained using “linregress” (ver-
sion 1.7.0) function from the statistical package of “SciPy” (Jones et
al., 2001), a Python library. The relation is given by

μ f = (3.86 ± 0.53) RSB + (0.68 ± 0.20) , (3)

where RSB is in mm and μ f in kg m–1 s–1. The linear model to-
gether with confidence and prediction intervals (Weisberg, 2014,
chapter 2) are shown in Figure 9.

The linear regression model can also be expressed by the stan-
dard error of regression, ε, and R2 value as

μ f = 3.86RSB + 0.68 ± ε,

ε = 0.57, R2 = 0.17,
(4)

where the standard error of regression is calculated by (Weisberg,
2014, chapter 2)

ε =
√∑(

μ f meas. − μ f model.

)2

N − 2
. (5)

In this formula, the measured and modelled flesh shear viscosity
are shown by the corresponding subscripts, and N is the number of
measured values (here 247).
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Figure 9. Estimated flesh shear viscosity for  single targets as a function of their estimated swimbladder radius (top). Regression line
(Equation ()), and confidence and prediction intervals. Depth vs. estimated swimbladder radius (lower left). Estimated flesh shear viscosity vs.
target depth (lower right). In the model, the swimbladder wall thickness and shear elasticity are assumed to be  μm and . MPa, respectively.

Evaluation of the estimated flesh shear viscosity for larger targets
The flesh shear viscosity model (i.e. Equation (3)) was evaluated
for larger targets (Figure 10) to check its performance when extrap-
olated beyond the swimbladder sizes (radii) used to estimate the
flesh shear viscosity displayed in Figure 9. Larger single targets with
resonance at lower frequencies than 53-kHz, the lower frequency
limit of the 70-kHz channel used in this paper, were selected. The
measured TS by the narrowband 38-kHz channel is included to-
gether with the 70, 120, and 200 kHz broadband measurements.
Subsequently, viscous–elastic model was fitted to the measured TS
at 70-kHz band (53–80 kHz) where the optimization parameter was
swimbladder radius. The flesh shear viscosity is a function of the
swimbladder radius per Equation (3). Thickness and shear elastic-
ity of swimbladder wall were assumed constant values, 20 μm and
0.2 MPa, respectively.

TS variation at 18, 38, and 70 kHz for different flesh shear
viscosity values
Mesopelagic layers can be reached by lower frequency acoustic
channels (i.e. 18, 38, and 70 kHz) measuring from the surface.
Among them, 38 kHz frequency has been widely used (e.g. Klevjer
et al., 2012; Irigoien et al., 2014; Proud et al., 2019). Here, we will
study the effects of flesh shear viscosity on the TS of swimbladdered
fish at these frequencies (18, 38, and 70 kHz). Flesh shear viscos-
ity affects resonance amplitude, and the resonance frequency of a
swimbladder depends on its depth (see e.g. Figure 5). Hence, TS for
a range of swimbladder sizes (quantified by equivalent spherical ra-
dius, ESR) at three different mesopelagic depths 200, 500, and 800 m
is estimated using the obtained model (Equation (3)) and four con-

stant shear flesh viscosity values for three acoustic frequencies 18,
38, and 70 kHz. (Figures 11–13). It is observed that at a given fre-
quency, maximum backscattering happens for larger targets by in-
creasing the depth. Furthermore, the resonance backscattering am-
plitude is more sensitive to the flesh shear viscosity values for targets
at shallower depth.

Discussion
Flesh shear viscosity of mesopelagic fish is estimated from in
situ measured broadband backscattering by an inverse method.
The flesh shear viscosity controls the magnitude of backscatter-
ing around the resonance frequency, where a target becomes a
strong acoustic reflector. However, there is little information on
the flesh shear viscosity values of fish, especially when it comes to
mesopelagic species. Broadband acoustics provides the TS over a
range of frequencies, compared to the few, widely spaced discrete
frequencies in narrowband acoustics. Therefore, the estimated pa-
rameters from curve fitting to the broadband data are expected to
be more accurate and reliable.

The viscous–elastic gas-filled spherical backscattering model
(Feuillade and Nero, 1998; Khodabandeloo et al., 2021a) was used
for the inversion. The deviation from a spherical shape shifts the
resonance to the higher frequencies (Figure 2) and the shift for a
prolate spheroid with a given aspect ratio can be calculated (see
Equation (S1)). For example, the resonance frequency of a prolate
spheroid with the aspect ratios of 2 and 5 (ε = 0.5 and 0.2, re-
spectively) compared to that of a sphere with the same volume is
increased by around 2 and 11%, respectively. Other than the res-
onance frequency shift, the resonant backscattering shape and TS
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 B. Khodabandeloo et al.

Figure 10. Selected larger targets (N = ) with resonance below  kHz (the lower limit of -kHz broadband channel used in this paper). RSB
was the only tunable parameter and μ f is determined per Equation (). Measured and modeled TSs are shown by black dots and red line,
respectively.

Figure 11. Top panels: estimated TS at  kHz for a range of swimbladder sizes for three different depths using different flesh shear viscosity
values: (A) model given by Equation (); (B–E): constant values. Bottom panels: difference (�TS) between TS for curves B to E and A.

amplitude are not strongly affected by the shape of swimbladder
(Figure 2). The radius of a sphere with the same resonance as an
elongated volume is less than the equivalent spherical radius of
the elongated volume. In other words, the obtained radius from
the inversion of spherical backscattering model is underestimated

if the measured backscattering is from a non-spherical swimblad-
der. A prolate spheroid example would be helpful to quantify the
underestimation of the radius derived from fitting the resonance
of spherical model to a non-spherical swimbladder. The resonance
frequency of a spherical bubble with radius R0 can be estimated as
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Figure 12. Top panels: estimated TS at  kHz for a range of swimbladder sizes for three different depths using different flesh shear viscosity
values: (A) model given by Equation (); (B–E): constant values. Bottom panels: difference (�TS) between TS for curves B to E and A.

Figure 13. Top panels: estimated TS at  kHz for a range of swimbladders sizes for three different depths using different flesh shear viscosity
values: (A) model given by Equation (); (B–E): constant values. Bottom panels: difference (�TS) between TS for curves B to E and A.

(Minnaert, 1933; Strasberg, 1953)

ω0 = 1
R0

√
3γ P0

ρw
, (6)

where γ is the specific heat ratio and P0 is the pressure inside the
bubble. Subsequently, the following relation can be obtained for a

bubble at the same condition but with different size:

1 − ω2

ω0
= R2 − R0

R2
, (7)
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where ω2 is the resonance frequency of spherical bubble with radius
R2. On the other hand, Equation (S1) can be rewritten as

1 − ω0ε

ω0
= 1 − 21/2ε−1/3(1 − ε2)−1/4

⎧⎨
⎩ln

⎡
⎣1 + (

1 − ε2) 1
2

1 − (1 − ε2 )
1
2

⎤
⎦

⎫⎬
⎭

−1/2

,

(8)

where ε is the prolate spheroid’s minor-to-major-axis. Subse-
quently, if the resonance of ellipsoid is fitted by the smaller sphere,
i.e. ω2 = ω0ε , then from Equations (7) and (8), the following rela-
tion can be obtained:

R2 − R0

R2
= 1 − 21/2 ε−1/3(1 − ε2)−1/4

{
ln

[
1 + (

1 − ε2)1/2

1 − (1 − ε2 )1/2

]}−1/2

.

(9)

Using Equation (9), the underestimation (in percentage) of the
equivalent spherical radius is plotted (Figure 14) for different values
of ε.

The underestimated swimbladder radius can cause underestima-
tion of the flesh shear viscosity derived from the spherical model.
This is observed by the dependence of the estimated flesh shear vis-
cosities to the swimbladder wall thickness (i.e. �) in Figure 8 : The
thicker the wall is, the higher the estimated flesh shear viscosity
will be. If the shape (or elongation) of swimbladders was known,
it might be better to use a � that depends on the RSB (see Figure 14)
to compensate the underestimation of R0. Using this approach,
flesh shear viscosity is estimated for different added thicknesses,
�′(= R0 − R2 ), as a percentage of RSB (Figure 15) to the assumed
swimbladder wall thickness (here 20 × 10–6 m). In other words, �
is updated as

� = �′ + 20 × 10−6, (10)

where �′ compensates the underestimated spherical radius, R2, for
the elongated swimbladder (Figure 14). For example, for ε =∼ 0.35
(i.e. aspect ratio of ∼2.9), the underestimation of the equivalent
spherical radius and flesh shear viscosity is around 5% (Figure 14)
and 15% (Figure 15), respectively.

Based on the above analysis, elongation factor can be included
in the flesh shear viscosity model (Equation (3)) obtained from the
spherical model as

μ f ε = (
1 + 1.65e−6.9ε

) × μ f , (11)

where μ f ε is the flesh shear viscosity with the elongation factor
correction and μ f is given by Equation (3) or Equation (4).
Different combinations of swimbladder wall shear elasticity and
thickness were used to fit the model to the measurements and the
quality of the fittings were compared (see the section "Model-fitting
to in situ TS measurements for flesh shear viscosity estimation"
and Figure 8). The results indicate that for the analysed targets
the swimbladder wall thickness of 20 microns provides, overall,
the better fit regardless of flesh elasticity value. Furthermore, it
was observed that the swimbladder wall thickness and elasticity
effects on the backscattering become less important for deep targets
compared to the shallow ones (Figure 5).

The analysis indicates that flesh shear viscosity is swimbladder
size dependent (see Equation (3) or Equation (4) with error term).
Furthermore, it is observed that the linear regression model has a
small R-squared value, which is caused by the broad range of flesh
viscosities even among the same fish species (Løvik and Hovem,
1979). The flesh shear viscosity model was obtained using the tar-

gets with resonance within the measured broadband frequencies
(Figure 7). The obtained flesh shear viscosity model was exam-
ined for larger targets that have resonance at lower frequencies,
and it was observed that it provides reasonable fit for them as well
(Figure 10). In addition, the obtained flesh shear viscosity values
for a small (RSB = 0.2 mm) and a large (RSB = 0.75 mm) targets are
around 1.45 ± 0.57 and 3.57 ± 0.57 kg m–1 s–1, respectively, which
lie within the range of reported values for vertebrates measured with
different methods (see Table 2).

Finally, the effects of shear viscosity on the backscattering are in-
vestigated at 18, 38, and 70 kHz, the most common hull-mounted
frequencies capable of reaching the mesopelagic layers from the sur-
face. It is observed that the range of TS values estimated by varying
the flesh shear viscosity is larger at shallower depths (Figures 11–
13), i.e. the potential effects of an error in the shear viscosity are
likely to be larger for shallow targets. In a study modelling the un-
certainty ranges of acoustic mesopelagic biomass estimates, Proud
et al. (2019) used a default value of 4/3 kg m–1 s–1 for shear viscosity,
which would correspond to very small swimbladders in our study
(Equation (3)). They did, however, perform a sensitivity analysis,
testing a range of values, concluding that even if shear viscosity was
important to TS, it was overall less important to their estimates of
uncertainty in global biomass levels than other factors they tested.
However, as a high value of this parameter effectively removes the
effects of resonance on TS (Proud et al., 2019), it is an essential pa-
rameter in modelling TS levels for mesopelagic fish species with
gas-inclusions (Scoulding et al., 2015). Consequently, as models of
resonant scattering are being used with increasing frequency to es-
timate TS levels for mesopelagic fishes (Kloser et al., 2002; Davison
et al., 2015a; Ariza et al., 2016; Proud et al., 2019; Sobradillo et al.,
2019), parameter input to these models should be tuned to be ac-
curate for the organisms being studied. The results document that
flesh shear viscosity has a large effect on the TS amplitude close to
the resonant frequency. However, whether this results in large ef-
fects in the measured backscatter will depend on both the in situ
size of the targets and their vertical distribution.

Conclusions
While flesh shear viscosity influences the backscattering amplitude
around the resonance frequency of organisms with gas-inclusion,
such as swimbladdered fish, there is limited information regard-
ing mesopelagic species. Resonance frequency of swimbladdered
mesopelagic fish can occur at higher frequencies, and resonance
peaks in the collected in situ data were observed up to around
100 kHz, caused by small sizes of gas-inclusions and/or large depth
of occurrence. Since the mesopelagic species can have resonance
within the acoustic measurement frequencies, the knowledge of
flesh shear viscosity becomes more pivotal for mesopelagic than for
epipelagic fish to convert acoustic data into biomass. By applying
a viscous–elastic model to in situ broadband backscattering mea-
surements, we provide in situ estimates of flesh shear viscosity of
swimbladdered mesopelagic fish. The results suggest that the flesh
shear viscosity depends on the swimbladder size, and an empiri-
cal model (see Equation (3) or Equation (4)) is provided in this re-
gard. Subsequently, the effects of swimbladder elongation were dis-
cussed and included in the estimated flesh shear viscosity (Equation
(11)). Having a correct shear viscosity parameter provides a better
TS model and hence reduces the uncertainties and biases when con-
verting acoustic data into abundances and biomass.
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Figure 14. Underestimation (%, cf. Equation()) of equivalent spherical radius obtained from fitting resonance of spherical model to that of a
prolate spheroid. X-axis shows the minor-to-major-axis ratios of prolate spheroid.

Figure 15. (Left) Estimated flesh shear viscosities for different values of added thickness (�′) to RSB represented by the percentage of �′/RSB.
Corresponding minor-to-major-axis ratio, ε , is obtained from Figure  and shown on the top axis. (Right) Percentage of change of estimated
flesh shear viscosity, μ f�′ , from an elongated prolate spheroid compared to that of from an sphere, μ f0, i.e., percentage of underestimation of
flesh shear viscosity of an elongated swimbladder (see ε on top axis) using a spherical swimbladder model.

Table 2. Reported shear viscosity for different vertebrate tissues and their measurement method.

Species/organ Shear viscosity (kg m–1 s–1) Method

Maurolicus muelleri (Small and large) ; Scoulding et al. () Acoustic multifrequency (narrowband)
Benthosema glaciale ; Scoulding et al. () Acoustic multifrequency (narrowband)
Bovine muscle (along and across the
fibres)

. and .; Chen et al. () Shearwave Dispersion Ultrasound Vibrometry (SDUV) method

Swine liver (in vivo) . ± .; Chen et al. () SDUV method
Normal human liver (in vivo) . ± .; Huwart et al. () Magnetic Resonance Elastography (MRE)
Normal rat liver . ± .; Salameh et al. () MRE
Human liver .–.; Yang () Time-domain measurements of shear waves in viscoelastic media

Supplementary data
Supplementary material is available at the ICESJMS online version
of the manuscript.
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Data available on request. The data underlying this article will be
shared on reasonable request to the corresponding author.
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