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Improved parameterization of the SDWBA
for estimating krill target strength
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Recently, a Stochastic Distorted Wave Born Approximation (SDWBA) model was pro-
posed to improve target strength (TS) estimates for Antarctic krill, Euphausia superba.
The krill shape is modelled by a collection of cylinders, and total sound scatter is estimated
by semi-coherent summation of scatter from each element. The SDWBA model was eval-
uated with a generic krill shape comprising 14 cylinders and a phase variability of
\/5/2 radians, and predictions were validated with empirical TS and total TS data at
120 kHz, and over a broad bandwidth, respectively. For general application, parameteriza-
tion of the SDWBA model is improved to account explicitly for dependence among four of
the model parameters: standard length of krill, number of cylinders used to describe its
shape, amplitude of inter-element phase variability, and acoustic frequency. The model im-
provements are demonstrated, and the uncertainty in orientation distribution of krill beneath
survey vessels and its ramifications on krill biomass estimates are highlighted.
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Introduction

Antarctic krill, Euphausia superba, are the basis of the eco-
system in the Southern Ocean and the target of a large
international fishery. To support management strategies for
the resource, surveys of krill dispersion and abundance
are conducted using multi-frequency echosounders. Esti-
mates of krill target strength (TS) are used to convert the
total backscattered acoustic energy attributed to krill into
an estimate of krill abundance (Hewitt ef al., 2002). The ac-
curacy of the biomass estimate is directly proportional to
the accuracy of the TS estimate (Demer, 2004). Krill TS de-
pends on the animal size, shape, and morphology, and the
acoustic wavelength and angle of incidence.

To account for the many factors influencing krill TS,
McGehee er al. (1998) proposed a physics-based model
based on the distorted-wave Born approximation (DWBA;
Morse and Ingard, 1968). The krill body is idealized by
a string of discrete bent cylinders. Krill TS is estimated
from the coherent summation of scattering from each of
the cylinders. This model was validated for dorsal aspect,
on the main scattering lobe, at 120 kHz, from measure-
ments with a live krill (McGehee et al., 1998). However,
there were large discrepancies between the model and
data off the main axis.
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Demer and Conti (2003a) introduced the Stochastic Dis-
torted Wave Born Approximation (SDWBA) to explain the
discrepancies between measurement and theory. Relative to
the DWBA, the SDWBA accounts for the flexure and com-
plexity of the krill body by incorporating a phase variability
term ¢; between the scattering form functions of each indi-
vidual cylinder j of the body. Thus, the SDWBA provides
a more realistic prediction of field measurements of sound
scattering from krill. The SDWBA model was validated
with the McGehee et al. (1998) TS measurements at
120 kHz (Demer and Conti, 2003a), and total target
strength (TTS) measurements of Antarctic krill (Demer
and Conti, 2003b) and northern krill (Conti et al., 2005).

For all these studies, the SDWBA model was evaluated
using a generic krill shape (Figure 1), Ny = 14 cylinders,
and a standard deviation of the phase variability
s.d.q,u = \/5/2 radians. The selection of these parameters
followed the shape and N, parameters used in McGehee
et al. (1998), and an empirical determination of s.d.,,
respectively. N, s.d.,, f, and the krill standard length L
are dependent in their effects on the SDWBA predictions.

To illustrate these dependences, the SDWBA was solved
with the generic krill shape (McGehee et al., 1998), fat-
tened by 40% (Demer and Conti, 2003a). The s.d.,, was in-
creased from s.d.,, /10 to s.d.,,, in s.d.,, /10 intervals, with
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Figure 1. Shape of the generic Ly = 38.35 mm krill defined with
Ny = 14 cylinders in the X—Z plane.

f=100 and 200 kHz and N=14 and 22, respectively
(Figure 2). At 100 and 200 kHz, the theoretical predictions
remain the same on the main scattering lobe, independently
of s.d.,,. Off the main axis, however, the TS predictions in-
crease with increasing s.d.,. As the maximum value of
s.d., = v/2/2 radians was determined from the McGehee
et al. (1998) measurements made at 120 kHz, the SDWBA
predictions at 100 kHz with the maximum s.d., can be
viewed as the benchmark. In contrast, at 200 kHz, the the-
oretical predictions show unrealistic values off the main
axis as s.d., becomes too large. Remarkably, maximum
TS shifts from the main scattering lobe. Next, f and s.d.,,
were held constant and N was modulated from 14 to 28
in increments of 2 (Figure 3). The SDWBA predictions
are only stable if NV is large relative to the ratio of fish length
to wavelength, to ensure an accurate representation of the
body in regard to wavelength.

These examples clearly demonstrate the need to adjust
s.d., and N vs. f'and L via better parameterization of the
SDWBA. Here, the SDWBA model is improved to account
explicitly for the interdependence of these factors.
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Methods

The calculations for SDWBA have been well described
(McGehee et al., 1998; Demer and Conti, 2003a). The for-
mulation is repeated here to provide a convenient reference
for the subsequent model derivations.

Kirill is approximated by N discretized-bent cylinders of
various radii a;. In that case, the backscattering form func-
tion for the cylinder j and incident angle 6 is

k oo
Josj(0) = Zl/ [v. —7,)exp( — 2ikFy)
a;Jy (Zkza, cos ﬁﬁh)
: : 1
x cos LBy dro, ( )
where v, = (pi¢i/p2c3) — 1, v, = (p2 — p1)/p2. the sub-

script 1 denotes the ambient seawater and 2 the krill. J;
is the Bessel function of first kind of order 1, ¥y the position
vector,

= sin 6
ki = kl 0
cos f

the incidence wave vector, and By, the angle between the
cylinder and the central axis of the body. The form function
for the SDWBA is obtained by summing the components
from each cylinder with a different random phase ¢;:

Sos(0) = Zfés_f(o)exp(i‘ﬂf)~ )
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Figure 2. Target strength in dB estimated by the SDWBA model using a generic krill shape, Ly = 38.35 mm, f= 100 kHz (a) and 200 kHz
(b), with N = 14 and 22, respectively. The standard deviation of the phase variability s.d., is stepped by x\/§/ 2 radians, where x varies
from 0.1 to 1.0 by 0.1 (from dark to light). The dorsal aspect corresponds to a 90° incident angle 6.
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Figure 3. Target strength in dB estimated by the SDWBA model using a generic krill shape, Ly = 38.35 mm, f= 100 kHz (a) and 200 kHz
(b), with s.d.,,, = \/5/ 2 (a), and \/5/4 (b), respectively. The number of cylinders N varies from 14 to 28 in increments of 2 (from dark to

light). The dorsal aspect corresponds to a 90° incident angle 6.

The phase variability ¢; is obtained from a Gaussian dis-
tribution centred on 0, with standard deviation s.d.,, for
each cylinder j along the body. Finally, the backscattering
cross-section opg(#) is obtained from the average of multi-
ple realizations of the ensembles of phase ¢;:

abs(0) = {[fss (0)*),,. 3)
and
TS(0) = 10 log,o(ovs(6)). (4)

The generic krill shape was defined by McGehee et al.
(1998, standard length Lo =38.35 mm). The width of the
generic shape was increased by 40% in Demer and Conti
(2003a), because freshly caught krill were fatter than the
starved animals measured in McGehee et al. (Figure 1).
At fo=120kHz, and with Ny =14 cylinders, s.d.,, was
estimated to be v/2/2radians from comparison of the
SDWBA predictions with the experimental measurements.
The factors N, s.d.,, f, and L are dependent in their effects
on the SDWBA results; the model will be improved if it
can account explicitly for the interdependence of these
factors.

To ensure generalized utility of the SDWBA, s.d.,, must
be expressed as a function of £, N, and L. First, as the flex-
ure and complexity of the body are frequency-independent,
the product s.d.,(f)f must be constant,

s.d., (f)f = s.d., fo- (5)

Also, if the frequency f or the body length L is modified,
then N must be adjusted so that the spatial resolution of the
body of the krill remains constant relative to wavelength A.
The ratio between wavelength A and the length of each in-
dividual cylinder must remain constant:

L L
m - N0A07 (6)
or
LS Lofo
NN @)
From Equations (5) and (7),
fL

N(f,L) = Ny, 8

(hL) *foLo ®)
and

3 NoL

s.d.,(f,L)= S'd'("“iN(f, Diy 9)

Thus, s.d., and N can be adjusted to the desired L and f.
For example, TS was estimated at f= 120, 200, 300, and
400 kHz by solving the SDWBA with a generic 40% fat krill
shape, L =Ly, and adjusting N and s.d., according to
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Table 1. Values of the number of cylinders N and the standard de-
viation of the phase variability s.d.,, for the generic fat krill shape at
frequencies f of 120, 200, 300, and 400 kHz. The standard param-
eters Ny and s.d.,,, were obtained from comparisons of the model
with the measurements at 120 kHz from McGehee et al. (1998).

f (kHz) 120 (fo) 200 300 400
N 14 (No) 24 35 47
sd. (radians)  0.5v2(s.dy,)  03v2  02v2  0.15V2

Equations (8) and (9) with Ny=14 and s.d., =
V2 /2 radians. The values of the parameters with frequency
are summarized in Table 1.

Results and discussion

By applying the improved parameterization to the SDWBA
model, there are no unrealistic off-axis lobes in the TS pre-
dictions (Figure 4). Correct adjustment of s.d., provides
a realistically stable and frequency-independent plateau,
ca. —80 dB, off the main scattering lobe.

Accurate application of the generalized SDWBA model
still requires accurate characterization of the many param-
eters, particularly the orientation distribution of krill
beneath a survey vessel (Demer and Conti, 2005), and den-
sity and sound-speed contrasts (g and 4; Foote et al., 1990;
Chu and Wiebe, 2005). The implications of TS modelling
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with SDWBA can be illustrated using the distribution of
krill lengths and volume-backscattering strength measure-
ments at 120 and 38 kHz (Svi20 kuz — SVasg kuz) from an in-
ternational survey of krill in the Scotia Sea
(Hewitt et al., 2002). The survey is subdivided in three geo-
graphic regions (cluster C1, C2, and C3), according to the
length distributions of krill. The SDWBA model was
inverted in a least-squares sense to estimate an in situ dis-
tribution of orientations for each cluster individually, and
for all clusters weighted by surveyed area or by krill net-
catches. The mean and standard deviation of the normal
distributions of orientation for the least-squares estimate
ranged from 0° to 25° and 1° to 30°, respectively, by
1° steps. The distributions of orientations for clusters 1,
2, and 3 are estimated to normal distributions with
a mean of 9°, 4°, and 3° and a standard deviation of 1°,
2°, and 1°, respectively (Figure 5a—c). For all clusters
weighted by surveyed cluster area or krill catch demograph-
ics, the distributions of orientations are estimated to
N(4°,2°) and N(11°,4°), respectively (Figure 6a, b). This
last result should be compared with the previously pub-
lished orientations of distributions from Kils (1981), Endo
(1993), or Demer and Conti (2005). With the same data
used by Demer and Conti (2005), but considering only
the least-square criteria, an N(11°,4°) distribution of orien-
tations gave a better fit to the data than the previously re-
ported N(15°,5°) (Demer and Conti, 2005), or those
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Figure 4. Target strength in dB estimated by the DWBA model (dotted lines) and the SDWBA model (solid lines) using a generic krill
shape, Lo = 38.35 mm, /= 120 kHz (a), 200 kHz (b), 300 kHz (c), and 400 kHz (d), and varying N and s.d.,, according to Equations (8) and
(9) (Table 1). The dorsal aspect corresponds to a 90° incident angle 6.
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Figure 5. The differences in volume-backscattering strengths (Sv) attributed to krill at 120 and 38 kHz measured from RV “Yuzhmorgeo-
logiya” during the CCAMLR 2000 survey for each cluster (grey bars), compared with predictions from the SDWBA model solved with
the CCAMLR 2000 krill-length frequency distribution and the following krill-orientation distributions: (a) cluster 1, N(9°,1°); (b) cluster 2,
N(4°,2°); (c) cluster 3, N(3°,1°).
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Figure 6. The differences in volume-backscattering strengths (Sv) attributed to krill at 120 and 38 kHz measured from RV “Yuzhmorgeo-
logiya” during the CCAMLR 2000 survey for all clusters weighted (a) by surveyed cluster area, or (b) by krill catch demographics (grey
bars), compared with predictions from the SDWBA model solved with the CCAMLR 2000 krill-length frequency distribution and the
following krill-orientation distributions: (a) N(4°,2°) and (b) N(11°,4°) (green). On (b) also are the predictions from the SDWBA model
solved with orientation distributions from the literature: Demer and Conti (2005) (N(15°,5°), magenta); Kils (1981) (N(45.3°,30.4°),
blue); and Endo (1993) (N(45.6°,19.6°), red).
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Table 2. Coefficients and reference length (Lo) for the simplified SDWBA model of krill TS (Equation (10)), averaged over krill-
orientation distributions of §# = N(11°,4°), N(9°,1°), N(4°,2°), N(3°,1°), and N(15°,5°) distributions of krill orientations. Exponential
notation (*10x) is denoted by “eCx”. The coefficients can be used for values of kL smaller than 200, with a 6 mean error in decibels
between the exact and the simplified SDWBA.

N(11°.,4°) N@©°,1°) N(4°,2°) N@3°,1°) N(15°,5°)
A4 6.64558746 9.53903598 17.5946741 17.0371316 —2.49905225
B 0.127909076 0.150232083 0.148678743 0.141071237 8.61853594e—2
C 0.446318146 0.481046118 0.477644682 0.465029722 0.416196860
D —1.19209591e—11 2.38762984e—11 —2.44990441e—11 —3.62685024e—11 —1.37800143e—11
E 7.42324712e—-9 —1.42987306e—8 1.49734855¢—8 2.21571676e—8 8.64846875¢—9
F —1.73916236e—6 3.26836233e—6 —3.47391012e—6 —5.14754726e—6 —2.06625975e—6
G 1.86327198e—4 —3.55716215e—4 3.73150405e—4 5.58016486e—4 2.31748271e—4
H —8.67465215¢—3 1.84888058e—2 —1.76600710e—2 —2.71990801e—2 —1.19024092e—-2
1 0.132140873 —0.367180096 0.292424038 0.461708148 0.201695777
J —81.3379373 —81.1053992 —84.7167863 —84.4621760 —76.6647548
Ly (m) 38.35e—003 38.35e—003 38.35e—003 38.35e—003 38.35e—003
0 (dB) 2.18 1.48 1.00 0.95 3.23

reported by Kils (1981) or Endo (1993) (Figure 6b). How-
ever, two modes are predicted for the Svisg xaz — SV3g kHz
differences. For N(15°,5°), both modes fit within the em-
pirical distribution, but the empirical distribution is broader.
In contrast, as the mean and the standard deviation of the

N(4°,2°)), the predicted upper modes are not supported
by the empirical data. Therefore, the last two distributions
are also equivocal. One possible explanation, however, is
that this second mode at higher Sv,¢ xu, — Svag ku. differ-
ences would correspond to small krill not detected at

orientation distributions decrease (e.g. for N(11°,4°) and 38 kHz.
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Figure 7. Target strengths TS for a 38.35 mm long generic krill predicted by the SDWBA (solid lines) and the simplified SDWBA (dotted
lines), for the N(4°,2°) (black), N(11°,4°) (green), and N(15°,5°) (Demer and Conti, 2005; magenta) distributions of animal orientation.
Also plotted are krill TS data measured in situ with a split-beam, 120-kHz echosounder (Hewitt and Demer, 1991) inferred from volume
backscatter at 38 and 120 kHz from aggregations of krill (Foote et al., 1990), measured from many individual live krill in a tank at
120 kHz (Pauly and Penrose, 1998), and measured from two live animals over a broad bandwidth (425—600 kHz; Martin-Traykovski
et al., 1998), and averaged over the N(11°,4°) orientation distribution.
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Recognizing uncertainty in the orientation distribution,
Demer and Conti (2005) provided a simplified SDWBA
model for convenient estimation of Antarctic krill TS:

TS(KL) =4 {%} C+D(kL)°+E(kL)5+F(kL)4

L
+G(KL)’ +H(KL)*+1(KL) +J+201log,, <f) .
0

(10)

Here, we provide new coefficients for this simplified
model which account for the generalized parameters in
Equations (8) and (9), and a larger range of kL, for
0=N(11°,4°), N©O°,1°), N#4°2°), N3°1°), and
N(15°,5°) (Table 2). The new simplified SDWBA can be
evaluated for higher values of kL up to 200, compared
with 50 in Demer and Conti (2005). The associated errors
o for the simplified SDWBA are about 1—3 dB, depending
on the orientation distribution. The mean error can be re-
duced by increasing the order of the polynomial for the
simplified SDWBA (Figure 7), but here the order of the
polynomial was chosen according to Demer and Conti
(2005). A comparison of krill TS wvs. kL with
0= N(11°,4°) shows good agreement with empirical data
reported in the literature (Figure 7). Note, however, that
the empirical TS data do not include measurements of krill

orientation, except for those from Martin-Traykovski et al.
(1998). SDWBA predictions of krill TS averaged over
N(4°,2°) and N(15°,5°) are, respectively, above and below
those averaged with N(11°,4°). All three of these distribu-
tions of orientations suggest that krill are swimming fast
beneath the surveying vessel (Kils, 1981).

Finally, the application of the SDWBA using N(11°,4°)
results in a krill biomass estimate nearly three times the
previous estimate made using the Greene et al. (1991) TS
model, as presented in Table 3. The estimates of biomass
vary significantly with krill-orientation distribution,
whereas the associated coefficients of variation remain sim-
ilar. Demer and Conti (2005) emphasized that there is still
significant uncertainty about krill orientation beneath sur-
vey vessels, and the temporal and spatial dependences.
However, krill orientation is usually not accounted for
when estimating empirical krill TS.

Conclusion

When applying the SDWBA model to estimate krill TS, it
is necessary to adjust s.d.,, vs. £, N, and L. Equations (8) and
(9) are provided for this purpose. If the standard deviation
of the phase s.d.,, can be estimated empirically for a shape
of krill Ny L, for frequency fy, then the appropriate N and
s.d., can be determined to estimate TS vs. kL.

Table 3. Conversion factors for converting integrated echo energy to krill biomass By, for each cluster C1, C2, and C3 (Hewitt and Demer,
1991) resulting from the Greene et al. (1991) and SDWBA TS models; the associated krill biomass estimates; and their coefficients of

variation (CV). Values were calculated with measured ¢ = 1456 ms~! (Demer, 2004), opposed to the nominal value of ¢ = 1500 m s

-1

used by Demer and Conti (2005). Consequently, the values here for Greene et al. (1991) and N(15°,5°) differ slightly from those in Demer
and Conti (2005). Three clusters of krill-length distribution were identified by net-sampling for different portions of the CCAMLR 2000
survey area (Hewitt et al., 2002). C1 is a narrow length distribution centred at 26 mm (small krill); C2 is a broad and somewhat bimodal
length distribution peaking at 46 mm (mixed sizes); and C3 is a positively skewed length distribution centred at 52 mm (large krill).

Conversion factor

TS model Frequency (kHz) Cl Cc2 C3 By (Mt) CV (%)
Greene et al. (1991) 38 0.5163 0.4786  0.4661 29.4 9.3
120 0.1636  0.1517  0.1477 44.1 11.5
200 0.0981 0.0910  0.0886 44.8 15.7
SDWBA N(11°,4°) 38 0.6275 1.1437 1.1925 65.67 11.0
120 0.3844  0.7066  0.8787 189.3 10.6
200 0.4069  0.8411 1.0548 342.7 12.5
SDWBA, CI N(9°,1°); C2 N(4°,2°); and C3 N(3°,1°) 38 0.9826 1.3313 0.8766 68.7 10.2
120 0.5538 0.4788 0.5209 145.8 11.7
200 0.5146  0.6880  0.9305 318.8 13.3
SDWBA N(4°,2°) Cl, C2, and C3 weighted 38 1.2022 1.3313 0.9755 73.0 9.7
by survey area 120 0.2475 0.4788 0.6183 128.9 10.7
200 0.2834  0.6880  0.9026 274.6 12.4
SDWBA N(15°,5°) 38 2.5379 1.5189 1.3632 100.1 8.9
120 0.2857  0.3882  0.4575 108.0 10.4
200 0.2165 0.4109  0.5022 169.6 12.7
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Using Equations (8) and (9), krill biomass in the Scotia
Sea could be re-evaluated to nearly three times the previ-
ously reported biomass, but these new estimates depend
greatly on the krill orientation used for the model. The study
of this dependence goes beyond the aim of this work, but
should be investigated further to provide better estimates
of krill biomass. Using survey data, the krill-orientation dis-
tribution was estimated here to either N(4°,2°) or
N(11°,4°) depending on the data being averaged per sur-
veyed cluster area or krill catch demographics, respectively.
Coefficients for the simplified version of the SDWBA
model are also provided for both orientation distributions.
One might also investigate whether there are differences
in the orientation distributions of krill beneath different sur-
vey vessels and with survey speed.
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