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High-frequency acoustic scattering techniques have been used to investigate dominant scatterers in
mixed zooplankton populations. Volume backscattering was measured in the Gulf of Maine at 43,
120, 200, and 420 kHz. Zooplankton composition and size were determined using net and video
sampling techniques, and water properties were determined using conductivity, temperature, and
depth sensors. Dominant scatterers have been identified using recently developed scattering models
for zooplankton and microstructure. Microstructure generally did not contribute to the scattering. At
certain locations, gas-bearing zooplankton, that account for a small fraction of the total abundance
and biomass, dominated the scattering at all frequencies. At these locations, acoustically inferred
size agreed well with size determined from the net samples. Significant differences between the
acoustic, net, and video estimates of abundance for these zooplankton are most likely due to
limitations of the net and video techniques. No other type of biological scatterer ever dominated the
scattering at all frequencies. Copepods, fluid-like zooplankton that account for most of the
abundance and biomass, dominated at select locations only at the highest frequencies. At these
locations, acoustically inferred abundance agreed well with net and video estimates. A general
approach for the difficult problem of interpreting high-frequency acoustic scattering in mixed
zooplankton populations is described. © 2007 Acoustical Society of America.
�DOI: 10.1121/1.2793613�
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I. INTRODUCTION

High-frequency acoustic scattering techniques provide a
unique remote sensing capability to rapidly and synoptically
investigate zooplankton distributions on similar spatial and
temporal scales to the physical processes influencing them.
Zooplankton are key components of pelagic food webs and
yet determining their temporal and spatial distributions and
abundances is an ongoing challenge. Zooplankton distribu-
tions are inherently complex, patchy at many scales, and
influenced by physical processes at many different scales,
from small turbulence scales �mm to cm� �Rothschild and
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Osborn, 1988; Seuront et al., 2001� to basin scales �tens to
hundreds of km� �Haury et al., 1978�. Adding further com-
plexity, zooplankton aggregations are often highly heteroge-
neous and some zooplankton are active swimmers, resulting
in distributions that are not simply a passive response to the
physical processes influencing them, such as turbulence or
advection, but an intricate coupling of behavior and physical
forcing.

Over the last two decades, the use of high-frequency
acoustic scattering techniques has become more routine for
synoptic studies of zooplankton populations from centimeter
to kilometer scales and across seasonal time scales �Wiebe
et al., 1996, 1997; Brierley et al., 1998; Pieper et al., 2001;
Lawson et al., 2004�, a task not as easily achievable by tra-

ditional net or optical sampling techniques alone. Although
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traditional single-frequency echosounders are frequently
used for visualizing zooplankton populations, there remain
inherent difficulties associated with the interpretation of the
acoustic scattering returns even when direct and coincident
measurements of the scattering sources are available. Diffi-
culties associated with the interpretation of the acoustic re-
turns are reduced in regions in which a single zooplankton
taxon dominates the scattering, e.g., Euphausia superba in
Antarctic regions �Lascara et al., 1999�, or the relative abun-
dance of zooplankton taxa remains constant �Benfield et al.,
1998�. Holliday and Pieper �1995� review the circumstances
when single-frequency acoustic scattering returns can be suc-
cessfully interpreted. Multi-frequency acoustic scattering
techniques expand the range of conditions under which it is
possible to interpret the acoustic data in terms of relevant
biological parameters, such as animal size or abundance
�Holliday and Pieper, 1980, 1995; Costello et al., 1989;
Pieper et al., 1990; Napp et al., 1993; Wiebe et al., 1997;
Korneliussen and Ona, 2002; Warren et al., 2003; Mair et al.,
2005; Trevorrow et al., 2005; Lawson et al., 2006�.

A major complicating factor in the use of high-
frequency sound to characterize zooplankton is the diverse
array of organisms present in the water column �Fig. 1�.
Zooplankton aggregations typically span a wide range of
sizes, shapes, orientations, and material properties: all pa-
rameters that influence the scattering of sound and that can
be difficult to quantify. In order to understand the scattering
from the wide diversity of zooplankton, it is convenient to
categorize zooplankton into three groups based on the
boundary conditions and anatomy �Stanton et al., 1994,
1998a, b�: 1� weakly scattering fluid-like zooplankton, for
which the density and sound speed contrasts are small rela-
tive to the surrounding water, 2� zooplankton with hard elas-
tic shells, which scatter sound efficiently relative to fluid-like
zooplankton of similar size, and 3� zooplankton with gas
inclusions that can give rise to strong scattering resonances.
The vast majority of zooplankton biomass and numerical
abundance is made up of fluid-like zooplankton, typically
copepods. However, there are many locations where fluid-
like zooplankton collectively only make up a small fraction
of the scattered energy, which is instead dominated by less
abundant, but more efficient scatterers of sound, such as
pteropods �hard elastic shell category� and siphonophores
�gas-bearing category�. There are also other potentially con-
founding factors, such as the presence of fish, squid, bubbles,
and suspended sediments that may contribute to the scatter-
ing. Further compounding difficulties in the interpretation is
the fact that microstructure has been shown to contribute
significantly to scattering, although only under some, possi-
bly limited, conditions �Warren et al., 2003�, and can be
co-located with the zooplankton. As a result of the often
simultaneous presence of many different types of scatterers
in mixed zooplankton populations, the estimation of biologi-
cally meaningful quantities, such as animal abundance or
size, from measurements of high-frequency volume back-
scattering, called the “inverse problem,” is generally highly
under-determined.

In order to address some of the challenges associated

with the interpretation of high-frequency acoustic scattering
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from mixed zooplankton populations, a towed instrument
platform, BIOMAPER-II �BIo-Optical Multi-frequency
Acoustical and Physical Environmental Recorder�, was de-
veloped �Wiebe et al., 2002� that allows coincident measure-
ment of multi-frequency acoustic backscattering, tempera-
ture, salinity, depth, and high-resolution zooplankton video
images �Fig. 1�. BIOMAPER-II has been used to perform
broad-scale surveys of mixed zooplankton populations in the
deep basins of the Gulf of Maine �GoM� and results from
these surveys are presented in this study. Supplementing the
data collected with this instrument are almost-coincident net
samples and conductivity, temperature, and depth �CTD�
profiles.

The almost-simultaneous use of net and video sampling
techniques �often referred to as “ground truthing”� with the
collection of acoustic data helps constrain the otherwise
highly under-determined inverse problem and increases the
range of circumstances under which dominant scatterers can
be identified. Comparison of observed to predicted volume

FIG. 1. �Color online� �a� BIOMAPER-II. �b� Volume backscattering as a
function of frequency for the major biological scatterers observed in the
GoM, assuming a numerical abundance of 1 organism/m3. The five
BIOMAPER-II frequencies are indicated by vertical lines. The predictions
are based on mean lengths in the 75–100 m depth range of MOCNESS 4 in
Jordan Basin, GoM, in December 1999: pneumatophore=0.27 mm,
siphonophore bract=9.86 mm, copepod=1.53 mm, euphausiid=9.79 mm,
and pteropod=1.15 mm. The medusa length �16.53 mm� is based on the
deepest net as none were observed at mid depths. A DWBA-based prolate
spheroid scattering model was used for squid �length=9 cm, width
=1.2 cm, density contrast g=1.043, sound speed contrast h=1.053� �Iida et
al., 2006�, averaged over a normal distribution of angles of orientation with
a mean of 0° �corresponding to broadside incidence� and a standard devia-
tion of 30°. The hybrid model with a 1-cm-diam gas bubble was used to
represent the scattering from swim-bladdered fish. Also included are micro-
structure predictions using a dissipation rate of turbulent kinetic energy �
=1�10−6 m2/s3 and the maximum temperature and salinity gradients ob-
served for CTD 2 in Jordan Basin, GoM, in December 1999, representing an
upper-bound estimate for the contribution to scattering from turbulent mi-
crostructure.
scattering �based on scattering models that incorporate net
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and/or video measurements of animal size, shape, and abun-
dance�, known as the “forward problem,” allows dominant
water-column scatterers to be determined. Once these have
been determined, volume backscattering measurements can
then be used to invert for biologically relevant parameters,
such as size or abundance, at least at some restricted loca-
tions.

In this study, the volume sampled acoustically with
BIOMAPER-II is sufficiently large that a two-dimensional
cross section, or “curtain,” of the ocean interior is imaged,
and a significant fraction of the zooplankton taxa present in
the water column is included in the sampling volume, typi-
cally involving multiple trophic levels. This is in contrast to
zooplankton video imaging instruments, such as the Video
Plankton Recorder �Davis et al., 1992�, and some acoustic
instruments �Holliday and Pieper, 1995; Pieper et al., 1990,
2001; Costello et al., 1989, Napp et al., 1993�, which sample
smaller volumes �up to four orders of magnitude smaller�,
require profiling, and result in one-dimensional measure-
ments of the water column. In addition, instruments with
small sampling volumes typically do not adequately sample
less abundant and/or larger taxa, such as gas-bearing
siphonophores, and are instead optimized for sampling small
and abundant scatterers, such as copepods. Yet, typical zoop-
lankton surveys use hull-mounted or towed acoustic plat-
forms �such as BIOMAPER-II� with relatively large acoustic
sampling volumes, and thus sample the less abundant and/or
larger taxa that often dominate the scattering, at least over a
range of frequencies. In addition, the less abundant and/or
larger taxa are important to sample in order to understand the
entire pelagic food web. However, the contribution to scat-
tering from multiple different taxa can also lead to additional
complexities in interpreting the returns. Finally, though less
abundant and/or larger taxa are sampled by many net sys-
tems, net techniques often have coarse depth resolution, de-
stroy fragile individuals, suffer from selective sampling due
to avoidance or escapement, and require time-consuming
analysis. As a result of the inherent limitations of any one
technique, the combined use of multi-frequency acoustic,
video, and net sampling techniques increases the likelihood
of correctly identifying dominant scatterers and determining
biologically meaningful parameters.

The specific objectives of this work are to: 1� Assess the
limitations of existing scattering models and their input pa-
rameters, and the implications of these limitations to the de-
termination of dominant scatterers in mixed zooplankton
populations. To reduce discrepancies between predicted and
observed volume backscattering, minor modifications are
made to existing scattering models for gas-bearing and
elastic-shelled zooplankton. 2� Use direct video and net sam-
pling techniques together with the scattering models to make
forward predictions of expected backscattering in order to
determine dominant water-column scatterers, and deduce the
distribution and variability of the dominant water-column
scatterers. 3� Compare predicted volume backscattering with
measured volume backscattering at multiple frequencies, lo-
cations, and depths. 4� Perform simple inversions for bio-
logically relevant parameters in regions where the scattering

is shown by the forward predictions to be dominated by a
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single zooplankton taxon. 5� Make recommendations for
conditions under which these methods for quantitative stud-
ies of mixed zooplankton populations can be used.

II. SCATTERING MODELS AND PARAMETERS

There are many potential water-column scattering
sources, including zooplankton and micronekton �e.g.,
shrimp, fish, and squid�, phytoplankton, suspended sedi-
ments, bubbles, and microstructure. Throughout this work,
shrimp and zooplankton are referred to collectively as “zoop-
lankton.” Accurate scattering models for different scattering
sources �Fig. 1�, together with information obtained from net
and video sampling techniques, are key to determining domi-
nant water-column scatterers. In this section, the models used
to compare measured to predicted volume backscattering
from zooplankton and microstructure are described. Sensitiv-
ity analyses of some of the necessary parameters are dis-
cussed elsewhere in the literature �e.g. Stanton and Chu,
2000; Lavery et al., 2001�.

A. Basic equations

For a single bounded target, the backscattering ampli-
tude, fbs, is a measure of the efficiency with which the target
scatters sound in the backscattering direction, and is a func-
tion of the acoustic frequency, orientation of the target rela-
tive to the incident wave, the size and shape of the target, and
the density �g=�target /�, where �target is the density of the
target and � is the water density� and sound speed �h
=ctarget /c, where ctarget is the sound speed of the target and c
is the water sound speed� contrasts between the target and
surrounding water. The far-field backscattered energy is often
expressed in terms of the target strength �TS� with units of
decibel �dB� relative to 1 m2 and is given by TS
=10 log10�bs=10 log10 � fbs�2, where �bs= �fbs�2 is the differen-
tial backscattering cross section and differs from the often-
used scattering cross section � by a factor of 4� ��
=4��bs�. For spherical targets of radius a, the reduced target
strength �RTS� is given by RTS=10 log10��bs /�a2�. Mean
TS and RTS are defined as �TS�=10 log10��bs� and �RTS�
=10 log10��bs /�a2�.

During most field experiments, it is not the scattering
from a single individual that is measured, but instead the
average over many individual targets. So long as the phases
from the echoes of the individual targets are random, and
there is no attenuation or multiple scattering, then the aver-
age echo energy from the aggregation is equal to the sum of
the echo energy from each individual, averaged over an en-
semble of independent realizations, for example, averaged
over animal orientation, length, or a combination of the two.
The echo integration procedure results in an estimate of the
volume backscattering coefficient, sV, with units of m2/m3,
which corresponds to the scattered echo energy at the re-
ceiver from the aggregation of scatterers normalized by the

scattering volume. For an aggregation of zooplankton
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sV�fq,dk� =
1

Vk
�
i=1

Nk

�
j=1

Mk

��bs
ij �fq,dk,�ij�� , �1�

where fq is the frequency, Vk is the volume of water sampled
in the depth range dk, Nk is the number of zooplankton of a
particular taxon in the depth range dk, Mk is the number of
zooplankton taxa in the depth range dk, and ��bs

ij �fq ,dk ,�ij��
is the backscattering cross section of each individual of size
i, taxon j, at frequency fq, in the depth range dk. The term
�. . .� represents an average over angles of orientation. The
parameter �ij includes the dependence of �bs on a number of
taxon-specific parameters not explicitly written into the
equation, such as shape and material properties. All param-
eters are assumed to be constant for all individuals of a given
taxon, other than size. The volume backscattering strength is
given by SV=10 log10 sV, which has units of decibel �dB�
relative to an inverse meter. Multiple sources of scattering in
the same sampling volume are accounted for by incoherently
adding their contributions �e.g., SV

total=10 log10�sV
zooplankton

+sV
microstructure��.

B. Turbulent microstructure

Under certain circumstances it is possible for turbulent
oceanic microstructure to result in acoustic backscattering
levels comparable to those observed for zooplankton �Thorpe
and Brubacker, 1983; Seim et al., 1995; Seim, 1999; Good-
man, 1990; Lavery et al., 2003; Ross and Lueck, 2003; War-
ren et al., 2003�. Failure to account for the contribution to
scattering from microstructure can lead to overestimates of
zooplankton numerical abundance, as well as difficulties in
interpreting frequency-dependent scattering spectra. The vol-
ume backscattering coefficient for turbulent microstructure is
given by �Lavery et al., 2003; Ross et al., 2004�

sV = 	 k4

K3
q	�

�

 1

2�A2�T exp	− q
K2

kBT
2 
 + B2�S

exp	− q
K2

kBS
2 
 + AB��T�S�

1
2 exp	− q

K2

kBTS
2 
� , �2�

where k is the acoustic wave number, K=2k is the Bragg
wave number in the backscattering direction, A
=c−1��c /�T�+�−1��� /�T�, and B=c−1��c /�S�+�−1��� /�S�.
The term � is the dissipation rate of turbulent kinetic energy
�m2/s3�, � �m2/s� is the molecular viscosity, and q is a uni-
versal constant �q=3.7, Oakey, 1982�. kBT= �� / ��	T

2��1/4,
kBS= �� / ��	S

2��1/4, and kBTS= �� / ��	TS
2 ��1/4, where 	T �m2/s�

and 	S �m2/s� are the molecular diffusivities for temperature
and salt, and 	TS= �	T+	S� /2. The dissipation rates of tem-
perature and salinity variance are given by �T

=2
�N−2�dT /dz�2 �m2/s� and �S=2
�N−2�dS /dz�2 �m2/s�,
where 
=0.2 is the mixing efficiency �Gregg, 1987�, N is the
buoyancy frequency �N2=−g /��� /�z, g is the acceleration
due to gravity�, and dT /dz and dS /dz are the vertical tem-

perature and salinity gradients averaged over 1 m intervals.
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C. Weakly scattering fluid-like zooplankton

The scattering models and parameters used in this study
for weakly scattering fluid-like zooplankton are summarized
in Table I. A scattering model based on the distorted-wave
Born approximation �DWBA� �Stanton et al., 1998a, b; Stan-
ton and Chu, 2000� is used for most of these zooplankton for
all frequencies and angles of orientations. It is adequate to
model the shape of many elongated fluid-like zooplankton as
uniformly bent and tapered cylinders or prolate spheroids
averaged over a distribution of angles �Stanton and Chu,
2000�. Though there have been a number of studies aimed at
quantifying typical angular distributions �Kils, 1981; Chu
et al., 1993; Endo, 1993; Miyashita et al., 1996; McGehee
et al., 1998; Benfield et al., 2000; Lawson et al., 2006� and
material properties for certain zooplankton �Foote, 1990;
Chu et al., 2000, 2003; Chu and Wiebe, 2005�, these factors
continue to result in great uncertainty in predicting scattering
from many fluid-like zooplankton.

D. Elastic-shelled zooplankton

Elastic-shelled zooplankton, such as thecosome �i.e.,
shelled� pteropods, can give rise to high scattering levels
compared to fluid-like zooplankton of a similar size �Stanton
et al., 1994�. Pteropods have hard, rough, spiral, elastic, ara-
gonite shells, with a large discontinuity called the opercular
opening. The shelled pteropod found most commonly in the
GoM, Limacina retroversa, is modeled as being spherical in
shape as it generally supports only a slight elongation
�length-to-width ratio �D�3�. As water-column zooplankton
are close to neutrally buoyant, pteropod shells are generally
quite thin, potentially as thin as a few micrometers �Lalli and
Gilmer, 1989�. Little is known regarding the in situ swim-
ming orientation of many pteropods, though there is evi-
dence that they tend to swim preferentially with the opercu-
lar opening facing up �Gallager et al., 1996�, which could
result in differences between volume backscattering mea-
surements with upward- and downward-facing acoustic sys-
tems.

The only published scattering models for elastic-shelled
zooplankton have been developed by Stanton and colleagues
�Stanton et al., 1994, 1998a, b, 2000�. Stanton et al. �1994�
collected laboratory scattering data for individual pteropod
shells and found that a high-pass dense fluid-sphere model
with an empirically derived reflection coefficient �R=0.5�
best fit the data. This model is commonly used in the litera-
ture, yet the reflection coefficient is lower than the value
based on the actual material properties for aragonite
�g=2.84, h=3.98; R=0.84�.

In later studies, Stanton et al. �1998b, 2000� developed
ray-based scattering models that incorporated subsonic
zeroth-order antisymmetric Lamb waves and the effects of
shell roughness. However, these models are valid for ka
1
and include a number of heuristic parameters that are un-
known for the current study, and thus are inappropriate for
the current study for which ka=0.03−2.5. Finally, Stanton et
al. �2000� were able to reproduce averaged scattering data
for elastic-shelled gastropods �benthic organisms similar in

shape to pteropods� by using an averaged model based on an
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idealized spherical fluid-filled elastic shell, which has an ex-
act modal series solution �Goodman and Stern, 1962� and is
valid for all ka, where the average is over a range of radii

TABLE I. Scattering models and associated model parameters used to pred
DWBA uniformly-bent cylinder model was used for the majority of elongate
Chu, 2000�. A slight tapering �taper parameter�10� was applied to the cyl
scattering is not particularly sensitive to the length-to-radius-of-curvature rat
performed over a normal distribution of angles of orientation, with the mea
situ angular distribution is not known for most zooplankton taxa, unless othe
oriented� and a standard deviation of 30° was used. In some cases, the mod
measurements. All lengths �L� in the table are in millimeters. The length-to-w
Stanton et al. �1998b�.

Taxon
�Scattering model�

Length-to-width ratio
��D�

Ori
�Me

Euphausiids and Decapod Shrimp
�DWBA uniformly-bent cylinder�

10.5a N�2

Larval Crustaceansc

�DWBA uniformly-bent cylinder�
2.55d N

Amphipodsc, R4

�DWBA uniformly-bent cylinder�
3.00d N

Ostracodsc

�DWBA uniformly-bent cylinder�
2.55d N

Chaetognaths and Polychaetesc

�DWBA uniformly-bent cylinder�
17.15d N

Gymosome Pteropods �Clione�c

�DWBA uniformly-bent cylinder�
1.83d N

Salpsc, R6,R7

�DWBA uniformly-bent cylinder�
4.0d N

Copepods
�DWBA prolate spheroidR10�

2.55d N�9

MedusaeR11

�DWBA two prolate spheroidal surfacesR5�
NA

Eggs
�High-pass fluid sphereg,R13�

NA

R1: Chu et al., 1993
R2: Lawson et al., 2004
R3: Table I in Lawson et al. �2004�
R4: Trevorrow and Tanaka, 1997
R5: Personal communication Dezhang Chu
R6: Stanton et al., 1994
R7: David et al., 2001
R8: Benfield et al., 2000
R9: Chu et al., 2000
R10: Fig. 12 in Stanton and Chu, 2000
R11: Mutlu, 1996; Monger et al., 1998; Brierley et al., 2004
R12: Chu et al., 2003
R13: Stanton, 1989
aMeasurements performed by Joe Warren �personal communication� for a su
is larger by almost a factor of 2 than values used previously in the literature
predicted scattering.
bA recent study has indicated that the distribution of euphausiid orientations
2006�. This change results in small changes in the contribution to scattering
as euphausiids did not greatly contribute to the predicted scattering in the Go
sufficiently small that they do not significantly affect the scattering predicti
cThere have been limited acoustic studies specific to these zooplankton and
inclusions and their material properties appear similar to those of better stu
dThese length-to-width ratios were based on measurements of a sub-sample
2004�. It is expected that these parameters will depend on season and geog
eOther studies have used a normal distribution of orientations for copepods
deviation of 30° �Lawson et al., 2004�. This distribution was also investigate
two distributions of orientations were small and did not affect the conclusio
fInferred from comparison of the Monger et al. �1998� data to the model pr
g�bs= a2�ka�4��s

2 � �1+4�ka�4��s
2 �R2 � where ��s= �1−gh2� /3gh2+ �1−g� / �
and shell thickness �Fig. 11 in Stanton et al., 2000�.
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Three different models for elastic-shelled pteropods
were used in this study �Fig. 2�. MODEL 1: A high-pass
dense fluid-sphere model �in Table I� with g=h=1.73 and

gh-frequency acoustic scattering from different fluid-like zooplankton. The
id-like zooplankton �Eq. �6� in Stanton et al., 1998b; Eq. �6� in Stanton and
ends �Eq. �2� in Lawson et al., 2006, following Chu et al., 1993�. As the

L� �Stanton et al., 1993�, �L=3 is used throughout this study. Averages were
standard deviation determined from the literature when possible. As the in
stated, a mean of 0° �corresponding to broadside incidence or horizontally

rameters have been validated through comparison with laboratory or in situ
ratio, �D, should not be confused with the length-to-radius ratio, �, used by

on
TD� Density contrast �g� Sound speed contrast �h�

b, R1 g=5.485L /104+1.002, L
25
g=1.016, L�25R2

h=5.942L /104+1.004, L
25
h=1.019, L�25R2

� 1.058R3 1.058R3

� 1.058R3 1.058R3

� 1.03R5 1.03R5

� 1.03R5 1.03R5

� 1.03R5 1.03R5

� 1.004R6 1.004R6

e,R8 1.02R5 1.058R9

1.02f 1.02f

0.979R12 1.017R12

of euphausiids in Wilkinson Basin in the GoM in October 1999. This value
ren et al., 2003; Fielding et al., 2004� leading to significant decreases in the

e Western Antarctic Peninsula has a mean that is close to 0° �Lawson et al.,
euphausiids and does not affect the conclusions arrived at here, particularly
addition, the changes of the measured pitch and roll of BIOMAPER-II were
r euphausiids, or any other zooplankton.
WBA uniformly-bent cylinder model was used as they have no known gas
uid-like zooplankton.
oplankton from the Western Antarctic Peninsula �Table I of Lawson et al.,
location.

a mean of 0° �broadside incidence or horizontally oriented� and a standard
t due to the averaging the differences in the predicted scattering between the

this study.
ions, personal communication Dezhang Chu.

� and R= �gh−1� / �gh+1�.
ict hi
d flu

inder
io ��
n and
rwise
el pa
idth

entati
an, S

0,20�

�0,30

�0,30

�0,30

�0,30

�0,30

�0,30

0,30�

NA

NA

bset
�War

in th
from
M. In
ons fo
the D
died fl
of zo

raphic
with
d, bu
ns of
edict

1+2g
R=0.5. This model best fits the Stanton et al. �1998a: Fig. 4�
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pteropod data when averaged over all angles of orientation.
MODEL 2: A high-pass dense fluid-sphere model with g
=2.84 and h=3.98 for aragonite, for which R=0.84. MODEL
3: An averaged exact modal series solution for a fluid-filled
elastic aragonite shell �following Stanton et al., 2000�.

Finally, there are other zooplankton with hard elastic
shells, including foraminifera and radiolarians. These zoop-
lankton are more complex and irregular in shape than ptero-
pods, are typically an order of magnitude smaller, and can
have shells made of aragonite, calcite, or silica. A high-pass
dense fluid-sphere model was used for these zooplankton
with g=2.147 and h=3.979 based on values for fused silica.

E. Gas-bearing zooplankton

Siphonophores are fragile gelatinous zooplankton that
often possess small gas inclusions called pneumatophores.
The siphonophore most commonly observed in the GoM,
Nanomia cara, typically has a single pneumatophore filled
with carbon monoxide gas �g=0.0012 and h=0.22� �Benfield

FIG. 2. Reduced target strength �RTS� for elastic-shelled pteropods as a
function of ka based on the high-pass dense fluid-sphere model with R
=0.5 �thin solid line� and R=0.84 �thin dashed line�, the exact modal series
solution for an individual spherical aragonite shell �thick dashed line� with a
fractional shell thickness �shell thickness/mean radius� of 2.3%, correspond-
ing to shell thicknesses of 4–9 �m for the range of measured pteropod radii
in the GoM, and an averaged modal series solution for a spherical aragonite
shell, with the average taken over a Gaussian distribution of shell radii and
thickness �thick solid line�. The value for the fractional shell thickness is
consistent with those found in the literature �Lalli and Gilmer, 1989; Chu
and Stanton, 1998�, as well as with restricted measurements performed by
the authors for crushed shell parts. For large values of ka, the difference in
the reduced target strength predicted by the high-pass dense fluid-sphere
model with reflection coefficients R1 and R2 is 10 log10�R1

2 /R2
2�, or 4.5 dB

for R1=0.5 and R2=0.84. For these predictions, the density contrast between
the surrounding water and the shell was 2.84 and 1.022 between the sur-
rounding water and the fluid interior. The compressional sound speed con-
trasts between the surrounding water and the shell and fluid interior were
3.98 and 1.04, respectively. The shear sound speed contrast was 2.34. The
averages were performed over a Gaussian distribution of shell radii with a
20% standard deviation �s.d.�, and a Gaussian distribution of shell thickness
centered around a fractional shell thickness of 2.3% and with a 10% s.d.,
spanning ±2 s.d. from the mean �the approach taken by Stanton et al., 2000�.
These parameters were chosen to give a reasonable fit to published values of
the average RTS, −18.2 dB over a range of ka values from 1.16 to 1.88,
deduced from laboratory measurements of scattering from pteropods �Fig. 4
in Stanton et al., 1998a�. The inset shows the size-frequency distributions
for all pteropods observed in the GoM.
et al., 2003, and references therein�. The nongaseous weakly
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scattering tissue of the siphonophores is composed of numer-
ous gelatinous parts, including nectophores and bracts. Scat-
tering by the pneumatophores is significantly stronger than
the scattering from the tissue over a broad frequency range
�Fig. 5 in Stanton et al., 1998a, Warren et al., 2001�, particu-
larly at the resonance frequency of the gas inclusion.

In this study, a hybrid scattering model for a fluid-filled
sphere has been used for the siphonophore pneumatophores
in which a simple model that includes damping was used for
ka�0.1, and the exact modal series solution for a fluid
sphere �Anderson, 1950� was used for ka
0.1. For ka
�0.1 the backscattering cross section is given by �Weston,
1967�

�bs =
a2

�1 − k0
2/k2�2 + 1/Q2 , �3�

where a is the bubble radius and k0 is the acoustic wave
number at the resonance frequency, given by

k0 =
�3��

1
2

ac
	P0�1 + 0.1z�

�

 1

2
, �4�

where z is depth, �=1027 kg/m3, P0=1.013�105 Pa is the
pressure at the surface, and � ��=1.4� is the ratio of gaseous
specific heats. Q is the quality factor �Q=�−1, where � is the
damping constant�. A typical value for swim-bladdered fish
is Q=5 �Diachok, 2001�, and for lack of data, it was also
assumed here that Q=5. The depth dependence has been
included by assuming a sphere of constant volume �Benfield
et al., 2003�. This damped model is only valid at small ka as
an inherent assumption is that the scattering is spherically
symmetric. At high ka values, the total scattering cross sec-
tion, �, for an ideal gas-filled sphere should be independent
of frequency �ignoring narrow resonances� and converge to
the geometrical scattering cross section ��a2�. Yet for the
damped model, � converges to 4�a2, a factor of 4 �
6 dB�
too large. The difference between the damped model and the
exact modal series solution is larger than 5% for ka
0.1. As
the range of ka values spanned in this study is 0.0034–3.99,
the hybrid approach was necessary.

The exact modal series solution for a fluid sphere �g
=h=1.02� was also used to describe the scattering from
siphonophore body parts. Lengths were converted to radii of
the spheres of equivalent volume using an empirically de-
rived scaling factor �L=�aesr, where �=0.4 for nectophores
and �=0.29 for bracts�. These scaling factors were derived
for siphonophore body parts collected in the Western Antarc-
tic Peninsula �Lawson et al., 2004�, and could differ accord-
ing to siphonophore genera and location. In previous work
�Stanton et al., 1998b� siphonophore body parts have also
been modeled as cylinders. The contributions to scattering
from the siphonophore pneumatophores and body parts were
added incoherently. Though siphonophore parts are weakly
scattering, their dimensions are relatively large compared to
more abundant copepods or pteropods �mean measured
length for bracts=8.2 mm, with individuals as large as
19.5 mm�. As a result, the Rayleigh-to-geometric scattering
transition occurs at lower frequencies for siphonophore body

parts than for copepods or pteropods. Thus, over the range of
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frequencies for which the large siphonophore body parts
have reached the geometric scattering regime but more abun-
dant, smaller zooplankton have not, the contribution to scat-
tering from siphonophore body parts can be larger than the
contribution from copepods or pteropods, even when the
siphonophores occur in relatively low abundances.

F. Other sources of scattering

In this study, scattering from organisms that were rarely
observed in the net samples, including fish and fish larvae
�ten individuals observed in all 56 nets, only one myctophid�,
starfish �nine individuals�, crabs �two individuals�, and bi-
valves �one individual�, has not been included. Scattering
from diatoms was also omitted, as they were small �average
length 0.3 mm� and only observed at some locations with
low abundances. Scattering from bubbles can be also impor-
tant close to the surface, potentially dominating the scatter-
ing over a wide range of frequencies. As there was no
method of quantifying the bubble size distribution close to
the surface, analysis of the surface scattering layer was not
included in this study. While suspended sediments are also
known to contribute to water-column scattering over the
shallow waters of Georges Bank �Wiebe et al., 1997; Persh-
ing et al., 2001�, no suspended sediment was observed in the
deep basins of the GoM, and thus it is not included in forth-
coming analyses.

III. METHODS

The results presented here involve the collection of near-
coincident multi-frequency acoustic data, net tows, CTD pro-
files, and video images of zooplankton. Central to the pro-
gram is the towed instrument platform BIOMAPER-II that
collects along-track video images of plankton and multi-
frequency acoustic backscattering �Fig. 1�. Additional
ground truthing is provided by CTD profiles and depth-
resolved oblique net tows. The methods used to collect and
analyze data collected with these instruments are outlined in
this section, together with a description of how this informa-
tion is combined with the scattering models to make volume
scattering predictions.

A. BIOMAPER-II towed instrument platform

BIOMAPER-II is specifically designed to conduct syn-
optic, high-resolution, multi-frequency zooplankton acoustic
surveys �Wiebe et al., 2002�. The key components of this
instrument are the five upward- and five downward-looking
transducers �43, 120, 200, 420, and 1000 kHz�, manufac-
tured by Hydroacoustic Technologies Inc. �HTI, Seattle,
WA�, a single camera Video Plankton Recorder �VPR�
�Davis et al., 1992�, and sensors for measuring temperature,
conductivity, pressure, heading, pitch, and roll. Full water-
column acoustic coverage in shelf waters can often be
achieved at the four lower frequencies with BIOMAPER-II
at depth since each pair of acoustic transducers has one
downward- and one upward-facing transducer.
BIOMAPER-II is normally towed in an undulating fashion,
up and down through the water column, from a few meters

below the sea surface to within 10 or 20 m from the seafloor,
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in order to collect VPR images and environmental data at all
depths. A Global Positing System �GPS� receiver synchro-
nized the different data. BIOMAPER-II is typically towed at
speeds of 4–7 knots, except when biological net samples are
collected and the tow speed is below 2.5 knots.

Volume backscattering is collected from sequential
transmissions from all ten transducers in 1 m depth intervals
to a range of 200 m at 43 and 120 kHz, 150 m at 200 kHz,
100 m at 420 kHz, and 35 m at 1 MHz. The 1 MHz back-
scattering data are not used in this study due to their reduced
range. A 10 kHz bandwidth, linear frequency modulated
�chirp� signal was used at a repetition rate of 2.5 pings/s.
Echo integration was performed every 12 s to obtain volume
backscattering, corresponding to a horizontal resolution of
approximately 30–40 m, depending on vessel speed. Com-
bined noise levels resulting from the ship, ambient, and sys-
tem noise, were collected as a function of depth with
BIOMAPER-II in “passive listening” mode. Noise thresh-
olds, which vary with range and frequency �Korneliussen,
2000�, were set by adding 6 dB to the measured noise pro-
files. Backscattering levels were then compared to these
noise thresholds on a ping-by-ping basis, prior to echo inte-
gration, and bins in which the backscattering did not exceed
the noise were set to zero. The transducers were split-beam
and had full beamwidths �−3 dB to −3 dB� of 7° for the
43 kHz and 3° for the 120–420 kHz. The corresponding
sampling volumes of a 1-m-thick bin centered at 100 m
ranged from 21 to 86 m3.

The acoustic system on BIOMAPER-II was calibrated
by HTI in September 1999, immediately prior to this study,
using both standard transducers and standard targets, for
source level, receive sensitivity, and beam patterns. These
calibrations were supplemented with standard-target calibra-
tions, using 20 and 38.1 mm tungsten carbide �6% cobalt�
spheres and excluding off-axis returns, performed at Woods
Hole Oceanographic Institution �WHOI� based on the prac-
tices established by Foote et al. �1987�. Depth-dependent
calibrations were not performed, but the transducer backings
were made of a noncompressible synthetic material to mini-
mize the effect of depth-dependent changes in the transducer
performance. In addition, changes in the scattering from the
sea floor as a function of BIOMAPER-II depth, down to
approximately 200 m, were small, generally smaller than
0.5 dB, which will not affect the conclusions arrived at in
this study. Studies performed by Kloser �Fig. 2 in Kloser,
1996� and Gauthier and Rose �Fig. 4 in Gauthier and Rose,
2002� support the conclusion that depth-dependent changes
in transducer calibrations with this type of backing will not
be significant over the range of depths investigated here. Fu-
thermore, for the majority of the data analyzed in this paper,
which involve data dollected when BIOMAPER-II was
towed at the surface during the net tows, there are no depth-
dependent effects that need to be considered.

A region of enhanced backscattering was observed in the
vicinity of BIOMAPER-II, particularly at 43 and 120 kHz,
while BIOMAPER-II was towed up and down through the
water column at depths with strong gradients in the tempera-
ture and salinity. Regions in which enhanced backscattering

were observed are not used in a quantitative way in this
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study: the enhancement was not observed during the net tows
when BIOMAPER-II was towed at the surface.

B. Physical and biological sampling

1. Physical sampling

The ship’s CTD �Sea Bird 911 plus�, sampling at 24 Hz,
with typical descent rates of 1 m/s, was used to determine
many of the parameters needed to make predictions of scat-
tering from microstructure. Though BIOMAPER-II collected
physical environmental data, as it was towed up and down
through the water column, calculation of vertical gradients
would need to account for horizontal gradients. In addition,
the sampling rate was low �0.25 Hz�, corresponding to at
best 6–8 m horizontal resolution and 40 cm vertical resolu-
tion.

2. Biological sampling: Nets

Depth-resolved zooplankton samples were collected at
select locations using a 1-m2 Multiple Opening/Closing Net
and Environmental Sensing System, MOCNESS �Wiebe et
al., 1985�. The MOCNESS system was towed obliquely
while the BIOMAPER-II instrument was at the surface col-
lecting acoustic data. The MOCNESS was equipped with
nine 335 �m mesh nets and environmental sensors including
a flow meter, temperature, conductivity, and depth. The first
net �net 0� sampled the entire water column down to approxi-
mately 10 m above the bottom, and the remaining eight nets
sampled quantitatively, with sampling strata dependent on
the water depth: typically, the upper 100 m was sampled in
25 m intervals, with a few 50 m intervals at intermediate
depths, and 25 m intervals at the deeper depth ranges. The
samples were preserved upon recovery in 5% buffered for-
malin. The “silhouette” method developed by Ortner et al.
�1979� and modified by Davis and Wiebe �1985� was used to
measure the size �typically length� of each individual organ-
ism in each net sample. Between 100 and 300 m3 of water
were filtered by each net. Occasionally, the number of organ-
isms in a particular net was excessively large, making it un-
feasible to count every individual. These large samples were
sequentially split into two equal portions, sometimes more
than once.

3. Biological sampling: Video images

The VPR is a high-magnification underwater video sys-
tem that records images of plankton using an analog video
camera and strobe light �Davis et al., 1992�, and is mounted
to the front end of the BIOMAPER-II instrument. The vol-
ume imaged by this system is 5.1 ml at 60 Hz �3
�10−4 m3/s�, many times smaller than the acoustic or
MOCNESS sampling volumes. The postprocessing of the
images involved digitization and target detection using user-
defined criteria for size, focus, and brightness �Benfield et
al., 2003�. Targets that met these criteria were sorted into
different taxonomic categories, enumerated and measured to-
gether with the location, time, and depth at which they were
observed. For copepods, the size measured in the video im-
ages was the smallest dimension, which corresponds ap-

proximately to the width of the organisms. The length of the
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copepods was then determined using the length-to-width ra-
tio �D=2.55. This approach was taken to minimize the effect
of ambiguities in the orientation of individual copepods in
the field of view of the camera.

C. Predicting volume backscattering: The forward
calculation

1. Predicting volume backscattering from turbulent
microstructure

The predicted volume backscattering for turbulent mi-
crostructure was based on Eq. �2� �Sec. II B�, with all the
necessary model parameters determined from the CTD data
except the dissipation rate of turbulent kinetic energy, �.
Many of the model parameters, such as A and B, are rela-
tively constant as a function of depth and their depth-
averaged values were used. Temperature and salinity gradi-
ents and the buoyancy frequency were averaged over 1 m
depth bins. The CTD profiles were carefully processed to
remove spikes in the temperature and salinity gradients re-
sulting from the heaving motion of the vessel. Measurements
of � typically require specialized microstructure instruments,
which were not available in this study. Under some circum-
stances it is possible to determine � by identifying the outer
scales of overturning eddies from CTD profiles �Thorpe,
1977�. However, in regions of weak density gradients, low
dissipation rates, and high sea states, the inferred values of �
can be compromised. Instead of pursuing this approach, an
upper-bound estimate for ���=10−6 m2/s3� based on avail-
able information in the published literature �Burgett et al.,
2001� was used to estimate an upper-bound contribution to
scattering from microstructure at each location and depth.
The actual contribution to scattering from microstructure is
expected to be lower than the upper-bound prediction.

2. Predicting volume backscattering from
zooplankton: Nets

The predicted volume backscattering based on the
MOCNESS samples was calculated using Eq. �1� at the four
BIOMAPER-II frequencies �fq=43, 120, 200, and 420 kHz�,
and at each of the eight MOCNESS depth ranges, dk, where
k varies from 1 to 8. The backscattering cross section was
calculated for each individual organism sampled by the
MOCNESS based on its measured length. Though no differ-
ences are expected in the scattering from upward- versus
downward- facing transducers for any weakly scattering
zooplankton �Lavery et al., 2001�, this may not be the case
for elastic-shelled zooplankton. However, as BIOMAPER-II
was towed at the surface during the MOCNESS tows, only
acoustic data from the downward-looking transducers are
used for comparisons of predicted and observed scattering.
For the comparison of measured and predicted volume back-
scattering, the measured volume backscattering was aver-
aged over the same time intervals and range of depths as
were sampled by each of the MOCNESS nets in a given
profile. The offset between the MOCNESS and the
BIOMAPER-II was not accounted for as it was no larger
than 200 m and, at select locations where the offset was

accounted for, it did not significantly affect the results. The
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scattering predictions for the shallowest MOCNESS nets
�nets 8�, spanning the top 25 m of the water column, were
not compared to the measured scattering in this depth range,
though predictions were made, since elevated scattering was
often observed, probably due to bubbles generated by break-
ing waves or the ship’s wake, and it was not possible to
quantitatively evaluate their contribution to the observed
scattering.

3. Predicting volume backscattering from
zooplankton: Video images

Predictions of volume backscattering based on the VPR
images proceeded in much the same way as for the MOC-
NESS. However, as the acoustic data were averaged over
1 m depth bins, the predicted volume backscattering based
on Eq. �1� and the VPR images were also binned into 1 m
depth bins. The VPR images from the upward and downward
parts of the tow were combined, and the acoustic data were
averaged horizontally across the duration of the tow.

IV. GENERAL OBSERVATIONS IN THE GULF OF
MAINE

Selected results are presented from two acoustic surveys
of the deep basins of the Gulf of Maine �GoM� performed

FIG. 3. �Color online� �a� October and �b� December, 1999, actual survey
tracks superimposed on the bathymetry of the Gulf of Maine �GoM�. The
location of the three major basins in the GoM, Wilkinson Basin �WB�,
Jordan Basin �JB�, and Georges Basin �GB� are indicated. The squares show
the locations of the CTD profiles and the circles show the locations of the
MOCNESS tows. Gale conditions in Georges Basin in October, 1999, re-
sulted in significant deviations from the planned survey grid lines, in addi-
tion to BIOMAPER-II having to be towed at a depth of 100 m for large
distances.
with the BIOMAPER-II towed instrument platform during
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16–26 October �cruise EN330� and 4–13 December �cruise
EN331�, 1999, on board the RV Endeavor �Fig. 3�. Hundreds
of kilometers of along-track acoustics data and associated
direct physical and biological data were collected in the three
deep basins in the GoM: Wilkinson �WB�, Jordan �JB�, and
Georges �GB�, each with typical depths between 200 and
300 m.

A. Acoustical observations

The volume scattering strength during the 1999 surveys
of the deep basins of the GoM was characterized by a com-
plex horizontal and vertical structure, with spatial structures
observed over a range of different scales, from a few meters
to tens of kilometers �Fig. 4�. At many locations the scatter-
ing increased monotonically with increasing frequency. At
some locations and depths, such as the pervasive scattering
layer that was often observed at the seasonal thermocline
�Brooks, 1996� �Fig. 5�, the scattering varied nonmonotoni-
cally with frequency, largest at 120 kHz, smallest at 43 kHz,
and broadly similar at 200 and 420 kHz. High scattering lev-
els were observed close to the sea surface, probably due to
bubbles. A deeper scattering layer was observed occasion-
ally, typically during daylight hours, and the volume scatter-
ing associated with this deeper layer was approximately con-
stant at all frequencies.

B. Physical observations

At least one CTD profile was performed in each basin
during the October and December 1999 surveys �Table II�.
The seasonal thermocline was located at approximately
40–60 m in October and 70–100 m in December 1999. The
temperature and salinity stratification in the early fall was
significantly larger than in the late fall, particularly in

FIG. 4. Volume backscattering at 120 kHz as a function of depth, latitude
and longitude in Jordan Basin, GoM, during �a� October and �b� December
1999. The black line is the BIOMAPER-II trajectory.
Wilkinson Basin.
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C. Biological observations

1. Biological observations: Nets

One night tow per basin has been analyzed for taxon
composition and size distribution for each survey, in addition
to a day tow in Jordan Basin in December 1999 �Table III,
Fig. 3�. Copepods made up the majority of the numerical
abundance �Fig. 6� and biomass �Fig. 7� of zooplankton at
most locations. Euphausiids contributed most significantly to
biomass in December 1999 in Wilkinson and Georges Basin.
Other weakly scattering zooplankton only contributed sig-
nificantly to biomass at select locations. Pteropods made up
an insignificant portion of the observed biomass at any loca-
tion, while the biomass due to siphonophores was only sig-
nificant at a few locations.

It is difficult to accurately assess the distribution and
abundance of siphonophores as they are often overlooked or
destroyed by net systems. However, siphonophore parts, in-
cluding pneumatophores, nectophores, and bracts, were ob-
served in most of the MOCNESS samples. There were only
four nets �nets 1, 3, 6, and 8� in Wilkinson Basin in October
and one net �net 1� in Jordan Basin in December in which no
pneumatophores were observed. The vertical distribution of
pneumatophores peaked at depths that corresponded to the
seasonal thermocline, with abundances of 3–5
pneumatophores/m3 �Fig. 8�.

A number of previous studies have assumed that all ob-
served siphonophores have pneumatophores of a single size
�Warren et al., 2001, Trevorrow et al., 2005�. In this study,
the measured pneumatophore size distribution is used to
compare observed versus predicted scattering. There is evi-
dence based on the adult pneumatophores collected with the
MOCNESS tows that the pneumatophores support a slight
eccentricity, �D�3, though it is unclear exactly how much

ed during the October and December 1999 surveys of the deep basins of the
ulian Year Day.

Local date Latitude �N� Longitude

10-17-1999 �YD 290� 42.254 −69.2412
10-20-1999 �YD 294� 42.8028 −69.7773
10-21-1999 �YD 295� 43.5367 −67.2208
10-22-1999 �YD 296� 42.6297 −67.6182
10-25-1999 �YD 298� 41.767 −68.7067
12-05-1999 �YD 339� 42.4128 −69.2270
12-06-1999 �YD 340� 43.2700 −68.0007
12-07-1999 �YD 341� 43.7847 −67.4208
12-09-1999 �YD 343� 42.1367 −65.6933

formed during the October and December 1999 surveys of the deep basins
YD�Julian Year Day.

Latitude �N� Longitude Closest CTD

91� 42.4172 −69.8229 CTD 1, WB, October 1999
95� 43.6426 −67.5096 CTD 3, JB, October 1999
98� 42.3215 −67.6027 CTD 4, GB, October 1999
38� 42.2687 −69.3062 CTD 1, WB, December 1999
40� 43.3174 −68.0000 CTD 2, JB, December 1999
40� 43.8303 −67.7225 CTD 3, JB, December 1999
43� 42.4960 −67.0767 CTD 4, GB, December 1999
FIG. 5. Volume backscattering as a function of depth and local time on 7
December 1999 in Jordan Basin, GoM, showing the frequency dependence
of the daily vertical migration of zooplankton. The arrows on the right
indicate the approximate depth of the seasonal thermocline, which was lo-
cated at approximately 40–60 m in October and 70–100 m in December.
The diel migration of zooplankton was observed all frequencies. The largest
differences between the day and night scattering were observed at 43 kHz,
particularly for the deeper scattering layer.
TABLE II. Dates �mm-dd-year�, times, and locations of the CTD profiles perform
GoM. WB�Wilkinson Basin, JB�Jordan Basin, GB�Georges Basin, and YD�J

Local time

October 1999 CTD 1 �WB� 12:53 �Daytime CTD�
October 1999 CTD 2 �WB� 12:28 �Daytime CTD�
October 1999 CTD 3 �JB� 17:17 �Evening CTD�
October 1999 CTD 4 �GB� 12:54 �Daytime CTD�
October 1999 CTD 5 �GB� 11:15 �Daytime CTD�
December 1999 CTD 1 �WB� 14:23 �Daytime CTD�
December 1999 CTD 2 �JB� 14:35 �Daytime CTD�
December 1999 CTD 3 �JB� 12:34 �Daytime CTD�
December 1999 CTD 4 �GB� 13:32 �Daytime CTD�
TABLE III. Dates �mm-dd-year�, times, and location of the MOCNESS tows per
of the GoM. WB�Wilkinson Basin, JB�Jordan Basin, GB�Georges Basin, and

MOCNESS Local time Local date

MOC 2, WB, October 1999 01:34 �Night Tow� 10-18-1999 �YD 2
MOC 5, JB, October 1999 01:10 �Night Tow� 10-21-1999 �YD 2
MOC 6, GB, October 1999 21:44 �Night Tow� 10-24-1999 �YD 2
MOC 2, WB, December 1999 11:58 �Night Tow� 12-04-1999 �YD 3
MCO 4, JB, December 1999 13:10 �Day Tow� 12-06-1999 �YD 3
MCO 5, JB, December 1999 22:59 �Night Tow� 12-06-1999 �YD 3
MCO 6, GB, December 1999 22:55 �Night Tow� 12-08-1999 �YD 3
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of the actual pneumatophore is filled with gas, or the extent
to which the process of raising them to the surface from the
depth at which they were captured and preserving them for
later analysis has altered the shape. Based on length �L� and
width �W� measurements of a sub-sample of the adult pneu-
matophores, it was determined that W�mm�=0.256L�mm�
+0.085. In this study, the pneumatophore radius is given by
the equivalent spherical radius of a sphere of the same vol-
ume as a prolate ellipsoid with major and minor axes given
by the measured length and width, a= �LW2�1/3 /2.

2. Biological observations: Video images

Due to the vast number of VPR images collected
�
5 million per day� only the images for one full upward
and downward tow in Jordan Basin on 6 December 1999
have been fully analyzed for all taxonomic categories and
sizes. This location was chosen as it immediately followed

FIG. 6. Numerical abundance as a function of depth determined from the
quantitative analysis of the MOCNESS net tows.
profiles by the MOCNESS and CTD systems. At this loca-
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tion, the biomass generally increased with depth and copep-
ods made up the majority of the biomass at all depths. As a
result of the small sampling volume of the VPR, the biomass
and abundance only agree with the MOCNESS for small,
abundant zooplankton, namely copepods. For all other zoop-
lankton, the VPR estimates of abundance were significantly
lower than the corresponding MOCNESS estimates. Previ-
ous studies have shown better agreement between VPR and
MOCNESS estimates of pteropod abundance �Benfield et al.,
1996�, but that success was not reproduced here, possibly
due to lower pteropod abundance in this study or the inherent
patchiness in the distribution.

V. DETERMINING DOMINANT SCATTERERS

In this section, predicted dominant biological scatterers
�scatterers that make up more than 50% of the total predicted
scattering� are identified based on the composition and size

FIG. 7. Biomass as a function of depth determined from the quantitative
analysis of the MOCNESS net tows.
of zooplankton in all the available MOCNESS net tows
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�Figs. 9�a�–9�d�� and compared to the measured multi-
frequency backscattering data collected at the same time and
location with BIOMAPER-II towed at the surface �Figs.
10–12�. The predicted dominant biological scatterers are also
identified based on the composition and size of zooplankton
from video images at a select location. In addition, an upper-
bound contribution to volume backscattering from turbulent
microstructure is calculated based on the CTD data. Scatter-
ing predictions are performed over the frequency range from
10 kHz to 2 MHz, for comparison with the four
BIOMAPER-II frequencies within that range. At locations
where a single dominant scatterer could be identified, simple
inversions for size and/or abundance are performed. These
results are presented in this section.

A. Determining dominant scatterers: Turbulent
microstructure

The predictions of scattering from turbulent microstruc-
ture based on the CTD data reveal that at most depths and
locations the predicted scattering generally decreases with
frequency by approximately 10–20 dB over the range of
BIOMAPER-II frequencies. Though the magnitude of the
change varied depending on the exact temperature and salin-
ity gradients measured by the CTD �which vary with depth�

FIG. 8. Pneumatophore size-frequency distribution for all the pneumato-
phores observed in the deep basins of the GoM during October and Decem-
ber, 1999. A total of 1417 pneumatophores were measured, 121 in October
and 1076 in December. The distribution is strongly peaked at a radius of
0.075 mm, corresponding to a resonance frequency of 45 kHz at the surface
and 143 kHz at 100 m, approximately spanning the three lowest
BIOMAPER-II frequencies. Inset: Numerical abundance of pneumatophores
as a function of depth �a� in October 1999 and �b� in December 1999. The
pneumatophore abundance is generally largest at the seasonal thermocline,
which was deeper in December than October. The size distribution of pneu-
matophores did not change significantly from October to December, though
the pneumatophore abundance was lower in October than in December. The
image shows a pneumatophore collected by the MOCNESS.
and on the value of � used to make the predictions, this
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decrease was predicted across the frequency range of interest
at most locations, depths, and values of � �Fig. 13�.

Internal waves are the most likely cause for elevated
values of �. In an earlier study, multi-frequency acoustic ob-
servations of an internal wave in Wilkinson Basin in October
1997 �Warren et al., 2003� suggested that the observed
acoustic scattering spectrum in areas of strong temperature
gradients and elevated values of � are not consistent with
scattering from zooplankton, showing a generally decreasing
trend of volume backscattering with increasing frequency.
Scattering from non-gas-bearing zooplankton of the sizes
typically observed in the GoM tends to show a generally
increasing trend with increasing frequency over the range of
frequencies relevant to this study. A similar analysis was per-
formed at the locations of the two internal waves that were
observed in the current study �one in Jordan Basin and one in
Georges Basin in December 1999�, and at other select loca-
tions, including at the locations of the MOCNESS tows �Fig.
11�. Generally positive slopes were observed, which is con-
sistent with scattering from zooplankton and not microstruc-
ture. It is concluded that scattering from microstructure was
not a large contributor to volume scattering during the Octo-
ber and December 1999 surveys, and this contribution is not
included in the forthcoming analyses.

B. Determining dominant biological scatterers: Nets

The total predicted scattering of biological origin at
43 kHz was strongly dominated by pneumatophores at most
depths and locations �Fig. 9�a��. At 120 kHz, pneumato-
phores were still the dominant scatterers �Fig. 9�b��, but the
relative contribution to scattering from siphonophore body
parts had increased. At some locations where copepods were
very abundant and made up most of the biomass, the contri-
bution to the total predicted scattering from copepods be-
came apparent at 120 kHz, though it was still small. At
200 kHz, the contribution to total scattering from pneumato-
phores was still significant, though only at certain locations
and depths, and the contribution to total scattering from
copepods dominated at some locations �Fig. 9�c��. At
420 kHz, the overall dominant predicted scatterers were
copepods �Fig. 9�d��, though there were select locations
where the contribution from pneumatophores was still sig-
nificant, and relatively important contributions were evident
from elastic-shelled pteropods in the near-surface nets. In
general, the relative contribution to total predicted scattering
from pneumatophores decreased with increasing frequency,
while the contribution from fluid-like and elastic-shelled
zooplankton increased. Though there was a significant con-
tribution to biomass from euphausiids at some locations,
their relative contribution to scattering was small at all fre-
quencies, as the frequencies at which they would normally
dominate were instead dominated by pneumatophores.

Comparison between the observed and predicted volume
backscattering based on the MOCNESS tows illustrates that
there is a general trend of under predicting the observed scat-
tering �Fig. 12�, except at 43 kHz. In fact, the predicted scat-
tering was approximately 10 dB lower than the observed

scattering if the pneumatophores were not included, and the

et al.: Dominant scatterers in mixed zooplankton populations 3315



d qua
difference was relatively independent of location, depth, or
frequency. Predicted volume backscattering for both the day
and night tows appeared to under predict the observed scat-
tering by about the same amount �results not shown�. Once
the pneumatophores were included in the predictions the
scattering levels were in closer agreement, though the gen-
eral trend of under prediction remained.

1. Scattering dominated by fluid-like zooplankton

Fluid-like zooplankton, and copepods in particular,

FIG. 9. Predicted dominant biological scatterers at a� 43 kHz, b� 120 kHz, c
on pteropod model 1. Predictions based on pteropod models 2 and 3 showe
dominated the total predicted volume backscattering at
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420 kHz at most depths except near the surface where
elastic-shelled pteropods were also important. At 420 kHz,
the general shape of the depth dependence of the total pre-
dicted volume backscattering �Fig. 9�d�� closely resembled
the corresponding shape of the measured biomass �Fig. 7�.
This was particularly clear during the daytime net tow
�MOCNESS 4� in Jordan Basin in December 1999 at depths
below 150 m �nets 1–3�, where copepods made up a very
large fraction of the biomass and contributed over 90% of the
total predicted scattering. A simple single-frequency calcula-
tion of copepod abundance has been performed at this loca-

kHz, and d� 420 kHz for all MOCNESS tows. These predictions are based
litatively similar results.
� 200
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tion, based on the measured mean volume backscattering and
the mean copepod size measured in the nets. As
BIOMAPER-II was towed at the surface during the deploy-
ment of the MOCNESS system, and the range on the
420 kHz transducers was 100 m, there were no acoustic data
at 420 kHz collected simultaneously with the MOCNESS
data below 100 m. As a result, the mean 420 kHz volume
backscattering at the location of the first tow-yo directly after
the MOCNESS was used. This calculation has been per-
formed for nets 2 �175–200 m� and 3 �150–175�, with mean
420 kHz Sv values of −68.7 and −68.5 dB, respectively. The
mean copepod lengths in these depth ranges �2.37 mm in net
2 and 2.22 mm in net 3� give TS values of −94.8 and
−95.8 dB, respectively. The copepod abundance is given by
sV /�bs=10�SV−TS�/10 resulting in inferred abundances of
410/m3 and 540/m3 for nets 2 and 3, correspondingly, com-
pared to the measured abundances of 1290/m3 and 715/m3.

2. Scattering dominated by elastic-shelled
zooplankton

The contribution from elastic-shelled pteropods to the

FIG. 10. Volume backscattering at 120 kHz as a function of depth at the
locations of each of the seven MOCNESS tows. BIOMAPER-II was towed
at the surface ��25 m depth� during all the MOCNESS tows. The black
lines show the trajectory of the MOCNESS system, with the diamonds in-
dicating the mid depths between the opening and closings of the nets.
total predicted scattering was most important at shallow

J. Acoust. Soc. Am., Vol. 122, No. 6, December 2007 Lavery
depths and at high frequencies, namely 200 and 420 kHz
�Figs. 9�c� and 9�d��. The predicted contribution to scattering
from pteropods has been made using the three models out-
lined in Sec. II D. Model 3 is exploratory in nature and was
only applied to three MOCNESS tows �MOCNESS 4–6, De-
cember 1999� as the predictions based on this model are
more computationally intensive. This exploratory model was
attempted since, unlike the high-pass models, it does not
monotonically increase with frequency and may reproduce
the nonmonotonic scattering behavior observed at some lo-
cations more successfully.

The predicted scattering from pteropods never domi-
nated �i.e., was not 
50% of the total predicted scattering� at
all frequencies �Table IV�. However, it did dominate at some
frequencies, reaching a maximum of 70% of the total pre-
dicted scattering �based on model 1� at 420 kHz in the
25–50 m depth bin �net 7� of the daytime MOCNESS tow
�MOC 4� in Jordan Basin in December 1999 �Fig. 14�. At
this location and depth, the total predicted scattering based
on all biological scatterers reproduced the measured scatter-
ing reasonably well at all frequencies. As expected, the con-
tribution to scattering from pteropods increased with increas-

FIG. 11. Mean volume backscattering at all four BIOMAPER-II frequencies
as a function of depth at the locations of each of the seven analyzed MOC-
NESS tows �Fig. 10�. BIOMAPER-II was towed at the surface ��25 m
depth� during the MOCNESS tows.
ing frequency: The predicted scattering based on the
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pteropods alone was significantly smaller than the observed
backscattering at 43 and 120 kHz, regardless of model, but
the predicted scattering from pteropods based on both high-
pass models �models 1 and 2� was in relatively good agree-
ment with the measured scattering at 200 and 420 kHz.
Pteropod model 3 significantly over-predicted the scattering
at 200 and 420 kHz. As the predicted scattering from ptero-
pods dominated at 420 kHz at this location and depth, based
on all models, a single-frequency inference of pteropod
abundance was performed, assuming a known pteropod size
3318 J. Acoust. Soc. Am., Vol. 122, No. 6, December 2007
�mean size in MOC4 net 7�. The predictions compared fa-
vorably to the measured MOCNESS pteropod abundance
�Table V�.

3. Scattering dominated by gas-bearing zooplankton

Siphonophore pneumatophores were important contribu-
tors to volume scattering throughout the deep basins of the
GoM. Pneumatophores were particularly abundant at the
depth of the seasonal thermocline, where a strong scattering

FIG. 12. Observed versus predicted volume back-
scattering at all frequencies for all MOCNESS tows. �a�
All zooplankton, �b� fluid-like zooplankton only, �c�
copepods �fluid-like� only, �d� pneumatophores �gas-
bearing siphonophores� only, and �e� pteropods �elastic-
shelled� only. The 43 kHz data from MOC 2 in October
1999 have been discarded due to suspect noise profiles.
The black lines show the one-to-one linear relationship
that would be obtained if the predicted and observed
scattering agreed perfectly. The solid black triangles in
�c� and �d� highlight the 420 kHz data.
layer was often observed with volume scattering levels
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reaching a maximum at 120 kHz. A particularly strong scat-
tering layer at the seasonal thermocline was observed in Jor-
dan Basin on 6 December 1999. MOCNESS 4 and CTD 2
were performed in close succession at this location, with
BIOMAPER-II collecting acoustic data while at the surface
�Fig. 15�. A second deeper scattering layer was also ob-
served.

Though relatively strong temperature gradients were ob-
served at the depths corresponding to the two scattering lay-
ers �Fig. 16�a��, the measured scattering spectra for the layers
are not consistent with the predicted scattering from turbu-
lent microstructure. The total biomass and numerical abun-
dance of zooplankton based on the MOCNESS samples
reached a minimum at the location of the scattering layer at
the seasonal thermocline and a maximum at the location of
the deeper scattering layer �Fig. 16�b��. However, there was
an elevated numerical abundance of siphonophore pneu-
matophores in the scattering layer at the seasonal ther-
mocline �Fig. 16�b��, though the numerical abundance of
pneumatophores was small ��4/m3� compared to the total
abundance of zooplankton at this depth �186/m3�. This sug-
gests that two different mechanisms �both of biological ori-
gin� are giving rise to the scattering layers: the strong and
pervasive scattering layer at the seasonal thermocline due
predominantly to pneumatophores and the deeper scattering

FIG. 13. Predicted volume backscattering for turbulent microstructure as a
function of frequency based on parameters estimated from CTD 2 on 6
December 1999. These predictions are based on an assumed value of �
=10−6 m2/s3 �thick line� and on the maximum temperature and salinity gra-
dients observed at any depth, giving an upper bound prediction. Actual
values are expected to fall well below this prediction. Predictions based on
�=10−9 m2/s3 �thin line� are shown to indicate that the shapes of the curves
are generally similar, independent of the exact value of � The scattering
generally decreases across the BIOMAPER-II frequency range.

TABLE IV. Number of MOCNESS nets in which the contribution from cope
of biological origin was larger than 50%. The quantities in the parentheses r
of MOCNESS tows analyzed in this study was 7, and each tow had eight n

Organism 43 kHz

Copepods �fluid-like� 0 �0%�
Pteropods �elastic-shell� 0 �0%�
Siphonophore Pneumatophores �gas-bearing� 49 �85.7%�
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layer due to an elevated abundance of other zooplankton.
Though there are differences between the predicted and ob-
served scattering at this location, the predicted scattering if
the pneumatophores are not included does not even qualita-
tively reproduce the observed scattering trends, and under-
predicts the scattering at 120 kHz by almost 35 dB �results
not shown�. Elevated scattering at the seasonal thermocline
has been observed at multiple acoustic frequencies previ-
ously �e.g., Holliday and Pieper, 1980�, though no satisfac-
tory explanation of its origin has been suggested.

As the predicted scattering in the layer at the seasonal
thermocline is dominated �
50% of the total predicted scat-
tering� by pneumatophores at all frequencies, a simple least
squares inversion was performed in which the scattering was
assumed to arise solely from pneumatophores of a single
size, and the radius and abundance were varied to give the
best possible fit to the measured Sv data �Fig. 17�. The pneu-
matophore diameter �0.15 mm� obtained by this simple in-
version was virtually identical to the median pneumatophore
diameter measured by the MOCNESS in that depth stratum.
However, the inferred abundance was significantly higher
�216/m3� than the measured abundance �3.2/m3�. These
kinds of simple inversions have been performed previously

, pteropods, and siphonophores to the total predicted volume backscattering
ent these numbers as a percentage of the total number of nets: The number
hus the total number of nets analyzed was 56.

120 kHz 200 kHz 420 kHz

2 �3.6%� 7 �12.5%� 22 �39.3%�
0 �0%� 1 �1.8%� 3 �5.4%�

43 �76.7%� 30 �53.6%� 9 �16.1%�

FIG. 14. Predicted volume backscattering in Jordan Basin, GoM, on 6 De-
cember 1999 based on the measured distribution of pteropods in MOCNESS
4 Net 7 �25–50 m�. Predictions are based on three models: the high-pass
dense fluid-sphere model with reflection coefficients of R=0.5 �thin solid
line� and R=0.84 �thin dashed line�, and the averaged modal series solution
for a spherical aragonite shell �thick gray line�. The mean measured SV

values for this depth range are shown by the solid diamonds. The error bars
indicate the standard deviation of the mean measured SV values. The total
predicted SV based on all the remaining zooplankton for this depth stratum is
shown �thick black line�. The inset shows the vertical distribution of ptero-
pod abundance at this location.
pods
epres
ets, t
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ed u
with some success �Warren et al., 2003; Trevorrow et al.,
2005�. The assumption of a single pneumatophore size is
partially justified as the observed pneumatophore size distri-
bution was peaked around a single size. Inversion of the
multi-frequency data for the location of the resonance fre-
quency �or the Rayleigh-to-geometric scattering transition�
provides a relatively accurate method for determining size.
In contrast, absolute scattering levels are subject to the va-
garies of calibration, in addition to which there is uncertainty
in the abundance measured by net tows due to issues such as
avoidance and destruction of fragile individuals. Thus, these
simple inversions typically predict size with greater accuracy

TABLE V. Acoustically inferred zooplankton size and/or abundance for dif
If the scattering was dominated at all frequencies by a single type of scatt
abundance was performed. Otherwise, a single-frequency inversion for nu
frequency at which the organisms most dominated the total predicted scatte
indicated, estimated by the corresponding sampling method. For copepods an
size corresponds to diameter. The frequencies that were used to perform the i
is noted.

Organism

Fraction
of total
biomass

Fraction
of total

numerical
abundance

Fraction of
contribution to

scattering at each
frequency

Measured
Size

�mm�

Copepodsa

�Fluid-like�
99.8% 98.9% 0.1% �43 kHz�

12% �120 kHz�
58% �200 kHz�
91% (420 kHz)

2.37

Copepodsa

�Fluid-like�
97.2% 98.8% 0.03% �43 kHz�

17%�120 kHz�
63% �200 kHz�
92% (420 kHz)

2.22

Copepodsb

�Fluid-like�
See notec See notec See notec 2.45

Copepodsb

�Fluid-like�
�Video: VPR�

See notec See notec See notec 2.46

Pteropodsa

�Elastic shell�
5.9% 2.0% 1% �43 kHz�

11% �120 kHz�
40% �200 kHz�
70% (420 kHz)

0.996

Siphonophore
Pneumatophorese

�Gas-bearing�

NA 1.7% 99% (43 kHz)
97% (120 kHz)
92% (200 kHz)
65% (420 kHz)

0.15

Euphausiidsf

�Fluid-like�
�Warren, 2001;
Warren et al., 2003�

7% �1% 50% (43 kHz)
80% (120 kHz)
75% (200 kHz)
65% (420 kHz)

14.7

aAbundance estimated from single-frequency �420 kHz� inversion, assuming
b1st VPR tow, performed shortly after MOC 4. Abundance estimated fro
estimated from the VPR video images.
cDue to the small VPR sampling volume, the total biomass and numerical
result, the VPR-based predictions of volume scattering were also dominated
dThe VPR estimates of copepod length were larger than the MOCNESS �MO
of the copepods in the VPR images, due to the 2–D projection of a 3–D
2.45–2.46 mm.
eAbundance and size inferred from 4–frequency inversion.
fThese studies involved data collected with the same multi-frequency towed
the Gulf of Maine in October 1997. Direct biological sampling was perform
than these inversions predict abundance.
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C. Determining dominant biological scatterers: Video
images

Volume backscattering predictions were performed
based on the VPR video images collected during the first
BIOMAPER-II tow in Jordan Basin on 6 December 1999
�Fig. 15�. The biomass and numerical abundance of zoop-
lankton as determined by the VPR were overwhelmingly
dominated by copepods at all depths. A total of only 13 im-
ages were not copepods, divided almost equally into eu-
phausiids, chaetognaths, ostracods, and larvaceans �all fluid-
like scatterers�, two elastic-shelled pteropods, and three gas-

t zooplankton taxa that dominate the scattering at one or more frequencies.
a four-frequency inversion for size �assuming a single size� and numerical
cal abundance was performed assuming a known size and based on the
The measured organism size corresponds to the mean size in the depth bin
pahusiids size corresponds to length, and for pteropods and pneumatophores
ions are highlighted. Where applicable, the depth range of the measurements

oustically
nferred

size
�mm�

Measured
abundance

�#/m3�
Acoustically inferred

abundance �#/m3�

Sampling technique,
location,

date,
depth

NA 1290 410 MOCNESS
Jordan Basin, GoM

December 1999
MOC 4, Net 2: 175–200 m

NA 715 540 MOCNESS
Jordan Basin, GoM

December 1999
MOC 4, Net 3: 150–175 m

NA 930 355d VPR
Jordan Basin, GoM

December 1999
175–200 m

NA 645 370d VPR
Jordan Basin, GoM

December 1999
150–175 m

NA 5.57 10.6 �model 1�
4.3 �model 2�

0.66 �model 3�

MOCNESS
Jordan Basin, GoM

December 1999
MOC 4, Net 7: 25–50 m

0.15 3.2 216 MOCNESS
Jordan Basin, GoM

December 1999
MOC 4, Net 5: 75–100 m

15 1 11 MOCNESS
Jordan Basin, GoM

December 1999
MOC 9, Net 5: 60–80 m

own size.
gle-frequency �420 kHz� inversion, assuming a known copepod size, as

dance of zooplankton were overwhelmingly dominated by copepods. As a
ll frequencies by copepods.
estimates of copepod length, potentially due to ambiguities in the orientation
ect onto the video image plane. TS=−94.2 dB for a copepods of length

ument platform, BIOMAPER-II, in an earlier survey of Wilkinson Basin in
sing the MOCNESS to ground truth the acoustic data.
feren
erer,
meri

ring.
d eu

nvers

Ac
i

a kn
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abun
at a

C 4�
obj

instr
bearing siphonophores. The predicted volume backscattering
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from copepods �Fig. 18�, based on the VPR images, is in
better agreement with the observed scattering at the higher
frequencies and at the deeper depths, where copepods were
most abundant, though the predicted scattering at 420 kHz
based on just the copepods was a few dB larger than the
observed scattering at the deeper depths. The predicted scat-
tering based on the remaining taxa did not contribute signifi-
cantly to scattering at most depths or frequencies. At the few
depths where siphonophores were observed, there are spikes
in the predicted scattering, in some cases many dB above the
predicted backscattering from copepods, and that were not
observed in the measured volume backscattering, a result
that can be easily explained by the large differences in the
acoustic and VPR sampling volumes. There is little evidence
that any type of zooplankton observed by the VPR can ac-
count for the scattering layer observed at the seasonal ther-
mocline, though the deeper scattering layer can be explained
by an elevated abundance of copepods, consistent with the
presence of elevated biomass and numerical abundance at
depth caused by overwintering copepods, specifically Cala-
nus finmarchicus.

As copepods dominated the biomass, numerical abun-
dance, and total predicted volume backscattering at this lo-
cation �based on the VPR images�, it is possible to perform a
simple single-frequency inference of copepod abundance
based on the measured volume backscattering and VPR-
based estimate of copepod length. As the predicted and mea-
sured SV values were in closest agreement at 420 kHz and
below 150 m depths, the numerical abundance of copepods
was inferred acoustically at all depths in 1 m bins between

FIG. 15. Volume backscattering at 120 kHz as a function of depth and local
time in Jordan Basin, GoM, on 6 December 1999. The MOCNESS 4 and
CTD 2 profiles are shown. The depths of the opening and closing of the 8
MOCNESS nets are indicated by open diamonds. The depths of all the
individual VPR observations of different zooplankton taxa are marked.
MOCNESS 4 was completed at 13:45 while the first BIOMAPER-II towyo
was completed at 16:45 �sunset was at 15:57�. The BIOMAPER-II track line
is indicated in white. The time elapsed from the beginning of the MOC-
NESS to the end of the first towyo is approximately 4.5 h.
150 and 200 m based on the measured 420 kHz SV data �Fig.
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18�d�� and TS values based on the mean copepod lengths in
the 1 m depth bins. These SV values were also used in Sec. V
B 1 to calculate the numerical abundance of copepods based
on copepod lengths from the nearby MOCNESS data. For
ease of comparison with the numerical abundance based on

FIG. 16. �a� Mean volume backscattering as a function of depth at 43, 120,
200, and 420 kHz in Jordan Basin, GoM, on 6 December 1999 during the
deployment of MOCNESS 4. Two strong scattering layers are observable at
120 kHz: A layer approximately 40 m wide centered at 105 m, and a deeper
layer, approximately 20 m wide, centered at 170 m. The arrow indicates the
approximate depth of the seasonal thermocline. The volume backscattering
at 43 kHz is significantly weaker than at the other frequencies. The deeper
layer is not fully observed at 200 kHz, while at 420 kHz the shallower layer
is only partially observable. Superimposed on the mean SV values is the
temperature profile obtained by the nearby CTD 2 �thick dashed line corre-
sponding to the scale on the top axis�. �b� Total zooplankton biomass esti-
mated from MOCNESS 4 �thick line, bottom scale� and numerical abun-
dance of pneumatophores �dashed line, top scale�. It can be seen that there is
a peak in the biomass at 185 m, and a peak in the numerical abundance of
pneumatophores at 85 m, corresponding to net 5, spanning the depth range
from 75 to 100 m.

FIG. 17. Observed volume backscattering �diamonds� in Jordan Basin,
GoM, on 6 December 1999 in the depth stratum spanning 75–100 m �MOC
4 net 5�, and the results of a four-frequency least squares inversion �based on
the hybrid model� for pneumatophore radius and abundance �solid line�.
This simple inversion assumes the scattering is due to pneumatophores of a
single size. The error bars indicate the standard deviation of the mean mea-

sured SV values.
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ples
the nearby MOCNESS data, the numerical abundance has
been averaged into depth bins that correspond to the depths
of nets 2 and 3 of the nearby MOCNESS. The acoustically
inferred numerical abundance of copepods in the
175–200 m depth bin was 355/m3, compared to the VPR-
based estimate of 930/m3, and the acoustically inferred nu-
merical abundance of copepods in the 150–175 m depth bin
was 370/m3, compared to the VPR-based estimate of
645/m3.

VI. DISCUSSION AND CONCLUSIONS

It has been found that in the mixed zooplankton popu-
lations investigated in this study, a single type of scatterer
does not often dominate the scattering at all frequencies
�Tables IV and V�. Instead, low abundances of strong scat-
terers that do not contribute significantly to overall biomass

FIG. 18. Predicted volume backscattering as a function of depth based the V
four BIOMAPER-II frequencies: a� 43 kHz, b� 120 kHz, c� 200 kHz, and d�
ing. The symbols correspond to the predicted volume backscattering, avera
images. As it was not possible to measure the pneumatophore sizes for the s
on the median pneumatophore size measured in the nearby MOCNESS sam
dominated the scattering over a sub-range of frequencies. For
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example, siphonophores with small gas-filled pneumato-
phores dominated the scattering at the lower frequencies,
particularly at 43 kHz, at many locations and depths. Elastic-
shelled pteropods that also made a very small contribution to
biomass were important scatterers in the near-surface waters
at higher frequencies, particularly at 420 kHz. Millimeter-
sized weakly scattering copepods were highly abundant and
made up the majority of the biomass at many locations, how-
ever, their contribution to scattering was not apparent except
at the highest frequencies. Most other fluid-like zooplankton,
including euphausiids, never dominated the scattering at any
frequency.

The accuracy of acoustic scattering models for interpret-
ing the measured volume backscattering data is critical. The
scattering model employed in this study for most fluid-like
zooplankton was based on the DWBA smoothly-tapered,

images for the first tow in Jordan Basin, GoM, on 6 December 1999 at the
kHz. The solid lines correspond to the mean measured volume backscatter-
n 1 m depth bins, for the different zooplankton taxa observed in the VPR
ophores observed with the VPR, the pneumatophore sizes used were based
at the corresponding depths.
PR
420

ged i
iphon
uniformly-bent cylinder model, an extensively tested formu-
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lation. The scattering from siphonophores with gas inclu-
sions was described using a hybrid model that accounts for
damping near the bubble resonances and used the actual dis-
tribution of measured bubble sizes. Siphonophore body parts
were modeled as fluid spheres. Given the uncertainty in the
elastic-shell scattering model used for pteropods, several
models were used ranging from a semi empirical high-pass
dense fluid-sphere model, through to an averaged exact
modal series solution for an elastic shell, which has not been
applied previously to pteropods. Since there were no regions
in which the scattering from pteropods dominated the scat-
tering at all frequencies based on any of these models, it was
difficult to assess which scattering model was most accurate.
However, at the few locations and frequencies where the
scattering was dominated by pteropods, the high-pass models
most accurately predicted the observed scattering. The scat-
tering models for all types of zooplankton were challenged
by the need for precise model parameters, in particular, the
in situ characteristics �shape and size� of the siphonophore
gas inclusions and the material properties of elastic-shelled
pteropods.

In contrast to earlier studies in this region �Warren et al.,
2003�, there was little evidence that turbulent oceanic micro-
structure was a significant contributor to volume backscatter-
ing. Warren et al. were probably able to observe scattering
from turbulent microstructure during the passage of an inter-
nal wave for a combination of reasons: 1� Their measure-
ments were conducted at a time and location when the strati-
fication was slightly stronger, 2� their measurements were
performed in the far eastern part of Wilkinson Basin, a re-
gion that may also have been more susceptible to internal
waves with elevated dissipation rates of turbulent kinetic en-
ergy, and 3� during their measurements, the contribution to
scattering of biological origin, at least in certain portions of
the internal wave, was sufficiently low that it did not mask
the scattering from turbulent microstructure.

The measured scattering at most locations investigated
in this study generally increased monotonically with increas-
ing frequency, across the frequency range pertinent to this
study, though the scattering at 120 kHz was typically largest
for a pervasive scattering layer observed at the seasonal ther-
mocline, consistent with the presence of gas-bearing
siphonophores, a conclusion also supported by net-based for-
ward predictions of expected backscattering. An occasional
deep scattering layer, most often observed during the day-
time, had an almost flat frequency response. There is evi-
dence in the literature that scattering from myctophids, small
fish, some with and some without swimbladders, can give
rise to a relatively flat, or even decreasing, backscattering
spectrum between 38 and 200 kHz �Kloser et al., 2002; Mair
et al., 2005�. Myctophids, and fish more generally, are
known to effectively avoid net systems such as the 1-m2

MOCNESS, and very few individuals were captured in the
nets. Thus it was not possible to quantitatively account for
the scattering from fish in this study. However, the measured
scattering observed throughout most of this study was gen-
erally consistent with scattering from zooplankton, that is,
the scattering generally increased with increasing frequency

across the frequency range of interest.
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The scattering levels predicted by use of the models and
net tow information were approximately 10 dB lower than
the observed scattering at most frequencies and depths if the
siphonophore pneumatophores were not included. Inclusion
of the pneumatophores reduced, but did not completely re-
move, the discrepancies between the predicted and observed
scattering levels. Inclusion of the pneumatophores resulted in
a general tendency to over predict the observed scattering at
43 kHz, and most likely is a result of uncertainty in the hy-
brid scattering model and the high sensitivity of the reso-
nance frequencies to small errors in the measured pneumato-
phore size, as most resonance frequencies occurred below
120 kHz. Net avoidance and the destruction of fragile organ-
isms are likely to be significant contributors to the general
tendency of under predicting the observed scattering.

Though the correlation between observed and predicted
scattering was not as good as some other studies �Flagg and
Smith, 1989; Wiebe et al., 1997; Ressler, 2002; Fielding
et al., 2004�, the key difference is that this study includes
data from multiple locations, collected at different times of
the day and night, at different times of the year, at multiple
frequencies, and in heterogeneous zooplankton populations
in which one particular type of scatterer does not often domi-
nate at all frequencies. It is also of interest to note that the
daily vertical migration of zooplankton, in which some zoop-
lankton taxa migrate but others do not, changes the relative
day/night abundances of different zooplankton at any given
depth, potentially affecting the balance of dominant scatter-
ers. However, no systematic differences between the predic-
tions based on the day and night tows were observed.

Measured volume backscattering was also compared to
model predictions that used coincident video images. Though
the predicted scattering based on the video images could not
explain all of the vertical layering observed acoustically,
there was relatively good agreement between the predictions
and the acoustic observations at high frequencies at depths
where copepods dominated the biomass. The video-image-
based estimates of abundance and depth distribution for
copepods were in good agreement with the net tow observa-
tions, though the comparison was poor for all other zoop-
lankton taxa. Based on the restricted analysis completed thus
far it is concluded that the video imaging technique is suited
to providing the ground-truthing information needed to com-
pare predicted to observed scattering only in locations where
rare scatterers do not dominate the scattering. More exten-
sive quantitative analysis of the existing video images should
allow larger regions of the acoustic data to be interpreted in
terms of the abundance and size of copepods.

Two types of inversions of the volume backscattering
data were performed: 1� At locations where the predicted
scattering was dominated at all frequencies by gas-bearing
siphonophores �Table IV�, least-squares inversions of the
multi-frequency data were performed to obtain both numeri-
cal abundance and size �Table V�, as has been done previ-
ously in the literature �Warren et al., 2003; Trevorrow et al.,
2005�. Though this multi-frequency inversion produced ac-
curate estimates of size, there were significant discrepancies
between the acoustically inferred and directly measured net

tow abundance. This difference, involving relatively large
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and more mobile zooplankton, is believed to be largely due
to net avoidance �Wiebe et al., 2004 and references therein�
and destruction of these fragile zooplankton, although there
is also error associated with the scattering model and input
parameters. 2� At locations where the predicted scattering
was dominated at a single frequency by a single zooplankton
taxon, namely copepods or pteropods �Table IV�, simple
single-frequency calculations of abundance, assuming a
single known size, were performed �Table V�. The acousti-
cally inferred abundances compared quite favorably to net or
video samples.

The discrepancy between the acoustically inferred and
directly measured net abundance found in this study has not
been observed in some other multi-frequency studies involv-
ing acoustic sampling volumes many orders of magnitude
smaller than the sampling volume employed in the current
study �e.g., 0.01 m3 in Pieper et al. �1990� versus 21–86 m3

in the current study� and in which large and less abundant
zooplankton are less likely to be sampled. As a consequence
the primary contributors to the measured scattering are often
small and abundant zooplankton, such as copepods, resulting
in more accurate estimates of abundance �e.g. Costello et al.,
1989; Pieper et al., 1990; Napp et al., 1993�. However, larger
sampling volumes are better suited to synoptic surveys of
large regions and will contain many different taxa that po-
tentially span multiple trophic levels. Under certain restricted
conditions, abundance estimates of the smaller, more abun-
dant, and less mobile zooplankton using the large sampling
volume synoptic system were also in relatively good agree-
ment �Table V�.

In conclusion, one of the main goals of high-frequency
acoustic scattering techniques that make use of instruments
like the BIOMAPER-II, is to rapidly sample broad areas
acoustically for the purpose of making inferences of biologi-
cal quantities, such as the abundance of zooplankton. It is
well known that multi-frequency acoustic scattering tech-
niques can increase the amount of information regarding the
distribution of heterogeneous zooplankton populations over
relevant spatial and temporal scales, relative to more tradi-
tional sampling methods alone. However, in order to infer
biological parameters from the acoustic data it is necessary
to first determine the dominant scatterers �Table IV�, for
which direct ground-truthing measurements and accurate
scattering models are currently essential. The larger the num-
ber of frequencies over which a single type of scatterer domi-
nates, the more biological parameters that can be inferred
�Table V�. When one type of scatterer only dominates at a
single frequency, the mean size of the dominant scatterer
obtained by the ground-truthing measurements can be used
to acoustically infer the abundance. However, small errors in
the measured size, in addition to a broad distribution of sizes
of the dominant scatterer, can lead to large errors in the
acoustically inferred abundance, particularly when the domi-
nant scatterer is a gas-bearing organism with a relatively
strong and narrow resonance frequency, and the frequencies
available are close to the resonance frequency �as was the
case in this study�.

A major contribution of this study has been to show that

in mixed zooplankton populations, one type of scatterer does
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not often dominate the scattering at all frequencies. In fact, at
many locations, no single type of scatterer dominates at any
frequency.

Looking to the future, acoustic systems that take advan-
tage of emerging broadband technology will be better placed
to address this problem. For example, a broadband system
continuously spanning 30–150 kHz might have allowed the
pneumatophore resonance frequencies �hence size� to be de-
termined. However, due to the complexities associated with
interpreting scattering from mixed zooplankton populations
as outlined in this study, even with unlimited bandwidth,
well-parameterized and accurate scattering models, and ro-
bust in situ information, accurate interpretation of volume
scattering data will most likely remain restricted to limited
conditions.
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