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High-frequency sound (>10kHz) is scattered in the ocean by many different processes. In
the water column, marine organisms are often assumed to be the primary source of acoustic
backscatter. Recent field experiments and theoretical work suggest that the temperature and
salinity microstructure in some oceanic regions could cause acoustic scattering at levels
comparable to that caused by marine life. Theoretical acoustic-scattering models predict
that the scattering spectra for microstructure and organisms are distinguishable from each
other over certain frequency ranges. A method that uses multiple-frequency acoustic data
to exploit these differences has been developed, making it possible to discriminate between
biological and physical sources of scattering under some conditions. This method has been
applied to data collected in an internal wave in the Gulf of Maine. For regions of the
internal wave in which the dominant source of scattering is either biological or physical in
origin, it is possible to combine the acoustic-scattering data and temperature and salinity
profiles with acoustic-scattering models to perform a least-squares inversion. Using this
approach, it is possible to estimate the dissipation rate of turbulent kinetic energy for some
regions of the internal wave, and the length and numerical abundance of the dominant
biological scatterer, euphausiids, in others.
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Introduction

Acoustic-scattering methods offer biologists a useful tool in
estimating the distribution and abundance of marine
organisms that scatter a measurable amount of sound, such
as fish and zooplankton (e.g. Dietz, 1948; Castile, 1975;
Holliday and Pieper, 1995). Acoustic surveys of the water
column can provide information at sub-meter resolution
over a range of several hundred meters from the echo-
sounder, as well as covering horizontal distances of the
order of 10s—100s of kilometers. Thus, acoustic tech-
niques allow a significantly larger area of the ocean interior
to be surveyed at a finer resolution than traditional methods
of surveying biomass such as net tows, video (which has
high resolution but low sampling volume), or diver observa-
tions. However, acoustical surveys measure the amount of
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scattered sound in the water column and are not a direct
measure of the biological organisms present. Several
studies have begun to address the complex problem of
how to convert the measured backscattered energy into
estimates of zooplankton biomass (Holliday and Pieper,
1995; Wiebe et al., 1997; Brierley et al., 1998).

There are other objects or processes in the ocean that can
scatter detectable amounts of sound. Suspended sediments,
air bubbles, and even gradients of temperature, salinity, and
the velocity of the water column itself can scatter acoustic
energy and cause difficulty in interpreting the acoustic data.
Temperature and salinity microstructure occurs throughout
the oceans and the mixing processes that cause and result
from the microstructure are of interest to physical ocean-
ographers (Gregg, 1987; Thorpe, 1987). In many cases,
turbulence in the water column produces these temperature

© 2003 International Council for the Exploration of the Sea. Published by Elsevier Ltd. All rights reserved.
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and salinity variations and also detectable amounts of
acoustic backscatter (Woods, 1977). High-frequency acous-
tic measurements were suggested as a means of studying
turbulence several decades ago (Batchelor, 1959). However,
to test this hypothesis theoretical models describing the
acoustic scattering from these physical processes as well as
experimental measurements are required. These scattering
models have inputs which parameterize the turbulence, such
as € and y (the dissipation rates of turbulent kinetic energy
and temperature variance, respectively); however, other
non-turbulent processes (such as salt fingers) can also
produce microstructure (Gregg, 1987; Schmitt, 1994).

Internal waves are a common feature throughout the
oceans and are associated with high values of turbulence
(Sandstrom ef al., 1989; Hebert et al., 1992). These waves
propagate along density gradients and commonly have
amplitudes of tens of meters. It is thought that internal
waves may play a role in the aggregation or transportation
of zooplankton (Lennert-Cody and Franks, 1999). Internal
waves have frequently been observed acoustically (Haury
et al., 1983; Sandstrom et al., 1989; Wiebe et al., 1997,
Trevorrow, 1998; Orr et al., 2000), and some of these
studies have inferred the source (biological or physical) of
the scattering. One of the major limitations of the previous
studies is the fact that generally only a single-frequency
echosounder was used or the spectral characteristics of
the scattering were not exploited when more than one fre-
quency was involved.

Theoretical models of acoustic-scattering spectra from
biological- and physical-scattering processes have different
shapes (Figure 1) (Stanton et al., 1994b). These differences
make it possible for a multiple-frequency acoustic system
used in a field survey to differentiate and measure the
scattering contributions from these processes. In this study,
a multiple-frequency acoustic system was used to survey
a region where both biological and physical sources of
scattering were present. The differences of the scattering
spectra from different regions of the water column were
used to infer the dominant source of scattering. Scattering
models and measurements of the biota and hydrography
were used to estimate the size and numerical density of
the dominant biological sound scatterer as well as the dis-
sipation rate of turbulent kinetic energy.

Methods

The acoustic survey was conducted in the eastern part of
Wilkinson Basin (located north of Georges Bank and east
of Stellwagen Bank) in the Gulf of Maine on 16 October
1997 (Figure 2). Internal waves have been observed in this
area previously and are thought to be formed by the
accumulation of water on the shallow banks (Georges and
Stellwagen) during the tidal cycle. Tidally-driven interac-
tion of density-stratified water with the shallows forms a lee
wave that is released from the bank and propagates along
the pycnocline into deeper water (Haury et al., 1979).
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Figure 1. Theoretical predictions of echo strength versus frequency
for turbulence and a 2-cm long shrimp. The curves for turbulence
are from Goodman (1990), while the shrimp curve is from Stanton
et al. (1993). Curves are presented so that the scattering from 1 m?
of turbulence (“volume-scattering strength’) can be directly
compared to the scattering from a shrimp (“target strength”) with
a numerical density of 1 animal m~>. Figure re-drawn from Stanton
et al. (1994b).

To provide spectral information about the scattering
processes occurring in the water column, acoustic-back-
scatter data were collected by BIO-Optical Multi-frequency
Acoustical and Physical Environmental Recorder (BIO-
MAPER-II). Three transects were made through the
internal-wave field during the experiment. Before the first
transect, conductivity, temperature, and depth (CTD) cast #
10 was conducted. Immediately after the third transect was
completed, Multiple Opening and Closing Net and
Environmental Sensing System (MOCNESS) tow # 9 was
performed. These three data sets provide the information
needed to analyze the separate contributions from the
biological and physical sources of acoustic scattering.

Acoustic data

BIOMAPER-II is a towed body with numerous acoustic,
environmental, video, and optical sensors (Wiebe et al.,
2002). The calibrated acoustic system comprises five pairs
of transducers (operating at 43, 120, 200, 420, and
1000 kHz), with one of each frequency looking upward
and the other downward. The instrument is typically “tow-
yoed” through the water column to depths within 20 m of
the sea floor. The data discussed herein were collected with
BIOMAPER-II towed at a constant depth just beneath the
surface. Data are only from the downward-looking trans-
ducers. Typical horizontal tow speeds were between 4 and
6 knots. The system was programmed to record acoustic
data to ranges of 200, 200, 150, 100, and 35 m (respective
to the aforementioned frequencies) from the echosounder
with a depth-bin size of 1m. Backscattered energy from
each transducer and for each depth bin was recorded as
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Figure 2. Bathymetry of the Gulf of Maine showing the location of the internal wave study (left). Location of the CTD profile (diamond),
MOCNESS tow (triangles), and acoustic transects (BM T1-3) of the internal wave (right). Open and closed symbols represent the start and
end points, respectively, of the transects. Labels appear next to the end point of each transect. Table 1 provides the beginning- and end-

time information for each sampling event.

echo-integrated volume-backscattering strength (S,, in dB
re I m™") every 12 s. The acoustic-data files were combined
with data from the Environmental Sensing System (ESS)
sensors, which were located onboard BIOMAPER-II. The
final data file provided volume-scattering strength for the
water column along with position (latitude, longitude, and
instrument depth), temperature, salinity, fluorescence, tur-
bidity, and other sensor data.

Models and sampling

Zooplankton-scattering model

In order to estimate the acoustic energy scattered from
aggregations of zooplankton, it is vital to know how much
energy an individual animal scatters. Much research has
been conducted on developing mathematical models that
combine scattering physics and geometrical models of
animal shape for various types of zooplankton (see reviews:
Holliday and Pieper, 1995; Foote and Stanton, 2000). These
models have been compared with measurements of
scattering from individual animals in laboratory studies
(McGehee et al., 1998; Stanton et al., 1998).

The dominant biological sound scatterers in the Gulf of
Maine are often the fluid-like, elongated zooplankton such
as decapod shrimp and euphausiids. The target strength
(TS) of these animals can be modeled with the equation
from Stanton ef al. (1994a) for randomly oriented, bent,
fluid cylinders

TS=101log (().32R2a2 Bp

x {1 — e S cog (ka(4fﬁno'8))]) (1)

where a is the radius of the animal (in m) and k is the
acoustic wavenumber (k = 27f/c) which is a function of
the acoustic frequency (f in Hz) and the speed of sound in
seawater (¢ = 1500 m s~!). The other parameters are fixed
values determined by previous studies and empirical
methods: reflection coefficient (R = 0.058), length-to-
diameter ratio (Bp = 5.36), and the standard deviation of
length divided by the average length (sq4 = 0.06) (Stanton
et al., 1993, 1994a). This equation describes the back-
scattered energy averaged over all angles of orientation and
a narrow distribution of length. It has been successfully
applied to data from both laboratory experiments (Stanton
et al., 1993, 1994a) and field surveys (Wiebe et al., 1996,
1997).

Zooplankton sampling

Zooplankton were sampled with a 1 m> MOCNESS (Wiebe
et al., 1985) tow conducted immediately after the acoustic
transect of the internal wave (Table 1). A MOCNESS
system comprises a series of nine nets; when the first net is
closed, the second net is opened, and so on. This procedure
allowed for specific depth strata to be surveyed. Generally,
net #0 was open from the surface to the deepest point of the
tow (1020 m above the bottom), the remaining nets (#1-8)
were opened and closed in succession every 25-50m
during the return to the surface. The MOCNESS system
also recorded the volume of water filtered by each net, the
time that each net was opened and closed, depth, salinity,
temperature, density, and fluorescence.

The nets were equipped with 335-pm mesh and cod-end
buckets for collection of zooplankton and larval fish. Each
cod-end sample was then split and preserved in a buffered
formalin solution. Samples were processed after the cruise
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Table 1. Event log for the internal-wave survey from “Endeavor”
on 16 October 1997. Three transects of the internal wave were
made with BIOMAPER-II at different depths. Only data from the
first transect (BM Pass 1) are discussed in this work.

Julian Latitude Longitude

Event Day N) (W) Begin/end
CTD 10 289.535  42°25.08' 68°44.49' Begin
CTD 10 289.562  42°25.08' 68°44.49' End
BM Pass 1 289.58 42°25.638"  68°44.04' Begin
BM Pass 1 289.67 42°18.528"  68°40.164' End
BM Pass 2 289.68 42°19.326"  68°40.608' Begin
BM Pass 2 289.77 42°29.07' 68°45.714’ End
BM Pass 3 289.80 42°31.794"  68°46.554' Begin
BM Pass 3 289.87 42°26.376"  68°43.152' End
MOC 09 289.896  42°28.70' 68°45.00' Begin
MOC 09 289.949  42°30.97 68°46.69' End

by silhouette photography. These photographs were then
examined under a microscope and the biological organisms
were measured and identified by taxonomic group (Davis
and Wiebe, 1985). Animal density (number of animals
m ) was calculated for each net for each taxonomic group.

Microstructure-scattering model

Variations in temperature and salinity cause changes in the
acoustical impedance of the medium, which is a function of
both the density (p) and the index of refraction (1). This in
turn leads to scattering. Under a number of circumstances
scattering due to the index of refraction fluctuations
dominates, and the contribution from fluctuations in the
density can be ignored. This is the case for the data in
question here since the temperature microstructure is
stronger than the salinity microstructure. Under these
circumstances it can be shown that the scattering cross-
section per unit volume (o) for energetic, homogeneous,
and isotropic turbulence is proportional to the three-
dimensional wavenumber spectrum of index of refraction
fluctuations (Goodman, 1990):

o =21k @, (k)

where kp,, is the Bragg wavenumber (ky =2k for
backscattering), and @y (ky) is the three-dimensional,
wavenumber spectrum of index of refraction fluctuations
evaluated at the Bragg wavenumber. The wavenumber
spectrum of index of refractions fluctuations can then be
related to the one-dimensional wavenumber spectra of
temperature (Or) and salinity (®s); and the co-spectrum of
temperature and salinity (®st), evaluated at the Bragg
wavenumber (Seim et al., 1995). Thus for backscattering,
where ky,, = 2k,

G *—k—'?"i[azcb +b’®g + 2abdyg;] (2)

bs — 32 dk T S ST

where a and b are the relative importance of temperature
and salinity to variations in sound speed, respectively
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e
ST "~ ¢dS

<ai§; ) 3)

Bragg scattering occurs when scattering contributions
from different facets are in-phase with each other. In this
case, the facets are the interfaces of the microstructure
layers. When the direction of propagation of the incident
acoustic wave is perpendicular to these surfaces then the
separation of these layers for Bragg scattering to occur is
equal to half a wavelength. If the variations in temperature
and salinity occur on scales near this A/2 separation dis-
tance, then constructive interference will occur resulting in
a peak in the scattering spectrum.

To evaluate the backscattering cross-section per unit
volume given by Equation (2) it is necessary to know the
wavenumber spectra of temperature and salinity, as well as
their co-spectrum. A model proposed by Seim (1999) based
on a Batchelor spectrum for temperature and salinity is
used. The one-dimensional wave spectra, and thus the
scattering model, are divided into two regions: an inertial-
convective model for wavenumbers below k =k, (k. is
where the inertial-convective and viscous-convective sub-
ranges intersect) and a viscous-convective model for wave-
numbers above k.. Since there is little information about
the form of the temperature and salinity co-spectrum, we fol-
low Seim (1999) and use an upper bound for the co-spectrum.
This upper bound represents a perfect correlation between
temperature and salinity fluctuations. In some situations (as
discussed in Seim, 1999), this upper-bound assumption will
not be true and the co-spectrum term will vary and cause
changes in the shape of the scattering spectra. However,
given the uncertainty in the actual form of the co-spectrum,
the upper bound assumption was used. Thus the Seim (1999)
microstructure-scattering model is:

5 b’> 2ab
Ops — A%S]%kér/} (32 +§+T) for k < kint (4)
ITONG
=3 (a) 1
2 [ bI’
x |a?e ™"/ +5—ze"-*/2 +a7]/2 for k> ki
8[g(©)g(&)]
(5)
where
D, 1/4 ) D\ )
r=(3) w0e (7)) e ©

The parameter A is equal to 0.925 such that the wave-
number spectra in the two regions are equal at k, (Seim,
1999) and q is 3.7 as suggested by Oakey (1982). Addi-
tional model inputs are given in Table 2. In order to
evaluate Gy as a function of frequency and depth it is
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Table 2. Parameters of the microstructure-scattering model given in Equations (4)—6).

Parameter Description Units
€ Dissipation rate of turbulent kinetic energy Wkg!
X Dissipation rate of temperature variance °C?s7!
5= <@;f / %) Ratio of the vertical gradients of T and S °Cpsu~!
0z / Oz
s\ 1/4 —1
K — (F) Transverse shear spectrum peak wavenumber m
T8
3/2 PR . . . 1
k. — é Kk Wavenumber dividing inertial-convective and m-
™3 ) viscous-convective models
g \ /4 e \V/4 e -1
o o Diffusive cutoff wavenumber for T, S m
=) o T
V) vbg
12 k 12 k : : :
(= (Qq) — = (Qq) i Non-dimensional spatial wavenumber 1
kq Kas
2 o0 .
g(0) = Z;|:eT’ - e: dX:| “Universal” spectrum 1
¢
P : 21
v~ 1 %107 Mean dynamic viscosity m°s
. .. 2 1
D~1x10" Mean scalar diffusivity for temperature m-s
R .. 2 1
D, ~1x107° Mean molecular diffusivity of salinity m-s
T(z) Temperature °C
S(z) Salinity psu

necessary to obtain profiles of temperature, salinity, and the
dissipation rates of turbulent kinetic energy and tempera-
ture variance. For this analysis, the temperature and salinity
profiles were obtained from CTD #10. However, it is clear
from Equations (4)—(6) that it is critical to obtain profiles of
¥ and € to accurately predict acoustic scattering from micro-
structure using this model. It is difficult to adequately
sample microstructure from a towed instrument, such as
BIOMAPERC-II. Ideally, sensors that can rapidly respond to
cm-scale fluctuations through which they are being towed
are mounted on a vibration-free instrument (Oakey, 1988).
Furthermore, a suite of sensors should be used spanning
measurements of temperature, salinity, and three-dimen-
sional fluid velocities which would allow for direct
calculations of microstructure and turbulence parameters
(such as ¢ and yx). However, the BIOMAPER-II and

MOCNESS systems currently do not have these capabil-
ities. Instead, indirect methods of estimating these inputs to
the scattering model will be made from CTD-cast data
sampled at 24 Hz with a vertical resolution of a few cm (as
opposed to the 0.25 Hz sampling rate of the BIOMAPER-
II-based CTD system which produced a vertical resolution
of approximately 50 cm).

Microstructure sampling

Profiles of temperature and salinity were used to estimate
the parameters associated with microstructure for the
acoustic-scattering model for microstructure. A full de-
scription of the method for estimating € is provided by
Dillon (1982), which details how to use instabilities in the
density profile of the water column to provide a scaling, the
Thorpe length (Lt). This scale has been found to be
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proportional to the Ozmidov length which in turn is
proportional to the dissipation rate of turbulent kinetic
energy. The Thorpe length can be found by reordering the
density profile such that it is stable (higher-density water is
deeper than lower-density water). The Thorpe length is
simply the root-mean-square vertical displacement that
a water parcel would undergo in moving from the measured
profile to a stable profile. The Thorpe-length calculations
are averaged over multiple depth bins (selected by hand) in
the water column, in order to reduce the variability.

Once the Thorpe length has been found, it can be related
to the Ozmidov scale, L,. Dillon (1982) showed that for
three different oceanic conditions the Thorpe length was
directly proportional to the Ozmidov length by the re-
lationship

L,(z) = 0.8Ly(z) (7)

and the Ozmidov length is a function of the dissipation rate
of turbulent kinetic energy and the buoyancy frequency (N)

L= (22)" ®

The buoyancy frequency is found by using the gradient of
the density profile

2 g 0p(z)
N (Z) - p(Z) oz (9)
where p is the fluid density, g the acceleration due to
gravity, and z is the vertical coordinate and is positive
upward. Once the Thorpe length is estimated, then € can be
found by combining the above equations. It should be noted
that these estimates for & should be considered rough
values, and are used only because there were no instru-
ments aboard to make direct measurements of these inputs.

While it is possible to estimate y by assuming that it is
a function of € and other parameters, initial results from this
approach produced values of y that were unreasonably
large. From Equations (4) and (5), it is clear that varying
changes the amplitude of the oy prediction, but not the
frequency dependence. Therefore, in order to reduce the
variability in the model output,  was set to a constant value
of I x107°°C*s™".

Acoustic discrimination between physical
and biological processes

A method to quantify the shape of the scattering-strength
spectrum is needed to distinguish between biological and
physical scatterers, so for a specific latitude, longitude, and
depth a first-order polynomial (straight line) was fitted to
the volume-backscattering strength at 43, 120, 200, and
420kHz. The 1 MHz data were limited to a range of 35m
and were not included in this analysis so that a larger
portion of the water column could be studied. The slope of
this line was then calculated. These slope measurements are
not intended to describe the physics of the scattering pro-
cesses, but rather act as a crude parameter to differentiate

J. D. Warren et al.

them. There are several difficulties with this approach,
including the fact that this method is limited to the range of
the highest-frequency echosounder (in this case 100m).
Further complicating the interpretation of these measure-
ments is that the theoretical spectra can have either positive
or negative slopes depending on the number and range of
acoustic frequencies used, the size distribution of biological
scatterers, and the level of microstructure in the water
column. To resolve this difficulty, theoretical scattering
models were used to determine the limits of applicability of
this approach.

For the frequency range used (43—420 kHz), theoretical-
scatterering spectra for biological scatterers ranging in
length from 1 mm to 5cm produced slope values ranging
between —1.5x 107> and 3.8 x 107*dBHz~'. For the
microstructure-scattering model, slope values were between
—2.7x 107 and 1.4 x 10> dB Hz~" for values of ¢ ranging
from1 x 107'%to 1 x 10~* W kg~"'. From this analysis, slope
predictions greater than 1.4 x 10~ were considered to be
from regions dominated by biological scatterers, while
values less than —1.5 x 10~ were from areas dominated by
physical-scattering processes. It was difficult to interpret
slope measurements that fell between —1.5x 107> and
1.4 x 10> dBHz " since biological scatterers greater than
2 cm in length, dissipation rates of turbulent kinetic energy
greater than 1 x 107>, and regions containing both bi-
ological- and physical-scattering processes have slopes that
fall within this range. Since the dominant scattering process
could not be identified, these regions were not analyzed
further in this work. However, for areas where one scat-
tering mechanism was found to be dominant, the shape of
the measured-scattering spectra was used to provide further
information about the scattering process.

Inversion of acoustic data for biological
and physical parameters

Theoretical zooplankton or microstructure-scattering spec-
tra were fitted to measured spectra using a two-step
approach. The key parameter used in fitting the measured
spectra is the sharp transition, or “turning point”, from the
Rayleigh-scattering regime (ka < 1) to the geometric-
scattering regime (ka > 1) (roughly between 50 and
300kHz in Figure 1). For biological-scattering models,
the size (or length) of the animal controls the location of the
“turning point” which generally occurs near ka = 1. The
scattering model for microstructure also contains a “turning
point”, specifically the peak in the spectra associated with
Bragg resonance. The location of this peak relative to
acoustic frequency is determined by e.

In order to simplify the inversion process, differences in
amplitude between the theoretical and measured spectra
were ignored and the spectra curves were fitted based on the
location of the “turning point”. To determine the best-fit of
the scattering curves, parabolas were least-squares fitted to
theoretical scattering spectra for either varying animal
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lengths or dissipation rates. These parabolas were then
correlated with a parabola fitted to the measured scattering
data. The “theoretical” parabola with the best-fit was used
to characterize the measured scattering data. The parame-
ters of the theoretical scattering model then provide either
estimates of the size of the scatterer for biologically domi-
nated scattering regimes, or estimates of € for those regions
dominated by scattering from physical microstructure.

The second step in the acoustic-inversion process was to
use the differences in amplitude between the measured and
theoretical scattering curves to obtain more information
about the scattering processes. If multiple animals of the
same size are located within a given volume, then the
theoretical scattering curve for that region will shift upward
and predict higher scattering levels, but the location of the
“turning point” of the curve will not change. Using the
difference in measured and theoretical scattering, estimates
of the numerical density of biological scatterers were made.
Assuming there are no multiple-scattering effects and no
other scatterers are present in the water column, the
numerical density of animals (number of animals m_3) can
be found by

L 10sv/10
ci “oTs/0 1o (10)
bs

n, =

_—
& @
o o

Depth(m)
3

=%,k
[& 3 B = §
o O

0 5

where s, is the volume-backscattering coefficient (S, =
10 log(sy)) and TS is the predicted target strength for the
biological scatterer (TS = 10 1og(ops)). Similarly, for scat-
tering from microstructure, changes in the value of y in the
model will affect the amplitude but not the “turning point”
of the scattering curve. However, given the uncertainty in
our method for estimating €, no estimates of y were made
using this approach.

Results

Acoustic echograms of the internal wave show two layers
with different dependencies of volume-scattering strength
upon acoustic frequency (Figure 3). The upper layer was
approximately 10-30m deep and the measured S, of
the layer decreased with increasing acoustic frequency.
The lower layer was approximately 50—70 m deep and the
measured S, of the layer increased as the acoustic
frequency increased. An average value of S, for each layer
was found by averaging over bins 3m deep and 150 m in
horizontal extent that tracked the centerline of each layer
(Figure 4). The scattering spectra for these two layers is
consistent with theoretical spectra for temperature and

B 100

10 15
Along Track Distance (km)

Figure 3. Multiple-frequency acoustic-backscatter data collected by BIOMAPER-II from the internal-wave survey. The internal wave
(observed from 10 to 15km in along-track distance) has two layers which have different scattering strengths at different frequencies.
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Figure 4. Measured values of S, at four frequencies (43, 120, 200,
and 420 kHz) from the upper and lower layers of the internal wave.
The upper layer has a scattering spectrum which decreases with
frequency, while the lower layer has an increasing scattering
spectrum. Circles and squares (upper and lower layers, respec-
tively) represent average S, values for a 3-m depth bin that tracked
the centerline of each layer, while the lines are drawn through the
mean value for the upper (full) and lower (dashed) layers.
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salinity microstructure (upper layer) and a fluid-like bio-
logical scatterer (lower layer) (Figure 1).

The “slope” of the measured-scattering spectra was
calculated for this transect for the upper 100 m of the water
column (Figure 5). Data-bin size is 1 m vertically and ap-
proximately 75 m horizontally. The upper layer of the inter-
nal wave had a negative spectral slope, consistent with that
of scattering caused by physical processes (Figure 1). In
contrast, the lower layer had a positive spectral slope which is
consistent with that for scattering from biological processes.

Data from CTD cast #10 show a region of instability
probably due to mixing from 5 to 20 m deep (Figure 6). The
temperature and salinity data from this CTD profile were
used to create theoretical scattering spectra curves for 56
values of & (ranging from 10™'% to 10™* W kg™") (Figure 7).
The measured scattering spectra of the upper layer of the
internal wave was best-fit (using a least-squares method) to
the theoretical scattering spectra to obtain an estimate of
£=35x10"7 Wkg™! for the upper layer of the internal
wave (Figure 8). Various inversion algorithms are available
for analyzing these data, however, since only four fre-
quencies were used a very stable approach is the least-
squares method, which is a zeroth-order inversion.

%10

Depth (m)

Slope (dB/Hz)

5 0
Along Track Distance (km)

Figure 5. Spectral slope (S, versus frequency) calculated from acoustic-backscatter data at 43, 120, 200, and 420 kHz. The internal wave is
divided into distinct regions which have slopes consistent with either biological-scattering processes (red, slope > 1.4 x 107> dB Hz™!),
physical-scattering processes (blue, slope < —1.5 x 107> dB Hz™!), or both biological- and physical-scattering processes (yellow,
—1.5%x 107 dBHz ! < slope < 1.4 x 10~> dB Hz™!). The data from 0 to 10-m depth may be contaminated by bubbles or surface
waves.
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Figure 6. Temperature (blue), salinity (red), and density (black) profiles from CTD #10 taken immediately before the internal-wave
survey. Large-scale variations occur in the upper 20m of the water column which are probably due to mixing by the internal wave.
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Figure 7. Theoretical scattering spectra for a wide range of
dissipation rates of turbulent kinetic energy (e=10"10—
10~* W kg™ ') calculated using Equations (4)«6). Changes in the
value of the dissipation rate of temperature variance (y) affects only
the magnitude of these curves (moving the curves vertically), while
changes in ¢ alter the frequency dependence (moving the curves
horizontally). In order to make the inversion analysis more tract-
able, a fixed value for the dissipation rate of scalar variance
(x = 1x107%°C? s71) was used for all model runs. Solid dots on
the horizontal axis mark the acoustic frequencies used by
BIOMAPER-II.

This estimate of € is consistent with those obtained with
microstructure probes (Seim, 1999) in a similar region (the
southern edge of Georges Bank and the continental shelf)
(Table 3). Few studies have measured the value of € in an

-50 T T T
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L
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Figure 8. Measured scattering spectra from the upper layer of the
internal wave (thick line) least-squares fit to the theoretical scat-
tering spectra for temperature and salinity microstructure. Theo-
retical curves were offset in amplitude such that the fit was based
only on the “turning point” of the curve which is a function of e.
The theoretical curve with the best-fit was fore = 5 x 1077 W kg~!.
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Table 3. Estimates of biological- and physical-scattering process
parameters from inversion of multiple-frequency, acoustic-back-
scatter data, € was estimated using data from the upper layer of the
internal wave, while the measured values are from a study of the
New England Shelf with similar temperature and salinity changes
(2°C and 0.2) separating the upper mixed layer (Figure la in
Seim, 1999). Animal length and numerical density of euphausiids
(assumed to be the dominant biological scatterer) were estimated
from data from the lower layer of the internal wave. Measured
values of euphausiid length and numerical density are from animal
samples collected in the MOCNESS tow between 40 and 80m
depth.

Acoustically
Measured inferred
Parameter value value
e (Wkg™h 1x1077-1x107° 5x1077
Animal length (cm) 1.47 1.5
Numerical density (animals m~>) 1 11

internal wave, however, Seim and Gregg (1994) measured
values of ¢ that occasionally exceeded 1 x 107> Wkg™' in
a set of shear billows that were 20-m tall. While the
dynamics that generated this turbulence are different from
those for an internal wave, the size and structure of the
shear billows as measured by a scientific echosounder are
similar to observations made of internal waves. Two other
studies have estimated even larger dissipation rates for
internal waves in the Scotian Shelf (Sandstrom et al., 1989)
and at the Equator (Hebert ef al., 1992) (¢ = 8 x 107¢ and
2x 10 Wkg™h.

A similar analysis was undertaken to estimate the length
of biological scatterers. Theoretical scattering spectra were
calculated for elongated, fluid-like scatterers with lengths
ranging from 1mm to Scm in increments of 0.5mm
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Figure 9. Theoretical scattering spectra for euphausiids ranging in
length from 0.5 to 5.0cm using Equation (1). Solid dots on the
horizontal axis mark the acoustic frequencies used by BIO-
MAPER-II.
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(Figure 9). While many types of animals were caught in the
MOCNESS tows, a “forward problem analysis” investi-
gating the relative acoustic scattering by the various
animals (similar to that done by Wiebe er al, 1996)
determined that euphausiids were the dominant scatterer in
the water column. This approach uses the zooplankton
information from net tows (animal type, numerical density
for particular depth strata, and length) and physics-based
scattering models to determine the overall level of
biological scattering in the water column and the relative
contributions from the different zooplankton taxa. From
these results, only the euphausiids were subsequently
modeled in the analysis.

The theoretical spectra with the best-fit to the measured
spectra of the bottom layer of the internal wave was that of
a 1.5-cm length, fluid-like animal (Figure 10). Results from
the MOCNESS tow and subsequent “forward problem
analysis” show that the dominant scatterers in the water
column from 40 to 80m deep were euphausiids (Mega-
nyctiphanes norvegica). Copepods, amphipods, salps, and
siphonophores were also present. The average length of the
euphausiids caught in this depth range was 1.47 cm, with
a standard deviation of 0.49cm (n = 30) (Table 3). The
sub-surface layer (2040 m depth) biomass was dominated
by a huge abundance of salps. Salps are gelatinous animals
and usually are assumed to be weak scatterers of sound,
however, the validity of this assumption warrants further
investigation.

Using the theoretical model for the scattering strength
of a 1.5-cm long euphausiid, estimates can be made for
the numerical density of these animals in this region. The
difference in measured-scattering strength and that from the

.60 ey
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Figure 10. Measured scattering spectra from the lower layer of the
internal wave (thick line) least-squares fit to the theoretical
scattering spectra of a fluid-like zooplankton. Theoretical curves
were offset in amplitude such that the fit was based only on the
“turning point” of the curve which is a function of animal size.
The theoretical curve with the best-fit was for a 1.5 cm long animal.
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theoretical spectra for a single animal was 10.5dB. An
inversion using Equation (10) produces an estimate of 11
animalsm™> for the lower layer of the internal wave.
Euphausiid numerical density estimated from net-tow data
is approximately 1 animalm™. The discrepancy in these
two estimates of numerical density may be explained by the
assumptions used in the analysis. For the estimate from the
inverse method, all the scattering in the water column is
assumed to be from biological scatterers, all of which are
assumed to be euphausiids. Thus, the acoustic estimate is an
upper-limit of the numerical density of the animals.
Conversely, the estimate from the net-tow data is a lower-
limit since some animals present are likely to avoid capture
by the MOCNESS (Wiebe ef al., 1982). Together these two
estimates predict a range for the actual numerical density of
animals in the water column.

The inverse methods that were used to calculate
parameters of the scattering processes for the upper and
lower layers of the internal wave were then applied through
an automatic algorithm to the transect of the internal wave.
Scattering was assumed to be from only one type of
scattering process which was determined by the value of the
slope parameter at each data point (Figure 5). The results of

this approach are maps of the following acoustically
inferred parameters: dissipation rate of turbulent kinetic
energy (Figure 11), euphausiid length, and numerical
density of euphausiids (Figure 12). The estimates of these
scattering parameters provide realistic values for both
biological- and physical-scattering processes occurring in
the internal wave. However, they are valid only in regions
where one of the scattering processes is dominant,
specifically in the part of the survey where the two layers
of the internal wave are distinct.

Discussion

Multiple-frequency acoustic systems can be used to survey
regions of the ocean and may provide parameterizations of
the biological and physical processes similar to those
obtained with conventional sampling systems. Scattering
spectra were distinguished to first-order by the slope of the
scattering strength versus acoustic frequency in the Gulf
of Maine in a region which had both biological scatterers
and water-column microstructure. Certain regions were
identified as being dominated by either a biological- or
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Figure 11. Dissipation rate of turbulent kinetic energy (€) estimated by inverting multiple-frequency, acoustic-backscatter measurements.
Data are only from points where the acoustic-spectral slope was less than —1.5x 107> dBHz ' (consistent with theoretical scattering from
microstructure). Each data bin covers 1 m vertically and approximately 75 m horizontally.
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Figure 12. Numerical density of euphausiids found by inverting multiple-frequency, acoustic-backscatter measurements for animal length.
The animal-length estimates are then used to determine the appropriate theoretical scattering curve, which is then inverted for estimates of
numerical density of the animals. Data are only from points where the acoustic-spectral slope was greater than 1.4x10~>dBHz '
(consistent with theoretical scattering from biological organisms). Each acoustic data bin covers 1 m vertically and approximately 75 m
horizontally. The data from 0 to 10 m depth may be contaminated by bubbles or surface waves.

physical-scattering process, however, large areas of the
water column had spectra whose source could not be
determined. Given the complexity of the oceanic environ-
ment, applicability of this differentiation technique will
vary from region to region.

To obtain quantitative parameterizations, accurate phys-
ics-based models of the scattering can be used. For
biological scattering, the animal which dominates the
acoustic backscatter must be known via net sampling or
direct observation. This is especially important when there
are animals of many taxa present. In this study where
euphausiids were the dominant biological scatterer, the
turning point of the scattering spectra was used to estimate
the length scale of the animal which agreed with measure-
ments of net-collected animals. Differences in the relative
amplitude of the measured and theoretical scattering
spectra were used to estimate the numerical density of
these scatterers. Given the assumptions of this approach,
these estimates of numerical density should be taken as an
upper bound of scatterer abundance.

The inversion of acoustic data for meaningful information
of physical processes also requires accurate microstructure-

scattering models. The scattering model used in this work
requires several inputs which describe the physical proper-
ties of the water column. High resolution CTD measure-
ments and microstructure probes are the ideal way to provide
these inputs. However, as this work has shown, the use of
several assumptions may allow reasonable estimates of the
dissipation rate of turbulent kinetic energy to be made from
multiple-frequency, acoustic data. More rigorous testing of
this approach needs to be undertaken where € and y are
measured instead of estimated. These measurements should
be coincident with multiple-frequency, acoustic-backscatter
data, hydrographic information, and net collections of the
biological scatterers. Additional testing of the microstruc-
ture-scattering model should also be undertaken for both
laboratory and field situations.

This approach demonstrates promise for synoptic discrim-
ination and characterization of zooplankton and physical
microstructure. Given the complexity of the problem, care
needs to be taken in adapting this approach to other oceano-
graphic regions with different levels of physical mixing
processes and mixed assemblages of biological organisms.
Finally, while the multiple-frequency acoustic system is
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a powerful tool, direct measures of both zooplankton and
temperature and salinity microstructure remain necessary as
a means of ground-truthing the estimates from acoustic data.
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