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OCEAN ACRE FINAL REPORT: A COMPARISON OF 
VOLUME SCATTERING PREDICTION MODELS 

INTRODUCTION 

Early studies of the deep scattering layers (DSL's) concentrated 
primarily on descriptions of either the acoustical or biological aspects 
of the layers. Subsequent indications that fish possessing gas-filled 
swimbladders were a major cause of resonance scattering led to joint 
acoustical and biological investigations that endeavored to characterize 
the bioacoustic nature of the DSL's.1 However, few of these studies 
quantitatively linked biological trawl data with acoustically measured 
volume reverberation. Chindonova and Kashkin2 compared scattering 
strengths derived mathematically from collections of midwater swim- 
bladdered fish with earlier measurements of acoustically determined 
column scattering strengths over a wide frequency band (2 to 15 kHz). 
Satisfactory agreement between the biological and acoustical methods 
was shown between 5 and 15 kHz for adjacent layers of water several 
hundred meters thick. It was postulated that poorer agreement near the 
surface was attributable to poor trapping efficiency of the trawl with 
respect to both very large and very small scatterers. 

From a deep submergence research vehicle, biological net samples 
were taken below, in, and above the DSL. Column scattering strength 
values from these sanqples were calculated for single frequencies of 4 
and 12 kHz, as well as for several frequency bands.3 The results at 
12 kHz agree reasonably well with acoustic column scattering strength 
data for similar areas. At 4 kHz the biologically derived scattering 
strength is lower than those of other investigations. 

Batzler et al.,4 using a hypothetical assemblage of swimbiaddered 
fish, determined reverberation patterns similar to those measured 
acoustically. On the other hand, only fair agreement was found between 
actual trawl data and acoustic measurements. 

Over broad oceanic provinces, Seligman and Friedl5 found a positive 
correlation between total fish concentration, as determined from trawl 
data, and column scattering strength measured at 12 kHz. On the other 
hand, Brown and Fessenden3 found no significant relationship between 
numbers of fish and 12 kHz column strength. 

The use of discrete-depth sampling trawls has allowed construction 
of detailed profiles of the vertical distribution of potential scatter¬ 
ers that can be compared with profiles of volume reverberation measured 

1 
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acoustically. Brown and Brooks6 found reasonable agreement in overall 
shape between scattering strength profiles at 13.5 and 15.5 kHz calcu¬ 
lated from miiwater fish population density and swimbladder data and 
those based on acoustic measurements, but only fair to poor agreement 
in magnitude. More recently. Love7 used biological trawl data on 21 
species of swimbladdered fish collected from the Mediterranean Sea in a 
volume reverberation model essentially identical to that applied by 
Brown and Brooks6 to 55 species of swimbiaddered fish collected from the 
Sargasso Sea. He reported good agreement between model predictions and 
measured scattering strength profiles between 6.3 and 20 kHz, but with 
agreement less satisfactory at frequencies below 6.3 kHz. 

In this report the final results of efforts to develop a model for 
predicting reverberation data from biological trawl samples collected 
in a one-degree quadrangle (Ocean Acre) of open ocean water located 
near Bermuda are discussed. A detailed progress report describing this 
research program has been presented by Brown and Brooks.6 

DATA ACQUISITION METHODS 

BIOLOGICAL DATA ACQUISITION 

A 3 m Isaacs-Kidd Midwater Trawl (IKMT) fully lined with a 3/8 in. 
(0.95 cm) stretch-mesh knotless nylon liner and fitted with a four- 
chambered discrete depth cod-end sampler was used for specimen collec¬ 
tion. The discrete-depth sampling capability of the cod-end unit 
was controlled by signals transmitted through an electromechanical tow 
cable that also allowed signals from tenperature and depth sensors on 
the net to be monitored on deck readouts. At an average ship speed of 
3 knots, 3 horizontal samples, usually of 1 hour duration each, were 
taken at a preselected sampling depth. This method allowed collection 
of three repetitive samples at depth. Analyses of the three repetitive 
samples furnished information on the horizontal distribution of 
ichthyofauna within a given layer. A fourth sample was obtained as the 
net was towed obliquely to the surface. In this report only discrete- 
depth samples collected during nighttime are used. Nighttime is defined 
here as 1-1/2 hours after sunset to 1-1/2 hours before sunrise. 

Aboard ship, samples were preserved, sorted into various toxonomic 
groups, and measured for wet-displacement volume. In the laboratory, 
the total number of fish was counted, and each fish was identified, 
its standard length measured, and its sex and stage of development 
determined. Swimbladder dimensions were also determined for representa¬ 
tive size ranges of a variety of species of mesopelagic fish. Addi¬ 
tional nondiscrete-depth samples were collected with an Engel Midwater 
Trawl (EMT). The biological methodology is more comprehensively 
reviewed by Gibbs et al.8 and Brown and Brooks.6 

2 



TR 5619 

ACOUSTICAL DATA ACQUISITION 

A variety of specialized transducers was employed to obtain profiles 
of volume scattering strength versus depth at selected frequencies. For 
reverberation measurements at 3.85 kHz, a special hull-mounted array was 
used. Data at 5.0, 7.0, and 9.0 kHz were taken with a wideband trans¬ 
ducer suspended from the ship. A modified hull-mounted AN/UQN echo 
sounder was used for 13.5 and 15.5 kHz data. 

Reverberation data recorded on analog tape were processed with 
shipboard or laboratory-based computers. The reverberation signals were 
envelope-detected, ensemble-averaged over eight consecutive pings, and 
converted to scattering strengths as functions of depth. These scatter¬ 
ing strength data were corrected for noise by subtraction of the mean 
square of the ambient-noise voltage from the mean square reverberation- 
plus-noise voltage. Scattering strength-versus--depth curves were pro¬ 
duced on a high-speed printer. A finite data point was obtained for 
every 25 ft (8 m) of depth, each representing a 5 msec time-average 
value. 

The resulting scattering strength profiles also weie integrated 
over depth to yield scattering strength of the water column (column 
strength) for comparison with the data fr other investigations. Pro¬ 
files of volume scattering strength and integrated scattering strength 
have been presented for Ocean Acre cruises by Dullea,9 Fisch and 
Dullea,10 and Fisch.11 Fisch and Pullea9 present a detailed accounc of 
the acoustical data acquisition and reduction methodology. They also 
discuss volume scattering strength theory as applied to acoustic results 
of Ocean Acre studies. 

RESULfS AND DISCUSSION 

Measurements of scattering strength ware obtained 'or every 25 
ft (8 m) interval of depth. However, it was not possible to obtain 
information on the biological population inhabiting the sampling area 
to this fine degree of depth resolution. This introduced the first in a 
series of complications in our attempt to compare acoustical measure¬ 
ments of scattering strength with results of concomitant biological 
sampling. 

By way of conpromise, a mean value for scattering strength was 
calculated by averaging all measured scattering strength values within 
plus and minus 75 ft (25 m) of the median depth from which each bio¬ 
logical trawl sample was collected. This 150 ft (50 m) depth interval 
represents what is believed to be the maximum error in the estimate of 
median trawl sampling depth. An error would be due to a combination of 
net porpoising and depth-readout instrument error. 

3 
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Comparison of measured scattering strength profiles with biological 
sample data has been complicated further by the differences in the time- 
space relationships between the acoustical and biological data. Each 
measured scattering strength profile was obtained ordinarily in a 
matter of a few minutes of data collection at essentially one point in 
space on each of several days. The biologically generated scattering 
strength profile, on the other hand, was based on net collections of 
specimens captured over a considerable towing distance (about 3 nmi) at 
each nighttime discrete depth at one or more periods extending over the 
duration of the cruise. Variability between measured acoustical data 
sets of nighttime scattering strength profiles obtained over 5 separate 
days was shown by Fisch11 to be as large as 10 dB over a frequency range 
from 3.85 to 15.5 kHz. This result further complicates the potential 
for comparison of acoustical and biological data. In order for such a 
comparison to be valid one must assume that (1) the order of biological 
events does not change significantly over the duration of the sampling 
period, and (2) at a given point in time the distribution of elements 
within the population that contributes to the observed scattering is 
representative of the entire 3600 nmi2 of the sampling area. 

The results of an analysis of variance suggest that this latter 
assumption may not be strictly valid, though it is difficult to deter¬ 
mine to what degree it may be violated. The analysis was performed on 
the original scattering strength measurements taken during cruise 14 at 
3.85 and 15.5 kHz, where the criteria of classification were days and 
depths, and indicates highly significant differences between mean scat¬ 
tering strengths from one day to the next over a 5 day period. It is 
difficult to reconcile such differences over this short time span with 
an actual species change in the scattering population, and it is con¬ 
cluded that the distribution of the existing population may undergo 
strong to moderate changes from one day to the next in response to 
changes in the environment. As will become evident later, failure of 
this assumption is of small consequence to the final conclusions readied 
in this research. 

For this comparison of acoustical and biological data, we have 
chosen nighttime measurements collected during Ocean Acre cruises 10 
(June 1970), 12 (August-September 1971), and 14 (June 1972) 

MEASURED ACOUSTICAL PROFILE 

Figures 1 through 10 show mean nighttime measured scattering 
strengths in decibels (shown as solid circles), *1 standard deviation, 
at depths corresponding with biological sample collections for cruises 
10 and 12 at 3.85 and 15.5 kHz and for cruise 14 at 3.85, 5.0, 7.0, 
9.0, 13.5, and 15.5 kHz. 
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SCATTERING STRENGTH (dB) 

MEASURED ACOUSTIC PROFILE (MAP) ± ONE STANDARD DEVIATION 

A CALCULATED ACOUSTIC PROFILE (CAP) 

° BIOLOGICAL ACOUSTIC PROFILE (RAP) 

□ SCATTERER ABUNDANCE PROFILE (SAP) 

Figure 1. Scattering Strength Profiles, Ocean 
Acre Cruise 10, Night, 3.85 kHz 
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Figure 2. Scattering Strength Profiles, Ocean 
Acre Cruise 10, Night, 15.5 kHz 
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Figure 3. Scattering Strength Profiles, Ocean 
Acre Cruise 12, Night, 3.85 kHz 
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SCATTERING STRENGTH (dB) 

Figure 5. Scattering Strength Profiles, Ocean 
Acre Cruise 14, Night, 3.85 kHz 
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Figure 6. Scattering Strength Profiles, Ocean 
Acre Cruise 14, Night, 5.0 kHz 
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Figure 7. Scattering Strength Profiles, Ocean 
Acre Cruise 14, Night, 7.0 kHz 
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SCATTERING STRENGTH (dB) 

Figure 8. Scattering Strength Profiles, Ocean 
Acre Cruise 14, Night, 9.0 kHz 
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SCATTERING STRENGTH (dB) 

Figur« 9. Scattering Strength Profiles, Ocean 
Acre Cruise 14, Night, 13.S kHz 
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SCATTERING STRENGTH (dB) 

Figure 10. Scattering Strength Profiles, Ocean 
Acre Cruise 14, Night, 15.5 kHz 
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These scattering strength means were derived from quantities 
expressed in logarithmic space (dB) and are, thus, the logarithms of 
the geonetric means of the datum points in each series. In most cases 
each mean is based on a sample size of five, representing data collected 
on each of 5 separate days. As a quantitative measure of the variabil¬ 
ity within data sets, 1 standard deviation is shown on either side of 
each mean. Where no standard deviation is indicated (e.g. , figure 3, 
475 and 625 m and figure 6, 475 and 575 m), only one value for measured 
scattering strength was available. 

We consider these measured scattering strength means plus and minus 
their standard deviations as the basic measured acoustic profile (MAP) 
to which subsequently derived profiles will be referred for conparison. 

Comparison of daytime biological and acoustical data is not 
included in this report because daytime net trawls in the upper waters 
captured an insufficient quantity of biological material for a meaning¬ 
ful analysis. 

BIOLOGICAL ACOUSTICAL PROFILE 

It is generally believed that airbladdered fish cause most of the 
biological reverberation in the open ocean, and a considerable effort 
during Ocean Acre research has been directed toward the study of these 
fish and their swirtladders (Kleckner.12 and Brooks^). Theoretically, 
it should be possible, given information on aixfcladdered fish population 
density, vertical distribution, individual bladder volume, and insoni- 
fying frequency, to calculate the scattering strength profile for a 
given colimn of water. 

A first attenfit to develop a mathematical model that would provide 
the volume reverberation expected from a given population of air¬ 
bladdered fish from Ocean Acre was presented by MacDonald.14 In this 
model the scattering population was considered to be represented by 19 
of the most common airbladdered fish species found in the Ocean Acre 
area. As additional information became available during the course of 
the investigation, MacDonald's initial model was enlarged, refined, and 
developed into a computer program. Typical examples of the program 
printouts giving bioacoustic scattering strengths for pertinent assem¬ 
blages of Ocean Acre bladdered fishes have been given by Brown and 
Brooks.6 The results of early attempts to compare biologically gener¬ 
ated scattering strength profiles with profiles generated from acoustic 
measurements are also discussed. Since that publication, the model has 
been refined further and updated in response to the accumulation of 
information as the analyses of biological samples neared completion. 
The final version of the mathematical model includes 55 species of 
airbladdered scatterers and it has been used to generate the biological- 
acoustical profiles (BAP) shown as open circles in figures 1 through 10. 

15 
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Comparison of these profiles (BAP's) with their respective MAP’s 
shows fair agreement in shape, especially at the higher frequencies, but 
only fair-to-poor agreement in magnitude at any frequency. 

Some of the factors that contribute to the inability of the BAP 
model to match more nearly the MAP have already been discussed. Addi¬ 
tional contributing factors are summarized in the following paragraphs. 

Sampling 

The difficulties inherent in obtaining a representative quantita¬ 
tive sample of a relatively fast-moving open-ocean mesopelagic popula¬ 
tion are widely appreciated (PearcylS). These difficulties have 
contributed to the inadequacy of the biological sample collections to 
furnish our program with sufficiently precise information on the popu¬ 
lation density and size distribution of the existing scattering 
population. To more nearly represent the true population density and 
size relationships of the swimbladdered fish, various adjustments have 
been applied to the data. 

Factors common to all net trawl collections, such as avoidance and 
mesh losses as well as diumal catch differentials, introduce an 
unknown bias into the samples. A limited insight into the degree of bias 
in I KMT collections was obtained by analysis of samples collected during 
cruise 12. It was found that although the overall range in fish length 
was similar for both nets, the mean fish standard length (SL) of speci¬ 
mens captured by the much larger EMT (476 m2 mouth opening) commonly 
was twice that of individuals collected by the IKMT (7 m mouth opening), 
although the percentage increase in size varied according to the fish 
species. In an attempt to reduce the effect of this bias, the appro¬ 
priate percentage increase was applied to the SL of each fish species 
captured by the IKMT before use in the computer model. Another factor 
influencing fish density estimates is the filtering efficiency of the 
net. Based on a study by Brooks, Brown, and Scully-Powerl6 in which 
the IKMT was shown to have a filtering efficiency of 92 percent, the 
original IKMT estimates of fish concentration were increased by 8 per¬ 
cent before use in the computer model. 

The catch capacity (i.e., the ability of a net to capture the 
organisms present in the volume of water presented to the net mouth) 
bears directly on final estimates of population density. It would 
have been instructive to compare estimates of this variable derived for 
each net. Unfortunately, because of wide differences in net construc¬ 
tion and nature of samples collected (i.e., nondiscrete oblique samples 
in the EMT and disCrete-depth samples in the IKMT), estimates of fish 
concentration derived from samples collected by these two nets were not 
comparable. The inability to establish satisfactory criteria for 
assessing catch capacity of the IKMT and the resultant lack of any 
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quantitative basis for adjusting catch data have forced acceptance of 
the population density estimates derived from samples collected by this 
net. 

Data Acquisition, Reduction, and Handling 

Measurements of fish SL were obtained for all specimens collected 
(Gibbs et al.®). It was not practical, however, to obtain swimbladder 
volume measurements for every individual. Instead, for each species 
used in the model, swimbladder volumes were calculated using regression 
equations relating this variable to fish SL (Brooks^). Since swim¬ 
bladder volume can vary considerably among individuals of the same 
species with identical SL's (Brooks^3), this method of bladder volume 
calculation introduces another potential for error in the estimated 
scattering strength of an assemblage of swimbladdered fish. In the final 
calculations of scattering strength, a mean SL based on the adjusted 
measurements of ail specimens was determined for each species collected 
within a given discrete-depth interval. A bladder volume for each of 
these mean specimens was then provided for use in the calculation of 
scattering strength by application of the appropriate regression equa¬ 
tion relating fish SL and swimbladder volume. The adjusted estimates 
of population density were then applied in the Andreeva equations 
(Andreeva and Chindonova17) to total scattering strength of each species 
for the depth interval examined. 

Special Nature of Resonance Scattering 

It was shown by Brown and Brooks® that a single specimen whose 
bladder volume is at or near the resonance frequency of the insomfying 
wavelength can account for virtually 100 percent of the total biologi¬ 
cally derived scattering strength at a given depth. Thus, the use of a 
mean fish SL for all specimens of a given species collected within a 
given depth interval (necessitated by the large „ample sizes) may intro¬ 
duce yet another potential error in the calculations of scattering 
strength. The bladder volume of a fish of mean SL may be nonresonant, 
whereas the potential exists that one or more resonant bladders could 
be present in the individuals used to calculate the mean SL. 

A limited number of program runs was conducted from which scat¬ 
tering strengths were derived using SL of all specimens versus mean SL 
for each species at a given depth. A comparison of these runs, however, 
showed only slight differences in the totally biologically derived 
scattering strengths and suggested that the small error introduced was 
outweighed by the advantage of using a single mean fish SI in the cal¬ 
culations. As mentioned previously, airbladdered fish generally are 
believed to account for most of the biological reverberation in the 
open sea. All the common airbladdered fish present in the Ocean Acre 
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area are included within the 55 species used in the scattering strength 
model. However, of the remaining 250 or more fish species collected 
from the area, it is probable that the occurrence of a rarely encoun¬ 
tered scatterer not included in the model contributes to the measured 
scattering strength. Other organisms, too, such as siphonophores 
(Barham18) and squid (FAO1^) , have, in certain circumstances, been 
shown to cause acoustical scattering. The omission in this model of the 
potential contribution of these organisms to total scattering strength 
may account, at least in part, for the difference in magnitude observed 
between the BAP and the MAP. 

When one considers all the previously discussed factors contribut¬ 
ing to the potential for error, it is not surprising that the profile 
of scattering strength determined from swimbladdered fish (BAP) achieves 
only a fair-to-poor match with the MAP. 

NUMBER OF SCATTERERS VERSUS DEPTH 

During the course of the research it was noted that the profile 
generated from a plot of the logarithm of the number of scatterers per 
105 m3 against depth at capture (dubbed the scatterer abundance profile, 
or SAP), though often similar in shape to the BAP, especially at the 
higher frequencies, in many cases more nearly resembled the shape of the 
MAP than did the BAP. In figures 1 through 10, plots of the log of the 
number of scatterers per 105 m3 versus depth are shown as open squares. 
These plots are shown with logarithmic ordinate scale in order to be 
consistent with the plots for measured scattering strength and also as 
a means of handling more conveniently the spread of the data. In the 
original arithmetic scale, they may extend over two orders of magnitude. 
It should be pointed out that the scattering strength scale (in dB) and 
the scale against which scatterers are plotted (i.e., log of number of 
scatterers per 105 m3) bear no direct quantitative relationship to one 
another, and the two plots are compared only to illustrate their simi¬ 
larity in shape. 

The same species and abundance of scatterers are included in the 
SAP as in the model used to generate the BAP, a fact that probably 
accounts in large part for the resemblance in overall shape. The com¬ 
paratively greater excursions seen in the BAP are undoubtedly related 
to the special nature of resonance scattering, wherein the presence or 
absence of a single individual with a swimbladder at or near resonance 
may have a disproportionate effect on total scattering. Additional 
factors already cited as potential causes of error in the generation of 
the BAP may also be contributing to these seemingly spurious points. A 
probable explanation to account for the observed similarity between the 
shape of the SAP and the MAP is suggested by figures 11 and 12. 
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NO. of SCATTERERS/104 m3 

. 

Figure 11. Midwater Fish Population Density Versus 
Depth, Ocean Acre Cruise 10, Night 
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Fi gu» 12. Midwater Fish Population Density Versus 
Depth, Ocean Ac» Cruise 12, Night 
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The solid lines in these figures show the number of fish captured 
(all species) per 104 m3 within each depth interval at night during 
cruises 10 and 12 and are based on sanóle sizes (i.e., total number of 
all specimens captured) of 1089 and 4290, respectively. The dashed 
lines also give the number of fish captured per 104 m3 within each depth 
interval at night, but are based solely on the species present in the 
collections that are included in the list of 55 aixbladdered scatterers 
referred to previously. In both figures, it is at once apparent that 
the curves for numbers of scatterers per 104 m3 provide an accurate 
index to the relative concentrations of all fish specimens (and perhaps 
other potential contributors to resonance and nonresonance scattering) 
present within each depth interval. 

The only regions where the shapes of these two curves diverge to 
any great degree are at the deepest levels. This is because of the 
presence, in the curve for total number of fish, of a large number of 
specimens of the genus Cyclothone. Because of their small size, depth 
of concentration, and the fact that the swimbladders of many specimens, 
especially the larger ones (whose potential contribution at their 
depths of concentration might ordinarily be expected to be important to 
resonance scattering), are fat-invested, it is unlikely that members of 
this genus are inportant contributors to volume scattering at the fre¬ 
quencies used in this study. When these specimens are excluded, the 
shape of the curves showing total number of fish and total nunfcer of 
scatterers are very similar. Since the relative concentrations of 
resonant and nonresonant organisms within the insonified volume deter¬ 
mine the shape of the MAP, any index to these concentrations also might 
be expected to provide a profile similar in shape to the MAP. 

The encouraging degree of similarity between the shape of the SAP 
and the MAP prompted the development of the fourth profile, shown in 
figures 1 through 10, which we have labeled the calculated acoustic pro¬ 
file, or CAP. To relate the SAP to the decibel scale of the MAP, the 
numbers of scatterers per 10** m3 within each depth interval were plotted 
against the calculated means of the acoustic measurements at corres¬ 
ponding depths and fitted to straight lines by the method of least 
squares. These analyses yielded the regression equations shown in 
table 1 relating the two parameters for each cruise at each frequency. 
The appropriate regression equation was then used to calculate the mean 
scattering strength at the depths of all biological sample collections 
for their respective scatterer population densities, acoustic fre¬ 
quencies, and cruise nurters. These calculated values for mean scatter¬ 
ing strength are shown in figures 1 through 10 as open triangles. The 
standard deviation rarely exceeded 2 dB. To simplify the graphic dis¬ 
play and reduce any possible confusion, these standard deviations are 
not shown in the figures. 
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Table 1. Results of Regression Analyses of Number of 
i Scatterers Versus Measured Scattering Strengths 

Correlation 
Cruise Fr*^"cy Coefficient 
Number (kHz) 

10 Night 3.85 0.96 

15.50 0.87 

12 Night 3.85 0.72 

15.50 0.64 

14 Night 3.85 0.90 

5.00 0.88 

7.00 0.75 

9.00 0.76 

13.50 0.64 

15.50 0.73 

Regression Equation 

Y « -79.8 ♦ 0.72X 

Y « -75.9 ♦ 0.26X 

Y * -79.6 ♦ 0.14X 

Y = -75.4 + 0.25X 

Y « -76.5 ♦ 0.22X 

Y * -74.2 ♦ 0.24X 

Y * -67.8 ♦ 0.18X 

Y « -65.8 + 0.19X 

Y « -69.3 ♦ 0.08X 

Y ■ -70.3 ♦ 0.11X 

Of the 76 calculated means, 55 percent Cor 42) fall within 2 dB 
or less of their corresponding measured mean scattering strength values. 
The maximum difference among all means is 5.5 dB, 

Since a 5 dB spread in measured scattering strengths is not unusual, 
these results successfully demonstrate the ability of this regression 
technique to fit the measured acoustic data. 

PREDICTED ACOUSTICAL PROFILE 

One of the primary objectives of the Ocean Acre research was to 
develop a model to predict scattering strength from net trawl collec¬ 
tions. In the following discussion, the regression technique described 
earlier is expanded to satisfy this objective. The regression lines 
relating number of scatterers per 104 m3 to scattering strength are 
shown in figure 13 for cruises 10, 12, and 14 at 3.85 and 15.5 kHz. 
With the striking exception of the line for cruise 10 and 3.85 kHz, the 
relationship between the two parameters is similar for all three cruises, 
differing primarily in the elevation of the lines. It has already been 
shown that the mean scattering strengths calculated from the equations 
match their respective measured scattering strengths satisfactorily. 
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®CRUISE 12, 3.85 kHz (J)CRUISES 12 AND 14, 3.85 kHz 

® CRUISE 12, 15.5 kHz Q CRUISES 10, 12, AND 14, 15.5 kHz 

Figure 13. Regression Relationships Between Numbers of 
Scatterers per IO*4 m3 and Measured Scattering 

Strength for Cruises 10, 12, and 14 
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In an effort to expand the capabilities of the model to satisfy 

more nearly the general case, two equations, one for 3.85 kHz and one 

for 15.5 kHz, were obtained from linear regression analyses of the com¬ 

bined data on number of scatterers per 104 m3 and scattering strength 

measured during cruises 12 and 14 at 3.85 kHz and cruises 10, 12, and 

14 at 15.5 kHz. The equations resulting from these analyses are 

3.85 kHz: Y = -78.9 ♦ 0.17X (1) 

and 

15.5 kHz: Y = -74.1 ♦ 0.17X, (2) 

with correlation coefficients of 0.74 and 0.68, respectively. Addi¬ 
tional analyses of the combined data revealed that a second-degree poly¬ 

nomial fit to the data raised the value of the correlation coefficient 

only slightly and provided no practical advantage over use of the lin¬ 
ear equation. The solutions to the linear equations are shown in figure 

13 as dashed lines and are considered to represent the average nighttime 

summer relationships between these two parameters, scattering strength 

and number of scatterers, at the two frequencies. Because the regres¬ 

sion equation for cruise 10 at 3.85 kHz was so widely different from the 

remaining regressions, these data were omitted from the calculations. 

Scattering strength values were calculated (shown as circles in 

figures 14 through 18) by substituting in equations (1) and (2) the 

numbers of scatterers collected at each depth interval during a cruise. 

To ascertain the fit of this second generation model, these values are 
compared with the profile of the combined measured scattering strengths 

(shown as a band of varying width) resulting when the upper and lower 

limit of one standard deviation on either side of the measured mean 

scattering strength value are plotted for each depth interval. 

Roughly 50 percent of these calculated values fall within ±1 stand¬ 

ard deviation and less than 20 percent exceed these limits by more than 

2 dB. 

Examination of figures 14 through 18 reveals the capability of the 

model to fit the empirically established scattering strength profiles 

with approximately equal precision at all sampling depth intervals. 

Contrary to the BAP, this model also appears to fit the profiles of 
scattering strength at both the lower and the higher frequencies with 
approximately equal efficiency. As might be expected, the fit in these 

more general cases is not as good as in the individual cases shown in 

figures 1 through 10. 

The real test of this model arises when these equations are used to 

predict scattering strengths for other cruises. The ideal case, of 
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SCATTERING STRENGTH (dB) 
-HO -100 -90 -80 -70 -60 -50 

"t — -T" 1 '1.1-1—.1— 

O MEASURED SCATTERING STRENGTH, SINGLE VALUE ONLY 

• SCATTERING STRENGTH CALCULATED FROM REGRESSION EQUATION 

DERIVED FROM COMBINED DATA OF CRUISES 12 AND 14 AT 3.85 kHz 

Figure 14. Conparison of Calculated Scattering Strengths With 

Measured Scattering Strengths, Cruise 12, 3.85 kHz 
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SS MEASURED MEAN SCATTERING STRENGTH ± ONE STANDARD DEVIATION CRUISE 14, 3.85 kHz 
O MEASURED SCATTERING STRENGTH, SINGLE VALUE ONLY 
• SCATTERING STRENGTH CALCULATED FROM REGRESSION EQUATION 

DERIVED FROM COMBINED DATA OF CRUISES 12 AND 14 AT 3.85 kHz 

Figure 15. Co^>»rison of Calculated Scattering Strengths With 
Measured Scattering Strengths, Cruise 14, 3.85 kHz 
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SCATTERING STRENGTH (dB) 

• SCATTERING STRENGTH CALCULATED FROM REGRESSION EQUATION 
DERIVED FROM COMBINED DATA OF CRUISES 10. 12, AND 14 AT 
15.5 kHz 

Figure 16. Coaparlson of Calculated Scattering Strengths With 
Measured Scattering Strengths, Cruise 10, 1S.S kHz 
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15'5 kHZ- , e .W Figure 17. Conparison of Calculated Scattering Strengths With 
Measured Scattering Strengths, Cruise 12, 15.5 kHz 
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SCATTERING STRENGTH (dB) 

• SCATTERING STRENGTH CALCULATED FROM REGRESSION EQUATION 
DERIVED FROM COMBINED DATA OF CRUISES 10, 12, AND 14 AT 
15.5 kHz. 

Figure 18. Comparison of Calculated Scattering Strengths With 
Measured Scattering Strengths, Cruise 34, 15.5 kHz 
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course, would be to test the model against data collected during the 

same season of the year as those from which the model was constructed. 
Unfortunately, no suitable summertime biological or acoustical data, 

other than those that were used to construct the model, are available 

for the Ocean Acre area. Consequently, acoustical data collected dur¬ 
ing cruise 9, in the spring of 1970 (for which no suitable biological 

data are available), and biological data collected during cruise 13, 

in the spring of 1972 (for which no suitable acoustical data are avail¬ 

able) , were combined and used to test the predictive capabilities of 
the model. 

In the following discussion the assumption is made that the bio¬ 

logical populations and the resultant volume reverberation levels were 
essentially similar during these two different years. At the same 

time, it is recognized that population density, species composition, 

and vertical distribution of potential scatterers may be somewhat dif¬ 

ferent between spring and summer months and probably contribute to dis¬ 

parities between the predicted (summertime) scattering strength profiles 

and the measured springtime profiles represented by Ocean Acre cruise 
9 acoustical data. 

Predicted scattering strength profiles were calculated for 3.AS 
and 15.S kHz by substituting for "X" in equations l and 2 the number of 

scatterers per 104 m3 captured at each of the depths sampled during 

cruise 13. These predicted values, shown as open triangles in figures 

19 and 20, are coiqpared with scattering strengths measured during 

cruise 9 (closed circles). AT 3.85 kHz only one of the predicted values 

exceeds the measured scattering strength by more than 5 dB (at 575 m). 

At 15.5 kHz the maximum difference between predicted and measured scat¬ 

tering strengths is 3.9 dB, which occurs at 175 m depth. At most 

depths, however, the two 15.5 kHz profiles differ by less than 2 dB. 

Because only one measured scattering strength profile is available for 

cruise 9, no measure of dispersion is possible. 

It is evident from measurements of scattering strengths obtained 

during cruises 10, 12, and 14, however, that one could expect some 

degree of variability in cruise 9 measurement data, if several scatter¬ 

ing strength profiles had been available. Estimates of the variance 
were derived from scattering strength measurements obtained during 

cruises 10, 12, and 14. It has been calculated that the mean standard 
deviation for all measurements taken during these cruises at 3.85 kHz 

was 2.3 dB, and for 15.5 kHz it was 2.2 dB. These mean values were 
applied to each of the measured points comprising the 3.85 and 15.5 

profiles for cruise 9. It is assumed that the variability of measure¬ 

ments taken during cruise 9 is comparable to that calculated for 

cruises 10, 12, and 14, and are shown in figures 19 and 20 as vertical 
bars on either side of each point. 
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AT 15.5 kHz 

Figure 20. Comparison of Predicted Scattering Strengths With 
Scattering Strengths Measured at 15.5 kHz 

D
E

P
T

H
 

(m
) 



TR 5619 

In the 3.85 kHz profile all but one of the predicted scattering 
strength values fall outside these limits. However, the maximum dif¬ 
ference between predicted value and the point marking one standard devi¬ 
ation from the measured value is only 4.5 dB, which occurs at a depth 
of 575 m. 

In the case of the 15.5 kHz profile, only three of the predicted 
values exceed the limits described by ±1 standard deviation on either 
side of the measured scattering strength. 

For the most part, the degree of agreement between the model pre¬ 
dictions and the measured scattering strengths, especially at 15.5 kHz, 
is very good and is decidedly superior to the values predicted by the 
BAP model. 

CONCLUSIONS 

The results of this study have shown that vertical profiles of 
scattering strength can be predicted successfully for the Ocean Acre 
study area from net trawl data on the vertical population density of 55 
species of airbladdered midwater fish. The final predicted profiles 
compare favorably in shape and magnitude with measured profiles of 
scattering strength. The surprisingly simple prediction model achieves 
a notably superior success in its predictive capabilities over an 
earlier, more complicated model that required inputs on difficult-to- 
obtain swimbladder volume information. 

It appears that the success of the prediction model is probably due 
to the fact that the vertical population density of the 55 species of 
swimbladdered fish used in the final model furnishes an accurate index 
to the total population of potential scatterers within the insonified 
volume of the measuring system transducer. 

Failure of the earlier, more complicated, prediction model (biolog¬ 
ical-acoustical profile, BAP) is attributed primarily to the inability 
of sampling methods to furnish the model with sufficiently precise input 
information. 

It is hoped that this report will provide the stimulus for the 
future application of the prediction model to archival open ocean fish 
and acoustical data to determine its applicability to scattering popula¬ 
tions of other zoogeographic provinces. 
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RECOhWENDATIONS 

It is reconunended that additional research be performed to deter¬ 

mine the applicability of the final model developed here to ocean areas 

other than the Sargasso Sea. This research would be designed to satisfy 

specific objectives in the following fashion: 

1. Validation. The validity of the model can be tested using 

data on the vertical distribution of midwater fish abundance and con¬ 

comitant acoustically measured scattering strength profiles collected 
in the Mediterranean.^»20 Model-generated scattering strength profiles 

using the Mediterranean data could be compared with acoustically meas¬ 

ured profiles to test the model's applicability to this deep-sea area 

and provide an insight into the model's potential for use in other 

areas of the world's oceans. Assuming satisfactory validation of the 

model, the investigation would proceed to satisfy the objective set 

forth in the next step. 

2. Development of Equations Defining Scattering Strength for Any 

Desired Frequency Over the Range 2.0 to ¿0.0 kHz. The model devel¬ 

oped during Ocean Acre research has related vertical fish population 

density to scattering strength at a number of discrete frequencies for 

an area of the Sargasso Sea. In its present form the model generates 

data that are of limited use in performance prediction models. These 

models may require inputs at several frequencies, not necessarily those 

of Ocean Acre, and for numerous different regions of the world's oceans. 

Application of appropriate multiple regression techniques to the fish 

abundance data should furnish equations that relate scattering strength 

to vertical population density at any desired frequency over the range 

of 2.0 to 20 kHz. Performance prediction models may require inputs on 

the scattering strengths in different regions of the world's oceans. 

The final step in this investigation would be designed to satisfy this 

added dimension. 

3. Use of Archival Fish Abundance Data. Archival data are avail¬ 

able that provide information on the vertical density distributions of 

mesopelagic fish for several oceanic areas.21"25 At this time, not all 

the literature or sources of data have been searched to determine the 

extent of geographical coverage on the vertical distribution of mid¬ 
water fish abundance. However, it is expected that most of the data 

relate to the North Atlantic, with lesser amounts referring to the 

Pacific. In order to obtain other data for model use, literature 
searches for published data and communication with numerous researchers 

and institutions would have to be conducted with the specific goal of 
obtaining additional unpublished data. With this collection of data in 
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hand it should be possible to construct a table giving vertical pro¬ 
files for fish abundance for various specific oceanic provinces. These 
tables, when used in conjunction with the equations derived from step 
2, should provide systems engineers with input data on scattering 
strength suitable for use in performance prediction models. Repre¬ 
sentative scattering strength profiles would, therefore, be obtained 
for areas where acoustical data are lacking without recourse to expen¬ 
sive measurements at sea on a global scope. 
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