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RESEARCH ARTICLE

Splitting the Scatter: Distinguishing Marine
Organisms from Oceanographic Structures using
Acoustic Monitoring

Zhen Lu*, Daisuke Hasegawa, Takahiro Tanaka, David M. Spencer,
Yuji Okazaki, Takeshi Okunishi

Fisheries Resources Institute, Japan Fisheries Research and Education Agency, 3-27-5, Shinhama-cho, Shiogama-city, Miyagi, 985-0001,
Japan

Abstract

In the northwest Pacific Ocean, off the Sanriku coast of Japan, convergence between the Tsugaru Warm Current (TWC)
and the cold Oyashio Current (OC) results in the formation of highly dynamic oceanographic features that promote high
biodiversity and generate hotspots for a range of commercially important fisheries. However, their effects on local
biodiversity over much smaller spatiotemporal scales (<1 km) remains unclear. With the development of acoustic
technology in recent years, echo-sounders are increasingly being used to conduct high-precision fishery resource as-
sessments and detect small-scale variability in the oceanic thermohaline structure. In this study, we conducted a
simultaneous hydrographic and dual-frequency echo-sounder survey to discriminate oceanographic features and marine
organisms in the TWC-OC confluence zone. Echograms of acoustic backscatter measured at 38 kHz detected similar
oceanographic features that were obtained from our hydrographic survey observations, but these features were less
pronounced in the 120 kHz echograms. The dynamic oceanographic structure in the TWC-OC zone returned a large
amount of backscatter, making it difficult to identify marine organisms from the scatter. The frequency differences of
volume backscattering strength (SV) were, however, able to distinguish oceanographic structures from zooplankton
detections. Outcomes from this study highlight the difficulty of distinguishing between hydrographic and biological
detections in dynamic oceanographic environments. Further research into the acoustic frequency characteristics of
heterogeneous hydrographic features will help better understand how species distributions are affected, so that the
acoustic method can be used to provide more accurate estimates of species abundance.

Keywords: Acoustic backscattering, Oceanographic structure, Tsugaru warm and oyashio currents confluence zone,
Undulating towed array

1. Introduction

O ceanographic environments enormously
change over a broad range of spatial and

temporal scales, and this fact dictates the pres-
ence, migration and survival of all marine species
at different stages of their lifecyle [3]. The dy-
namic nature of the ocean generates areas of high
and low productivity, which results sustained

fishery hotspots and marine conservation zones.
The convergence between the warm Tsugaru
Warm Current (TWC) from the Sea of Japan and
cold Oyashio Current (OC) from the subarctic
northwest Pacific results in the formation of
highly dynamic oceanographic mechanisms (e.g.
eddies and fronts) off the Sanriku coast on the
east side of northern Honshu, Japan (Shimizu
et al., 2001) [9,13,22]. These mechanisms promote
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high biodiversity and generate hotspots for krill,
squid and many other commercially important
fisheries [31,11]. While these areas are known
hotspots for fisheries, there is limited information
on whether species distributions change over
small spatial scales (meters to kilometers) in
accordance with fine-scale oceanographic struc-
tures that formed in these highly dynamic envi-
ronments. The development of acoustic
technology and its application in fishery resource
assessments has the potential to elucidate some of
these uncertainties.
Multi-frequency quantitative echosounders are

increasingly being used for high-precision estima-
tions of the distributions and abundances of or-
ganisms from small plankton to large demersal fish,
with the advantages of short time, wide area and
low-cost surveys [8,4]. The size and density of the
organisms that make up the acoustic scattering layer
can be estimated using the difference between the
acoustic volume backscattering strengths (SV) of the
high and low frequencies [6]. Besides direct
echosounder observations, theoretical target
strength (TS ) models, such as the Distorted Wave
Born Approximation (DWBA) model, can also be
used to describe the differences in SV frequency
characteristics [2,24]. Previous studies investigating
predator and prey overlap were also able to
discriminate a number of fish and plankton species
using the frequency difference between SVs
[18,26,10,12,30].
Sediments, air bubbles and gradients of tem-

perature and salinity also contribute backscatter
in the ocean, making it difficult to interpret the
acoustic data [28,17]. Because of this sensitivity to
physical structure in the water column, ship-
mounted echo-sounders have been used to
document variability in oceanic thermohaline
structures and map the mixed layer depth (MLD)
in the central Arctic Ocean [25]. However, the
MLD was well-defined in this region and bio-
logical scattering did not dominate the acoustic
return signal. In other regions, mixing processes
often disturb temperature and salinity gradients,
which can spread thermal and saline micro-
structures throughout the water column [7,27]
and influence the acoustic signal. In areas with
high biological activity and mixing, the MLD
would be much harder to observe using a single-
frequency echo-sounder, as these microstructures
and plankton are often collocated and not easy to
distinguish. Furthermore, oceanographic features
can change frequently and rapidly, with the

result that backscatter will show different char-
acteristics at different times and in different
areas. Although acoustic backscattering spectra
from biological- and physical-scattering have
different shapes that make it possible to differ-
entiate and measure their scattering contributions
[28,14,16], there has been limited research on
distinguishing marine organisms and oceano-
graphic structures in dynamic areas prone to
substantial mixing.
In this study, we use the difference in SV from two

frequencies to characterize the various levels of
scatter. Combining the frequency characteristics
and the data from a simultaneous hydrographic
survey, we aimed to obtain accurate zooplankton
distribution data by separating the mixed signals
from oceanographic structures and marine organ-
isms in the TWC-OC confluence zone.

2. Materials and Methods

2.1. Hydrographic survey

The survey was conducted along a transect
crossing two frontal features in the TWC-OC
confluence zone on July 26, 2019, aboard the R/V
Wakatakamaru (Fig. 1). The survey transect was
determined based on the daily (1 km resolution) sea
surface temperature (SST) information, provided by
the Japan Aerospace Exploration Agency (JAXA,
www.eorc.jaxa.jp/ptree), and geostrophic current
patterns derived from satellite altimeter (0.25� res-
olution) information, whichh was sourced from the
Copernicus Marine Environment Monitoring Ser-
vice (https://marine.copernicus.eu/).
Hydrographic observations were made using a

high-resolution, undulating towed array (UTA, [23]).
The array comprised three RINKO-Profilers (JAC,
ASTD152), a real-time depth monitor (MARPORT,
TD-7-00) and an underwater depressor (BE, V-
Wing1220) at the end of the array. The multi-sensor
profilers were used to collect both hydrographic
(temperature, salinity, density) and biological data
(chlorophyll, turbidity and dissolved oxygen) at a
sampling rate of 10 Hz. Each component was
attached to the cable of an onboard towing winch
system (Tsurumi Seiki Ltd., 68HP hydraulic, WL: 3.5
ton, cable: 410 mm � 8000 m) and undulations were
carried out by winching the array up and down
150 m in the water column at a speed of about 0.6 m/
s, while completing each undulation approximately
every 8 min. Vertical profiles were collected for
three sections of the water column while the ship
travelled along the transect at speeds between 3 and
4.5 knots.
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2.2. Acoustic measurement and data analysis

Acoustic measurements were conducted simulta-
neously with the UTA system. Acoustic backscatter
was measured down to depths of 500 m using a
quantitative echo-sounder KFC-3000 (Sonic) that
operated at two frequencies, 38 kHz and 120 kHz,
with a pulse width of 1.2 ms and pulse interval of 2 s.
In order to get reliable results, in June, 2019, the
KFC-3000 echosounder was calibrated pre-cruise
using a tungsten-carbide sphere with the diameter
of 38.1 mm (WC 38.1) following the method
described by [5] for the transmitting and receiving
system. The shipboard ADCP and other unnec-
essary acoustic equipment were turned off to pre-
vent interference with the echo-sounder.
The raw acoustic data were post-processed using

Echoview 10 (Australia, Echoview Software) by
loading the pre-cruise calibrationfile andbackground
noise was removed using the ‘Background noise
removal’ function. Processed ‘Sv value’ data were
then exported as mat files and the corresponding SV
echogramswereplottedandanalyzedusingMATLAB
(Mathworks). The SV was averaged with the integra-
tion interval of 0.45 m � 10 ping as 1 cell.

2.3. Identification by frequency differences method

Marine organisms have inherent frequency char-
acteristics based on body size and body composition,

and so the relative frequency response is useful to
differentiate different organisms on echograms [1].
When the scatter is widely distributed in an

irregular pattern with respect to the beam opening,
the volume backscattering strength (SV) is shown by
the linear notation as:

SV¼10 log Sv¼ 10 log nþ TS ð1Þ

TS¼10 log sbs ð2Þ
Here Sv is the volume backscattering coefficient

and the linear value of SV (dB); n is the organism
density (ind.m�3) of fish; TS (dB) is the target
strength; and sbs is the acoustic backscattering
cross-section, the linear value of TS. In Eq. (1), n is
constant when the same range is detected at mul-
tiple frequencies so that the frequency characteris-
tics of SV is equal to the frequency characteristics of
TS. TS characterizes the intensity of the acoustic
backscattering signal and is a quantitative measure
of the size of marine organisms.
The difference between the SVs of the two fre-

quencies is represented using DSV . The following
equation can be obtained from the differences of Eq.
(1) using different frequencies.

DSVH�L¼SVH � SVL ð3Þ

whereby the difference between the frequencies
38 kHz and 120 kHz are denoted as DSV120�38. These

Fig. 1. Sea surface temperature (SST) and geostrophic current map of the TWC-OC confluence zone in the northwest Pacific Ocean (NWPO), off the
Sanriku coast of Japan. Acoustic and hydrographic measurements were carried out across in the TWC-OC confluence zone (red ‘Survey transect’) on
July 26, 2019. Surface features are illustrated for July 23, which was the closest day to July 26 when there was minimal cloud cover.
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last values will be used to delineate acoustic back-
scattering from oceanographic structure and
zooplankton in this study.

3. Results and Discussion

3.1. Observation results from UTA and KFC3000

Combining the UTA system and quantitative
echo-sounder, we were able to simultaneously
measure the oceanographic structures and biolog-
ical distributions in the TWC-OC confluence zone.
The UTA trial took place between 11:30 and 17:00
(UTC þ9 hrs), 40 undulations over a distance of 38
km were carried out to collect a total of 240 vertical
profiles and covered. The vertical cross-sectional
distribution of water temperature and salinity ob-
tained by UTA captured fine horizontal and vertical
structure in the upper 150 m, with a horizontal
resolution (distance travelled for each undulation) of
450 m (Fig. 2). Low-temperature and low-salinity
OC water made up the most part of the water col-
umn east of 143 �E, which was then subducted
beneath the TWC westward along the whole survey
transect. A small-scale OC water mass was also
found at depths of about 30-50 m near 142.9 �E.
High-temperature and high-salinity TWC water
were more pronounced at the western part of the
transect. High-temperature and low-salinity surface
water in the top 15 m of the water column was
distributed along the whole survey transect. The
cross-mixing of TWC-OC waters formed clear
thermal and saline structures (Fig. 2). The density of
the water gradually increased from the upper layer
to the lower layer, and the change was sharp within

the depth of 50m where the OC water changed more
drastically than the TWC water did.
The echo shape of the 38 kHz SV echogram cor-

responded with the salinity characteristics
measured by UTA (Fig. 3). Similar echoes were also
observed in the 120 kHz data, but features were less
pronounced. In other words, where the salinity
changed greatly, an echo signal response appeared,
and the signal was stronger at the low frequency. In
addition, the form and distribution of echoes was
clearly different between the upper and lower sec-
tions of 30 m, in a way similar to salinity contours
which implies that the type or density of the scatter
sources may be different. Towards the east patch
signals were stronger at 120 kHz at around 60 to 100
m, but no obvious changes in the salinity structure
were observed there. The DSV method has been
proved to be one of the effective methods to solve
this problem.

3.2. Distinguishing oceanographic structure and
zooplankton

The calculated DSV120�38 was classified into three
groups: (a) 1 to 25 dB, (b) �5 to 1 dB, (c) �25 to
�5 dB (Fig. 4) based on the frequency character-
istics of different scatters as described in previous
studies Namely, group (a) has been found to
represent zooplankton, small bladderless fish and
suspended sediment; group (b) represented large
fish with a swim-bladder and bladderless fish; and
group (c) represents both small fish with swim-
bladders and physical oceanographic microstruc-
tures [18,26,10,28,14,15,20,12,30].

Fig. 2. Contour plots of temperature (a), salinity (b) from UTA. Black lines on (a) illustrated the undulation profiles of the three RINKO sensors and
white lines on (b) were the water density contour lines.
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The three groups showed different echo distri-
bution. In the upper 30 m, all three groups showed
complex echoes without obvious frequency charac-
teristics, which could not be separated effectively

(Fig. 4). A stronger patch signal was seen around
100 m depths on the Oyashio side (right) where the
water temperature was lower than 4 �C in group (a),
whereas it could not be seen in groups (b) and (c)

Fig. 3. Echograms of acoustic volume backscattering strength, SV, recorded by KFC-3000 at the frequencies of 38 kHz (a) and 120 kHz (b). In order to
observe the echo signals more clearly, the color bar had been adjusted. White lines on the echograms are the salinity contour lines from 32.5 to
34.5 psu at the interval of 0.5 psu.

Fig. 4. Echograms of calculated DSV120-38 which were classified to three groups of (a) 1 to 25 dB, (b) �5 to 1 dB, (c) �25 to �5 dB, respectively. Black
lines on the echograms illustrate the salinity contour lines from 32.5 to 34.5 psu at the interval of 0.5 psu and red lines are the water temperature
contour lines from 0 to 20 �C at the interval of 4 �C.
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(Fig. 4). In addition, this signal had lager value of D
SV120�38 than other signals in group (a). From a few
NORPAC net samples (0~150 m) collected during
the same cruise, we found that the Oyashio side
(41.20 �N, 143.08 �E) had a higher proportion of
copepod, while the proportion of krill was higher in
the west (41.18 �N, 143.00 �E) (data is not shown in
this paper). These anomalous detections on the
Oyashio side in group (a) were therefore likely to be
dominated by copepods, and other. Weaker signals
may be mainly scattered from krill. These results
agree with those of a previous study [19] that re-
ported krill fishing grounds formed in the mixed
area of 7-9 �C (Fig. 4a). On the other hand, the re-
sults also consistent with characteristic acoustic
property that DSV120�38 of copepod is higher than
that of krill [12].
In the waters below 30 m, the echo became

distributed along the contours of water temperature
and salinity in DSV120�38 group (c) (Fig. 4c). Similar
shaped echo shapes were also observed in DSV120�38

groups (a) (Fig. 4a), but they were very weak. The D
SV120�38 of group (b) below the depth of 30 m was
mostly 0 dB and its distribution appears to fill the
space surrounding the backscatter observed in
groups (a) and (c) (Fig. 4). Although these two
groups exhibited similar patterns, prior research
[28,14] suggests group (c) should correspond to
oceanographic structures and that the other sorts of
analysis described below are needed to differentiate
between the two groups.
The different DSV groups were compared to ver-

tical changes in salinity and temperature. Second-
order gradients of 5 m vertically averaged temper-
ature and salinity data were plotted against the
38 kHz SV (SV38) for each DSV120�38 group (Fig. 5). It
can be clearly seen that the second-order gradients
in temperature changed proportionally with those

in salinity. Occasionally SV38 was very large when
the change in vertical gradients were small; but in
general, SV38 was also very large when the change in
the vertical gradients of temperature and salinity
were large (Fig. 5-ALL). Specific to each DSV120�38

group, SV38 tended to increase as the change in the
vertical gradient of water temperature and salinity
increased in group (c), but SV38 did not increase for
groups (a) and (b). Referring to [14]; when changes
in temperature and salinity are proportional,
DSV120�38 is about �10 dB from the upper bound
model [29,21]. In general, the contour of tempera-
ture and salinity was similar (Fig. 4). These results
further support the conclusion that the acoustic
scattering from the lowest DSV120�38 range (group
(c)) represent structure along the survey transect.
In this study, we classified DSV120�38 into three

groups of echoes and were able to prove the exis-
tence of scatters caused by the oceanographic
structures (as observed with UTA) by analyzing the
relationship between SV38 and changes in vertical
gradient of salinity and temperature. The groups (a)
and (c) obtained by splitting the echo were both
weakened compared to the original due to the
overlap of zooplankton and oceanographic struc-
ture. The “noise” from oceanographic structure ul-
timately prevented accurate estimations of
zooplankton abundance in the survey region.
Therefore, as an important issue in the future, it will
be necessary to study the acoustic characteristics of
different hydrographic structures produced by the
mixing of currents with different ranges of temper-
atures and salinity. Accounting more precisely for
influence of the oceanographic structure will enable
high precision quantitative fishery resource assess-
ments in dynamic marine environments. High-
speed development of broadband acoustic technol-
ogy has the potential to resolve these issues, but

Fig. 5. Relationship between SV38 and changes in vertical gradient of salinity and temperature for all data and three DSV120-38 groups of (a) 1 to
25 dB, (b) �5 to 1 dB, (c) �25 to �5 dB.
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requires careful interpretation of SV and the various
sources of backscatter (e.g. biological and
hydrographic).

4. Conclusion

There have been many reports to use the fre-
quency differences of SV to distinguish biological
species to better understand predator-prey overlap
(e.g. walleye pollock and krill or pointhead flounder
and juvenile walleye pollock), and predator compe-
tition (e.g. krill and copepod). However, few studies
have had the aim of discriminating between bio-
logical and physical structures, especially in dynamic
environments in which the hydrological conditions
and biological composition are complex. To address
this knowledge gap, we conducted simultaneous
hydrographic and fishery resource surveys using a
high-resolution oceanographic observation system
(UTA) and a dual-frequency quantitative echo-
sounder (KFC-3000) in the TWC-OC confluence
zone. The UTA time series data for temperature and
salinity resolved fine-scale spatial variability of
different water mass systems along the survey
transect. The results from the acoustic monitoring
showed that the oceanographic structure returned a
vast amount of backscatter, which prevented accu-
rate estimates of marine organism populations.
However, oceanographic structures and zooplankton
could be distinguished using the difference between
38 kHz and 120 kHz volume backscattering
strengths. These preliminary findings highlight the
complex nature of backscatter in such highly dy-
namic oceanic environments, making it difficult to
achieve high precision quantitative fishery resource
assessments using the conventional methods. The
use of high-speed development of broadband
acoustic technology to separate the physical ocean-
ographic structure from marine organisms has po-
tential and merits further investigation.
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