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Marine ecosystems are variable at a range of scales, from
the small scales of processes associated with individual organ-
isms to the large scales arising from climate forcing. Under-
standing the causes and consequences of ecosystem variabil-
ity is an essential step toward the better interpretation of
ecosystem function. Such understanding is pertinent to
addressing the issues of Ecosystem Based Fisheries Manage-
ment (Lubchenco et al. 1991; Constable 2001; Reid et al.
2010) and assessing the impact of climate and fisheries on
marine populations. To observe and measure ecosystem vari-
ability, concurrent biological and physical oceanographic
measurements are required at suitable temporal and spatial
scales. This work has typically been undertaken from research
vessels, which can provide comprehensive overviews, but are

costly and, as a result, usually constrained to a limited, tem-
poral, operating window. Consequently, alternative technolo-
gies, such as drifters, moorings, and Autonomous Underwater
Vehicles (AUV), are increasingly being employed to provide
cost-effective, extensive temporal, and/or spatial coverage
(Brierley et al. 2003, 2006; Fernandes et al. 2003; Ullgren and
White 2010).

The ability of sophisticated AUVs to assess zooplankton
acoustically has been examined in order to make observations
in challenging environments such as under ice (Griffiths et al.
2001). The ability of smaller, cheaper systems such as ocean
gliders (Webb et al. 2001; Eriksen et al. 2001; Sherman et al.
2001) to undertake similar measurements is, however, at the
limit of technological development. Ocean gliders are slow
moving platforms that dive to depths of up to 1500 m,
although deeper diving variants are currently under develop-
ment (Osse and Eriksen 2007). Gliders are commanded
remotely by pilots, and data are uploaded via radio or satellite
links and new operating parameters downloaded when the
glider returns to the surface (Eriksen et al. 2001). These gliders
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can make measurements over several months but can house
only compact, low power (<1 W average power) sensors to
enable these long mission durations. Sensors for measuring
environmental parameters such as temperature, conductivity,
chlorophyll, dissolved oxygen, and turbidity are now rou-
tinely mounted on gliders, thus contributing to unique obser-
vations of oceanographic biophysical interactions (Davis et al.
2008; Perry et al. 2008; Asper et al. 2011), physical and chem-
ical oceanography (Johnson et al. 2009; Shulman et al. 2009;
Queste et al. 2012). The ability of gliders to measure higher
trophic levels, such as zooplankton and marine mammals,
using active and passive acoustics is in development (Baum-
gartner & Fratantoni 2008; Dassatti et al. 2011; Klinck et al.
2012; Yahnker et al. 2012).

In this article, we assess the use of an echo-sounder,
mounted on an ocean glider, to make quantitative mea-
surements of acoustic backscatter from zooplankton. Our case
study is an investigation of the abundance and distribution of
Euphausia superba (Antarctic krill) measured concurrently from
a Seaglider and from a research vessel. Antarctic krill is a cen-
tral species in the Southern Ocean ecosystem and, with a cir-
cumpolar, post-larval annual production estimated to be
342–536 Mt yr–1, one of the most abundant species on the
planet (Atkinson et al. 2009). They are an important resource
to many higher predators such as fish, seals, penguins (Crox-
all et al. 1985; Croxall et al. 1999), the subject of commercial
fishing (Nicol and Endo 1999) and can have large inter and
intra-annual variations in density and distribution influenced
by local and global oceanography (Murphy et al. 2007; Atkin-
son et al. 2009; Reid et al. 2010). As a result Antarctic krill
(hereafter krill) are a key subject of an international ecosys-
tem/fisheries management system, CCAMLR (Commission for
the Conservation of Antarctic Marine Living Resources). This
management system has been informed by multi-national
basin scale and national inter-annual assessments of krill dis-
tribution and abundance, undertaken using active acoustic
methods (Watkins et al. 2004; Fielding et al. 2011; Reiss et al.
2008). Acoustic surveys of krill and fish density are typically
performed from a surface vessel with hull-mounted, cali-
brated, multi-frequency echo-sounders. The following are
some of the principal conditions that must be met for the col-
lection of the acoustic data: (1) collection of time-stamped,
depth-resolved, calibrated measurements of mean volume
backscatter (dB re 1 m–1) [a logarithmic scale]; (2) robust
methodology for target identification of the key species in the
acoustic data; (3) robust methodology for converting acoustic
backscatter data to organism biomass (e.g., a validated target
strength model); and (4) appropriate depth and spatial cover-
age of the survey area.

We address these four conditions, with particular reference
to the integration of a low-powered echo-sounder into an
ocean glider. We compare glider-derived estimates of krill den-
sity with concurrent, ship-borne measurements and undertake
sensitivity analyses to inform on best practices.

Materials and procedures

The acoustic performance of an echo-sounder carried by an
ocean glider was examined following two back-to-back cruises
of the R.R.S. James Clark Ross, JR260b and JR255a. JR260b (26
Nov 2011 to 16 Jan 2012) undertook an acoustic assessment of
krill distribution and abundance on the South Georgia shelf in
the South Atlantic Ocean (Western Core Box, Fielding et al. in
press) and provided an opportunity to calibrate the echo-
sounders used during this study. JR255a (20 Jan 2012 to 3 Feb
2012) was a cruise to examine the use of gliders in Antarctic
science (GENTOO project: Gliders: Excellent New Tools for
Observing the Ocean). Acoustic transects using a hull-
mounted multi-frequency echo-sounder, CTDs, and mid-
water trawl net hauls were undertaken on the continental
shelf to the east of the Antarctic Peninsula in the northwest-
ern Weddell Sea (Fig. 1).
Ship-borne echo-sounder measurements

Mean volume backscatter (Sv, dB re 1 m
–1) data were col-

lected throughout both cruises using a hull-mounted Simrad
EK60 echo-sounder (38, 120, and 200 kHz). Standard-target
echo-sounder calibrations (Foote et al. 1987) were conducted
in Stromness Bay (54° 9.51 S, 36° 41.7 W) during JR260b and
in the lee of a large iceberg (63° 8.82 S, 51° 44.8 W) during
JR255a. Power settings were consistent between cruises, pulse
duration was set for all frequencies to 1.024 ms and the inter-
val was 1.5–2.5 s, depending on synchronization with other
instruments. Acoustic data were processed in Myriax
Echoview software version 4.80 as follows: relevant values for
the speed of sound and absorption coefficients were derived
from station CTD data and input; surface noise and false bot-
tom echoes were identified and excluded from further analy-
sis; interference spikes were corrected using a 3 × 3 matrix con-
volution algorithm to identify and remove cells within single
pings having a difference greater than 40 dB from the sur-
rounding cells; time-varied gain (TVG) amplified background
noise was subtracted (Watkins and Brierley 1996).

For the purpose of comparing glider-derived acoustic data
with ship-borne measurements, the EK60 data used in the
comparison were selected solely from regions corresponding
to the geographic extents of the glider deployments (Table 1,
Fig. 1).
RMT8 sampling

Krill were sampled during JR255a using a mid-water trawl
with a rectangular 8 m2 mouth opening (RMT8, Roe and Shale
1979), comprising two opening and closing nets with a 4 mm
mesh in their hind-section (Fig. 1). A total of 7 trawls were tar-
geted on acoustic marks identified in the glider-deployment
regions from the ship’s real-time EK60 data display. Each trawl
was comprised solely of Antarctic krill and up to 100 krill from
each measured for length. Total length (TL, in mm) was mea-
sured from the anterior margin of the eye to the tip of the tel-
son without the terminal spines, rounded down to the nearest
mm (Morris et al. 1988). Length frequency distribution was
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based on 1 mm increments (n = 1386).
Glider-borne echo-sounder measurements

The echo-sounder
The acoustic performance of the echo sounder is clearly

of paramount importance. However, to be deployed on a
glider, an acoustic sensor also needs to be small, have low
power consumption, and (ideally) be interoperable with the
glider. The ES853 echo-sounder (hereafter ES853) was com-
missioned from Imagenex and is 3.5 inches (88.9 mm) tall
with a diameter of 3.25 inches (82.55 mm), operates from a
24V DC power supply with a draw of 0.25 W, and commu-

nicates with the glider through a serial connection. The
ES853 is a single-beam echo-sounder and has an operating
frequency of 120 kHz, a pulse length of 100 μs, beam angle
of 10°, range of 100 m, configurable gain of either 20 or 40
dB (only the 40 dB gain is considered here) and measures
mean volume backscattering (Sv, dB re 1 m

–1) per range bin
interval of 0.5 m. The ES853 can operate in three modes:
real-time logging to a computer with a variable ping rate
dependent on serial communication rate (typically ~ 2 Hz),
self-logging with a ping rate of 1 Hz, or self-logging at a rate
of 0.25 Hz (‘glider mode’). The ES853 records a Range Bin
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Fig. 1. Overview map of the glider deployments, RMT8 net hauls and ship’s track, showing Boxes 1 and 2. The inset shows the location in the Wed-
dell Sea. 

Table 1. Geographic extents of Box 1 and Box 2, used for the comparison of ship-based EK60 and glider-based ES853 data. 

Extent West East North South

Box 1 53° 57.0′ W 52° 15.0′ W 63° 35.4′ S 63° 36.6′ S
Box 2 51° 13.8′ W 51° 39.0′ W 62° 4.8′ S 63° 49.2′ S



Value (RBV) at each bin interval, consisting of a 7-bit (i.e.,
allowing integers between 0 and 127) logarithmic value ref-
erenced to a 1-volt peak to peak signal, in the form 20 log10

(signal level/1 V peak to peak) such that 0 represents 1 V
peak to peak and 120 represents 1 microvolt peak to peak
(the values are negative, but stored as positive). RBV were
converted to mean volume backscattering strength using an
active version of the SONAR equation (Eq. 1) for distributed
targets (Urick 1983).

(1)

where R is range (m), RBV is the recorded count (20log10[sig-
nal level/1V peak-peak]), RR is the transducer receiving
response (dB re 1 V/μPa), and SL is the transducer source level
(dB re 1 μPa at 1m) supplied by the manufacturer, α is the
absorption coefficient (dB m–1), c is sound velocity (m s–1), τ is
pulse length (s), EBA is the equivalent beam angle (steradians),
C is a constant calculated during the calibration of the echo-
sounder, and g is the gain (dB). The ES853 has a dynamic
range of 120 dB and records signals as integer values, thus the
resolution in signal strength is reduced compared with ship-
based echo-sounders such as the EK60.

Calibration of the ES853 was performed in Stromness Bay,
South Georgia during JR260b. An on-axis, standard-target

sphere calibration (Foote et al. 1987) was performed with the
ES853, using a 38.1 mm tungsten carbide sphere suspended
from a small floating platform next to the ship. Calibrations
were performed at a gain of 40 dB and at variable distances
from the transducer face. Relevant values of speed of sound
and sound absorption were derived from a CTD cast immedi-
ately before the calibration.

Glider deployment and motion
The ES853 was integrated into Seaglider SG546 (Fig. 2a)

and was first deployed on 23 Jan 2012 at 63° 22.62′ S, 52°
58.62′ W, an on-shelf location with a water depth of 450 m.
SG546 was piloted for 27 hours to a position 9 km away, hav-
ing traveled a distance of 30 km, performing 11 dives (deep-
est: 405 m) with useable acoustic data (i.e., no logging
errors). The second deployment was made on the 27 Jan at
62° 55.8′ S, 51° 21.78′ W, a location at the edge of the shelf
with depth of 1200 m, increasing steeply to 2600 m during
the course of the glider mission. The glider was piloted for 65
hours and recovered 32 km from its initial point, after trav-
eling 59 km, performing 12 dives (deepest: 992 m) with use-
able acoustic data. Two dives from each box contained data
corruption and were not included. The geographic extents of
the two glider deployments are represented by two regions,
Box 1 and Box 2, which we use for comparison with ship-
based EK60 acoustic data collected during the glider deploy-
ments (Table 1, Fig. 1).

The ES853 was mounted in the ogive-type fairing, pointing
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Fig. 2. (a) Photograph of the glider being deployed, (b) detail of the echo-sounder integrated into the fairing of the glider, and (c) diagram of echo-
sounder orientation throughout a dive with numbered dive stages. 



center along the short axis of the glider and 67.5° from the
long axis, toward the nose, such that when the glider was in a
typical downward glide of –22.5° with no roll, the echo-
sounder pointed directly downwards, analogous with the
downward-looking orientation of a ship’s echo-sounder (Fig.
2b&c). The Seaglider uses changes in pitch and roll to maneu-
ver, effected by shifting of the battery mass. To account for
changing aspect, the orientation of the ES853 away from ver-
tically down (both roll and pitch) was calculated as deviation
(d) for each sample using a Pythagorean formula, where p is
glider pitch and r is glider roll:

(2)

Measurements of glider deviation were examined through-
out the dive progression, which was divided into seven dis-
tinct stages identified by large changes in pitch; move from
surface (stage 1), downward glide (stage 2), move to apogee
(stage 3), apogee – horizontal motion only (stage 4, no data as
new file made), move from apogee (stage 5), upward glide
(stage 6), move to surface (stage 7) (Fig. 2c).

Glider acoustic data processing
The ES853 was operated in glider mode at a ping rate of

0.25 Hz, and data were recorded to internal memory. Trans-
mission of the > 1 Mb acoustic files would have incurred sig-
nificant Iridium satellite data transfer costs and greatly
increased glider time at the surface, further subjecting the unit
to the dangers of ice and surface currents. Raw echo intensity
data were converted to Sv in MathWorks Matlab software using
Eq. 1. Systemic interference, corresponding to individual satu-
rated values, caused by an unrelated malfunctioning instru-
ment also housed in the Seaglider fairing, were identified and
replaced with NaN values. The location, depth, and orienta-
tion of each acoustic ping were calculated through the time-
coordinated interpolation of the glider position and attitude
data, with the glider navigation sampling at four times the
rate of the ES853. Acoustic (Sv), position, and platform orien-
tation (pitch, roll, and depth) data were then imported into
Myriax Echoview software (version 4.80). A time-varied gain
amplified background noise was subtracted (Watkins and
Brierley 1996), the Sv data were corrected for the change in

pointing direction of the transducer between transmission
and reception caused by variations in glider pitch and roll
with a maximum correction factor (k) of 5 (Dunford 2005) and
the depth of the echo-sounder accounted for. Finally, data at
ranges within 5 m of the sea surface, below the detected
seabed and 1 m from the glider were removed to remove bub-
ble noise and spurious echoes.
Krill Density estimation

A school detection algorithm was applied to the corrected
Sv, from both the ES853 and EK60 data using the Myriax
Echoview “School detection module,” which employs a
SHAPES (Shoal Analysis and Patch Estimation System) algo-
rithm (Coetzee 2000). Due to different sampling resolutions
between the ship-borne EK60 (2 s ping interval, typical sur-
vey speed of 10 knots, surface data) and glider-borne ES853
(4 s ping interval, typical speed of 0.75 knots, undulating
data, reduced sensitivity), school (hereafter swarms) detec-
tion parameters could be different between instruments. To
compare EK60 and ES853 krill density estimates, swarms
were identified on 120 kHz data as a group of gridded
acoustic values that met minimum criteria for Sv threshold,
swarm length and height (Table 2), described by Tarling et al.
(2009) for EK60 data. A –70 dB re 1 m–1 threshold was
employed for both instruments, because it was defined by
Lawson et al. (2008) to represent the minimum volume
backscattering strength (of one krill per m3 of water) for
which a given acoustic measurement can be considered to be
part of a krill aggregation.

At a typical horizontal velocity of 0.75 knots and a ping
interval of 4 s, the minimum horizontal resolution of the
glider-borne ES853 data (1.5 m) is a factor of 5 smaller than
that of the EK60 data (7.5 m). As a result, the glider data can
be used to detect smaller krill swarms. A sensitivity analysis on
the minimum swarm length was undertaken, using a mini-
mum total swarm length of 3 m (double the minimum hori-
zontal resolution) and doubling it until no swarms were
detected. By only recording integer values of Sv per cell, the
ES853 has a lower Sv resolution than the EK60. A sensitivity
analysis on the Sv threshold value used for swarm detection
was performed by undertaking the swarms analysis at different
acoustic thresholds (–68 to –75 dB in steps of 1 dB).

d p r22.5
2

2( )= + +
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Table 2. ‘Swarms analysis’ parameters used to identify krill swarms by their morphological characteristics. 

EK60/ES853 ES853 ES853 
Parameter Comparison Sensitivity 1 Sensitivity 2

Minimum total school length (m) 15 3, 6, 12, 15, 24, 48, 96 15
Minimum total school height (m) 2 2 2
Minimum candidate length (m) 10 1.5 10
Minimum candidate height (m) 1 2 1
Maximum vertical linking distance (m) 5 2 5
Maximum horizontal linking distance (m) 15 3 15
Sv threshold (dB) –70 –70 –68, –69, –70, –71, –72, –73, –74, –75



Sv data attributed to krill were integrated to generate Area
Scattering Coefficient (sa, m

2 m–2). Sv was integrated from the
sea surface to the bottom of the glider profile with a constant
integration cell height of 5 m, (or to 2 m above the seabed)
and at a cell width of 15 m. Cell integration values of sa were
converted to krill density (g m–2) as follows. The krill length
frequency data were used to derive weighted mean backscat-
tering cross-sectional areas (σbs) on a per animal basis using
the validated physics-based target strength (TS) model
(SDWBA), parameterized with literature values of density and
speed of sound contrasts given for South Atlantic krill (Demer
and Conti 2005) and a fixed krill orientation of –20° (mean)
and 28° (standard deviation) (hereafter N[–20,28]), as adopted
by the Commission for the Conservation of Antarctic Marine
Living Resources (CCAMLR) (SC-CCAMLR 2010).

σbs = 10
TS/10 (m2 krill–1) (3)

The krill length frequency data (TL, mm) were also used to
calculate weighted-mean wet masses per animal (W, g krill–1)
using the mass-to-length relationship calculated for the Scotia
Sea in 2000 (Hewitt et al. 2004):

W = 2.236 × 10–6 × TL3.314 (g wet mass krill–1) (4)

Density (b, g wet mass m–2) was calculated by multiplying
the 120 kHz sa attributed to krill by a weighted mean mass W,

divided by a weighted σbs (Reiss et al. 2008):

b = sa × [Σfi × W(TLi)/Σfi × σbs(TLi)/1 × 10
–3]   (g wet mass m–2) (5)

Assessment
ES853 sensitivity and calibration

The calibration target was suspended at 16, 29.5, 39, 51,
62.5, and 70 m below the ES853, and data recorded at 40 dB
nominal gain setting (39.9 dB for the ES853 unit used). Because
the ES853 is a single beam echo-sounder, it gives no informa-
tion on the lateral position of the target within the beam.
Therefore the maximum signal received (RBV) from the range
bin in which the calibration target was suspended was assumed
to be the “on-axis” value. The ES853 signal was found to satu-
rate at an RBV of –23 dB (Sv of –43dB). For the target sphere
used during calibration (38.1mm tungsten carbide), saturation
would therefore occur at ranges less than 24 m (Fig. 3a). Con-
sequently, the first calibration bin at 16 m was not useable,
with the theoretical RBV of the target at this range being
approximately 7 dB greater than the saturation threshold of
the ES853. The theoretical and actual values of RBV of the tar-
get for the four remaining samples were within 1 dB of each
other. Actual RBV values were less than theoretical at 29.5 m
and higher than the theoretical below 39 m, indicating that
the TVG gain function did not quite conform to the standard
20logR, and further work is required to measure the signal pro-
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Fig. 3. (a) Theoretical and observed backscatter of the acoustic target, (b) mean and maximum profiles of backscatter with the target at 16 m and 
–96 dB noise floor of the echo-sounder during calibration at Stromness, South Georgia. 



cessing of the ES853 to reduce uncertainty of the Sv estimate.
The ES853 was unable to detect the calibration sphere above
background noise at a range of 70 m, which would have a the-
oretical Sv of –56.0 dB. Since the manufacturer-stated noise
floor of the echo-sounder is –96 dB (re 1 VRMS), any signal above
–59 dB at a range of 70 m should be detectable. Given the chal-
lenge of locating a 38.1 mm sphere in the center of the single
beam at a distance of 70 m, it is likely that the sphere was not
within the center of the beam at this depth. Measurements of
Sv through the water column, while the sphere was at 16 m,
show that actual noise floor of the echo-sounder is –97 dB,
close to the manufacturers estimate.
Glider orientation and impact on TS estimation

The efficiency with which an animal scatters sound is a
function of acoustic frequency, the animal’s size, shape, ori-
entation, and material properties (Medwin and Clay 1998). In
the case of Antarctic krill, whose shape is typically approxi-
mated by a rough, bent, tapered cylinder, empirical observa-
tion and modeled predictions of krill acoustic target strength
indicate a high degree of directional sensitivity (McGehee et
al. 1998). Ship-based acoustic surveys typically use down-
ward-facing echo-sounders and estimate animal biomass

using target strength models that assume an animal orienta-
tion with reference to that echo-sounder aspect. An under-
water glider (Seaglider), bearing an echo-sounder, uses pitch
(and roll) to move down or up (left or right), changing the
incident angle of the acoustic signal to the animal target
throughout the dive.

We assessed the orientation deviation (from vertical) of the
echo-sounder mounted on the glider during different stages
of the dive (Fig. 4). Transitional move stages (1, 3, 5, and 7)
were periods where a significant proportion (>90%) of
acoustic data were collected with the echo-sounder orienta-
tion deviating by > 10° from vertical. The upward glide stage
(6) had a mean deviation of 35°, related to the significant
change in pitch as the glider flies upwards. The movement
toward a horizontal aspect of acoustic incidence introduces
an additional complexity of heading (head on, side on, tail
on) to TS estimation that requires further consideration. The
downward glide stage (2) had > 90% of the collected acoustic
data within 10° deviation from vertical. The Antarctic krill
SDWBA target strength model is typically parameterized with
a normal krill orientation distribution of N[–20°, 28°] (SC-
CCAMLR 2010; Fielding et al. 2011). A total deviation of 10°
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Fig. 4. Normal probability distribution functions calculated from raw data of echo-sounder deviation from vertical for (a) stage 1, (b) stage 2, (c) stage
3, (d) stage 5, (e) stage 6, and (f) stage 7. The mean is identified with a gray vertical line and 68% of the distribution (mean ± 1σ) is shaded in gray. The
selected 0°-10° limit for this analysis is shaded in pink and the amount of data this represents within each stage is given. 



(around a mean of –20°, with a standard deviation of 28°)
would result in a change in TS of a 35 mm krill of 1.5 dB.
However, if the standard deviation decreases around a mean
(i.e., the krill are all orientated in the same direction – an
N[11°,4°] as determined by Conti and Demer 2006), the vari-
ation in orientation of instrument of small amounts can
result in more than an order of magnitude greater variation
in TS at 8.9 dB (Fig. 5).

For the purpose of this study, and comparison with ship-
borne measurements, we selected acoustic data from the
ES853 where the deviation from a downward aspect was <
10°, therefore only considering the down-glide data (stages
1-3). After application of the deviation threshold, the
remaining data constituted 42% of the original acoustic
dataset in both boxes. This value is highly dependent on the
mission profile. Data were disproportionately excluded from
the shallower dives, where surface and inflexion at maxi-
mum depth maneuvers constitute a much larger fraction of
the dive. A longer mission with a greater proportion of
trimmed, deeper dives should therefore expect a larger per-
centage of below deviation threshold data. Seaglider pilots
can choose to make guidance and control maneuvers less fre-
quently, or not at all, during dive stage 2. This would mean
that the glider would be less able to navigate in a straight
line toward a waypoint in strong currents, but the advantage
would be better echo sounder data. Alternatively, a glider
employing a rudder rather than a rolling center of mass
would result in a greater proportion of usable downcast data,
according to our criteria.

Estimation of krill density
The vertical distribution of krill
The detection of krill targets was undertaken on geo-refer-

enced and calibrated arrays of Sv (Fig. 6). This was not a sys-
tematic survey of the boxes, thus comparisons between instru-
ments are based on relative sampling effort in the same area
and time. The EK60-derived mean, depth-integrated (to 400
m) density of krill along the transects in Box 1 (247.4 g m–2)
was three times that of Box 2 (81.8 g m–2). The ES853 data
showed an 8-fold difference in mean, depth-integrated (400
m) krill density between transects in Box 1 (162.0 g m–2) and
in Box 2 (20.1 g m–2), with 35% and 75% less krill density in
transects in Box 1 and 2, respectively, than that measured by
the EK60 (Table 3).

The mean density profiles derived from both instruments
show similar structures between instruments within the verti-
cal distribution of krill, but highlight the different quantities
of krill found in each box. In Box 1 both instruments show
krill confined to the upper 150 m (Fig. 7a), with a peak den-
sity of 30.9 g m–2 (EK60) around 60 m. In addition, large and
coherent standard deviations of up to 100 g m–2 were
observed; over three times the maximum mean densities. The
krill density profiles from Box 2 show krill constrained within
the top 250 m of the water column, although most within the
top 150 m. Maximum mean krill densities (7.4 g m–2) were half
to a quarter of those observed in Box 1. The large standard
deviations relative to the low mean krill density estimated
from the EK60 and ES853 data suggest there were a small
number of swarms within the survey box. Whilst appearing
similar in distribution, there are clearly differences between
the krill density estimates from the EK60 and ES853. To
account for these differences, we examined the sensitivity of
the krill density estimate with respect to target identification,
sensor sensitivity, and sampling strategy.

Sensitivity analysis of krill detection parameters and
swath width

The distribution of krill is known to be patchy, with mean
densities influenced by a small number of dense swarms
(Fielding et al. 2012). Therefore, it is important to account for
differences in the abilities of the EK60 and ES853 to detect krill
swarms. As a consequence of the slower horizontal speed of
the glider platform, the horizontal inter-ping distance of the
ES853 acoustic data (1.5 m) is considerably shorter than that
of the EK60 (7.5 m) when collecting data at typical survey
speeds (e.g., 10 knots). As a result, in this setup, the ES853 is
capable of resolving smaller krill swarms than the EK60 data at
typical survey speeds (minimum 2 pings required). The effect
of different swarm horizontal length detection limits within
the SHAPES analysis showed that the estimate of krill density
was not significantly affected by the minimum horizontal
detection length varying between 3 and 15 m, with a differ-
ence of 3.3% of the integrated mean density in Box 1 and
1.9% in Box 2. However, a minimum detectable swarm length
larger than 15 m strongly influenced the density of krill esti-
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Fig. 5. The target strength (TS in dB) of a krill (32.55 mm) versus mean
angle of acoustic incidence. The dashed line represents the CCAMLR
2010 estimated orientation distribution (N[–20°,28°]); the solid line rep-
resents a more constrained distribution of N[11°,4°] from Conti and
Demer (2006). Light gray shaded area represent the 10° deviation
allowed N[–20°,28], dark gray represents the 10° deviation around
N[11°,4°]. An incident angle of 0° corresponds to a dorsal aspect. 



mated, with 12% less krill in Box 1 and 53% in Box 2 using a
24 m minimum swarm length (Fig. 8a).

The impact of the signal to noise ratio on krill swarm
delineation was examined by undertaking the swarms analy-
sis at different thresholds. Because of the –96 dB noise floor,
targets of –70 dB (approximately 1 krill per m3 of water) are
only detectable (i.e., have a signal to noise ratio > 1) within
45 m of the transducer (Fig. 3b). Lowering the threshold to
–75 dB would restrict the range of the ES853 to 28 m. Only
very slight increases in krill mean density (<1% at most) were
observed by decreasing the detection threshold from –70 dB
to –75 dB. Increasing the threshold to –68 dB was seen to

lower krill density estimates by up to 0.25 g m–2 (1.25% max
of mean density profile) in Box 1 (Fig. 8b), but over 1.6 g m–2

(40% max of mean density profile) in Box 2 (Fig. 8c). Because
krill density estimates were not substantially greater using a
lower threshold, it suggests that sensor sensitivity is unlikely
to cause the large differences observed in the estimates of
krill density between the EK60 and ES853 with the parame-
ters used.

The ship-borne EK60 provides acoustic data continuously
along the cruise track, from the surface to approximately 400
m water depth (at 120 kHz). The glider-borne ES853 samples
acoustic data from an along-track length at any specific depth
that is a function of its undulating dive profile and echo-
sounder range. During glider reorientation stages, at the sur-
face and bottom of the dive (1 and 3), this horizontal along-
track length at any specific depth can be quite short (<100 m),
whereas during the downcast glide stage (2), it is approxi-
mately 200 m wide. This results in orders of magnitude differ-
ence in sampling effort (i.e., area ensonified over time)
between platforms and with depth (Fig. 7c).
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Fig. 6. Example of georeferenced and depth-corrected glider-derived acoustic downcast data, showing krill swarms, seabed, blanked data, and undu-
lating coverage. 

Table 3. Integrated krill density mean profile totals (g m–2) for
both instruments and boxes. 

EK60–JCR ES853–Glider

Box 1 247.4 162.0
Box 2 81.8 20.1



Glider acoustic horizontal sampling effort is greatest in
both boxes between 110 and 120 m, increasing to, and
decreasing from that point. Sampling effort is low in the upper
20 m for both boxes, at fewer than 20 integration cells (a
cumulative distance of 300 m) across all dives. Similarly, dives
to depths greater than 400 m made up a small portion of all
dives in Box 2, thus the sampling effort is between 20 and 25
integration cells per depth. There is no sampling effort in
either box for the EK60 below 500 m as the instrument lacks
the range to penetrate the water-column beyond that depth.
In addition, because an echo-sounder has a conical beam, the
volume of water ensonified increases with depth. Therefore a
ship-borne echo-sounder loses resolution with depth, whereas
a glider’s undulating profile ensures the sampling resolution as
a function of beam width is consistent across all depths. This
highlights the potential for glider-borne acoustics to make

observations beyond the depth-range of hull-mounted instru-
ments for examining the abundance of Antarctic krill distri-
butions that have been identified in deep layers or near the
seabed (Schmidt et al. 2011) or defining smaller krill swarms
at depth.

The number of 15 m integration cells in the EK60 data are
large (1898 cells in Box 1 and 14101 cells in Box 2) and con-
stant with depth (Fig. 7c), varying only with the exclusion of
data below the seabed (Box 1). The sampling effort of the
glider is two orders of magnitude less and varies greatly with
depth, up to 6-fold, in the case of Box 2. The poorer corre-
spondence between the profiles in Box 2 than in Box 1 may be
a consequence of these differences in sampling effort.

Sensitivity analysis of sampling effort
A Monte Carlo simulation (20,000 iterations of dive mission

[11 dives in Box 1 and 12 dives in Box 2], with no replacement)
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Fig. 7. Comparison of observed ship and glider-derived krill density profiles from (a) Box 1 and (b) Box 2. The number of integration cells by depth for
both instruments and boxes is shown (c). 
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Fig. 8. (a) The difference in krill density (%) estimated using different minimum swarm candidate lengths from that calculated using a minimum swarm
candidate length of 3 m for Box 1 (blue) and Box 2 (red). The difference in krill density (gm–2) estimated with depth at different threshold levels for (b)
Box 1 and (c) Box 2. 

Fig. 9. Probability density functions of the mean integrated krill density estimated from the Monte Carlo simulation of glider-borne ES853 sampling
through ship-borne EK60 data for (a) Box 1 and (b) Box 2. The mean integrated density is identified, the dark gray shaded area represents one standard
deviation from the mean, and the light gray represents two standard deviations from the mean (95% of the distribution). The observed glider-derived
integrated krill density is identified in red. 



of glider-borne ES853 sampling through ship-borne EK60 data
were undertaken to examine the influence of sampling effort
on krill density estimation. Individual dive profile characteris-
tics, from the real glider dive missions (consisting of multiple
dives), were applied to randomized start positions within the
EK60 120 kHz acoustic data. Conditions of seed placement
were the avoidance of both overlapping dives and the geo-
graphic truncation of samples by the limits of the EK60 data.
An estimate of mean and standard deviation of krill density
with depth were derived for each glider mission and krill den-
sity was integrated to the common depth of 400 m. The
observed glider-derived density in Box 1 was 162.0 g m–2, 65%
of the sampling model mean of 247.4 g m–2, but within one
standard deviation of the mean of the simulated distribution
(Fig. 9a). The observed glider-derived krill density in Box 2 was
20.1 g m–2, 25% of the sample mean (80.8 g m–2) and outside 1
standard deviation from the mean, within the simulated distri-
bution (Fig. 9b). In both cases the observed glider-based mean
krill density estimates were within 1 standard deviation of the
mean simulated distribution. This suggests that the observed
glider-derived profiles were realistic representations of the sub-
sampled EK60 data. The greater deviation from the mean
observed in Box 2 may be a function of the large disparity in
sampling effort; whereas both boxes share a similar number of
glider dives, the corresponding EK60 dataset differs by an order
of magnitude in size. It is clear that a greater sampling effort is
required to reduce the uncertainty in the density estimate
around the mean (i.e., reduce the standard deviation).

To quantify the degree of glider sampling needed for simi-
lar confidence between ship and glider surveys of biomass,
multiple Monte Carlo simulations (500 iterations, no replace-
ment, seed conditions as above) were undertaken on both
boxes, varying the number (n) of dive missions (11 dives)
between 1 and 100 (1:10, 12, 14, 16, 18, 20, 25, 30, 40, 50, 75,
100) to represent a greater sampling intensity. Mean krill den-
sity profiles were estimated for each iteration and compared
with the whole EK60 dataset in the box using a linear regres-
sion (R2). As n increases a larger and larger percentage of the
whole data set is being sampled, and therefore a greater per-
centage of the iterations will have an R2 approaching 1
(Fig. 10a&b). Eighty percent of the modeled dive missions
were seen to correlate strongly (R2 > 0.9) with the ship’s data
in Box 1 when the mission size was 10 times the number of
dives actually performed (Figs. 10a&d). In the much larger Box
2, with more EK60 data, the same degree of correlation
occurred with 45 times the number of dives actually per-
formed. It is clear from this analysis that a greater number of
dives than were achieved are required to appropriately repre-
sent the distribution of krill within the surveyed boxes.

Discussion
This article reports the first observations of calibrated,

acoustic measurements made from a glider, with a methodol-
ogy that enables organism density to be estimated, following

standard protocols. Two survey boxes were examined and
glider-based Antarctic krill density estimates for each box were
of the same order of magnitude as those estimated from con-
current ship-based measurements.

Echo integration is the most widely used acoustic method
for estimating the abundance of scattering organisms in the
sea (Simmonds and MacLennan 2005). Fundamental to this
technique is a robust and repeatable measure of energy in
echoes received by an echo-sounder, which requires careful
calibration of the acoustic instrument (Foote et al. 1987).
Whilst acoustic backscatter measurements made from an
acoustic Doppler profiler mounted on a glider have shown the
relative distribution of whale prey (Baumgartner and Fratan-
toni 2008), the uncalibrated nature of such an instrument
makes robust quantitative measurements unfeasible. Use of
acoustic scattering models and a knowledge of taxonomic
composition from concurrent net samples have shown a rela-
tionship between acoustic Doppler profiler acoustic backscat-
ter and zooplankton (Brierley et al. 1998; Fielding et al. 2004;
Ressler and Jochens 2003), though these would be unrepeat-
able between instruments and over-time without instrument
calibration. The ES853 was calibrated using standard on-axis
techniques for a single beam echo-sounder (Foote et al. 1987),
with a < 1 dB variability in gain over a range of 30-60 m. The
change from under- to overestimated gain with depth suggests
that measuring the TVG function of the ES853, rather than
approximating it with 20logR, could further reduce uncer-
tainty of the Sv estimate. In addition, the calibration presented
here was undertaken at the sea surface. With the ES853
mounted on a glider that undulates from the surface to 1000
m, the echo-sounder is subjected to large changes in pressure.
Kloser (1996) showed that the performance of echo-sounders
can vary over depth as a result of deformation of the trans-
ducer elements. Further investigation into the performance of
the ES853 with depth is required.

The ES853 is a compact and low power echo-sounder, and
as such, is constrained in its power and acoustic complexity.
This has resulted in a shortened range from the transducer, a
limited dynamic range and reduced Sv resolution. To get a
good signal-to-noise ratio at a distance from the transducer,
there is saturation of the acoustic signal (at 40 dB gain setting)
within 24 m of the transducer face at backscattering strengths
similar to krill swarms. This reduces the actual usable range of
the echo-sounder, although this is offset by the glider diving
profiles taking the ES853 through the water column. In turn,
however, this may introduce platform avoidance effects
(Stoner et al. 2008). Below 20 m no krill swarms were observed
at distances of less than 5 m from the glider (e.g., Fig. 6), and
swarms often appeared to descend as the glider approached
within 15 m. This is contrary to the lack of avoidance of her-
ring to an AUV reported by Fernandes et al. (2000). In their
case, the AUV was below the target species, whereas in our sce-
nario the glider is descending on the krill and may appear as
the shadow of a predator, such as a seal or penguin. Mounting
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Fig. 10. The percentage (colored blue [~0%] to red [100%]) of correlation (R2) values between glider-derived ES853 and ship-borne EK60 integrated
krill density for (a) Box 1 and (b) Box 2 as the size of the glider mission within the box is increased. 



upward and downward looking echo-sounders onto the glider
may be particularly informative in resolving platform avoid-
ance behavior, since it is assumed that the glider itself is a
quiet platform (Ferguson et al. 2010), with a small visual cross-
section and no constantly running machinery that might
induce low frequency vibrations. The extent of the stimuli to
which marine animals react is still unclear, though it is known
that even seemingly minor stimuli can impact behavior (De
Robertis and Handegard 2013).

Comments and recommendations
This study shows that it is possible to collect quantitative

measurements of acoustic backscatter from zooplankton using
an echo-sounder mounted on a glider. We have presented this
through an analysis of its use to derive a biomass estimate of
Antarctic krill. However, this is not the only application for
this sensor. Calibrated acoustic measurements can be used to
measure suspended sediment concentration (e.g., Thorne et
al. 1991), sea bed type (Orlowski 1984), or bubble (air or oil)
presence (Szczucka 1989) that have far wider applications than
solely marine ecosystem assessment.

The example presented here of an acoustic assessment of
Antarctic krill was undertaken in a region dominated by a sin-
gle species. Identification of targets within acoustic data typi-
cally requires simultaneous multi-frequency measurements
(Korneliussen and Ona 2003) and validation through concur-
rent net or optical sampling (e.g., De Robertis 2001; Lawson et
al. 2008). Behavior has also been proposed as a method of
identification (Lehodey et al. 2010); here we used clearly iden-
tifiable behavior-induced targets (swarms) to identify the
species of interest. Ship-borne multi-frequency acoustic mea-
surements and net samples validated this assumption. Target
identification remains a key challenge in applying a single fre-
quency echo-sounder to ecosystem assessment. As sensor
miniaturization and battery performance increases, greater
resolution, improved signal-to-noise ratio and a move to
multi-frequency or broadband acoustic measurements from a
glider and other AUVs will greatly improve target identifica-
tion and glider application.

Low-resolution single-frequency acoustic data, even col-
lected at a slow ping interval of 4 s, generates approximately 1
Mb of data over a typical 1000 m glider dive (down and up).
Deployment of the glider with an internally logging echo-
sounder leaves the mission liable to data loss in the event of
glider loss. Presently, the transmission of all the acoustic data
by satellite is not feasible due to transmission rates that would
require the glider to be at the surface for long periods, there-
fore at the mercy of strong surface currents, as well as the cost
of such high-volume transfer. Key areas for future develop-
ment in glider and other autonomous systems are improved
on-board processing, compression, and transmission of data
(Pence et al. 2010). The principal challenge of such work is
balancing the computing performance needed to algorithmi-
cally analyze volumes of acoustic data, and the power con-

straints of long-duration platforms. To realize Stommel’s
vision of a network of intercalibrating gliders with the capac-
ity to dynamically track ocean phenomena (Stommel 1989),
such as krill swarms, technological developments in the areas
of low-powered processing, battery energy density, and survey
detection and decision algorithms are all required.

Glider-derived estimates of krill density in this study
reflected those calculated from EK60 data more closely in Box
1 than in Box 2. This was due to the highly variable distribu-
tion of the krill swarms, seen as high variability in the mean
profiles, along with an order of magnitude greater sample size
in the EK60 data of Box 2, compared with Box 1. Note that
these were not systematic surveys of the identified boxes, but
a comparison of relative sampling effort in the same area. A
model of the glider sampling applied to the ship’s data sug-
gests a need for 120 dives in Box 1 and 480 dives in Box 2,
compared with the 11 and 12 (respectively) that were actually
completed in this study, to accurately determine the krill den-
sity estimates calculated from the larger amount of ship data.
Given the slower travel speed, influence of strong oceano-
graphic currents, more limited range and large vertical move-
ment of the platform, the glider cannot be expected to repli-
cate the acoustic dataset acquired by a vessel in a similar
period. There is disproportionally low glider-based acoustic
coverage of the near-surface depths, which is particularly rele-
vant when the target species such as krill typically resides in
the upper 200 m of the water column. Further development of
the glider control parameters, allowing more granular specifi-
cation of pitch and roll targets, would enable pilots to opti-
mize orientation of the platform during critical phases of a
dive. It is recognized, however, that such control would likely
incur the cost of reduced fidelity to the intended flight path.

It is important, when using gliders for survey work to con-
sider dive strategies such as shallow (or targeted depth) dives
or multiple dives without surfacing as well as extracting usable
data from the upcast. Likewise, the directivity and sensitivity
of the measurement with respect to the orientation of the
platform must be considered. For example, in this case, an
additional, upward-facing echo-sounder would effectively
double the coverage possible during a glider dive, though
would come at the cost of increased power consumption. The
use of mechanical stabilization, such as with a gimbal of the
echo-sounder is not a satisfactory solution as a glider is typi-
cally carefully ballasted and so even subtle changes in the cen-
ter of gravity of the vehicle can have a large impact on glide
angle and dive rate. Technological improvements such as
beam steering of a phased array, which would require no mov-
ing parts, may increase the amount of useable directional data.

A glider-centric acoustic survey must therefore be flexible
in its design. Whereas, with two replicates in this study, it is
not reasonable to infer the optimal coverage requirements as
a general rule, it is clear that to get appropriate spatial resolu-
tion within a short period multiple platforms are required to
provide a holistic picture. A combination of platforms with
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overlapping sampling strategies is most desirable (Handegard
et al. 2012). Notwithstanding the necessity of target identifi-
cation and TS model parameterization, it is envisaged that a
coordinated fleet of acoustic gliders might one day support
biomass surveys undertaken by research vessels, extending
temporal and spatial coverage by being able to exploit chal-
lenging environments such as during winter or during rough
weather. It is further possible that such a fleet might, in part,
be deployed and serviced from shore or through the use of
ships of opportunity, thus reducing the pressure for time
aboard research vessels.
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