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Tracking Large Marine Predators in Three Dimensions:
The Real-Time Acoustic Tracking System

Mark F. Baumgartner, Lee Freitag, Member, IEEE, Jim Partan, Keenan R. Ball, and Kenneth E. Prada

Abstract—Large marine predators like sharks and whales
can have a substantial influence on oceanic ecosystems, and
characterizing their interactions with the physical and biological
environment is an important goal in marine ecology. Studies
of foraging ecology are of particular importance, but sampling
prey aggregations encountered by these predators is extremely
difficult because of the small spatial scales over which prey
aggregations often occur (meters to hundreds of meters). We
developed the real-time acoustic tracking system (RATS) to allow
large marine predators to be accurately tracked over these small
spatial scales to facilitate proximate environmental sampling.
The system consists of an array of four free-floating buoys
capable of detecting 36-kHz pings emitted by an animal-borne
acoustic transmitter. Upon detection, the buoys transmit their
position and the arrival time of the ping via a radio modem to a
computer on board a nearby ship, and a software program uses
differences in arrival times from all of the buoys to estimate the
location of the tagged animal. The positions of the tagged animal,
buoys, ship, and support boats can be monitored via a graphical
user interface to allow proximate environmental sampling and
maintenance of the array around the tagged animal. In situ
tests indicate that average positional accuracies for a transmitter
inside either a four- or three-buoy array (buoys spaced 1–1.75
km apart) are less than 10 m, and that accuracies remain near
10 m for transmitters located up to 500 m away from the edge
of the array. The buoys can consistently detect the transmitter
up to 1000 m away, but detection rates decrease between 1000
and 2000 m; no detections were obtained beyond 2300 m. Field
deployments of the system have demonstrated an unprecedented
ability to monitor the movements of baleen whales in real time,
allowing a suite of prey and oceanographic observations to be
collected within meters to tens of meters of a tagged animal.
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I. INTRODUCTION

U NLIKE that of some large terrestrial predators, the for-
aging behavior of marine predators is difficult to observe

because it nearly always occurs out of view below the sea sur-
face. In lieu of visual observations, researchers have embraced
tagging technology to observe underwater behavior [1]–[11].
Advances in instrument miniaturization have fostered the devel-
opment of archival tags that can be attached to animals to record
dive characteristics and environmental parameters [12]–[14].
Over the past two decades, these tags have revealed a wide
variety of behaviors presumably associated with feeding, yet
few studies have attempted to simultaneously measure diving
behavior, prey abundance, and local oceanographic conditions
to definitively characterize foraging ecology [15], [8]. Today’s
tags are incapable of assessing prey abundance, and they col-
lect only the most basic oceanographic data (e.g., temperature
and, only recently, conductivity). It is unrealistic to expect tags
alone to make all of the relevant measurements to characterize
foraging behavior because of restrictions on size, weight, and
power.

To overcome these limitations of the tags, researchers can
take advantage of existing state-of-the-art instrumentation that
can be deployed from ships to collect environmental data near
marine predators [15], [8]. But how close does one need to be
to the predator to adequately characterize the feeding condi-
tions encountered by that predator? Schools of fish or aggre-
gations of zooplankton only meters to hundreds of meters in
size can be effectively exploited by marine predators, yet are
extremely difficult for researchers to locate and sample. Con-
tinuous accurate predator tracking can greatly facilitate studies
of feeding conditions by allowing adaptive sampling within me-
ters to tens of meters of the predator using sonar or profiling in-
struments (e.g., conductivity–temperature–depth profilers, op-
tical plankton counter, video plankton recorder). As in terres-
trial studies, tracking marine predators has typically relied on
animal-borne radio transmitters [16]–[18], but these only pro-
vide a signal when an animal is at the surface. Radio tracking
is impossible for fish that do not come to the surface at all, and
the low accuracy and coarse resolution of the resulting positions
for radio-tagged marine mammals hinders sampling that is close
enough to the predator in space (meters to tens of meters) and
time (seconds to minutes) to adequately characterize a patchy
feeding environment.

This paper describes a system designed to accurately track
marine predators continuously while they are submerged. The
system, called the real-time acoustic tracking system (RATS),

0364-9059/$25.00 © 2008 IEEE

Authorized licensed use limited to: IEEE Xplore. Downloaded on November 24, 2008 at 17:28 from IEEE Xplore.  Restrictions apply.



BAUMGARTNER et al.: TRACKING LARGE MARINE PREDATORS IN THREE DIMENSIONS: THE RATS 147

is based on the detection and localization of acoustic transmis-
sions emitted from an animal-borne tag by a free-floating move-
able array of buoys. The concept of operation is similar to other
wide-aperture hydrophone arrays [19], [20], but the RATS pro-
vides location estimates in real time and does not depend on
the target animal to produce sound for tracking. Our initial goal
in developing the RATS was to monitor the foraging behavior
of baleen whales. Baleen whales spend the majority of their
time submerged; therefore, tracking by radio telemetry alone
for proximate prey and oceanographic sampling is difficult and
inaccurate. Baleen whales are ideally suited for tracking by a
free-floating array, since they can be approached and tagged
at close range, many tend to remain in a confined area while
actively foraging [8], and they are relatively slow moving. We
originally specified the RATS to have a positional accuracy of
less than 20 m, which corresponds roughly to a single body
length of a baleen whale.

II. SYSTEM DESCRIPTION

A. Acoustic Transmitter

The RATS tracks an acoustic transmitter that is attached
to a marine animal. Tag attachment methods vary between
species; for attachments to whales, suction-cup mounted tags
are common [2], [6]–[10], [18]. We developed the RATS to
track the model V22P acoustic transmitter manufactured by
Vemco, Ltd. (Halifax, NS, Canada), which is specified to
transmit a 36-kHz “ping” at 165 dB (re 1 P @ 1 m) once
every 700–1100 ms. The pulse duration of the ping is 10 ms.
The V22P carries an integrated pressure transducer, and the
interval between pings is varied linearly with the pressure
measurement. Thus, the depth of the transmitter can be de-
termined remotely by measuring the interval between received
pings and applying a factory-supplied linear calibration
equation as follows:

(1)

where and are the intercept and the slope of the linear cali-
bration equation, respectively.

Since we initially designed the RATS to monitor the foraging
behavior of baleen whales, it was critical that the acoustic
transmitter not interfere with the tagged animal’s behavior by
being bothersome. Ideally, the transmitter will be inaudible,
and this is accomplished by choosing a frequency that is above
the hearing range of the target species. However, attenuation of
the acoustic signal increases exponentially with the frequency;
therefore, choosing too high a frequency can dramatically
reduce the detection range. We chose a 36-kHz transmitter
because the available evidence indicates that many baleen
whales cannot hear sounds above roughly 25 kHz. The hearing
range for mammalian ears can be estimated by measuring
the thickness-to-width ratios of the basilar membrane in the
cochlea [21]. Houser et al. [22] and Parks [23] used this method
to estimate that the upper hearing limit of humpback whales is
18 kHz and that of right whales is 22 kHz, respectively. Ketten
[24] reports similar thickness-to-width ratios at the base of the
basilar membrane for humans and right, humpback, and fin
whales, suggesting that they all have similar high-frequency

Fig. 1. (a) Average source level spectra from open-water recordings of three
Vemco V22P transmitters using a Reson TC4033 hydrophone placed 1 m away
from the transmitter. Noise spectrum was derived from the period of silence be-
tween pings, and it is shown with a�15-dB offset for clarity. (b) Signal-to-noise
ratio. The transmitters are designed to transmit at 36 kHz, but energy is also
present at 72 (harmonic) and 92 kHz. The small peak at 20 kHz measured in (a)
was not produced by the transmitters (note its presence in the noise spectrum);
it was a background continuous tone from an unidentified source at the test site
in Woods Hole harbor, MA.

hearing limits ( 20 kHz). The 36-kHz V22P transmitter emits
a ping that is nearly one octave above this limit and is inaudible
to humans; field observations suggest it is inaudible to right,
humpback, and fin whales as well. Baumgartner and Mate [8]
used a 36-kHz V22P transmitter in a portion of their right
whale foraging ecology study, and they found no differences
in the diving behavior of whales tagged with and without
the transmitters. Moreover, Watkins [25] summarized nearly
30 years of observing whales exposed to sounds and concluded
that “higher frequency sounds generated by our pingers and
sonars at 36, 40, 50, 60 kHz and higher were apparently not
noticed, even at close range by finbacks, humpbacks, and right
whales, as long as the signals contained little energy in the
lower-frequency pulse-envelopes.” Frankel [26] reported that
gray whales responded to a 21–25-kHz sonar, suggesting that
gray whale hearing is perhaps more sensitive than other baleen
whales at higher frequencies; however, the source levels used
by Frankel [26] were quite high (215 dB re 1 Pa at 1 m). Our
tests of the V22P transmitter indicate that it emits no energy
below 30 kHz (Fig. 1), and we therefore believe it is inaudible
to our target taxa.

B. Buoys

The function of a RATS buoy is to detect pings emitted by the
animal-borne acoustic transmitter and upon detection, to imme-
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diately relay to the ship: 1) the position of the buoy and 2) the
exact time the ping was detected. In the absence of detections,
a RATS buoy relays only its position to the ship once every 2 s.
The system consists of four RATS buoys, and tracking can be ac-
complished when either three or four of the buoys are deployed.

1) Hardware: The buoys were designed to be compact and
hand-deployable. They consist of an instrument well surrounded
by Surlyn foam flotation, a hydrophone suspended 3.6 m below
the instrument well, and a mast carrying a radio antenna and a
global positioning system (GPS) receiver [Fig. 2(a)]. A bail on
the instrument well provides a means to easily deploy or recover
the buoy either by hand or with a gaff. The faceplate of the in-
strument well has a rotary switch to turn the buoy on and off, and
several watertight connectors to accommodate cables from the
hydrophone, radio antenna, and GPS. The mast is constructed
from Extren tubing inside which the radio antenna is mounted
for protection. The GPS receiver is attached to the exterior of
the mast so that it has an unobstructed view of the sky. The hy-
drophone is suspended from the instrument well with a load-
bearing conducting cable. To keep the cable in a vertical orienta-
tion and to help stabilize the buoy, a custom-molded 6.8-kg lead
weight is attached to the load-bearing cable. The cable passes
through this weight and connects to the hydrophone, which pro-
trudes from the bottom of the weight into a protective stainless
steel cage [Fig. 2(a)].

2) Electronic Components: The chassis inside the instru-
ment well holds an acoustic receiver, radio modem, and a
battery [Fig. 2(b)]. The hydrophone and GPS are connected
to the acoustic receiver, and the radio antenna is connected
to the radio modem. We used a High Tech, Inc. (Gulfport,
MS) model HTI-96-MIN voltage mode hydrophone with an
internal preamplifier that provided a sensitivity of 165 dB re
1 V/ Pa. The acoustic receiver is a Woods Hole Oceanographic
Institution (WHOI, Woods Hole, MA) micromodem [27] with
custom firmware designed to detect 36-kHz pings using a
matched filter. The hydrophone is sampled by the micromodem
at 80 kHz, and the resulting signal is demodulated at 36 kHz
and decimated to 8 kHz before application of the matched filter.

The GPS (Garmin, Olathe, KS, model GPS16 HVS) outputs
a 1 pulse/s (PPS) signal ( 1- s accuracy) that is used by the
acoustic receiver as a stable and accurate clock. The GPS also
reports time and position to the acoustic receiver at 1 Hz via a se-
rial RS232 interface. An internal 80-kHz counter measures the
time elapsed since receipt of the last PPS signal [28]; therefore,
all detection events can be accurately referenced in time. Be-
cause the PPS signal is synchronized across all GPS receivers,
the buoys operate on the same time base. Thus, differences in
detection times between buoys can be accurately measured. Po-
sitions from the GPS are of the highest quality available for the
deployment area. In the offshore waters of North America where
the wide area augmentation system (WAAS) is available, posi-
tion accuracy is less than 3 m.

Upon detection of a 36-kHz ping, the acoustic receiver re-
lays to the radio modem (Freewave, Boulder, CO, FGR-series
900-MHz spread spectrum wireless radio) a data sentence con-
taining the buoy’s identification number, the time of the detec-
tion (reported to hundreds of microseconds), the position of the
buoy, and diagnostic information. The radio modem then trans-

Fig. 2. Photographs of (a) RATS buoy, (b) interior chassis, and (c) deployed
RATS buoy. A 15-cm ruler is shown in (a) and (b) for scale.

mits this data sentence to the ship (Fig. 3). If no detection events
occur within 2 s, the system transmits to the ship a data sentence
containing the buoy’s identification number, the current time,
and the buoy’s position. All electronic components are powered
from a single 12-V, lead-acid, rechargeable battery.

C. Other Hardware

1) Boat Boxes: To facilitate operations in the field, we de-
veloped a capability to track small boats tasked with moving
the buoy array. The boats each carry a “boat box,” which con-
sists of a GPS, Freewave radio modem, radio antenna, battery,
and battery charger (Fig. 3). The radio modem, battery, and bat-
tery charger are housed in a watertight enclosure, and the radio
antenna and GPS are mounted on an attached mast that is iden-
tical to the mast used on the buoys. The GPS continuously out-
puts time and position at 1 Hz, and these data are transmitted
immediately to the ship via the radio modem.

2) Master: A single enclosure called the “master” is used
on the ship: 1) to receive radio-telemetered data from the buoys
and boat boxes and to relay these data to a computer via a RS232
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Fig. 3. Diagram of RATS components and communication pathways. Computer programs are shown in italics and interprocess communications are indicated by
dashed lines. A 15-cm ruler is shown in the photographs of the boat box, buoy, and master for scale.

port, and 2) to acquire time and ship’s position from an attached
GPS and relay it to the same computer via a second RS232 port.
The master houses a Freewave radio modem, a battery, and a
battery charger (Fig. 3), and it has input ports to accommodate
cables from a radio antenna and a GPS that are both mounted on
a short pole. This pole can be easily attached to the ship’s mast
or some other fixed structure that has an unobstructed view of
the sky. The master’s radio modem receives data sentences from
all of the buoys and boat boxes via the antenna and relays them
to the computer through one of the RS232 serial ports. Contin-
uous output from the GPS receiver is passed to the other RS232
serial port at 1 Hz. Both the radio modem and the GPS are pow-
ered from the rechargeable lead-acid battery housed inside the
master.

D. Software

The RATS computer software was developed for the Linux
operating system because it has a reliable threaded kernel, sup-
ports interprocess communication (IPC) and shared memory,
and is available for low-cost personal computers. For portability,
we designed the software to be run on a Dell (Round Rock, TX)
Inspiron laptop computer (model 600m) with an attached 17-in
external monitor. The laptop has a single integrated RS232 se-
rial port that is dedicated to receiving the radio modem input
from the master. We used a USB-RS232 adapter to allow input
of the ship’s GPS data from the master through the laptop’s inte-
grated universal serial bus (USB) port. The software system uses

independent programs to carry out specific tasks. Data is passed
back and forth between these programs using shared memory,
and the programs communicate with one another using IPC sig-
nals.

1) Data Sentence Processing: The RATS software processes
data sentences from the master using two separate programs:
shipnav and capture (Fig. 3). The program shipnav ingests
and processes sentences from the ship’s GPS, whereas capture
handles sentences originated by the buoys or the boat boxes
and transmitted via the radio modem. All sentences, regardless
of their source, have an appended checksum. Both shipnav and
capture verify the integrity of received sentences using this
checksum, and then write conforming sentences to separate
archival files. Data sentences are parsed and the resulting data
are written to the appropriate variables in shared memory for
access by other programs. Both shipnav and capture signal
the display program tracker, when new data is available in
shared memory for display. If capture receives a buoy sentence
that contains a valid acoustic detection, it will also attempt to
localize the acoustic transmitter using the algorithm described
in Section II-D3.

2) Display: The RATS display system is controlled by
the graphical user interface (GUI) program tracker (Fig. 4),
which allows the user to: 1) monitor the movements of the
tagged animal in real time; 2) monitor the configuration of
the buoy array; 3) monitor the position of the ship and small
boats; 4) monitor the performance of the localization algorithm;
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Fig. 4. Tracking software GUI, including main window controlled by tracker (upper left) and three display windows controlled by separate instances
of trackplot showing a plan view (lower left), time-depth plot (lower right), and 3-D view (upper right). Buoy positions (numbers), boats (letters
“A” and “B”), and ship (letter “S”) are shown on plan and 3-D plots (boat box B was carried aboard the ship, so the ship is shown as a
superimposed “B” and “S”). The whale’s position is shown as a green asterisk in all of the plots. The real-time display shown here is for the
same data depicted in Fig. 9.

5) change localization processing parameters; and 6) change
display parameters. The bulk of the tracker display is devoted
to a data table that reports the distance and the bearing from
the ship and the small boats to all of the other objects (e.g.,
tagged animal, buoys, small boats). This display allows the
ship and the small boats to maneuver in proximity to the
tagged animal to conduct proximate sampling and to easily
retrieve and reposition the buoys.

In addition to the primary GUI, three instances of the pro-
gram trackplot each display a different visualization of the po-
sition and depth data as they evolve in time: 1) a plan view, 2) a
3-D plot of position and depth, and 3) a depth versus time plot
(Fig. 4). The trackplot program is actually the widely available,
open source program gnuplot (copyright T. Williams and C.
Kelley) modified to update a plot upon receipt of an IPC signal.
When update requests are sent to tracker by shipnav or capture,
tracker writes separate, text-based, plot command files and then
sends a signal to each of the three instances of trackplot. Upon

receipt of these signals, trackplot reads the plot command files
and redraws the display window.

3) Localization: The RATS software localizes the acoustic
transmitter on the tagged animal with detections from either
three or four buoys using equations adapted from Watkins
and Schevill [29]. The localization algorithm assumes that a
ping detected by the RATS buoys traveled in a straight path
from the transmitter to the buoy hydrophones (i.e., there is no
ray bending, shadowing, or reflection off the sea surface or
seafloor). Thus, the distance between each hydrophone and the
transmitter is equal to the product of the speed of sound and the
travel time between the transmitter and the hydrophone

(2)

where , and describe the location of the hydrophone
on buoy is the time between the emission of a ping by
the transmitter and the reception of that ping at the hydrophone
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on buoy is the speed of sound, and , and describe
the position of the transmitter. To solve this set of equations
[29], all positions and times are expressed relative to buoy 1

so that
. The system expressed in (2) then becomes

(3)

for and

(4)

for . To solve for , and [recall that , the depth of
the transmitter, is derived independently from the ping interval
using (1)], (3) is subtracted from the system described in (4).
This gives

(5)

where . For brevity in (9)–(14), we define
the following:

(6)

(7)

(8)

When all four buoys are in the water , the system
in (5) consists of three equations and three unknowns. The so-
lution to this system is as follows:

(9)

(10)

(11)

When only three buoys are in the water , the system
in (5) consists of two equations and three unknowns (however, a
solution to this system can be determined because is depen-
dent upon , and ). To solve this system [29], first express

and as linear functions of

(12)

(13)

where
, and . Equations (12) and (13) are substituted in (3)

and is solved using the quadratic equation

(14)

where , and

. The quadratic equation provides two solu-
tions for . In cases where the transmitter is inside a well-con-
figured array, one solution for will be positive and one will be
negative. Only the positive solution is plausible (i.e., it is impos-
sible for a hydrophone to detect a ping prior to the transmitter
emitting that ping).

Measurement errors in the time-of-arrival differences can
introduce error in the linear solutions above, and these errors
will change with the configuration of the array (e.g., larger errors
will occur when the buoys are equidistant from the transmitter).
Because there is redundancy in the four-buoy solution, we used
an iterative refinement procedure to reduce these errors [30],
[31]. We can express the measurement errors as

(15)

where is the measured quantity and
is the corre-

sponding true value if , and represent the true position
and the travel time to buoy 1 . Our goal is to

iteratively refine an initial estimate of , and given the
observed time-of-arrival differences by minimizing the
sum of squared errors. The initial estimate will be the linear
solutions derived in (9)–(11). We can then express as a
first-order Taylor series expansion about these initial estimates
of , and

(16)

Then

(17)

can be represented in matrix notation as

(18)

where

and when four
buoys are in the water (note the columns of result from dif-
ferentiating with respect to and ). If the errors
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Fig. 5. Example of ping reception timing. (a) Times when a transmitter emits a ping (above line) and when each of the four buoys receives that ping (below line).
Pings are individually identified by color. Plots in (b) and (c) correspond to the time indicated by the vertical dotted line in (a). (b) Map indicating the position
of the transmitter (filled circle in the center), the position of the buoys (numbers), and where prior pings are currently being detected [concentric circles; colors
as in (a)]. (c) Table indicating permutations of recently received pings, only one of which includes receptions of the same ping. Because pings are not actually
individually identified as shown here, equations (20)–(22) are required to identify invalid permutations.

are independent with zero means and equal variances, then the
solution to (18) is

(19)

[30] and the estimates of , and are updated as
, and . These new estimates

of , and are used in (18) and the process is repeated
until the changes in the position (i.e., ) are small.
Convergence on a stable estimate typically occurs within just a
few iterations.

The previously described procedures can accurately estimate
the location of the transmitter when each of the buoys receives
the same identifiable ping. That is, the localization will be suc-
cessful if the pings received at the buoys at times ,
and all originated as a single emission from the transmitter
at time . However, since none of the pings in the RATS are
individually identifiable, there is no way to know for certain if
a ping received at buoy 1 at originated as the same ping that
is heard at buoy 2 at (Fig. 5). Because of this uncertainty, the
software constructs permutations of all recently received buoy
sentences. Only one of the permutations contains detections of
the same ping [Fig. 5(c)], and most of the invalid permutations

can be detected by comparing the distances between buoys to
their accompanying arrival time differences as follows:

(20)

where is the distance between buoy and buoy . If this
inequality is true for all buoy pairs in a permutation, the software
proceeds to estimating the position of the transmitter.

When the transmitter is well positioned inside the buoy array,
the procedures described previously typically produce unam-
biguous results. However, when conditions are less than ideal
(e.g., irregularly shaped array, highly stratified conditions, trans-
mitter near the surface where ray bending may occur), more than
one seemingly valid localization can be produced. In such cases,
external, user-supplied information is required to identify the
appropriate solution. The tracking software allows the user to
identify a good solution, and once identified, attempts to ignore
spurious solutions thereafter. The estimated ping time ( , de-
rived from ) and transmitter depth from the good solution
are used to predict future ping times as follows:

(21)
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where and are from (1) and is a positive integer. If the
estimated ping time for a particular solution is sufficiently close
to for (within tens of milliseconds), that solution
is considered provisionally valid. The solution is then further
examined with a simple swimming speed check by comparing
the estimated position and time to the last good solution using
the following inequality:

(22)

where and are the distance and time between the esti-
mated solution and the last good solution, respectively, is
a user-specified maximum swimming speed for the tagged an-
imal (ca. 7.5 m s for baleen whales), and is the radial
location error for the system (we set 15 m based on the ac-
curacy tests described in Section III). If a solution passes both
the ping time (21) and swimming speed (22) tests, the solution is
considered valid. For tracking marine mammals, good solutions
can be identified by establishing visual contact with the tagged
animal at the sea surface. However, in other applications (e.g.,
tracking fish), this may not be feasible. The best course of ac-
tion to avoid ambiguous results is to maintain the free-floating
buoy array in an optimal configuration around the tagged an-
imal; vigilance is required to achieve this in a highly advective
environment or while tracking a very mobile animal.

III. IN SITU ACCURACY TESTS

To test both the detection range and the accuracy of the RATS,
we deployed the buoys on April 13, 2006 in an area of Cape
Cod Bay, MA, with water depths ranging from 12 to 17 m. The
buoys were deployed in a roughly square configuration with
1–1.75-km separating buoys along the perimeter of the square
(Fig. 6). After buoy deployment, the ship returned to the middle
of the array and lowered an acoustic transmitter to 8-m depth.
One of the boat boxes was placed on the ship’s deck directly
above the submerged transmitter to continuously record its exact
geolocation. The ship then steamed slowly toward the north-
east for 39 min until acoustic detections were no longer re-
ceived from any of the buoys (Fig. 6). Location errors reported
in Section III-B were determined as the horizontal distance be-
tween the actual position of the transmitter (derived from the
boat box) and the estimated position of the transmitter (derived
from the localization procedure). The vertical dimension was ig-
nored for these horizontal error estimates; however, a Wildlife
Computers (Redmond, WA) MK9 time–depth recorder was col-
located with the acoustic transmitter during the test so that er-
rors in the telemetered depth measurement (1) could be inde-
pendently evaluated.

A. Detection Range

The RATS buoys detected the transmitter consistently at
ranges of up to 1000 m during the test (Fig. 7). Detections
declined steadily with distance at ranges of 1000–2000 m, and
were reduced to nearly zero beyond 2300 m. We expect that
detection distance will vary as a function of transmitter depth
and hydrographic conditions; however, these detection range

Fig. 6. Ship (circles) and buoy tracks (squares) during 39-min, at-sea, system
accuracy test. Ship and buoy labels are near starting positions. Concentric circles
are separated by 1 km.

Fig. 7. Number of detections per minute as a function of range from the trans-
mitter. During the test, the transmitter (serial 1689F, � � �1052.3 m � s and
� � 1092.3 m) was held at a nominal depth of 8 m and emitted pings at a rate
of 58 min [the interval between pings was 1.0304 s; see (1)].

results are consistent with our experience using the RATS in
other areas at different times of the year.

B. Accuracy Test

The accuracy of the system was examined as a function of
the distance from the buoy array and the number of buoys used
to estimate the transmitter location (Fig. 8). While the acoustic
transmitter was inside the array, location errors for the four-buoy
solutions averaged 7.3 m [ standard deviation (SD)
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Fig. 8. Location errors as a function of the distance from the (a) four-buoy and (b) three-buoy arrays. Errors are summarized for each 1-min interval during the
39-min test as box and whisker plots showing the median error (middle line), interquartile range (box), errors within 1.5� the interquartile range (whiskers), and
outliers (filled circles). For 1-min periods with fewer than four successful localizations, data are shown as filled circles only. The vertical dotted line depicts the
edge of the array. Note a break in the scale of these plots indicated by the horizontal line.

4.4 m, root mean square (RMS) error 8.5 m] and errors
for the three-buoy solutions (omitting buoy 1) averaged 9.2 m
( SD 3.9 m, RMS error 9.9 m). Position accuracy
was expected to degrade with distance outside the array; how-
ever, errors for four-buoy solutions while the transmitter was
outside the array averaged only 7.0 m ( SD 5.2 m,
RMS error 8.7 m). Errors for three-buoy solutions outside the
array also remained low until the transmitter was moved over

500 m away from the edge of the array [Fig. 8(b)]. The average
three-buoy solution error was 8.6 m ( SD 6.2 m,
RMS error 10.6 m) within 500 m of the edge of the array, and
the median errors increased from 10 to 100 m between 500 and
1200 m from the edge of the array. We anticipate that four-buoy
solution errors would similarly increase beyond 500 m from the
edge of the array, but no solutions could be obtained beyond this
point because the range exceeded the detection limit of buoy 1
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TABLE I
ERRORS (M) IN DEPTH MEASUREMENTS TELEMETERED BY THE VEMCO V22P ACOUSTIC TRANSMITTER

Fig. 9. (a) One hour of diving observations for a humpback whale tagged on August 30, 2005 in the Stellwagen Bank National Marine Sanctuary north of Province-
town, MA. Dive measurements acquired with a Wildlife Computers MK9 time–depth recorder incorporated in the tag. (b) Corresponding tracking data obtained
with the RATS. Starting (green) and ending positions (red) of the buoys (squares) and the tagged whale (diamond) over the 1-h period are shown. Small filled
circles indicate the RATS-derived track of the animal. Colors indicate the depth of the whale. (c) Closeup view of tagged whale’s track.

(Fig. 6). The four-buoy solutions incorporate more time-of-ar-
rival information and employ the iterative refinement (19), yet
accuracy is only modestly improved over the three-buoy solu-
tions. For both four- and three-buoy arrays, average accuracies
of 7–9 m are less than a body length of all but the smallest of
baleen whales, and are better than half of our originally speci-
fied accuracy of 20 m.

The depth of the transmitter was estimated by measuring the
interval between successive ping receptions at each buoy
and applying (1). This resulted in four estimates of the trans-
mitter depth (from each of the four buoys) for any given ping
and, after comparison with the time-depth recorder, the associ-
ated errors (Table I). These four depth estimates are averaged

in the localization algorithm to produce a single estimate of .
RMS errors in the depth of the transmitter derived from the in-
dividual buoys were 3.06–3.69 m, but the averaged estimate had
an RMS error of only 2.29 m (Table I). Biases in the depth es-
timates were less than the resolution of the time–depth recorder
(0.5 m).

IV. EXAMPLE DEPLOYMENT

On August 30, 2005, we tagged an adult humpback whale
in the Stellwagen Bank National Marine Sanctuary north of
Provincetown, MA. The tag was attached via suction cup, and
it carried a Wildlife Computers MK9 time–depth recorder,
a radio transmitter, a Vemco V22P acoustic transmitter, and
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foam flotation. The tag was deployed at 13:11:00L from a
4.7-m rigid-hulled inflatable boat using a 9-m telescoping pole,
and remained attached for 4 h and 23 min. The RATS array
was maintained around the tagged whale during the entire
deployment period. From 14:00:00L to 15:00:00L [18:00:00
to 19:00:00 coordinated universal time (UTC)], the whale
spent over 70% of its time resting at the surface, engaging in
only three dives [Fig. 9(a)]. Despite strongly stratified condi-
tions (temperature decreased 10 C in the upper 15 m of the
water column) and long periods during which the transmitter
remained near the surface, the system was able to resolve
the whale’s movements over spatial scales of tens of meters
[Fig. 9(c)]. Most importantly, the RATS was able to provide this
information in real time (Fig. 4) so that prey and oceanographic
sampling could be conducted near the tagged whale even while
it was submerged and out of view.

V. CONCLUSION

We have gained considerable field experience with the RATS
in 2005 and 2006 during ongoing research on right and hump-
back whales. We found that maintaining the array of buoys
around a mobile predator is particularly challenging if the
tagged animal decides to travel elsewhere. It can take several
minutes to reposition a single buoy, and we have encountered
situations where the array simply cannot be repositioned
quickly enough to keep up with a traveling animal. The system
was designed to observe foraging behavior that is focused on a
particular area, and the RATS has proven to be extremely useful
under those circumstances. We are considering upgrades to the
system to allow the small boats and the ship to carry hardware
that will permit them to function as additional buoys, which
should improve management of the array during brief bouts of
traveling.

Given the very modest decrease in accuracy when using a
three-buoy array instead of a four-buoy array, we now manage
the RATS as if it were a three-buoy array and hold the fourth
buoy in reserve for times when the animal moves out of the
array. Upon deployment of the tag on a whale, three buoys are
deployed in a triangular arrangement within 600–800 m of the
tagging location. If the whale moves out of one side of this array,
the fourth buoy is deployed such that a new triangular config-
uration is created around the whale. The outlying buoy is then
retrieved and held until the whale moves out of this new array
(e.g., if buoys 1–3 are initially deployed in a triangular array
and the whale moves out of this array between buoys 2 and
3, then buoy 4 is deployed opposite buoys 2 and 3 to make a
new triangular array around the whale, and buoy 1 is retrieved).
It is sometimes useful to preposition this “spare” buoy in an-
ticipation of particular swimming directions, but the inherent
unpredictability of the animal’s movements does not always
make prepositioning effective. Managing the array by moving
buoys in a small boat risks disturbing the tagged animal, but this
can be mitigated by using a quiet, four-stroke outboard engine,
traveling at moderate speeds, and continuously monitoring the
whale’s behavior for signs of disturbance. We have yet to detect
overt reactions by whales to the presence of either our sampling
vessel or the buoy-tender boat.

The accuracy of the RATS exceeded our original expecta-
tions, and our experience in the field has demonstrated that real-
time continuous tracking can greatly facilitate prey and oceano-
graphic sampling near a marine predator. In the example from
August 30, 2005 described previously, we were able to collect
observations of the fish schools upon which the tagged whale
was feeding, the distribution and abundance of zooplankton and
phytoplankton, and the physical properties of the water column
using a side-looking, scanning multibeam sonar, video plankton
recorder, optical plankton counter, fluorometer, and a conduc-
tivity–temperature–depth profiler. We are confident that these
measurements will adequately characterize the feeding environ-
ment of the tagged whale because they were collected within
meters to tens of meters of where the whale was foraging at
depth. We anticipate that these kinds of collocated high-resolu-
tion observations will greatly improve our understanding of the
ecology and habitat of top marine predators.
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