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A B S T R A C T

Drone autopilots are naturally suited for real-time iceberg tracking as they measure position and orientation
(pitch, roll, and heading) and they transmit these data to a ground station. We powered an ArduPilot Mega (APM)
2.6 with a 5V 11 Ah lithium ion battery (a smartphone power bank), placed the APM and battery in a waterproof
sportsman’s box, and tossed the box and its contents by hand onto an 80 m-long iceberg from an 8 m boat. The
data stream could be viewed on a laptop, which greatly enhanced safety while collecting conductivity/
temperature/depth (CTD) profiles from the small boat in the iceberg’s vicinity. The 10 s position data allowed us to
compute the distance of each CTD profile to the iceberg, which is necessary to determine if a given CTD profile was
collected within the iceberg’s meltwater plume. The APM position data greatly reduced position uncertainty
when compared to 5 min position data obtained from a Spot Trace unit. The APM functioned for over 10 h without
depleting the battery. We describe the specific hardware used and the software settings necessary to use the APM
as a real-time iceberg tracker. Furthermore, the methods described here apply to all Ardupilot-compatible
autopilots. Given the low cost ($90) and ease of use, drone autopilots like the APM should be included as another
tool for studying iceberg motion and for enhancing safety of marine operations.

� Commercial off-the-shelf iceberg trackers are typically configured to record positions over relatively long
intervals (months to years) and are not well-suited for short-term (hours to few days), high-frequency
monitoring

� Drone autopilots are cheap and provide high-frequency (>1 Hz) and real-time information about iceberg drift
and orientation

� Drone autopilots and ground control software can be easily adapted to studies of iceberg-ocean interactions
and operational iceberg management

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Specifications Table
Subject area � Earth and Planetary Sciences

� Energy
� Engineering
� Environmental Science

More specific subject area Cryosphere, Oceanography, Ice Hazards, Oil and Gas
Method name Low-cost, real-time iceberg drift and orientation observations
Name and reference of
original method

Iceberg tracking was first pioneered by the International Ice Patrol - https://cgaviationhistory.
org/1946-international-ice-patrol/ and also summarized in – Icebergs: Their Science and Links
to Global Change by G.R. Bigg [7]. Cambridge University Press

Resource availability All required documentation to use an open source autopilot as an iceberg tracker can be found
here: http://ardupilot.org/

ethod details

ackground

Icebergs play an important role in Polar ocean environments [1–3], and can also threaten marine
nfrastructure [4–6]. Observations of iceberg translation and rotation are relatively rare, as are
ceanographic observations in the vicinity of drifting icebergs. These observations are necessary,
owever, to improve our understanding of iceberg-ocean interactions and to develop reliable models
f iceberg drift and deterioration. For a review of iceberg science we refer the reader to Bigg [7].
Oceanographic observations around icebergs typically attempt to capture the signature of the

ceberg’s melt water plume in water temperature and salinity [2,8,9]. The structure of an iceberg’s
elt water plume depends on the relative velocity between the iceberg and ocean currents [10] and in
tratified waters the plume behavior also depends on the density difference between the plume and
he saltier water below [8,9]. Attached (detached) iceberg plumes generally occur when the relative
elocity is small (large; [9]) and strong vertical velocity shear can result in more complicated plume
ehavior [10]. In some cases, particularly during very calm conditions, the surface signature of the
elt water plume may be clearly visible (Fig. 1). During windy and wavy conditions, however, the

ocation of the meltwater plume may not be immediately apparent to the eye. Similarly, real-time
nformation about oceanographic conditions (e.g., stratification and velocity shear) and iceberg drift
ay not be available to researchers, which makes field assessments of plume structure difficult, if not

mpossible. Instead, plume behavior is usually assessed from field or laboratory data. Observations of
he direction and speed of the iceberg’s drift can aid, therefore, in the interpretation of oceanographic
easurements.
Oceanographic observations of iceberg meltwater plumes consist of conductivity/temperature/

epth (CTD) profiles, at a minimum, and can include many other variables, including water velocity
rofiles, fluorescence, photosynthetically available radiation (PAR), dissolved oxygen (DO), turbidity,
nd nutrients, for example. The micro-scale mixing due to the buoyant meltwater plume and the
isplacement of water by the iceberg keel may also be inferred using a turbulence profiler. Ocean
rofile measurements are typically geolocated using data from a global positioning system (GPS) or a
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global navigation satellite system (GNSS) receiver and the date and time are most often recorded in
coordinated universal time (UTC).

Interpretation of oceanographic measurements is complicated by the fact that the position of
the iceberg varies during the interval over which the oceanographic measurements are conducted
[8]. Therefore, the iceberg trajectory should be recorded with sufficient temporal resolution and
spatial accuracy to minimize the uncertainty in the estimates of relative separation between the
oceanographic measurement and the iceberg’s position at a given time. Ideally, the trajectory
should be recorded in the same spatial and temporal reference frames as the oceanographic
measurements.

Modern iceberg tracking methods include radar [11–15] and GPS beacons [16–21]. Large icebergs
(>1 km) can be tracked with satellites (e.g., [22]) but given the relatively low temporal resolution of
satellite measurements we do not consider their use here. Radar-derived trajectories are typically
used for operational iceberg management [13,14,23] and obviously requires the vessel or offshore
platform to be within detection distance of the iceberg long enough to construct a trajectory. GPS
beacons are typically used for studies of iceberg trajectories over relatively long periods of 30 days to
over 1 year and transmit their data at intervals ranging from 5 min (e.g., [16]) to 1 h (e.g., [21]).
Operational ice management may utilize radar and GPS beacons, as well as other sources of data,
depending on the distance, and travel time, of the ice hazards to the infrastructure in need of
protection [6].

The measurement interval of GPS beacons is usually selected as a compromise between the
temporal resolution of the position measurements and the overall tracker lifetime. Measurement
intervals of 1 h are acceptable for studies of iceberg drift pathways and flow in the upper water column
in fjords over sufficiently long periods of time. Higher frequency iceberg position measurements,
however, are needed to interpret oceanographic measurements that attempt to observe iceberg-ocean
interactions.

The ship’s radar could be used to obtain the distance of oceanographic measurements to the
iceberg. Conventional radars available on most ships usually do not log data, requiring either the use of
custom software packages [13,24] or an operator to manually record data [12,14]. Therefore, radar

Fig.1. The melt water plume from this grounded iceberg is evident on the surface of the ocean as a calm, glassy region. It is most
visible to the right of the iceberg.
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racking solutions can be expensive or labor-intensive and also rely on a functioning radar.
ceanographic measurements could be conducted in regions that are covered by land-based radars
11,15] but such systems are rare in Polar regions.

otivation

The authors were motivated to solve the problem of reducing the uncertainty in distance estimates
etween a drifting iceberg and the locations of oceanographic measurements because such
ncertainties arose when analyzing data that were collected near Nuuk, Greenland in August 2016. In
his case, an expendable ice tracker (EXITE; [16]) was used to observe an iceberg’s trajectory. The EXITE
eacon records GPS position at 5 min intervals using a Spot Trace, which transmits data via satellite
sing the GlobalStar constellation (see [16] for details). The GPS and GlobalStar antennae on the EXITE
equire a clear view to the sky and gaps of 15 min up to several days were common [16] and were most
ikely due to changes in orientation of either the EXITE or its host iceberg. EXITE data are visible in
ear-real-time through the Spot website, which requires an internet connection. As a result, field
erification of proper EXITE functionality is usually not possible.
An EXITE beacon was deployed on a small iceberg (L � 30 m) near the mouth of Godthabsfjord. The

eployment simply consisted of throwing the EXITE beacon by hand from a small (8 m) vessel onto the
ceberg (Fig. 2). This maneuver, while simple, requires approaching an iceberg and should only be
ttempted by experts. After the EXITE was deployed, CTD casts were collected around the drifting
ceberg. A 50 min gap in the EXITE record occurred when most of the CTD measurements were
ollected. Even when the EXITE functioned properly, the 5 min measurement interval introduced large
ncertainties in the distance.
Fig. 3 shows iceberg positions (blue triangles) and the locations of CTD measurements made from

he small boat (red dots). The distance of each CTD profile to the iceberg could only be characterized

ig. 2. An expendable ice tracker (EXITE) deployed by hand. The EXITE was simply thrown from a small boat onto a drifting
ceberg.
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qualitatively as near or far. While the small boat was equipped with a functioning radar we lacked the
capabilities to use either a software solution or manual data logging of radar-based distances to the
iceberg as everyone onboard was engaged in oceanographic data collection and/or vessel operations.
Thus, the need for real-time verification of tracker functionality and relatively high frequency position
measurements became apparent.

Design requirements

We set out to develop an iceberg tracking beacon that satisfies the following list of prioritized
‘need-to-have’ requirements. Tracker development was constrained by 1) price; 2) real-time data
transmission capabilities over distances on the order of 100 m; 3) 12 h battery life (minimum); 4)
time and effort; 5) GPS receiver. Requirement 1 results from budget constraints and the lack of
dedicated funding for this project. Requirement 2 stems from the unpredictable nature of icebergs,
which can capsize or disintegrate without warning. Requirement 3 takes into consideration the
duration of small boat sampling operations in fjords and coastal waters of Greenland, which
typically last 8–12 h per day. Requirement 4 reflects the time required to research and test individual
components when building custom instruments. As a result, we sought an off-the-shelf solution that
required little to no modification for use as an iceberg tracker. GPS receivers are widespread and can
be found in many devices but requirement 5 is included for the sake of completeness. A ‘nice-to-
have’ requirement was the ability to measure and transmit orientation (pitch, roll, and heading).
Orientation data may provide some advance warning of iceberg rolling, which could enhance the
safety of small boat operations. Additionally, iceberg rolling was listed as an important reason for
ending towing operations [25] and orientation data could increase situational awareness during
iceberg management operations.

Open source Ardupilot autopilots

The growing popularity of drones in recent years has increased the availability of robust and low-
cost hardware and software. While the connection may not be immediately apparent, we argue that
drone autopilots (also called flight controllers) are naturally suited for high-resolution, real-time
iceberg position measurements. To be clear, we did not use a drone to deploy an iceberg tracker [26]
nor do we suggest that a drone land on an iceberg. While this could be done, icebergs, especially the
smaller ones, can be irregularly shaped and it may not be possible to find an adequate landing area.
Furthermore, the additional components needed to complete the drone system (motors and

Fig. 3. Iceberg positions recorded by an EXITE beacon (blue triangles) reveal a 50 min gap in coverage. During this time, CTD
profiles were obtained around the drifting iceberg (red dots). The gap in the EXITE data makes it impossible to estimate the
relative distance between the iceberg and CTD measurement location.
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ropellers, electric speed controllers, flight battery, and radio control unit - see [27]) would
ignificantly increase the cost of the system. Drone flights would complicate logistics in general and
he laws governing drone flights may make some areas off-limits to researchers. Instead of a complete
erial drone system, we used only the autopilot (essentially “brain” of a drone) to view and record real-
ime observations of iceberg position, speed, and orientation.

Drones, or unmanned aerial vehicles/systems, come in many different configurations and sizes
28,29] yet they all use an autopilot to stabilize the aircraft during flight [30]. Autopilot-stabilized
ight distinguishes drones from remote-controlled aircraft, which are piloted entirely by a human
perator. There are many autopilots on the market with different capabilities, but those designed
or outdoor autonomous flight share the same basic characteristics [27]. Autopilots typically use
ata from an inertial motion unit (IMU), GPS/GNSS, and a barometer to estimate the ‘state’, or
rientation and motion, of the aircraft [31]. Micro-electrical-mechanical systems (MEMS) IMUs are
ost common and are composed of accelerometers, magnetometers, and gyros. Autopilots also use
ireless communications systems to transmit important data, like battery voltage, altitude,
osition, speed, pitch, roll, and heading, to a ground control station (GCS) running mission planning
oftware.
One of the largest open source drone software solutions is Ardupilot (http://ardupilot.org/).

rdupilot software runs on compatible autopilot boards (hardware) and also includes mission
lanning software for all major operating systems. Ground control, or mission planning, software
ncludes Mission Planner for Windows (http://ardupilot.org/planner/), APM Planner for Mac OS X
http://ardupilot.org/planner2/), and QGroundControl (QGC) for Windows, Mac OS X, and mobile
evices. Mission planning software is used for initial setup of the autopilot board and for viewing real-
ime telemetered data.

Open-source Ardupilot-compatible autopilot boards include the Pixhawk family of autopilots [32]
nd several others (see http://ardupilot.org/copter/docs/common-autopilots.html), including the
rduPilot Mega (APM; [30]). We selected the APM for evaluation in this study. The APM has been used
y scientists in a variety of vehicles, including fixed-wing aircraft (e.g., [39]), rotary-wing aircraft (e.g.,
33]), and autonomous surface vehicles (ASV; e.g., [34]). To the best of our knowledge, this is the first
ublished use of an APM that is used to track a drifting object, like an iceberg.
Here, we show that an APM 2.6 autopilot meets the ‘need-to-have’ and ‘nice-to-have’ requirements

or use a high-frequency and real-time iceberg tracker. We purchased an APM 2.6 kit on Amazon for
90, which satisfied Requirement 1. The kit included the APM 2.6 autopilot board and enclosure,
xternal GPS/Compass module (ublox M8N), 915 MHz telemetry radios (ground and rover), power
odule, and mounting hardware (GPS/Compass mast and vibration dampening plate, which were
ot used).
The 915 MHz telemetry radios are usually used to transmit data from a flying drone to a fixed GCS.

ata packets are sent using the micro aerial vehicle link (MAVlink) protocol [32] and can be viewed in
eal-time on the GCS. Data are stored in the APM’s onboard memory and as a telemetry log on the
round station computer. The Ardupilot online documentation (http://ardupilot.org/copter/docs/
ommon-sik-telemetry-radio.html) lists the communication range as 300 m, which satisfies
equirement 2. Note that this maximum range assumes an unobstructed line of sight between the
ntennae and range can be limited or interrupted in the presence of an obstacle. For flying drones,
bstacles are typically buildings and trees but for our use case icebergs may limit the effective range.
or iceberg tracking, the iceberg itself, as well as other icebergs in the vicinity, may limit
ommunications between the APM and the ground station.
Autopilots are usually powered from the drone’s flight battery but we powered the APM using an

1 Ah lithium ion (Li-ion) smartphone/tablet powerbank that outputs 5V/2A using a micro USB cable
Fig. 4A). While not extensive, our bench tests satisfied Requirement 3 as this battery consistently
owered the APM for at least 12 h, thereby satisfying Requirement 3. The battery indicator reached
0% capacity after approximately 12 h, which suggests a maximum battery life of 24 h.
The GPS/compass module and 915 MHz telemetry radio are plug-and-play components with their

ppropriate connections labeled on the APM enclosure. We used QGC and the online Ardupilot
ocumentation (http://ardupilot.org/copter/docs/initial-setup.html) to configure the APM and to
alibrate its onboard sensors. The plug-and-play components and the online instructions make the
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APM (and similar autopilots) very easy to configure and use, thereby satisfying Requirement 4.
Requirement 5 was satisfied as the APM kit includes a GPS antenna. In addition to the ‘need-to-have’
requirements, the APM also satisfies the ‘nice-to-have’ requirement listed in the previous section. The
APM, like all other autopilots, also estimates its orientation (pitch, roll, and heading) and its altitude
and transmits these data to the ground station computer.

The APM line of autopilots was officially discontinued but aftermarket ‘clones’ are currently
available for sale. Furthermore, we stress that the methodology presented here applies to any
Ardupilot-compatible autopilot, and not only the APM 2.6. While Ardupilot compatible autopilots
run the same software there are some hardware differences that are worth noting. The onboard
storage of the APM was not sufficient to store the relatively large log files (10–25 mb) that are
generated during deployments longer than 25 min. The Pixhawk line of autopilots uses a microSD
card that greatly increases onboard storage capabilities. While we make every effort to retrieve
the tracker we treat it as expendable and rely on the data that are telemetered to the ground
station.

Fig. 4. [A] The APM, 915 MHz telemetry radio, 5 V/2 A USB power bank, and external GPS/Compass module installed in a
waterproof box. [B] The waterproof box containing the APM is attached to a wooden slat with crossbar. Lengths of rope are tied
to either end of the slat to aid in recovery. [C] The ground station computer on the boat receives the telemetry data from the APM
on the iceberg seen in the distance.
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utopilot configuration for iceberg tracking

The APM, external GPS/compass module, 915 MHz telemetry radio, and 11 Ah Li-ion battery were
ecured in a small waterproof box using velcro and double-sided tape (Fig. 4A). The waterproof box
nd its contents were attached to a 1.2 m wooden slat with a 30 cm aluminum cross bar to prevent the
ssembly from rolling (Fig. 4B). Pipe insulation was taped to the wooden slat to provide enough
uoyancy to permit retrieval in the event of an unsuccessful deployment (Fig. 4B). Ropes were tied to
ither end of the wooden slat to aid in retrieval (Fig. 4B). The total cost of all components was $130 and,
herefore, could be treated as disposable if the iceberg capsized or if conditions prohibited a safe
etrieval. A standard laptop computer was used as a ground station and was placed on the stern of the
essel at a height of approximately 2 m above the waterline (Fig. 4C).

ips and tricks

Normally the data that are telemetered from the APM will not be stored in a log file until the motors
n the vehicle have been armed. However, these data can be stored by changing settings in QGC. The
ollowing steps are summarized on the Ardusub website (https://www.ardusub.com/operators-
anual/logging.html). Power on the APM and connect QGC. In the ‘General’ tab in QGC check the

Prompt to save Flight Data log even if vehicle was not armed’ box. The telemetry data will now be
aved on the ground control computer in ‘.tlog’ format in the ‘Telemetry’ directory in the ‘Save Path’ in
he ‘Vehicle Setup’ tab in QGC. Binary telemetry logs (.tlog) can be viewed in QGC, Mission Planner, and
PM Planner and the .tlog binary data can be exported to .mat, .csv, or .kml. As not all of the data stored
n the telemetry log are useful for iceberg tracking a custom Matlab script was developed to read
elevant data from a .csv file. The script is included in the supplementary material.

ethod validation

The APM’s iceberg tracking capabilities were evaluated in Godthåbsfjord (GF) on 28 August 2017. As
o direct funding was available for tracker development these tests were conducted opportunistically
uring previously planned field sampling. The APM was powered on in the morning before the boat
eft the harbor and was powered off at the end of the day, approximately 10 h later. Air temperatures
aried from 5 to 8 �C on the day of sampling. The APM assembly (Fig. 4B) was deployed on an iceberg
nd telemetered data to a laptop on a small boat (Fig. 4C). The iceberg was approximately 80 m long
nd was located in the inner part of GF, approximately 10 km from two tidewater glaciers (Fig. 5). The

ig. 5. A contrast-enhanced RGB Landsat 8 image of Godthåbsfjord (GF) that was obtained 22 July 2017 (imagery available at
ttp://earthexplorer.usgs.gov/). The red triangle and pink diamond correspond to the city of Nuuk and the iceberg deployment
ocation, respectively. The outlet glaciers of Narssap Sermia (NS), Kangiata Nunata Sermia (KNS), and Akugdlerssup Sermia (AS)
re also shown. The inset (upper left) shows the location of GF in Greenland.

066 D.F. Carlson, S. Rysgaard / MethodsX 5 (2018) 1059–1072

https://www.ardusub.com/operators-manual/logging.html
https://www.ardusub.com/operators-manual/logging.html
http://earthexplorer.usgs.gov/


APM was deployed on the iceberg by maneuvering a small boat (8 m) next to an iceberg long enough to
allow a researcher to carefully slide the assembly onto the ice. An EXITE beacon was also deployed by
hand on the same iceberg (Fig. 6). The APM collected data on the iceberg for approximately 70 min. The
APM was retrieved by snagging one of the ropes with a boat hook and pulling it back onto the boat. The
APM assembly remained fixed to the same spot on the iceberg as the aluminum cross bar melted into
the ice and given the warm air temperatures it did not refreeze.

The temporal resolution of the data stored in the telemetry log varied from 1 Hz–5 Hz. The
telemetry log file was exported to .csv using QGC. The telemetry log file, converted .csv file, and Matlab
script used to read the time, GPS position and orientation (pitch, roll, and heading) are included in the
Supplementary Material. Note that the telemetry log (.tlog) file can only be viewed in QGC, Mission
Planner, or APM Planner, all of which are freely available at http://www.ardupilot.org. GPS coordinates
were converted to universal transverse Mercator (UTM) referenced to the world geodetic system 1984
(WGS84) using the ‘deg2utm’ function in Matlab (http://mathworks.com/matlabcentral/fileexchange/
10915-deg2utm). Ten second averages of position and orientation data were computed.

The iceberg’s trajectory, as recorded by the APM, during the 70 min test is shown in Fig. 6. A gap of
approximately 15 min occurred when line-of-sight communication between the 915 MHz transceivers
was interrupted. This interruption could have been prevented by increasing the elevation of the
ground station transceiver.

APM and EXITE positions are plotted in Fig. 7. Both devices show a gradual drift of the iceberg to the
northwest during the 70 min test. The relatively low temporal resolution of the EXITE measurements
is apparent when compared to the 10 s APM positions. A 15 min gap occurred in the EXITE record
approximately 40 min into the test. The distance between the APM and the EXITE also ranged from 7 to
16 m throughout the test. The APM assembly remained fixed to the ice until retrieval and the EXITE
beacon did not appear to move. The differences in position, therefore, can be attributed to multi-path
reflection from the iceberg sail or to the position accuracy of the EXITE GPS receiver, which was
estimated by Poje et al. [35] as 6.4 m. We did not test the accuracy of the ublox M8N GPS receiver that
was supplied with the APM but given that it can used for real-time kinematic GPS applications [36] we
assume it is better than that of the Spot Trace used in the EXITE.

After the APM and EXITE were deployed on the iceberg, the small boat slowly drifted away from the
iceberg while researchers performed seven CTD profiles. The CastAway has an embedded GPS that
stores the location and time of each profile. Fig. 8 shows the CastAway locations and the distances from
each profile to the APM on the iceberg for each measurement. CTD profiles were suspended when the
data transmission link from the APM to the base station computer was lost and resumed once the

Fig. 6. An aerial drone photo of the APM assembly green rectangle) and EXITE beacon (red oval) that were deployed from a small
boat onto an 80 m-long iceberg. The APM is attached to a wooden slat that is 1.2 m in length.
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onnection was reestablished. The GPS time measurement was common to both devices and the
istance between each device was estimated by finding the smallest time difference between them.
he distance between each GPS location was then computed. These distances ranged from 13 m to
30 m.
A CastAway CTD was used to measure water temperature and salinity from near-surface down to

pproximately 25 m. The water depth at this location was approximately 600 m. Note that deeper
rofiles would normally be used to study the meltwater plume of an iceberg of this size but we wanted
o collect profiles at multiple locations during the test of the APM. While these CTD data were largely
ollected to test the APM, Fig. 9 shows depth profiles of temperature and a temperature/salinity (TS)
lot that are composed of the seven profiles. The temperature profiles exhibit similar behavior and one
f the most notable results is that the warmest measurement also occurred very close to the iceberg
within 13 m; Fig. 9A). However, the APM trajectory in Fig. 8 shows that this CTD profile was performed

ig. 8. Ten second iceberg positions observed by the APM are indicated by small dots. Locations of CastAway CTD profiles are
ndicated by the numbered squares. All markers are color-coded according to time (in minutes) since APM deployment. Red
ashed lines connect the CTD profile location to the iceberg position at the time of each measurement. The distance, rounded to
he nearest meter, of each CTD profile to the APM on the iceberg is displayed in the upper right corner.

ig. 7. Ten second iceberg positions observed by the APM are indicated by small dots. Positions recorded by an EXITE beacon on
he same iceberg are indicated by triangles. All markers are color-coded according to time (in minutes) since APM deployment.
XITE positions with corresponding APM positions are numbered and a red line connects concurrent measurements. The
istance between the EXITE and APM for each of these 8 measurements is indicated in the upper right.
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in front of the iceberg, which highlights the importance of knowing the iceberg’s direction of travel as
well as the distance of the observation to the iceberg. The TS plot shows two water masses the summer
surface water and the subglacial water [37]. Given the proximity of these measurements to two
marine-terminating glaciers and the abundance of ice in the area we do not expect to see clear
evidence of iceberg meltwater plumes. An iceberg’s meltwater plume will likely be more recognizable
in the outer fjord or on the continental shelf where the overall freshwater content is generally lower
[37]. However, we have sufficiently demonstrated the APM’s utility in interpreting oceanographic
measurements in the context of a drifting iceberg.

Fig. 10 shows iceberg velocity, acceleration, pitch/roll, and angular acceleration rates. Linear
velocity and accelerations were computed from UTM positions using central difference schemes.
Magnetic heading data were discarded because of magnetic anomalies that could not be removed
using standard calibration procedures. As a result, only pitch and roll are presented. Fig. 10A shows
that the iceberg’s speed ranged from 0–0.1 m/s throughout the test deployment. The iceberg
accelerated approximately 25 min into the test (Fig. 10B). The pitch and roll measurements are
referenced to the autopilot’s own orientation and do not translate directly into rotation about a given
iceberg axis. However, they show a gradual tilt (Fig.10C) that was confirmed visually by a change in the
iceberg’s waterline. The submerged ice shelf visible in Fig. 6 could have caused significant damage to
the small boat if the iceberg rolled during retrieval of the APM and the real-time orientation data
provided an extra layer of security.

Concluding remarks

We showed that the APM, an open-source drone autopilot, can be easily adapted for use as a real-
time iceberg tracker. We demonstrated its ability to provide reliable estimates of the distance from an
oceanographic measurement to a drifting iceberg and to aid in the interpretation of oceanographic
data. The real-time data transmission capabilities of the APM may also prove useful for near-field
iceberg management operations. The methods demonstrated here apply to all Ardupilot-compatible

Fig. 9. Depth profiles of temperature (A) and temperature/salinity plots (B) from the seven CTD casts that were performed
around the drifting iceberg. Measurements are color-coded according to distance from the APM on the iceberg.
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pen and closed-source autopilots. The battery used here provided over 10 h of continuous operation
nd larger batteries or 5 V power banks with embedded solar panels could extend measurements to
everal days. QGroundControl, the open source ground control software used here, can track multiple
utopilots simultaneously, which could allow real-time tracking of multiple icebergs.
There are many commercial iceberg trackers with different capabilities and we simply present

nother tool that fills a specific niche. The APM, however, may also benefit similar research efforts and
ay also be of use in near-field iceberg management operations (e.g., [6]) and in the navigation of
nmanned vehicles around icebergs (e.g., [38]), especially vehicles using the MAVlink communi-
ations protocol. Given its low cost and ease of use, its utility can be assessed by researchers and
ndustry professionals without a serious investment in time or money. Furthermore, the system
resented here is based on open source hardware and software and is supported by excellent online

ig. 10. [A–B] Linear speed and acceleration of the iceberg computed from GPS positions. The meridional (north-south), zonal
east-west), and total speed are indicated by red, green, and blue dots, respectively. [C] The iceberg’s pitch and roll are indicated
y red and green dots, respectively. [D] Angular acceleration rates computed from the pitch and roll.
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documentation and user forums. While we use the system ‘as-is’, the open source framework can
allow other users to ‘hack’ it to fit their specific needs.

http://asp-net.org.
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