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Abstract
In order to improve the capabilities of AUVs (Autonomous Underwater Vehicles) when
operating in the Arctic, and under sea ice in particular, there are a number of
recommendations that are essential for a successful operation. These recommendations
not only deal with features of the AUV itself, but also with positioning under the ice,
artificial intelligence for under-ice behaviour, the optimal sensor package for mapping
the underside of sea ice, launch and recovery techniques and the operational scenario
as a whole. We review these recommendations, and draw attention to a new technology
which is central to improved AUV operation, the Stand-Alone USBL (Ultra-Short
BaseLine, a method of underwater acoustic positioning) Positioning Buoy, which will
enable insertion, tracking and retrieval of AUVs to be more rapid and secure, and enable
in-mission low bandwidth communication. Both large and small AUVs have been used
successfully to map the 3D structure of the ice underside, but always in an experimental
context. The challenge now is to determine the best way forward to improve the
quantity and quality of data gathering, and to turn the under-ice AUV into a reliable
vehicle for routine use.
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1.

Introduction

One of the first uses of Autonomous Underwater Vehicles (AUVs) under sea ice was
an experiment in the Greenland Sea in 2002 conducted by Peter Wadhams and Bo
Krogh with the goal of mapping the underside of the ice. Both large and small AUVs
have since been used successfully to map the 3D structure of the ice underside, but
always in an experimental context and never as a part of a long-term study. The
challenge now is to determine the best way forward to improve the quantity and quality
of data gathering, and to turn the under-ice AUV into a reliable vehicle for routine use.
This paper will outline the historic development of mapping sea ice from both above
and below as well as analyse experiences from recent expeditions (2002-2017) made
by the authors in order to give advice and suggestions for future ice mapping research.
Sea ice is one of the most important parameters when it comes to the ice-albedo
feedback, i.e. the fraction of incoming solar radiation that is reflected back into space
directly. Because of the grave importance of the decay of sea ice in general due to the
climate crisis, gaining a full understanding of the complex structure of it is more
important now than ever. This, as well as a wish to understand the full scope of sea ice
and not just the “top of the iceberg”, is what has driven the authors forward in their
research and through trial and error.
This paper will start off by outlining the historic evolution of mapping sea ice,
then it will give a description of the expeditions made by the two authors from 20022017 in order to analyse the experiences and lastly discuss future improvements and
recommendations for conducting reliable research within the field of measuring sea ice.

2.

Review of the operational history of AUVs under ice
The mass balance of sea ice - the seasonal growth and decay - is an important

quantity for understanding the role of ice in climate, because the heat flow from the
ocean to the atmosphere depends on how thick the intervening sea ice is. The first figure
quoted for mean Arctic ice thickness was 5 m by Fridtjof Nansen. However, it is
important to recognise that this was based on only a few drill holes done during the drift
of the ship Fram (1893-96). Later experiments, such as the Russian “North Pole” series
of stations starting in 1937, resulted in larger numbers of drill holes, but the results were
still statistically weak and said nothing about the shape of the ice bottom, the
distribution of pressure ridge depths or the difference between the roughness levels of
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ridged and level ice, or between first-year and multi-year ice. All these aspects are
important to understand the multifaceted concept of sea ice and its effect on the
surrounding climate. In order to fully understand the complex picture of sea ice it is not
enough to analyse only its surface; the underside must also be mapped to comprehend
the full context of its growth and decay patterns. The first successful ice underside
profile was made during the transect of USS “Nautilus” under the Arctic Ocean in 1958
and yielded a leap forward in our understanding of under-ice roughness and ridge
features.
Before the invention of the AUV, the field was driven by military submarines,
and the upward sonar with which they were equipped, that set the basis for our
understanding of sea ice thickness distributions. The submarines were traditionally
equipped with a single-beam sonar. The type of sonar employed for under-ice mapping
improved in a series of steps. First came the single-beam upward sonar, yielding a linear
profile. Then came the sidescan sonar, with a fan-shaped beam in which the
backscattered signal strength from each pulse is plotted against time, being interpreted
as slant range. This constructs a map as the vessel proceeds along its track, with strong
reflectors showing echoes and shadow zones. The ultimate solution, however, was the
multibeam sonar which gives a proper 3D picture of a swath of ice underside. The first
use of upward looking multibeam sonar from a submarine was by Wadhams in 2007
from HMS Tireless (Wadhams, 2008) using a Kongsberg EM2000 system. Multibeam
sonar employs an electronically steered beam which gives individual echoes from 100
to 500 angles of beam emerging from a single ping, building up a quantitative map of
the topography of the target surface. For ice navigation the vehicle requires both an
Inertial Navigation System (INS) to give its position relative to the Earth’s surface, and
an upward looking Doppler Velocity Log (DVL) to give its velocity relative to the ice
surface. The two sensors together give the course of the vehicle both in space and
relative to the ice.
Despite these successes of submarines in gaining an understanding of basinwide ice thickness properties, a need was identified to obtain local ice thickness
information in support of field programs on sea ice dynamics and thermodynamics. It
is possible to map sea ice thickness without the need for a manned submarine. Some
reasons for wishing to do this are:
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1.

A military submarine is usually on an operational voyage and so data gathering
is not entirely under the control of the experimenter.

2.

An AUV is capable of carrying out a “lawnmower” pattern of surveys, i.e., a
grid with sidelapping, which permits a square area of ice bottom to be mapped
rather than a long narrow swath. A submarine can also do this, but it is more
difficult to achieve both in terms of vessel guidance and ship-time availability.

3.

An AUV can be targeted on a specific small area of sea-ice of for example 2-4
km2.

4.

An AUV can proceed more slowly and at a shallower depth than a submarine,
allowing higher resolution under-ice imagery to be obtained.

5.

An AUV can operate in regimes which are dangerous or impossible for a
manned submarine, e.g., in shallow water or under ice shelves.
The University of Washington built the Unmanned Arctic Research

Submersible (UARS) in 1973, essentially an early design of an AUV with three upward
sonars. Because of its weight it had to be winched up and lowered by crane down an
ice hole, which made each deployment very expensive and complicated.
The UARS was far ahead of its time, and the next under-ice use of an AUV was
during the winter Lead Experiment (LeadEx) in 1992, in the Beaufort Sea (Morison
and McPhee, 1998). The Canadian Defence Research Establishment (Atlantic) used a
large AUV for cable-laying under ice in the Arctic in 1996, but no scientific data were
collected (Ferguson et al., 1999). In 2001, single-beam upward sonar data were
successfully collected in the Antarctic from the UK Autosub vehicle (Brierley et al.,
2002) and in the Arctic from a test cruise of a vehicle developed by Monterey Bay
Aquarium Research Institute and intended for transpolar use (Tervalon and Henthorn,
2002).It can be concluded that most of the operational history has led to sporadic and
unsuccessful research gathering with a focus on other missions than understanding sea
ice.

3.

Expeditions made by Wadhams and Krogh
After these sporadic efforts, an attempt at creating a systematic, continuous

research and development program on AUVs under ice has been made by the present
authors and other colleagues. This happened following the first EU-sponsored study in
4

2002 using the Maridan M150 vehicle, (length 4.5m, beam 1.1m (2m incl. Ailerons),
height 0.6m. weight in air 900 kg) see Fig. 1. The vehicle was equipped with a sidescan
sonar, giving the first 2-dimensional AUV imagery from a region of multi-year ice off
the coast of East Greenland (Wadhams et al., 2004).

Fig. 1 The Maridan M150 AUV

Next came a long range AUV study (August 2004) over the NE Greenland
continental shelf around 79°N, involving the UK Autosub II (length 6.8m, diameter
0.9m, weight in air 2400 kg) with Kongsberg EM2000 multi-beam sonar (swath width
100 m) and transects of up to 175 km in length. This enabled 3D imagery of large
numbers of first-year and multi-year pressure ridges to be obtained (Wadhams et al.,
2006), see Fig. 2 a, b, c, d and e, as well as a systematic measure of the shape of the sea
ice underside. The accompanying on-board Acoustic Doppler Current Profiler (ADCP)
instrument mapped upper ocean currents along the track. This was the first example of
divergence in AUV under-ice development, in this case the search for a long-range
capability to mimic a submarine as opposed to a focused effort on a small area. More
than 450 track-km were mapped. The same vehicle later collected multibeam sonar data
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under the Fimbul ice shelf in the Antarctic (Nicholls et al., 2006) before sadly being
lost under the same ice shelf.

Fig. 2 a, b, c, d and e. Autosub II cruise to NE Greenland: five examples of EM-2000 multibeam ice
draft data in perspective views, as if illuminated by a sun of elevation 20°, showing the diversity of ice
conditions revealed by the AUV. Data points fill 2 × 2 m grid. No vertical exaggeration unless
otherwise stated. Each image is accompanied by its probability density function (pdf) of ice draft (red)
compared to the pdf of the mission as a whole (black) (lin-log scale, 5-cm bins). a) Deep 33 m ridge on
Belgica Bank, with shallower ridge in foreground, both surrounded by undeformed ice. b) Thick multiyear ridged floe of draft 3–5 m, with linear edges suggesting production from fracture of larger ice
sheet, embedded in undeformed fast ice of draft 1.8 m. Fast ice shows pattern of depressions due to
mirroring of surface melt pools. Thicker ice contains pressure ridge of maximum draft 11 m which has
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partly disintegrated into individual ice blocks of diameter 5–20 m. Evidence is that thicker floe came
from MIZ. c) Pressure ridge from western side of Norske Trough. Maximum draft 6.0 m. Smooth
undeformed ice has peaks at 1.7 and 1.3 m. Vertical exaggeration 1.75:1. d) Image showing in
background first-year floes of 1.2 m draft with rounded edges embedded in young ice of 0.25 m draft.
In centre is young linear ridge, possibly shear ridge formed between the first-year ice and thicker floe
in foreground. Foreground floe is multi-year ice of 1.85–2.25 m draft and in front a worn-down multiyear hummock. Vertical exaggeration 1.25:1. e) Multi-year undeformed floe which has developed deep
craters in underside to match deep surface meltwater pools. Modal draft is 1.7 m, with maximum of
2.2 m and with some craters as thin as 0.5 m. Vertical exaggeration 4:1. (Wadhams, 2012).

Due to reasons of cost and operability, the emphasis of under-ice AUVs
switched to the use of smaller AUVs (i.e. about 2-3 m long, 15-20 cm diameter, weight
50-80 kg in air), deployed by hand through ice holes or from boats alongside a sea ice
edge, and used for mapping relatively small areas of ice, e.g. 2-4 km2. A vehicle used
frequently in such studies (2007, 2008, 2014, 2017) has been the Icelandic Gavia, with
an upward looking GeoSwath multi-beam sonar. The authors first expedition with the
Gavia AUV was in April 2007 in the Beaufort Sea at the APLIS-2007 ice camp, see
Fig. 3. The vehicle in question was 3.1 m long, weighed only 80 kg in air, and was fitted
with a GeoSwath 500 kHz multi-beam sonar. The Gavia AUV was used again in April
2008, in the Lincoln Sea, on fast ice north of Alert, Ellesmere Island (82°33′N,
62°34′W), obtaining valuable under-ice sonar images (Wadhams and Doble, 2008;
Doble et al., 2009). The vehicle operated at 50 m depth in order to not collide with the
multi-year ice ridging, at 30 m depth in areas with first-year ice, and in melt regions at
20 m depth.
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Fig. 3 Gavia AUV study in Beaufort Sea (2007): sonar data gathered around the deployment hole,
showing a refrozen lead, a young pressure ridge (8 days old), FY level ice, a rubble field, and a MY
pressure ridge at the top of the image. The contrasting roughness and shapes of FY and MY ridging is
clearly shown. Running depth of the vehicle was 20 m. (Wadhams, 2012).

Since then the Gavia AUV has been used for experiments firstly from the M/V
Arctic Sunrise in the Greenland Sea. (2011), secondly from the United States Coast
Guard Cutter (USCGC) Healy in the Beaufort Sea (August 2014, see Fig. 4 and 5) and
thirdly, from the M/V Polarsyssel in the Barents Sea (April 2017) Fig. 6.
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Fig. 4 The Gavia AUV being launched from a small boat in the Beaufort Sea.

Fig. 5 The Gavia AUV aligning it positioning system on the back deck of USCGC Healy (2014).
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Fig. 6 The Gavia AUV being prepared for launch from M/V Polarsyssel, April 2017.

Experiments has also been carried out with other vehicles such as the WHOI
Sea Bed twin-hulled AUV (2012), (length 2m, width 1.2m, height 1.5m. weight in air
600 kg), Fig. 7, again from Arctic Sunrise in the Fram Strait, but the slowness of this
vehicle meant that it could not maintain planned positions or tracks when a sub-ice
current was present. In fact, as a result of this the vehicle was lost under a vast ice floe
due to a high shear current which it could not oppose. We did obtain data from this
vehicle under a stamukha, a very old pressure ridge of 28 m draft, in conjunction with
laser scanning data of the ice surface (Fig. 8), the first time that directly coincident
profiles of upper and lower surfaces were obtained.

Fig. 7 The WHOI SeaBED twin-hulled AUV.
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Fig. 8 Data from a stamukha, a very old pressure ridge of 28 m draft which had spent several years
aground in the Russian Arctic and was now drifting in Fram Strait in summer 2012. The detailed top
surface topography was obtained by laser scanning from the surface (Laser Scan Ltd), while the
corresponding underside data is of lower quality as the WHOI AUV was crabbing sideways in the very
fast shear current. Vehicle was the WHOI SeaBED twin hulled AUV; ship was Arctic Sunrise of
Greenpeace.

During the expedition with the Arctic Sunrise in the Greenland Sea. (2011)
problems occurred with the insurance of the AUV, which meant that it needed a tether
when it was launched underneath the sea ice. This greatly limited the possibility for
data collection. In order to solve the problem of the tether which limits the range, the
safety and the quality of data the present author, Bo Krogh, invented a stand-alone buoy
which enabled more reliable positioning of the AUV in 2014. The Stand-alone USBL
Positioning Buoy system consists of a USBL transducer with an integrated Attitude and
Heading Reference System (AHRS); a compact unit that provides 3D positioning of the
AUV with high accuracy. Above water it has a Global Navigation Satellite System
receiver (GNSS), which also includes a compass and a long-range Wi-Fi data radio to
ensure contact with the mother vessel. This is mounted on an easy-to-transport, easyto-assemble spar buoy together with batteries and interfacing equipment, Fig. 9). The
concept was first tested during the cruise with Healy in 2014 in the Beaufort Sea, north
of Alaska (Fig. 10 and 11), and further developed with the Stand-Alone functionality
for the cruise with M/V Polarsyssel in the Barents Sea, April 2017.
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Fig. 9 The Stand-Alone USBL Positioning Buoy and Gavia AUV in small boat from M/V Polarsyssel,
April 2017.

Fig. 10. The USBL Positioning Buoy being prepared for launch from USCGC Healy, August 2014.

12

Fig. 11. The USBL Positioning Buoy seen from USCGC Healy, August 2014.

To complete the Positioning Buoy system, the AUV needs a transponder that can
both reply to the USBL and communicate with the mother vessel. Both on the 2014 and
the 2017 expeditions, the EvoLogics technology (Kebkal et al. 2012) was used for the
transponder. The track plot from 24th April 2017 shows the tracks of the vessel, the
USBL Positioning Buoy, the AUV as tracked by the buoy and the track from the AUVs
internal positioning system. Also shown is where the under-ice bathymetry was located.
During the dive the AUV was, for most part of the dive, ‘bumping along’ the underside
of the ice floes, until it finally managed to get a few metres down. This is shown by the
orange line being ragged, thereafter followed by a straight section as shown in Fig. 12
and 13.
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Fig. 12. Track chart from 24th April 2017, showing the tracks of the vessel, the USBL Positioning Buoy,
the AUV as tracked by the buoy and the track from the AUVs internal positioning system. Also shown is
where the under-ice bathymetry was located.

Fig. 13. 3D Point Cloud image of the under-ice bathymetry shown in Fig. 12.

During the August 2014 cruise with USCGC Healy, Krogh and Wadhams
participated on the cruise alongside a large group of scientists who were testing a
number of new technologies with the theme of oil spill prevention and mitigation in
Arctic waters. Arriving at the work area in the Beaufort Sea north of Alaska, only
timeslots for two dives with the AUV had been scheduled due to conflicting interest,
weather conditions and time constraints. The ice was also in an advanced stage of melt,
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and therefore the bathymetry that was recorded of the underside of the ice was limited
to two small areas of approximately 420x340m, Fig. 14 and 15.

Fig. 14. An example from a recent operation from USCGS Healy in an icefield in the southern
Beaufort Sea that was in an advanced state of melt (August 2014). Here all ridged ice has been worn
down or melted to the point where the maximum draft does not exceed 5 m, the deepest ice being the
remains of a ridge which ran W-E across the centre of the image. A few days later this entire icefield
disintegrated. Rotten as it is, the area of icefield shown would have weighed approximately 300,000
tons.

Fig. 15. Bathymetry of the underside of first year ice from 19th August 2014. The size of the area is
approximately 420 × 340 m.
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During the cruise in April 2017 aboard M/V Polarsyssel, the results were also
limited. A multitude of problems with the AUV meant that the results, despite much
effort, were of unacceptable quality. Problems occurred both with the multi-beam
sonar, as well as with the ballasting of the AUV. This meant that when the multi-beam
sonar finally was made to work, then the AUV was flying with a 30° roll angle and that
gave it difficulties in getting down to the programmed depth of 10m.
From this overview of the early developments in the field of sea ice mapping and
the experiences made by the present authors, it can be concluded that many of the
attempts to map the underside of ice in a 3D format have not been truly successful. The
technical difficulties with both the tether on the AUV, Fig. 16, and the slow system on
the WHOI AUV meant that the wish for a “systematic, continuous research and
development program on AUVs under sea ice” has not yet been established. However,
the many efforts each show progress in their own way, and it is the authors beliefs that
with more intelligent AUVs and better under-ice positioning systems, the possibilities
of reaching this goal is within reach.

Fig. 16. This image shows the operation of an AUV from a small boat in the Arctic. The AUV Supervisor
is seen handling the tether in the front of the boat.
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4.

The 3D sea ice-Mapping concept (of the future)
Now that the reader has a historic overview as well as a detailed description of

the research and the experiences made by the two authors, it is relevant to analyse the
hermeneutic outcome from these expeditions in order to suggest directions in which
future research can be improved.
Based on experiences from sea ice mapping operations since 2002, the following
list of requirements and recommendations has been created, in order to enhance the
operational capabilities of an AUV system in ice infested waters. This section will
highlight the problems faced when mapping sea ice in 3D, give suggestions and
recommendations for mission planning and risk mitigation, as well as discussing how
improvements and inventions, such as the USBL positioning buoy, can be a possible
solution to some of the problems faced during these expeditions.
The reason for suggesting these changes in how to conduct AUV operations
under ice is to improve both the amount of data gathered and the quality of such data.
Both in 2014 and 2017 the AUV was operated from a small boat, sometimes several
kilometres away from the mother vessel, and again with a tether. The result was, sadly,
that very little under ice data actually was recorded.
In conclusion, a future scenario for mapping sea ice and icebergs in 3D should
consider the following recommendations.
Risk analysis and Mission planning
Achieving consent to perform AUV operations in ice infested waters without a
tether is best started well in advance of mobilisation. The process should start with a
risk analysis, based on the principles of the “Zero Incident Mindset” and As Low As
Reasonably Practicable (DNVGL-RP-N101, 2017), which describe in detail the risks
involved and what mitigating actions should be taken. Such mitigating actions could
include: Bring and operate a USBL Buoy and prepare for AUV operations which does
not include the use of small boats nor a tether. Also, bringing a small Remote Operated
Vehicle (ROV) to be used if the AUV is stuck under an ice floe is advantageous. Of
course, every successful mission/expedition is best if there is a clear strategy before the
actual launch of the AUV, so all the operational details and responsibilities are
discussed and agreed upon.
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In order to provide an easy overview of all operational units, i.e. the vessel, the
USBL positioning buoy(s), the AUV(s) and the Unmanned Arial Vehicles UAV(s) their
online position should be plotted on one screen, where the operations scenario can be
transmitted to several stations aboard the vessel. In this way, the AUV supervisor is not
doing the operational planning alone, as happened in 2014 and 2017 from a laptop PC
in a small boat; it now becomes a joint decision, where all operational conditions such
as ice, icebergs, current, tides and weather are considered together, prior to start of an
AUV mission. The lack of this type of communication was a major contributor to the
lack of reliable results in 2014 and 2017.
In the 2007 and 2008 expeditions the AUV was deployed through a hole cut in
the ice and was operated with a tether attached to the vehicle. This was needed both for
insurance purposes and to ensure control in the event that the vehicle ignored its
programmed instructions. In 2014 and 2017 the AUV was operated from a ship’s man
overboard boat, again with a tether. The experience gained from these operations is that
the tether reduces the operational capabilities of the AUV so much that it cannot even
carry out a track comprising of a lawn-mover pattern. During all the operations
mentioned above, only smaller areas then desired and planned were covered, which
again, reduced the amount of reliable data.
These experiences created the foundation on which the idea for the USBL Buoy
was built, where the purpose is to remove the requirement for the tether. When it is no
longer necessary to operate the AUV with a tether, it can be launched and recovered
from the mother vessel, which eliminates the use of small boats (Fig. 16), something
which has a high-risk exposure in the ice infested Arctic waters. In general, it can be
said that the tether is an insurance incurred safety feature that extremely limits the scope
and quality of the data gathering, which is, after all, the main point of the AUV mission.
The addition of Stand-Alone USBL Positioning Buoy to the mission means that the
positioning and communication of and with the AUV will be more reliable, the process
of collecting data will in turn become smoother and the safety of the crew will be higher.
Deploying one or maybe even two of this type of buoy means that the position
of the AUV under the ice is always tracked. This also reduces the risk of losing the
AUV underneath the ice, as was the case in 2012. Only when the AUV Supervisor and
his crew feels safe enough that the tracking of the vehicle performs flawlessly can the
use of the tether be eliminated.
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“Go there and loiter”
After the USBL Positioning Buoy has been deployed and the AUV has been
launched from the mother vessel, the obvious survey plan is to program the vehicle’s
navigation to carry out a systematic survey of the ice area or ice features that are of
interest. However, the question arises of how to best terminate the survey and recover
the vehicle. When ending or aborting a mission it seems obvious that the vehicle should
be brought to the surface for recovery. But supposing the surface is ice-covered, or the
survey lines leave the vehicle at a considerable distance from the ship, what happens
then?
In order to deal with this problem Krogh suggested the concept of “Go there and
loiter” in which a position is specified to which the vehicle goes and then circles around
at a pre-determined depth until the operator decides upon surfacing or on some new
navigational need. This can also be the default option for an aborted mission. If this
step is not considered, the recovery of the AUV can prove very difficult because of the
sea ice. Consider the situation where the AUV develops an error, and the mission is
aborted. In that situation the AUV is normally ballasted slightly light, meaning that it
will stop the engine and drift to the surface. If there was no sea ice, the vehicle would
arrive at the surface and would be found by the mother vessel by either its Wi-Fi link,
the strobe light or even a communication satellite such as an Iridium modem. However,
these safety features cannot work under water and if the AUV drifts up under an ice
floe it is almost impossible to reach. This is the worst place to find an AUV again if it
is “dead” under drifting sea ice.

5.

Summary of discoveries
The question now is; What can we do to avoid such inconsistency in the data

gathering process in the future? How can we ensure a smoother mission and more
reliable data?
There are two reasons to ask these questions. Firstly, with the effects of the
climate crisis being felt more severely than ever before around the world, a full
understanding of the sea ice and its growth and decay patterns is extremely important
in order to understand e.g. the albedo effect and the current condition of ice in the polar
regions. Secondly, as mentioned before, the authors feel a strong connection to this field
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and through their trial and error process of the different expeditions, hope to contribute
to future expeditions, future research and the development of the field.
Several lessons have been learned and we can draw the following:
Lesson one: communication within the team is extremely relevant, not only to
ensure a smooth mission and the safety of both crew and the equipment. But also, to
ensure and produce reliable, relevant data. The extreme weather of the Arctic or
Antarctic waters can be a harsh working environment, and it is therefore of utmost
importance that everyone on the mother vessel contribute to elevate the mission to its
highest possible level. This also ties into how essential the risk analysis is – insurance
reasons, safety etc. Accidents or incidents of any kind are NOT acceptable. Incidents
just don’t happen – they are caused!
Lesson two: technological advances – the buoy, the go there and loiter concept,
the UAVs is constantly getting better.
Lesson three: (From the 2012 experiments) A slow-moving vehicle where depth
control is achieved by vertical propeller (WHOI vehicle) is not suitable for use under
ice floes in a marginal ice zone situation where shear currents may occur, as they are
likely to be driven further under a floe and be incapable of following a programmed
course outward. Ice-water shear velocities of 2-3 kts can easily occur in marginal ice
zone regions. A faster moving vehicle like the Gavia or others are more appropriate as
well as being easier to handle.
Lesson four: A single USBL acoustic tracking system is potentially better than
the multiple transponder system used by WHOI, because of quickness of deployment.
Installing two or three transducers through the ice in 2012 meant that the floe of interest
could break up in the time which it took to set up the system for the profiling operation.
The authors feel that the future lies with single-buoy tracking systems such as the one
designed by Bo Krogh, Fig. 9.
Lesson five: If an AUV-buoy-sonar system that works reliably at low cost can
be identified for routine use, its use in combination with a surface mapping system
(laser or photogrammetry from a UAV) will be very valuable in improving the
understanding of the critical processes of ice deformation and summer ice decay, as
well as validation of airborne and satellite-borne altimetry.
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6.

Conclusion
This is an exciting time for the development of ice sensing using autonomous

vehicles. The invention of smaller, more efficient and reliable designs of AUVs makes
it easier and cheaper to deploy vehicles under ice, conduct surveys and obtain
systematic results on ice mapping. At the same time, the very rapid development of
UAV technology gives a low-cost tool which can supply equivalent data on the upper
surface topography of the same ice. All that remains is the perfection of the technology
that will allow these two systems to be joined together and used in the field to provide
a full 3D mapping of ice floes. This technology could also be used to research and
understand other ice phenomena like e.g. icebergs. The most important role of such
surveys will be to help us to understand and map the rapid decline in the ice extent and
especially thickness which is resulting from the Arctic amplification of global warming.
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