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Abstract—The suitability of the available navigational aids
for underwater gliders for year round use in waters which
experience seasonal sea ice is evaluated and a path towards
an operational system on the Labrador Shelf is presented. The
extent of ice coverage is generally found to be limited to the
shelf areas and with a duration of up to 20 weeks. For a desired
navigational accuracy of 100 meters over a potential trackline in from the shelf break and back out again, around 400
kilometers, a series of low frequency sound sources or geophysical
navigational methods are proposed. Acoustic methods require
more maintenance and are more prone to loss, while geophysical
methods require additional evaluation in the operational region
and potential digital elevation model refinement. A three phase
strategy is proposed to enable under ice observations. The first
phase involves operating the gliders in the ice free season over the
proposed track-lines. This data collection phase would allow the
evaluation of the available methods and build confidence for later
under ice operations. The second phase involves the refinement of
the available DEMs both bathymetric and magnetic to the degree
that successful navigation by geophysical methods is achieved
during the ice free season. Upon the success of the vehicles
navigation without surface access during the ice free season, the
third phase would commence, that of under ice observations.

I. I NTRODUCTION
Autonomous Underwater Gliders have emerged as robust
tools for gathering data remotely in challenging environments.
Navigation of these vehicles most often relies on a fusion
of measurements from the attitude and pressure sensors to
produce a dead reckoned location estimate. This navigation
solution is subject to drift over time which for short duration
missions or segments is often not a debilitating issue as the
vehicle may surface and acquire a new GPS location. However,
in the presence of seasonal sea ice the ability of the vehicle to
surface for GPS updates is limited. Providing a surface vehicle
for tending of the underwater glider with an acoustic location
update is also challenging due to the ice cover. Low frequency
acoustic infrastructure has been proposed as a method for
providing acoustic location updates on the order of 100s of km
[1], [2], however, deployment, maintenance and operational
costs of such a system have been limiting factors.
Relative navigation techniques which compare onboard
measurements of geophysical parameters to digital elevation
models of the same parameters have shown promise in providing bounded error navigation solutions that are independent of

surface access [3], [4]. These geophysical parameters include
water depth, magnetic fields and gravity fields. While previous
efforts in this area have required either a high accuracy inertial
navigation system or a rich set of geophysical measurements,
the authors have shown recently that bounded error estimates
are possible with low accuracy dead reckoning coupled with
simple geophysical sensors such as would be found on a standard underwater glider [5]. In that work navigation solutions
were post-processed to evaluate the efficacy of the approach.
The authors found that RMS errors were limited to 50 m over
a 90 km survey pattern segment and 25 m over a 10 km transit
segment when using a digital elevation model(DEM) with a 2
meter grid from a multi-beam survey.
In this paper the authors investigate the suitability of the
available navigational aids for underwater gliders for year
round use in waters which experience seasonal sea ice. The
duration and extent of ice coverage is investigated and compared with the extents of the 1000 meter isoobath, which is the
current depth limit of a profiling underwater glider. The utility
of relative navigation techniques and long range acoustic
methods are also discussed. Finally, recommendations towards
an operational system suited to year round observations using
underwater gliders on the Newfoundland and Labrador shelf
are given.
II. S EA I CE ON THE L ABRADOR S HELF
The Labrador shelf is composed of several distinct regions
consisting of an inner shelf characterised by the initial 200
meter isobath, a marginal trough with local depths reaching
800 meters and an outer shelf composed of shallower banks
broken up by deeper saddle regions as shown in Fig. 1 [6].
The main shelf break begins around the 600 meter isobath.
The Labrador current flows southward and constrains the shelf
waters with its nominal flow of around 0.3 m/s.
The Labrador Shelf experiences seasonal sea ice during the
winter months beginning in December and continuing to grow
until the seasonal maximum past which the ice retreats with
breakup in May through June depending on the Latitude as
shown in Fig. 2 [7].
The inter-annual variability of the sea ice extents can
be significant with variations from the median value often
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Bathymetry of the Labrador Shelf from the Global Multi Resolution Topography model with 200 meter contour lines

Fig. 2.

Freeze up and break up dates by location for the East Coast of Canada from the Canadian Ice Service [7]

exceeding 5 percent with the ice maximum generally in late
February or early March as illustrated in Fig. 3 [7].
The average number of weeks of sea ice presence over the
last 40 years for the inner shelf has been around 20 weeks,
for the marginal trough regions about 16 weeks and for the
outer shelf is about 10 weeks as shown in Fig. 4 [8], [9].
The sea concentrations decrease from West to East with the
outer boundary being constrained by the Labrador Current at
the shelf break.
III. AVAILABLE NAVIGATIONAL M ETHODS
Existing methods for underwater navigation may be grouped
into geophysical, acoustic, inertial, multi-vehicle and model
based techniques [10], [11], [12]. Of the available methods,
only the acoustic baseline systems and geophysical aided
navigation provide bounded location estimates.

A. Acoustic

For the distances required to clear the sea ice during the
winter maximum acoustic methods would require either a
very low frequency sound source, a net of multiple sound
sources or a surface vessel shadowing the AUV. However, due
to the ice cover, a shadowing vehicle is often not practical.
Infrastructure costs for acoustic nets of standard long baseline
(LBL) systems are prohibitively expensive once the vehicle’s
mission extends past the nominal range of tens of kilometers.
Low frequency sound sources are presently being explored
for acoustic localization across longer distances with expected
ranges on the order of 100’s of kilometers [1]. Progress is
also being made towards a practical implementation of a long
range localisation scheme from multiple sources [13].

Fig. 3.

Percent coverage and week of the ice maximum between the years 1969 and 2014 by the Canadian Ice Service [7]

Fig. 4. Labrador shelf showning the number of weeks of ice presence as
contour lines [8], [9]

B. Geophysical
Geophysical aided methods have no infrastructure requirements, making them attractive for long distance surface denied
transects from a cost perspective. Successful field trials of terrain aided methods have been performed with multibeam sonar
or acoustic doppler current profilers which give a measure of
the bathymetry when combined with the vehicle depth given

by the pressure sensor [14], [15], [16].
The majority of these demonstrations use an existing fused
navigation solution from a high accuracy inertial navigation
system (INS) aided by a Doppler velocity log (DVL) as an
input to the terrain aided navigation (TAN) algorithm [17].
This high accuracy navigation update is then combined with
the measurement update from a multi-beam sonar or DVL
which give a measure of the bathymetry when combined
with the vehicle depth given by the pressure sensor [4], [18].
However, it has recently been shown that lower grade inertial
sensors aided by a DVL may be used by directly including
the inertial and DVL measurements in the filter used for the
terrain aided navigation [3]. This tight coupling has the effect
of increasing the number of states in the terrain algorithm but
also increases the reliability and accuracy.
These methods in general have the limitations of requiring a detailed digital elevation model (DEM) of the region
and considerable design effort to tailor the algorithms to a
specific platform. Further, they require measurements of the
geophysical parameters to compare to the DEMs which in the
bathymetric case is not always possible if the seafloor is out of
range of the SONAR. These methods also suffer degradation
in areas where the DEM does not have sufficient variation to
provide meaningful corrections.
To overcome the limitations of sensor proximity and terrain
uniformity in bathymetric aiding techniques gravimetric and
geomagnetic information have been proposed as augmentations or as a replacement to the bathymetric DEM [19], [20].
The proposed methods rely on the same methods as the
bathymetric techniques with the exception that they may be
sensed ubiquitously in the underwater environment. Several
simulations have been presented to date using pre-recorded
data as a map for navigational underwater aiding [21], [22].

To the authors knowledge there has been no practical demonstration of magnetic or gravimetric relative navigational aiding
on an AUV or underwater glider.
IV. S UITABILITY OF AVAILABLE M ETHODS
To achieve long range navigation with an underwater glider
without surface access the navigation instrumentation must be
low power and must have a bounded position error which
meets the needs of the mission. For typical profiling glider
missions which provide feedback into numerical ocean models
and oceanographic analysis the horizontal localisation requirements are often on order of 100s of meters. With the design
scenario of the glider traversing an endurance line under the
sea ice to out past the sea ice extents the vehicle must travel
around 175 to 250 kilometers each way. For an underwater
glider travelling at nominal speeds this would take around two
weeks. For a glider equipped with enough energy to repeatedly
take measurements along the endurance line from freeze up to
break up, multiple transects would be performed. The longest
distance travelled by the vehicle without surface access in this
scenario would be from outside the sea ice extents in towards
the coast and back out again during the sea ice maximum, or
around 350 to 500 kilometers. Additionally, the vehicle would
need to be deployed prior to freeze-up and be recovered after
breakup. This time-frame between a coastal deployment and
recovery is around 20 to 26 weeks. A suitable navigational
aid must therefore provide bounded error location estimates
on the order of 100 meters over a horizontal distance of 400
kilometers while having an endurance of over six months.
The Slocum glider’s base power consumption is around
1 Watt, requiring around 4.5 kWhrs for the just the glider
and a basic science package. This level of energy requires a
lithium primary pack for the Slocum glider which has about
7.2 kWhrs. After derating the pack for a temperature of four
degrees and a self discharge of around 3 percent the energy is
6.5 kWhrs [23]. The leftover energy for a navigation solution is
around 2 kWhrs which is 0.5 W over 6 months. If more energy
is needed an additional battery pack could be added, however,
for design purposes the navigational aids must consume less
than 0.5 W on average.
A. Acoustic
Given that a low frequency sound source for single source,
one way travel time navigation and the associated receiver on
the glider are available it is a useful exercise to examine a
system configuration which meets the needs of the proposed
mission. It is expected that the range of these sources will
be around 100 kilometers. To cover the 200 kilometers to the
shelf break it would be necessary to have at least two sources
arranged as in Fig. 5.
The track-lines for the vehicles using single source navigation methods need to have a changing tangential component
in order for the solutions to converge. In other words the
vehicle cannot run directly towards or away from the sources
or the subsequent ranging information results in undefined
localisation estimates. However, the vehicle is free to traverse

the region covered by the sound sources as long as it meets
these constraints.
By locating the sources in the marginal trench and
cartwright saddle the moorings would be protected from ice
scouring. However, the Labrador Shelf experiences significant
bottom trawling activity resulting in many moorings being lost.
From the experiences of the Bedford Institute of Oceanography, which contributes to an international mooring program
perpendicular to the shelf break at 53 degrees north, as many
as 75 percent of the moorings have been lost over a several
year period during a previous program [24].
By setting the transmission schedule to be modest the
average power requirements on the receiving side remain
low. For example the Woods Hole Oceanographic Institute’s
micromodem 2 has a detect mode consumption of 0.08 W, 0.3
W while receiving and 2.3 W while decoding the packets [25].
Assuming a transmission schedule of every 5 minutes and that
the decoding happens at the same time as the receiving for 5
seconds, the device would consume an average power of 0.117
W.
A commonly cited statistic for the accuracy of a 12 kHz
long baseline system at 10 kilometers range is a precision
of around 10 meters [10]. If this ratio is extrapolated out to
100 kilometers the accuracy of the acoustic solution would be
around 100 m.
Thus the acoustic localisation method meets the power
and accuracy requirements for the proposed deployment but
has limited flexibility past the initial sound source location.
Additionally, the sound sources would have a limited life span
which could be accelerated due to premature loss.
B. Geophysical
Geophysical techniques are a suitable alternative to acoustic
methods for bounded error position fixes. Limitations of this
method are the sensor power required and processing for the
position estimation algorithm. Also, existing digital elevation
models must be used for the type of mission described in
the research problem of a single trajectory out and back as
SLAM techniques would have no opportunity for loop closing
or significant measurement overlap.
For the Labrador Shelf there are few publicly available
bathymetric DEMs. One of which is the GEBCO08 which
has a resolution of 30 arc seconds [26]. An extension of
the GEBCO08 is the GMRT which uses the GEBCO08 as
a base and incorporates multibeam swath bathymetry where it
is available [6]. A further 30 arc second global model released
at around the same time is the SRTM30 plus [27].
The terrain variance in the GMRT for the Labrador shelf
was evaluated as in Fig. 6.
This evaluation was performed by drawing 100 normally
distributed samples around each grid cell, computing the water
depth from the GMRT using bilinear interpolation and using
these values to compute the variance. From this analysis, the
shelf break has a high degree of variance as expected. Also, the
inner shelf, marginal trough and edges of the saddle regions
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Fig. 5. Possible location of two low frequency sound sources (white) to ensonify the Cartwright Saddle. The potential range for aiding information is shown
as black circles surrounding the sound sources. A proposed track-line utilizing the sound sources is shown in pink. The bathymetry of the Labrador Shelf is
shown with 200 meter contour lines
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Fig. 6. Digital elevation model variance shown on a log scale with warmer colors indicating higher variance and cooler colors lower variance. Possible
locations for track-lines are shown as black lines

show a high degree of variability. A potential glider trackline may be located over regions with a high degree of terrain
variability.
While DEMs with a grid cell size of up to 120 meters
have shown to be useful in terrain aiding, the available DEMs
for the Labrador Shelf have a resolution of 2 kilometers [5].
However, the prior study in which the impact of grid cell
sizes were evaluated was in a coastal region. It remains to
be seen whether coarser grids may be used in a non-coastal
environment. If coarser grids are not able to be used then
effort would need to be expended to generate higher resolution

DEMs for the track-line area.
Another limitation of bathymetric methods is the need to be
within range of the bottom to receive a viable return. Slocum
underwater gliders have ballast pumps with 30, 100, 200, 300
and 1000 maximum depth ratings and an altimeter with a
maximum range of around 100 meters. Thus the maximum
water depth for bathymetric aiding with a Slocum glider using
its altimeter is 1100 meters.
Magnetic or gravimetric relative navigation techniques may
be a suitable augmentation for relative localization when the
bottom is out of range of acoustic sensors or when the

bathymetric DEM is too coarse or flat. Power requirements for
magnetic sensors are reasonably low while gravimetric sensors
of the necessary precision presently require too much power
and are too large.
There are several sources of publicly available global magnetic DEMs [28], [29]. These compilations are from shipborne,
aeromagnetic and satellite measurements and are levelled at 5
kilometers and have a resolution of 3 arc minutes. Another
recent global model, the EMAG2, has a grid cell size of two
arc minutes and is levelled to 4 kilometers above sea-level
[30]. Sources of regional magnetic DEMs include the Magnetic Anomaly Map of North America and further regional
models available at local repositories [31].
Aeromagnetic surveys typically provide reasonably high
resolution DEMs of the terrestrial magnetic signatures as
the sensor source separation is relatively low. Aeromagnetic
surveys of marine areas suffer in this regard because the sensor
source separations are necessarily constrained by the surface of
the water. There has been some successful marine surveys with
deep magnetic tows, where the magnetic sensor is attempted
to be towed at a fixed altitude from the seafloor [32], [33].
Additional surveys have utilized AUVs for high resolution
surveys of sea mounts and other mid oceanic spreading region
features [34].
The use of underwater gliders for magnetic measurements
presents several unique challenges which would need to be
overcome prior to their use as a relative navigational aid. The
glider’s profiling causes a variable sensor to source separation
which either requires leveling of the data prior to comparison
with a DEM or a DEM which has a depth dimension as
well. Additionally, the glider’s pitch adjustment mechanism
is a moving battery pack which contains ferrous materials
and distorts the magnetic measurements. The glider itself
also contains other fixed magnetic disturbances. Both of these
effects must be calibrated for. Due to these challenges with
measurement techniques and DEM availability the use of
magnetic measurements as a relative navigation aid has been
limited to simulation. These simulations have shown promise
in constraining the error growth, especially in areas of the
terrain that lack sufficient excitation or where the water depth
exceeds the range of the sonar device [22],[21].
V. R ECOMMENDATIONS
A potential underwater glider program operating year round
on the Labrador shelf faces the challenge of navigating under
seasonal sea ice. To realise an operational program several
phases are necessary.
A. Phase I: Ice Free Operations
The first phase is a glider data collection phase whereby the
gliders are deployed throughout the ice free season to collect
data along the track-lines. These initial deployments would
build the skill of the operators, technicians and other personnel
involved in their deployment and allow the evaluation of the
geophysical navigation methods through post-processing of
location estimates [5]. The suitability of the available DEMs

may be evaluated against the collected glider data. During this
phase the use of an acoustic localisation method is desirable
to both provide baseline measurements for the evaluation
of the geophysical navigational methods and to evaluate the
performance and robustness of the acoustic localisation aids.
B. Phase II: Digital Elevation Model Refinement
Depending on the outcomes of Phase I, further refinement
of the DEMs may be necessary. This refinement could entail
enquiries to geophysical survey firms with interests in the area
or the collection of new data. A suitable survey size for this
work could be considered as a swath 5 kilometers wide across
the shelf and 300 kilometers long out to the shelf break. For a
ship based bathymetric survey of this area using nominal hull
mounted multibeam sonar with a track-width of seven tenths
the water depth corresponding to a swath angle of 45 degrees,
a nominal water depth of 300 meters, and a survey speed
of 10 knots, the survey would take approximately 2 weeks.
In this survey the track-line spacing is around 200 meters
with some small amount of overlap. An alternative to a ship
based survey is the use of a long range autonomous surface
vessel like the wave glider by Liquid Robotics [35]. The wave
glider can handle moderate payload energy requirements and
moves at nominal velocities of one knot. The benefit of this
platform is the relaxation on the time the survey takes as it
has solar panels for payload sensors and uses the wave energy
for propulsion. Therefore, although the same survey of the
target region may take 40 weeks for a single platform, by
using two platforms the survey may be completed in a single
ice free season. Additionally, the wave gliders may act as
tending vessels to provide acoustic baseline measurements to
the underwater gliders while they are collecting their phase I
data.
C. Phase III: Under-Ice Operations
Building upon the operational experience gained in Phase I
and using the refined DEMs generated in Phase II the under
ice operations may commence. In this phase the underwater
gliders would be deployed prior to freeze up and be recovered
after breakup. Depending on the findings of Phase I and II
acoustic navigational aids may still be needed for key areas
where there is insufficient information from the DEMs. In
this way year round observations of the Labrador shelf using
underwater gliders may be achieved.
VI. C ONCLUSION
The collection of oceanographic measurements in ice covered regions is remains as a significant technical challenge.
On the Labrador Shelf, sea ice is present for approximately
half the year with freeze up occurring in December and break
up occurring in May through June. Acoustic and geophysical
relative navigational methods have been examined for the
purposes of operating underwater gliders year round on the
Labrador Shelf. In this scenario the gliders would operate on
an endurance line, traversing from the coast out to the shelf
break repeatedly. This operational mode would require the

gliders to be deployed prior to freeze up and recovered after
break up. A single transect in to the coast and back out to ice
free waters would require around 600 kilometers of under ice
navigation.
Evaluated solutions to this navigational challenge include
low frequency sound sources and geophysical aiding techniques. Acoustic moorings suffer from limited deployment
time and potential loss due to bottom trawling activity. Geophysical methods on the other hand require further evaluation
to determine if the available digital elevation models are
sufficient. The bathymetry of the Labrador Shelf has a high
degree of variability on the inner shelf and marginal trough.
The banks on the outer shelf, however, are reasonably flat
with little distinguishing features. A vehicle using bathymetry
only would need to navigate through the edges of these
banks and the saddle regions. Augmentation of the bathymetric
methods by magnetic field measurements has shown promise
in simulations but requires further work to build suitable
magnetic DEMs and a calibration method for the underwater
glider.
To establish a year round operation program using underwater gliders on the Labrador Shelf three phases are proposed.
The first phase would entail operating the gliders in the ice
free season over the proposed track-lines for the ice season.
This data collection phase would allow the evaluation of
the available methods and build confidence for later under
ice operations. The second phase involves the refinement of
the available DEMs both bathymetric and magnetic to the
degree that successful navigation by geophysical methods is
achieved during the ice free season. Upon the success of the
vehicles navigation without surface access during the ice free
season, the third phase would commence, that of under ice
observations.
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