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Executive Summary
Measurement of sea ice thickness on local and regional scale is needed in order to support
offshore operations in Arctic sea ice areas. At present there are few methods to obtain such data,
especially data on ridges and ice keels from the underside of the ice. Use of multibeam sonar
mounted on subsea platforms offers a new opportunity to measure depth and topography of the
sea ice underside. In this study, the first measurements of sea ice thickness and the depth of ice
keels using the Echoscope® 4D sonar have been collected. 4D sonar means 3D real time – as
real time data makes motion detection feasible. The Echoscope® is produced by CodaOctopus
Omnitech and has been used for, among other things, subsea mapping, construction support and
harbour surveillance. In this project three field experiments were carried out in the Svalbard region
from 2007 to 2009. The first two experiments were performed during the UNIS student cruises with
RV Lance. These experiments offered unique opportunities to obtain measurements by the
Echoscope®

from several sea ice areas, including fastice in fjords, drifting firstyear ice and

multiyear ice and several ridges and ice keels. In all experiments, the Echoscope® was lowered
by a cable through holes in the ice and data were transmitted to a laptop where data processing
and visualization was done in real time. The third experiment was performed in Storfjorden in 2009
using a snowmobile operating on the fastice. This allowed detailed measurements of a grounded
iceberg as well as deformed sea ice and ridges.
The Echoscope® produces real time 3-D images with 16384 beams (128 x 128), where the x-, y-,
and z-coordinates of the ice surface were measured with high accuracy, i.e. the distance between
the instrument and the ice could be estimated with a few cm accuracy. The ice-free surface in the
deployment hole was normally used as reference point, providing ice draft measurements for each
image pixel.

Typical measurements were obtained by lowering the Echoscope® to depths

between 20m and about 80m depth, providing data over a 80 by 80 m surface with horizontal
resolution of less than 2 m. This allowed identification of ice keels of 6 – 7 m depth and horizontal
extent of 10 m. While the Echoscope® was hanging in the cable, it could in some cases be rotated
360° while obtaining data in different directions. Validation of the Echoscope® data was done by
use of video images from a remotely operated vehicle (ROV) and by drilling holes in the ice. The
Echoscope® was tested at two frequencies: 150 kHz and 375 kHz, and the best results were
obtained by use of the 375 kHz from depths of 50 m and less. With 150 kHz, the range of the
observations can be extended to near 300m, but at the expense of resolution.
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Future use of the Echoscope® for ice measurements requires that the instrument can be operated
from different platforms. The Echoscope® has previously been operated from ROVs as well as
pole-mounted from surface vessels . This project has demonstrated that it can be used for ice
measurements via a cable through a hole in the ice. The Echoscope® is well designed for
operation from platforms or the seabed using cable for power supply and data transmission to the
surface. For distances longer than about 70 metres, the data transmission should be via
fiberoptical cables. Other methods of operating the Echoscope® would be deployment from a
bottom-anchored mooring or subsea installation, where data are collected from a fixed position.
This will provide statistics on ice drift and ice thickness in one location. It was planned to carry out
such experiment with an autonomous version of the Echoscope®, powered by batteries, but this
could not be done during the project period due to lack of ships to deploy and recover the mooring.
The Echoscope® has demonstrated a unique capability to map the underside of the ice for
measurement of ice draft, ice ridges and shape and size of icebergs. Each of the more than
16000 beams has a unique direction and each echo provides intensity data as well as 3D
coordinates. Thus the vertical coordinates along with the horizontal position (x- and y-coordinates)
provide a terrain model of the underside of the ice.
Future experiments with the Echoscope® in ice areas will require more flexible configuration of the
equipment, depending on how the Echoscope® will be operated. The software for processing and
presentation of the data can also be adapted to the specific usage of the data.
The EchoScope® has been continuously improved since the introduction more than 10 years ago
and several units are in daily use in various underwater operations, also in harsh environments.
The technology is therefore applicable for use in the Arctic environment, but further testing and
adaptation is needed before it can be used for long-term, automated detection and monitoring of
sea ice and icebergs.
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1. Background and rationale
The changes of the Arctic sea ice during the recent decades have been well documented in recent
studies [e.g. Johannessen 2008, Rothrock et al., 2008,]. There is a consensus that the annual seaice extent decreased ~3% per decade from the late 1970s [e.g., Johannessen et al., 2004, Comiso
et al., 2008]. In September 2007, a low sea ice area was observed in the Arctic [Stroeve et al.,
2007]. Sea ice thickness has also been reported to decrease [e.g., Rothrock et al. 2008, Kwok et
al., 2009], but there are large uncertainties in the estimates of the ice thickness decrease due to
lack of synoptic data sets.
The mean ice thickness in the Arctic is typically between one and two meters, while maximum
thickness can be much higher locally due to ridge formation. When ice floes converge they are
crushed and stacked on top of each other. In cases when the wind drives sea ice against a coast,
ridges can be more than ten meters thick. In the whole Arctic it is estimated that ridges account for
nearly half of the total ice volume. Ridges constitute a major impediment to transportation and
operations in sea ice areas. It is therefore of high priority to observe the extreme thickness and
assess the probability that ridges can hit offshore platforms and seabed installations.
Measurements of sea ice thickness in areas of Arctic offshore operations are scarce, and there is
a large demand for such data both as design criteria for constructions and to support operations in
the ice season.
On this background, the offshore industry planning to operate in the Arctic will need dedicated
monitoring systems to measure the thickness, concentration and drift of sea ice and icebergs in
real-time in areas surrounding the drilling sites and terminals. Such measurements will be part of
ice management systems that operators will implement before operations can start in areas where
sea ice and icebergs can occur. Sea ice thickness is the most difficult parameter to observe
because there are few methods to obtain the required data. Several methods for ice thickness are
available, but they mainly useful for large-scale and regional data collection. The most common
methods can be summarized as follows:

•
•

•

•

•
•

use of electromagnetic induction and laser (EM) mounted on helicopters which can operate
up to 100 km from its base (Haas and Eicken, 2001).
aircraft surveys with laser and GPS. Scanning laser and GPS positioning can provide data
on surface topography, freeboard and thickness from aircraft over distances from a few
hundred to thousand km depending on type of aircraft (Hvidegaard and Forsberg, 2002)
use of Upward Looking Sonars (ULS) from fixed moorings, providing time series of ice
thickness in areas where the ice is drifting (e.g. Vinje et al., 1998), including shallow water
systems near land with data transmission, allowing real-time monitoring (Melling et al., 1995,
Marko and Fissel, 2005, Fissel et al., 2008)
use of Upward Looking Sonars (from submarines and Autonomously Operated
Vehicles (AUVs)) for mapping of ice draft along tracks. New results of using multibeam
sonars from AUVs are presented by Wadhams et al (2006, 2008), as shown in Fig. 1.
satellite altimeter data providing regular data on ice freeboard and thickness averaged to
typically100 by 100 km grid cells (Laxon et al., 2003, Giles et al., 2008).
In situ methods (e.g. drilling holes, profiling with electromagnetic induction instrument,
ground-penetrating radar) requiring personnel work on the ice.

In the Fram Strait ice thickness and drift has been measured since 1990, using mooring with ULS
and ADCP (e.g. Vinje et al., 1998). The ULS is developed by CMR, Bergen, Norway and uses 300
kHz sonar, temperature sensor, pressure sensor and tilt sensor. The ULS has a single beam with
beam width of 2.5 degrees and the resolution is 3 mm in the water column (Fig. 2a). The single
beam sonar is only providing one single ice draft above the mooring. This is not the optimal for a
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sea ice monitoring system able to detect approaching features of extreme ice thicknesses, such as
ridged ice with deep ice keels and icebergs. In the Barents Sea there is no continuous monitoring
system for sea ice thickness.
For local monitoring of sea ice thickness and drift in shallow ice-covered seas, such as the Barents
Sea, it is proposed to use high resolution imaging sonar, deployed in an array at the seafloor in a
circle of a few km around a platform, where data are collected in real-time via cables. Several
types of sonars are available for detailed sea floor mapping, and these systems can in general be
mounted to look upwards instead of downwards. Different sonars have been mounted on
submarines, Autonomous Underwater Vehicles (AUVs), and on underwater moorings to measure
the draft of sea ice. Single beam sonars and side scan-multi-beam sonars have previously been
used in ice thickness experiments, as shown in Fig. 1 (Wadhams (2006, 2008). The Echoscope®
4D sonar producing real time 3D images has not yet been implemented for ice thickness
measurements. In this project the Echoscope® has been tested for ice measurements in three
field experiments in the Svalbard area in 2007, 2008 and 2009.

Figure 1. Example of ice thickness 3-D map obtained from an upward-looking multibeam sonar mounted on
an AUV operating under the ice in the Greenland Sea. The plot shows a 500 m long and 100 m wide section
from the EM2000 multibeam where a characteristic deep 33 m ridge on Belgica Bank is shown by blue
colour. The undeformed ice surrounding the ridge is less than 2 m thick (Wadhams et al., 2006).

A major limitation of most ice thickness observing systems is the lack of capability to transmit data
in near real time, allowing the users to monitor changes of the ice thickness day by day through
the winter season. To solve this problem, a new instrument, the Shallow Water Ice Profiler Sonar
(SWIPS), shown in Fig. 2b, has been designed to operate from seafloor locations adjacent to
shoreline sites convenient for real time data acquisition or on-shore data logging (Marko and
Fissel, 2005). This instrument is now capable of unattended collection and recording of draft time
series data at shallow water monitoring sites of interest. Near real time data relay through a
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satellite link is a likely future addition to its capabilities. The proposed Echoscope® system will use
the same concept of transmitting data in near real time from the instrument sitting under the ice to
an offshore platform located within a distance of a few km.

a

b

Figure 2. a) Illustration of Upward-Looking Sonar (ULS) mooring in the Fram Strait, deployed at depth of
about 50m, for measuring the draft of drifting sea ice (courtesy NPI); b) illustration of Ice Profiler mooring
used in combination with ADCP to monitor ice thickness and ice drift, as demonstrated by Marko and Fissel
(2005) and Fissel et al., (2008).

2. The Echoscope® Imaging Sonar
The Echoscope® available from CodaOctopus represents a new method for sea ice monitoring
using Norwegian technology (Hansen et al., 2005, 2007). The Echoscope® was developed by
Omnitech (now part of CodaOctopus) under financial support from STATOIL under the
“Leverandør utviklings program”. The instrument has been used mainly for sea floor mapping,
harbour surveillance, construction support, etc. By mounting the Echoscope® to look upwards it
can be used to monitor sea ice in the Arctic. This represents a new and innovative application of
existing Norwegian technology.
The version of the sonar used in this project is the Echoscope® Mark 2 (ES M2) with two
frequencies, 375 kHz and 150 kHz, shown in Fig. 3a. The two frequencies were installed to test
various range and resolution combinations when observing sea ice form the underside. Figure 3a
shows two connectors on the top of the ES M2 unit. The ES M2 has two connectors, one is used
on the standard ES M2 system for power, communication and data transfer. The other connector
is for fiberoptic connection and is only intended for use on systems with the long cable (250m)
used in this project.
A block diagram showing connections and communication flows in the ES EM2 is presented in Fig.
3b. For vessel mounted systems and most ROV mounted systems the Digital Interface Unit (DIU)
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hardware is not needed. However, the DIU software is loaded on the top-end PC or laptop for
interfacing with the sonar head. The main technical specifications of the Echoscope® Mark 2 are
presented in Table 1.

b

a

Figure 3. (a) Picture of the Echoscope® Mark 2 (ES M2) with the 375 Khz transmitter in the upper part and
the 48 by 48 channel receiver array in the lower part. The left hand connector is used on the standard ES M2
system for power, communication and data transfer. The right hand connector is a fiberoptic connector and
is only intended for use on systems with very long cable lengths. (b) block diagramme for the ES M2 and the
data integration unit (DIU) with link to a PC.

Table 1. Technical specifications of the Echoscope® Mark 2.
Feature

Description

Dimensions
Weight
Power consumption

380 x 300 x 112 mm (see Fig. 3 a)
20 kg in air, approximately 12 kg in water
10 Amps for 10 msec. (max start-up) with subsequent operational current of 4 – 6 A
(max at 24 VDC)
600 m (or optionally 3000 m)
375 kHz or 150 kHz
128 x 128 i.e. 16384 beams per ping
48 x 48 channels, i.e. 2304 channels
12 pings per second
80 m at 375 kHz – depending on target size and environmental conditions
250-300m at 150 kHz kHz – depending on target size and environmental conditions
1m
2.5 cm
50° x 50°
PVDF
Maximum of 20 m of multi-conductor power, data and communication between the
sonar head and the DIU

Depth rating
Frequencies
Number of beams
Receiver array
Maximum ping rate
Maximum range
Minimum range
Range resolution
Angular coverage
Receive material
Connection cable
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Each output ping from the Echoscope® sonar ensonifies the entire volume being imaged by the
device. For example, the standard surface-deployed Echoscope® ensonifies an area 50° x 50 °.
Phased-array technology is used in the planar receive array to form a large number of beams in
both the horizontal and vertical directions, allowing range and target strength data to be obtained
for each point on a grid representing the volume being ensonified. This is illustrated in Fig. 4 a.
The standard ES M2 forms 128 beams vertically and 128 horizontally (using a receive array
composed of 48x48 channels), so the 50° x 50° field of view is decomposed into 16,384 beams.
The -3 dB beam-width is 1.2° and the beam centre-to-centre distance is 0.39°.
The Echoscope® sonar head houses the sonar projectors and the receive array panel. The beamforming, focusing and first-pass seabed detection is carried out in the sonar head. Data is output
from the sonar head over a copper or fibre cable to the Data Integration Unit (DIU). Power for the
sonar head is supplied by the DIU along with communication signals.

a

b

Figure 4. (a) Example of one (white) ensonfication grid point. (b) The standard subsea DIU with cylindrical
housing and front plate. For vessel mounted applications and some ROV installations, the DIU is not
required as the DIU software can reside on the top-end PC.

The DIU will also make sonar data available on an Ethernet connection to the user’s PC or AUV
data storage location. Alternatively, the DIU can also act as a data storage location. An additional
task of the DIU is to supply 24 VDC power to the sonar head. The DIU is also responsible for
capturing motion (pitch, roll, heading) and position as well as to time-tag the data. All DIU
components, being PC104 based, can be supplied separately for rack mounting in their AUV.
The software includes both the current Echoscope® Real-Time and Echoscope® Viewer software
packages. The main features of this software are to:
• Set-up and acquire 3D imaging data
• View the data on-line
• Mosaic the 3D data together
• Insert 3D VRML files
• Perform measurements on the data
• Export of 3D pings in x-, y-, z-coordinates and intensity
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The main features of the DIU are described in Table 2.
Table 2. Description of the Data Integration Unit
Feature

Description

Dimensions
Weight
Connection on DIU to sonar
head
Output connection
Motion reference
Depth rating

Cylinder = 194 mm length x 170 mm diameter. End plate = 174 x 174 mm
approximately 15 kg
Deutsch RSC06E-N-900
10/100 BaseT Ethernet (UDP broadcast)
RS232 input from third party sensor
600 m

The system can be used down to 3000 m, but the detection range is limited to max 200-300 m,
depending on the frequency. The system has not yet been tested for long-term installation, but
there are no known limitations here. By March 2010 more than 40 systems have been built and
about 36 systems have been sold. Many units are in daily use, for example on construction jobs in
extremely harsh environments. Being new technology, reliability and availability has increased
steadily over time, a fact that has resulted in returning customers – especially on the above
mentioned construction jobs.
The EchoScope® is still considered as new technology and reliability and availability issues will
have to be analyzed and verified prior to any permanent installation. If this is done properly, the
system should be able to operate for years without intervention, for example by use of titanium
housing instead of ployurethane (titanium housing has already been developed).
Note that the trials described herein were not meant to be long term and unattended and the
selection of components and the methodology was done accordingly. The main objective was to
acquire data that could qualify the technology and the method for measurements of the underside
of sea ice.

3. Results from the first field experiment in 2007
During the April 2007 experiment with Lance in the Svalbard area, the Echoscope® was tested for
the first time for ice draft measurements. The first ice station was taken in Wahlenbergfjorden in a
fastice area with both level ice, sea ice ridges and keels. The area was observed by satellite
images collected before and during the experiment (Fig. 5). The ice station area was characterized
by a mixture of level ice and ridges of various size, as shown in Fig. 6. Further into the fjord the ice
cover was completely flat.
The Landsat image of 29 April 2007 shows the fastice as bright signature and open water as dark
signature. The red circle shows the position of Lance during the field experiment 19 - 23 April
2007. There is very little difference in the optical signature of level ice and deformed ice with
ridges. The SAR image of 23 April 2007 shows the same area as the Landsat image. The
backscatter data can distinguish between undeformed fastice (A), fastice with ridges and
hummocks (B), firstyear-ice and young ice with high roughness on 5-cm scale (C) and open
water/nilas (D). Note that are C and D changed from 23 to 29 April, because easterly winds had
blown the thin ice to the west, leaving open water to west of the fastice boundary.
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b

Figure 5. (a) Subset of a Landsat image 29 April 2007, indicating the location of Lance (red circle) with
fastice to the east and open water to the west; (b) SAR image from RADARSAT of the same area on 23 April
2007.

Figure 6. Picture of the experiment set-up in April 2007, when the Echoscope® was lowered through a hole
in the ice and measured both level and ridged ice in the direction shown by the red line. The distance from
the hole to the beginning of the ridge along the red line is about 10 m.
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The Echoscope® was lowered through a whole in the ice with a slant view angle to map both the
flat ice and the ridged ice as shown in Fig. 6 and 7. Power supply and data transmission were
provided by a cable to the surface, shown as the blue cable in Fig. 7. This cable was stretched
from the tent located about 60 m from the hole. The tent was used to operate the Echoscope®
from a laptop, while power supply was obtained from the ship. In the first tests the Echoscope®
was lowered to depths from 20 to 60 m, but then the fibre communication stopped due to a
fabrication fault. In the continuation of the experiments, a backup cable had to be used. This could
only be used to a depth of 20 m. Measurements were done by tilting the Echoscope® at various
angles, observing the underside of the ice at different view angles. This was done in order to test
the horizontal range of the measurements, using both 150 kHz and 375 kHz. Tests were also
done with a steep viewing angle, allowing us to observe the hole in the ice. This was used as a
test site were ice thickness measurements by the Echoscope® could be compared with in situ
measurements of the thickness. The hole was also used to test the spatial resolution of the
Echoscope® data. The size of the hole was about 1 m by 1 m, and the Echoscope® data could
easily identify the hole from 20 m water depth. Measurements were obtained in different directions
by rotating the cable. This allowed measurements to be obtained across the ridge as well as from
the flat ice opposite to the ridge. The Echoscope® measurements were coordinated with many
other ice and ocean observations carried out by the UNIS team. Ice thickness measurements form
the flat ice as well as from the ridge by drilling holes were particular useful, since these data were
used for comparison with the Echoscope® data.

a

b

Figure 7. (a) Picture of the hole where the Echoscope® was lowered under the ice in Wahlenbergfjorden,
and (b) picture of Echoscope® mounted on the upper part of the rack with the data unit underneath. Note
that this version of the Echoscope® has both 375 and 150 kHz transmitters.

For sea ice thickness measurements the Echoscope® data processing and plotting software
provides real time presentation of the data. The system gives unique instantaneous 3D images of
the underside of the sea ice and can provide geo-referenced x, y and z coordinates of every pixel
with high accuracy providing an external navigation signal is imported to the DIU. Examples of real
time plots are shown in Fig. 8, where the 3D images can be rotated in all directions. For a future
system that is moored to the bottom with a fixed georeferenced location, it will be relatively simple
to develop techniques for extraction of sea ice drift (direction and speed) as well as draft.
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a

b

Figure 8. Examples of real time plot of the return signals from the Echoscope® in the experiments in
Wahlenbergfjorden. The colour code indicates signal intensity, which decreases with increasing distance
from the Echoscope®. (a) shows a projection of the data on the horizontal plane, where the shadow behind
the hull of the ship gives no data. The deployment hole (blue line) is shown as a spot with high return signal.
(b) shows a projection of the return signal in a vertical plane covering the ridge shown in Fig. 6. The level ice
to the right (near the deployment hole) has high return (red colour). As distance from the Echoscope®
increases the echo signal becomes weaker (blue colour). The underside of the ridge, or ice draft, is defined
by the vertical distance from the top of the level ice. The underside is very complicated with many ice floes
on top of each other. The horizontal distance across the image is about 30 m.
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The total amount of data recorded from the experiments consists of several hours of video
sequences. In the post-processing, a selection of images have been extracted and converted to
ascii-files. These files have been imported in Matlab™ for presentation in x, y, and z-coordinates.
Examples of 3D plots from the 2007 experiment are shown in Figs. 9 – 12.

Figure 9. Profile views of the ridge in Wahlenbergfjorden using a grid of 10 by 10 m and a colour scale to
illustrate the depth of the underside of the ice. Red is the level ice, which is used as reference, and blue is
the deepest part of the ridge, extending 7 – 8 m below the level ice.
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Figure 10. Example of Echoscope® measurements of ice draft in an area of about 60 by 60 m, showing the
depth of the ice underside in the ridge area in Fig. 6. Maximum draft of the ridge is about 6 m below the
surface (red area). The level ice is shown in dark blue color. The vertical units are in meters relative to the
depth of the Echoscope® , which was deployed at about 40 m depth. The figure shows that the distance
form the Echoscope® to the deepest part of the ridge is about 34 m. The x- and y-coordinates are pixel
numbers in the image, corresponding to cm in horizontal distance.

Figure 11. Signal strength of Echoscope® measurements of an area of about 60 by 60 m of the ice
underside in the flat ice area in Fig. 6. The return signal, presented in arbitrary units, decays with increasing
distance from the Echoscope®, as would be expected as the angle of incidence between the acoustic
beams and the ice changes with distance. Note that the return signal has maximum strength from open
water in the deployment hole located vertically above the Echoscope®.
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Figure 12. Ice draft from Echoscope® measurements of an area of about 25 by 25 m, showing an ice keel of
about 7 m depth in the ridge shown in Fig. 6. Data were obtained from 20 m depth. The units of all axes are
in meter.

Figure 13. Echoscope® measurements of the draft of the hull of RV Lance located in thin first-year ice
without any ice keels.
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A small ROV with video camera was used to document under ice conditions in the area where
Echoscope® measurements were obtained. The ROV is manufactured by VideoRay Pro and
includes electric thruster motors, variable intensity lights, and a high resolution, tilting, video
camera that transmits images to a deck unit. The ROV was deployed in the same hole as the
Echoscope® and was operated in the area of about 50 by 50 m. The ROV had a pressure sensor
to measure the depth. Depth data were used to validate the draft and topography of the underside
of the ridges. Examples of video images are shown in Fig. 14.

Figure 14. Examples of ROV images under the ice in the first experiment in Wahlenbergfjorden: (a) image
along the ridge, (b) image of the flat ice opposite of the ridge, showing an oceanographic instrument
deployed in another hole about 60 m from the Echoscope® hole, (c) image of the transition between level
ice and the ridge, where several floes are stacked on top of each other, (d) another image of individual floes
under the ridge. Considerable light penetration was observed in the ridge area.

In order to help in navigation of the ROV under the ice, a set of sticks were deployed through holes
in the ice. The sticks were recognized in the ROV images (Fig. 15 a). This made it possible to
compare under-ice characteristics with surface features. Under-ice keels were not symmetric
compared to the ridges at the surface. The images in Fig.14 and 15 showed that ice floes can be
stuck on top of each other over a wider area than the ridges visible at the surface. At the entrance
of Wahlenbergfjorden, it became evident that ridge formation had occurred during events of strong
winds and waves coming from open water and pushed ice floes partly under the fastice on the
eastern side of the ridge. This is illustrated in Fig. 15 c.
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Figure 15. (a) ROV image under the ice where a stick was deployed through the ice to help in navigation of
the ROV, (b) ROV image of Lance as it was resting with the bow stuck in the ridge, (c) illustration of
asymmetric distribution of ice floes under the ridge and on top of the ridge, (d) picture of the ROV.

Validation data for the Echoscope® was obtained by drilling wholes along a 250 m long line across
the ridge and along the level ice to the opposite side of the level ice, as shown in Fig. 16 where
also the thickness profile along this line is shown. The maximum thickness of the ridge near the
Echoscope® hole was measured to be more than 7.5 m.
The main results of the first experiment showed that the Echoscope® is capable of producing
detailed topography and depth of the ice underside as shown in Figs 8 - 13. The ridge depth and
topography could be well quantified by the Echoscope® data. Several experiments were carried
out at three ice stations: (a) in fastice in Wahlenbergfjorden, in a firstyear floe north of Svalbard,
and (c) in a multiyear floe west of Svalbard. Except for the first tests when measurements down to
60 m were obtained, the Echoscope® was operated only at 20 m due to the length of the backup
cable that was used after the long cable was damaged. Both 150 kHz and 375 kHz data were
obtained. Validation data were obtained by using ROV video recordings under the ice and by
drilling holes.
Although good data were obtained from three ice stations during the 2007 expedition, further
testing was considered to be necessary in follow-up experiments in 2008 and 2009. The second
experiment was organized by UNIS in April 2008 during the Lance cruise. The main parameters
that needed further testing were: (1) measurements from different depths and variable ice
conditions, (2) testing of automatic gain control in order to find optimal setting to be used in an
autonomous mode, (3) test of measurements from bottom-mounted Echoscope® to prepare for
ice drift retrieval as well as for sampling interval in the upcoming autonomous system.
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Figure 16. In situ measurements of ice thickness, freeboard and snow depth (left) along the yellow line in
the picture (right). The in situ data were provided by UNIS (2007).

4. Results from the field experiment in 2008
The UNIS cruise by RV Lance from 20 April to 03 May 2008 offered a new opportunity to test the
Echsocope® for under ice measurements. Two ice experiment areas were included in the cruise:
the first was in fastice in Van Mijenfjorden and the second was north of Hopen in deformed
firstyear ice. Satellite images were used before and during the cruise to plan the cruise track and
the location of the ice stations.

Experiment area 1: Van Mijenfjorden, 22-25 April 2008
The experiment site was in fastice inside Akseløya in Van Mijenfjorden as shown in Fig. 17 with
dominant rubble fields in the experiment area. Typical ice thickness was 80 – 100 cm, and the
experiment was located at a site were Lance could not penetrate further into the fastice.
No large ridges were present, but many small clusters of elevated ice typical 0.5 m high were
found. Further into the fjord, more level ice was found. Satellite images of the Van Mijenfjorden
were obtained before and during the cruise. Figure 17 shows subsets of the SAR image and the
optical image obtained on 10 April. The fastice in the fjord and the open sea outside of Akseløya is
well-defined in both images. The images also show open water inside of Akselsundet caused by
strong tidal current in the strait.
A photograph of the sea ice in the experiment area taken from the bridge of Lance is shown in Fig.
18. The Echoscope® experiment was set up in two holes drilled about 20 m from the ship as
shown in Fig. 19 and 20. Hole 1 was made mid—ship covering relatively level ice on one side, a
cluster of ridges and the ship hull. The second hole was made at the aft of the ship, including the
lead covered with thin ice and part of the ridge area marked in Fig. 18.
With experiences from 2007 the the Echoscope® bracket was modified to a tripod version and with
some adjustment of buoyancy it functioned well from the start of the experiment. Inclusion of the
hole in the measurement frame was important as a reference point in the data sets. The rotation of
the instrument to cover 360° around the hole was difficult to implement because of strong tidal
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current. This implied the look direction was mainly eastward or westward compared to the
reference holes. We succeeded to get a 360° rotation of the images only for a short period when
the tidal current was weak.

Figure 17. Satellite images of Van Mijenfjorden obtained on 10 April: (a) Subset of ENVISAT ASAR
Wideswath image with 150 m resolution, (b) MODIS optical image with 250 m resolution. The SAR image is
less sharp than the optical image due to speckle noise in radar data. The SAR image can discriminate
between level ice and deformed in the fjord, while the optical image only shows a uniform surface of ice.

Level ice

Ridges 0.5 m

Hole 1

Figure 18. Photograph of the ridge area (indicated by the black line) near the ship where the Echoscope®
experiment was conducted at Hole 1 and Hole 2 (outside the right side of the image)
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Figure 19. The experiment area photographed from the ice, where the ridge area is marked by the
horizontal arrow. The ridges are about 0.5 m high, and the total thickness of the ridges is less than 2 m. The
area around the ridge area consisted of scattered rubbles 0.10 – 0.20 m above the level ice.

Figure 20. Sketch of the first ice station in Van Mijenfjorden. The yellow areas show the measurement box
covered by the Echoscope® from 20 m water depth for the two holes, H1 and H2. The tidal current was
running mainly in east-west direction, which forced the orientation of the Echoscope® to be either mainly in
easterly direction ( as shown by the yellow area around H1) or in westerly direction (as shown by the yellow
area around H2).
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Examples of Echoscope® measurements from the sea ice in Van Mijenfjorden are shown in Figs. 21 – 26.

a

b

c

d
Figure 21 (a) Image from the Echoscope using 375 kHz from 35 m depth. The color shows the intensity of
returned signal, red is strongest return and close to saturation, blue is weakest return and close to lowest
detectable return. (b) Image using 375 kHz from 62 m depth. From this depth the most distant areas suffer
from too low return. Color code is the same as in (a). (c) Image using 150 kHz from 60 m depth. This image
haS Much longer range, but lower resolution. Red is strongest return, blue is weakest. (d) Image using 150
kHz from 101 m depth. See also results from 2009 in Figs 41 – 44.
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Figure 22. Echo data using 150 kHz from 108 m depth.
The examples in Figs 21 and 22 show that 150 kHz is less useful than 375 kHz because resolution is too
coarse to map the details of the underside of the ice.

Figure 23. Ice draft from Echoscope® measurements at about 40 m depth under fastice without any clear
ridges. Data are taken from hole 1 in Fig. 20. The hull of the ship is not included in these data because the
look direction was away from the ship. The ridge area in Figs. 18 and 19 are not included in the Echoscope®
data shown in this figure. The thickness of the level ice from in situ measurements was between 0.5 and 0.9
m. The depth scale indicated in colors is calibrated against the hole located at x=0 and y=0.
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Figure 24. Echoscope® ice draft measurements from about 40 m depth under fastice including the hull of
RV Lance. The data are taken from hole 2 in Fig. 20 and shows thin ice in the lead behind the ship and
thicker ice on each side of the lead created when Lance plowed through the fastice. The Echoscope® hole is
used to calibrate the depth scale.

Figure 25. The same area as in Fig 24 showing the hull of RV Lance. This plot has another depth scale
compared to Fig. 24
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Figure 26. Echoscope® ice draft measurements from about 60 m depth under thin ice behind the hull of RV
Lance. This image is oriented more towards the west, compared to the image in Fig. 24. The thicker ice on
each side of the lead as well as the stern of the hull is visible by the light blue color. The return signal from
the thin ice becomes more unclear in the data processing when the Echoscope® operates from larger
depths.

a

b

c

d

Figure 27. ROV images of the underside of the ice in Van Mijenfjorden in the area where the Echoscope®
was operated.
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The ice in Van Mijenfjorden was quite flat with small topographic features on the underside, which
was documented by ROV images shown in Fig. 27. We used the same ROV as in 2007, but there
were some problems with the image quality and the operation under the ice, so we did not get as
many good images as in 2007. The most pronounced feature was the hull of RV Lance and
broken-up ice floes along the lead where Lance had sailed. These features were clearly observed
in the Echoscope® data using 375 kHz and observation depth of 40 m – 60 m (Figs. 24 and 25).
Tests with 150 kHz and larger water depths did not produce the same quality data, as shown in
Fig. 26. This was due to geometry and range. Flat ice, oblique angles and low frequency yield low
resolution and the higher frequency will always be better within detection range. At longer ranges,
150 kHz will still be useful, but at the cost of lower resolution.

Experiment area 2: North of Hopen, 28-29 April 2008
The second ice experiment site was in drifting firstyear ice north of Hopen with large floes (100m
and more) and leads of refrozen ice in between. The floes had variable roughness from moderate
to heavily deformed ice. The ice station floe had level ice thickness from 50 cm – 80 cm and many
ridges of 1 m – 2 m height. The experiment was set up next to well-defined ridge of about 15 m x
15 m. The ice was relatively flat around this ridge. The hole was located about 15 m from the
starboard side at mid-ship and very close to the ridge area shown in Fig. 28.
Tidal current: There was strong tidal current in the area, and the drift pattern of the ship and the
flow was ellipses with a mean westerly current superimposed. The timing of the data recording
was important because the Echoscope® oriented itself in a certain direction relative to the current
difference between ice floe and the current below.

Figure 28. Photograph of the ridge near the ship where the Echoscope® experiment no 2 was conducted at
Hole 3. The red lines indicate the ridge areas with height of 0.3 – 2.0 m above the level ice. A grid of in situ
ice thickness data was obtained through the ridge in the area marked by green lines.
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The hourly schedule for data recoding in experiment 2 is shown in the Table 3:
Table 3: Data recording during the experiment north of Hopen
Time (local)

Latitude

Longitude

Drift speed

Direction

28.04 1730

76° 55.8 N

25° 09.0E

0.5 knots

300 °

Recording

28.04 2150

76° 57.1 N

25° 10.0E

0.3 knots

030 °

Recording

29.04 0800

76° 56.8 N

25° 02.5 E

0.3 knots

060°

No recording

29.04 1100

76° 56.9 N

25° 05.5E

0.2 knots

180°

Recording

29.04 1530

76° 55.2 N

25° 00.3E

0.8 knots

243 °

No recording (similar to data at 1100)

29.04 1800

76˝ 54.9 N

24° 52.0 E

0.7 knots

280 °

No recording (problem with software)

The ship was moored the floe at about 1130. The equipment and hole preparation was done in the
afternoon. Data recording started at 1730. After about 24 hours the experiment was completed and
demobilization of the ice station started. Two complete cycles of the M2 tidal ellipse were
completed (Fig. 29).

Figure 29. Trajectory of the ship drift on 28-29 April. The times indicate local time when the measurements
were done. The drift period covered two complete cycles of M2 which has a period of 12.42 hours. The
heading of the ship was mainly northwards during the experiment, and the wind direction was easterly.

The experiment site is illustrated in Figs. 30 and 31. The position of Echoscope® images are
indicated by the squares in Fig. 31. The Echoscope® images for area A, B and C are presented in
Fig. 32, 33 and 34, respectively. The strong tidal current following the elliptical pattern shown in
Fig. 29 made it difficult to obtain images in all directions relative to the hole. The relative short
period of the ice station (about 24 hours) allowed only short measurement periods and testing from
only one hole. Experience from the previous ice station in Van Mijenfjorden suggested that good
measurements of the ice could be obtained by using the 375 kHz channel and depths down to 40
– 50 m. This was also the maximum water depth in the area. We also tested deployment of the
Echoscope® on the seafloor mounted on a tripod, because data from a stationary Echoscope®
could give us the possibility to test ice drift retrieval from a series of images. This deployment was
not successful because the tripod tipped over soon after it reached the bottom due to strong tidal
currents. Lack of time prevented us from further testing and adjustment of the tripod. Minor
changes of the tripod, such as more spreading of the legs and heavier weight would probably be
sufficient to keep it in position long enough to obtain useful data.
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Figure 30. (a) Horizontal view of the ridge observed by the Echoscope® , where drilling of holes was carried
out to document the draft and shape of the underside of the ice. (b) Measurements of ice thickness and ice
draft from drilling of holes through the ice in a 10 x 10 m square in the ridge area. The location of the square
is shown in Fig. 28, indicating that the thickest of more than 4 m is found in one of the corners of the square.

Figure 31. Illustration of Ice Station 2 with location of Echoscope® hole (H3) and experiment area. The
yellow areas indicate the area mapped by the Echoscope® at 40 - 50 m depth. It viewed the ice at different
angles, as shown by the rotation of the yellow box.
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Figure 32. Echoscope® ice draft data from experiment 2, covering area C in Fig. 31. The ridge near the
Echoscope® hole is shown as the circular feature near the origin, while the thicker ice in the upper right part
of the image corresponds to the larger ridge area located in the southern part of the floe.

Figure 33. Echoscope® ice draft data from experiment 2, covering area B in Fig. 31. This image is rotated
slightly clockwise compared to Fig. 32, showing part of the hull of Lance to the right. The ridge in the upper
left corner is the same as the one in the upper right corner of Fig. 32.

NERSC Technical report no. 294

26 April 2009

Report to Statoil

ICESONAR report

page no. 29

Figure 34. Echoscope® ice draft data from experiment 2, covering area A in Fig. 31. This image is rotated
slightly clockwise compared to Fig. 33, showing part of the complete hull of Lance underneath the ice. Part
of the ridge near the Echoscope® hole is visible in the lower part of the image.
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Figure 35. ROV images from experiment 2, showing the hull of RV Lance (a) and the Echoscope®
suspended in a cable under the ice, (c) looking upwards through the hole where the ROV and Echoscope®
were deployed, and (d) picture of the ridge near the hole shown as the bright spot.
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The ROV was also used in the second experiments, but only a few useful pictures were obtained
due to problems with operating it under water. Examples of useful images are shown in Fig. 35.

5. Results from the field experiment in 2009
The third field experiment was conducted on fastice in Inglefeldbukta in Storfjorden from 26 April to
03 May 2009. This was a backup experiment instead of the planned mooring experiment, which
could not be implemented because there was not access to ice going vessels for deployment and
recovery of the Echoscope® mounted on a mooring.
With the experiences from the two earlier experiments the magnetic compass was now replaced
with a fiber optic version to give us improved heading data. This was used to obtain reliable data
for measurements of rotational motion. Furthermore, the tripod legs were removed during the
operation for easier handling of the Echoscope® with underwater DIU and compass.
The experiment on fastice could be implemented without use of ships, only by use of snowmobiles.
Two persons from NERSC and CODAOCTOPUS, Johan Wåhlin and Erik Eknes, carried out the
experiment with support form Eric Brossier, the captain of Vagabond. During the experiment, they
stayed onboard the Vagabond, a French polar yacht frozen in the ice for five winter seasons (2004
– 2009) to support various research projects (http://www.vagabond.fr).

Figure 36. Photograph of Vagabond, with captain Eric Brossier in front. © Eric Brossier

The plan for the field experiment was to try to operate the Echoscope® on different locations on
the fastice to measure the underside of the ice in areas where ridges, icebergs and drifting ice
were expected to be found. To measure the speed of drifting ice, it was planned to deploy the
Echoscope® through a hole near the edge of the fastice, and looking outwards to the drifting ice.
In this area of Storfjorden, the fastice edge is normally very stable in late winter, and the drifting ice
is can be located very close to the fastice if the wind and weather conditions are favorable. About 2
weeks before the fieldwork began the fastice just east of Inglefeldbukta broke off due to strong
westerly winds and started to drift southwards in Storfjorden. When the team arrived to the area
much of the old fastice had disappeared and lead with 15 cm - 25 cm thick nilas had formed
between the fastice and the drifting ice. The satellite images from 08 and 26 April showed clearly
how a fraction of the fastice had broken up and a large polynya with nilas and young ice had
formed in the western part of Storfjorden (Fig. 37). Although 2009 was the coldest winter in five
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years, Vagabond had stayed in Storfjorden (2004-2009), the fastice conditions outside of
Inglefeldbukta were not as good as in the previous seasons. This made snowmobile access and
some of the scientific work difficult. In 2009, the fastice broke up several times, about once per
month (22/02, 18/03, 11/04 and 14/05/2009), at about 2 km from the shoreline, 4 km east of
Vagabond. A photograph of fastice breakup outside Inglefeldbukta is shown in Fig 38 a.

a

b

Figure 37. (a) Optical satellite image from MODIS showing the sea ice in Storfjorden on 08 April 2009,
before the fastice outside of Inglefeldbukta broke up. The rectangle shows the experiment area including the
Inglefeldbukta. The narrow lead in the middle of the rectangle is the border between the fastice and the
drifting ice. (b) A similar MODIS image on the 26 April 2009, at the start of the field experiment, showing how
a part of the fastice has been broken off after a westerly storm. There is a large open lead along the whole
western part of Storfjorden. There is still a band of fastice in the area of Inglefeldbukta, allowing the field
experiment with snowmobile to be completed. The arrow shows the location of Inglefeldbukta. A detailed
map of the area where Vagabond was located is shown in Fig 38 b.

The first working day was used to assemble the parts of the Echoscope® that had been
transported on sledges from Longyearbyen to Vagabond. In the afternoon the border between old
and new fast ice, located approximately 4 km east of Vagabond was explored to check the
thickness of the ice and find suitable places for drilling holes and perform measurements with the
Echoscope® . The thickness of undeformed young ice was 17 cm - 30 cm and it was found it was
not safe to go further out on this area.
On the second day, the area was further explored, but most of the new ice was deformed with
rafting and small ridges where driving the snowmobile with heavy sledges. From satellite
observations and reconnaissance trips to the nearby mountain it was decided that the area east of
Agardpynten was our best chance of finding drifting ice close to a safe fast ice edge. Wind
conditions should be from east in order to have safe conditions, but westerly winds prevailed
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during most of the week so it was decided not to operate the Echoscope® at the edge of the
fastice.
On the third day, 29 April, it was decided that the best solution was to start measurements of a
grounded iceberg close to Inglefeldbukta, 15-20 min scooter trip southwards from Vagabond.

a

b

Figure 38. (a) Photograph of fastice breakup outside of Inglefeldbukta, (b) map of the area where Vagabond
was located. © Eric Brossier

Figure 39. Photograph of the Inglefeldbukta taken from the mountain to the north (Rjunikfjellet). The location
of Vagabond is shown by the long arrow. There are several grounded icebergs in the area. The iceberg
measured by the Echoscope® was located further south, about 0.5 hours drive with scooter. © Eric Brossier.
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Mapping of a grounded iceberg
Since the first recording of a grounded iceberg was very promising and it was decided to make a
full mapping of the whole iceberg by drilling five holes around and make measurements from each
hole. The idea was to produce a mosaic of the recordings from each holes.
The iceberg was about 40 by 40 m in horizontal extent, and grounded at a water depth of about 15
m. The height above the level sea ice was 2 – 4 m, but this height was modified by about 1,5
meters due to the tidal range in this area. The first hole was drilled 30 meters from the iceberg and
the Echoscope® was lowered to about 15 meter depth. Measurements were made by turning the
Echoscope® 360 degrees clockwise and then to let it turn back again 360 degrees counter
clockwise. In addition to the first test hole a total of four holes were drilled around the iceberg in
order to map it from all sides. The size of each hole was about 1m x 1 m, allowing the Echoscope®
with DIU pod and fiberoptic compass to be lowered into the water (Fig 40).

a

b
Figure 40. The deployment of the Echoscope® through a hole in the ice is using the same tripod and cable
as in the previous experiments in 2007 and 2008. © Eric Brossard.
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Examples of the 3D measurements of the iceberg are shown in Fig 41 - 43. A horizontal view of
both the underside and the top side of the iceberg is shown in Fig 31, where the top side is taken
by a camera.

Figure 41. Composite figure showing a 2D image of the iceberg, based on Echoscope® data for the
underwater part and a camera photograph of the top side. The color scale shows the depth below the level
ice calculated from the Echoscope® data. The lower green line indicates the seafloor, which becomes
shallower towards the left side of the image.

A 3D view from above of the underwater part of the iceberg is shown in Fig 42, which is a
composite of four images viewing the iceberg from different sides. The four black circles indicate
the location of the holes where the Echoscope® was lowered. From each hole the Echoscope®
data covers a range indicated by the blue color, which shows the depth of the level ice.
The colors ranging from red to yellow and green indicate increasing depth relative to the ice
surface below the level ice. By merging data from all four holes, the underwater topography of the
iceberg is completely mapped. This is the first time the underwater surface of an iceberg has been
mapped by 4Dsonar. In the previous field experiments, icebergs were observed but there was no
time to carry out any measurements by the Echoscope®. The 2009 field experiment, using
snowmobile on fastice, provided favorable working conditions and enough time to obtain a
complete underwater topography of an iceberg. If more time had been available several other
icebergs observed in the area could have been mapped. For example, a much larger iceberg with
maximum height above surface of about 30 m was found. However, the priority for the rest of the
experiment period was to try to map drifting ice from the edge of the fastice.
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Figure 42. 3D mosaic of the underside of the iceberg, projected from above, using merged Echoscope®
data from the four holes, presented in different orientations. Grid scale is 10 m and the colour scale indicates
depth. Blue represent depth of the underside of the sea ice. Red-yellow-green shows the iceberg where
green is the deepest part, about 15 m below surface. The red arrow points to the north.
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Measurement of flaw lead and ridge
On the night of 02 May there were strong winds from south that were forecasted to turn towards
southeast during the day. It was therefore decided to go to the flaw lead next to Agardhpynten.
Outside the fastice there was a large flaw lead, about 500-1000 m wide, consisting of open water
(Fig. 43 a). After a while we found an area near the fastice edge where it was possible to make a
hole. This spot was about 600 meters from a large iceberg with height about 30 m above sea level
(Fig. 43 b). The sea ice was heavily deformed with a ridge about 2 meters high between the hole
and the fastice edge. Several ridges oriented along the fast ice edge were found in belt about 2030 meters wide with more level ice further away from the ice edge. The height of the ridges was in
general between 50 and 250 cm above the level ice.

a

b

Figure 43. Photographs of the ridges near the flaw lead (a) and the large iceberg which could not be
measured due to lack of time (b).

It took about 3 hours to establish the measuring setup at this site where the water depth was 5060m. Two different recordings were taken:
•

•

One full circle with the Echoscope® just above seabed and tilted quite steep upwards.
Recording was taken with 375 Khz. This gave rather detailed data of the ice surface and
ridges in the close vicinity of the deployment hole. The deepest part of the ridge was 7- 8 m
below the underside of the level ice (Fig. 43).
The Echoscope® was retrieved, tilt adjusted down to just overlap the first recording and
then redeployed into the water to the same depth and position. Frequency was changed to
150 kHz for max possible range. This recording was done with Echoscope® settings to
obtain max possible horizontal range from 55m depth. Due to large ridges in the area we
obtained returns from single objects at distances between 250-300m. Some of these
returns looks like ridges that there were lots of in the area. In addition some large traces in
the seabed, probably traces from earlier stranded ice bergs.
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Figure 44. (a and c) 3D map of the underside of the deformed ice with the deepest part of the ridge marked
by green. The level ice on the left side is marked by red. The grid cell size is 100m. (b) Profile across the
ridges characterized by sharp edges, which is typical for newly formed ridges at the boundary between
drifting and fastice. (d) Signals from the seabed showing topographic features which can be caused by
scouring from icebergs.
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Conclusions from the 2009 field work
After one week of field work using snowmobiles to transport the Echoscope® equipment around
on the fastice, the experiment was terminated as planned. Two main results were obtained,
detailed measurements of a grounded iceberg and a ridge area. The highlight result was the
iceberg measurements which had not been possible to obtain in the 2007 and 2009 experiments.
The planned measurements of drifting sea ice from the edge of the fastice was not done, mainly
because the conditions at the fastice edge did not allow this experiment to be done. The drifting ice
was located too far away from the fastice edge, and there was no on-ice winds to push the drifting
ice towards the fastice during the week of the experiment. However, as recording was done while
the sonar was rotated, we have data with relative motion between sonar and ice – these data have
been used for analysis and are presented in section 6.
The use of snowmobiles to carry out ice experiment with the Echoscope® had some clear
advantages compared to the previous experiments from ships. First of all, there was more time
available to carry out the measurements on the fastice, compared to ship-based measurements
where the available time to work efficiently on the ice is more limited. To use Vagabond as base
for the field work was very efficient. Work could be done every day, and there were few constraints
due to weather. The main disadvantage of the scooter-based experiment was that the equipment
was heavy and two persons for handling and operating it was not optimal. Also transportation to
and from Longyearbyen was a relatively heavy operation, but this was handled very well by
Stefano Poli and his team in Longyearbyen. A more optimal solution would be to have three
scientists involved in the experiments instead of two and reconsidered the packing of the
equipment to reduce the weight on the sledges. We were lucky to have reasonable good weather
conditions; with more snow the sledge transport would have caused problems and delays.
Also a longer time period for the experiment would have increased to chances to get all the
measurements that were planned. If another Echoscope® experiment should be done from
snowmobiles, significant efforts should be made to make the system lighter and smaller. The
present Echoscope® equipment is not optimal for operation from snowmobiles, but thanks to Eric
Brossier and other scientist staying at Vagabond it was possible to carry out the work and obtain
unique data from the underside of sea ice and iceberg.

6. Ice motion retrieval from time series of images
In order to retrieve ice motion from a static platform, EchoScope® data obtained during the last set
of trials in 2009 were analyzed. In this experiment a high accuracy compass was attached to the
EchoScope®. By rotating the head while hanging from a hole in the ice, only the heading of the
instrument changed. In order to detect relative motion between sonar head and ice, the heading
must be calculated from ice data alone. These results can then be verified against compass
measurements. The compass that was used was an Octans 3000 from IXSEA with a stated
heading accuracy of 0.1°.
An experiment to measure rotational ice motion relative to the EchoScope® was set up using the
sonar following parameters:
• 375 kHz
• 50 by 50 degrees opening angle
• Sonar head at 8 m water depth
• Ping rate 12 pings/sec
• Range resolution 4 cm
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An ice object with vertical extent of about 1.2 m below a relatively flat underside of the ice was
used. At 24 m range, a 1° lateral resolution translates into 0.4 m vertical offset. Therefore, the
noise to signal ratio for the ice object could be expected to be about -9 dB. For noise reduction,
only data from 5 to 10 m vertical distance from sonar were used. Rows containing outliers outside
this window were excluded.

Figure 45. A typical data set obtained instantaneously by the EchoScope®. The intensity is represented by
colour scale. A time series of such data collected as the EchoScope® rotated around a vertical axis were
used to test the capability to measure the relative motion between sea ice and the EchoScope®.

Brief description of data analysis technique
In the experiment the sonar rotated around a vertical axis, and the offset between centre of
rotation and the sonar origin was assumed to be zero. It is also assumed that the sonar origin
does not move while the sonar rotates. The EchoScope® typically provides 3D data sets 10 times
per second. Each dataset represents 16384 beams organized as 128 rows and 128 columns with
one data value (echo) per beam. Each row and column covers a 50 degree opening angle, as
shown in Fig. 4a. As the sonar pitch and roll is known, each echo is known with respect to intensity
and x, y and z position. Full motion data (pitch, roll, heading and depth) would make it possible to
represent x, y and z in global coordinates, but in this experiment only pitch, roll and heading is
used. The compass heading is used to verify the heading estimated from the sonar data. Intensity
data are not calibrated and represent relative data only. It is important to note that the acoustic
transmitter beam pattern contains ripples in the order of +/- 3 dB in the main lobe. The pitch and
roll are measured for every ping and the data are included with the 3D data. Compass heading is
updated once per second.
As the motion is rotational with the sonar head in the centre, horizontal row data from one ping is
compared with the corresponding horizontal row from the next ping. Typically 80 horizontal pairs of
rows can be compared from one pair of 3D data sets. Some rows do not hit sea surface of the ice
due to the sonar direction. Based on two pings only, 80 random data sets are available for data
analysis using Fourier transformation to obtain cross spectral phase and coherence (Bendat and
Piersol, 1980). If the data were noise free, the coherence would be 1.0. In a real environment it is
always less than 1.0. The elegant property of the coherence function is that it shows what part of
the data (at what frequencies) the signal-to-noise ratio is good and we can extract that part of the
cross spectrum phase in order to measure the shift between two data sets. The shift between the
two data sets will result in a linear cross spectral phase – a phase ramp:
θxy(f) = 2πτ
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Where ,θxy(f) represents the phase ramp and τ	
   is the delay in degrees (the delay must be in
degrees sonar rotation). The phase ramp is then the result of a linear regression of the phase
signal and this gives us the best estimate as well as the standard deviation of the estimate.
Results
Two types of data have been studied: 1) the terrain data, i.e. the vertical z-values, and 2) the
intensity of the data, i.e. the backscatter strength. It is useful to first correlate two data sets where
there has been no rotation between data sets. The resulting phase ramp should then be zero.
Figure 46 a and b show the result between two consecutive pings 39478 and 39479. The phase
ramp is close to linear and parallel to the horizontal axis (Fig. 46a). This is the case even if the
coherence drops to 0.5 quite rapidly (Fig 46b). Note the dimension of the horizontal axes – “Ged” –
which is the inverse of “Deg” as is represents the Fourier transform of degrees.

Figure 46. (a) Cross spectrum phase and amplitude between two data sets using the z-value without
rotation. The phase angle is estimated by the straight regression line (green). (b) shows the corresponding
coherence. Figure 46 c shows the cross spectrum phase and amplitude of the intensity data. The phase
angle is estimated by the straight regression line (green). Fig 46 d shows the corresponding coherence.

Use of terrain data yields a coherence of about 0.5, while use of intensity data yields a coherence
of about 0.95. According to Bendat and Piersol (1980), this corresponds to noise-to-signal ratios of
-9.5 dB and -31 dB, respectively. Thus, use of intensity data contains much less noise than terrain
data. Note that the noise-to-signal ratio for terrain data agrees with the initial assumptions above.
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Rotation of the sonar head means that the overlapping regions decrease and the transmit beam
intensity ripple effect becomes important. However, with large overlap (high ping rate compared to
speed of rotation), these effects will be minimal as the transmit beam intensity ripple is in the order
of 5 peaks per 50 degree (0.1 ged).
Studies of several data sets using both terrain and intensity have confirmed that intensity is the
best parameter to use provided there is sufficient overlap between pings. Fig. 47 shows the result
from pings 41356 to 41357, when the speed of rotation was 1 degree per ping and the ping interval
was 80 ms.

a
.

b

Figure 47. (a) Intensity coherence between two data sets while the rotation was about 1 degree between the
two pings. (b) shows the corresponding intensity cross spectrum phase.

Due to less overlap than the static case, the coherence has dropped, but it is still above 0.6 (Fig.
47a). This yields a noise-to-signal ratio of better than –12 dB. The compass reading was the
same for the two data sets as the compass update rate was once per second. The estimated
rotation between the two pings is found to be -0.90° with 1 σ = 0.13°.

Figure 48. Red curve is the compass heading during the rotation experiment. Blue curves are the estimated
heading with 1 σ standard deviation. Horizontal axis shows the number of pings.
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Figure 48 shows the compass heading compared with estimated heading plus minus 1σ. Note that
this corresponds to 180° rotation. The red curve represents the compass heading which is
stepwise due to the slow update rate of once per second. It is clear that the method should be
good for interpolation between compass updates as well as for estimate of the instantaneous
speed of rotation. The speed of rotation tends to be underestimated due to loss of coherence,
resulting in drift over time. This method can be applied to estimate ice motion from a series of
pings obtained from a stationary platform.

7. Conclusions and future use of the EchoScope® for ice monitoring
The present project has addressed the use of 4D sonar to detect ice and measure the 3D
coordinates of the underside of the ice. During three field experiments in the Svalbard area, the
EchoScope® was used to collect subsurface data on sea ice and iceberg. This is the first project
where a 3D imaging sonar has used to map the underside of the ice with realtime data processing
and display.
During the experiments, the Echoscope® produced real time 3-D images with 16384 beams (128
x 128), where the x-, y-, and z-coordinates of the ice surface were measured with high accuracy.
The ice draft could be estimated with a few cm accuracy relative to a reference point. The ice-free
surface in the deployment hole was normally used as reference point. Typical measurements
were obtained by lowering the Echoscope® down from 20m to about 80m depth, providing data
over a 80 by 80 m surface with horizontal resolution of less than 2 m. This allowed identification of
ice keels from 1 to 7 m deep and horizontal extent of 10 m. While the Echoscope® was hanging in
the cable, it could in some cases be rotated 360° while obtaining data in different directions. The
rotation of the Echoscope® was also used to test the capability of detecting relative motion
between ice and the sonar. Validation of the Echoscope® data was done by use of video images
from a remotely operated vehicle (ROV) and by drilling holes in the ice. The Echoscope® was
tested at two frequencies: 150 kHz and 375 kHz, and the best results were obtained by use of the
375 kHz from depths of 50 m and less. With 150 kHz, the range of the observations can be
extended to near 300m, but at the expense of resolution. A grounded iceberg was mapped in
detail by the Echoscope® from four different positions. These measurements provided a unique
data set on the size and shape of the underwater part of an iceberg. An important conclusion from
these experiments was that signals from sea ice and open water are clearly different. The
acoustic returns from ice was approximately 5 dB lower compared to open water. With a thin layer
of ice slurry on the water surface this difference became less significant. This concept can be used
to make an algorithm for automatic discrimination between ice and water. A dedicated field
experiment is required to test this concept, which potentially can be used for automatic detection of
sea ice.
The results form the experiments suggest that the EchoScope® technology can be used to monitor
sea ice and icebergs within a range of about 300 m. Data can be obtained in real time from one or
more subsea locations where several instruments can be mounted. Data can be provided in realtime showing
-‐ presence of ice or icebergs
-‐ draft and shape of ice under water
-‐ motion of ice relative to the instrument,
The EchoScope has been on the market for more than 10 years, but has always been used on
short term deployments. Ice monitoring will require long term stability and operation over many
years. Using fiberoptical cables for communication and electrical power supplies, a number of
EchoScope units can be handled if each EchoScope has a so-called DIU (Data Integration Unit).
The following components have to be considered:
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Topside computer and software
Cable to EchoScope
Connectors
DIU
EchoScope sonar head

A) is important, but can be relaxed as availability is high and both hardware and software can be
upgraded during the course of the lifetime.
B) and C) are ”standard” items on subsea installations and should follow the specs and availability
requirements for current subsea installations.
Regarding D) and E), the following factors need to be addressed:
i. System reliability (MTBF),
ii. pressure resistance,
iii. environmental loads during installation,
iv. water penetration.
The EchoScope is a pressure compensated system – the unit is filled with fluorinert liquid. The
liquid is heavier than water. Tightness is verified during leak testing, but long-term ingress of water
is a concern and should be tested at elevated temperature as this will accelerate water diffusion.
The unit used in the Svalbard experiments was made of polyurethane, but a housing suited for
permanent installation has been designed in titanium. This is the unit that would be tested for longterm deployment, although alternative metals may be considered.
Components and system reliability over 20 years is not practical in normal operation. The
technique normally used is accelerated testing; normal operational temperature is established and
a model is used to estimate relation between normal reliability and the reliability at elevated
temperature. The system (sonar unit and DIU) is then operated at elevated temperature in order to
estimate system and component reliability. Vibration and shock testing is also required.
Offshore specs may require double seals, this may be incorporated in the metal housing design.
The most common operation of the Echoscope® is from an ROV used for surveying a limited area.
This mode of operation is also possible for ice monitoring.
Future experiments with the Echoscope® in ice areas will require more flexible configuration of the
equipment, depending on how the Echoscope® will be operated. The software for processing and
presentation of the data can also be adapted to the specific usage of the data.
The EchoScope has been continuously improved since the introduction more than 10 years ago
and several units are in daily use in various underwater operations, also in harsh environments.
The technology is therefore applicable for use in the Arctic environment, but further testing and
adaptation is needed before it can be used for detection and monitoring of sea ice and icebergs.
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