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Abstract

Prinsenberg, S.J., I.K. Peterson, J.S. Holladay and L. Lalumiere, 2010. Helicopter-borne
sensors monitoring the pack ice properties of Mackenzie Delta: April 2010 Sea Ice Survey.
Can Tech. Rep. Hydrogr. Ocean Sci. 267: viii+62pp.

This report presents examples of a unique data set that was collected with helicopter-borne
sensors during April 2010 over the Mackenzie Delta land-fast and mobile ice cover areas.
Helicopter logistic support was provided by the Canadian Helicopter Company in Inuvik,
NWT which was used as a base for the entire survey. For the first time a Ground-Penetrating-
Radar provided snow depths and ice thicknesses of low salinity ice and complemented the
Electromagnetic-Laser and Video-Laser data sets to explain the ice and snow properties
found in the Mackenzie Delta. In spite of numerous weather delays, the survey completed
most of its planned pack ice survey lines and provides a large spatial distribution of data to
derive ice and snow statistics and to validate ice signatures seen in RADARSAT-2 and
TerraSAR-X SAR imagery. All data, plots, photographs and reports will be available through
the DFO Maritimes Region’s “Sealce” Website: http://www.mar.dfo-
mpo.gc.ca/science/ocean/seaice/public.html and its data link on the DFO Maritimes Region’s
FTP site: ftp://starfish.mar.dfo-mpo.gc.ca/pub/ocean/seaice/.

Résumeé

Prinsenberg, S.J., I.K. Peterson, J.S. Holladay and L. Lalumiere, 2010. Helicopter-borne
sensors monitoring the pack ice properties of Mackenzie Delta: April 2010 Sea Ice Survey.
Can Tech. Rep. Hydrogr. Ocean Sci. 267: viii+62pp.

Ce rapport présente des exemples tirés d’un ensemble unique de données recueillies par
capteurs héliportés lors d’un vol au-dessus des régions recouvertes de glaces fixes et mobiles
du Delta du Mackenzie, en avril 2010. La Canadian Helicopter Company d’Inuvik, dans les
Territoires du Nord-Ouest, a fourni les services d’hélicoptére et a servi de centre logistique
pour toute la durée de I’étude. Pour la premiere fois, un géoradar a indiqué la profondeur de
la neige et I’épaisseur de la glace de faible salinite, et fourni des données complémentaires a
celles recueillies par laser électromagnétique et vidéo-laser; ces données permettront
d’expliquer les propriétés de la neige et de la glace observées dans le Delta du Mackenzie.
Malgreé les nombreux retards causés par les conditions météorologiques, la majorité des
lignes de levé de la banquise prévues dans le relevé ont été terminées. L’étude a fourni une
large distribution spatiale des données permettant d’établir des statistiques sur la glace et la
neige et de valider les signatures de la glace observées par des satellites a imagerie SAR, le
RADARSAT-2 et le TerraSAR-X. L’ensemble des données, graphiques, photographies et
rapports seront disponibles dans la section portant sur I’étude des glaces de mer du site Web
du ministere des Péches et des Océans — Région des Maritimes (http://www.mar.dfo-
mpo.gc.ca/science/ocean/seaice/public.html). La liaison de données est disponible sur le site
FTP du MPO - Région des Maritimes (ftp://starfish.mar.dfo-mpo.gc.ca/pub/ocean/seaice/).
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Introduction

Changes in the Arctic Ocean weather and ice regime have received much
attention in the scientific literature as well as the popular press. It is now well accepted
that changes are widespread, in some cases dramatic, and that overall warming of the full
Arctic system has occurred in the first decade of the twenty-first century (Richter Menge
et al., 2008). Fissel et al. (2009) described the changes and trends observed over the past
several years for meteorological and sea-ice conditions on the continental shelf and slope
regions of the Canadian Beaufort Sea. They found that the air temperatures have clearly
risen by 2-4 °C while trends in the monthly surface winds are relatively small in relation
to the large degree of inter-annual variability. Land-fast ice durations and thickness are
reduced in association with increasing air temperatures and snow cover. A trend towards
reduced sea ice concentrations is evident for most locations and times of the year, the
trend is small at -2 to -3 % per decade. Larger trends (- 6 to -11 %) of reduced ice cover
were computed in the late summer ice concentrations in the Alaskan Beaufort Sea, the
Canada Basin and the Seasonal Sea Ice Zone beyond the continental shelf edge. This is
similar to the trend towards reduced sea ice extent in the entire Arctic Ocean of -11% in
late summer. Changes including long-term trends in the atmospheric and ice cover
properties are important to the development of oil and gas exploration, marine navigation,
marine ecosystem and northerner’s way of live within the northern ice and weather
environments.
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Fig. 1 Mackenzie Delta flight lines and station numbers for April 2010 ice survey.
Bottom contour lines show the depths in meters. Inuvik was the overnight base for the
survey with fuel depots at Swimming Point and Tuktoyaktuk. Stations’ lat/long values
are listed in Appendix 1.



Since the early 1990s, ice property data have been collected with helicopter-borne
sensors by personnel of the Bedford Institute of Oceanography of Dartmouth, N.S. in
partnership with Canadian companies (Peterson et al., 2003). The helicopter-borne
electromagnetic (HEM) system (called “Ice Pic”) measures ice-plus-snow thickness and
ice-surface roughness. The Ground Penetrating Radar (GPR) sensor measures Snow-
depth over the sea ice cover and as well as ice thickness of low ice salinity (Lalumiere
and Prinsenberg, 2009). The Video-GPS Sensor system collects video images to make
mosaics from overlapping video frames. The sensors’ observations provide information
on level and deformed ice fractions, snow depths, lead and ridge and floe size
distributions, all used to validate operational algorithms for inferring sea ice properties
from satellite SAR imagery in ice-chart production. The data are also used to narrow the
uncertainty of ice thickness and snow depth distributions required as inputs to
international offshore operational codes; and are further used in research of ice-ocean-
atmosphere interaction processes, validation of ice-ocean model simulations and studies
of marine ecosystems.

In this report a unique data set is presented that was collected during April 2010
over the Mackenzie Delta’s land-fast and mobile ice cover. Helicopter logistic support
was provided by the Canadian Helicopter Company stationed in Inuvik which was used
as a base for the entire survey. Weather permitting, daily survey trips were accomplished
by flying to-from the pack ice from Inuvik and using fuel stations at Swimming Point and
Tuktoyaktuk (Fig. 1). In spite of the weather delays, the survey completed most of its
planned survey lines over to pack ice and will provide a large spatial data distribution to
derive ice and snow statistics from and to validate ice signatures seen in SAR imagery.
The survey included flight lines over bottom-fast ice in the near-shore area, as well as
fine-scale grid flight lines over the rubble fields at the Minuk 1-53 artificial island site
(Stn. 25) and the Tarsiut N-44 Caisson site (Stn. 27). All results, observations and reports
will be available on the DFO’s Maritimes Website: http://www.mar.dfo-
mpo.gc.ca/science/ocean/seaice/public.html and through its data link on the DFO
Maritimes FTP site: ftp://starfish.mar.dfo-mpo.gc.ca/pub/ocean/seaice/.

Instrumentation
Electromagnetic-Laser Sensor

During the 10-day field survey, ice thickness and ice surface roughness were
measured with a helicopter-borne electromagnetic (HEM) system, called the “Ice Pic”,
built by Geosensors Inc. of Toronto, Canada. It consists of a cigar-shaped sensor package
mounted beneath and in front of the Bell 206L helicopter (Fig. 2). The helicopter used
during the survey was supplied by the Canadian Helicopter Company in Inuvik, NWT.
The sensor package consists of an electromagnetic (EM) sensor with transmitter and
receiver coils (transmitter frequencies of 1.7, 5.0, 11.7 and 35.1 kHz) and a laser
altimeter. The laser altimeter data provides ice-surface roughness profiles, laser intensity
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profiles, and the height of the EM sensor above the pack ice. The laser is an ADM 3-
Alpha Geophysical unit and has a listed accuracy of 1.5cm.

The EM sensor measures the distance to the ocean surface water as it is the
nearest conductor, and the laser measures the distance to the pack ice surface. Together
they provide the snow-plus-ice thickness. The sampling rate for the ice thickness and
roughness data is 10Hz, corresponding to a spatial sampling interval of about 3-4m for
the normal helicopter survey speed of 80mph. The ice thickness and ice conductivity are
estimated with a 2-layer inversion model representing ice and seawater layers. The
calculations are done in real-time on a computer strapped in the back seat of the
helicopter and results displayed approximately 1sec later on a hand-held monitor used by
the operator. Since four frequencies are available, three unknown parameters can be
estimated by the post-processing inversion model. Thus the conductivity of the sea water
layer can also be estimated, in addition to the ice thickness and ice conductivity.

Fig. 2 Canadian Helicopter 206L at the Inuvik airport showing the fix-mounted sensor
equipment. The EM sensor is located in the front section and the GPR and Video-Laser
are located in the middle section of the “cigar” shaped mount.

The footprint size of the EM sensor depends on the height of the EM sensor above
the seawater (Kovacs et al., 1995) and is 16-20m for the “Ice Pic” flying at 4m over 2m
thick ice. Several studies have validated the EM ice thicknesses collected by both the “Ice
Pic” and “lce Probe”, a towed HEM system, by comparing EM ice thicknesses
successfully with ice and snow thicknesses measured via holes drilled through the ice
(Peterson et al., 2003 and Prinsenberg et al., 2008). For flat homogeneous ice over sea



water such as refrozen leads, no difference can seen between auger observations and EM
helicopter data, as the differences are usually smaller than the variability in each data set.
Over rough deformed ice, one has to average the auger holes to match the footprint size
of the EM sensor, and once this is done the data sets again match normally within £5cm
(Peterson et al., 2003 and Prinsenberg et al., 2008).

Ground Penetrating Radar

Ground Penetrating Radars (GPRs) have the capability to measure snow thickness
or fresh water ice thickness (Lalumiere and Prinsenberg, 2009). Past developments have
produced one-dimensional processing algorithms for snow thickness measurement over
sea ice or fresh water ice thickness. The algorithm is used to display the data in real-time
on a logging laptop operated in the helicopter to ensure data are being collected.

The GPR system used is a Noggin-NIC 1000 from Sensors and Software Inc. of
Mississauga, Ontario. A photograph of a Noggin-NIC 1000 is shown in Fig. 3 (Left
panel). The Noggin 1000-NIC is 30cm long by 15cm wide and 12cm high. The GPR
system was mounted in the middle section of the 206L mount, with its bottom plate
protruding outside the tube exterior (Fig. 3, Right panel). The Noggin-NIC 1000 is a
uniqgue GPR system as it permits operation and control by a computer with no user
interaction. This permits the integration of this GPR as an additional sensor for the
Video-Sensor System. The Noggin-NIC 1000 is a very high resolution GPR system, with
center frequency of 1000 MHz and a waveform sampling interval of 0.1 nanoseconds.
The Noggin-NIC was configured to collect 500 points per scan with 4 internal stacks.
This results in a scan rate of approximately 30 scans per second. When flying at 80 knots,
the ground sample spacing is approximately one sample per 1.5m. This fine spacing
permits the GPR to collect snow features at the same fine scale as the Laser does for
surface pack ice roughness.

Fig. 3 Sensors and Software Noggin 1000-NIC GPR System (left) and protruding from
middle section of the mounting tube along with laser/video camera (right).

The Video-Laser System

The Video-Laser System consists of the laser and video camera (Fig. 3). It
contains a 3-Alpha laser altimeter, manufactured by Optech Inc., which is used to



measure flying height, ice roughness and laser intensity; for a sampling rate of 30 Hz it
provides a 1.5m sample spacing for a flying speed of 80 knots. The digital camera used is
an Axis 210 manufactured by Axis Communications. Images are typically collected at a
rate of 2 Hz, but the rate is determined by the logging system based on the image field of
view, flying height and speed. Each image is 640 by 480 pixels in size, and with a typical
flying altitude of 90 m, each pixel is approximately 30 cm by 30 cm in size. For quick
reference, the width of the video frame image equals 1.1 times the height of the video
camera above the pack ice surface.

The purpose of the Video-Sensor system is to provide 2-dimensional visual
information of the ice cover properties. It provides data on lead and ridge distributions
and orientations, and on floe size distributions along the flight path of the helicopter. It
complements the one-dimensional line profile data of the “lce Pic” sea ice thickness
sensor (Prinsenberg et al., 2002). As the “Ice Pic” sensor includes any snow in its sea ice
thickness measurement, a separate measurement of the snow thickness layer is required
to get an accurate ice-only measurement. This has lead to the addition of a GPR to the
Video-Sensor System to measure snow thickness.

The helicopter needs to fly low (altitude 4 to 6m) when logging GPR and EM
data, so digital video images are not recorded during these survey lines. The Video-
Sensor system also collects laser altimeter for additional surface roughness
determination. Normally along return flights to fuel depots, Video data were collected at
an altitude of approximately 90-100m.

GPS Sensors

Both the “Ice Pic” and GPR/Video systems have their own GPS sensors so that
the systems can be flown independently of each other when either malfunctions. The
systems no longer rely on the helicopter GPS sensor as was the case in the past. The GPS
units used are Garmin GPS18’s made by Garmin International Inc., Olathe, USA. The
GPSs include an embedded receiver and an antenna, and track up to 12 satellites at a
time, while providing fast time-to-first-fix, precise navigation updates once per second.
The units are designed to withstand rugged operations, are waterproof and require
minimal additional components to be supplied by a system integrator. The “Ice Pic” and
Video systems provide the GPSs with a source of power, and a clear view of the GPS
satellites is required. Listed position accuracy are given as <15m, 95% of the time.

Survey Description

After arriving in Inuvik late Monday March 29, time was available only to check
if all the equipment was there and meet the pilot Corey Arsenault. It took most of the
following day, Tuesday March 30, to unpack the instrumentation and mount the systems
on the helicopter. Late Wednesday morning, the system was test-flown locally over the
Mackenzie River, to check out all the systems and to provide the pilot some time to gain
experience in low-level flights. Corey went over the safety features and restrictions of
low-level flights. One problem emerged: no passenger will be allowed in the front
passenger seat, and only personnel required to operate the equipment will be allowed on



board when data is collected during low-level surveying. This meant that no wild-life
observer could come along during our survey. This was discussed with James Pokiak of
the Tuktoyaktuk Hunters and Trackers Committee (HTC), who had to go back to the
Tuktoyaktuk HTC to report and discuss this. Thanks to James Pokiak, we were given
permission to go ahead after several phone calls. It also turned out that we would work
through the Easter weekend which is a major family social event throughout the North.
Below is a summary of the survey data acquisition. A complete day-to day report on the
daily survey tasks and results are listed in the Appendix 2.

GPR Lines: 01 Apr 2010
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Fig. 4 GPR data line sections flown on April 1 overlain on a RADARSAT-2 SAR image
of April 3 (© RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates
Ltd. (2010) - All Rights Reserved).

On the morning of Thursday April 1, the weather over the pack ice was marginal,
but expected to clear throughout the day. This delayed our departure to 10:00. After
topping up on fuel at Swimming Point, the flight line from Stns. 15 to 16 and 17 was
surveyed at low altitude on the way out to collect EM/GPR data, and surveyed back at
100m altitude to collect Video data. Stn. 17, the offshore station is where H. Melling of
I0S had deployed a year-long mooring. As shown later in “Data Samples” section, very



rough, ridged mobile ice was present over the mooring site. Next, the line between Stns.
19 and 18 was surveyed; again EM/GPR data were collected on the way out and video
data on the way back. After completion of the line, we returned to Swimming Point for
fuel. In the afternoon (14:45) an L-shaped flight line was surveyed. Starting at Stn. 5, the
survey line went offshore to Stn. 2 and then turned NE to Stn. 3. EM/GPR data were
collected on the way out and video data on the way back. This completed the surveying
of the first day, and after stopping at Swimming Point for fuel (16:45), we returned to
Inuvik. The flight lines for April 1 with GPR file numbers are shown in Fig. 4.

During the first day of the survey, a large dataset was collected; this fact became
important as the next three days turned into weather days (when flying was not possible
due to bad weather). Normally, weather delays account for 30% of the total time during
Arctic winter-spring surveys. This long delay was worrisome, but provided time to look
at the data and fine-tune the priorities of the remaining work for the final 6 days, keeping
in mind the early spring-type weather that was occurring. Finally on April 5, the weather
cleared over the western Delta, and survey day #2 started with the plan to collect more
lines in the area previously visited on April 1.

GPR Lines: 05 Apr 2010
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Fig. 5 GPR data line sections flown on April 5 overlain on a RADARSAT-2 SAR image
of April 3 (© RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates
Ltd. (2010) - All Rights Reserved).



After fuelling up at Swimming Point, EM/GPR data were collect along a line to
Stn. 27, that ended over the rubble field of Tarsiut. After completing the EM/GPR line at
11:30, Video data were collected along a closely-spaced grid over Tarsiut itself, even
though the weather was overcast and the video data would not be of the highest quality.
However looking at the days we had lost so far, it was decided to do it while we were in
the area, as it may have been the only opportunity. After completion of the grid survey
over Tarsiut, video data were collected on the way back to Swimming Point for fuel via
Stns. 26 and 5 (12:45). After re-fuelling, EM/GPR data were collected along the line
from Stn. 5 to Stn. 42, on the way to doing the video grid work over the second rubble
field, Minuk (Stn. 25). Weather was better but still overcast. The parallel video grid lines
flown over Minuk (Stn. 25) were flown at 100 degrees to the east. After completion of
the rubble field survey, video data were collected on the way to Swimming Point (16:00)
via Stns. 25, 42 and 5. There was enough time before returning to Inuvik to do the
shallow inshore W-E line between Stns. 21 and 20, after repeating the EM/GPR short line
between Stns. 19 and 18 (see Fig. 1 for station numbers). Fig. 5 shows the survey lines
collected on April 5 highlighting the GPR line sections.

GPR Lines: 08 Apr 2010
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Fig. 6 GPR data line sections flown on April 8 overlain on a RADARSAT-2 SAR image
of April 3 (© RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates
Ltd. (2010) - All Rights Reserved).



April 6 and 7 were also weather days, which further restricted the airborne and
on-ice survey work. Most of the promised work to the other PERD project managers of
I0S, NRC and GSC were completed. On April 8, the weather cleared in the afternoon
and two helicopters were used to do both the airborne and on-ice sampling work. The on-
ice work with pilot Corey Arsenault was planned for 5 stations along the “L” shaped line
flown on April 1 (Fig. 4). The airborne survey with pilot Jory Bott would collect
EM/GPR and Video data along the N-S line and inshore “L” shaped line north of
Tuktoyaktuk (Fig. 1). The on-ice survey did the work as planned; shallow CTD profiles,
snow depths, ice thicknesses through ice-augered holes and ice chip samples were
collected. The data are listed in Table 2 in the “Data Sample” section. More on-ice work
was planned, but could not be accomplished due to the weather delays. The second
helicopter collected EM/GPR data along the line section anchored by Stns. 24, 23 and 29;
Stn. 29 being a TerraSAR-X Super Test Site where high resolution satellite X-band SAR
data were collected. A parallel grid line pattern was flown over this location collecting
both EM/GPR data and Video data before returning to Tuktoyaktuk for fuel (16:30).
After obtaining fuel, the N-S line was surveyed for EM/GPR data on the way out and for
Video data on way back, before returning to Swimming Point for fuel (18:30). There was
not enough time left to repeat the Video grid lines of Tarsiut and Minuk rubble fields;
thus we returned to Inuvik. Fig. 6 shows the survey lines flown on April 8 north of
Tuktoyaktuk.

GPR Lines: 09 Apr 2010
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Fig. 7 GPR data line sections flown on April 9 overlain on a RADARSAT-2 SAR image
of April 3 (© RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates
Ltd. (2010) - All Rights Reserved).




With a good weather forecast for the following day, the survey was extended by
one day in order to repeat the video data collection of the Tarsiut and Minuk rubble
fields. While packing other on-ice instrumentation during the morning of April 9, a
triangle anchored by the two rubble fields (Stn. 25 and Stn. 27) was surveyed. After
fuelling up at Swimming Point (10:00), EM-GPR data was collected between Stns. 5 and
25, parallel video grid lines were then flown over Minuk (Stn. 25) followed by another
set of video grid lines over Tarsiut (Stn. 27) before collecting EM/GPR data on the way
back from Stn. 27 to Stn. 5 and returning to Inuvik via Swimming Point. Fig. 7 shows the
survey lines flown on April 9. The survey equipment was taken off the 206L helicopter in
the afternoon and packed for shipping back to Bedford Institute of Oceanography.

Data Samples

In this section we will display samples collected during the 2010 Beaufort Sea
survey. Not all the data will be shown, but can be found on the DFO Maritimes FTP site:
ftp://starfish.mar.dfo-mpo.gc.ca/pub/ocean/seaice/.

Data plots from April 1 will mainly be shown; their flight paths were shown in
Fig. 4. The height flown along this “L-shaped” line is shown as a time series profile plot
of the “Ice Pic” laser (Fig. 8). The laser plot shows the high altitude return loops at
regular intervals (8-10 minutes) during which background EM data were obtained in
order to remove EM baseline drift. They are collected both along the flight path, and at
the start and end of the survey line. During these “EM back-grounds” at 400ft, the GPR
collection was stopped, thus breaking up the GPR into the sub-sections data files as
shown in Fig. 4. The EM and GPR data files of the total survey are listed in Table 1.

Laser Altimeter Plot: FEM10008-01APR2010RAW.DAT
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Fig. 8 Laser time series profile of the survey line between Stns. 5, 2 and 3.
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EM Data

Ice thickness and conductivity is computed from the EM data by an inversion
program running on the logging PC in the helicopter, and is shown in real-time on the
operator’s display monitor to ensure data are being logged. The real-time inversion
program uses a model with a constant value of 2.5 S/m for the lower layer (seawater)
conductivity, and the upper layer (sea ice) conductivity is allowed to vary. However, for
most of the area sampled over the Mackenzie shelf, the conductivity of the oceanic
surface layer is much lower and often indistinguishable from that of the overlying ice,
because of freshwater input from the Mackenzie River. Therefore in the post-processing
inversion program, the conductivity of the bottom layer (brackish water or sediment) is
allowed to vary, and the conductivity of the upper layer (ice and/or freshwater) is set to
0.0 S/m. On the FTP site, “Quick-look” plots of the ice thickness profiles are available
for the total flight paths and for sub-sections, as shown in Figs. 9 and 10. Plots are
available for both the real-time and post-processing inversion programs.

Ice Draft and Ice Roughness Plot: FEM10009-01APR2010PPR.DAT
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Fig. 9 Ice thickness and ice roughness “Quick-look™ profile plot for the line section
between Stns. 5 and 2, collected on the afternoon of April 1.
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Apparent ice thickness profile data are shown for the line section (green line)
from Stn. 5 to Stn. 2 in Fig. 9, and for the line section between Stns. 2 and 3 in Fig. 10.
These plots show the pack ice roughness from the laser data plotted upward, and the
depth of the top of the lower (conductive) layer from the EM data plotted downward. Fig.
9 shows three data sub-sections; the inshore section is in a very shallow region where
freshwater is found. The ice draft corresponds to the water depth over unfrozen
sediment, and to greater depths over frozen sediment (as at data sample number 0.4x10%
and infers large “ice thicknesses” as no clear ice-sediment layer interface is present. For
floating ice on low salinity inshore waters, the lower layer represents the bottom
sediment. Once the sediment is frozen and attached to the ice, it represents part of the
upper layer in the inversion model, since the conductivity of frozen sediment is similar to
that of ice (about 0 S/m).

At the end of the first sub-section, the bottom depth is four meters. The apparent
ice draft represents the total water depth in the first part of the second sub-section,
however it then represents the depth of the freshwater plume, above a more conductive
saltwater layer, with ice keels sticking through in places (sample number 1.2x10%). In the
third sub-section, rough ice at sample number 1.65x10*is trapping water of the
freshwater plume inshore to a depth of 3m. The laser surface roughness is highly
coherent with the rough ice rubble keel features. The rubble field at sample number
2.4x10%in the second line section (Fig. 10) is the last ridge that appears to hold back the
freshwater plume (depth 2.1m) with level ice thicknesses past the ridge of around 1.6m.
Also some leads with thinner ice can be seen and are discussed later.

Ice Draft and Ice Roughness Plot: FEM10009-01APR2010PPR.DAT
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Fig. 10 Ice thickness and ice roughness “Quick-look™ profile plot for the line section
between Stns. 2 and 3 collected on the afternoon of April 1.
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At the end of the morning flight of April 1 (FEM10003), the ice was rough and
ridged where the 10S mooring was located (Stn. 17), yet on either side of the site (SE and
NW), very homogeneous flat ice sections were seen (Fig. 11). The area was part of the
mobile offshore, as fresh narrow leads were observed.

Ice Draft and Ice Roughness Flot: FEM10003-01APR2010RAW.DAT
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Fig. 11 Ice thickness plot of the sub-section covering the mobile ice near Stn. 17 where
the 10S mooring is located.

On the DFO-Maritimes FTP site, EM data are stored as files and plots. The files
collected in the helicopter are the “PIC rawfiles”. Data from the “rawfiles” are extracted
into the “PIC datfiles”, which are used in the field to quickly plot the observations as line
plots and histograms. The plots are e-mailed to other collaborators and Canadian Ice
Service for their inclusion in the production of ice charts. During the transcribing of the
RAW files into DAT files, ASCII data files (*.IPP) are also generated and used in
additional analysis and plotting. These files are all on the FTP site along with the “IcePic
dat” plots that can be accessed through the DFO Maritimes “Seaice Website”.
http://www.mar.dfo-mpo.gc.ca/science/ocean/seaice/public.html  and the  Seaice
Website’s data link: ftp://starfish.mar.dfo-mpo.gc.ca/pub/ocean/seaice/.
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Table 1 below shows the EM and GPR data files collected during the Beaufort
Sea ice survey in April 2010. It lists the files numbers and the stations linking the total

flight line in sequential order. The station locations are shown on Fig. 1 and their latitude
and longitude are listed in Appendix 1. The approximate time in Mountain Daylight time

is listed for each GPR subsections.

Table 1: Mackenzie Delta 2010 GPR and EM files

Day JDay ~ Time GPR File # Stns EM file #

Mar 31 90-1 | | e River 1002

April 1 91-1 11:48 F643 - F645 15-16-17 1003
11:55-12:08 F646 - F647 15-16-17 1003
12:17 - 12:29 F649 - F652 15-16-17 1003
13:17 - 13:34 F654 - F655 19-18 1006
Fuel Depot

April 1 91-2 14:50 - 15:20 F656 - F662 5-2-3 1009
15:20 - 15:55 F663 - F667 5-2-3 1009

April 5 95-1 10:43 - 11:23 F668 - F677 5-26-27 1011
Fuel Depot

April 5 95-2 13:30 - 14:30 F679 - F688 5-42-25 1013
14:35 No GPR 42-25 1015
Fuel Depot

April 5 95-3 16:25-17:35 F690 - F697 15-16-21-20 1018

April 8 98-1 15:02 - 15:20 F699 - F700 24-23 1020
15:23 - 15:59 F701 - F704 23-29 and 29 1020
Fuel Tuk

April 8 98-2 17:07 - 18:05 F705 - F713 10-11 1021

April 9 99-1 11:04 - 12:08 F715-F718 5-25 1022

99-2 13:08 - 13:19 F719 - F723 27-5 1022
EM files 1008 and 1019 are test files over land areas
GPR Data

Since the collection of GPR data is very new, the processing and display of the
data in the field and used in this report are not as far advanced as the EM data collection
and analysis routines. The GPR data and plots on the FTP site are for now stored as GPR
data files (GPR Raw and GPR GPS files) and as GPR processed files that are used in
further analysis and as GPR time series plots. The plots shown below and stored on the
FTP site have been screen-grabbed while running the display software, also used for
checking the data quality in real-time collection mode. A quick-look plot of the raw GPR
data from line section F656 is shown in Fig. 12 with scan number along the x-axis
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(approximately 1 scan per 1.0 to 1.5m traveled) and the vertical sample numbers
increasing down along the y-axis indicating the distance from the helicopter GPR sensor.
The top light echo is the distance to the snow-air interface, and thus is the height of the
helicopter. The middle dark echo is the snow-ice interface. A dark bottom echo indicates
the bottom of the ice, overlying water, and a light-toned echo indicates the bottom of ice
overlying frozen sediment (in a bottom-fast ice (BFI) area). The data shown in Fig. 12
were collected from a very shallow area (2-3m water depth) as shown on the line plot of
Fig. 4. Figure 4 shows that bottom-fast ice areas were present at both ends of the plot,
with floating ice in between. This is in agreement with the SAR data in Fig. 4, which
shows dark BFI areas at both ends of the flight line.

D2010_091F658

Fig. 12 Quick-look GPR time series plot of line sub-section F656 of April 1; it covers
about 4km along the horizontal axis and about 6m along the vertical axis.
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Fig. 13 High resolution display of GPR data for a F656 sub-section collected in the
afternoon of April 1. Snow depths up to 1m are plotted along the bottom panel but only
represent true snow depths when the third bottom echo is weak or absent.

Fig. 13 shows more details of F656 (Fig. 12) by a “screen-grab” plot made from
the display software. The GPR echo plot displays echos vertically, 3.5m to 10.5m below
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the helicopter sensor between scan #500 to #2000 in Fig. 12, covering about 2km along
the horizontal axis. Ice thicknesses of about 1-1%2 m can clearly be seen from sample
1550 onwards. Before this, the ice-bottom echo is weaker, indicating the ice, less than
1m, is frozen to and possibly into the low salinity bottom sediment layer. Over the entire
profile, the software is able to extract snow depths (bottom panel), at places reaching
40cm of the total possible display height of 1m.

= GPR - Double Click To Close

=1 |
'l'|1|| ||

Fig. 14 First part of the GPR section F660 passing over a major rubble area (#1000),
where very deep snow accumulated in the rough surface ice topography. The vertical
scale in the top panel provides the height with respect to the propagation of radar waves
in air, and thus overestimates the snow and ice thickness.

= GPR - Double Click To Close

Fig. 15 Offshore part of the GPR section F660 passing over another rubble field, beyond
which the GPR starts losing the bottom ice echo due to increased brine volume.

Figs. 14 and 15 show GPR components of the GPR section F660. Both show
rubble fields where snow is trapped in the rough ice topography and where the GPR does
not record a bottom ice echo, because of increased ice salinity reducing GPR penetration.
Level ice thicknesses of ~1-1% m are shown on either side of the rubble fields. Offshore
of the rubble field shown in Fig. 15 (water depth ~5m), the GPR starts losing the bottom
ice echo as the ice brine volume has increased and at the same time the EM (Fig. 9) starts
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to record saltwater conditions below the freshwater plume layer. Starting along the GPR
section F661 (Fig. 16), the bottom ice echo is just visible before it disappears when
entering the rough and thick ice shown by the EM plot at sample number 1.45x10* (Fig.
9).

R
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Fig. 16 Start of GPR section F661 showing the faint bottom ice echo and then the start of
the rough ice topography (#1700). Very little snow is present over the flat ice.

Post-processing software for the GPR data is being developed to generate line profile
plots and histograms similar to that developed for the EM ice thickness data. An example
of the post-processing of GPR data is shown below when both snow depths and ice
thickness are available. Other examples of post-processing GPR data are shown in
Appendix 3.
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Fig. 17 GPR section from F655 (~5km) showing the GPR data and annotated colour lines
denoting the top of the snow layer (green line), the bottom of the snow layer (red line)
and the bottom of the ice cover (turquoise line). The resulting snow depth and ice
thickness profiles are shown in the lower panels. The vertical scale in the top panel
provides the height with respect to the propagation of radar waves in air, and thus
overestimates the snow and ice thickness.

Video Data

Video data were normally collected on the way back along the same flight line as
EM-GPR data were collected on the way out (offshore). Table 2 lists the video file
numbers, time of recording and the area they were collected (station numbers).

Fig. 18 Video image of the small lead passed over on April 1 from Stn. 17 to Stn. 16,
frame #6518. The middle, right of the image is unclear due some water on the outside

lens cover.

The EM system logs the GPS track (File number also listed in Table 2) and
provides a GPS/time back-up file even though the Video system has its own GPS and
laser. Video frames are collected at approximately 90-100m altitude and at a rate that
assures an overlap of 40% between frames. The frame interval to accomplish this is
determined by the system using the GPS height and helicopter ground speed. Each
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individual frame has its own lat/long, height of camera and collection time that can be
generated through a program “Image Web Page” using the stored video data files.
Mosaics a can be generated through another program called “Video System Viewer”,
both linear quick-look mosaics, and geo-corrected mosaics can be generated. For the
latter, it is usually preferable to select a small data set of ~10 frames for the features to be
easily visible.

Table 2: Mackenzie Delta 2010 Video and EM-Laser files

Day JDay ~ Time Video File # Stns EM file #

Aprill | 91-1 14:23*-11:35 F025 - F026 tol5 |-
12:41 - 13:17 F027 - FO30 17-16-15 1004, 05
13:33 - 13:43 F031 18-19 1007
Fuel Depot

April 1 | 91-2 14:45 F032 To5 | ----
16:01 - 16:34 FO033 - FO36 3-2-5 1010

April 5 | 95-1 11:28 FO37 To Tarsiut 1012
11:34 - 12:00 F038 - FO50 Tarsiut 1012
12:02 - 12:23 FO51 - FO53 27-26-5 1012
Fuel Depot

April5 | 95-2 14:30 - 14:36 F054 42N-42 1014
14:37 - 15:04 F055 - FO65 Minuk 1016
15:05 - 15:31 F066 - FO68 25-42-5 1017
Fuel Depot

April5 | 95-3 17:33-17:41 F069 - FO70 21- Inuvik | ---------

April 8 | 98-1 16:03 - 16:30 FO71 - FO75 29 and 29-23 | 1020
Fuel Tuk

08-2 17:58 - 18:21 FO76 - FO78 11-10 1021

April9 | 99-1 12:10 - 12:26 FO79 - FO86 Tarsiut 1022
12:26 - 12:34 F087 25-27 1022
12:36 - 12:55 F088 - F094 Minuk 1022

*time needs to be reduced by 3hr (Atlantic time versus Mountain time)

On April 1 a small lead was past on the flight out to Stn. 17 at low altitude. It
marked the change from the inshore land-fast ice to the offshore mobile ice. It was again
passed over at 100m altitude while collecting Video data. Fig. 18 shows the video frame
of the small lead at 69.634N and -136.564W at 12:52 MDT. This location can be found
by making a quick-look mosaic of the ice region where (and when) the lead was seen
(Fig. 19), from which the video frame number can be approximated and found in the
individual video frames.
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25 27 30 32 34 36 37
Video Frame Number Offset From: 6506 Start Time: 89.1 End Time: 110.0

Fig. 19 Quick-look mosaic of 37 video frames around the start of the 10minute file folder
storing the frames collected between 12:50 to 13:00 MDT when the lead shown in Fig. 18
was seen.

Video data were collected twice over the Tarsiut and Minuk rubble fields. Close
parallel lines were flown in what was called “race track” grid by the pilots. The lines
along which data were collected were in the same direction and a return loop was used to
start the next line making the “race track” pattern (Fig. 20). The mosaic for Tarsiut
centre line using 10 frames is shown in Fig. 21; it is the trailing or SW end of the rubble
field. The mosaic software uses the GPS data and plots in grey scale format. During this
survey of rubble fields, laser data were also collected and can be used to form a 3-D
roughness map. Since the data are lat/long referenced and the rubble fields are stationary,
the laser data of both flights of April 1 and April 9 can be combined.
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Flight Path Plot
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Fig. 20 Mosaic line pattern flown over Minuk rubble field on April 9.
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Fig. 21 Mosaic video frames collected over the Tarsiut rubble field on April 9.
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The Video frame image locations and camera height at the procurement time can
be obtained through a program called “Imagewebpage”. It generates a list of all
individual images in ten-minute folders where the image numbers are linked to the stored
data files and thus can be seen by “clicking” on the image number. A sample of the
available files is shown in Table 3 for Julian day 91 file 091F034, GMT hour 6 and the
start of the 10-min folder.

Table 3: Section listing of locations and GPS altitude of individual image
VV2010-091F034 Hour — 6 Min - 11

10011397 Lat: 69.71209 Long: -136.40223 GPS Alt: 98.6

10011398 Lat: 69.71209 Long: -136.40223 GPS Alt: 98.6

10011399 Lat: 69.71174 Long: -136.40293 GPS Alt: 98.9

10011400 Lat: 69.71174 Long: -136.40293 GPS Alt: 98.9

10011401 Lat: 69.71140 Long: -136.40364 GPS Alt: 99.8

10011402 Lat: 69.71140 Long: -136.40364 GPS Alt: 99.8

10011403 Lat: 69.71106 Long: -136.40435 GPS Alt: 100.3
10011404 Lat: 69.71071 Long: -136.40506 GPS Alt: 100.7
10011405 Lat: 69.71071 Long: -136.40506 GPS Alt: 100.7
10011406 Lat: 69.71037 Long: -136.40579 GPS Alt: 101.3
10011407 Lat: 69.71004 Long: -136.40652 GPS Alt: 101.8
10011408 Lat: 69.71004 Long: -136.40652 GPS Alt: 101.8
10011409 Lat: 69.70970 Long: -136.40726 GPS Alt: 102.3
10011410 Lat: 69.70970 Long: -136.40726 GPS Alt: 102.3
10011411 Lat: 69.70936 Long: -136.40800 GPS Alt: 102.8
10011412 Lat: 69.70903 Long: -136.40875 GPS Alt: 103.1
10011413 Lat: 69.70903 Long: -136.40875 GPS Alt: 103.1
10011414 Lat: 69.70869 Long: -136.40950 GPS Alt: 103.2
10011415 Lat: 69.70869 Long: -136.40950 GPS Alt: 103.2
10011416 Lat: 69.70835 Long: -136.41026 GPS Alt: 103.0
10011417 Lat: 69.70801 Long: -136.41101 GPS Alt: 102.7
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On-lce Data

On-ice data were collected on April 8 using a second helicopter. Five stations
along the “L-shaped” flight line flown on April 1 were visited (Fig. 22); their Lat/Long
locations are listed in Appendix 1. At each station an Idronaut Ocean Seven 304 CTD
was used to collect CTD profiles of the shallow water column along with the collection
of ice and snow thickness and ice chip samples.

CTD Stations: 08 Apr 2010
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Fig. 22 Location map of on-ice station visited on April 8, 2010. (© RADARSAT-2 Data
and Products © MacDonald, Dettwiler and Associates Ltd. (2010) - All Rights
Reserved).

The CTD profiles of Stn. 43 (4m water depth) and Stn. 44 (5.5m water depth) did
not show any saltwater intrusion, however there were higher salinity values at the bottom
of the profiles at Stn. 45 (7m water depth). At Station 46 (Fig. 23), the water depth had
increased to 14m and a fresh water plume layer 7m thick with a salinity of 3ppt overlaid
the diluted ocean bottom layer (20-25ppt). At Stn. 47 (Fig. 24), the water column over the
total depth of 16m was well mixed with a salinity of 30ppt, and no appreciable freshwater
plume layer was observed.
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CTD Stn 46 (08 Apr 2010)
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Fig. 23 Salinity-temperature profile of Stn. 46 from April 8, 2010.
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Fig. 24 Salinity-temperature profile of Stn. 47 from April 8, 2010.
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Table 3: Mackenzie Delta 2010 on-ice station data (April 8, 2010).

Stn. 43 Stn. 44 Stn. 45 Stn. 46 Stn. 47 Stn. 48
Latitude (° N) 69 32.58 | 69 34.20 | 69 36.60 | 69 41.76 | 69 48.00 | 69 34.41
Longitude (° W) [135 53.04 | 136 1.20 [136 12.00 |136 26.04 |136 13.80 [136 01.57

Time (MDT) 15:35 16:10 15:20 14:50 14:04 15:56
Snow thickness A5,.12,.1
(m) 29,27, | 08,02, 2, 10,.08,
30,35 | .01,11 | .10,.08,.0 05 09 0.00
8
z‘rf)thwk”ess 1.28 169 1313| .90,91 1.11
Freeboard (m) -0.005 0.17 0.08 - 0.11
Water depth (m) 4.1 5.8 8.6 14.2 155
Salinity 14,14 12,12 15,15 18,18 16,16
(snow bottom)
Salinity (0-5cm) 5,5 55 9,9 6,6 15,15 2,2
Salinity (50cm) 0,0 2,2 2,2 32,3 6,6
Salinity (100cm) 2,2 0,0 2,2 2,2 14,14
Salinity (water) 0 0 3 30

The salinity samples within the ice at depths of 1-5cm, 50cm and 100cm at the
inshore stations 43, 44 and 45 (Table 3), show that when the ice was formed in the late
fall, the water column at those locations consisted of seawater, not the freshwater runoff
that was present in April. The snow salinity content verifies this, and suggests that there
was significant brine rejection during ice growth, or surface flooding of seawater due to
snow loading (Table 3). At Stn. 43, the thick snow layer caused the negative freeboard
and possibly reduced ice growth.
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Combining EM-GPR-Video-Photographs

Small Lead

Fig. 25 Photo of small ridge/lead taken at 100m altitude between stations 16 and 17 on
April 1.

In further analysis all data sources will be used: EM, GPR, Video, laser and
photographs. Combining these data sources provides more details of the pack ice
properties than that can be obtained from just looking at each source separately, i.e. the
value of the combination is bigger than sum of its parts. Along the flight line between
stations 16 and 17, a small lead was passed over that demarcated the land-fast from the
mobile pack ice (Fig. 25). This lead was also shown above in Figs. 18 and 19 taken by
the video camera. This small lead can be seen in the EM profile plot at sample number
~2.672x10% in Fig. 26.

Ice Thickness Plot: FEM10003-01APR2010PPR.DAT
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Fig. 26 The fifth of six EM sub-sections along the flight line between Stns. 15 and 17.
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Fig. 27 shows an enlargement of ice thickness in the lead region, along with other
parameters such as lower layer conductivity. In a plot of GPR data (Fig. 28), two closely
spaced ridges on either side of the lead are visible, and appear to be % to % m in height.

EISFlow Resuts: File FEM1000GPPR-2L.
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Fig. 27 Profile extracted from FEM10003; narrow lead shown as a decrease in ice
thickness in the middle of the plot. Profile runs south to north and vertical gridlines are
10 seconds or approximately 300m apart.

Fig. 28 GPR plot section for F560 where the small lead occurs, and is shown
by two laser peaks at sample #2150.

The GPR plot (Fig. 28) was moved to the right to align its laser or ice roughness
features with features of the EM plot (Fig. 27). Very little snow is visible on the pack ice
on either side of the small lead. The other larger ridge peaks also align with the EM plot
(Fig. 27). The bare ice can be seen in the photo (Fig. 25, left top corner).
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Other figures for FEM10003 (April 1)

Figs. 29 and 30 below show the EM 5™ and 6™ sub-sections of the FEM10003 line
between Stns. 15 and 17 using the post-processing plot routines. They show details of ice
thickness (T1), laser (Lsr), and bottom layer conductivity (Sg2). Fig. 29 shows the 5"
sub-section where the small lead shown above is present at ~4.11653sec. This data
section was also shown in Fig. 26 by a different simpler quick-look EM plot routine used
to E-mail the data to other users. The rough ice section (time section 4.1255 to
4.127x10x>sec) is where the 10S mooring is located at Stn. 17 (Fig. 30); it was also
shown by the simpler quick-look plot in Fig. 11.

EISFlow Resuts: File FEM10006PPR2L.
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Fig. 29 FEM10003 Pic profile plot of sub-section 5 where the small lead was present and
shown by the expanded plot in Fig. 27. Apparent water conductivity continues to rise,
mainly beyond thick ridges that cause ponding of freshwater under ice.

EISFlow Resuits: File FEM1000GPPR2L
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Fig. 30 FEM10003 Pic profile plot of the offshore sub-section 6. It covers the offshore
mobile ice area where Stn. 17 (I0S mooring) was located beneath the rough rubble field
and shown also in Fig. 11. Note multiple increases in apparent water conductivity, with
the northernmost refrozen lead section just below 2 S/m.

Bottom-Fast Ice (BFI)

Waters off the Mackenzie Delta are shallow, with an area less than 2m deep
extending for about 17 miles from shore (Stevens et al., 2008). Thus the ice, with
expected ice thickness of 1.8m, is overlying either (a) seasonally frozen sediment over a
permafrost layer (deep-frozen bottom-fast ice), (b) seasonally frozen sediment over
unfrozen sediment (talik layer) over a permafrost layer (shallow-frozen bottom-fast ice),
or (3) water over unfrozen sediment. The ice areas frozen to the bottom have a lower
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elevation because they haven’t been jacked upwards by fluctuating tide levels, so during
freshet, runoff flows over the ice into the bottom-fast areas. Ice frozen to the bottom
appears dark in SAR satellite imagery and does not give a clear reflective interface return
for the helicopter-borne GPR. The EM on the other hand may be able to differentiate
between shallow- and deep-frozen bottom-fast ice, since it returns “depth of the ice plus
the frozen sediment layer”. The GPR will give a clear return from the bottom of the ice if
the brine volume is not too high. The information from EM and GPR thus complement
each other and help to understand the complex ice properties of the shallow Delta region.

Ice Draft and Ice Roughness Plot: FEM10006-01APR2010PPR_21.DAT
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Fig. 31 Quick-look “ice thickness” profile plot for the total FEM10006 line of April 1.

The first example (Figs. 31 to 37) is from the line between Stns. 19 and 18
(FEM10006) where Steve Solomon of GSC-Atlantic is collecting on-ice data. Fig. 31
shows that the flight line between Stns. 19 and 18 consists of two sub-sections. For the
inshore shallow sub-section, the EM upper layer thickness corresponds to the depth of
ocean bottom, or identifies bottom-fast ice areas where thicknesses are greater than 10m.
In the second offshore sub-section, the upper layer thickness first corresponds to the
ocean bottom depth (around ~5m), then farther offshore, it corresponds to the depth of
the freshwater plume and decreases in the offshore direction. A plot of the upper layer
thickness and other variables for the inshore section is shown in Fig. 32 below.
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IcePic Resuts: File FEM10006PPR-2
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on April 1.

Figs. 31 and 32 show that the EM detects two major areas where the ice is
bottom-fast, with thicknesses of 18m in the first area, and 14m decreasing to 5m in the
second area. A third area also appears to be present inshore (left). The EM detects an
upper layer thickness of 3m before the first major BFI region, and of 0-3m between the
two major BFI regions.

The GPR acquisition over the same area (Fig. 33) started slightly later than Pic
acquisition, hence the lateral shift of this image relative to Fig. 32 to align the features.
The GPR data also show the two major BFI areas where the ice-bottom