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Executive Summary
The objective of this project was to (i) develop the necessary hardware, and (ii) investigate the feasibility
of using a helicopter mounted Ground Penetrating Radar (GPR) system for determining the thickness of
river ice, specifically on the lower Churchill River in Labrador. The system developed underwent successful
flight testing and in conjunction with the GPR suppliers, an operational survey procedure was developed.
The GPR system was then used to survey the river during the freeze-up and break-up. The test flight,
freeze-up and break-up were funded by Nalcor and managed by Sikumiut Environmental Management
Ltd. In addition, through a separate project, the Water Resources Management Division of the
Government of Newfoundland and Labrador funded two mid-season surveys. Those mid-season surveys
are also described in this report as the analysis of the data collected provides valuable insight into the
challenges and the limitations of the GPR methodology.
An interim report was issued after the freeze-up surveys to document the design and development of the
GPR system and the development of the techniques to derive thickness data from the GPR datasets. This
final report provides a summary of the project, the data collected, the resultant ice-thickness products
and a discussion of proposed next steps to improve on the technique. This final report is intended for
more general readership and does not go into the technical detail provided in the interim report.
In total nine river ice surveys were undertaken during the 2017/18 Churchill River ice season: the test
flight, five freeze-up flights in December, a March survey, an April survey and a final break-up survey in
May. Ice thickness data could be determined from all the surveys except the April survey.
The December Freeze-up surveys yielded good ice thickness data along much of the survey tracks. The
root-mean-square error, based on direct ice thickness measurements taken from boreholes and the
associated GPR derived ice thickness, was 6.2 cm. The GPR supplier estimated an error of approximately
10%. The mean percentage error from our calculations gave an error of 16%. Extraction of ice thickness
data was more difficult later in the season during the March, April and May surveys. This is hypothesised
to be due to temperatures starting to go above freezing making the snow moist or wet, or adding a water
layer onto the ice. Each of these features reduces the effectiveness of the GPR signal to a lessor or greater
degree.
Based on the results it is concluded that the helicopter mounted GPR is an effective tool to gather ice
thickness data over long (many 10’s of km) distances, especially over dangerous ice. Whilst temperatures
are below freezing the data that can be extracted are good. This means ice thickness data can be gathered
relatively confidently from December through to when the temperatures start to warm (e.g., sometime
in March/April). Extraction of the ice thickness becomes more difficult once the temperatures go above
freezing.
Recommended improvements specific to this methodology and purpose include better planning of the
surveys during late season, so that surveys occur just after sunrise whilst the snow-ice system is cold.
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Introduction

The objective of this study was to investigate the feasibility of using a helicopter-mounted Ground
Penetrating Radar (GPR) system for determining river-ice thickness on the lower Churchill River.
To this end the following activities were performed:











A kick-off meeting was held to develop a survey strategy.
Selection and acquisition of a commercial GPR system.
Development of the hardware so that the GPR could be mounted onto a helicopter. The
helicopter was operated by Universal Helicopters operating out of Happy Valley-Goose Bay
Airport.
Development of the skills required to operate the GPR from the helicopter platform.
Flight testing on the selected helicopter with the GPR sensor package.
In conjunction with the GPR supplier, preliminary analysis of the test data, to review the data
being acquired and develop an operational process and set of GPR configurations for surveying
the river.
Execution of up-to five daily surveys, of approximately two hours duration each, along the lower
Churchill River during a seven day period during the freeze-up of the river (December, 2017).
Provision of an interim report (C-CORE 2018) to document the above activities.
Execution of up-to five daily surveys, of approximately two hours duration each, along the lower
Churchill River during a seven day period during the break-up of the river (May, 2018).
Provision of a final report to summarise the project.

In addition, the Water Resources Management Division (WRMD) of the Newfoundland and Labrador
Department of Municipal Affairs and Environment funded two mid-season surveys (March and April,
2018). This final report also documents those activities and the findings.
The interim report (C-CORE 2018) documented the design and development of the GPR system and the
development of the techniques to derive thickness data from the GPR datasets. These details will not be
repeated in this final report; the interim report (C-CORE 2018) will be referenced throughout. This report
provides a summary of the project, the data collected, the resultant ice-thickness products and a
discussion of proposed next steps. It is intended for more general readership rather than the technical
detail provided in the interim report.

1.1 Document Structure
The report has the following sections: Introduction, Methodology, Results, Conclusions, References, and
Appendices.
Section 1 is the introduction and discusses the project goals and constituent activities, the project
personnel and provides an overview of the study site.
Section 2 is the methodology section that provides a short background on GPR theory and technology and
the helicopter mounting hardware and the GPR enclosure. It goes on to briefly describe the data
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processing method that must be used to estimate thickness data from the GPR data. A summary of the
surveys performed is then provided (details for each survey can be found in Appendix A). There are a
number of challenges that have arisen in the analysis of the late season GPR data, i.e., the surveys that
were performed after the interim report (C-CORE 2018) was written. These are discussed in the final part
of the methodology section as the issues have an impact on the results that can be generated and
proposed next steps to improve the quality and utility of the GPR derived ice thickness data.
Section 3 is the results section that presents the river-ice thickness results from each survey in the form
of map with the ice thickness along the survey flight track overlaid on a temporally coincident Synthetic
Aperture Radar (SAR) image. The style of map is based on the ice products for Lower Churchill River that
C-CORE have been providing to WRMD and WRMD have been making available via their website1. As such
the river-ice thickness data is presented in a format that is already familiar to consumers of river-ice data.
Section 4 is the conclusion. A project overview is given followed by a summary of the challenges and
suggested future recommendations and enhancements to improve the quality of the data gathered and
to further exploit the GPR sensor package.
Appendix A presents further details of the surveys (time of survey, weather conditions, borehole data [if
collected]). Appendix B present non-ice thickness sample river ice products, the templates from which the
maps presented in the results were formed. Appendix C contains the sample thickness products that were
not presented in the results.

1.2 Project Personnel
Table 1 lists the key project personnel. Support personnel are listed in Table 2.
Table 1. Key project personnel
Name

Title

Robert Briggs

C-CORE

David Scruton

Sikumiut
Environmental
Management Ltd.

Senior Scientist

C-CORE

Senior
Project
Engineer/HSE
Committee Chair

Gerald Piercey

1

Organization

Project Engineer

https://www.mae.gov.nl.ca/waterres/flooding/lc_satellite_imagery.html
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Role
Project Manager, Technical Lead,
Field Operations, Data Analyses and
Reporting
Prime contractor and liaison with
Nalcor
Design/Development
mount;
C-CORE Safety Officer
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GPR
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Table 2. Support personnel
Name

Mike Lynch

Greg Johnston

Terry Hutchings

Organization

C-CORE

Sensors &
Software Inc.

Universal
Helicopters –
Goose Bay, NL

Title

Role

Operations Manager

Marketing Manager

Director
Maintenance

Boyd Sellers

Universal
Helicopters –
Goose Bay, NL

Pilot

John Trapman

VanCal Cinema

Owner

of

Input into Churchill River ice
dynamics, based on past image
analysis.
GPR provider (initial contact was
Ron Lester, but Greg Johnston
became the main support contact)
Provided essential guidance and
oversaw installation of the GPR
hardware on the helicopter and,
ultimate, acceptance that the GPR
system could be flown on the
helicopter
Responsibility for flight safety, i.e.,
GO/NO-GO based on weather
conditions and, through piloting
skills, provided a stable platform
from which to undertake survey.
Provider of G1 camera mount

1.3 Study Site
The study area is the Lower Churchill River and is shown in Figure 1. The general survey route was from
the mouth of the Churchill River (at Lake Melville) upstream, past the Mud Lake Crossing area (Figure 2
and Figure 3), over the Blackrock (Trans-Labrador Highway) bridge and up to the basin below Muskrat
Falls. The length of the survey was approximately 45 km.
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Figure 1. Site overview and the target survey track.

Figure 2. Snowmobile tracks at the Mud Lake Crossing as seen from the helicopter. The trees that the
community members place out to mark the trail can just be seen alongside the track (image taken Tue
12th Dec. 2017).
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Figure 3. Alternative view of Mud Lake Crossing as seen from the helicopter. The snowmobile trail, and
marker-trees can be seen running from center-left to the far distance (image taken Tue 12th Dec. 2017).
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Methodology

This section presents a brief overview of the hardware components and data processing methodology
that is followed to generate river ice thickness products from GPR data. The subsections are separated
into:







A simple introduction to GPR theory with an emphasis on the operation in relation to this
project.
An overview of the hardware for the helicopter mounted GPR.
A brief discussion on data analysis.
A note on borehole collection.
A summary of the surveys undertaken for the 2017/18 Churchill River Ice season.
A discussion of the challenges encountered in the analysis of the later season datasets.

The interim report (C-CORE 2018) provides more technical detail for the first four items.

2.1 Ground Penetrating Radar (GPR)
2.1.1 Overview
GPR is a geophysical remote sensing technique that uses high frequency electromagnetic waves to
penetrate the shallow subsurface (meters through to 10’s of meters). A schematic of a GPR system is
shown in Figure 4. The transmitter emits a pulse of high-frequency electromagnetic waves into the ground
or ice below the GPR. As the wave propagates down it is distorted due to the electromagnetic properties
of the material it is passing through. At the interface between different materials, where the
electromagnetic properties change abruptly, the signals may undergo transmission, reflection and/or
refraction. A receiving sensor records the reflected waves. The GPR system then processes the transmitted
and received signal and computes the amplitudes and travel times (e.g., Jol 2008).
The integrated signals are represented using a radargram as shown in Figure 5. The grey scale reflects the
amplitude of the signal. The horizontal x-axis represents distance along the track. The vertical y-axis
represents the travel time, which is subsequently converted to a thickness estimate by assuming a
constant velocity. The left x-axis is depth which can be read as distance or thickness. The right y-axis is
time. Hence, for the case of this study, the speed of electromagnetic waves in ice is assumed to be a
known constant equal to 0.16m/ns. By identifying the top and the bottom of the ice, the ice thickness can
be computed.
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Figure 4. Schematic of a GPR setup.

Figure 5. Radargram from a sample dataset of an airborne survey of fresh-water ice with a layer of snow
(Radargram provided by Sensors and Software).
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2.1.2 Noggin 500 system
The GPR that was selected to be used in this project was the Sensors and Software (S&S)2 Noggin 500 GPR
system. S&S GPR systems have been used in previous snow and ice studies, both over sea ice (Lalumiere
and Prinsenberg 2009; Lalumiere 2006) and freshwater ice (Sensors by Design, Ltd 1999). Justification for
this choice of GPR system is discussed in the interim report (C-CORE 2018).
The Noggin 500 system3, shown in Figure 6, comprises:
1. The GPR unit.
2. A handheld computer – Digital Video Logger (DVL) - for configuring and operating the GPR and
for saving and exporting the data.
3. Battery box (rechargeable and comes with main charger) which powers the GPR and the DVL.
4. Power/Data cable that connect the GPR to the battery and the DVL.
The DVL used does not carry an onboard system for acquiring positional data. As such, an external Global
Navigation Satellite System (GNSS) receiver was connected via an RS232 serial link to record positional
data.
The GPR data are recorded, and exported and processed, as projects and lines; one project can have one
or many lines. The data are managed in a database file structure.

2

Sensors and Software Inc. are a Canadian company that has been providing subsurface imaging solutions commercially since
their formation in 1989. They develop and provide GPR based technologies enabling a worldwide client base to visualise and
understand what lies beneath a range of materials such as rock, rubble, pavement, concrete, water, snow and ice.
3

The GPR system is supplied with a hand-cart that, under normal operating conditions carries the GPR, the DVL and battery
pack. The cart is then pushed around to execute the survey.
https://www.sensoft.ca/products/noggin/configurations/#SmartCart
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Figure 6. The Noggin 500 system and external GPS used for the helicopter survey. Clockwise from top left,
power-data cable, Noggin 500 GPR, tape-measure for scale, handheld GPS receiver, GPS serial data cable,
Digital Video Logger (DVL) and battery pack. The handheld GPS used in the survey was upgraded to a
newer Garmin GPSMAP 64s (not pictured) which has higher precision and is able to take advantage of
both the GPS and the GLONASS (Russia version of the GPS) system and the Wide Area Augmentation
System WAAS navigation correction system - Goose Bay Airport operates a WAAS transmitter.

2.1.3 Parameter Configurations
The GPR system is highly configurable so that it can be used for a variety of different applications. The
configuration is defined by the operator changing various parameters and/or employing different modes
through the DVL interface. The choice of those parameters and modes is a function of the type of survey
to be undertaken (e.g., searching for deeper targets vs. shallower targets; performing a small [10’s of
meter square] grid-like survey vs. a long distance track [many km’s] survey) and the technical
characteristics of the GPR (e.g. the GPR has a limit on how fast it can gather data based on certain
parameter configurations; if the operator is moving the GPR faster than that limit the target becomes
under sampled). A critical step in using the GPR system is to determine the optimal configuration for the
survey being undertaken.
For the purpose of the helicopter-borne river ice survey, the optimal configuration maximise the
resolution at which the data can be collected whilst ensuring that the helicopter can fly at a speed that
allows the proposed survey route to be covered within the available flight time and at an altitude and
speed that is safe to operate. As such there can be multiple optimal configurations depending on the
altitude/speed that can be flown given the weather conditions.
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The development of the optimal parameter configuration was initially undertaken during the test flight
and refined in subsequent flights. Further details can be found in the interim report.

2.2 Helicopter Mounted GPR System
The mounting system had to be developed to meet the set of requirements determined by the limitations
and requirements of the helicopter operations and the GPR. A detailed description of the requirements,
the development and the testing of the GPR mounting hardware is given in the interim report.

2.2.1 Helicopter
To undertake the river ice survey the GPR must be flown as close to the surface of the ice as possible.
Initial discussion with S&S set a target of 10 m or less. Flying this low over a river, frozen or otherwise, is
considered over-water operations. As such, the helicopter must be mounted with floats so that, in the
event of an emergency, it can land on water. Of the two operators that could be used for this project,
Universal Helicopters and Canadian Helicopters, only Universal had a helicopter/float system, hence were
the only ones who could perform a low-level river survey. The float system could be mounted to a Bell
407 or a Bell 206L. The 206L is smaller, can carry less payload and is cheaper to operate. Payload for this
project are minimal, only the GPR system, the mounting hardware and the GPR operator are required. As
such the more cost effective Bell 206L, shown in Figure 7, was deemed more than adequate for
undertaking the surveys.

Figure 7. Universal Helicopters Bell 206L, with floats, on the apron at Universal Helicopter’s Goose Bay
hanger. The grey box on the front is the GPR mount enclosure.
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2.2.2 GPR Hardware Mounting
The GPR must be mounted on the helicopter in such a way as to ensure there are no large metallic objects
obstructing the antenna hence blocking the radar signal. Mounting it similar to an external camera system
was determined to be the most efficient manner to achieve this. The GPR mounting hardware attached
to the helicopter is shown in Figure 8 . The GPR is secured in a commercially available enclosure. The
enclosure is attached to the helicopter using an Airfilm G1 nose-mounted utility bracket (G1). The G1
mount is a certified (with a Special Flight Operating Certificate) mounting system used for aerial
videography that can be used on both the Bell 206L and the Bell 407 Helicopters.

(a)

(b)

Figure 8. Photographs on the GPR hardware: (a) mounted inside the enclosue (grey box) attached, using
the G1 mount (black angled bracket), to the nose cowling of the helicopter; (b) enclosure, dismounted
from the helicopter, with the side panel secured. The G1 mount can be clearly seen.

2.2.3 Basic Verification and Testing of GPR Operation in Enclosue
Tests were performed to ensure that the enclosure did not interfere with the GPR signal. These are
presented in Section 2.2.4 of the interim report. These test confirmed that there was no degradation or
interference to the GPR signal due to the enclosure.

2.3 Data Analysis
Extraction of ice thickness from the GPR data is a labour intensive process. As discussed in Section 2.1.1
the GPR operates by transmitting and receiving a high frequency radio wave that is reflected at the
boundary of materials having different permittivity (the measure of resistance a medium has to an
electronic field), in our case, air to snow (if present) to ice (if present) to water. The GPR receives and
processes the signal, specifically the two-way travel time, from these reflections to produce a GPR trace
of the interfaces of the materials that are below it. An analyst can then view the trace and make
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inferences about the material underneath. Figure 9 shows an approximate 500 m sample of the
Churchill River GPR trace, as seen in EKKO Project4 the GPR analysis software. EKKO Project is supplied
with the GPR system and is used for managing, viewing and interpreting the data.

Figure 9. Sample Churchill River GPR data segment with annotations taken from an export from the
EKKO software. The green and brown polylines indicate the top (green) and bottom (brown) of the ice.
The reflections from the interfaces between the different mediums are rendered as a white-black-white
set. The number of interfaces below the GPR will dictate the number of reflection sets. For river ice we
could potentially see up to four interfaces: top of snow, top of ice, top of water and, depending on waterdepth, the surface of the river bed. The upper reflection is the top of the medium that is closest to the
GPR, i.e., the first reflection the signal sees, so, in this case snow, ice or water, depending on the
mediums(s) below the GPR at that location.
The strongest reflection is usually from the ice/water or air/water interface, i.e., when the signal is
reflected back from the water surface. The top of smooth ice is also a relatively strong reflector. Rougher
ice is still a strong reflector but, depending on the spatial resolution of the surface roughness, the signal
can become smeared. Snow can also be seen but, again, depending on the snow (age, moisture content,
temperature etc.) can be a blurred signal. The oscillating vertical flow of the trace and reflections is an
artifact of the helicopter changing altitude, even slight changes [< cm’s] have a significant impact on the
time it takes for the signal to travel from the GPR to the reflecting interface and back the GPR, hence the
humps and troughs. The more rapid the changes in altitude, the steeper the peaks and troughs, which in
turn can increase the error in interpreting the data. As such, vertical stability of the airborne platform is
of primary importance for acquiring good GPR traces.

4

The analysis performed in this report uses EKKO Project version V5 R1
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The scale along the X-axis is the position in meters from when the survey/trace was started. This can be
correlated to the GPS signal to give a thickness at a real-world position.
On the left hand Y-axis, the scale is in metres. In reality this scale is the two-way travel time (right hand
X-axis). However, because the velocity of the radar signal through different mediums is known, the scale
is usually converted to a distance/thickness. In this case, the conversion factor is 0.16 ns/m, the speed of
the signal in ice. The spacing between the vertical ticks equates to 5 cm ice thickness. By identifying the
top of the ice and the top of the water the ice thickness can be estimated.
If only one reflection set is present it is the water surface. A reflection above this would be ice. If there is
another reflection set above the ice surface this would be snow. In this dataset a snow signal is often
blurred and difficult to distinguish.
To extract the ice thickness data from the GPR data an analyst, using the EKKO software, must identify
and trace a polyline along the interfaces that are the upper (top) and lower (bottom) surfaces of the ice.
This identifies the depth of the interfaces from the GPR data. Once the polylines have been created along
the length of the survey, they can be exported out of the EKKO software and, using a software tool such
as Python or Microsoft Excel, the ice thickness can be computed by subtracting the depth of the upper
interface from the depth of the lower interface (Figure 10). A detailed description of the processing steps
is given in Section 2.3 of the interim report.

Figure 10. Plots (generated in Python) showing upper and lower surface of ice as identified in EKKO
Project and the computed ice thickness.

2.4 Boreholes
Direct thickness measurements were taken during some of the surveys as a means to cross-check the GPR
thickness data. The boreholes were drilled using a hand powered auger and a Kovacs ice measurement
system as show in Figure 11. The interim report (C-CORE 2018) discusses the details of how the direct
measurement is correlated with the GPR data.
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Figure 11. Photographs of borehole measurement, equipment and technique: (i) equipment for making
boreholes and measuring ice-thickness (from left to right: the auger with blade protector above it, auger
handle, thickness gauge, bottom centre is a Leatherman multi-tool for scale), (ii) a freshly drilled borehole,
and (iii) operators hand holding the ice thickness gauge showing the measured ice thickness at 29 cm.

2.5 Overview of Surveys
In total nine river ice surveys were undertaken during the 2017/18 Churchill River ice season. The first
survey was a test flight and occurred December, 7th. The objective of the test flight was to gather initial
data and develop the optimal parameter configuration; this is documented in the interim report. The
remaining eight flights were survey flights. Table 3 summarizes the flights and provides an overview of the
resultant data that was collected. An overview of each survey is provided in Appendix B .
Table 3. Summary of survey flights undertaken during the 2017/18 Churchill River ice season.
Date

Survey Type

Summary of data collected

07/12

Test – flight

Successful

12/12
13/12
16/12
17/12
18/12

Freeze-up

Excellent coverage, good data.
Excellent coverage - flight cut short due to weather.
Excellent coverage, good data.
Excellent coverage – flight cut short to acquire boreholes.
Seven borehole collected.
Excellent coverage, good data.

06/03

Mid-season

Poor coverage, reasonable data were acquired. Moist
deep snow. On exiting the helicopter, snow was past the
knee. No borehole data could be collected.

23/04

Mid-season

No trustworthy data recovered. Wet snow conditions.
Two boreholes made.
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Summary of data collected
Good coverage, reasonable. Relied on borehole data to
confirm the interfaces. Three boreholes made.

Prior to gaining experience with the GPR system, i.e., during the proposal/kick-off stages of the project,
the original intention was to attempt five break-up surveys. However, because of the difficulty in
extracting thickness data from late-season (March/April) data-sets, there was reticence to undertake five
daily surveys if ice-thickness data could not reliably be extracted. The initial, post-survey, review of the
break-up (May) data showed it to be similar to the March and April dataset, i.e., the lower interface were
difficult to distinguish. As such only one survey was performed. Subsequent detailed analysis allowed
some data to be recovered from the May survey.

2.6 Challenges in Analysis of Late Season GPR Data for Determining River Ice
Thickness
The interim report (C-CORE 2018) detailed the process, and the difficulties, in extracting the ice thickness
data from the GRP data-set. The factors that most influence the time required for data processing and
quality of ice thickness data extracted from the dataset are:
1. Presence or absence of open water along the survey track: stretches of water do not
need to be analysed.
2. Presences or absence of snow cover and, if snow is present, the depth and type of snow.
3. Surface roughness of the top of the ice.
4. Sub-surface roughness of ice.
5. Vertical stability of the helicopter as a platform, i.e., the speed and magnitude of
unintentional vertical displacement. Based on the experience of the Freeze-up survey
this is, predominantly, a factor of wind speed and direction and the required helicopter
speed (to some degree it is assumed that pilot skill must be a factor also).
6. Specific to the Churchill River, presence of sandbars merging with the ice base.
Factor (1) reduces the amount of time required to process data, if water is present the section can be
ignored. The other factors become more challenging depending on the degree of interference the factor
has and the detail and coverage required from the data set.
There were further challenges in extracting thickness data from the later season datasets (late March,
April and May). This was due to the above freezing weather conditions that occur during the end of the
ice season. The change in the warming snow-ice-water system can clearly be seen in the GPR radargram.
Figure 12 presents four radargrams from December, March, April and May.
Figure 12 (i) shows the radargram from the early season (December) when the snow-ice-water system is
cold; this is the ideal scenario for the GPR system. The snow, being cold and dry, is translucent to the GPR
signal allowing it to penetrate into the ice-water system. There are three clear interface signals in Figure
12 (i). The snow-ice (orange line in the plot) and ice-water (beige line in the plot) is distinct making them
strong reflectors; with the ice-water interface providing a stronger contrast than snow-ice and hence a
stronger signal. The faint signal at the bottom is a weaker facsimile of the ice-water interface and is
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identified as ringing (echo effects). Ringing is a common type of coherent noise that manifests itself as a
periodic repetition of a strong or distinct reflector (Kim, Cho, and Yi 2007).In this case, ringing helps in the
positive identification of the strong ice-water interface.
Once the air temperature starts rising above zero the snow becomes wet or moist and the snow-ice
boundaries start to degrade. Once the ice or water temperatures start to approach zero, the ice-water
boundary will also start to degrade. The ice temperature can increase due to air temperatures warming
the surface, or water temperatures warming the base of the ice.
Figure 12 (ii) shows the dataset from March. A lot of snow had fallen in the days prior. The snow was deep
(>30 cm) and slightly moist (but by no means wet). The full survey dataset was predominantly comprised
of the two signature types shown in Figure 12 (ii). Much of the survey presents a signature similar to the
left-hand side of the image, where only one interface is visible (similar to open water, but none present
at this time of year at these locations) – the assumption is that the GPR signal could not penetrate the
deep moist snow-pack. No thickness data can be extracted in this case. Ice thickness data can be extracted
from the left hand side of the radargram as the bottom of the ice interface can be seen. Borehole data
was not successfully collected during this survey but from other sources estimates of 78 cm, 80 cm and
82 cm5 were measured. Estimates from the GPR derived ice thickness range from 6 cm to 91 cm with an
average of 51 cm along the length the data that could be recovered. At the moment it is not understood
why the signal was able to penetrate the snow-pack along some sections but not others. It is worth noting
that a similar pattern is seen when compared with a coincident Synthetic Aperture Radar image as shown
in Figure 13. SAR systems are able to acquire images day and night and regardless of weather, i.e., through
cloud. The dark areas of the SAR image correspond to low back-scatter (low reflectivity of the target); the
bright areas to high-backscatter (high reflectivity). As can be seen in Figure 13, the segments of the
transect where ice thickness data could not be extracted frequently correspond to the areas of low backscatter and conversely the sections where data can be recovered frequently correspond to the areas of
higher reflectivity. This would warrant future investigation. Another hypothesis is that the presence of
the ice bottom signal is due to the ice being grounded onto a sandbar producing a strong reflector. From
a related project, sandbar information pre and post ice season has now become available and future
investigation could be undertaken to exploit this data in the analysis of the GPR data.
Figure 12 (iii) shows the radargram from April. Other flight commitments and weather conditions (blowing
snow and/or higher winds) were restrictive for timing the survey in April. The afternoon the survey took
place the temperature increased to > 5°C. The resultant wet snow acts as an effective reflector/barrier to
the GPR signal. There are three clearly identifiable interfaces, but the top and bottom interfaces have
similar intensities. The full survey has this signature. It is not clear which interface would be the top of the
ice and if the bottom interface is the base of the ice or a water layer on top of the ice. The two borehole
measurements collected from this survey gave an ice thickness measurement of 71 cm and 81 cm. If the
assumption is made that the top reflector and the bottom reflectors are the top and bottom of the ice
respectively, and the recommended speed of radar wave in ice value of 0.16 m/ns (C-CORE 2018) is used,
the ice can be estimated to be 30 cm. As such ice thickness cannot be confidently extracted.

5

https://www.mae.gov.nl.ca/waterres/flooding/radar_images/2017_18/CR_Ice_Thickness_Measurements_201803-07.pdf
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The final image, Figure 12 (iv) shows the data collected from May. The temperature the days prior had
been reported as well below freezing, and the survey was undertaken whilst the temperature was just
below freezing. Much of the snow had melted and what remained was granular corn-snow. The stronger
reflector has now become the upper surface and the bottom of the ice has become a weaker reflector.
Nevertheless the upper and lower boundaries can be identified. This non-distinct ice base was also
evidenced from the boreholes. Three boreholes were made. The ice was much softer than previous
boreholes (very easy to bore) and for two of the boreholes, it was hard to determine or ‘feel’ where the
bottom of the ice was. For much of the survey there is evidence of a ringing from the top reflector. The
boreholes gave ice thickness measurements of 69 and 76 cm. The ice base of the final borehole was too
soft to make a thickness measurement. The GPR derived ice thickness ranged from 15 cm to 137 cm with
an average of 57 cm.
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(i) Dec., -22°C, ~10cm snow depth

(ii) Mar., -2°C -> 0°C, >30cm snow depth

(iii).Apr., 6°C –> 9°C, ~20cm wet snow

(iv). May, -2°C -> 1°C, corn snow (when snow was
present)

Figure 12. Sequence of images showing how the changes in the snow-ice-water system impact the
acquired GPR radargrams and hamper the extraction of ice-thickness data. See text for descriptions.
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Figure 13. Close up of a section of the March ice-thickness data underlain with a SAR image acquired the
morning of the same day.
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Results

Once the ice thickness data for each survey has been calculated, it can be exported out into a file, Figure
14 below presents an extract of a sample spreadsheet of the ice thickness data. The columns, from left to
right, are (A) an identifier for each point of ice thickness data, (B,C) the longitude and latitude of the datapoint, (D) the depth (or distance from the GPR), in meters, of the top of the ice (upper surface) at that
data-point, and (E) the bottom of the ice (lower), and finally (F) the ice thickness as calculated by
subtracting upper from lower. The ice thickness, in this case, has been exported so that there is a datapoint every 5 m.

Figure 14. Extract of a sample spreadsheet of the ice thickness data.
To visualise the data it is better to present it as a map. The figures in the next sections present example
river ice thickness products derived from the data gathered during season of surveys. Each of the sample
maps has a SAR image as the background that was acquired at the about the same time as the GPR data.
The figures are styled on existing satellite based radar images and ice products for river monitoring that
C-CORE produces. Three ice products are commonly produced: Ice Cover, Ice Classification and Change
Detection (C-CORE 2012; Warren et al. 2017; Sikumiut Environmental Management Limited (SEM). 2018).
Samples of these products can be seen in Appendix C
Specifically, for the Lower Churchill, C-CORE provides the products to the WRMD of the Newfoundland
and Labrador government and they make them available via their website6. As such the thickness data is
presented in a format that is already familiar to the data-consumers. The names and labels on the maps
were defined by WRMD. The numbers along the length of the river represent river segments. Numbering
the segments facilitates conversation when discussing the behaviour of the river.
Only river ice products for the December Freeze-up survey #1 and #5, and the March, April and May
surveys are presented in this results section as these are representative of the season. The other three
December surveys products are made available in Appendix C.

6

https://www.mae.gov.nl.ca/waterres/flooding/lc_satellite_imagery.html
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A comparison between borehole derived thickness and GPR thickness could only be made for the
December Freeze-up survey #4 and the May Break-up survey, as these were the only datasets with both
GPR derived thickness and borehole data. The comparison table of data is presented underneath each
respective plot. The borehole data for the April survey is given underneath the plot, but as no GPR derived
ice thickness data could be derived no comparison can be made.
The thickness data is shown as a track of coloured dots. Each colored dot represents a GPR estimated
thickness. There is a colored dot at every 5 m along the track. The data can be presented at greater than
5 m spacing, e.g., 2 m, but at the scale of map being presented here, i.e., the full length of lower Churchill
River, data spaced < 5m apart cannot be seen as such no value is added. There is however an increase in
file size. The spacing of 5 m was found to be optimal after some experimentation.
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3.1 December, Freeze-up - Survey #1
Figure 15 below shows the ice-thickness data from the first survey undertaken in December. Upstream,
toward segment 1 and 2 the ice is much thinner (red dots) than the other ice that could be measured. No
boreholes were collected in this survey. The dark shading in the SAR image, east of the Trans-Labrador
Bridge is a combination of open water and newly formed frazzle ice that is too thin to detect. Hence there
is no ice-thickness data. Upstream of the edge of the ice in the middle of segment 1 is newly formed frazzle
ice that is too thin to detect. Patches of open water, dark black on the SAR image, are patches of open
water.

Figure 15. GPR derived ice thickness data from Freeze-up, Survey #1 (12/12/17).
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3.2 December, Freeze-up - Survey #5
Figure 16 shows the ice-thickness data from the fifth survey undertaken in December, six days after the
data presented in Figure 15. The colours have shifted from reds and dark oranges, in Figure 15, to dark
and light oranges, indicating a thickening of the ice, especially in segments 1 and 2. Much of the open
water has also disappeared, indicating that ice has caught over.

Figure 16. GPR derived ice thickness data from Freeze-up, Survey #5 (18/12/17).
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3.3 March, Mid-Season - Survey #6
Figure 17 shows the ice thickness data from the March survey. The river has almost completely frozen
apart from a small area (dark/black patch) below the Trans-Labrador Bridge and the below the Falls.
Where ice thickness data could be extracted, the colours indicate thickness in the range of about 50 to 80
cm. It is noteworthy that where the ice-thickness could be extracted the SAR image has bright return
(indicating high reflectivity), whereas the thickness data could not be extracted from the darker areas.

Figure 17. Ice thickness data from Mid-Season, Survey #6 (06/03/18).
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3.4 April, Mid-Season - Survey #7
No ice thickness data could be extracted from the survey as shown in Figure 18. The difficulties in
extracting ice thickness data from the GPR trace are discussed as part of Section 2.6 of the Methodology
- it is hypothesised that the GPR signal is being blocked or attenuated from wet snow conditions caused
by the warming temperatures. This is also reflected in the significantly darker SAR image when compared
with the other images. Table 4 presents the borehole data from this survey.

Figure 18. Ice thickness data from Mid-Season, Survey #7 (23/04/18).
Table 4. Borehole data for Survey #7 (23/04/18).
Borehole ID

Snow depth [cm]

Ice thickness [cm]

Notes

WP033

25

71

None

WP034

28

81

Borehole was located over a
sandbar. Slurry of sand came up
through the borehole. Thickness
gauge could not be retrieved.
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3.5 May, Break-up - Survey #8
The final survey was (Figure 19 ) shortened due to the reducing ice cover. This survey took place in slightly
colder temperatures than the previous survey and hence (it is theorized) that this allowed ice thickness
data to be extracted.
Table 5 presents the borehole data from this survey and Table 6 presents the borehole-GPR ice thickness
data comparison. Following the RMS error calculation described in the interim report (C-CORE 2018), gives
an RMS of 13.7 cm. The RMS error is a measure of goodness of fit, or difference, between the borehole
measurements (theoretically the actual or observed thickness) and the GPR derived ice thicknesses basically the standard deviation of residuals between reference and measured values.

Figure 19. GPR derived ice thickness data from Mid-Season, Survey #8 (08/05/18).
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Table 5. Borehole data for Survey #8 (08/05/18).
Borehole ID

Snow depth [cm]

Ice thickness [cm]

Notes

WP036

15

76

Corn snow. Soft ice; easy to drill.

WP037

4

69

Corn snow. Bottom of ice was not a
strong boundary

WP038

7

Estimated, between 60->80
cm. Assume 70 cm

Ice thickness could not be measured.
The base of the ice felt soft, like it
was sharding off as it was drilled.
Impossible to get a sense of when
the auger drilled through the
bottom. Thickness gauge would not
catch so couldn’t get an accurate
thickness measurement

Table 6. Borehole vs. GPR estimated ice thickness for Survey #8 (08/05/18).
Borehole
ID

Borehole Ice
thickness
[cm]

GPR estimated
ice thickness
[cm]

Error
[cm [%]]

WP036

76

85

-9 [11]

WP037

69

55

14 [20]

60

10 [14]

WP038

Mean

Estimated,
between 60>80 cm.
Assume 70 cm
71.6
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Conclusion

The objective of this project was to (i) develop the necessary hardware, and (ii) investigate the feasibility
of using a helicopter mounted GPR system for determining the thickness of river ice, specifically on the
lower Churchill River in Labrador. The system developed underwent successful flight testing and in
conjunction with the GPR suppliers, an operational survey procedure was developed. The GPR system was
then used to survey the river during the freeze-up and break-up. In addition, through a separate project,
the WRMD of the Government of Newfoundland and Labrador funded two mid-season surveys. Those
surveys are also described in this report as the analysis of the mid-season surveys provides valuable insight
into the challenges and the limitations of the technique.
An interim report (C-CORE 2018) was issued after the freeze-up surveys to document the design and
development of the GPR system and the development of the techniques to derive thickness data from the
GPR datasets.
This final report provides a summary of the project, the data collected, the resultant ice-thickness
products and a discussion of proposed next steps to improve on the technique. This final report is intended
for more general readership rather and does not go into the technical detail provided in the interim report.
In total nine river ice surveys were undertaken during the 2017/18 Churchill River ice season. The first
survey was a test flight. This was followed by five freeze-up flights in December, a March survey, an April
survey and a final break-up survey in May. Ice thickness data could be determined from all the surveys
except the April survey.
Extraction of the ice thickness data requires a certain degree of skill from the analyst. The quality of the
ice thickness data that was extracted from the GPR datasets is a function of many parameters. The main
factors are ice surface and ice base roughness; presence, depth and type of snow; stability of the
helicopter platform; temperature of the snow and ice; and presence of sandbars causing ice to be
grounded.
The December Freeze-up surveys yielded good ice thickness data along much of the survey tracks. Seven
borehole measurements were taken on the same day as the penultimate December 18th survey. At two
of the locations where boreholes were taken GPR derived ice thickness data could not be derived. This
was due to how the GPR data was collected and the operational procedure was adjusted for future
borehole-data pairs (C-CORE 2018). The RMS error from the remaining boreholes and associated GPR
derived ice thickness was 6.2 cm. The GPR supplier estimated an error of approximately +/- 10% between
measured and actual thickness, i.e., for a 30 cm thickness the error could be +/- 3 cm.
Extraction of ice thickness data was more difficult later in the season during the March, April and May
surveys. This is hypothesised to be due to temperatures starting to go above freezing; liquid water
content in snow/ice increases, which in turn increases attenuation of the radar signal. In the best case,
late-season, scenario the moisture content of the snow increases slightly making the snow more opaque
to the GPR signal and making it harder to distinguish the bottom of the ice but still possible (this was
seen in the May survey and to a lesser degree the March survey). In the worst case scenario high water
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content in the snow or a water layer forms on top of the ice and becomes a significant reflector for the
GPR signal making it impossible to detect the bottom of the ice (and difficult to identify the top).
Ice thickness data was recovered from the March and May surveys. No borehole data was recovered for
the March survey so a comparison between borehole and GPR derived thickness data could only be made
with the May survey. The root-mean-square error value of the May dataset was 13.7 cm; the mean
percentage error was 6%.
Based on the results it is concluded that the helicopter mounted GPR is an effective tool to gather ice
thickness data over long (many 10’s of km) distances. It requires expertise from the GPR operator and the
data-analyst to gather and process the data, but not more so than other remote sensing science datagathering techniques such as satellite imagery analysis. Whist temperatures are below freezing the data
that can be extracted are good. This means ice thickness data can be gathered relatively confidently from
December through to when the temperatures start to warm (e.g., sometime in March). Extraction of the
ice thickness becomes more difficulty once the temperatures go above freezing.
The challenges, issues and recommended solutions that have been identified in gathering ice thickness
data from a helicopter mounted GPR are tabulated in Table 7.
Table 7. Summary of the challenges and issues in deriving ice thickness data from a helicopter mounted
GPR system and proposed solutions.
Problem
Vertical distortions in GPR data
make extraction of ice thickness
more difficult and/or reduce
accuracy and/or lose data.

Cause
Vertical oscillations of
helicopter.

Solution
Addition of a pressure sensor and
downward looking ultrasound/laser
sensor unit to record altitude and
height above ground to record
oscillations. Due to the boom in UAV
technology such sensors are now very
cost-effective. Easy to mount into the
GPR enclosure.
Develop methods to integrate this data
into the analysis. S&S have proposed
potential, research grade, solutions to
this problem using the GPR data itself
to estimate the helicopter height from
the surface. The GPR trace is very
similar to seismic data (for example as
collected and analysed by petroleum
geoscientists). They use software
packages (e.g., Petrel) to ‘flatten to
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Solution
structure’; a similar effort could be
investigated here.

Segments of the GPR trace can be
difficult to interpret due to a
‘rough’ looking interface. This can
be on the upper, the lower or
both surfaces.

Assumed to be rough
ice and/or presence of
sandbars.

Thickness data can still be derived
even if the surface is rough. Analyst
has to decide how much tracing of the
roughness should be done – which
would add a further degree of
subjectivity.
Guidelines should be developed so
that different analysts apply the same
criteria for interpreting the interface.
Pre ice season presence of sandbars
can be derived from optical imagery
and used to guide the analyst.
Commercial literature promises
capacity to locate both grounded ice
and liquid water – to be investigated.

Late in season, warming
temperature make interpretation
difficult/impossible.

Moist or wet snow or
pooling water blocks or
retards the GPR signal.

Careful monitoring of snow conditions
prior to survey. Do not survey after
heavy snowfall/warming conditions.

No temperature data of
the snow-ice system to
determine the
suitability of the day for
a survey.

Much better to survey early in
morning after cold overnight
temperatures.
Determine if an on-ice survey – less
power lost between GPR and the
snow surface – suffers the same
problems.
Guidelines should be developed so
that different analysts apply the same
criteria for interpreting the interface.
Determine temperature of the
snow/ice. Deploy in-situ buoys.
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Cause
Limited opportunity to
collect borehole data
and undertake the
survey in 2hr of flight
time. This a function off
budgetary constraints,
not technical
limitations.
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Solution
More helicopter time to acquire
boreholes. Assume 10 minutes per
borehole. 2 hrs to undertake the
survey.
Augment the data collection with insitu sensors and/or on ground
surveys.
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Appendix A - Summary of Flight Data and Boreholes
Table A-1. December, Test Flight.
Date: Start-End time
Weather

Days prior
Survey Day

Survey

Analysis

07/12/17: 14:30 -> 16:10
Days prior had been cold. -18°C during the nights and -9°C during the
day.
Around -5°C with NE winds of about 20-40 km/hr. Visibility was good.
Ice present on Mud Lake. Some thin rough ice along the Mid Lake
Crossing
Fly a number of surveys back and forth along Mud Lake with different
configuration settings and the matching target flight profiles to see
which configuration gave the most satisfactory GPR data results and
were the most workable for the pilot. Suitable parameter settings were
repeated parameter configuration settings were repeated over the Mud
Lake Crossing
In total 17 short GPR surveys were made. Two test surveys at the
hanger, eight over Mud Lake, and seven over Mud Lake Crossing. Test
flights were reviewed with Sensors and Software. Subsequent parameter
configurations were derived from the results. See interim report for
greater detail (C-CORE 2018).
Table A-2. December, Freeze-up Survey #1.

Date: Start-End time
Weather

12/12/17: 13:30 -> 15:30

Days prior

Cold. From -8°C to -19°C

Survey Day

Cold -22°C, clear blue sky. Some wind (20-40 km/h).

Survey

Refine GPR parameters based on test flight findings. Objective is to confirm/find a
range of configurations that can be used throughout the survey

Analysis

Good data and coverage. Apart from were (it is assumed) is rough ice or over
sandbanks
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Table A-3. December, Freeze-up Survey #2.
Date: Start-End time
Weather

13/12/17: 09:15 -> 10:15

Days prior

See above

Survey Day

Cold -22°C, overcast, low light, light winds, turning to blowing snow

Survey

Forecast was for heavy snow starting in AM. Could continue until next few days.
Aim to get as much surveying in as possible before snow. Focus on river mouth,
Mud Lake Crossing, and up river for a while. Flat light and no texture caused
problems for the pilot to fly low. It took a bit of experimentation to find a sweet
spot.

Analysis

As day prior

Table A-4. December, Freeze-up Survey #3.
Date: Start-End time
Weather

16/12/17: 14:15 -> 16:15

Days prior

Previous two days had been snow storms

Survey Day

-12°C, clear skies, N to E winds at 20-40km.

Survey

Survey up to Muskrat Falls

Analysis

As day prior

Table A-5. December, Freeze-up Survey #4.
Date: Start-End time
Weather

17/12/17: 11:00 -> 13:00

Days prior

See above

Survey Day

-8 °, clear skies, N to E winds at 30-50km

Survey

Weather forecast looked good. Short survey due to collection of boreholes. Seven
boreholes acquired in total

Analysis

As day prior

Table A-6. December, Freeze-up Survey #4 - borehole data.
Ice
thickness
[cm]

Borehole
ID

Position (latitude,
longitude)

BH1

53.33165, -60.18487

10-12

31

BH2

53.32859,-60.17272

10-12

30

BH3

53.32323,-60.17793

8-10

19

BH4

53.32820,-60.18671

10-12

29

BH5

53.30232,-60.22000

6-8

48

BH6

53.28080,-60.30514

No discernable snow

29

BH7

53.27317,-60.35217

No discernable snow

27
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Table A-7. December, Break-up Survey #5.
Date: Start-End time
Weather

18/12/17: 08:50 -> 09:50

Days prior

See above.

Survey Day

-18°C, blue skies, N to E winds at 30-50km.

Survey

Undertake survey from Lake Melville up until Muskrat Falls with transects at Mud
Lake. GPR battery had insufficient charge. Had to return to Universal Helicopters
base to collect new battery. Undertook survey from upstream above Lake
Melville, in reverse from other surveys.

Analysis

As day prior

Table A-8. March, Mid-Season Survey #1.
Date: Start-End time

06/03/18: 13:30 -> 15:30

Days prior

First days of the year when the daytime temperatures are going above freezing.
There had been some heavy snowfall during the week and some rain.

Survey Day

-2°C -> 0°C, overcast, cloud at 3000-4000 ft. Wind: 20-30km/hr, wind N-NE
possible precipitation. Light became flatter near Muskrat Falls

Weather

Survey

Normal survey from Mud Lake crossing. Higher wind and sub-optimal visibility and
new pilot made imperfect conditions for flying. Borehole acquisitions was difficult.
Snow was deep. On exiting the helicopter, snow was past the knee. Snow gauge
topped out at 30 cm. Difficulties clearing snow from the borehole. Auger is a
single flight auger with a large diameter boring handle. Insufficient clearance to
penetrate ice and obtain a borehole measurement. Improved snow/ice thickness
kit required for deep snow conditions. Snow was slightly damp but very deep.

Analysis

Analysis was challenging. Interface indicating the bottom of the ice was only
visible in some of the data acquired. For the rest, the lower boundary could not be
identified.

Table A-9. April: Mid-Season Survey #2.
Date: Start-End time

23/04/18: 10:30 -> 12:35

Days prior

Snowfall the week prior but generally below 0°C. Day prior temperature went up
to 4°C during the afternoon, then below freezing overnight

Survey Day

Full sun, temperature went up to 9°C by the afternoon, low light, light winds,
turning to blowing snow later

Weather

Survey

Normal survey from east of Mud Lake Crossing to Muskrat Falls.
First Borehole was perfect. Second borehole hit sandbar and the thickness gauge
was lost. Snow was very wet.

Analysis

Analysis was impossible. Interface indicating the bottom of the ice was only visible
in some of the data acquired. For the rest, the lower boundary could not be
identified
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Table A-10. April: Mid-Season Survey #2 - borehole data.
Borehole ID

Position
(latitude, longitude)

WP033

Snow
depth
[cm]

53.26080, -60.58255

WP034

Ice
thickness
[cm]

0.25

53.27177, -60.41218

0.28

Notes

0.71

None

0.81

Borehole was located over a sandbar.
Slurry of sand came up through the
borehole. Thickness gauge could not
be retrieved.

Table A-11. May: Break-up Survey #1.
Date: Start-End time

08/05/18: 13:15-14:30

Days prior

Day prior had been below freezing. Weekend was report to have been cold (-10°C)
but online records show warmer than that. Regardless, temperature had been
below freezing the day prior and during the survey.

Survey Day

Below freezing to start. Overcast. Wind dominant westerly 40 gusting to 80km/hr.
Rain and snow forecast towards end of flight.

Weather

Survey

Normal survey from east of Mud Lake Crossing to Muskrat Falls. Three boreholes
were made. Snow was corn snow. Last borehole, near Mud Lake crossing, the
base of the ice felt like it was sharding off as I drilled. Ice was so soft , it was not
possible to get a sense a sense of when the auger drilled through the bottom;
thickness gauge would not catch so I couldn’t get an accurate thickness
measurement felt like

Analysis

Initial, post survey, review of the data looked like it was similar to the April data.
As such, no further flights were planned – no point in collecting more bad data.
With further investigation and analysis, data could be extracted.

Table A-12. May: Break-up Survey #1 - borehole data.
Borehole
ID

Position
(latitude, longitude)

Snow depth
[cm]

Ice thickness
[cm]

Notes

WP036

-60.46364, 53.27042

15

76

Corn Snow. Soft ice; easy to
drill.

WP037

53.27959-, 60.31486

4

69

Corn snow. Bottom of ice was
not a strong boundary

WP038

53.32683,-60.17783
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between 60->80
cm. Assume 70
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Ice thickness could not be
measured. The base of the ice
felt soft, like it was sharding off
as it was drilled. Impossible to
get a sense of when the auger
drilled through the bottom.
Thickness gauge would not
catch so couldn’t get an
accurate
thickness
measurement
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Appendix B - Sample River Ice Products (none ice thickness)
The maps that were presented in the results section are based on the satellite based radar images and ice
products for Lower Churchill River that C-CORE have been providing to WRMD and that WRMD have been
making available via their website(C-CORE 2012; Warren et al. 2017; Sikumiut Environmental
Management Limited (SEM). 2018)7. Three products are generated each time a SAR image is acquired: Ice
Cover, Ice Classification and Change Detection. The acquisition schedule is a function of client needs and
the satellite orbital programming, i.e., when images are available.
These products aid understanding river ice conditions during progression and break-up of the ice cover.
The Ice Cover Product is an interpretation of the SAR image that shows the location of ice cover and areas
of open water. The Ice Classification Product classifies areas of the river as open water or water on ice,
non-consolidated ice, or consolidated ice. The classifications provide qualitative information on the
strength and variation in the ice cover and the presence of ice in open water portions of the river. The
Change Detection Product shows a comparison of the Ice Classification image against the prior Ice
Classification image.
A sample Ice Cover, Ice Classification and Change Detection product, from 12/12/17, i.e., the day the
first GPR survey was undertaken, are provided in Figure B-1, B-2 and B-3.

7

https://www.mae.gov.nl.ca/waterres/flooding/lc_satellite_imagery.html
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Figure B-1. Ice Cover product from 12/12/17.
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Figure B-2. Ice Classification product from 12/12/17.
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Figure B-3. Change Detection product from 12/12/17.
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Appendix C - River Ice Thickness Products
C.1

December, Freeze-up - Survey #2

Figure C-1. GPR derived ice thickness data from Freeze-up Survey #2 (13/12/17).
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December, Freeze-up - Survey #3

Figure C-2. GPR derived ice thickness data from Freeze-up Survey #3 (16/12/17).
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December, Freeze-up - Survey #4

Figure C-3. GPR derived ice thickness data from Freeze-up Survey #4 (17/12/17).
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