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Executive Summary
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. The river surveyed was the lower
Churchill River between Muskrat Falls and Lake Melville. A commercial GPR system was leased, and
adapted, such that it could be mounted on a Bell 206L helicopter owned and operated by Universal
Helicopters. Two flight activities took place. The first, a test flight, was used to test the system and
develop GPR configurations and associated flight profiles to optimise data collection. The second field
activity was a survey, comprising five two-hour flights, over the course of a week during the freeze-up
period. During the freeze-up survey, seven boreholes were drilled and the ice thickness was measured
manually. These data were used as ground truth data.
Over 160 km of GPR survey data were collected. Analysis of the GPR data was time consuming so only a
select subset of data was processed and analysed. The data analysed was chosen to ensure that the
capabilities of the GPR system for ice monitoring could be evaluated. The remaining data is to be
analysed as part of a separate project for which funding has been secured.
This document is an interim report describing the work performed up to, and including, the analysis of
the sample data acquired from the freeze-up survey. The final report will be issued after a survey has
been performed during the break-up of the river (normally in May).
As an example of the GPR derived thickness estimates, an approximate 1 km section of data, acquired
on Dec 17th, near the community of Mud Lake had an average thickness of 22 cm ± 3 cm. The GPR
supplier estimated an uncertainty of about 10% of the ice-thickness being measured however, with
careful data acquisition and processing, the uncertainty around the estimates can be reduced. The rootmean-square error based on a comparison with borehole measurements was estimated to be 6.2 cm.
The study has determined that the helicopter mounted GPR is an effective tool to gather thickness data
over a long (many 10’s of km) survey track.
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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 to develop a survey strategy.
Selection and acquisition of a commercial GPR.
Development of a hardware system so that the GPR could be mounted onto a helicopter. The
helicopter was to be selected from the fleet operated by Universal Helicopters and Canadian
Helicopters (both out of Goose Bay Airport).
Development of the skills required to operate the GPR from the helicopter platform.
Execution of 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 configuration parameters for
surveying the river.
Execution of five daily surveys, of approximately two hours duration each, along the lower
Churchill River during the period of freeze-up (during Dec. 2017).

This interim report documents those activities. The final report will be issued after a second survey has
been performed during the break-up of the river (typically in May).

1.1 Document Structure
The report is broken up into the following sections: introduction, methodology, results, conclusions,
references, and appendices.
The introduction section discusses the project goals and constituent activities, the kick-off meeting and
provides an overview of the study site.
The methodology section gives background on the GPR, the development of the helicopter mounting
hardware and the GPR enclosure. It presents the data processing method that must be used to estimate
thickness data from the GPR data. It describes the Test Flight activities and finally, briefly, describes how
borehole ice thickness measurement are acquired.
The results section presents an overview of each survey that was performed and the survey data that
was collected. It describes the analysis of the survey data that was processed from which thickness
estimates were made. Included in this analysis is (i) a comparison between the borehole thickness data
and GPR thickness estimates and (ii) a comparison between data collected at the beginning of the survey
and data collected from the same section of the river toward the end of the survey. The second
comparison was undertaken as a means to investigate if the GPR system is sensitive enough to detect
thickening in a short space of time. Finally, a sample GPR derived ice thickness product is presented.
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The conclusions are presented in the final section. An overall conclusion is presented followed by some
comments on the GPR system, the river ice thickness data, recommendations and lessons learned,
challenges and finally, suggested future work to improve the quality of the data gathered and to further
exploit the sensor package - with the goal of gathering more data to better monitor river ice
The appendices present technical drawings for the GPR and the enclosure used to carry the GPR.

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

Organization

Title

Role

Robert
Briggs

C-CORE

Project Engineer

Project Manager, Technical Lead, Field
Operations

David
Scruton

Sikumiut
Environmental
Management Ltd.

Senior Scientist

Prime contractor and liaison with Nalcor

Gerald
Piercey

C-CORE

Senior Project
Engineer/HSE
Committee Chair

Design/Development of GPR mount
C-CORE Safety Officer

Table 2. Support personnel
Name

Organization

Title

Role

Mike
Lynch

C-CORE

Remote
Sensing/GIS
Analyst

Input into Churchill River behaviour, based
on past image analysis.

Greg
Johnston

Sensors & Software
Inc.

Marketing
Manager

GPR provider (initial contact was Ron
Lester, but GJ became the main support
contact)

Terry
Hutchings

Universal Helicopters
– Goose Bay, NL

Director of
Maintenance

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

Boyd
Sellers

Universal Helicopters
– Goose Bay, NL

Pilot

Responsibility on flight safety, i.e., GO/NOGO based on weather conditions and,
through piloting skills, provided a stable
platform from which to undertake survey.

John
Trapman

VanCal Cinema

Owner

Provider of G1 camera mount
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1.3 Allocated Helicopter hours
The project was allocated 22 hours of helicopter time. This was partitioned into two hours for the test
flight, ten hours for the Freeze-up survey and ten hours for the Break-up survey. The goal for the Freezeup and Break-up surveys is to undertake a survey, each day, for five consecutive days, assuming suitable
weather conditions.

1.4 Project Kick Off
A project Kick-Off (KO) meeting was held on Nov. 16, 2017 at C-CORE between Rob Briggs and Mike
Lynch (satellite image analyst with expertise of the Churchill River), both of C-CORE, and Dave Scruton of
SEM. Key subjects discussed where:
(i) Review of project goals;
(ii) Brief discussions about the choices of the GPR and items to be considered for the GPR
mounting;
(iii) Make-up and timing of the test flight;
(iv) Development of a proposed survey track along the Churchill River;
(v) Timing of the freeze-up survey and how it would be decided to mobilise and start the survey;
(vi) Discussion regarding health and safety planning.
The project goals (i) are described at the beginning of this section. The GPR and mounting (ii) will be
discussed in Section 2.
At the time of the kick-off meeting, the Churchill River and surrounding ponds were still not frozen.
Because of the compressed timeframe between project kick-off and the estimated freeze-up, there had
to be some discussion about an ‘ideal’ test flight and survey plan that also had some flexibility and backup options. In addition, because equipment was being rented, the Project Manager had to be cognizant
of rental costs mounting up by ordering equipment too early. Timing of test flight (iii) was going to be as
soon as the GPR mounting system was built and a suitable test location, e.g., a pond or lake close to
Goose Bay airport that was frozen, was available. The most likely location for this was identified to be
Mud Lake; but there are a number of other ponds and lakes close to Goose Bay that might be frozen by
the time the test flight was ready to be undertaken.
The proposed survey track (iv) is described in the following section.
The timing of the Freeze-up survey (v) was scheduled to start as close in time as to when the residents
of Mud Lake started crossing the river on snowmobile. The Mud Lake Crossing is an area of the river
between the community of Mud Lake and the opposite shore of the river – the first residents to cross
usually mark the trail with small trees stuck into the snow (see Figure 1 and Figure 2). Dave Scruton of
SEM has local contacts in Mud Lake with expertise in the freeze-up (and break-up) behaviour of the
Churchill River. The timing to start the freeze-up survey was based on their guidance, augmented with
satellite imagery available from an associated project.
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A brief discussion was held regarding the importance of having the (vi) hazardous operations safety plan
ready for review and subsequent issue by all parties prior to the test flight.

Figure 1. 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 2. 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).

1.5 Study Site
The study area is the lower Churchill River and is shown in Figure 3. The general survey route was from
the mouth of the Churchill River (at Lake Melville) upstream to the basin below Muskrat Falls. The length
of the river from the mouth to the Muskrat Falls basin is approximately 45 km. During the kick-off
meeting it was also decided to identify some areas of interest where extra time surveying might be
performed.

Figure 3. Site overview, with labels of places discussed in the text and with proposed survey tracks along
the northern and southern shore of the river and areas of interests where the survey might perform
extra detailing by criss-crossing the river.
The most important area of interest was identified as the Mud Lake Crossing area, the river segment
near the community of Mud Lake where the residents make the crossing on snowmobile. Other areas of
interest where identified as the ice around the Blackrock (on Route 500) and the basin in front of
Muskrat Falls.
The proposed survey plan was to start the survey at the river mouth, undertake detailed surveying at
the Mud Lake Crossing, and continue upstream to Muskrat Falls. Depending on the time available -- a
function of the helicopter speed, itself is a function of the GPR configuration, which was undefined until
after the test flight was performed (see section 2.1) -- the survey would perform a detailed data
collection around the Blackrock Bridge, the basin at Muskrat Falls and would, if possible, survey both the
northern (outbound) and southern shore of the river (inbound).
The proposed survey strategy was submitted to Nalcor via SEM. No comments were raised by the client,
as such this was used as the approximate survey plan.
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In reality once the test flight was undertaken and the GPR operator had a better sense of the GPR
limitations (survey speed vs data quality), it was realised that a north shore/south shore survey would
not be possible and detailing at the Blackrock Bridge and below Muskrat Falls would be achievable if
flying conditions were ideal.
The Mud Lake Crossing was surveyed for all five freeze-up flights. In three of the flights, the full length of
the lower Churchill River, from Lake Melville to Muskrat Falls, was surveyed. One fight was cut short due
to weather, and one flight was off reduced distance due to the drilling of boreholes for ground truth
data collection. This is documented in the results section.
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Methodology

This section describes the methods and tasks performed to prepare for, and undertake the survey, and
to analyse the acquired data. It first provides a simple introduction to GPR theory with an emphasis on
the operation in relation to this project, and describes the tasks that were performed:
(i)
(ii)
(iii)
(iv)

Development of the helicopter mounted GPR hardware;
Data analysis;
Test flight to check the GPR operations and refine GPR configuration;
Acquisition of boreholes for ground truth data collection.

2.1 Ground Penetrating Radar
2.1.1 Overview
Ground Penetrating Radar (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 show in Figure 5. The grey scale reflects the
amplitude of the signal. The horizontal x-axis represents distance along track. The vertical y-axis can
represent either (i) the two-way travel (the time for the signal to travel from the transmitter to the
reflector back to the receiver); or, (ii) if the radio wave velocity in the medium being studied is known,
by the depth (or thickness) of the material. Hence, for the case of this study, the speed of
electromagnetic waves in ice is assumed to be a known constant. 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
(provided by Sensors and Software).
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2.1.2 Sensors and Software Inc.
Sensors and Software Inc., hereafter referred to as S&S, 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.
Their systems have been used in previous GPR snow and ice studies, both over sea ice (Lalumiere and
Prinsenberg 2009; Lalumiere 2006) and fresh ice (Prinsenberg 1999).

2.1.3 Noggin 500 system
After consultation with S&S, the Noggin 500 GPR system was selected as the unit that would be used for
the survey. The alternative unit that was discussed was a Noggin 1000 system. The Noggin 500 operates
at a central frequency of 500 MHz; the Noggin 1000 model at a central frequency of 1000 MHz. Higher
frequency GPR have smaller antennas (less weight) and higher resolution, but less penetration depth
(the depth the signal can penetrate to sense an interface) and, because the wavelength is shorter, are
more susceptible to smaller surface features (surface roughness).
For a GPR that will be carried on a helicopter the difference in size and weight was not an issue (both
units are comparable to a shoebox in size and have about 700g weight difference) and penetration
depth (500 MHz = 50 m depth; 1000 MHz = 25 m) potential was sufficient from both units. Based on past
experience of ice surveys made by other clients of S&S the 500 MHz would provide the best compromise
between resolution and surface roughness. The 500 MHz unit should give thickness resolution that are
less than 10% the thickness being measured. Conversations with Dave Scruton (SEM) determined that
<1 m horizontal resolution and < 10% thickness uncertainty would be more than adequate for the
survey.
The Noggin 500 system1, shown in Figure 6, comprises:
(i) The GPR unit.
(ii) A handheld computer – Digital Video Logger (DVL) - for configuring and operating the GPR and
for saving and exporting the data.
(iii) Battery box (rechargeable and comes with mains charger) which powers the GPR and the DVL.
(iv) Power/Data cable that connect the GPR to the battery and the DVL.

1

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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The DVL used did 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.

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 WAAS navigation
correction system - Goose Bay Airport operates a WAAS transmitter.

2.1.4 Data Management
The GPR data is recorded, and exported and processed, as projects and lines; one project can have one
or many lines. The data is managed in a database file structure. The file structure (extension GPZ) is not
described as proprietary but the author, with limited investigation, has not been able to open the data
using other tools.

2.1.5 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(s) for
the survey being undertaken.
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For the purpose of the helicopter-borne river ice survey, the optimal configuration(s) 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 at.
The GPR is operated in a ‘Free Run’ mode meaning that once the operator has configured the
parameters and initiated the system to start recording data the survey is ‘hands-off’.
The parameters that must be tuned along with an explanation of their purpose are listed in Table 3. To
set the configuration, the operator keys in the parameter setting into the DVL and then proceeds to
start a survey, only at this point does the system compute if the configuration is a ‘workable’ or
permissible configuration. Setting up the configuration and starting the survey is relatively slow - the
DVL is an older style text base interface with membrane keys – as such the configurations that optimise
the GPR potential ideally should be defined prior to the survey, such that, given flying conditions and the
type of survey to be executed, the operator could easily and efficiently configure the GPR during the
flight.
It should be noted that once the survey starts the operator has little ability to interact with the data
except for making Fiducial Markers (see next section). The DVL only has a small (approximately 5”)
screen. The operator is unable to zoom into the data being gathered in any great detail nor can pause
the data to view it. It is continuously being updated and scrolling along the screen. Detailed analysis can
only be undertaken once the data is downloaded into a workstation or laptop.
The test fight would be used to experiment with the parameter settings with the aim of defining a
configuration or configurations that find:
i)
ii)

iii)
iv)

The optimal balance between the altitude and speed, based on safe flying conditions;
The maximum permissible configurations in the DVL. For example, the permissible
maximum speed in the DVL is 70 km/hr but to operate at those speeds requires that the
Depth/Time window be set to a value at which it is unsafe to fly;
The optimal balance between speeds that allow a high rate of data sampling (a slow speed)
vs. sufficient speed to cover the required survey distance;
The Depth/Time and Speed parameters that allow a Step Size (resolution) and Stack
(number of stacks) value that provide sufficient detail in the data acquisition.

Once a configuration, or a number of configurations are found, a look-up table could be written. The
look-up table would then be used to give the pilot a target flight profile, e.g., the instruction for the pilot
might be – please fly at a speed of 50 km/hr at an altitude of 10 m – the GPR operator could then set-up
the GPR configuration to operate optimally at that flight profile.
.
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Table 3. Key parameters that must configured for correct operation of the GPR
Parameter
Name

Description

Target parameter value estimates

Depth/Time
Window

The Depth/Time window value must be larger than the two-way travel
time, that is, the time it takes for the signal to travel from the GPR
(transmitter) to the target and back to the GPR (receiver). If the
Depth/time window is too small, the reflection from surface will
disappear off the bottom of the data that is being recorded. However,
longer Depth/time windows increase the processing required and thus
reducing the maximum resolution that can be gathered. In addition,
lower altitudes have a smaller signal footprint, i.e., the signal is not a
laser beam, rather it is spreading out at 90°. The further from the target,
the less power is reflected.
The helicopter needs to fly as close the ice surface as possible for safe
flight and the depth/time window needs to be set to reflect the
subsequent two-way travel time. The challenge for the pilot is to then fly
the helicopter at this altitude consistently

For parameter calculation estimates, the speed of the signal through
air is 0.3 m/ns, and the speed in ice is 0.16 m/ns. If the helicopter is
flying at a maximum of 10 m above the ice and the ice is assumed to
be no more than 1 m thick (sensible for freeze-up) the signal will
take 10/0.3 (travel time through air) + 1/0.16 (travel time through
ice) = 33.33 + 6.25 ≈ 40 ns to travel to the target. The estimated two
way travel-time is therefore 80 ns.
The GPR has pre-set values for the Depth/Time parameter. The
values that are closest to the target parameters are 66 ns, 100 ns
and 133 ns.

Step Size

The step size is a proxy for the approximate horizontal spatial resolution
of the data being acquired. Smaller resolution is better but increases
processing time.

A sub-meter resolution is an acceptable and useful target. Useful
resolutions of 0.1 m are achievable but require slow long track
speeds; too slow to cover the full length of the river.

Speed

This parameter configures the approximate speed of the GPR over the
ground, this allows the feasibility of the other settings to acquire data at
the required step-size/number of stacks

This, and the settings above, will determine how many GPR traces
are collected per second. For example, if the helicopter is flying at,
10 km/hr, this equates to 10,000 m in 3600 seconds = 2.8 metres
per second. To sample the ice at a resolution of 0.1 m means that
the GPR system needs to collect 28 traces per second. Travelling at
50 km/hr = 14 m/s to sample every 0.1 m would require 140
traces/second which is beyond the capability of the unit at the
required time window (shorter time window would allow faster
speed for the same resolution)

Number of
Stacks

Stacking is a technique that averages the data. More stacks are better as
they improve the signal-to-noise ratio. But more stacks require more
processing which slows the system down (Jol 2008)

Stacks can be 1,2,4,8 etc. S&S suggested aiming for 4 stacks.
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2.1.6 Fiducial Markers
Through the DVL, the operator is able to add ‘Fiducial’ markers during the survey which become embedded
as meta-data in the data set against which an observation can be made for subsequent focus in an area of
interest or tie-in with ancillary data (e.g., photography, ground observations). They are a useful tool to aid
analysis.

2.2 Development of the Helicopter Mounted GPR System
The objective of this task was to develop a hardware system for mounting the GPR on the Helicopter. The
mounting system needs to be developed to meet a set of requirements determined by the limitations and
requirements of the helicopter operations and the GPR.

2.2.1 Helicopter
To undertake the 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 the river – from an operational safety
point of view any operation over water, 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 more than adequate.

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 Requirements
The requirements for the hardware system that mounts the GPR to the helicopter are separated into
primary and secondary requirements. Primary requirements must be satisfied. Secondary requirements
should be satisfied if they can be.
The mounting system had to meet the following two primary requirements, listed in order of importance:
1. Flight certification. Any hardware mounted to the helicopter must not jeopardize the integrity nor
change the flight characteristics of the helicopter. It is the responsibility of the helicopter operator
(specifically the Director of Maintenance) to permit, or not, the helicopter to fly whilst carrying any
equipment, as such, the GPR mounting hardware must securely attach the GPR to the helicopter in such
a way that satisfies the helicopter operator. The mounting method must not make any permanent
modifications to the helicopter.
2. Radar Signal Transparency. The enclosure and its mounting location/orientation on the helicopter must
not interfere with the signal or operation of the GPR, e.g., any metal that is too close to the antenna of
the GPR could potentially distort, block or attenuate the signal. This would be unacceptable.
The secondary requirements, in no particular order, are:
3. Ease of install. The mounting system should be easily mounted to and removed from the helicopter.
Ideally less than an hour or two.
4. Multi-platform. The mounting system should be able to be mounted on different helicopters.
To ensure that both the primary requirements were met the helicopter operator (Universal Helicopters)
and the GPR supplier (S&S) were consulted at all stages of the design, development and assembly of the
mounting hardware.

2.2.3 GPR Hardware Mounting solution
Following on from preliminary discussions with Universal Helicopters and S&S the solution identified that
best met all the requirements, and was the most pragmatic and cost-effective, was to use a commercially
certified system for mounting a high-end cinematography camera to a helicopter, as shown in Figure 8, and
attach a bespoke enclosure for the GPR to this mount. By using the certified mount, the GPR mounting
system could be approved for flight operations by the helicopter operator.
The Airfilm G1 nose-mounted utility bracket (G1) is a certified mounting system used for aerial videography
that can be used on both the Bell 206L and the Bell 407 Helicopters. It has a load capacity of 59 kg, more
than ample for the GPR application (3 kg GPR + weight of enclosure plus hardware). We were able to source
a G1 mount from VanCal cinema who were able to supply it as a rental item.
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(ii)

Figure 8. Photographs of the G1 mount. (i) The Airfilm G1 mounted to a helicopter with a gimballed
cinematography-grade camera attached; (ii - upper) the G1 mounted to the helicopter with no equipment
attached, and (ii – lower) birds-eye view of the mount showing the bolt pattern for the GPR enclosure
attachment.
To protect the GPR during the flying operations, it was decided to secure it inside an enclosure and attach
the enclosure to the G1 mount. For expediency, a commercial off the shelf (COTS) enclosure was sourced
and modified. Figure 9 shows a schematic and various photographs of the design, the interior, the exterior
and the assembly of the GPR mounting system.
Mounting and assembly is as follows. The G1 mount is secured to the helicopter airframe using certified
bolts that were supplied with the G1. The enclosure is secured to the G1 mount using another set of
certified bolts, again supplied with the G1. The bolts come down from the G1, through the enclosure,
through a pair of aluminum brackets and are secured with nuts. This affixes the enclosure to the G1 mount.
The GPR is affixed to the aluminum brackets using two vertical supports and is secured to the base with six
screws. The side panel of the mount can be removed to allow access to the interior. The side panel is
secured using plastic tabs (the original purpose of the enclosure is a junction box) and, for further security
with a pair of nuts and bolts. A hole was cut in the back of the enclosure for the GPR data/power cable to
pass through.
The GPR weighs 3 kg. The enclosure weighs about 8 kg. Total weight including the brackets and hardware
but excluding the cable is 12.3 kg.

2.2.4 Basic Verification and Testing of GPR Operation in Enclosue
The enclosure that will mount to the helicopter and contain the GPR is made from PVC (see Appendix B:
Enclosure Technical Specification) which, theoretically, should be transparent to the GPR signal. However,
to confirm that the GPR enclosure (and hardware) were not unduly affecting the transmission and receipt of
the GPR signal, i.e., to ensure that the enclosure is not affecting the signal, a simple stationary test was
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performed to compare the data recorded by the GPR when it was mounted inside the enclosure and whilst
free standing.
The experiment setup and results can be seen in Figure 10. The GPR was first tested in the enclosure. The
enclosure was placed on the concrete floor of the loading bay at C-CORE. It was set to free-run mode and
left running for some seconds to collect data. Because the unit was not moving all that is being recorded is a
continuous return of the GPR reflecting of the concrete floor, the sub-floor and the material below. This can
be seen in the results plot on the left hand side of Figure 10. The GPR was then removed from the enclosure
and placed in the same location (orientation marks in chalk can be seen in the photograph) directly on the
concrete floor and was again set to gather data. By comparing the radargrams from the two tests, it can be
verified that there is no notable difference hence confirming that the enclosure is not affecting the GPR
signal.

(i)

(ii)

(iii)

(iv)
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Figure 9. Design of the GPR mounting system : (i) sketch of the enclosure, the GPR, the hanging supports,
and the aluminum brackets that carry the weight of the GPR and enclosure; (ii) side view, with side panel
removed. G1 mount to the helicopter is in the top left of the photograph. (iii) rear – side view. Cable and

(i)
cable cover can be seen and (iv) rear – side view with side panel secured

(ii)

Figure 10. Photographs and results from the verification test to confirm that the enclosure is transparent to
the GPR signal (i) with the GPR mounted in the enclosure, and (ii) removed from the enclosure. The
radargram traces underneath each photograph show the results of a short stationary GPR survey - of the
concrete floor, the sub-floor and the building foundation – it can be seen that there is no notable difference
in the signals.
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2.3 Data Analysis
2.3.1 Overview
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 permittivities (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 inferences about the material
underneath. An approximate 500 m sample of the Churchill River GPR trace, as seen in the GPR analysis
software - the GPR system is supplied with a bespoke software package, EKKO Project2, for managing,
viewing and interpreting the data -is show in Figure 11.

Figure 11. Sample of the Churchill River GPR trace. 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 water-depth,
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

2

The analysis performed in this report uses EKKO Project version V5 R1
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strong reflector but, depending on the spatial resolution of the surface roughness, the signal can become
smeared. Snow can also been seen but, again, depending on the snow (age, moisture content, temperature
etc.) can be a blurred signal. The systematic 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 systematic humps
and troughs.
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 in two-way travel time (right hand Xaxis). 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.

2.3.2 Processing Steps
To extract the thickness data the analyst must perform the following tasks:
1. Identify the survey to be analysed and open it in EKKO Project, the GPR processing software (Figure
12)
2. Pre-processing:
a. Re-process line to GPS – this realigns the location of the traces in accordance to the GPS
positional data rather than an estimate based on the speed parameter
b. Change Velocity to 0.16 m/ns – speed of signal in ice
3. Zoom-in until there is sufficient detail visible to identify the interfaces – usually to less than 500 m
on the X-axis (Figure 13).
4. Start the “add polyline” function.
5. Identify the white-black-white set that represent the reflection from the upper surface of the
water/bottom of the ice and draw a polygon along the reflection (Figure 13). Save the polyline.
6. If present, identify the white-black-white set that represent the reflection from the top of the ice
and draw a polygon along the reflection (Figure 13). Save the polyline.
7. Move on to the next segment of the survey and repeat 4) and 5).
8. Once the section of GPR trace has been analysed, export the polylines (CSV file containing position
and depth of polylines). The data can be exported at the source resolution, determined by the
GPS/GPR, or at regular, interpolated values.
9. In Excel (or similar software tool e.g., Python), open the CSV file, undertake post processing to
match the positions of upper and lower and compute the difference between the two depths,
giving the ice thickness at each position (Figure 15).
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Figure 12. Screenshot of EKKO software

Figure 13. Screenshot of EKKO Line view showing a subsection of the GPR trace at a zoom level that shows
sufficient detail to draw the polylines and identify the upper (green) and lower surfaces (brown).
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Figure 14. Screenshot of EKKO viewer showing ‘upper’ and ‘lower’ interpretation polylines, the position of
the interpretations in relation to the helicopter track can be seen highlighted in green in the MapView
window
(2nd
panel)

Figure 15. Plots (generated in Python) showing upper and lower surface of ice as identified in EKKO Project
(Figure 13) and the computed ice thickness.
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2.4 Comment on Time Required for Data Processing
Interpretation of the upper and lower interfaces and drawing of the polylines is a manually intensive
process (Steps 4 and 5 in the processing chain). The analyst needs to zoom to a section of the survey that is,
usually, less than 500 m in length so that they can see sufficient detail to draw the polylines. The time
required to draw the polylines depends on a number of factors:
(i) Presence or absence of open water along the survey track: stretches of water do not need to be
analysed.
(ii) Presences or absence of snow cover and, if snow is present, the depth and type of snow;
(iii) Surface roughness of the top of the ice;
(iv) Sub-surface roughness of ice;
(v) 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)
(vi) Specific to the Churchill River, presence of sandbars merging with the ice base.
Factor (i) reduces the amount of time required to process, 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
required detail and coverage required from the data set. As an example, in Figure 16, the GPR trace has a
section of rough ice. At the presented LineView resolution, an analyst would struggle to accurately interpret
the data.

Figure 16. Screenshot of GPR trace that includes a section of rough ice.
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The analyst would have to zoom in to great detail to identify and mark out the interfaces. Alternatively they
could (i) ignore the rough ice and not draw polylines; or (ii) ignore the rough section and approximate
thickness by joining the interfaces of the smoother ice to the left and right.
Because of the manual aspect of analysis, the degree of interpretation is both a judgement call from the
analyst and a cost-benefit exercise of detail required against the labour that must be consumed to produce
the results, i.e., the analyst can perform a “quick and dirty” estimate to capture the general trend
(smoothing the roughness) or a highly accurate tracing of the reflection. This will determine the amount of
time required to analyse the Survey Line.

2.5 Selection of Thickness Data to Analyse
For the freeze-up survey, nearly 160 km of data was collected. To process about 500 m of survey data takes
about 15 minutes. This was not appreciated during the proposal writing phase. Estimated processing time
for each survey is presented in Table 4.
Table 4. Survey lengths and estimated time for analysis.
Total Length of Survey [km]

Estimated time to process
@ 0.5 hr / 1000m

Survey day 1

51.4

26

Survey day 2

10.2

5

Survey day 3

23.2

12

Survey day 4

42.0

21

Survey day 5

32.8

16

159.8

80 hr (11 work days)

Survey

Total

There is insufficient budget in the project to process all the surveys. As such, it was decided to analyse a
small subset of the data focussed on the ice formation near the Mud Lake Crossing. In addition, the selected
survey would highlight the strengths, and expose any weaknesses, of the GPR method and to gain
experience in the processing steps. To this end, the following data sections were selected to be processed:
(i) the section of Survey Day 4 at the Mud Lake Crossing along which BH1 and BH2 boreholes were
drilled;
(ii) as above, but from Survey Day 1, i.e., the section along the Mud Lake Crossing along which BH1 and
BH2 were drilled on Survey Day 4;
(iii) the sections of Survey Day 4 at the locations where the other Boreholes were drilled.
These sections were chosen because they would allow the following analysis to be made:
(i) Compare the Borehole data to the GPR derived thickness measurement, an essential step to
evaluate the quality of the GPR data;
(ii) Compare ice thickness data from Survey Day 1 with ice thickness data from Survey Day 4 to
investigate if there was a discernible growth in ice thickness. The two surveys were conducted five
days apart.
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During the processing of the surveys, a bug in the EKKO Project software was discovered. Once the upper
and lower interfaces have been drawn - in the form of polylines – they must be exported so that the
thickness can be computed. The analyst can define the required horizontal resolution to export the data at.
For some projects, e.g., Survey Day 4, an export at 1 m causes the software to crash; at 5 m the software
can successfully export the data. However, Survey Day 1 can be exported at 1m. The bug was reported to
S&S and they are in the process of fixing it. As such, in addition to the analysis above a comparison between
1m and 5 m will be made.

2.6 Field Activities (Flight Operations)
Two field activities were planned and executed as part of this initial phase of the project and are covered in
this interim report (a further survey is planned for the break-up period).
Field Activity I was an equipment check and test flight; the objectives being to install the GPR system on the
helicopter and ensure that the helicopter operator was satisfied to fly with the GPR installed on the
helicopter, and then to undertake a test flight to shake-down the system and develop the GPR operating
parameters. This activity was planned to take place in a single day.
Field Activity II was the freeze-up survey, planned to be five days of surveys, ideally one day after the other,
but with some contingency days planned to be flexible in the case of inclement weather restricting flight
operations.
As the purpose of the test flight (Field Activity I) was to develop GPR operating configurations, it is discussed
here as part of the methodology. The data gathered during the freeze-up survey (Field activity II) is
presented in the results section.

2.6.1 Field Activity I – Test Flight
The test flight was undertaken on Thu. 7th Dec. Objectives of this activity were:
1. Install GPR mounting hardware on the helicopter, route all cables (Universal Helicopter’s
technicians would mount the GPR system and route the cables), and setup the equipment - DVL and
ancillary equipment (GPS, GPR batteries, logbooks and cameras) - for the GPR operator in the
cockpit.
2. Review the system with Universal Helicopter’s Director of Maintenance and ensure that the
helicopter operator is satisfied to undertake flight operations with the GPR system.
3. Review the system and planned surveys with the pilot to develop a plan for the test flight and the
survey flights.
4. Undertake a test flight to test and optimize the GPR configuration parameters for the helicopter
survey.
5. Through the lessons learned, develop/evolve the flight plans and operational protocols for the
freeze-up survey.
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Equipment check

The GPR system was installed onto the helicopter in less than two hours on the morning of the test flight.
There were no issues. Universal Helicopter’s Director of Maintenance was satisfied with the GPR system
and gave the go-ahead for undertaking flight operations. Post install photographs can be seen in Figure 17.
The system was powered-up and GPR operation was confirmed.

(i)
(ii)
Figure 17. Photographs of GPR enclosure after mounting on the helicopter , (i) from port side (pilot’s side)
whilst cable is unsecured and enclosure is open exposing the GPR, and (ii) from starboard side
(passenger/operators side) with cabling properly secured -- the yellow DVL to control the GPR system can
be seen in the cockpit of the helicopter.
2.6.1.2

Test Flight

Mud Lake was selected to undertake the initial test flights of the GPR system. The lake had been freezing
over since late November so had a consolidated layer of ice on it. Snow was present on the surface. Depth
of snow and ice thickness were unknown.
A briefing was held with the pilot to discuss the objectives of the test flight and what flight profiles he
would be comfortable flying under differing weather conditions. The plan was to 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. The first problem identified was that the GPR system (GPR configurations) operates in SI units
whereas the pilot and helicopter operated in imperial units. A conversion table had to be drawn up to allow
the operator to communicate the different required flight profiles (in imperial units) to the pilot and to
configure the GPR (in SI units) for each of the configuration settings.
Weather conditions were good on the day of the flight. The temperature was around -5°C with NE winds of
about 20-40 km/hr. Visibility was good.
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The results obtained over Mud Lake (see next section) were promising and the parameter configuration
settings were repeated over the Mud Lake Crossing to test the configurations on the rougher river ice that
was still forming. In total 17 surveys were made, the tracks of which are shown in Figure 18. Lines 1 and 2
were used to test the general operation of the GPR and were not acquired over ice. Lines 3 to 10 were
acquired over Mud Lake. Lines 11 to 17 were acquired from the river.

Figure 18. Map showing GPR lines acquired during the Test flight (7th Dec.). Background is a Sentinel 1A
satellite image acquired the day prior. No image was acquired on the 7th. The smooth ice of Mud Lake can
be seen as a black reflector, whereas the rougher ice in Lake Melville and forming up in the river mouth can
be seen as brighter reflectors.
2.6.1.3

Evaluation of Initial Results

The test flight data set was reviewed with S&S and confirmed that many of the configurations were
generating good data for the flight profiles that were being used. For example, line 6, shown in Figure 19
was identified as a good dataset, hence the parameter configuration is usable. From the analysis of the test
flights with S&S a look-up table of configurations could be drawn up as presented in the next section.
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Figure 19. Screenshot from Line 6 acquired over Mud Lake during the test flight.
2.6.1.4

Parameter Configurations

The optimal configurations developed after the test flight are shown in Table 5. These configurations were
used as the basis of the Freeze-up surveys. It should be noted however that they were further refined
during the Freeze-up due to: (i) the operator gaining experience at ‘reading’ the data during acquisition, and
performing limited analysis in the down-time between the surveys to better understand the data being
gathered and (ii) variable weather conditions - making it either easier or harder for the pilot to fly at a lower
level, e.g., better light and lower winds meant that the pilot could safely fly lower which allowed the
operator to reduce the Depth/Time Window and increase the Step Size.
Configuration 3 and 4 were included after the test flight to give options to the operator for a faster survey,
or a higher resolution survey.
The target flight profile is presented in mph and ft because the helicopter instrumentation and pilots
operate solely in imperial units. Although unconventional for a technical document, the imperial format is
maintained here as this is how the pilot and GPR operator communicated.
Table 5. Look-up table of optimal GPR configurations after test flight.
Depth/Time
Window [m
(ns)]

ID

GPR
Speed
[km/hr]

Target Flight
Profile
Speed@Altitude
[mph@ft]

Step
size [m]

Stacks

Note

1

15 (100)

50

30@20

0.5

4

Main configuration

2

20 (133)

50

30@30

0.5

4

If pilot needs to fly higher (e.g.
low visibility, higher wind
speeds)
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Note

3

15 (100)

50

30@20

0.25

2

If greater resolution is required.
Note reduction in stacking.

4

15 (100)

65

40@20

1

4

If a higher speed survey is
required to cover more
distance

2.6.2 Field Activity II – Survey
At the KO meeting, it was decided that the Freeze-up survey would start as close in time as to when the
residents of Mud Lake stared crossing the river on snowmobile. Throughout late November and into
December Dave Scruton of SEM had regular communication with Jordon Hope, a Mud Lake resident and
historical observer of the Churchill River ice behavior to determine when this might be. A few residents
started crossing the river on Saturday, December 9th, and the trail was marked by Monday morning (D.
Scruton, pers. comm., Dec. 11, 2017). Given all equipment was already in Goose Bay since the Test flight
and was still fitted to the helicopter, mobilization was relatively rapid.
The data gathered during the freeze-up survey is presented in the results section.
As part of the Freeze-up Survey seven borehole measurements were made from which direct thickness
measurements were taken. The boreholes were drilled using a hand powered auger and a Kovacs ice
measurement system as show in Figure 20. The location and measurements obtained are discussed and
compared in the results section.
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(iii)

Figure 20. 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.
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Results

The results section is separated into data collection which describes each day’s survey during the Freeze-up,
followed by a description of the analysis of the data. Finally, a sample ice thickness product is presented.

3.1 Data Collection - Freeze-up Survey (Field Activity II)
The Freeze-up survey took place between Tuesday 12th of Dec and Monday 18th of Dec. Five surveys were
undertaken with two no-fly days due to inclement weather. The map show in Figure 21 is an aggregate of
the survey tracks undertaken. Nearly 160 km of data were collected.

Figure 21. Map of all flight tracks, and the boreholes from which ice thickness measurements were taken,
from the freeze-up survey.
The survey diary is presented in Table 6. The final column in Table 6 describes the satellite type that
acquired an image on the same day as the survey was executed. Sentinel 1, COSMO-SkyMed and RSAT2
carry synthetic aperture radar systems are able to acquire images day and night and regardless of weather,
i.e., through cloud. Sentinel 2 carries an optical sensor. Sections 3.1.1 to sections 3.1.5 present, for each
days survey:
(i) a map of the survey track overlayed on a synthetic aperture radar satellite image, acquired on the
same day;
(ii) a brief summary of each day’s survey (e.g., flight times, weather, data collected, length of survey);
and a description of the GPR data that was acquired.

30

Lower Churchill River Ice Thickness Survey from Helicopter-mounted Ground
Penetrating Radar, Interim Report
Nalcor Energy
Report no: R-17-052-1398

Issue 1.0

March, 2018

Table 6. Diary of field work
Activity

Date

Notes

Survey day 1

Tue.
12/12/2017

Survey undertaken from Mud
Lake Crossing to Muskrat
Falls. Objective was to refine
GPR parameters based on
test flight and find a range of
configurations that can be
used under a variety of flight
conditions.

51,444

Sentinel 1

Survey day 2

Wed.
13/12/2017

Surveyed nearly to Blackrock
Bridge. Started survey, but
weather cut flight short prior
to Blackrock Bridge

10,231

Sentinel 2, COSMO-

No fly

Thu.
14/12/2017

No flying. Storm. Snowfall
total 76cm

~

COSMO-SkyMed

No fly

Fri.
15/12/2017

No flying. Poor conditions,
overcast and windy

~

Sentinel 2

Survey day 3

Sat.
16/12/2017

Reasonable flying conditions.
Survey undertaken from Mud
Lake Crossing to Muskrat
Falls.

23,223

Sentinel 1

Survey day 4

Sun.
17/12/2017

Objective was to obtain ice
thickness measurements
from boreholes and survey
as much ice as possible.
Seven boreholes were
acquired and the ice was
surveyed up until Blackrock
Bridge

42,041

RSAT2

Mon.
18/12/2017

Survey undertaken from Mud
Lake Crossing to Muskrat
Falls.

32,768

Survey day 5

Total survey
distance [m]

Coincident satellite
imagery

SkyMed

COSMO-SkyMed

Sentinel 1 and Sentinel
2 (partial coverage)

The column headings, and significance behind them, in Table 8, Table 10, Table 12, Table 14 and
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Table 17 are:








Line ID – the code, in the form ‘PnLm’, used to uniquely identify the GPR line where n and m are
integers. Hence project P1L1 identifies Line number 1 of Project 1.
Target flight parameters – this column describes the target speed and altitude that the pilot was
instructed to fly at (in mph and ft). It is presented in mph and ft because the helicopter
instrumentation and pilots operate solely in imperial units and this is how the pilot and GPR
operator communicated. The GPR settings would be set to best optimise data collection for the
target flight parameters.
GPR Configuration – A code to represent the GPR parameter configuration (see Section 2.1.5 and
Section 2.6.1.4) that was used for each GPR line. The code is written in the form D/S/R/Sk were:
o D = Depth/Time Window (m[ns])
o S = (planned) Survey Speed (km/h)
o R = Step size (resolution to me (m)
o Sk = Number of stacks
For example, a code of 15[100]/50/0.5/4 signifies a Time/Depth Window of 15 m which equates to
100 ns, a Survey Speed of 50 km/h (the targeted helicopter speed would be ≈30 mph [30 mph ≈ 48
km/h), a step size of 0.5 m and a stack setting of 4.
Line length –the length of the survey line
Comment – a note on how the data looked as it was being collected and, if unsatisfactory, what
corrections would be applied.

In Table 8, the GPR overview for Survey Day 1, the changes between GPR configurations are presented in
red font to highlight these changes. This is not repeated in the other tables.

3.1.1 Survey Day 1 – Tue. 12th

Figure 22. Map showing GPR lines acquired on Survey Day 1 (12th Dec.). Background is a Sentinel 1 image
acquired on the same day.
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Table 7. Survey Day 1 overview
Date

12/12/17

Start time

13:30

End time

15:30

Weather

Clear blue sky. Some wind (20-40 km/h). Cold (-22degC).

Survey plan

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

Post survey notes
Number of lines
captured

8

Total length of data
gathered [m]

51,444

Table 8. Survey Day 1 line segment details. Note, to highlight the changes between GPR configurations red
font is used. Subsequent tables do not have this colouring; it is presented here as an example.
Line ID
[Project/
line]

Target flight
parameters
Speed [mph]
/altitude [ft]

GPR
Configuration
[D/S/R/Sk]

Line length
[m]

P4L1

30@20

15[100]/50/0.5/4

1343

Systems check over lake ice. Windy, was
knocking the helicopter around. If pilot went
above 20 ft then the data could drop off the
screen. To correct, increase Depth/Time
window and retry survey

P4L2

“

20[133]/50/0.5/4

5757

Start of river crossing survey. Trying to
establish baseline settings

P4L3

“

20[133]/50/1.0/4

2805

Experiment over similar ground to test 1m
resolution

P4L4

30@15-20

15[100]/50/0.5/4

22548

Winds have eased up. Maybe local effect.
Back to 0.5m resolution. Churchill River
survey. Pilot will try to stay in 15-20 ft range.

P4L5

40@15-20

15[100]/65/1.0/4

2607

Return journey. Tried flying at faster speed.
Going to try reducing the depth.
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Line ID
[Project/
line]

Target flight
parameters
Speed [mph]
/altitude [ft]

GPR
Configuration
[D/S/R/Sk]

Comment

P4L6

“

10[66]/65/1.0/4

4542

Reduced the depth. Better results.
With the reduced depth, is it possible to
return to 0.5 m resolution

P4L7

“

10[66]/65/0.5/4

7326

Pilot let his speed creep up to 70 km/hr
(approx 45 mph) during the survey. Data
‘seems’ alright. Attempted to see if survey
can be run at that speed. Change settings to
80 km/hr the maximum allowable on the DVL
and get pilot to fly at 15-20ft @ 50 mph

P4L8

50@15-20

10[66]/80/0.5/4

4516 m

Data appears to be collected satisfactory.
Quality needs to be assessed during analysis.
But only practicable with perfect flying
conditions.

3.1.2 Survey Day 2 – Wed. 13th

Figure 23. Map showing GPR lines acquired on Survey Day 2 (13th Dec.). Background is a CSK image acquired
on the same day.
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Table 9. Survey Day 2 overview
Date

13/12/17

Start time

09:15

End time

10:15

Weather

Overcast, low light, light winds, turning to blowing snow

Survey plan

Forecast was for heavy snow starting in AM. Could continue until next few days.
Wanted to get as much surveying in as possible before snow. Focus on river mouth,
Mud Lake Crossing, and up river for a while. Based on S&S comments about
“Reposition Using GPS” and subsequent table and his comment the data is 'okay'.
Run L1 and L4 from Tues gave best resolution. Repeat these settings.

Post survey notes

Flat light and no texture caused problems for the pilot to fly low. It took a bit of
experimentation to find a sweet spot. Need to derive a handful of configurations

Number of lines
captured

5

Total length of data
gathered [m]

10,231

Table 10. Survey Day 2 line segment details
Line ID
[Project/
line]

Target flight
parameters
Speed [mph]
/altitude [ft]

GPR Configuration

Line length
[m]

P6L1

30@20

15(100)/40/0.35/4

674

Flight over lake. Flat light, poor horizon
and zero texture on lake caused difficulty
flying at 15-20 ft. Pilot called run off. Went
to try on river to see if there was more
texture.

P6L2

20[133[/40/0.35/4

1237

Over land, trying to find acceptable
parameters.

P6L3

20[133]/40/0.35/4

82

Short run. Trying to find acceptable
parameters and comfortable flying
parameters

P6L4

15[100]/40/0.35/4

149

P6L5

10[ 67]/40/0.25/4

8087
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3.1.3 Survey Day 3 – Sat. 16th

Figure 24. Map showing GPR lines acquired on Survey Day 3 (16th Dec.).Background is a Sentinel 1 image
acquired on the same day.
Table 11. Survey Day 3 overview
Date

16/12/17

Start time

14:15

End time

16:15

Weather

Cold (-12), clear skies, N to E winds at 20-40km.

Survey plan

Survey up to Muskrat Falls

Post survey notes

None. One line, data seems reasonable

Number of lines captured

1

Total length of data gathered
[m]

42,041

Table 12. Survey Day 3 line segment details
Line ID
[Project/
line]
P7L1

Target
flight
parameters
Speed [mph]
/altitude [ft]
25@15-20

GPR Configuration
Depth/speed/step
size/Sk

Line length
[m]

10[ 67]/40/0.25/4

10397

36

Comment

Main Survey. 25 mph felt quite slow
after 30 mph on day 3.
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3.1.4 Survey Day 4 – Sun., 17th

Figure 25. Map showing GPR lines acquired on Survey Day 4 (17th Dec.). Background is a COSMO-SkyMed
image acquired on the same day. Borehole locations are shown as yellow diamonds. Note LINE1 was a test
line at the helicopter base and is not shown.
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Table 13. Survey Day 4 overview
Date

17/12/17

Start time

11:00

End time

13:00

Weather

Cold, clear skies, N to E winds at 30-50km.

Survey plan

Weather forecast good. Undertake survey with the goal of taking boreholes. Aim
for 4 boreholes around Mud Lake Crossing and then a number of boreholes
working up river.

Post survey notes

Seven boreholes were made

Number of lines captured

5

Total length of data
gathered [m]

42,041

Table 14. Survey Day 4 line segment details
Line ID
[Project/
line]

Target
flight
parameters
Speed [mph]
/altitude [ft]

GPR Configuration
Depth/speed/step
size/Sk

Line length
[m]

Comment

P8L1

30@15-20

10[ 67]/50/0.3/4

10397

Initial run to scope out boreholes sites
for Mud Lake Crossing

P8L2

25@15-20

10[ 67]/40/0.25/4

2330

'high' res run over Mud Lake Crossing @
25mph/20ft
DVL froze along the 3rd leg. Giving
following error messages:
- Unable to compute stacking
- Unable to stop timing calibration
Rebooted.

P8L3

25@15-20

10[ 67]/40/0.25/4

878

Continuation of the run above

P8L4

30@15-20

10[ 67]/50/0.25/4

231

Forgot to reset settings to 50 km/h, so
restarted

P8L5

30@15-20

10[ 67]/50/0.40/4

28203

3.1.4.1

Main Survey

Borehole Data

The data collected from the seven boreholes that were drilled during Survey Day 4 is shown in Table 15
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Table 15. Snow depth and ice thickness data collected from boreholes
Bore-hole
ID

Location

Longitude

Latitude

Snow depth
[cm]

Ice
thickness
[cm]

Notes

BH1

Mud Lake Crossing
1–N

-60.184873

53.331655

10-12

31

Relatively easy
to bore the
hole, estimate it
took about a
minute to bore
the hole

BH2

Mud Lake Crossing
2–E

-60.17272

53.328592

10-12

30

“

BH3

Mud Lake Crossing
3- S

-60.177938

53.32323

8-10

19

“

BH4

Mud Lake Crossing
4-W

-60.186713

53.328203

10-12

29

“

BH5

Man o’War Island

-60.220005

53.302325

6-8

48

No observation
was made on
the difficulty of
the ice to drill
through. It may
have taken
more time than
BH1-4, but no
record of time
was made

BH6

South of Goose-Bay
(Birch Island
Comms Tower)

-60.305147

53.280807

No
discernable
snow

29

Hard ice to drill
through. Took
3-4 times the
effort to bore
into the ice
than first 5
holes

BH7

Peter Jackie’s Brook

-60.352178

53.273178

No
discernable
snow

27

Very hard ice to
drill through.
Even harder to
drill than
before.
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3.1.5 Survey Day 5 – Mon. 18th

Figure 26. Map showing GPR lines acquired on Survey Day 5 (18th Dec.).Background is a Sentinel 1 image
acquired on the same day. Note, LINE4 is a tiny segment to the west of LINE5; the label for LINE4 has been
removed so as to not obscure LINE5.
Table 16. Survey Day 5 overview
Date

18/12/17

Start time

08:50

End time

09:50

Weather

Cold, blue skies, N to E winds at 30-50km.

Survey plan

Weather forecast good. Undertake survey from Lake Melville up until Muskrat Falls with
transects at Mud Lake Crossing and Blackrock Bridge, maybe with a quick survey of the
ice above Muskrat Falls.

Post survey notes

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. DVL crashed a couple of times; reboot fixed the problem.

Number of lines
captured

5

Total length of
data gathered [m]

32,768
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Table 17. Survey Day 5 line segment details
Line ID
[Project/
line]

Target flight
parameters
Speed [mph]
/altitude [ft]

GPR Configuration
Depth/speed/step
size/Sk

Line length
[m]

Comment

P9L1

30@15-20

10[ 67]/50/0.40/4

4043

Initial survey from Lake Melville up river
with Mud Lake Crossing transects. GPR
battery failed. End of L1.
Needed to return to Universal Helicopters
base to collect a new battery. Flew upriver
to start survey from upstream.

P9L2

“

“

2816

New line started to survey ice above
Muskrat Falls. Had to fly up and over dam,
so L2 ended.

P9L3

“

“

20676

Survey downstream from Muskrat Falls
basin to east of Goose Bay at which point
DVL software failed with error message
“Unable to set stacks”. Ended L3.

P9L4

“

“

155

P9L5

“

“

5076

Same problem as above. Rebooted DVL.
Reboot appeared to have fixed the
problem. Finished up survey, returning to
Mud Lake Crossing to cover the section that
was missed after L1.

3.2 Analysis of Thickness Data
The results are presented in the following order:
(i) Comparison of the data exported at 1 m and 5 m;
(ii) Comparison of the Borehole data to the co-located GPR derived thickness measurement, an
essential step to evaluate the quality of the GPR data; and
(iii) Comparison of ice thickness data from Survey Day 1 with ice thickness data from Survey Day 4 to
investigate if there was a discernible growth in ice thickness. The two surveys were conducted five
days apart.

3.2.1 Comparison of 5 m and 1m Resolution Data
Figure 27 shows a comparison between polylines, from a Mud Lake Crossing section of the survey, exported
at 1 m and at 5 m. As can be seen, the absolute difference in accuracy between the two resolutions is
minimal. The mean absolute difference is 3.5 mm ± 4.3 mm and a maximum of 2.2 cm.
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Figure 27. Comparison plot between GPR data exported at 1m and 5 m resolution

3.2.2 Extraction of GPR Thickness Data at Borehole Locations
Borehole measurements of ice thickness were made as part of Survey Day 4. Seven Boreholes were made in
total. Four around the Mud Lake Crossing (Figure 28) and three along the survey track working upstream
(Figure 29). The location of the boreholes were marked in the DVL, and hence on the survey lines, using the
fiducial markers.

Figure 28. Detail of Mud Lake Crossing showing four boreholes and survey tracks. Map and image details as
in Figure 25.
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Figure 29. Detail of upstream boreholes and the survey track.
To compare GPR estimated thickness data with borehole measured thickness data, a post-processing
routine was written (in Python) to co-locate the GPR thickness at the location where the borehole was
drilled. The following figure-pairs (Figure 30 and Figure 31, Figure 32 and Figure 33, Figure 34 and Figure 35)
present in the upper plots the EKKO Project view for the GPR data at the locations of the boreholes and the
lower plots, generated after post processing, showing the location from where the GPR estimated thickness
data was extracted.

Figure 30. Screenshot of GPR data from Survey Day 4 for BH1, BH2, and BH3. F1, F2 and F3 in the MapView
window are the locations of boreholes BH1, BH2 and BH3 respectively. The analysed sections (green and
blue polylines) in the Line Preview window correspond to BH1 (left), BH2 (on the right of BH1) and BH3.
Note F4, which equates to BH4, is not included in this survey line because the DVL crashed and had to be
restarted. It is presented in the next set of figure-pairs.
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Figure 31. Upper plot showing upper and lower surfaces exported from the GPR data section for BH1,BH2
and BH3. The lower plot shows the computed thickness data, and the locations (blue line) at which the
thickness data that corresponds to the borehole data was extracted.

Figure 32. Screenshot of GPR data from Survey Day 4 for BH4. F4 on the MapView window is the location of
the Borehole BH4. The analysed section in the Line Preview window corresponds to BH4.

45

Lower Churchill River Ice Thickness Survey from Helicopter-mounted Ground
Penetrating Radar, Interim Report
Nalcor Energy
Report no: R-17-052-1398

Issue 1.0

March, 2018

Figure 33. Upper plot showing upper and lower surfaces exported from the GPR data section for BH4. The
lower plot shows the computed thickness data, and the locations (blue line) at which the thickness data
that corresponds to BH4 was extracted.

Figure 34. Screenshot of GPR data from Survey Day 4 for BH5, 6 and 7. On the MapView the flight direction
was right to left. F8, F3 and F4 correspond to the locations of boreholes BH5, BH6 and BH7 respectively. The
three flat sections in the Line Preview window correspond to where the helicopter landed and was
stationary, but the GPR was gathering data, while boreholes and ice thickness measurements were made.
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Figure 35. Upper plot showing upper and lower surfaces exported from the GPR data section for BH5, BH6,
and BH7. The lower plot shows the computed thickness data, and the locations (blue line) at which the
thickness data that corresponds to BH5, BH6 and BH7 were extracted.
3.2.2.1

Comment on Borehole and GPR Thickness Measurements

During this post-processing activity it was realised that the operational process for acquiring the boreholes
and the co-located GPR thickness can be improved. These were only identified once the post-processing
activity was undertaken.
(i) The DVL unit that was rented did not allow the operator to snapshot the latitude/longitude ‘on-thefly’ so an operator could not, using the fiducial marker method, return to exactly the same location
where the survey had overflown to make the borehole.
(ii) BH1 to BH4 were drilled along the Mud Lake Crossing. Because it was the first time boreholes had
been drilled from the helicopter there was uncertainty as to how long it would take. As such it was
decided to acquire the boreholes first – flying rapidly between the sites -- and then, once obtained,
to re-fly the track to obtain the GPR trace. The pilot has a planned flight track visible on his GPS (at
the start of the survey week an initial flight track was designed and given to the pilot and it was
uploaded into his GPS; the goal was to fly this same track each survey to allow a direct comparison
to be made). The pilot is able to approximately follow the track, but depending on conditions (wind,
visibility) that effect the pilot’s workload there is along track deviation, estimated to be within +/15 m (this could be better computed with further analysis). As such the repeat measurements have
a similar error. This was most evident with BH1. See Figure 36.
(iii) BH5 to BH7 where drilled as part of the up-river survey. No overflight survey was made. The
approximate location for the borehole was identified and the helicopter came to land in a gliding
descent. The consequence of this method is the GPR trace is vertically distorted by the changing
altitude of the helicopter reducing confidence in the accuracy of the interpretation.

47

Lower Churchill River Ice Thickness Survey from Helicopter-mounted Ground
Penetrating Radar, Interim Report
Nalcor Energy
Report no: R-17-052-1398

Issue 1.0

March, 2018

Given these observations, the set of boreholes are estimated to be indicative of the GPR trace within an
approximate 15 m radius circle.

Figure 36. Screenshot of GPR data around BH1. The borehole was drilled at F1. GPR data was collected
along the thicker green track. The red flag corresponds to the red line on the Line Preview window, this was
the location from where the GPR thickness was extracted. Interpretation of this trace was challenging and
the resultant thickness is not high. The borehole is approximately 15 m from the location where the GPR
thickness
was
extracted.

(i)
(ii)
Figure 37. GPR traces at BH5 , (i) is the trace prior to the helicopter glide landing. The flat section is where
the helicopter had landed and the GPR was left running. (ii) Screenshot shows a zoom-in at the nearest
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interpretable location to the borehole. The steepness reduces confidence in the interpretation and is over
ten meters from where the helicopter touched down.

3.2.3 Comparison of GPR Thickness and Borehole Measurements
Table 18 summarises the thickness measurements taken from the boreholes and the GPR derived thickness
measurements, the computed error (both in cm and as a percentage). As discussed in the previous section,
the GPR extracted thickness data co-located around BH1 and BH5 was identified as problematic and hence
there is lower confidence in their accuracy. For comparison, values have been calculated using (i) all the
data and (ii) with the ‘low-confidence’ data co-located at BH1 and BH5 data removed.
Table 18. Measured vs. estimated ice thickness
Borehole
ID

Borehole
Ice
thickness
[cm]

Location

GPR competed
ice thickness
[cm]

Error
[cm [%]]

Notes

BH1

Mud Lake Crossing 1 North

31

17.6

13.4 [43]

BH2

Mud Lake Crossing 2
East

30

22.7

7.3 [24]

BH3

Mud Lake Crossing 3
South

19

21.1

-2.1 [11]

BH4

Mud Lake Crossing 4 West

29

19.5

9.5 [32]

Mean

Just Mud Lake Crossing
data

27.3

20.2

7.0 [26]

BH5

Man o’War Island

48

27.8

20.2 [42]

Poor operational process
(see Section 3.2.2.1) and
subsequently difficult to
draw polylines. Flagged
as low-confidence

BH6

South of Goose-Bay

29

26.9

2.1 [7]

Poor operational process
(see Section 3.2.2.1), but
less problematic to
interpret than BH5

BH7

Peter Jackie’s Brook

27

28.0

-1.0 [3]

Mean

With all data

30.4

23.4

7.9 [23]

Mean

Only high confidence data

26.8

23.6

3.1 [16]
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Computing root-mean-square (RMS) error as:
∑(𝑥 − 𝑥̅ )2
𝑅𝑀𝑆 = √
,
𝑛−1
gives, using only the high-confidence data, an RMS of 6.2 cm. Including the low-confidence data in the
calculation increases the RMS to 11.1 cm.
It should be noted that the dataset is small and does not cover a significant range of ice thicknesses. A
larger ranges of thickness would build a more representative dataset.

3.2.4 Comparison of Ice Growth between Survey Day 1 and Survey Day 4
The initial survey was requested to take place during freeze-up. The objective of the survey was to
undertake five surveys on five consecutive days, if weather permitted. By repeating the survey along the
same track the GPR could potentially record the daily thickening rate. To investigate if the GPR was able to
capture the thickening of the ice over a relatively short time period a comparison of the Mud Lake Crossing
section from Survey Day 1 and Survey Day 4 (both at 5 m export resolution) was made. A map of the
overlapping tracks is shown in Figure 38and a comparison plot is presented in Figure 38. A thickening trend
can be seen from the data-points. To better visualise the trend a 3-point rolling mean function was applied
to the 5 m point data. These data are plotted with a ± 2 cm uncertainty (10% @ 20cm) shading to compare
the overlap. The results are tabulated in Table 19.

Figure 38. Map showing overlapping tracks (highlighted in green) from a section of Survey Day 1 and Survey
Day 4. Background image is from COSMO-SkyMed.
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Figure 39. Comparison plot of thickness data from Survey Day 1 and Survey Day 4 along a section of the
Mud Lake Crossing.

A thickening trend can be observed between the two data-sets. It should be noted that the thickening, both
visualised from the graph and computed from the averages is of the same magnitude as the estimated ±
10% accuracy of the GPR but, making the assumption that uncertainty in the measurements is averaged
out, a thickening trend can be observed.
Table 19. Comparison of GPR derived thickness from Survey Day 1 and Survey Day 4.
Day 1
[cm]

Day 4
[cm]

Change in ice
thickness [cm]

19

22

3

Mean
Standard Deviation

2

3

~

Min

14

15

1

Max

25

29

4

3.3 Sample Product
A sample GPR derived thickness product is shown in Figure 40. The thickness data can be seen along the
Mud Lake Crossing and overlaying the Borehole sites. If the survey data that was gathered was fully
processed, the thickness data (at all locations where both the upper and lower polyline interpretations
could be made and hence the thickness computed) would be visible along the length of the flight track.
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Figure 40. Sample river ice thickness product superimposed on a synthetic aperture radar image.
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Conclusion

4.1 Overview
The objective of this project was to develop the necessary hardware and investigate the feasibility of using
a helicopter mounted GPR system for undertaking river-ice survey work, specifically on the lower Churchill
River. The system developed underwent flight testing from which, and in conjunction with the GPR
suppliers, an operational survey procedure was developed. The system was then used to undertake riverice surveys during the freeze-up period of the Churchill River.
The goal for the freeze-up survey was to undertake a flight, of approximately two hours duration, each day
for five consecutive days. However, because of two days of inclement weather during the period when the
surveys were taking place, this was actually broken into a two-day fly period, two-days no fly period and
then a three-day fly period. As best could be done, given flying conditions, the same track was followed so
that direct comparisons of the survey data gathered could be made. The general trajectory of the flight
track was along the centre of the Churchill River from Mud Lake up to Muskrat Falls with detailing around
the Mud Lake Crossing (a section of the river that the residents of Mud Lake use to snowmobile across the
river, once the river ice permits – the first residents to cross usually mark the trail with small trees stuck into
the snow). The survey route was developed during the initial kick-off meeting. The timing of the start of the
survey was planned to begin as near as possible to when the crossing was first used by the snowmobilers.
The survey was started about two days after the residents started crossing the river on snowmobile. One
survey had to be cut short due to weather. On the penultimate survey, seven boreholes were made and
direct ice thickness measurements were made to be used as ground truth data to compare against the GPR
derived ice thickness data.
Nearly 160 km of data was collected. Analysis of the GPR data is time consuming with full analysis of all the
data estimated to take between 80 and 160 hrs. This amount of effort was not predicted as part of the
initial proposal. As such a select amount of data was processed and analysed and was presented in this
report. The subset of data analysed was chosen to ensure that the capabilities of the GPR system for ice
monitoring could be evaluated.
On Survey Day 1 (12th Dec.) the Mud Lake Crossing section of river ice that was analysed had an average
thickness of 19 cm ± 2cm. Five days later the average thickness was 22 cm ± 3 cm. The GPS supplier
estimates an uncertainty of 10% of the ice-thickness being measured but with careful data gathering and
processing they state that that can be reduced. This was the first time that a GPR based ice survey was
performed by this team. The uncertainty estimate based on comparison with the borehole measurements
with GPR data which we had higher confidence was estimated to be 16%, but there are certainly
refinements to the data gathering process that can be employed to improve to reduce the uncertainty.
Based on the results it is concluded that the helicopter mounted GPR is an effective tool to gather thickness
data over long (many 10’s of km) distances. It requires a certain degree of expertise from the GPR operator
and the data-analyst to gather and process the data, but not more so than other remote sensing or other
earth science data gathering techniques.
Specific conclusions and conclusions about the project are discussed in the following sub-sections.
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GPR System Conclusions

The following conclusions are drawn in relation to the GPR system:














The Noggin 500 Ground Penetrating Radar, manufactured and sold by S&S Inc., was selected as the
system to use for the river ice survey.
The flight profile required to survey using the GPR is to fly low (about 5-10 m elevation) and
relatively slow (40-50 km/h). Because of the need to fly low over the river there is a safety
requirement to us a helicopter mounted with floats. Universal Helicopters, one of the Helicopter
Operators used by Nalcor, operate a Bell 206L fitted with floats (it is fitted with floats all winter for
water quality sampling along the Churchill River).
A custom enclosure was developed to protect the GPR during flight. For safety reasons, the
Helicopter Operators have the final say as to if an external payload can be flown or not on the
helicopter. The operators were consulted frequently during the development of the enclosure.
To simplify the GPR hardware solution so that it might meet flight certification requirements, a
commercially manufactured G1 mount, which is pre-certified (with a Special Flight Operating
Certificate), was used to attach the GPR enclosure to the helicopter. The mount is designed to
attach cinema-grade film cameras to the helicopter airframe. The mount used in this project was
rented from VanCal Cine in British Columbia. The G1 mount system can be mounted to either a Bell
206L or a Bell 407. It is understood that a similar certified camera mount; with the same bolt
pattern, is available for the other helicopters models that are operated by Universal Helicopters and
Canadian Helicopters, e.g., Bell 206 Jet Range, Astar. Assuming availability of the mount and the
same bolt pattern, the GPR system could easily also be mounted onto those helicopters
The Bell 206L was selected as the helicopter that would be used. A Bell 407 could also be used if
required, but it is more expensive to operate.
As part of the test flight the helicopter operators installed the GPR system. It took about an hour to
install. Once installed and inspected, the helicopter operators were satisfied with the sensor
package and cleared it for flight.
The sensor package performed without problem during the test flight. The goal of the test flight
was (i) to test the GPR hardware; (ii) to experiment with the GPR settings to develop a suitable
parameter configuration/set of configurations for performing the surveys.
The GPR parameters control how fast the data can be gathered and at what resolution – the goal
being to record as much data as possible without under-sampling (because the system cannot
process the data fast enough) at a safe flight profile. The four most significant parameters to be
configured are:
o Depth/Time window (how deep the expected target will be);
o Step Size (approximate resolution);
o Speed (helicopter speed over ground);
o Stacking (number of traces signals to stack together to make a single trace).
Initial configuration setting were suggested by S&S and these were tested/refined during the test
flight.
The data gathered during the test flight where reviewed with S&S. The optimum setting were then
identified and used for the surveys. A look-up table of parameter sets and target helicopter
speed/altitudes was defined. Minor refinements were made during the freeze-up surveys as both
the operator and pilot became familiar with the subtleties of surveying using the GPR.
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The Digital Video Logger of the GPR system crashed a number of times during operation. Little data
was lost, but it was an inconvenience.
By the end of the freeze-up survey, when both the pilot and operator had gained experience
collecting GPR data, the optimal parameter configuration assuming reasonable weather was a
parameter setting of 10(66)/50/0.40/4 (Depth-Time-Window/Speed/Step/Stack) and a target flight
profile of 30 mph@ 15-20 ft.

4.3 River Ice Thickness Data
The following bullets summarise the river ice thickness data:








Because of the amount of data that was gathered and the time required to process it a subsection
of data was processed for analysis. A section of the Mud Lake Crossing was chosen, along with the
segments where the boreholes where located. The following analysis was performed:
o Comparison of 1 m and 5 m exported data (from Survey Day 1);
o Extract GPR derived thickness (from Survey Day 4) at the location where the boreholes
were drilled;
o Compare GPR derived, and borehole measured ,thickness data;
o Comparison of data collected along the same track for Survey Day 1 and Survey Day 4. Five
days separated the two surveys.
There is currently a bug in the software that prevents some of the surveys from being exported at
high (<5m) resolution (see section Challenges). To evaluate the impact of the bug a section of a
survey that could be exported at both 1 m and 5 m was compared. The results showed that there
was little difference in the average thicknesses between the two resolutions. This is also interesting
in that potentially, to expedite the processing, a ‘coarser’ analysis could be performed with similar
results; this is discussed as part of the conclusions on future work.
Seven boreholes were collected:
o The thicknesses around Mud Lake Crossing ranged from 19 to 31 cm with an average of
27.3 cm. The equivalent GPR data ranged from 17.6 to 22.7 with an average of 20.2 cm;
o There was some difficulty in extracting the co-located thickness data for two boreholes
(operational process improvement discussed in the next section), these borehole-GPR data
pairs are identified as low confidence. Summarising the ‘higher confidence’ borehole-GPR
data pairs gives a borehole thickness of 26.8 cm and an average GPR derived thickness
estimate of 23.6 cm. This 3.1 cm difference averages to a percentage error of 16%.
A comparison was made between the thickness data gathered on Survey Day 1 and data gathered
five days later along the same section of ice on Survey Day 4. The results show a thickening trend of
3 cm averaged along the section of ice that was analysed.

4.4 Recommendations/Lessons Learnt
Based on this interim study, the recommendations and lessons learnt are:


The GPR parameters cannot be changed during data collection. To simplify (expedite) postprocessing and data visualisation, it is better to generate a single data track for the entire survey. To
aid in this, ideally the best parameter set (from the look-up table), should be determined in the first

55

Lower Churchill River Ice Thickness Survey from Helicopter-mounted Ground
Penetrating Radar, Interim Report
Nalcor Energy
Report no: R-17-052-1398






Issue 1.0

March, 2018

few minutes of flying based on the current flying conditions, after which the full survey should be
undertaken. This method may not always be practicable if the flying conditions change during the
survey, e.g., a reduction in visibility might require the helicopter be flown slightly higher.
It is expected that further experience in gathering and processing the data will improve the
accuracy and speed of the generation of the GPR thickness estimates.
It is recommend that further borehole measurements are made in subsequent surveys, if conditions
allow. Ideally, boreholes over a larger range of thickness should be gathered. It should be noted
that S&S do not consider borehole measurements necessary; that the speed of the electromagnetic
waves in fresh ice is well understood and hence the GPR derived thickness does not need to be
ground truthed. It is the opinion of the project manager that borehole measurements at a range of
thickness should be acquired made both to improve the analysis and to provide a level of feedback
that GPR is operating correctly.
During the analysis of the borehole data it was realised that the method of borehole collection
could be improved by ensuring GPR data is collected directly over the borehole and at a constant
height (or that the borehole is gathered directly under the GPR data track). This is mainly due to the
GPS latitude/longitude not being immediately available to the operator when they make a fiducial
marker. Only after collecting the borehole data and cross-correlating the data with GPR thickness
data were these deficiencies identified. The following steps are a suggested protocol for proper colocation of data.

4.4.1 Suggested Operational Practice for Acquiring Borehole-GPR Thickness Data-pairs
The following operating procedure is suggested to improve the practice of obtaining borehole
measurements for ground truthing helicopter borne GPR ice thickness estimates:
1) Identify the required borehole location. Ideally, choose a location that is smooth ice. With rough
ice, depending on the signal returned, there might be low confidence in the thickness extracted, or
it might not be possible to extract a thickness estimate.
2) Fly directly over the chosen location as would be done under normal survey operation and, as the
location that will be drilled is overflown, mark a concurrent waypoint on the handheld GPS and a
fiducial marker on the DVL.
3) Return to the location, and land (if the pilot positions himself directly over the waypoint and lands
in a hover a second GPR trace can be made). Using the waypoint on the GPS a borehole can be
drilled that will be close the GPR track/ fiducial marker.
In addition, making three (in a equilateral triangular pattern with sides of 1 or 2 m each) or four boreholes
(in a 1 or 2 m square) and averaging the result (this triangle or square dimensions could be better estimated
from the simple analysis of the GPR signal footprint as the survey altitude) around the location would give a
better representation of the ice thickness at the sampling site. This would take more time to complete, but
using a powered auger (battery powered drill should suffice) could reduce the sampling time.
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4.5 Challenges
The following challenges were identified:






Understanding and defining the best/optimal GPR settings is a steep learning curve, especially so
using the helicopter as a platform. However, once the operator has developed some experience in
the operation of the GPR then the data being gathered and the flight profile (survey speeds and
altitude) can be optimised. In theory, a look-up table of flight profile vs. GPR parameter sets could
be developed and used by a non-expert. This would however take some effort and training; blind
operation by a non-experienced operator is not currently recommend.
It is a manually intensive process to process the data. Based on the initial efforts, it takes between
15 to 30 minutes per 500 m. This will likely be improved with analyst experience. Various methods
to automate or simplify the processing could also investigated (See Future Work).
The data is very susceptible to the vertical motion of the helicopter flight, the smoother the dataset
the easier to interpret and the more accurate the data. A couple of methods to mitigate this are
suggested in Future Work.
There is a currently a bug in the software that prevents some of the surveys from being exported at
high (<5m) resolution. This is being investigated by the software team at S&S.

4.6 Future Work
Based on this initial effort the following future improvements and investigations are proposed.




Flattening the Data. The GPR traces are very susceptible to the vertical movement of the
helicopter. The vertical sections that manifest on the GPR trace can make it challenging to interpret
the upper and lower interface. Suggested ways to potentially ‘flatten’ the data-sets include:
o 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 structure’ ;
a similar effort could be investigated here.
o If the vertical movement of the helicopter could be recorded (e.g., using an accelerometer)
the data might be used to remove/reduce the variability in the vertical signal in the GPR
trace.
o S&S have also proposed potential, research grade, solutions to this problem using the GPR
data itself to estimate the helicopter height from the surface.
Augmenting Data Collection. It would be relatively easy to install further sensors onto the GPR
hardware and take advantage of fact that the river ice is being overflown. Acquisition of surface
roughness of the river ice would be the first parameter to be investigated. Surface roughness would
be highly valuable both for analysing the GPR trace and for integration into satellite imagery
analysis. In addition, if there are patches of open water, above water ice height, from which ice
thickness can be determined, could be exploited as a further calibration factor for the GPR.
o A photographic camera equipped to take constant and frequent photographs could be used
to obtain imagery for subsequent processing, via photogrammetry, into digital elevation
models from which surface roughness could be extracted.
o Similarly, a LIDAR, or a laser based range finder (in conjunction with altitude and
orientation), could be used to determine surface roughness. A LIDAR is a much more
expensive item of equipment but would give a swath of data along the flight track,
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producing a 2D image. A range-finder could be adopted as a `poor-mans` LIDAR to produce
a 1D profile of the surface elevation along the flight track.
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Appendix A: Noggin 500 GPR Technical Drawing

A- 1. Technical drawing of the Noggin 500 GPR
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Appendix B: Enclosure Technical Specification

A- 2. Technical Specifications for the COTS enclosure

61

March, 2018

