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EXECUTIVE SUMMARY

The Ice Survey Program for the Lower Churchill Project (LCP) will include surveying ice freeze-
up and break-up in the Lower Churchill River pre- and post-impoundment. The program during
the 2013/2014 ice season is a continuation of previous monitoring and was to confirm baseline
conditions and collect additional data to better understand the ice conditions in areas to be
influenced by the LCP. The survey program included the following objectives and activities:
¢ Review of web camera images at Mud Lake for planning purposes;
e Communications with Mud Lake residents to document freeze-up and break-up
processes;
¢ Photographic surveys by helicopter during freeze-up and break-up periods of the Lower
Churchill River between Lake Melville and Muskrat Falls;
e Estimation of ice floe concentration;
e Collection of ice thickness measurements and interpretation of ice cores along the ice
bridge crossing route at Mud Lake;
e Acquisition and interpretation of radar satellite imagery to monitor the freeze-up and
break-up processes; and
e Estimation of ice floe velocity using the updated hydraulic model (HEC-RAS) of the
Churchill River.

Photographs of the Lower Churchill River were collected by aerial observation from helicopter
during the ice freeze-up period (December 2 and 4, 2013; 1,054 photographs) and ice break-up
period (May 9 to 15, 2014; 2,141 photographs) from Lake Melville up river to Muskrat Falls.
Photographic documentation involved travelling along the southern bank of the river to collect
side view photographs while on the return trip, photographs were taken across the river, from
bank to bank.

An ice floe concentration analysis was performed on 40 aerial photographs (21 for freeze-up
and 19 for break-up) taken during helicopter ice surveys, for the purpose of studying ice
concentrations in the reach between Muskrat Falls and Mud Lake. The results included a
processed image with ice cover and open water classes with their respective area of coverage.
The percent of ice cover increased over the freeze-up period from December 2 to 4, 2013,
ranging from (mean + Std. Dev.) 65.4 + 22.5 % to 74.5 + 26.3 % t0 84.9 £ 17.0 %. The percent
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of ice cover during the break-up period decreased from May 13 to 14, but was similar on May 14
and 15, ranging from (mean + Std. Dev.) 73.9 + 21.4 % to 68.6 £ 24.9 % to 70.0 + 23.5 %.

A web camera at the Mud Lake crossing on the north side of the Churchill River transmitted
images by satellte and were uploaded as near real time data to the Government of
Newfoundland and Labrador, Department of Environment and Conservation, Water Resources
Management Division (NLDEC/WRMD) web site. Images during the period from November 25
to December 4, 2013 and May 9 to 21, 2014 were used to further document and describe the
freeze-up and break-up conditions. The web camera was not functional on May 17 and 18, two

key days during the break-up process.

The timing of the freeze-up and break-up processes during the 2013 to 2014 ice season were
documented and compared with the long term data record and the last 10 years of
observations. The date of freeze-up, as indicated by the day of the first snowmobile crossing,
was December 2, 2013. The date of break-up, as indicated by the date of the first boat
crossing, was May 19, 2014. The date of freeze-up was five days later than the long term
average (November 27) but two days earlier than the average for the last 10 years (December
4). Similarly, the date of break-up was five days later than the long term average (May 14) but

eleven days later than the average for the last 10 years (May 8).

Ice thickness measurements and ice core interpretation were completed between February 3
and 4, 2014, and a total of seven locations were cored or augured along the ice crossing route
at Mud Lake. The ice thickness was uniform, averaging 95.7 cm and ranging from 89 to 105
cm, and was solid throughout. Snow cover was modest ranging from 5 to 20 cm. The
consistent thickness and solid ice conditions in 2014 were attributed to the extreme cold

conditions and relatively thin snow cover.

Satellite images of the lower Churchill River near Mud Lake were acquired and interpreted by C-
CORE during the 2013/2014 ice season. Satellite Synthetic Aperture Radar (SAR) images were
acquired by the Cosmo-Skymed (CSK) satellite constellation. Monitoring of SAR images was
completed between December 2, 2013 and May 30, 2014 at a frequency of every four days over
the section between Muskrat Falls and Mud Lake. Daily SAR images were obtained during ice
freeze-up from December 2 to December 12 and break-up from May 6 to May 17. A total of 60
SAR images were acquired and processed. Forty images had a spatial resolution of 30 m and

were used to monitor the section of river between Muskrat Falls and Mud Lake. Twenty high-
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resolution SAR images, with spatial resolution of 5 m, were used to monitor freeze-up and
break-up of the ice cover at the Mud Lake crossing. C-CORE produced three products from the
analyses of SAR images. The Ice Cover product identified areas in the image that were dark,
indicating smooth ice cover or open water which helped elucidate the ice front. The Ice
Classification product interpreted three ice classes: (i) open water or water on ice, (ii) non-
consolidated or smooth ice surface and (iii) consolidated or rough ice surface. The Change
Detection product compared two images to determine whether there has been an increase,
decrease, or no change in ice cover. The products from interpretation of the 60 SAR images

are documented in the report.

Satellite monitoring of the Lower Churchill River began on December 2, 2013, focusing on
freeze-up in the Mud Lake area and ten high resolution images were acquired up to December
12. The December 2 image showed suspended ice accumulating in the river blocked by
the ice cover in Lake Melville. The remaining SAR image products show the accumulation
continuing until the ice cover becomes stable and consolidated on December 4. Break-up
monitoring of the Mud Lake area started with acquisition of high resolution imagery on May 6,
2014. The first three images, west of Mud Lake and covering the section of river closer to
Muskrat Falls, showed where open leads first developed. The open leads then expanded as
demonstrated in the May 7 and May 10 change detection products. The May 17 image
showed significant break-up with approximately 30% of the river ice free. The medium
resolution image acquired on May 18 showed significantly more open areas (~50 %) in the

river. No images were acquired after May 18 at the direction of the client.

The formation of the ice bridge at Mud Lake is dependent on the volumetric flow rate of ice
arriving at the bridging location. Estimates of the volumetric flow rate of ice were made
through observation of three variables: (i) ice floe concentration, (ii) ice floe thickness; and
(iii) ice floe velocity. Volumetric flow rate of ice estimates were determined for four
locations in the river: (i) upstream of Muskrat Falls; (ii) downstream of Muskrat Falls; (iii)

near Blackrock Bridge; and (iv) near the Mud Lake crossing.
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1.0 INTRODUCTION

Mud Lake residents are particularly dependent on a stable ice cover across the Lower Churchill
River for transportation to and from Happy Valley-Goose Bay and there are from 80 to 140
snowmobile crossings per week by Mud Lake residents during the winter season.
Consequently, the environmental assessment of the Lower Churchill Project (LCP) paid
particular attention to the possible effects of the proposed LCP on the ice dynamics in the reach
below Muskrat Falls. It was determined that hydraulic conditions downstream of Muskrat Falls
were not expected to change as a result of the LCP and it was predicted that there would be no
effect on river crossings during the ice-free parts of the year. However, it was predicted that
downstream of Muskrat Falls, in the area of Mud Lake, the freeze-up date would be delayed by
two weeks and the break-up date would occur one week later (Hatch 2007; Nalcor 2009). This
would affect the crossing of the river by Mud Lake residents as boats would be used to cross

the river for two weeks longer in the fall and snowmobiles would be used one week longer in the

spring.

In addition to the predicted effect on timing of freeze-up and break-up, predictions were made
regarding the transition period during the freeze-up and break-up processes that the ice cover
may not be stable enough for crossing by snowmobile (freeze-up) or until the river is ice-free in
the spring (break-up) allowing crossings by boat. These transition periods occur each year and
during this time travel by boat or snowmobile is not possible. Ice modeling predictions during
environmental assessment did not forecast a longer transition period; therefore, crossing of the

river is not expected to be affected by the LCP, other than the change in timing.

Under existing conditions, ice bridging occurs at approximate chainage 0.2 km above Lake
Melville and the ice cover progresses upstream from that point. Under post-LCP conditions, the
volume of ice will be reduced by the Muskrat Falls Dam which will act as a physical barrier to ice
transport from upstream to downstream reaches. A hydraulic analysis was completed to assess
the potential for the ice bridge to form under post-LCP conditions and this analysis suggested
that the volume of ice generated downstream of Muskrat Falls was sufficient for the formation of
an ice bridge (Hatch 2008; Pryse-Phillips 2010). The strength (stability and thickness) of the ice

forming the ice bridge was predicted to remain unaffected during the operation of the LCP.
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Nalcor Energy has been observing ice processes in the Lower Churchill River since 2006 as
part of the assessment of the LCP (Hatch 2007, 2008: SNC-Lavalin 2012a and b). Historical
surveys were also conducted in the 1980s and 1990s by various parties (as reviewed in SNC-
Lavalin 2012b). lce management is an important aspect of construction and operation of the
Muskrat Falls hydroelectric plant and these studies have been conducted to better understand
the ice conditions in the areas to be influenced by the LCP to better predict what could occur
during construction and operation of the LCP. The LCP has committed to surveying ice
formation in the Lower Churchill River during pre- (baseline and LCP construction) and post-
impoundment (operations) conditions. These predictions would allow Nalcor Energy to take
appropriate precautions and develop mitigation measures to manage potential problems due to
ice. Nalcor Energy has contracted Golder Associates Ltd. (Golder), who sub-contracted
Sikumiut Environmental Management Ltd. (SEM) to develop and implement an ice surveying
program to be completed during LCP construction to confirm baseline conditions and to expand
the knowledge base on the timing of freeze-up and break-up in relation to the Mud Lake
crossing location. This report presents the results of studies completed in the 2013/2014 ice

season during the initial construction phase of the LCP.
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2.0

2.1

MATERIALS AND METHODS

Objectives

Nalcor Energy (NE) has committed to surveying ice formation in the Lower Churchill River pre-

and post-impoundment. The objective of the program during the 2013/2014 ice season was to

implement an ice surveying field program to be completed during the first year of the LCP

construction to confirm baseline conditions. The survey program included the following

objectives and activities:

Daily review of images from the Government of Newfoundland and Labrador,
Department of Environment and Conservation, Water Resources Management Division
(NLDEC/WRMD) web camera at Mud Lake for planning helicopter surveys.
Communications with Mud Lake residents to support planning of helicopter surveys
during the freeze-up and break-up processes.
Photographic surveys by helicopter (daily) during the critical ice formation process at
Mud Lake and the subsequent strengthening of the ice cover. Observations spanned
the reach between Mud Lake and Muskrat Falls to observe the progression of the ice
front.
Photographic surveys by helicopter (daily) during the spring break-up process at Mud
Lake, between Mud Lake and Muskrat Falls.
Estimation of ice floe concentration via analysis of photographs taken during helicopter
surveys at selected locations.
Acquisition and interpretation of radar satellite imagery to determine ice formation at
Mud Lake and to monitor the break-up process, as well as to monitor ice conditions
during the period of intact ice.
Estimation of ice floe velocity using the updated hydraulic model (HEC-RAS, USACE
2010) of the Lower Churchill River at four locations:

o Upstream of Muskrat Falls;

o Downstream of Muskrat Falls;

o Downstream of Blackrock Bridge; and

o Close to the Mud Lake Crossing.
Collection of ice thickness measurements and interpretation of ice cores along the ice

bridge crossing route.
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2.2 Study Team

The study team members for this work and their area of responsibility are listed below. The
overall project coordination and management was completed by SEM, in communication with
Golder. SEM also completed the aerial observation surveys during the freeze-up (December
2013) and break-up (May 2014) periods and conducted the ice coring survey along the Mud
Lake ice bridge (February 2014). SEM also completed the project report with support and input

from other team members.

The Centre for Cold Ocean Resource Engineering (C-CORE) acquired and analyzed satellite
images from the Cosmo-Skymed (CSK) satellite constellation to monitor ice conditions on the
Lower Churchill River for the 2013/2014 ice season. Images were analyzed to identify ice types
and delineate areas of open water during freeze-up and break-up of the ice cover in the Mud
Lake area. C-CORE also completed an ice floe concentration analysis on 40 aerial photographs

taken during helicopter ice surveys.

Hatch Ltd. provided hydraulic analysis using a river model of the Churchill River to determine
the volumetric flow rate of ice arriving at the bridging location at Mud Lake. This included: (i)
estimation of ice floe concentration via analysis of photographs taken during helicopter surveys
(as provided by C-CORE); (ii) completing theoretical estimates of ice floe thickness (Stefan’s
Equation); and (iii) modelling estimates of ice floe velocity using the most up-to-date (2010)
HEC-RAS model of the Churchill River.

Table 2.1 Team Members for the 2013/2014 Ice Observations Surveys

Team Member | Roles and Responsibility
SEM

Dave Scruton, MES, Senior
Scientist

Leroy Metcalfe, B. Sc,
President & Chief Financial Financial control, project report QA/QC
Officer

Stefan Cahill, Dipl.
Geomatics, Director of Field team lead, freeze-up survey, ice coring survey
Geomatics and Surveying
Jason Lewis, Geomatics
Specialist

Patrick Hamlyn, B. Eng.,
Engineer in Training

Project manager, coordination, client liaison, project report

Field team member, freeze-up survey, ice coring survey

Field team lead, break-up survey
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Table 2.1 Team Members for the 2013/2014 Ice Observations Surveys (Cont’d)

Claire Moore-Gibbons, MES,
Biologist

Jordan Hope, Mud Lake
Resident

Randy Best, Mud Lake
Resident

C-CORE

Michael Lynch, B. Sc.,
Advanced Diploma GIS,
Operations Manager
Pamela Burke, B. Sc.,
Advanced Diploma Integrated | Satellite image analysis, generation of river ice products, ice
Coastal and Ocean floe analysis

Management, Image Analyst
Susan Carter, Diploma GIS,
Satellite Order Desk

Mark Howell, Diploma GIS,
Image Analyst

Hatch

Wendv Warford. P. En Hydraulic analyses of ice floe concentration, thickness and
y » - ENG. velocity, report preparation

Michael Rosales, P. Eng. QA/QC for hydraulic analyses results

Field team member, break-up survey

Communication on ice conditions

Community coordination, team member for ice coring survey

C-CORE Project Manager. Coordination with SEM, project
control and reporting

Plan, order and archive imagery

Satellite image analysis, generation of river ice products

2.3 Mud Lake Web Camera

In 2010, a web camera was established by the Newfoundland and Labrador Department of
Environment and Conservation, Water Resources Management Division, in cooperation with
NE-LCP and Environment Canada, at the Mud Lake crossing on the north side of the Churchill
River, near Happy Valley-Goose Bay, pointing in an upstream direction. Images from this web
camera are transmitted by satellite and uploaded as near real time data to the Government of
Newfoundland and Labrador, Department of Environment and Conservation, Water Resources
Management Division (NLDEC/WRMD) web site at:

http://www.env.gov.nl.ca/wrmd/ADRS/v6/Template_Station.asp?station=NLENCL0004

This web camera was consulted daily during survey planning to document the freeze-up and
break-up conditions. NLDEC/WRMD archives all images that are uploaded to the web site and
have provided SEM (on DVD) with all archived images collected since July 7, 2010. Images
during the period from November 25 to December 4, 2013, and May 9 to 21, 2014, have been

used to document and describe the freeze-up and break-up conditions at the Mud Lake

2013/2014 Ice Observation Survey, Mud Lake Crossing, Lower Churchill River Page 5


http://www.env.gov.nl.ca/wrmd/ADRS/v6/Template_Station.asp?station=NLENCL0004

crossing. The web camera was not functional on May 17 and 18, 2014, which were two key

days during the break-up process.

Additionally, SEM consulted with Mud Lake residents Mr. Jordan Hope and Mr. Randy Best to
get their assistance and experience with respect to the timing of the aerial surveys to document
the freeze-up and break-up processes. These individuals also provided SEM with the dates for
the first snowmobile crossing in December, 2013, and the first boat crossing in May, 2014, to

continue the time series for these important dates for the residents of Mud Lake.

24 Photographic Surveys

A key component of the ice survey program was the aerial ice observation survey which took
place during both the freeze-up and break-up periods between Lake Melville up to Muskrat Falls
(Figure 2.1).

During the ice freeze-up period, daily helicopter (Bell 206 Long Ranger) surveys were
completed between December 2 and 4, 2013, to observe the ice conditions from Lake Melville,
past Mud Lake and Goose Bay, and up to Muskrat Falls. The surveys were completed at
approximately the same time each day (between 12:00 to 15:00) with the helicopter flying at the
same altitude (1200 meters above sea level), except when air traffic in the area required flying
at a lower altitude. The process for photographic documentation of the ice freeze-up had the
helicopter travelling along the southern bank of the Lower Churchill River while the SEM team
took continuous side view photographs (Figure 2.2). On the return trip, the helicopter flew down
the centre line of the river and the SEM team took photographs at approximately 2 km intervals,
looking down river and encompassing views from bank to bank (Figure 2.3). Global Positioning
System locations where logged along the route at each photograph location to ensure
consistency between photographs during the three day survey for the ice formation period.
While at Mud Lake, additional photographs were taken of the potential locations where the
transportation crossing was to be placed. A total of 1,054 photographs were collected during

the freeze-up period.

During the ice break-up period, daily helicopter surveys with a Bell 206 Long Ranger were
completed from May 9 to 15, 2014 to observe the ice conditions between Mud Lake and
Muskrat Falls. The process for photographic documentation of the ice break-up was as

described above except that on certain days the helicopter had to maintain a lower altitude (500
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QSEM

MASL) due to air traffic in the area. A total of 2,141 photographs were taken during the break-
up period.
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Figure 2.2 Example of a Photograph Taken From the Southern Bank (Side View)

Figure 2.3 Example of a Photograph Taken From the Central Route (Bank to Bank)
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2.5 Ice Thickness Measurement and Core Interpretation at the Mud

Lake Crossing

Initially, SEM was to complete a thickness measurement and core interpretation survey along the
ice bridge crossing at Mud Lake and the north side of the Lower Churchill River at the completion
of the aerial observation program during the freeze-up period. As soon as the ice bridge forms,
Mud Lake residents map out a route that is considered safe to travel on based on observations of
ice conditions and experience from previous years (Figure 2.4). For safety reasons, and after
discussion with Golder and Nalcor Energy, it was decided that SEM would defer the thickness
survey until after the Mud Lake crossing was completely frozen over. The survey was

subsequently completed between February 3 and 4, 2014.

Figure 2.4 Ice Crossing Route Being Delineated by Mud Lake Residents

2.6 Satellite Observations

During the 2013/2014 ice season, satellite images of the Churchill River near Mud Lake were also
acquired and interpreted by C-CORE. Satellite Synthetic Aperture Radar (SAR) images were
acquired by Cosmo-Skymed (CSK) and used to monitor ice conditions. SAR is able to ‘see’

through cloud and fog, is relatively weather independent and data can be acquired day or night.
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The SAR images provided detailed ice surface textures and accurately delineated areas of open

water. The images were processed to identify ice types and areas of open water.

The river ice monitoring season occurred between December 2, 2013, and May 30, 2014. An
approximate frequency of every four days was required to cover the section of river between
Muskrat Falls and Mud Lake. Further image acquisitions occurred daily over the Mud Lake
crossing during ice freeze-up from December 2 to December 12 and break-up from May 6 to May
17. A total of 60 SAR images were acquired from December, 2013, to May, 2014, and processed
approximately every four days. Forty of the images had a spatial resolution of 30 m and were used
to monitor the section of river between Muskrat Falls and Mud Lake. Twenty high-resolution SAR
images with spatial resolution of 5 m were used to monitor freeze-up and break-up of the ice cover
in the Mud Lake area of the Lower Churchill River. Table 2.2 contains detailed specifications of the
satellite images. A complete list of images processed for the Lower Churchill River ice monitoring
program is provided in Appendix A. Analyses of the satellite imagery for the freeze-up and break-
up processes, as well as during the period of constant ice cover are provided in Appendices B, C,
and D.

Table 2.2 Satellite Image Specifications
Satellite Beam Mode Ikl Image Width | Number of
Resolution images
CSK StripMap 5m 30 km 20
CSK ScanSAR Wide 30 m 100 km 40

Radar satellites are active sensors in that they transmit a signal to the Earth’s surface and record
the energy reflected back to the sensor, as backscatter, and pixel intensity within the image is
proportional to the backscatter. The sensor is side looking, so most of the signal will be deflected
away from the sensor on smooth surfaces such as smooth ice. Rough surfaces, such as found with
an ice jam, will deflect the signal in all directions including back to the sensor, producing bright
areas as seen in images. Generally, surfaces with roughness or complex geometry have higher
backscatter. Figure 2.5 depicts schematically the surface scattering and volume scattering
processes. In the surface scattering diagram the ice surface roughness dictates how much of the
incoming signal is deflected away from the satellite and how much is received. Areas of rough ice
will cause more of the signal (backscatter) to be received by the satellite. These features are

represented as white pixels in the image. Darker areas in images represent smooth surfaces
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where much of the signal is deflected away from the satellite. The second diagram illustrates how

volume scattering occurs within ice containing air pockets and cracks.

Rough ice (eg. Smooth ice cover 0 o 0

consolidated ice) (e.g. border ice)
Higher radar return due to
volume scattering

Figure 2.5 River Ice Scattering Mechanisms (Pelletier and Hicks 2003)

Image analysis includes orthorectification, filtering and visual enhancement. Filter and
enhancement techniques are unique to each image, due to different spatial resolutions, incidence
angle and ice cover. Filters are used to remove noise and speckle, which are characteristic of SAR
images. The choice of enhancement techniques depends on weather conditions, ice textures and
the amount of open water, all of which affect backscatter. Late in the ice season, rough ice textures
become smoother; resulting in less backscatter to the point that ice begins to resemble open water.
Prior knowledge of weather conditions, recent satellite images and field data are important factors
in separating open water from water on ice. Water pooling on the surface of ice resulting from

melting will appear similar to open water.
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The Ice Cover product is a map containing the calibrated, visually enhanced, orthorectified SAR

image. The darker sections of the river are areas of smooth ice or open water. They may also be
pools of water on ice, depending on the time of year and the recent weather conditions. Smooth
surfaces appear the same within a SAR image prior to image processing, such as those described
above. Figure 2.6 shows an example of an ice front product from the December 2, 2013, SAR

image.

W W B W B0

arw
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Figure 2.6 Ice Front Product Created From the December 2, 2013 SAR Image
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QSEM

The Ice Classification product is the result of classifying SAR backscatter. The three classes are:
(i) open water or water on ice; (ii) non-consolidated or smooth ice surface; and (iii) consolidated or
rough ice surface. Figure 2.7 shows an example of the Ice Classification product from the
December 2, 2013 SAR image.
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Figure 2.7 Ice Classification Product Created From the December 2, 2013 SAR Image
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QSEM

The Change Detection product is the result of subtracting the previous image from the most recent
image. The result is a product indicating where the ice surface backscatter has increased (yellow
and red) and decreased (light blue and dark blue) as well as areas where no change (green) has
occurred. This is a useful product for tracking ice break-up and freeze-up as well as sudden
changes throughout the ice season due to sudden weather changes such as rain. Figure 2.8

shows an example of a Change Detection product.
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Figure 2.8 Change Detection Product Comparing the December 2 and December 3, 2013
SAR Images

2.7 Ice Floe Concentration

An ice floe concentration analysis was performed on aerial photographs taken during the helicopter
ice surveys (see above) during freeze-up and break-up periods for the purpose of studying ice
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concentrations in the reach between Muskrat Falls and Mud Lake. Separate analyses were
conducted for ice break-up and freeze-up periods. Photographs were chosen based on several
factors including site locations that would represent as much of the river as possible, image clarity
(glare and reflection) and photograph perspective. A total of 40 photographs were processed:
21 for freeze-up and 19 for break-up. The photograph sites chosen for break-up and freeze-up
are similar, with the purpose of studying the changing ice cover at the same locations. Figure
2.9 shows the locations where selected photographs were used in the analyses. The photographs
analyzed and the interpreted products, during freeze-up and break-up are provided in Appendices

E and F, respectively.
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Figure 2.9 Photograph Locations During Freeze-Up and Break-Up
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2.8 Volumetric Flow Rate of Ice

The ice cover on the Lower Churchill River typically forms via an ice bridge near Mud Lake and
propagates upstream from this location. The formation of the ice bridge is dependent on the
volumetric flow rate of ice arriving at the bridging location. Estimates of the volumetric flow
rate of ice can be made through observation of the following three variables:

¢ Ice floe concentration (i.e., area of ice coverage);

e |ce floe thickness; and

e Ice floe velocity.
The purpose of determining the volumetric flow rate of ice is to estimate the relative
contribution of ice flow originating upstream of Muskrat Falls to that arriving at the bridging
location near Mud Lake. Consequently, ice flow rate estimates were made at the following
four locations:

o Upstream of Muskrat Falls;

o Downstream of Muskrat Falls;

o Near Blackrock Bridge; and

e Near the Mud Lake Crossing.

Ice floe concentration estimates (see Section 2.7) were obtained through the analysis by C-CORE
of photographs taken from a helicopter during the freeze-up process (see Section 2.4). Ice floe
concentration estimates (in percent) for the period between the start of ice formation and the

formation of the ice bridge at Mud Lake were derived for the above four locations.

The first step in the process was to select a representative portion of the photograph for analysis.
Stationary border ice was excluded as well as other parts of the photograph that appeared to be
influenced by the following factors: sun reflection on the water surface; reflection from the
windshield of the helicopter; shadows on the water surface; wind induced riffles; and ice fog. Next,
unsupervised classification was used to create an ice class and an open water class. The number

of pixels for the water and ice classes were then summed and converted to percentages.

The Stefan Equation (USACE, 2002) was used to estimate ice floe thickness for the purpose of

volumetric ice flow rate calculation. The Stefan Equation is as follows:

Thickness in mm = C (DFF) 02
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Where:

C = coefficient (taken as 15 mm*degree Celsius 0.5 . day “0-5 for average rivers with snow)

DFF = cumulative degree days of freezing

Ice floe velocity, as average cross sectional velocity, was estimated using the latest version (2010)
of the hydraulic model (HEC-RAS) for the Churchill River, as developed in 2010 by Hatch. The
average daily flow in the Churchill River, taken from the Water Survey of Canada gauging site at
Churchill River above Upper Muskrat Falls (030E001), for December 2, 2013, was 2,010 m®s”
and this was used in the analyses. The width of the flow channel on the interpreted photographs
were estimated from satellite imagery collected on December 2, 2013, and subsequently used in

the hydraulic model analysis.
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3.0 RESULTS

3.1 Mud Lake Web Camera

Archive images from the NLDEC/WRMD web camera at the Mud Lake crossing site were provided
to SEM (on CD) and have been used to document and describe the freeze-up and break-up

conditions at this location.

The freeze-up sequence for the period from November 25 to December 4, 2013, is shown in
Figures 3.1 and 3.2. Open water conditions were recorded at the web camera site on November
25. From November 26 to December 2, increasing concentrations of ice arriving from upstream
locations were observed and some open water along the river margins was apparent on December
2. The ice bridge crossing was considered formed on December 2 and Mud Lake residents began
delineating the crossing on that date, which was the first date for snowmobile crossing in the
2013/2014 ice season.

Similarly, the break-up sequence for the period from May 9 to 20, 2013, is shown in Figures 3.3
and 3.4. The image from May 9 shows that the river was still frozen over completely with some
melting areas starting to appear. From May 10 to 15 open water sections became evident on the
web camera images, with increasing amounts of open water appearing over this period. There
were extensive areas of open ice on May 16. The web camera at Mud Lake did not capture
images on May 17 and 18 which were key days during the break-up. The satellite imagery
confirmed that the break-up commenced on May 17 with considerable open water below Muskrat
Falls. The river was free of ice pans by May 19 with some ice rafting on the river margins. The
amount of rafted ice decreased incrementally in the following days. The date of first crossing by
boat was May 19. The duration of the break-up was about seven days, which is consistent with

observations from previous years and as reported by SNC-Lavalin (2012a) for 2012 (six days).
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MUDLAKE SING  NOV 23, 2013 10:00 266

Figure 3.1 Mud Lake Web Camera Images During the Freeze-Up Process, November 25 -
29,2013
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>ING  DEC O%, 2013 10:00

Figure 3.2 Mud Lake Web Camera Images During the Freeze-Up Process, November 30 -
December 4, 2013
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Figure 3.3 Mud Lake Web Camera Images During the Break-Up Process, May 9 - 14, 2014

2013/2014 Ice Observation Survey, Mud Lake Crossing, Lower Churchill River Page 21



Figure 3.4 Mud Lake Web Camera Images During the Break-Up Process, May 15 - 21,
2014
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3.2 Photographic Surveys

Photographs were collected during the ice freeze-up period from December 2 to 4, 2013.
Similarly, photographs were obtained during the ice break-up period from May 9 to 15, 2014. At
the end of each day the SEM team catalogued all photographs and evaluated the products to
determine if any modifications in protocol were required. Select photographs have been included
in Appendices E and F to illustrate the progression of freeze-up and break-up. Field reports for the
aerial ice observation surveys are provided in Appendix G. All of the photographs taken during this

period are available upon request.

The photographs were used by C-CORE to estimate ice floe concentration during the freeze-up
and break-up processes (Section 3.4). Hatch used the results of the ice floe concentration

analyses in the estimation of the volumetric flow rate of ice (Section 3.7).

3.3 Timing of Freeze-Up and Break-Up

The timing of the freeze-up and break-up processes during the 2013/2014 ice season, in
comparison to the long term data record, and in comparison to the last ten years of record, is
provided in Table 3.1. The date of freeze-up, as indicated by the day of the first snowmaobile
crossing, was December 2, 2013. The date of break-up, as indicated by the date of the first boat
crossing, was May 19, 2014. The date of freeze-up was five days later than the long term average
(November 27) but two days earlier than the average for the last 10 years (December 4). Similarly,
the date of break-up was five days later than the long term average (May 14) but eleven days later
than the average for the last 10 years (May 8). It is apparent over the last ten years the date of
freeze-up has been later, with the latest date on record in 2011 (January 7). Similarly, the average
date of break-up has been getting earlier over the last 10 years (May 8) in comparison to the long

term average (May 14), with the earliest date of break-up on record in 2010 (April 20).

2013/2014 Ice Observation Survey, Mud Lake Crossing, Lower Churchill River Page 23



Table 3.1

2013/2014 Ice Observation Survey, Mud Lake Crossing, Lower Churchill River

SSEM

Long Term Record of Freeze-Up and Break-Up at the Mud Lake Crossing

Date Freeze-Up Break-Up
(first snowmobile crossing) (first boat crossing)

1972 22-Nov-72 5-Jun-72
1973 - -
1974 - -
1975 25-Nov-75 30-May-75
1976 17-Nov-76 17-May-76
1977 30-Nov-77 15-May-77
1978 19-Nov-78 27-May-78
1979 24-Nov-79 14-May-79
1980 29-Nov-80 17-May-80
1981 23-Dec-81 15-May-81
1982 28-Nov-82 1-May-82
1983 29-Nov-83 14-May-83
1984 23-Nov-84 15-May-84
1985 18-Nov-85 28-May-85
1986 13-Nov-86 7-May-86
1987 28-Nov-87 23-Apr-87
1988 1-Dec-88 12-May-88
1989 24-Nov-89 15-May-89
1990 1-Dec-90 22-May-90
1991 2-Dec-91 26-May-91
1992 19-Nov-92 27-May-92
1993 13-Nov-93 17-May-93
1994 27-Nov-94 22-May-94
1995 29-Nov-95 11-May-95
1996 1-Dec-96 4-May-96
1997 23-Nov-97 24-May-97
1998 30-Nov-98 12-May-98
1999 23-Nov-99 10-May-99
2000 25-Nov-00 11-May-00
2001 4-Dec-01 14-May-01
2002 22-Nov-02 22-May-02
2003 7-Dec-03 17-May-03
2004 7-Dec-04 18-May-04
2005 11-Dec-05 8-May-05
2006 4-Dec-06 4-May-06
2007 30-Nov-07 17-May-07
2008 5-Dec-08 7-May-08
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Table 3.1 Long Term Record of Freeze-up and Break-up at the Mud Lake Crossing

(Cont’d)
Date Freeze-Up Break-Up
(first snowmobile crossing) (first boat crossing)
2009 9-Dec-09 18-May-09
2010 7-Jan-11 20-Apr-10
2011 2-Dec-11 12-May-11
2012 2-Dec-12 15-May-12
2013 2-Dec-13 1-May-13
2014 TBD 19-May-14
Long
Term 27-Nov 14-May
Average
Average
(last 10 4-Dec 08-May
Years)
3.4 Ice Floe Concentration

An ice floe concentration analysis was performed on 40 aerial photographs taken during helicopter
ice surveys (see above) during freeze-up and break-up periods for the purpose of studying ice
concentrations in the reach between Muskrat Falls and Mud Lake. A total of 40 photographs
were processed: 21 for freeze-up and 19 for break-up. The results included a processed image
with ice cover and open water classes with their respective area of coverage. The analysis was
performed using a Fuzzy K Means classification algorithm (Bezdec, 1973) with an image mask
isolating the classification to the river and areas of the river where separation between water
and ice was possible. Filters were used to remove isolated, classified pixels. Figure 3.5 shows

an example photograph and Figure 3.6 shows the resulting classification.
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Figure 3.5 Example Photograph from the Aerial Ice Survey
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Figure 3.6 Example of a Classified Photograph from the Aerial Ice Survey

During the image analysis there were some issues encountered. Reflections of vegetation on
open water, shadow from overhanging banks and trees in the river, limited visibility caused by fog
and photographs taken looking towards the horizon caused difficulty during classification.
When these problems were encountered in a photograph, the entire image could not be

processed to accurately distinguish between water and ice in some areas.

3.41 Freeze-Up Period

Aerial surveys were conducted on December 2, 3, and 4, 2013, and a total of 1,054 photographs
were collected. From these, seven were selected from each day for analysis. Photographs
were chosen to cover the same sections of the river every day to determine changing ice cover.
The photograph number is linked to the site location (Figure 2.9). Table 3.2 contains the results

of the analysis. The percent of ice cover increased over the period from December 2 to 4, 2013,
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ranging from (mean * Std. Dev.) 65.4 + 22.5 % to 74.5 £ 26.3 % to 84.9 + 17.0 %. The detailed
ice floe analysis results for the photographs taken during freeze-up, including the classified

images, are provided in Appendix E.

Table 3.2 Ice Cover and Open Water Percent Coverage for Freeze-Up
Date Photo # Water (%) Ice (%) Latitude Longitude Site Number
December 2 8 0.16 99.84 53°19'17.448" 60°10'42.978" 1
December 2 12 32.37 67.63 53°19'17.448" 60°10'42.978" 2
December 2 24 13.14 86.86 53°16'28.656" 60°15'09.072" 3
December 2 64 35.73 64.27 53°15'24.438" 60°29'13.992" 4
December 2 70 60.72 39.28 53°15'16.998" 60°31'00.042" 5
December 2 87 60.47 39.53 53°14'51.600" 60°35'00.726" 6
December 2 125 39.69 60.31 53°13'48.426" 60°44'18.336" 7
December 3 301 0.11 99.89 53°19'36.402" 60°09'41.670" 1
December 3 313 36.68 63.32 53°17'45.696" 60°11'01.092" 2
December 3 333 8.20 91.80 53°16'19.356" 60°15'39.780" 3
December 3 397 249 97.51 53°15'23.316" 60°29'30.204" 4
December 3 410 11.23 88.77 53°15'14.916" 60°31'43.230" 5
December 3 432 60.08 39.92 53°14'56.652" 60°35'44.694" 6
December 3 492 59.59 40.41 53°13'58.854" 60°44'51.006" 7
December 4 718 0.89 99.11 53°18'58.284" 60°09'51.864" 1
December 4 730 44 .57 55.43 53°17'45.696" 60°11'01.092" 2
December 4 148 15.90 84.10 53°16'12.630" 60°16'12.186" 3
December 4 196 3.27 96.73 53°15'23.316" 60°29'30.204" 4
December 4 809 1.23 98.77 53°15'19.884" 60°30'39.156" 5
December 4 829 7.83 92.17 53°14'56.652" 60°35'44.694" 6
December 4 878 32.29 67.71 53°13'57.402" 60°44'44.244" 7

3.4.2 Break-Up Period

Aerial surveys were conducted daily from May 9 to May 15, 2014, and a total of 2,141
photographs were collected. From these, six were selected from May 13 and May 14 and seven
were selected from May 15 for analysis. Photographs were chosen to cover the same sections of
the river each day to determine changing ice cover. The photograph number is linked to the site
location (Figure 2.9). Table 3.3 contains the results of the analysis. The percent of ice cover

decreased from May 13 to 14, but was similar on May 14 and 15, ranging from (mean * Std. Dev.)
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13.9 £ 214 % to 68.6 £ 24.9 % to 70.0 £ 23.5 %. The detailed ice floe analysis results for the

photographs taken during break-up, including the classified images, are provided in Appendix F.

Table 3.3 Ice Cover and Open Water Percent Coverage for Break-Up
Date Photo # Water (%) Ice (%) Latitude Longitude Site Number
May 13 3542 35.84 64.16 53°19'37.392" 60°9'35.136" 1
May 13 3555 2.44 97.56 53°17'53.070" 60°11'25.740" 2
May 13 3624 19.04 80.96 53°15'37.872" 60°30'03.198" 4
May 13 3629 52.99 47.01 53°15'33.210" 60°31'19.074" 5
May 13 3645 43.71 56.29 53°15'16.038" 60°35'55.050" 6
May 13 3678 2.58 97.42 53°13'48.864" 60°44'32.748" 7
May 14 3843 53.18 46.82 53°19'37.866" 60°9'53.892" 1
May 14 3859 2.89 97.11 53°17'47.622" 60°11'53.568" 2
May 14 3937 24.16 75.84 53°15'31.524" 60°29'34.314" 4
May 14 3943 56.56 43.44 53°15'31.524" 60°29'34.314" 5
May 14 3960 48.93 51.07 53°15'12.522" 60°35'27.126" 6
May 14 3994 2.93 97.07 53°14'2.598" 60°44'51.474" 7
May 15 4155 39.35 60.65 53°19'38.016" 60°09'44.700" 1
May 15 4169 4.91 95.09 53°17'51.282" 60°11'27.228" 2
May 15 4189 7.39 92.61 53°16'35.004" 60°15'58.932" 3
May 15 4247 41.63 58.37 53°15'27.864" 60°27'57.156" 4
May 15 4253 59.08 40.92 53°15'20.520" 60°31'22.440" 5
May 15 4271 52.41 47.59 53°15'01.164" 60°35'45.570" 6
May 15 4305 5.34 94.66 53°13'52.812" 60°44'19.434" 7
3.5 Ice Thickness Measurement and Core Interpretation at the Mud

Lake Crossing

An ice thickness measurement and core interpretation survey was completed between February 3
and 4, 2014. A total of seven locations were ice cored and/or augured along the ice crossing route
as delineated by Mud Lake residents (Figure 3.7). Initially, 10 locations were designated for
coring/auguring but as a result of equipment malfunction due to the extreme cold and the presence
of sand bars at several of the pre-determined locations, a total of seven locations were
successfully studied. The SEM team followed the delineated ice crossing route used by Mud Lake
residents and collected cores and/or ice thickness and integrity data at these seven locations.

Sample sites were located a safe distance from the route so as to not obstruct traffic or cause any
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Holes were drilled using a gasoline powered auger (Figure 3.8). At each location the ice thickness
was measured with a tape measure and a description of the ice condition recorded. Thickness
measurements and associated notes are provided in Table 3.4. Cores (Figure 3.9) were
successfully obtained from three locations, but could not be collected from the remaining locations

due to equipment malfunction (core barrel jamming in the ice).

Table 3.4 Ice Thickness Measurements and Ice Quality Along the Mud Lake Crossing
LochE’tion Easting Northing gore/ Ice Thickness g:;:; Notes
uger (cm) (cm)
1 687082 5912481 Core 90 5 ice solid throughout
2 687097 5912408 Core 95 7 ice solid throughout
3 687375 5912121 Core 105 10 ice solid throughout
4 687705 5910631 Auger 89 20 ice solid throughout
5 687738 5910503 Auger 91 15 ice solid throughout
6 687767 5910394 Auger 98 12 ice solid throughout
7 687829 5910302 Auger 102 5 ice solid throughout

The ice thickness from the seven locations was uniform, averaging 95.7 cm, ranging from 89 to
105 cm and was solid throughout. Snow cover was modest, ranging from 5 to 20 cm (Figure 3.10).
In comparison, ice thickness in 2012 averaged 85.9 cm, was much more variable ranging from 45
to 120 cm, and at many locations ice was considered to be soft and slushy (SNC-Lavalin 2012a).
Snow cover in 2012 ranged from 10 to 70 cm and there was a slush layer below the snow ranging
from 0 to 50 cm. The consistent thickness and solid ice condition in 2014 was attributed to the

extreme cold conditions and relatively (in comparison to 2012) thin snow cover.
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Figure 3.8 Hole Two Being Augured in the Ice to Collect Ice Thickness Measurements

Figure 3.9  Core Sample from Hole Two
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Figure 3.10 Cored Hole Two Showing Minimal Snow Cover
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3.6 Satellite Image Analyses

This section provides an overview of the Lower Churchill River ice conditions from freeze-up to
break-up in the 2013 to 2014 ice season. Ice cover, classification and change detection
products derived from SAR images from the ice monitoring program are provided in Appendices
B, C, and D.

3.6.1 Freeze-Up Period

Appendix B contains ice products for ice freeze-up in the Mud Lake area. Satellite river ice
monitoring of the Lower Churchill River began on December 2, 2013, using high resolution SAR
images focusing on freeze-up in the Mud Lake area and ten high resolution images were
acquired up to December 12. Ice cover, ice classification and change detection products were
produced for all of the images with the exception that a change detection product was not

produced for the first image as the product required two images for analysis.

The image acquired on December 2 shows suspended ice accumulating in the river which
was blocked by the ice cover in Lake Melville. There were areas of open water identified in the
ice classification product. The remaining SAR image products show the accumulation continued

until the ice cover became stable and consolidated.

3.6.2 Seasonal Monitoring

Appendix C contains the ice products for seasonal monitoring of the Mud Lake area. The satellite
river ice monitoring continued with 40 medium resolution SAR images of the Lower Churchill
between Muskrat Falls downstream to Mud Lake. Ice cover, ice classification and change
detection products were derived from image analysis for each of the 40 images. The first
medium resolution image was acquired on December 4, 2013. Acquisitions continued at a

frequency of approximately every four days up to and including May 30, 2014.

Early in the ice season, the ice cover changed as the ice built up with slight changes in the
surface roughness. There was an change in the surface roughness of ice cover between April 4
and April 10, 2014, due to a period of warmer temperatures. Table 3.5 contains the temperature
and precipitation data for the month of April 2014 (Environment Canada, 2014). There were

four consecutive days with high temperatures above 0°C. During that time, there was some
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snow and ice melt on the ice cover that would have reduced the amount of backscatter received
by the satellite giving the darker appearance in the April 10 image. The change detection product
for April 10 demonstrated this decrease in surface roughness. The warm temperatures continued
up to April 17 with a high of 13.1°C on April 15 producing the same low backscatter result as with
the April 17 SAR image. The April 22 image shows another change with the ice surface
roughness, again due to the warm temperatures. The ice surface roughness continued to

smoothen resulting in lower backscatter.

The smooth cover continued until May 5 when the surface became rougher and open leads
began to form signifying the early stages of break-up. The leads first appeared below Muskrat
Falls where the river narrows. The ice surface roughness increased in the Mud Lake end of the
river due to the ice shifting with the oncoming break-up. Leads continued to widen and lengthen
up to May 16 when a section of the river at Blackrock Bridge was ice free. The May 18 image
shows approximately 50% of the river was open, with much of the remaining ice below Muskrat

Falls downstream to Blackrock Bridge, and downstream of the Mud Lake crossing.

Table 3.5 Temperature and Precipitation Data for April 2014

Day MaxTemp (°C) Min Temp (°C) Mean Temp (°C) Tota(lnlfnaqi)nfall Jal (Scl::)w =
1 0.1 -18.6 -9.3 0 0
2 -5 -17.9 -11.5 0 0
3 5 -14.4 -4.7 0 0
4 0.7 -6.7 -3 0 0
5 -1.6 -8.4 -5 0 1.6
6 -14 -4 2.7 0 9.4
7 25 -9.2 -3.4 0 0.4
8 7.1 -12 -2.5 0 2
9 43 -11.1 -3.4 0.4 4
10 1.6 -13.8 -6.1 0 0
11 10.2 -5.6 23 0 0
12 6.9 -7.9 -0.5 0 0
13 -0.6 -11.6 -6.1 0 0
14 1.7 -13.2 -5.8 4.4 2
15 13.1 0.5 6.8 4.2 0.2
16 11.6 -11.5 0.1 1.6 0
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Table 3.5 Temperature and Precipitation Data for April 2014 (Cont’d)

Day MaxTemp (°C) Min Temp (°C) Mean Temp (°C) Tota(lnlfnz:i)nfall Jal (S:::)w =
17 -3.2 -12.4 -7.8 0 0
18 6.6 -8.9 -1.2 0 0
19 25 -6 -1.8 0 0
20 3.5 -7.2 -1.9 0 0
21 6.1 -6.5 -0.2 0 0
22 29 -6.4 -1.8 0 0
23 6.4 -34 1.5 0 0
24 1.6 -3.5 -1 0 0
25 2.8 -14 0.7 0 4.2
26 6.7 0 3.4 0.4 1
27 43 0.6 25 0.4 1.2
28 5.4 -3.8 0.8 0 0
29 2.8 -6.1 -1.7 0 0
30 10 -4 3 0 0

Source: Environment Canada 2014

3.6.3 Break-Up Period

Appendix D contains ice products for ice break-up on the Lower Churchill River. The first high
resolution image used for break-up monitoring of the Mud Lake area was acquired on May 6,
2014. The first three images were further west of Mud Lake, covering the section of river
closer to Muskrat Falls where open leads first developed. The ice cover was relatively smooth
due to the warmer temperatures occurring in April. The open leads expanded and the changes
were measured with the May 7 and May 10 change detection products. The May 10 images
received a higher amount of backscatter due to low overnight temperatures that froze the water on
the surface of the ice. Images acquired in the evenings have lower backscatter due to
warmer daytime temperatures and sunshine, which caused some melting and smoothing of the

ice surface, thereby reducing backscatter.
The May 17 image shows significant break-up where approximately 30% of the river within the

image is ice free. The medium resolution image acquired on May 18 shows significantly more

open areas in the river.
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3.7 Volumetric Flow Rate of Ice

Estimates of ice floe concentration were made available by C-CORE to Hatch for use in the
analysis of volumetric flow rate of ice. Photographs taken during the helicopter survey
conducted on December 2, 2013, were also used in this analysis. The average air temperature at
Goose Bay Airport on December 2 was -11.6 °C. Ice floe concentration estimates are outlined in

Table 3.6 and associated images are provided in Appendix E.

Table 3.6 Ice Floe Concentration Estimates, Lower Churchill River December 2, 2013
Location Ice Floe Concentration Estimates (%)
Upstream of Muskrat Falls 48.72
Downstream of Muskrat Falls 49.10
Near Blackrock Bridge 45.54
Near Mud Lake 99.79

Historical average daily temperatures at Goose Bay Airport were used to determine the
cumulative degree days to freezing (DDF) to December 2, 2013, from the start of winter. Winter is
assumed to begin on the first day of the first five day period with average daily temperatures
remaining below zero. The cumulative DDF to December 2 was approximately 145 and the
associated ice thickness was 0.18 m. For the purpose of this analysis and in the absence of
more reliable estimates, the ice thickness at each of the four analyzed locations is assumed
equal. Given that the processes of ice formation are so complex, the use of the Stefan Equation

to determine ice thickness for this application is considered rudimentary.

Flow velocities for December 2, 2013, assuming the average daily flow of 2,010 m®/s, are provided
in Table 3.7. Although flow velocity varies throughout each cross section, the above velocities are
assumed to be representative of the surface (i.e., ice floe) velocity. The flow regime downstream of
Muskrat Falls is irregular and it is possible that ice floes located in the northern most part of the

open channel are exposed to lower flow velocities.
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Table 3.7 Ice Floe Velocity Estimates, Lower Churchill River December 2, 2013

Location Ice Floe Velocity Estimate (m/s)
Upstream of Muskrat Falls 1.53
Downstream of Muskrat Falls 0.05
Near Blackrock Bridge 0.52
Near Mud Lake 0.49

To calculate the volumetric ice flow rate, the width of the open channel at each location must be
estimated. To ensure consistency, channel width estimates were made using the same
photographs that were provided to C-CORE for ice flow concentration estimation, as shown in

Appendix E. The resultant volumetric ice flow rates are provided below in Table 3.8.

Table 3.8 Volumetric Ice Flow Rate Analysis Results, Lower Churchill River

Width of Ice Floe Ice Floe Ice Floe Volumetric

Location Open Concentration Thickness Velocity  Ice Flow
Channel (m) (%) (m) (m/s) Rate (m°/s)

Upstream of Muskrat Falls 540 48.72 0.18 1.53 73.0

Downstream of Muskrat Falls 880 49.10 0.18 0.05 3.5

Near Blackrock Bridge 255 4554 0.18 0.52 10.9

Near Mud Lake 1000 99.79 0.18 0.49 88.4

2013/2014 Ice Observation Survey, Mud Lake Crossing, Lower Churchill River Page 38



4.0 REFERENCES

Bezdek, J.C. 1973. Fuzzy Mathematics in Pattern Classification. Ph.D. Dissertation, Cornell
Univ., Ithaca, NY.

Environment Canada. (2014). Daily Data Report for April 2014, Goose Bay, NL. Retrieved
from ’

http://climate.weather.gc.ca/climateData/dailydata_e.html?StationID=6777 &timeframe=2&Year
=2014&Month=4&cmdB1=Go

Hatch. 2007. Ice Dynamics of the Lower Churchill River. Prepared for Newfoundland and
Labrador Hydro- - Lower Churchill Hydroelectric Generation Project. Environmental Baseline

Report. ix + 66 pp, + 14 appendices.

Hatch. 2010. Mud Lake Freeze-Up Observations. Prepared for Nalcor Energy - Lower
Churchill Project. ii + 11 pp, + 4 appendices.

Nalcor Energy. 2009. Lower Churchill Hydroelectric Generation Project. Environmental Impact

Statement. Volume II, Part A. Biophysical Assessment. xvi + 337 pp., + 1 appendix.
Pelletier, K., and F. Hicks, 2003. Monitoring Break-up Development on the Athabaska River
using RADARSAT-1 SAR Imagery. Proceedings 12" Workshop on the Hydraulics of Ice

Covered Rivers, Edmonton, AB, June 19-20, 2003.

Pryse-Phillips, A. 2010. Effect of the Lower Churchill Project on the Mud Lake Winter Crossing.
PowerPoint Presentation, 17 pp.

SNC-Lavalin. 2012a. 2011-2012 Ice Observation Program — Final Report. Prepared for Nalcor
Energy - Lower Churchill Project. v + 68 pp., + 5 appendices.

SNC-Lavalin. 2012b. Review of Ice Study Work. Prepared for Nalcor Energy - Lower Churchill
Project. v + 55 pp., + 1 appendix.

2013/2014 Ice Observation Survey, Mud Lake Crossing, Lower Churchill River Page 39


http://climate.weather.gc.ca/climateData/dailydata_e.html?StationID=6777&timeframe=2
http://climate.weather.gc.ca/climateData/dailydata_e.html?StationID=6777&timeframe=2
http://climate.weather.gc.ca/climateData/dailydata_e.html?StationID=6777&amp;timeframe=2&amp;Year=2014&amp;Month=4&amp;cmdB1=Go

United States Army Corps of Engineers (USACE), 2002. Engineering and Design Manual: Ice
Engineering, Engineer Manual EM-1110-2-1612, United States Army Corps of Engineers,
Washington, DC. vii + 444 pp., + 3 appendices.

United States Army Corps of Engineers (USACE), 2010. HEC-RAS (Hydrologic Engineering
Centers River Analysis System) 4.1 Users Manual. US Army Corps of Engineers, Institute for
Water Resources, Hydrologic Engineering Center (HEC), Davis, CA. xii + 766 pp.

Yue, B., J. Chamberland, and J. Mulvie. (2013). Bottom-fast ice delineation with PoISAR and
INSAR techniques in the Mackenzie Delta region, Northwest Territories, Canada. Canadian

Journal Remote Sensing, 39, No. 4, 341-353.

2013/2014 Ice Observation Survey, Mud Lake Crossing, Lower Churchill River Page 40



2013/2014 Ice Observation Survey

Mud Lake Crossing, Lower Churchill River
LC-EV-107

Report Appendices

Prepared For:
Golder Associates Limited
Suite 204, 62 Pippy Place

St. John's, NL

A1B 4H7

Prepared By:
Sikumiut Environmental Management Ltd. (SEM)
2" Floor, 79 Mews Place
St. John’s, NL
A1B 4N2

January 13, 2015



APPENDIX A
Satellite Image Acquisition Schedule



< c-core

Lower Churchill River Ice Monitoring — Final Report 2014

Sikumiut Environmental Management Limited

Report no: R-14-28-1103

Revision 1.0

July, 2014

APPENDIX A — SATELLITE IMAGE ACQUISITION SCHEDULE

Date Time (UTC) Spatial Resolution (m) Area
December 2, 2013 9:51:08 5 Mud Lake
December 2, 2013 21:56:03 5 Mud Lake
December 3, 2013 21:49:59 5 Mud Lake
December 4, 2013 21:43:56 5 Mud Lake
December 4, 2013 22:08:04 30 Lower Churchill
December 5, 2013 22:02:03 5 Mud Lake
December 6, 2013 22:02:03 5 Mud Lake
December 7, 2013 21:49:59 5 Mud Lake
December 8, 2013 21:43:52 5 Mud Lake
December 9, 2013 22:02:00 5 Mud Lake
December 10, 2013 21:55:56 30 Lower Churchill
December 12, 2013 9:38:58 5 Mud Lake
December 16, 2013 21:49:51 30 Lower Churchill
December 20, 2013 21:43:47 30 Lower Churchill
December 24, 2013 21:43:45 30 Lower Churchill
December 29, 2013 22:01:55 30 Lower Churchill
January 3, 2014 9:50:52 30 Lower Churchill
January 6, 2014 22:01:51 30 Lower Churchill
January 10, 2014 22:01:48 30 Lower Churchill
January 14, 2014 22:01:48 30 Lower Churchill
January 18, 2014 9:56:49 30 Lower Churchill
January 22, 2014 9:32:39 30 Lower Churchill
January 30, 2014 22:01:41 30 Lower Churchill
February 4, 2014 21:55:38 30 Lower Churchill
February 9, 2014 9:44:35 30 Lower Churchill
February 12, 2014 22:55:35 30 Lower Churchill
February 16, 2014 21:55:33 30 Lower Churchill
February 21, 2014 21:49:29 30 Lower Churchill
February 25, 2014 21:49:28 30 Lower Churchill
March 5, 2014 21:49:25 30 Lower Churchill
March 9, 2014 21:49:25 30 Lower Churchill
March 13, 2014 9:44:27 30 Lower Churchill
March 22, 2014 22:07:28 30 Lower Churchill
March 26, 2014 21:43:17 30 Lower Churchill
March 30, 2014 21:31:18 30 Lower Churchill
April 5, 2014 21:55:19 30 Lower Churchill
April 10, 2014 9:44:20 30 Lower Churchill
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Date Time (UTC) Spatial Resolution (m) Area

April 17, 2014 21:55:18 30 Lower Churchill
April 22, 2014 21:49:12 30 Lower Churchill
April 26, 2014 21:49:11 30 Lower Churchill
April 30, 2014 21:49:12 30 Lower Churchill
May 5, 2014 9:38:09 30 Lower Churchill
May 6, 2014 22:01:20 5 Mud Lake

May 7, 2014 21:55:15 5 Mud Lake

May 8, 2014 21:49:10 30 Lower Churchill
May 10, 2014 9:56:24 5 Mud Lake

May 11, 2014 9:50:20 5 Mud Lake

May 11, 2014 21:55:15 5 Mud Lake

May 12, 2014 9:44:17 5 Mud Lake

May 12, 2014 21:49:10 30 Lower Churchill
May 13, 2014 21:43:09 5 Mud Lake

May 14, 2014 22:01:17 5 Mud Lake

May 15, 2014 9:50:18 5 Mud Lake

May 16, 2014 21:49:06 30 Lower Churchill
May 17, 2014 21:43:08 5 Mud Lake

May 18, 2014 22:01:12 30 Lower Churchill
May 20, 2014 9:44:07 30 Lower Churchill
May 29, 2014 10:02:15 30 Lower Churchill
May 30, 2014 22:01:08 30 Lower Churchill
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APPENDIX C
Mud Lake Break-up Satellite Imagery
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