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EXECUTIVE SUMMARY

The goal of the project was to identify and understand the snow- and permafrost-related
information needs of practitioners in the mining and transportation sectors in northern Canada,
specifically in Yukon and the Northwest Territories, and to produce knowledge products that
respond to a subset of those needs to encourage adaptation to climate change.

Mining and transportation practitioners from various backgrounds identified the need for:
= (Case studies of infrastructure failures and adaptations.
=  Easily accessible and tailored climate hazards-related information.

= Guidance on the complex interplay of climate elements such as snow and permafrost,
rain on snow, etc.

=  Practical and user-friendly climate-change guidance and tools including best practices,
outreach materials, financial justifications for adaptation, etc.

=  Accessible training on climate and weather impacts, permafrost, and other related topics
for practitioners and decision-makers.

The project resulted in the development of a web-based tool that responds to the need for case
studies of infrastructure failures and adaptations, with the ultimate goal of providing information
that will help practitioners incorporate successful adaptations. The Climate and Infrastructure
Forensic Analysis System (CIFAS) is both an online database of infrastructure and climate events
and a forensic analysis system. The system is populated with events affecting infrastructure in
northern Canada and the climate, infrastructure and engineering data surrounding those events,
as well as adaptations that were applied both successfully and unsuccessfully.

The second product is a set of case studies and automated reports that are an extension of
the first product, CIFAS. The case studies are guidance documents to show how CIFAS can be
used to generate an in-depth case study of an infrastructure failure, with the goal of identifying
adaptation options to prevent those failures in the future. At the same time, the two case
studies that were generated for this project provide specific examples of in-depth case studies
related to infrastructure and climate change. While the case studies are complex and require
further analysis, the automated reports that CIFAS could generate can help identify potential
climate impacts threshold values and other trends. CIFAS will be able to generate two types
of automated report: 1) single incident reports that focus on an individual event and/or piece
of infrastructure; and 2) cross-incident forensic analyses that refer to either multiple incidents
or pieces of infrastructure grouped together by one or more common characteristics, such as
geographical region, infrastructure element type (e.g., access road, culvert, municipal road) or
climate/meteorological driver (e.g., rain-on-snow event, active layer thaw).

A key element in the success of this project was the role of the stakeholder and the amount
of engagement that occurred throughout the process. Industry practitioners, professional
organizations, government representatives and other key decision makers were engaged in
developing the scope of the literature review, in prioritizing and refining the products and in
identifying options for the dissemination strategy.
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INTRODUCTION

1. INTRODUCTION

The project “Enhancing Knowledge Transfer to Decision Makers with Respect to Climate

Change Impacts on the Cryosphere”, hereafter known as the Cryosphere Project, focuses on
consolidating and identifying gaps in our current knowledge, as well as understanding and
providing awareness of the impacts of northern climate change on permafrost and snow in the
northern mining and transportation sectors. The goal of the project is to identify the snow- and
permafrost-related information needs of practitioners in the mining and transportation sectors in
northern Canada, specifically in Yukon and the Northwest Territories, and to produce knowledge
products that respond to those needs.

Researchers from the Northern Climate ExChange and Risk Sciences International were the
main leaders in developing products that respond to the climate and weather-related needs
of practitioners and decision makers whose professions are directly impacted by climate and
weather. Additional organizations making up the Project Team include University of Ottawa,
OCCIAR, and Government of Northwest Territories Department of Transportation.

2. BACKGROUND

Evolving conditions in the Canadian North (herein referred to as the North) driven by climate
change will directly result in changes to the northern cryosphere. Present climate conditions
across much of the North appear to have already changed significantly from the recent past,

and have resulted in discernible effects on key elements of the cryosphere, including permafrost,
snowpack, snowfall and other forms of frozen precipitation, river and lake ice, and ocean ice.
These impacts to the cryosphere have begun to affect a range of human activities across the
North, including the private sector and northern industries.

To help reduce risks stemming from these impacts, it will be important to address the
consolidation, development and dissemination of relevant and trusted knowledge with respect
to the effects of climate change on elements of the cryosphere. Depending on the potentially
impacted party or activity, different cryosphere and climate change-related information may be
desired, with respect to different geographies, timeframes, decisions, sensitivities, stakeholders
and industry sectors, and parameters and thresholds.

Two areas of private sector activity that will be increasingly affected by the impacts of climate
change on the cryosphere are the mining and ground-based transportation sectors. Many
aspects of both sectors are reliant on understanding, planning, designing and managing systems
in order to account for the character of elements of the cryosphere, including permafrost and
snow. Permafrost is present in many northern mining environments, and changing permafrost
conditions must be assessed with respect to their potential impacts on everything from the
long-term viability of retention facilities to site accessibility. Meanwhile, the ground-based
transportation sector, whether concerned with designing and maintaining private (e.g., mining)
access or public-use roads, must be vigilant about the potential for permafrost-related impacts,
due to the long distances and lack of redundancy of ground-based transportation networks, and
the widespread presence of permafrost across the North.

Snow is of consequence for the mining and ground-based transportation sectors for a number
of reasons. First, snow can significantly affect the temperature regime and behavior of
underlying permafrost; it acts as an insulator in the winter, reducing the degree to which the
active layer freezes back, while in the spring snow produces meltwater which, through pooling
or percolation, acts to warm the ground. Second, both snow-on-the-ground and snowfall

events can result in significant impediments to a range of operations in both sectors. Third, the
contribution of snowpack to flooding events can be significant, and will vary based on a range of




KNOWLEDGE TRANSFER AND CLIMATE CHANGE IMPACTS ON THE CRYOSPHERE

factors, including key characteristics of the snow and the timing and rate of melt events. Finally,
snow overload can pose risks to critical structures.

This project will serve as a pilot for a more comprehensive set of future climate change
adaptation decision-support products, as well as knowledge development and transfer exercises.
It will assess existing evidence of changing permafrost and snow conditions. Furthermore, it

will provide information on future climate change projections, in order to develop and test
information and communication products for climate change adaptation decision-making in the
northern mining and ground-based transportation sectors.

While there is a need for products that address all elements of the cryosphere and all areas of
the geographic North, the scope of this project was narrowed to focus on permafrost and snow
in Yukon and the Northwest Territories (NWT). The products however are useful for the entire
Canadian North and can be expanded to include other climatic elements.

Project objectives were to:

= assess and identify gaps in existing knowledge, understanding and awareness of the
impacts of northern climate change on permafrost and snow, accounting for the
relevancy (including credibility and usefulness) of existing information for adaptation
decision-making by private sector players involved in mining and ground-based
transportation;

= engage with the primary stakeholders in order to understand in specific terms their
highest priority knowledge requirements with respect to climate change impacts on
permafrost and snow;

= prepare communication materials (‘knowledge products’) and a related dissemination
strategy based on the above, which is targeted to, and tailored for, the above-noted
sectors and decision-makers;

= assess and recommend additional courses of action that may be required in order to
meet the needs or enhance the transfer of knowledge to the above-noted sectors and
decision-makers; and,

= present and disseminate the knowledge products to private-sector players in the mining
and ground-based transportation sectors, as well as to other relevant practitioners.

3. METHODOLOGY

While the methodology and work plan for the project were laid out in the proposal, the Project
Team included an iterative aspect to the project which allowed for some flexibility to make
changes as necessary based on the advice and feedback of Project Team and Project Advisory
Committee members.

3.1. PROJECT DEVELOPMENT AND PROJECT ADVISORY COMMITTEE

A Project Advisory Committee (PAC) was struck early on to guide project development including
the literature review, practitioner interviews and reporting, as well as to provide feedback
throughout the development of the knowledge products and dissemination strategy. The PAC
was composed of private-sector representatives and users of cryosphere information from the
mining and ground-based transportation-related industries (including consulting engineers),

as well as regulatory bodies, related government departments, and climate and permafrost
research communities.
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As the project developed, the Project Team found that some PAC members could devote

more time to the project than others, and new advisors became involved throughout the life

of the project. In particular, as the process moved towards soliciting targeted feedback from
practitioners the number of people involved as advisors grew. Soliciting individualized feedback
through this process resulted in more effective and relevant engagement of advisors than using a
traditional committee meeting format.

3.2. IDENTIFICATION AND CHARACTERIZATION OF PRIORITY INFORMATION NEEDS &
KEY SOURCES

The next phase of the project involved identifying and prioritizing industry information needs
and key sources. A survey of the literature was conducted in order to assess the availability
and coverage of information, the availability of data, and efforts required and challenges posed
with respect to the development of useable products. The literature review helped inform the
development of the interview guides and the identification of eventual respondents.

3.2.1. LITERATURE REVIEW

A literature review was completed to inform other elements of the project, including
development of an interview guide, identification of project advisors and interview respondents,
and development of knowledge products. This process consisted of an evaluation and
assessment of existing knowledge regarding priority climate-change impacts on permafrost and
snow conditions through reviewing a targeted collection of peer-reviewed and grey literature.
Grey literature sources included unpublished and internal government reports, northern
research institute reports, online information repositories, industry or regulatory reports, and
key standards and guidelines. The literature review was focused on answering the following
questions:

=  What snow and permafrost data is currently available in a format the sector requires and
can be developed or ‘packaged’ without significant effort?

=  What snow and permafrost information may be available through the literature or other
sources but has yet to be consolidated, presented, vetted or regionalized in ways the
sector may require?

=  What snow and permafrost information requires significant efforts to develop or may
lack sufficient observations or data for further development?

= Are there any specific obstacles to developing key aspects of the information that either
of the targeted sectors are requesting?

=  What tools are currently available to help meet the information requirements of the
sectors?

= Are there any particular practices, models, standards or guidelines to guide the
development of the required information products, the blending of datasets of variable
qualities, use of anecdotal impacts information, etc.? And what noteworthy limitations
exist with respect to these ‘tools’?

The findings from the literature review were summarized in a report (Appendix C) and were
presented to the PAC, Project Team and other practitioners at Webinar 1. The findings were
used with the interview results to identify priority information needs and potential knowledge
products.
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3.2.2. INTERVIEWS

An interview guide was developed by the Project Team to ensure consistency and structure
during the interview process. Originally, interviews were to be addressed separately between
snow and permafrost experts. However, this approach was rapidly abandoned when it became
clear that practitioners may not differentiate between those two elements, and that they are
in fact highly correlated in some cases (e.g., impact of snow on surface energy balance and the
permafrost active layer). Two versions of the guide, nearly identical in nature, were eventually
developed for the mining and transportation sectors. It was also found that a semi-structured
interview approach, tailored to the individual practitioner, was much more effective than pre-
determining or compartmentalizing content prior to the interview.

Development of the interview guide was done iteratively, with the guide going through several
modifications based on feedback from the Project Advisory Committee and the first few
interviews. In particular, the interview guide was shortened significantly following the first
interview. It eventually consisted of seven (7) multi-part questions, which were further separated
into two main components: climate hazard and risk identification, and knowledge product
discussion. An additional four ‘soft” or non-technical questions addressing climate change and
adaptation knowledge were displaced to the end of the form. These non-technical questions
were set aside and only addressed when time allowed due to both their secondary nature with
respect to project goals, as well as concerns over the time required to conduct the survey.

Interviews were conducted in teams of two and consisted of one or more practitioners as
interviewees. While the original intent had been to interview practitioners on an individual basis,
interviews in which multiple people were interviewed tended to produce very good results, since
co-workers were given a chance to discuss subject matter and exchange ideas while answering
guestions. It also made the interview process more efficient, allowing for a greater number of
practitioners to participate in the project.

The interview team consisted of researchers from the Northern Climate ExChange, Risk
Sciences International, Mirarco, and the Government of the Northwest Territories’ Department
of Transportation. Interviews were conducted by phone, with one of the interviewers asking
qguestions while the second recorded notes. Interviews were recorded for the purpose of
verifying responses and filling information gaps in the transcripts where required. The original
intent was to conduct interviews in person whenever possible; however, it became clear that it
was more practical to conduct interviews by phone, as many of the interview participants had
time constraints and interviews were often coordinated between various locations and time
zones.

3.2.2.1. Participants

A total of 18 interviews were conducted, including 7 representatives from the mining sector,

8 representatives from the transportation sector, and 3 representatives who work with both
the mining and transportation sectors. Of the 18 respondents, 4 respondents work for mining
companies, 8 work for consulting firms that work with the mining and transportation sectors,
and 6 work for government agencies involved in the ground-based transportation industry,
specifically employees of the Yukon and Northwest Territories governments. Almost all of the
respondents have 15 years or more experience working in the North in their respective sector,
with many having at least 25 to 30 years. Participants were from Yukon Zinc Corp., Victoria Gold
Corp., Alexco Resources Corp., BGC Engineering Inc., Tetra Tech EBA, Navig Consulting Inc., Yukon
Government Highways and Public Works, and the Government of Northwest Territories (GNWT)
Department of Transportation.
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3.2.3. WEBINAR 1: CLIMATE CHANGE, PERMAFROST AND SNOW: INVESTIGATING IMPACTS
ON MINING AND GROUND-BASED TRANSPORTATION AND RESULTANT INFORMATION NEEDS
IN YUKON AND NORTHWEST TERRITORIES

A webinar was held on April 17, 2013 to discuss the preliminary findings from the literature
review and practitioner interviews, including a list of information needs resulting from the
research. The goal of the webinar was to gather further information from sector and other
technical experts, as well as receive feedback from the members of the Project Advisory
Committee (PAC) on the information needs and potential knowledge products. The webinar
attendees included PAC members, Project Team members, and several practitioners identified
through the interview process. The webinar was facilitated by John Streicker, Science Advisor for
the Northern Climate ExChange. Presentations by Simon Eng from Risk Sciences International
and Alison Perrin from the Northern Climate ExChange provided results from the literature
review on snow loads and permafrost, and results from the practitioner interviews, respectively,
as well as a summary of the industry needs and suggested knowledge products. Participant
discussion focused on the refinement of the suggested industry needs and knowledge products,
as well as suggestions on possible improvements to the literature review. The webinar
presentations and results were summarized in a separate report submitted to NRCan.

3.3. DEVELOPMENT OF KNOWLEDGE PRODUCTS AND DISSEMINATION STRATEGY

A list describing potential knowledge products was circulated to the Project Advisory Committee
and other experts from both the transportation and mining sectors. The Project Team gathered
feedback from these practitioners to narrow the list to two knowledge products that could
feasibly be produced in the timespan of this project. The list of products that will not be
produced as part of this project is provided as a set of recommendations for future knowledge
products to the project funder.

3.3.1. KNOWLEDGE PRODUCTS

Two knowledge products were developed through an iterative process incorporating targeted
feedback from industry practitioners; Product 1: the Climate and Infrastructure Forensic Analysis
System (CIFAS) and Product 2: CIFAS case studies and automated reports. As the products were
developed, members of the Project Team contacted practitioners to solicit advice and feedback.
Through this process, the list of advisors involved in the project grew to include new members.
This targeted feedback process helped the Project Team further refine the scope and parameters
of the products and proved invaluable as a means for raising awareness regarding the eventual
products, as further discussed below.

3.3.2. DISSEMINATION STRATEGY

A dissemination strategy was developed concurrently with the knowledge products,

and as mentioned above, was a key element in the iterative process used to refine the
knowledge products. The dissemination strategy includes the targeted feedback used in
product development, suggested formats and platforms for the knowledge products, and
key organizations that were part of the development and could be integral to the future
dissemination of the products.

3.3.3. TESTING AND REFINEMENT OF KNOWLEDGE PRODUCTS AND DISSEMINATION
STRATEGY

In the original proposal, a one-day workshop was proposed as a means of testing and refining
the knowledge products and dissemination strategy. However, as described in the dissemination
strategy, a targeted feedback approach was used to test and refine the products and because
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of this, it was decided that it would be more effective, and a better use of resources, to give a
presentation on the products at the Transportation Association of Canada (TAC) conference in
Winnipeg on September 21, 2013. Project Team member Heather Auld presented to the TAC
Engineering and Research Support Committee’s Northern Transportation Infrastructure in the
Presence of Climate Change Subcommittee. While lack of time prevented a fulsome discussion
of the products, the TAC audience was interested in the potential use of CIFAS for maintenance,
safety and climatic design considerations, as well as the potential for possible detection of
climate thresholds or infrastructure breaking points. The subcommittee was also encouraged to
see multi-disciplinary work being done on adaptation research with practical applications.

3.3.4. WEBINAR 2: DRAFT KNOWLEDGE PRODUCTS AND DISSEMINATION STRATEGY

A webinar was held on September 24, 2013 to discuss the draft knowledge products and
associated dissemination strategy. The goal of the webinar was to solicit feedback from the
members of the Project Advisory Committee (PAC), the project team, and other project advisors
and participants on the format, content and dissemination of the knowledge products in order
to further refine them. The webinar attendees included PAC members, Project Team members,
and government representatives. The webinar was facilitated by John Streicker, Science Advisor
for the Northern Climate ExChange. Presentations provided an introduction to the knowledge
products and the dissemination strategy. Participant discussion following the presentations
focused on finding a location for hosting CIFAS, as well as strategies for disseminating and
expanding the products. Participants were supportive of the products and their relevance

to northern decision-makers. The webinar presentations and results were summarized in a
separate report submitted to Natural Resources Canada (NRCan).

4. DISCUSSION OF RESULTS

4.1. LITERATURE REVIEW

The literature review focuses on the impacts of snow and permafrost, and their effects on
surface transportation and the mining sector in the Canadian north, namely Yukon and the
Northwest Territories. A Literature Review Report was prepared to share results (Appendix

C). This report introduces definitions of the main components of the research project as well
as their parameters. It reviews climate interactions with both snow and permafrost including
expected future changes. Regarding the mining and transportation sectors, the report includes
a discussion of the relative importance of climate change impacts, the benefits and limitations
of related adaptation measures, and gaps and limitations in available knowledge and research.
The report also includes a review of climate-permafrost interactions, permafrost distribution
modelling, and climate change impacts on mining and transport infrastructure in the North.

4.2. INTERVIEW SYNOPSIS
4.2.1. HAZARDS
4.2.1.1. Permafrost

Permafrost was listed by all respondents as a hazard that they experience and plan for in their
work. Challenges raised included challenges in identifying the location and type of permafrost,
infrastructure design lifespan, construction in a permafrost environment, slope stability issues,
and projecting change in underlying permafrost conditions during the service life of the structure
and designing accordingly.

In many areas of the North, it can be assumed that permafrost exists and should be planned
for. However, in most of Yukon and parts of the Northwest Territories, there are areas
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of discontinuous permafrost (areas where 30-80% of the ground surface is underlain by
permafrost). For people working in these regions it becomes necessary during the planning
stages to determine where permafrost exists. Some respondents in both sectors conducted
expensive site investigations, including drilling boreholes to determine where permafrost exists.
The cost of site-specific investigations can be prohibitive and many respondents from the mining
sector used qualitative scientific techniques to predict where permafrost would most likely be
present (e.g., permafrost is common on north-facing slopes, in valley bottoms, and at higher
altitudes).

Respondents involved in infrastructure design in both the mining and transportation sectors
were concerned with surface infrastructure design, and how infrastructure will perform over
its expected lifetime. Mining infrastructure, except for tailings, is generally designed for the life
of the project which can be less than 20 years. Transportation infrastructure is usually designed
for a longer lifespan, generally 50 years. Two of the respondents in the transportation sector
mentioned the difficulty of predicting change over a 50-year span, thus posing a challenge in
the design process. Most of the respondents in both sectors use climate trends and ‘worst case
scenarios’ in planning and design, and some use climate projections. Several respondents said
that the data they are working with is the best available, but is still quite limited. Many of the
respondents communicated a concern regarding the impact of unexpected weather events, such
as severe rainstorms, on permafrost and infrastructure.

In regions with colder temperatures and colder permafrost, tailings containment can be
designed to be dependent on permafrost remaining frozen, such as frozen core dams. Several
respondents expressed concern over the planned lifetime of these designs. One respondent
expressed that “we need to look farther in the future when we predict how the permafrost
will hold up”. Another stressed that tailing deposits should be designed for perpetuity, the
challenge being design for unknown future risk. One respondent recommended removing all
water from tailings and using dry stack tailings to avoid issues with containing tailings ponds.
Another identified reclamation and abandonment, including the short lifespan of remediation
techniques, and the associated costs to tax payers, as the most important issue facing the
northern mining industry.

Concerns were expressed about the disturbance of permafrost associated with the construction
of infrastructure. In Yukon where most of the permafrost is warm and discontinuous, there was
a range of techniques being used to manage permafrost in the mining industry. One respondent
working with Yukon mines uses disturbance as a way of managing the warm permafrost before
beginning the construction phase. Another respondent working in an area of discontinuous
permafrost used extensive analysis of permafrost to avoid disturbing permafrost on the site.
Several respondents emphasized the importance of not disturbing the permafrost, and discussed
the difficulty of dealing with thawed permafrost following disturbance. One mine operation
uses a variety of materials on access roads to minimize these issues, including coconut matting,
permafrost seeps, and rip rap. One respondent discussed discovering permafrost during the
construction phase and then adapting plans to move planned roads or infrastructure to avoid
the permafrost.

Some respondents felt that it was important to keep the ground frozen during the construction
of infrastructure and during the life of that infrastructure. For ground-based transportation, this
is a major challenge and there are a variety of studies and test sites that focus on techniques to
maintain ground temperature under and around roads. Several respondents from both sectors
mentioned the importance of continuing to monitor soil stability and temperature once the mine
or road was operational following construction.

Permafrost thaw can induce settlement and stability issues which are major concerns for
respondents involved in transportation planning and maintenance, as well as infrastructure
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planning and maintenance for mines. Respondents were concerned with changes to the active
layer thickness in both sectors and throughout Yukon and the Northwest Territories. Site access
is an operational hazard in areas with extensive permafrost, as consistent access may only be
possible during the coldest season. One respondent claimed that the “cold season” has been
shorter for the last ten years, impacting site access for their operations.

As one respondent pointed out, mining operations are generally short term, often having a
lifespan of 15 to 20 years, so they may not experience large-scale changes during that time.
However, as several of the mining sector respondents voiced, mines can experience slope
stability issues and landslides, as has happened in the Mackenzie River area. These can impact
mining operations and are a major safety issue. Landslides are also a concern for ground-based
transportation, as experienced in Yukon in 2012 when landslides occurred on three major
highways during the same time period and impacted access to goods.

4.2.1.2. Snow

While snow loads were part of the focus of this study, the main snow-related hazard that was
identified by representatives from both the mining and transportation sectors was the impacts
of increased amounts of precipitation, including both rain and snow. Related to increased
snow were other issues such as runoff, increased snow layer on ice and permafrost, minimized
visibility, and avalanches. Several respondents mentioned that if they could plan for seasonal
snowfall amounts, it would improve their ability to manage it more economically. While it is
currently difficult or impossible to predict how much snow to expect and when to expect it,

or when spring runoff will occur, this is an indication of where additional work and research is
greatly needed.

Increased snow is generally disruptive to the work flow of a mine. It makes mine site operations
harder to manage, including simply locating equipment, access points and pipes beneath

snow cover. Some operations manage snow by moving it around and removing it from areas of
concern, however this increases costs. This can be done to manage snow around infrastructure
and roads, and to avoid increased runoff, or to remove snow from areas where permafrost is a
concern.

More snow and rain can have severe implications for mines as the water balance profile is a
major challenge for mine operations. Unusually high snow years and early spring warming have
caused increased erosion, debris chutes and landslides. Some operations have tried to mitigate
erosion by seeding and vegetating exposed slopes with varying success. Runoff can make it
difficult to limit the amount of water that contacts tailings, which increases the amount of water
that needs to be treated and increases costs for the mine. In extremely high water years, this
can lead to emergency water releases. Runoff also brings silt and sediment into the tailings. One
solution is to actively manage the water movement around the site through building diversion
ditches for excess run off.

The impact of water and runoff on permafrost is also a concern to both the mining and
transportation sectors. The interplay between ground water and permafrost was mentioned as
a major concern by respondents and is one of the main reasons for diverting runoff or managing
snow loads. One respondent was concerned that many mine hydrologists lack the ability to
predict run off in a permafrost environment.

Increased snow can also have an impact on permafrost by insulating the ground and increasing
ground temperatures, particularly in areas where deep snow drifts form. Modelling how snow
accumulates around a structure can help to identify where it will accumulate and how to plan
infrastructure appropriately. Runoff can also create issues when it comes into contact with
permafrost.
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Increased precipitation, whether it is snow or rain, increases the vulnerability of bridges and
roads. For the transportation industry as well as mine access, increased rain and snow events
can lead to issues with culverts that are under-designed and end up washing out parts of the
road. This results in increased maintenance costs including replacing culverts. Design for bridge
bases and culverts are based on projected river discharges and flow, and depend on accurate
precipitation projections.

Increased amounts of snow disrupts traffic, blowing snow in particular affects visibility and can
cause major interruptions in the transportation industry. Blowing snow can also significantly
increase mining costs because of transportation delays, the inability to bring staff and equipment
in and out of the mine, or to move product out of the mine. These delays impact the mine’s
schedule and profitability. Avalanches were listed as a concern in some areas, although not

a common occurrence in any of the regions where the respondents operate. Avalanches can
impact access, and blasting may be required around roads, which means bringing in specialists
and increasing costs further.

High snow years sometimes result in increased snow build-up on ice, which slows the formation
of ice roads. These roads play an important role in ground transportation in the Northwest
Territories and late formation of ice roads results in construction delays. Operations may have
to delay work or fly in equipment at an increased cost. All weather roads are not necessarily a
suitable replacement, as they are expensive to build and maintain, in particular in permafrost
environments. Finding materials to build all weather roads can be very difficult in the North.
This is a challenge that is arising in the construction of the highway from Inuvik to Tuktoyaktuk.
Nevertheless, some operators that are building their own access roads with shorter life spans
are turning to all weather roads and permanent bridges as a means of improving access to
compensate for warmer temperatures.

Freeze-thaw cycling is another hazard that can speed up road deterioration, leading to increased
maintenance and costs. Increased freeze-thaw cycling can also cause damage to infrastructure
and equipment, for example, it puts strain on pipe connections, and can increase safety concerns
at the work site.

4.2.2. CURRENT PRACTICES

The mining and transportation sectors are actively working to adapt to climate change and deal
with permafrost and snow-related challenges in a variety of ways. Some common practices
were mentioned in the previous section in relation to specific hazards. There are other common
practices that relate to multiple hazards or general operations including using climate data

and projections, test studies, and guidelines. Respondents talked about best practices and the
struggle to maintain a balance between planning for climate change and economic viability.

There were some commonalities in the data that respondents are using across both sectors. All
respondents are currently accessing some climate data that they use in their work, regardless of
whether they are involved in the mining or transportation industry. All of the respondents said
they use the climate and weather data available on the Environment Canada website, some also
use data provided by Yukon government (YG) or Government of Northwest Territories (GNWT) or
other publicly available weather stations. Most mines have several on-site weather stations that
they and their consultants use to obtain local and baseline climate data.

The data that is consistently used by almost all of the respondents includes temperature,
precipitation, wind, and snow depth. Most are also using historical climate data from
Environment Canada’s climate records including air temperature, seasonal and annual changes,
monthly changes in snow precipitation and wind. Some are using Environment Canada’s climate
normals and noted that they have not been updated since 2000. More than one respondent is
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manually downloading recent climate information and plotting it to find a new average and rate
of change.

Climate trends that are used for infrastructure and mine design are based on best available
data so respondents were concerned that the data used would not be appropriate for long-
term impacts. When data is not accessible, respondents make conservative assumptions, rely
on expertise, or use data from a similar area. Several respondents have used climate data for

a larger area or from a somewhat distant weather station in order to interpolate data at a

local scale for their sites. There were associated concerns mentioned with spatial resolution
and interpolation. Respondents were also concerned with the accuracy of making projections
based on historical data and using these projections in planning. One example provided was the
commonly used and potentially inaccurate practice of basing new infrastructure design on the
warmest year in the past 10 years.

Some of the respondents have used climate change model projections, more so in the
transportation industry for highways planning, but also for mining infrastructure, and in
particular for tailings facilities. Some respondents questioned their reliability, while others
expressed a desire for more information around projections and standardization or guidance
as to which projections and GCMs should be used. One respondent uses projections to design
tailings by establishing a range of applicable projections using multiple scenarios and adopting
models that have successfully predicted current weather patterns. They base their design

on the more likely case but keep contingency measures open for a worst case scenario. The
respondent’s method is to “think about the worst case, but don’t design for it because of the
uncertainty”.

The governments of Yukon, the Northwest Territories, Alaska, China, and other jurisdictions are
experimenting with highway road test sections. Currently, monitoring is ongoing on test sections
in the Northwest Territories and Yukon including portions of Highway 3 (Northwest Territories),
the Alaska Highway in Yukon, and the highway between Inuvik and Tuktoyaktuk. These tests
include monitoring new technologies, and monitoring sub-surface temperatures and soil
movement. While several respondents mentioned that these tests are extremely beneficial, two
also noted that these types of tests take a long time to establish. GNWT is also experimenting
with runway stabilizer and other methods to improve airport runways in permafrost-rich terrain.

One respondent that works with both the transportation and mining sectors suggested that
changing building codes or best practices for infrastructure might be necessary. One solution

is to accommodate permafrost with design parameters, digging deeper than the permafrost to
put in supports, changing the foundation or pile design, finding bedrock when possible, avoiding
areas with standing water and creating effective drainage. For roads this may mean re-routing
them if possible, however in some areas it is impossible to avoid permafrost. The challenge for
road design is that roads can cover large distances over highly variable terrain.

Many of the respondents mentioned products with permafrost guidelines, including

those produced by the Transportation Association of Canada and the Canadian Standards
Association. Respondents from the transportation sector and those working as engineering
consultants suggested that these are widely used and generally accepted as best practices.
The Transportation Association of Canada has guidelines on building and maintaining roads in
permafrost-rich areas. Transport Canada has also delivered guidelines related to permafrost
in terms of runway surfaces and bump, as well as snow and visibility guidelines. They are
starting to address climate change issues in these guidelines. The Canadian Standards
Association is addressing climate change in some of their standards and is developing northern
building standards that take permafrost and snow loads into consideration. There have been
other guidelines produced in the past in permafrost regions addressing the development of
infrastructure. These provided guidance in the form of case studies, and one respondent who




DiIScusSION OF RESULTS

found these ‘real-world examples’ particularly helpful, expressed an interest in seeing those
updated and include the tracking of permafrost degradation.

Respondents noted that one of the challenges with these guidelines is that they focus on a single
element but do not take into consideration all aspects of ground conditions or how different
elements may interact with one another. For example, a guideline that measures rain and how
that impacts buildings, does not take into account the impact that rain has on the ground itself
and surrounding permafrost.

Many of the respondents noted the challenges of identifying where permafrost exists. There is a
need to drill boreholes to understand where ground ice exists and to get a better understanding
of the thaw sensitivity. This increases understanding of how the ground in a particular area will
react to warming and assists with making decisions regarding permafrost preservation. Some

of the respondents are using an active layer and ground temperature thresholds for design
decisions.

Almost all of the respondents discussed the difficulty of balancing the costs of design with the
risks involved with permafrost. Concern was expressed that over-designing infrastructure could
be costly and unnecessary, while under-designing could result in increased maintenance costs.
Respondents who act as consultants discussed the challenge of convincing clients that increased
costs involved in building better designs can be better economic choices in the long term, in
particular with clients that have little experience working in the North. Several respondents
identified the need to plan for maintenance by putting aside the necessary funds in preparation
for potential long-term settlement due to permafrost thaw and degradation.

4.2.3. KNOWLEDGE GAPS

Several respondents expressed a desire to have access to more weather data that is in a more
usable format. They would like to have access to more long-term weather stations and use
more localized data. The general consensus was that the North is a data-sparse region with too
much regional variability in the existing coverage and that it would benefit from more weather
stations. While there are some smaller weather stations operated by industry or other groups,
most do not provide all the data that is required to calculate ground energy balance or other
necessary functions, and many have sporadic data that has not been consistently collected.
Examples of data that respondents are interested in accessing are temperature, albedo, cloud
cover, wind speed and snow depth. They are also interested in receiving the data in a format
that is useable, i.e., available online and downloadable into Excel spreadsheets so they could
complete their own analyses and create their own graphs.

Most respondents identified spatial resolution as an issue. They are often dealing with indirect
data, or applying data from a larger or different area, and applying that to a smaller, more
localized area. One respondent felt that spatial resolution of data poses more of a challenge
than availability of data. Local climate stations can provide more information on how snow has
changed, or local temperature trends, however often those stations have only been there for a
short amount of time so there is no long term data on trends.

Respondents expressed a need for sector-specific guidelines that would indicate which climate
data, climate models and projections are most applicable for their area. They also expressed
concern that using the wrong data might lead to under-designing infrastructure, while using
unrealistic scenarios may lead to a project that is not economically viable. Climate guidelines
would also assist with standardizing designs in the industry.

Several respondents indicated that they would appreciate clear guidelines for incorporating
climate change considerations, in particular when dealing with assessments, water license
applications, or regulatory boards such as the Yukon Socio-Economic Assessment Board. One

1
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respondent said that the assessment process lacked clarity and that “dealing with climate
change can be as easy as writing a couple of sentences about why climate change is not a factor
for the project due to the planned life of the mine”. Several respondents said that currently
operators and regulators lack consistency, and that guidelines for climate-change assessments
would be helpful.

While some felt that climate change, climate data or assessment guidelines would be good for
unifying and creating a standard across the industry, at least one felt that there is too much
variability amongst sites and projects to have guides and standards. Several respondents said
that climate data changes so quickly that published guides quickly become obsolete.

Respondents involved in both transportation and mining operations identified the lack of
seasonal weather forecasting as a major inconvenience. There was also an identified need for
better short-term weather forecasts. Improved forecasting would directly affect the profitability
of operations through better planning and scheduling. Respondents also said it would be useful
to have better estimates of maximum snowfall and snowfall variability. This affects planning

for mining operations (e.g., leach operations and mine tailings) and directly affects profitability.
Along with seasonal forecasting, respondents identified a need for data and methods that assist
with predicting the intensity, frequency and timing of storms.

Clients and companies are not always on the same page with understanding climate projections
or designing for climate change. Several respondents said that training or easily accessible
educational material would be beneficial to get everyone on the same page and to ensure that
they have the same level of understanding. This could be useful in helping consultants explain
why more expensive choices are necessary or beneficial. More training on climate projections
and the use of climate-change models could be useful for standardizing how people use climate
data and data analysis. Generally, respondents are interested in knowing more about the training
and other products and tools that are available.

Respondents identified research gaps in the understanding of how ground conditions are
affected by different climate parameters, and how those parameters interact. They were
interested in being able to predict how the active layer will change with time, and how other
changes like ground disturbance (i.e., removal of vegetation) will impact active layer thickness.
Respondents working for mining operations said that they are looking for research that they can
cite in their regulatory applications.

One respondent felt that there is a need for research that compares the state of practice in the
industry with what is being documented by the industry experts in studies such as this one.
There is a potential gap between accepted industry best practices and what is commonly being
done in the field. The respondent indicated that corporate knowledge is often not retained when
experts retire or take their career elsewhere, and many people start their career in the North
and then move to another area, taking their expertise with them.

4.2.4. RECOMMENDATIONS

There were some general recommendations that arose from the interviews that informed the
development of potential knowledge products. There were clear indications that meteorological
data coverage is insufficient in the North. It was recommended that retired climate stations

be re-established. It was also recommended that additional variables be recorded at more
climate stations, such as those required for surface energy balance calculations for permafrost
modelling, like irradiation and evapotranspiration.

The general preference of most of the respondents was to have products available online,
although a couple of respondents preferred using printed publications. Generally it was
recommended to provide as much information via the internet as possible. Most practitioners
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used the internet as their main source of information. One practitioner raised concerns that
printed guides and standards may not cycle rapidly enough to address climate data needs in the
North, and this could potentially be improved by hosting them on the internet and updating
them on a regular basis.

Furthermore, interview respondents indicated a need for more robust infrastructure. Several
respondents mentioned issues related to repeated loss of internet service, which is a concern
when the internet is the main source of information.

5. KNOWLEDGE PRODUCTS

The two knowledge products developed as part of this project — i) the Climate and Infrastructure
Forensic Analysis System (CIFAS) and ii) CIFAS case studies and automated reports — were
produced to fill the knowledge gaps regarding permafrost, snow hazards, and related
adaptations that were identified through the literature review and interviews with industry
practitioners. Interviewed practitioners identified the need for more information on both
engineering successes and failures, and identified this as integral to improving current practices.

The product concepts were developed from interviews with industry practitioners and an in-
depth literature review focused on permafrost and snow, and the mining and transportation
sectors. Following completion of interviews and the literature review, information was
synthesized into identified needs or knowledge gaps, and the potential knowledge products
that could fill those gaps. The list of potential knowledge products was shared with the Project
Advisory Committee and other interested practitioners, who then provided recommendations
and feedback. The result was that these two products were identified both as valuable for the
transportation and mining sectors, and as viable for the scope of the project. Through targeted
consultation with industry practitioners, decision makers and government representatives, the
products were further refined to be as relevant and as useful as possible.

5.1. PRODUCT DEVELOPMENT

The products were developed through an iterative process beginning with the development of

a draft database structure. The Project Team located as much information as possible on cases
of impacts to northern ground transportation services and infrastructure and developed the
database fields using that information and feedback from the Project Advisory Committee (PAC),
Project Team members, and product dissemination partners. The Project Team populated the
early draft database structure by evaluating literature-review materials, practitioner interviewee
responses, and other documents collected or developed during the early phases of the project.

Further information on specific cases of impacts to northern transportation infrastructure and
services, as well as successful adaptations, were identified by conducting online searches for
technical reports, news reports, and press releases. Working with the PAC and dissemination
partners, and interviewing practitioners associated with specific impact events added more
details to fill out the event listings. The Project Team identified climate change-specific
vulnerabilities, including commentary on expected future challenges and relevant adaptation
strategies for each individual listing. Throughout this process, the online database structure

was refined as necessary. Two locations for in-depth case studies of infrastructure failure were
identified and information was gathered on those case studies. A further analysis was completed
to identify elements that led to the failure.
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5.1.1.

PRODUCT OBJECTIVES

CIFAS and the two case studies were developed in accordance with the following objectives:

5.2.

focus on providing the climate-, cryosphere-, and infrastructure-related information
most required by practitioners involved in planning, designing, constructing, maintaining
and operating northern ground transportation networks;

focus on the Yukon and NWT, and permafrost- and snow-related impacts and adaptation
measures (as per the original project plan), with an option to include equivalent
information for Nunavut and other cryosphere elements in the future;

provide easy on-line access to government departments, codes and standards
organizations, transportation service providers, research institutions, and other key user
groups;

allow for future expansion of the database to include information on a wider range of
northern sectors and climate change-related hazard types; and,

aim to serve as a definitive source of information for use in evidence-based adaptation
decision making.

RATIONALE FOR THE KNOWLEDGE PRODUCTS

These products are required in order to:

5.2.1.

support pan-northern and regional assessments of changing maintenance requirements
for northern ground transportation infrastructure;

support local and regional transportation planning, and the provision of adequate
navigational assistance and emergency management services;

establish the evidence base required in order to renew existing, as well as develop
new codes, standards, and related instruments for the planning and design of northern
ground transportation infrastructure; and,

build the evidence base to support improved infrastructure in northern environments, to
track infrastructure challenges, and to improve planning and budgeting for infrastructure
maintenance.

INTERVIEW AND LITERATURE REVIEW RESULTS

The majority of interviewees from the northern ground transportation sector provided examples
of infrastructure failures and/or major service interruptions for which snow, permafrost, and the
impacts of climate change were cited as main contributing factors.

These interview results are consistent with findings from the literature review completed for this
project, which also suggest that important knowledge gaps currently exist in adaptation related
to the impacts of climate change on snow- and permafrost-related hazards and northern ground
transportation. The main hazards are described as follows:

more frequent and severe permafrost-induced slumping;
more pronounced permafrost-induced subsidence;

more frequent rain on snow events, precipitous spring freshet, and related flooding
(Rawlings et al., 2009; TAC, 2010);
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= deeper and heavier extreme snowfall events, and larger total amounts of snow over
a shorter snow season(Pearce et al., 2009; GNWT, 2004a; McGregor et al., 2008;
Stephenson et al., 2011; TAC, 2010); and

= changes to the winter-road season(Pearce et al., 2009; Rawlings, 2009; Stephenson et
al., 2011; TAC, 2010).

Transportation infrastructure failures may be due to unforeseen or previously ignored or
misunderstood factors. For example, newly constructed sections of Highway 3 in the NWT,
designed using climate change adaptation strategies that were aimed at preserving permafrost
(McGregor et al., 2008), have recently experienced failures likely associated with meltwater
(Project Interview Results). The adaptation strategies used were based on the assumption that
warming air temperatures would have the greatest impact on permafrost conditions beneath
the road; however, the impacts of surface and near-surface water budgets (heavily influenced
by snow melt and seasonal water storage) may deserve much more attention than previously
thought, particularly under warm permafrost conditions.

Changing snow and permafrost conditions in the North have been documented through peer-
reviewed literature (UNEP, 2012; Osterkamp, 2003; Romanovsky et al., 2010; Joe-Strack and
Janowicz, 2009a-c), recent federal and territorial (GNWT, 2004a) government initiatives, as well
as the broader research community (Hennessey et al., 2011; NCE, 2011a,b).

Several interviewees noted that real-world examples of failures and/or adaptation design
measures provided in some guidance documents and design guides were among the most useful
to inform their transportation infrastructure planning, design and operation decisions. The
literature (e.g., Stephenson et al., 2011; Pearce et al., 2009) also suggests a need for the sharing
of these examples through case studies, including quasi-forensic analyses of the impacts, and the
nature of the events.

A number of literature sources (e.g., Pearce et al., 2009) indicate the need for more climate and
climate change impacts and adaptation assessments for northern infrastructure. Several cases
discovered during the literature review process provided specific examples of northern Canadian
ground transportation infrastructure failures. These serve as both an indication of climatic design
adaptation gaps, as well as a basis for populating the proposed forensic tool.

Online resource databases to inform climate change adaptation go beyond providing a location
for users to find information to support climate-sensitive decision making — they encourage
increased awareness and attention to climate-change impacts and, if designed well, can foster
interaction between experts that will encourage the growth of the field of study. Similar impacts
databases have been developed previously for southern regions of Canada by Project Team
members. Their experience with these databases provides both insight and qualification for
generating the proposed product.

Finally, impacts databases are a critical means for the development of an evidence-base required
by codes and standards committees in order to help justify changes in design, maintenance and/
or operational guidelines, and standards.

5.3. CLIMATE AND INFRASTRUCTURE FORENSIC ANALYSIS SYSTEM (CIFAS)

The main product is a forensic analysis system of snow- and permafrost-related impacts to
ground transportation and mine-access roads in the Canadian North, focusing mainly on Yukon
and the Northwest Territories. It was designed with the potential to expand at a later date to
include other types of infrastructure such as pipelines, buildings, etc. It is designed to be easy to
use, web-accessible, easily support data entry, queries and other database functions, and have
the ability to generate reports, tables and figures.

15



16

KNOWLEDGE TRANSFER AND CLIMATE CHANGE IMPACTS ON THE CRYOSPHERE

CIFAS allows for the storage, management and basic analysis of the following information:

type, location, age, and ownership of ground transportation infrastructure(s) impacted
by snow- and permafrost-related hazards;

type, location, and jurisdiction of ground transportation services impacted by snow- and
permafrost-related hazards;

character (e.g., timing, duration and magnitude) of the permafrost- or snow-related
event(s) resulting in each reported impact(s);

character (e.g., timing, extent and magnitude) of each reported impact (to service levels
or infrastructure conditions) resulting from the permafrost- or snow-related event(s);

primary vulnerability characteristics (e.g., particular engineering-related sensitivities)
affecting the timing, extent and magnitude of the service- or infrastructure-related
impact;

potential significance of climate change for all of the above;

design or management guidance available with respect to the impacted service or
infrastructure;

design or management protocols used with respect to the impacted service or
infrastructure;

climate and other environmental information used with respect to the impacted service
or infrastructure (i.e., design assumptions);

adaptation options and cases of successes of potential relevance to each reported
impact; and,

sources of planning, design, or operational guidance related to the impacted assets or
services, including relevant design codes and standards.

The importance of forensic investigations and the application of their findings were made clear
by both the interviews and literature review components of the project. This is also consistent
with climate change adaptation literature in general regarding the utility of post-event or post-
failure analysis. While the current project relates specifically to mining and northern surface
transportation, the methods and applications described below can fundamentally be applied far
beyond these topics, delving into most other forms of engineering, emergency response, and
operations and management relating to other natural hazards and their impacts.
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The main page of the Climate and Infrastructure Forensic Analysis System uses
Google maps.

5.3.1. USES OF CLIMATE AND INFRASTRUCTURE FORENSIC ANALYSIS SYSTEM AND CASE
STUDIES

Information that helps decision-makers to understand their current vulnerability to high-impact
weather and climate events can provide a powerful catalyst for further awareness and actions to
reduce current and future vulnerabilities (Breysse, 2013; De Groeve et al., 2013). It is this form
of analysis that provides the foundation for adaptation to current and future climate hazards by
identifying needed actions.

Forensic analyses can be used to track trends in impacts and their costs, to highlight regions
of higher vulnerabilities to specific cryosphere hazards, and to guide the current planning of
risk-reduction strategies and into the future (ICSU, 2013). The CIFAS information can be used
to identify lessons learned from a series of events, can yield insights into the return periods
of high-impact climate events, and can identify infrastructure types and practices at greatest
vulnerability. The system also has the potential to highlight priority changes needed for
infrastructure codes, standards, and disaster-risk reduction measures. The combination of the
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forensic analysis with guidance on climate event trends and future projections presents an
opportunity for sectors to develop adaptation responses that reduce northern infrastructure
risks and losses today, and into the future.

5.3.2. INFRASTRUCTURE FAILURES AND UNDERPERFORMANCE

The CIFAS system addresses both infrastructure failure and underperformance. Collapse and
structural failures can occur due to material properties or overloading when the load, such as the
weight of snowpack, has more severe effects than the structure or its materials were designed to
bear. Sometimes, the capacity of a structure can decline due to weathering or deterioration with
time or lack of regular maintenance. Human factors at any stage (design, building or service)

can also contribute to failure through under-design, changes in design requirements over time,
insufficient knowledge, risks that were conscientiously considered to be low, or communication
problems (UNDP, 2013).

Underperformance refers to a reduction in service levels in which infrastructure does not fail

or break in a structural sense, but also does not achieve performance objectives. Examples

of such events from the CIFAS system include weight restrictions placed on roads due to wet
ground conditions and increases in traffic volume (e.g., sections of Hwy 3 near Deh Cho Bridge,
NT, May 2013), and increases in traffic collisions due to poor road surface conditions (e.g., Hwy
3 between Fort Providence and Rae Edzo, NT, January 2005). While service is still available,
infrastructure is performing below design capacity due to environmental loading, and costs from
these types of incidents, though more difficult to quantify, can accumulate quickly.

Changing cryosphere conditions in the North — including decreasing length of snow cover
season, shorter ice-road seasons, increasing extreme snow depths and weights, more rain
on snow events, increasing extreme snowmelt events, and changing permafrost conditions
— are all producing significant impacts on mining and transportation infrastructure. The case
studies outlined in CIFAS all illustrate the vulnerability of existing transportation and mining
infrastructure to changing cryosphere conditions in the Yukon and Northwest Territories.

5.3.3. CRITICAL THRESHOLDS FOR ADAPTATION ACTIONS

Nearly all infrastructure currently in service have been designed assuming past climate
conditions and will represent conditions expected over the future lifespan of the structure. For
example, the climatic design values used in codes, standards and guidelines for design of reliable
and economical infrastructure include quantities such as the 10-, 50- or 100-year return period
‘worst storm’ rainfall or snow conditions and are typically derived from historical climate data.
The assumption that the past represents the future has worked well until recently but is no
longer holding well, particularly in northern regions where the climate is changing rapidly.

Forensic analyses often reveal that infrastructure failures result when weather and climate
extremes approach or exceed the structure’s historical design values (Auld et al., 2010). Often,
forensic studies show that, above critical climate thresholds, small increases in weather and
climate extremes can have the potential to bring on large increases in damage to existing
infrastructure. For example, previous Environment Canada studies (Auld, 2008a,b) indicated that
damage to infrastructure from extreme weather events tends to increase dramatically above
critical thresholds, even though the storm events associated with these damages may not be
much more severe than the type of storm intensity that occurs regularly each year (Munich

Re, 1997; Swiss Re, 1997; Freeman and Warner, 2001; Coleman, 2002; Auld, 2008a,b). In many
cases, it is likely that these critical thresholds reflect storm intensities that exceed the historical
design conditions for structures that were built earlier to lower capacities or loads. The lower
climate loads used for design in the past may have reflected lower extremes in the past climate
record, insufficient or limited climate information (e.g., short data records that did not capture
the full range of extremes), or poor quality climate data.
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In order to carry out useful forensic analyses of infrastructure failures and to have useful
guidance for future design practices, there is a need for good documentation on failure and
underperformance events, including an estimate of the original design, construction and
maintenance information, as well as good documentation on the failure conditions. The CIFAS
system includes a database with documentation on the state of the infrastructure, its failure
conditions, climate conditions likely contributing to the failure, and a user-friendly interface that
facilitates searches and statistical analyses of the failure event.

5.3.4. ENGINEERING CONSIDERATIONS

Nearly all failures are due to a combination of both human and environmental (in this case
climatic) factors, and hence information on design, maintenance, and material properties are
as significant as measures of climatic loading. Factors such as poor maintenance or periods of
abandonment, material weathering or fatigue, poor or flawed construction, or simply overuse
of infrastructure beyond its design life, may have also contributed to a specific failure or
underperformance incident. Age and fatigue, for example, have already been implicated in a
number of cases currently held in the CIFAS system (e.g., large culvert collapse Dempster Hwy
at Caribou Creek, YT, September 20, 2007). As such, relevant data on these factors should also
be collected and evaluated in combination with climate and weather contributions. There are
numerous infrastructure components that are sensitive to climate. Reports similar to the second
knowledge product can help identify what those components are and which design elements
were at fault in the infrastructure failure.

Determining the contribution of engineering design (Hales, 1998) and materials (Lewis et

al., 2003) to infrastructure failure and underperformance requires information containing
descriptions of failure characteristics, including on-site visual information, verbal, and/or written
accounts. This information can provide a failure sequence and can help differentiate between
event-related damage and pre-existing damage from potential flaws in engineering or materials.
The ultimate purpose of analysing this information is to determine how the component(s) failed,
when they failed, and in what order. These are then related to both the history of the piece of
infrastructure, as well as its interaction with environmental and other loading.

5.3.5. TYPES OF CRYOSPHERE FORENSIC EVENTS

Snow and ice-related events can cover all time scales and can range from sudden onset
impacts to longer term, sometimes multi-year or multi-decadal processes; CIFAS failure and
underperformance cases attributed to changing cryosphere conditions represent the full range
of event types. Some are short-lived or intense weather events such as extreme blizzards and
heavy snowfalls, while others represent seasonal events such as heavy buildups of winter
snowpacks, spring rainfall combined with rapid snowmelt, and abnormally short ice-road
seasons. Additionally, other events represent long-term processes, such as changing permafrost
conditions and weathering of materials. These events are often inter-connected, where

one high-impact cryosphere event can trigger another, such as a significant spring rainfall in
conjunction with rapid snowmelt (mentioned above), or an ice jam on a river resulting from
rapid warming and increased runoff.

The events in CIFAS cover a variety of time scales and can be roughly categorized as:

= short-term emergencies: blizzards, heavy snowfall events

= seasonal creeping events: heavy winter snowpacks, rapid spring snowmelt leading to
increased runoff and flooding, abnormally short or disastrous ice-road season
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= combination events: significant spring rainfall combined with rapid melt from a heavy

snowpack, ice-jam flooding

= |ong-term, multi-year onset events: permafrost thaw and thickening of the active layer
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5.4. CASE STUDIES AND AUTOMATED REPORTS

This second product is a derivative of the Climate and Infrastructure Forensic Analysis System
and provides descriptions and examples of the utility of the ultimate outputs from the CIFAS
system. The case studies are an example of the type of report that could be developed through
the use of CIFAS. Ideally, a simpler version of this type of case study could be produced by
CIFAS as an automated report, with recommendations on how to use the available information
and data to conduct a more in-depth case study. This product description includes the format,
assessment methodology, results application, and two sample case studies with analyses.

The case studies provided in Appendix D represent two related combination or ‘complex’ events
from 2012 involving heavy snowpacks, rapid spring warming and significant spring rainfalls
leading to disastrous flooding, infrastructure failure and emergency responses. Both mining and
transportation infrastructure were impacted by these two events in both the Yukon and the
Northwest Territories.

They were chosen from the infrastructure hazards identified in populating the database and
were then subject to a more in-depth study of the identified hazards, the particular climate and
weather information and more localized data. The analysis included a study of the interplay or
relationships between these variables, and of the elements that led to the infrastructure failure.

5.4.1. AUTOMATED REPORTS

The product described here consists of automated reports that provide the basis for the
interdisciplinary forensic analysis of the type described above. Automated reports would first
be generated using fields held in CIFAS. Two types of formats are envisioned, those for single
incident or single asset case studies, and those for cross-incident forensic analyses. The former
focuses on an individual event and/or piece of infrastructure, while the latter refers to either
multiple incidents or pieces of infrastructure grouped together by one or more common
characteristics, such as geographical region, infrastructure element type (e.g., access road,
culvert, municipal road) or climate/meteorological driver (e.g., rain-on-snow event, active layer
thaw).

Main headings for Single Incident/Asset Reports include the following:
1. Incident Overview
Overview of Affected Infrastructure

Atmospheric Hazard Event

Response to Event

2
3
4. Engineering Considerations
5
6. Forensic Analysis

7

Climate Trends, Projections and Future Risks
8. Adaptations and Recommendations

Detailed descriptions and sample content for these headings are provided in the case studies in
Appendix E. Note that “Forensic Analysis” is placed before “Future Risks” since causes (or at least
possible causes) should be identified in preceding report sections before applicable climate-
change projections can be identified and used. Sections and headings will contain all respective
information available in the original CIFAS listing, highlighting areas where data is missing. The
automated report can then be copied into a document editing platform for further analysis.

In contrast, Cross-Incident reports group events by one or more common attributes with the goal
of determining commonalities in contributing factors. These would address items such as event
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frequency, comparison in magnitude of contributing climate and weather factors and indices for
similar events, identification of regional sensitivities, determination of climate ‘breaking point’
thresholds, and so on (outlines for Cross-Indent Reports have not been developed here). The
potential forms and uses of cross-incident studies are numerous and merit further development.

5.4.2. FORENSIC GUIDANCE

Forensic analysis requires the application of objective and critical thought beyond the raw

data that is provided, and it is therefore impossible to conduct a full forensic assessment in an
automated fashion. As indicated above, automated reports will therefore provide additional
forensic guidance to assist users with analyses of climate and infrastructure information (see
bolded blue text in the case studies in Appendix D). In addition to this, a number of example
case studies would be provided on the CIFAS system for users to review completed cases. Several
references from the grey and peer-reviewed literature will also be noted to provide additional
case study examples as well as refinement of analysis techniques and discussion (future work
may include the compilation of case studies relevant to the system, e.g., McGregor et al., 2008).

Forensic guidance will include a series of questions which can be used to interrogate and
combine the climate and engineering data to assist the user with determining the causes and
contributing factors for the failure or underperformance event. This may include identifying
and documenting available and needed data relating to the incident, up to, and including,
consideration of the design process itself and its stages (Hales, 1998) which may have
contributed to vulnerabilities and, ultimately, failure.

A few additional references which help describe the forensic analysis process are provided here.
While much forensic engineering literature focuses on investigation and analysis within the
context of legal proceedings (e.g., Hales, 1998; Noon, 2000; Lewis et al., 2003), reasoning and
processes discussed within these references are still directly applicable. Weather and climate-
related failures have in the past been subject to legal proceedings (Lyons, 2004); however, those
who will potentially act as expert witnesses should seek proper advice from both a legal counsel,
as well as experienced forensic engineers.

5.4.3. AUTOMATED COMPONENTS AND FIGURES

While full automation of a forensic report is not possible, automation of specific figures and
components is. The following figures could be developed in an automated fashion and generated
for specific reports, either case-specific or cross-event fashion:

= mapping data source locations relative to incident or incidents (e.g., Fig. 3 in Case
Study 1);

= graphing antecedent temperatures, precipitation amounts and accumulations for
comparison with historical values or climatic averages over relevant time periods (e.g.,
days preceding a flood event or years to decades preceding a permafrost-related failure);
and

= graphing timelines depicting maintenance history (long term, years) or sequence of
events (short term, hours), possibly combined with climate and weather data.

These and other figures and visualizations could be generated in an automated fashion and will
assist users in their forensic analysis. As the CIFAS system is developed further and more case
studies are executed, commonly used figures will continue to be identified and added to the
suite of automated capabilities of the system.
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5.4.4. DEVELOPING CLIMATE CHANGE ADAPTATION SOLUTIONS

The ultimate goal of these forensic analyses is to provide fact-based adaptation solutions to
reduce the risks of similar failures occurring in the future. Benefits include the following:

= Fact- based input for guides, codes and standards by highlighting design needs identified
by failures;

= new design values due to changes in climatic loads, determining sensitive design
elements which can be addressed by future maintenance or new design clauses, or by
identifying climate and weather breaking-point thresholds which should be monitored;

= information for disaster response and management, including needs for improved
communication or modification to protocols;

* indications of needed changes or improvements in weather and climate forecasts for
organizations when designing specific pieces of infrastructure;

= identification of effective climate change adaption measures, through comparison to
other case studies through literature, cross-incident analysis, or case-specific examples
of effective measures; and

= the development and coordination of longterm monitoring and assessment of both
infrastructure assets and of important climate and weather elements.

These and other benefits are the ultimate goals of forensic analyses, and the CIFAS system is
designed to facilitate and direct this complex process to the greatest extent possible. These
benefits can only be achieved, however, when embedded within a larger, integrated adaptation
platform that puts adaptation recommendations into action.

6. DISSEMINATION STRATEGY

The dissemination strategy was developed simultaneously with the knowledge products to
ensure the knowledge products were created with the inclusion of input and feedback from the
target audience, and also to ensure that the final products reach user groups.

6.1. TARGET AUDIENCE

The target audience for these products includes industry practitioners working in the mining
and transportation sectors in northern Canada, government departments, and professional
associations related to engineering, mining and transportation. The target audience also
includes associations producing standards, guidelines and best practices related to the mining
and transportation sectors. The practitioners targeted by the products include engineers,
government decision-makers in departments of transportation and mining, industry
professionals, professional engineering associations, standards associations, mining associations,
and regulatory bodies. Anyone who is involved in the planning, operations, remediation, and
regulation of transportation and mining, or is involved in creating standards or design guidelines
for these sectors is included in the target audience for these two products. More specifically, the
target audience includes:

= professional associations: Engineers Canada, northern engineering associations
(e.g., Association of Professional Engineers of Yukon, NWT and Nunavut Association of
Professional Engineers and Geoscientists)

= industry associations: Chamber of Mines
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= codes and standards organizations: Canadian Standards Association, Transportation
Association of Canada, the Northern Infrastructure Adaptation Initiative

= government departments: Public Works, Transportation, Emergency Management,
Economic Development, Land Planning

®* municipal and community associations: Federation of Canadian Municipalities,
Association of Yukon Communities, NWT Association of Communities

= transportation and mining sector practitioners: surface operation managers,
environmental managers

= adaptation organizations: OCCIAR, the Pan-Territorial Adaptation Partnership

6.2. TARGETED ENGAGEMENT IN PRODUCT DEVELOPMENT

The first part of the dissemination plan involved engaging members of the target audience and
potential dissemination partners in the development of the products. The goal was to raise
awareness around the products and engage potential partners and users in the development of
the product to ensure the usefulness and relevance of the product. Frequent interaction with
eventual dissemination partners was maintained over the course of the project through refining
the product concepts, refining design specifications for the products, and researching cases of
infrastructure and service impacts to populate CIFAS.

The Project Team conducted targeted consultations with:
=  PAC members (academics from permafrost and snow)
= industry practitioners (geotechnical engineers, mining practitioners)
= professional associations (Engineers Canada)
= government representatives (NRCan, Transport Canada, Government of Yukon, GNWT)
= adaptation practitioners (OCCIAR, Mirarco)

The Project Team also presented on the draft knowledge products at the Transportation
Association of Canada conference and via online webinar to solicit discussion and feedback
on the products. The products and dissemination strategy was also presented via webinar to
NRCan’s Northern Working Group to gather more feedback. The presentations were also an
opportunity to discuss and get feedback on potential dissemination partners, and possible
hosting options for CIFAS.

6.3. PRODUCT SUSTAINABILITY

In the original product proposal the goal of the dissemination strategy was to ensure that the
products reach the audience. As the products were developed, it became clear that one of

the major challenges would be finding a host for CIFAS and ensuring the sustainability of the
products. The goal of the dissemination strategy was expanded to include finding an appropriate
host for the online system. This is an ongoing role for the Project Team that will carry on once
the project is completed.

When considering potential hosts, the Project Team is considering parties who:

= already play a role in disseminating information relating to northern climate change
impacts, natural hazards, northern transportation infrastructure or services;have the
capacity and access to the expertise required to maintain CIFAS and update data entries
or expand and develop it as needed; and,
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are interested in interacting with key user groups, such as professional and sector
associations, and codes and standards-related organizations

A secondary consideration is to identify potential dissemination partners who can either support
the system host, share the product with their members, or link to the product. Potential partners
can ensure that CIFAS is referenced in key publications (i.e., related codes and standards),

and linked to key processes and institutions that can benefit from the system. These potential
partners include:

territorial departments of transportation

territorial geomatics groups

territorial professional engineering associations

territorial planning associations

territorial business associations (e.g., consulting engineers)
territorial regulatory bodies (e.g., land and water boards)

territorial departments and secretariats responsible for CC responses
Transportation Association of Canada

Canadian Water Resources Association

Mining Association of Canada

Canadian Standards Association

There are three basic models for hosting CIFAS that would make it an effective tool for
practitioners.

1.

The first option is to have Risk Sciences International (RSI) further develop the system
and support its transition into a government department who would become its
ultimate host and maintainer. RSI would be prepared to provide assistance bringing staff
up-to-speed on the system and assisting with improvements. One of the challenges with
this option is the potential for the system to become associated with the host territory
and to lose its relevance to other parts of the region.

The second option is for Risk Sciences International to further develop the system

and support its transition to an organization that could host the system. This could

be a professional organization, such as Engineers Canada, a standards association like
the Transportation Association of Canada, or a non-profit such as OCCIAR. For these
organizations the challenge is to find on-going funding for the system, or the system
might become dated and obsolete. Professional or standards organizations may choose
to charge for use of the system, which may make it inaccessible for some potential users.

The third option is for Risk Sciences International to further develop the system and host
it on a protected server with ‘bannering’ or ‘branding’ tailored to one or more northern
organizations or governments. RSI, as the current host of the system, could continue

to house and maintain the system, while territorial governments and/or other users
host the client interface on their webpage. RSI currently hosts, maintains, updates and
routinely improves web-based decision support tools for a number of organizations.
Depending on the tool, the agency, and the user group, access to the tool can be either
public or protected. With this option, there is a way for more than one organization

or government to make CIFAS available on their webpage with their branding. The
challenge for this option is to find funding to support Risk Sciences International in
hosting the system; however, with a multi-jurisdictional approach, cost sharing across
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the region could be an option and costs would be minimal with potential options for
partners to assist with data entry and updating services.

6.4. PuUBLIC DISSEMINATION

Public dissemination of the product is essential for building interest, exploring potential hosting
ideas, and to share the products with future users. This phase of dissemination is ongoing and
began with attendance at the Pan-territorial Permafrost Conference in Yellowknife in November
2013. Project Team members gave a presentation on the project, knowledge products and
dissemination strategy as part of the Transportation session. The presentation was well received
and generated conversations with potential user groups around hosting options. The second
public presentation was at the Yukon Geoscience Forum in Whitehorse, Yukon in November
2013. A member of the Project Team presented the project as part of the poster session,

which provided the opportunity to discuss the project with practitioners on an individual basis.
Upcoming steps in dissemination include taking part in the NRCan adaptation webinar series to
present final knowledge products.

Mining and Transportation Sectors Adapting to Climate Change
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Poster presented at Yukon Geoscience Forum, November 2013.

7. CONCLUSIONS

While the project has concluded, the dissemination of CIFAS still requires ongoing attention.
Finding a sustainable option for maintaining a relevant, accessible and current system will
require a coordinated response and a source of funding. The response from the user groups
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identified in the dissemination strategy has been supportive and encouraging, and many of the
participants have shown interest in finding a long-term solution to finding a host for the system.
Members of the project team will continue to work with NRCan through the Northern Working
Group and the adaptation webinar series to disseminate information on the products and search
for a hosting solution.

The methodology was a successful pathway to identifying information gaps and potential
products, as well as tailoring products to the practitioners. The literature review provided

the base for the entire project by giving Project Team members a broad understanding of the
information that is available, how it is being disseminated and who is using it. The interviews and
further discussions with practitioners were crucial in determining which information needs were
a priority, and how they could be best answered or addressed. Broadening the project scope to
include a targeted consultation on top of PAC engagement was particularly useful for tailoring
the products, garnering support and minimizing time demands on volunteer advisors.

7.1. RECOMMENDATIONS

One of the goals of this project was to assess and recommend additional courses of action
that may be required in order to meet the information needs of the mining and transportation
sectors. There were several knowledge gaps and potential products that were identified during
this project that are included here as recommendations for future product development.

1. Easily accessible and tailored climate hazard-related data; almost every respondent
mentioned the need for more data and some were worried that the data they were
using was not appropriate for their area or when evaluating long-term impacts.

2. Guidance on the complex interplay of climate elements such as snow and permafrost,
rain on snow, etc.

3. Practical and user-friendly climate-change guidance and tools; some of the respondents
said they had difficulty convincing decision-makers to design for changes in snow and
permafrost. Better education, best practices, outreach materials, and examples or
case studies showing the financial benefits of adaptations were suggested as possible
solutions to combat the misunderstandings around adaptation amongst decision-
makers.

4. Accessible training for practitioners and decision-makers was suggested as a valuable
tool. Practitioners were interested in training that could be accessible by internet
or completed remotely at their desk. Possible course topics include permafrost and
weather/forecasting training. These courses should be targeted at people working in the
industry who are not experts in that area but may be working with experts, or with the
data.
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APPENDIX A - INTERVIEW GUIDE FOR MINING SECTOR

We are conducting a study on the climate and weather information needs of the mining and
transportation sectors in the North, with a focus on snow and permafrost. What we are trying
to learn is what you as a practitioner feel are the most significant impacts that snow and
permafrost have on your field of expertise, and what tailored information — what we are calling
‘knowledge products’ — can be developed to serve your needs.

Notes for Interviewers:

= The project embodies two main goals: hazard identification and information needs
identification

= A number of questions may have already been answered in passing prior to their
appearance in this form, with several specific examples indicated below; these can be

mentioned in passing as the form is completed, but remain cognizant of repetition and
interview duration.

= Double bordered ‘boxed-in" questions can be skipped for the sake of time if interview
is running long; the main purpose of the project is to identify and prioritize hazards
and information needs, and to help develop knowledge products, and so questions
addressing these should be given priority. Please indicate in your notes if the question

was skipped.
Name and Job Title: Date of Interview:
Field of Expertise: Geographical Location (where you operate):

Personal Background: (how long in this position; in this industry or related field; working in the
north, etc.)

Organization Background: (how long have they been operating; what stage are they in;
what type of mining, etc.)
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1) What weather and climate-related hazards or risks, both short and long term, do you
consider in your work? [Note that we are focusing on permafrost and snow-related
issues, but these could also include components related to these issues (e.g., freeze-
thaw cycles).]

a) Can you rank these hazards/risks (i.e., top 3) in terms of importance?
[Note: Interviewee may not be comfortable with actual ranking; make a note of
this and continue.]

b) Are these hazards/risks happening with more or less frequency?

c¢) How do these hazards or risks impact:
[Note: Interviewer may skip some of the following phase if it is outside of
interviewee’s experience.]

=  Planning?

= Design?

=  Qperations?

= Closure?

=  Decommissioning?
= Remediation?

d) How did you respond to these hazards/risks?
[Note: If responses to hazards have already been identified and noted above,
then skip and move on.]

e) The following table provides a list of other potential hazards/risks that may

impact your work:
[Note: Skip any impacts that have already been covered.]

Table 1. Specific Climate and Weather Impacts.

How does this impact
Climate/Weather Impact your planning/operation/
remediation?

How do you respond or
plan for this?

Soil bearing capacity failure
due to permafrost thaw (roads,
building foundations, mining
tailings systems, etc.)

Site access/mobility/operations
restrictions from snowfall
accumulations

Loss of ice roads due to
shortened operating seasons;
increases in transportation/
supply services costs due to
switch to air travel

Damage due to heavy snow/
ice loading to buildings and
infrastructure (either heavy
snow loads, rain-on-snow, ice
storms)
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Table 1. Specific Climate and Weather Impacts, continued.

How does this impact
Climate/Weather Impact your planning/operation/
remediation?

How do you respond or
plan for this?

Seasonal changes and/or
increases in severity of snow
melt and runoff, spring flooding,
and related issues (e.g., tailings
management systems, road salt,
etc.)

Reduced visibilities due to
blowing/falling snow

Avalanche hazards to
transportation or other
operations

Damage to infrastructure from
freeze-thaw cycling

Others not covered here? Please
specify:

2) Have you noticed any changes in climate over the course of your career, both short term
and long term? (Please describe time frame involved.)

3) What weather and climate information do you typically use, and where do you access
this information?

a) What types of weather and climate information could you use that you don’t
already have access to? (For example, the timing and water equivalent of the
maximum snowpack, information on a 30-year, worst-case snowfall.)

b) Have you ever suffered an inability to make decisions due to poor quality and/or
unavailable data?

c) What kinds of products would best communicate the information that you

need?
[See Table 2 below for a list of additional suggestions.]

Table 2. Possible Weather/Climate Information Products.

Product Would this be useful?

Online interactive maps or learning modules

Easily accessible data sets for decision making
(please specify needed content)

Maps, graphs, nomograms® or other graphical
guidance or representations in guidelines/
standards/codes, etc.

More up-to-date climate information for
infrastructure codes and standards
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Table 2. Possible Weather/Climate Information Products, continued.

Product Would this be useful?

Thresholds for significant impacts (i.e., forensic
studies), as well as notice (warnings or advisories)
when these thresholds are reached near real-time

Climate or weather-related training
(e.g., forecasting/weather information
interpretation, monitoring, etc.)

Guidelines for more consistent climate-change
assessments (e.g., design, closure and monitoring
of mines based on International Panel on Climate
Change (IPCC) suggested guidelines, assessing
impacts of climate change on winter roads, etc.)

Easy-to-use indices linking winter severity with
maintenance costs (e.g., “Winter Severity Index”
for roads in southern Canada; Suggett et al., 2006)

Infrastructure Health Monitoring (IHM);
continuous recording of structures and
infrastructure with embedded sensors and
meteorological observations (e.g., Sidawi and
Shehata 2008)

*Nomograms are often used in meteorology and consist of 2-D graphs that show important thresholds or ranges for
important factors. For example, nomograms of use to mining and transportation could include wind speeds versus
visibility in blowing snow, or perhaps snow depth versus impacts on operations.

4)

5)

6)

7)

d) If you think guidelines and similar documents would be useful, what main
subjects/outline headings can you picture being of importance, i.e., what would
the table of contents look like?

In your work, do you use any ‘threshold’ values for snow or permafrost-related hazards/
risks? If yes, what are they? (For example, snowfall depths or minimum visibility values
that are important for operations, maintenance or safety; active layer depths which are
problems for infrastructure/facilities design and maintenance.)

What guides, standards and/or codes (if any) are most important to your profession?

a) Do they address extreme weather and climate-change impacts? If not, can you
explain?

b) Are there snow/permafrost-related measures in guides that are widely ignored?
If yes, please explain?

c) Would it help in promoting understanding or compliance if an explanation is
provided of how code values or criteria were developed?

Are you aware of any climate and mining-related research being conducted in Canada or
in similar regions abroad (i.e., cold-region engineering, adaptation, etc.)?

a) If so, can you please indicate those initiatives of greatest potential relevance to
designing and managing for the changing permafrost and snow conditions?

Do you know of any colleagues who would be good candidates for interviews/discussion
of the topics we’ve addressed (i.e., people with long careers and/or a strong interest in
these types of issues)?
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8) Are you aware of any existing climate models and projections in your area?
a) Would you use them? Why or why not?

9) Does the term ‘climate adaptation’ mean anything to you? How do you interpret
‘adaptation’?

10) What climate adaptation programs or measures related to your work are you aware of?

a) Are you aware of any that are/were either ineffective or could be improved?
Please elaborate.

11) What is your sense of the ‘climate and climate change awareness’ within your
organization? (For example, is there climate-change skepticism or a sense that all that
can be done for adaptation is already being done?)

REFERENCES

Suggett, J., Hadayeghi, A., Mills, B., Andrey, J. and Leach, G., 2006. Development of winter

severity indicator models for Canadian winter road maintenance. Transportation Association
of Canada, Charlottetown, PEI, p. 1-20.

Sidawi, S. and Shehata, E., 2008. Using Infrastructure Health Monitoring (IHM) to assess the

impact of climate change on civil infrastructure. Maintenance & Construction Technical
Paper Session: Impact of climate change on infrastructure construction, maintenance and
operations; Annual Conference of the Transportation Association of Canada, Toronto, ON,
September 21-23, 2008, 12 p.
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APPENDIX B - INTERVIEW GUIDE FOR TRANSPORTATION SECTOR

We are conducting a study on the climate and weather information needs of the mining and
transportation sectors in the North, with a focus on snow and permafrost. What we are trying
to learn is what you as a practitioner feel are the most significant impacts that snow and
permafrost have on your field of expertise, and what tailored information — what we are calling
‘knowledge products’ — can be developed to serve your needs.

Notes for Interviewers:

= The project embodies two main goals: hazard identification and information needs
identification

= A number of questions may have already been answered in passing prior to their
appearance in this form, with several specific examples indicated below; these can be

mentioned in passing as the form is completed, but remain cognizant of repetition and
interview duration.

= Double bordered ‘boxed-in" questions can be skipped for the sake of time if interview
is running long; the main purpose of the project is to identify and prioritize hazards
and information needs, and to help develop knowledge products, and so questions
addressing these should be given priority. Please indicate in your notes if the question

was skipped.
Name and Job Title: Date of Interview:
Field of Expertise: Geographical Location (where you operate):

Personal Background: (how long in this position; in this industry or related field; working in the
north, etc.)

Organization Background: (how long have they been operating; how are they involved in the
transportation industry; etc.)
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1) What weather and climate-related hazards or risks, both short and long term, do you
consider in your work? [Note that we are focusing on permafrost and snow-related
issues, but these could also include components related to these issues (e.g., freeze-
thaw cycles).]

a) Can you rank these hazards/risks (i.e., top 3) in terms of importance?
[Note: Interviewee may not be comfortable with actual ranking; make a note of
this and continue.]

b) Are these hazards/risks happening with more or less frequency?

c¢) How do these hazards or risks impact:
[Note: Interviewer may skip some of the following phase if it is outside of
interviewee’s experience.]

= Design?

=  Planning?

= Construction?
=  Qperations?
= Mintenance?

d) How did you respond to these hazards/risks?
[Note: If responses to hazards have already been identified and noted above,
then skip and move on.]

e) The following table provides a list of other potential hazards/risks that may

impact your work:
[Note: Skip any impacts that have already been covered.]

Table 1. Specific Climate and Weather Impacts.

How does this impact
Climate/Weather Impact your planning/operation/
maintenance?

How do you respond or
plan for this?

Soil bearing capacity failure
due to permafrost thaw (roads,
building foundations, etc.)

Site access/mobility/operations
restrictions from snowfall
accumulations

Loss of ice roads due to
shortened operating seasons;
increases in transportation/
supply services costs due to
switch to air travel

Damage due to heavy snow/
ice loading to buildings and
infrastructure (either heavy
snow loads, rain-on-snow, ice
storms)
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Table 1. Specific Climate and Weather Impacts, continued.

How does this impact
Climate/Weather Impact your planning/operation/
maintenance?

How do you respond or
plan for this?

Seasonal changes and/or
increases in severity of snow
melt and runoff, spring flooding,
and related issues (e.g., road
salt)

Reduced visibilities due to
blowing/falling snow

Avalanche hazards to
transportation or other
operations

Damage to infrastructure from
freeze-thaw cycling

Others not covered here? Please
specify:

2) Have you noticed any changes in climate over the course of your career, both short term
and long term? (Please describe time frame involved.)

3) What weather and climate information do you typically use, and where do you access
this information?

a) What types of weather and climate information could you use that you don’t
already have access to? (For example, the timing and water equivalent of the
maximum snowpack, information on a 30-year, worst-case snowfall.)

b) Have you ever suffered an inability to make decisions due to poor quality and/or
unavailable data?

c) What kinds of products would best communicate the information that you

need?
[See Table 2 below for a list of additional suggestions.]

Table 2. Possible Weather/Climate Information Products.

Product Would this be useful?

Online interactive maps or learning modules

Easily accessible data sets for decision making
(please specify needed content)

Maps, graphs, nomograms® or other graphical
guidance or representations in guidelines/
standards/codes, etc.

More up-to-date climate information for
infrastructure codes and standards
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Table 2. Possible Weather/Climate Information Products, continued.

Product Would this be useful?

Thresholds for significant impacts (i.e., forensic
studies), as well as notice (warnings or advisories)
when these thresholds are reached near real-time

Climate or weather-related training
(e.g., forecasting/weather information
interpretation, monitoring, etc.)

Guidelines for more consistent climate-change
assessments (e.g., assessing impacts of climate
change on winter roads, etc.)

Easy-to-use indices linking winter severity with
maintenance costs (e.g., “Winter Severity Index”
for roads in southern Canada; Suggett et al., 2006)

Infrastructure Health Monitoring (IHM);
continuous recording of structures and
infrastructure with embedded sensors and
meteorological observations (e.g., Sidawi and
Shehata 2008)

*Nomograms are often used in meteorology and consist of 2-D graphs that show important thresholds or ranges for
important factors. For example, nomograms of use to mining and transportation could include wind speeds versus
visibility in blowing snow, or perhaps snow depth versus impacts on operations.

4)

5)

6)

7)

d) If you think guidelines and similar documents would be useful, what main
subjects/outline headings can you picture being of importance, i.e., what would
the table of contents look like?

In your work, do you use any ‘threshold’ values for snow or permafrost-related hazards/
risks? If yes, what are they? (For example, snowfall depths or minimum visibility values
that are important for operations, maintenance or safety; active layer depths which are
problems for infrastructure/facilities design and maintenance.)

What guides, standards and/or codes (if any) are most important to your profession?

a) Do they address extreme weather and climate-change impacts? If not, can you
explain?

b) Are there snow/permafrost-related measures in guides that are widely ignored?
If yes, please explain?

c) Would it help in promoting understanding or compliance if an explanation is
provided of how code values or criteria were developed?

Are you aware of any climate and transportation-related research being conducted in
Canada or in similar regions abroad (i.e., cold-region engineering, adaptation, etc.)?

a) If so, can you please indicate those initiatives of greatest potential relevance to
designing and managing for the changing permafrost and snow conditions?

Do you know of any colleagues who would be good candidates for interviews/discussion
of the topics we’ve addressed (i.e., people with long careers and/or a strong interest in
these types of issues)?




APPENDIX B - INTERVIEW GUIDE FOR TRANSPORTATION SECTOR

8) Do you know of, and do you use, any computer-based training modules and decision-
making platforms for road maintenance management? (Some already exist and could be
tailored to northern needs.)

9) Are you aware of any existing climate models and projections in your area?
a) Would you use them? Why or why not?

10) Does the term ‘climate adaptation’ mean anything to you? How do you interpret
‘adaptation’?

11) What climate adaptation programs or measures related to your work are you aware of?

a) Are you aware of any that are/were either ineffective or could be improved?
Please elaborate.

12) What is your sense of the ‘climate and climate change awareness’ within your
organization? (For example, is there climate-change skepticism or a sense that all that
can be done for adaptation is already being done?)

REFERENCES
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September 21-23, 2008, 12 p.
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Abbreviations:

EC — Environment Canada

ENSO — El Nifio Southern Oscillation
GCM - global climate model

IPCC — United Nations International Panel on Climate Change
MAC — Mining Association of Canada
NAO — North Atlantic Oscillation
NWT — Northwest Territories

PDO — Pacific Decadal Oscillation
RCM - regional climate model

SCE — snow cover extent

SWE — snow water equivalent

TAC — Transportation Association of Canada

1. INTRODUCTION

The project “Enhancing Knowledge Transfer to Decision Makers with Respect to Climate

Change Impacts on the Cryosphere”, hereafter known as the Cryosphere project, focuses on
developing methods to identify the climate and weather-related needs of decision makers
whose professions are directly impacted by climate and weather. Researchers from the Northern
Climate ExChange and Risk Sciences International are leading the work to consolidate and
identify gaps in existing knowledge, understanding and awareness of the impacts of northern
climate change on permafrost and snow in the northern mining and transportation sectors.
Additional organizations making up the Project Team include University of Ottawa, OCCIAR,
Mirarco and Government of the Northwest Territories, Department of Transportation.

The Cryosphere project focuses on the needs of practitioners in the mining and transportation
sectors in northern Canada, specifically in Yukon and the Northwest Territories (NWT), and on
the impacts of permafrost and snow — two climate elements which are expected to be heavily
influenced by climate change. A literature review was completed to inform other elements of
the project, including development of an interview guide, identification of project advisors and
interview respondents, and development of knowledge products. This report summarizes the
literature review that was completed by Project Team members from Risk Sciences International,
University of Ottawa and the Northern Climate ExChange.

The literature review focuses on the impacts of snow, permafrost and their interactions

on surface transportation and mining in the Canadian territories of Yukon and NWT. This

report introduces definitions of the main components of the research project as well as their
parameters. This report includes a review of climate interactions with both snow and permafrost
and incorporates expected future changes. In regards to the mining and transportation sectors,
this report will discuss the relative importance of climate change impacts, the benefits and
limitations of related adaptation measures, and gaps and limitations in the available knowledge
and research. While discussion of these results will focus on the northern Canadian region, and
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specifically Yukon and NWT, several examples of relevant tools and research developed and
conducted in other regions will also be examined.

In this report, references to ‘the North’ refer to Yukon and the Northwest Territories, and
more broadly to parts of Canada north of 60° N. While the current study focuses on these
two territories, research and discussions referring to Nunavut and Alaska have also been used
for illustrative purposes. We acknowledge the variability and complexity of the climate and
geography of the region under study, but a lack of observational data and associated research
requires that some generalization and acceptance of uncertainty is necessary.

This report will include a review of climate-permafrost interactions, permafrost distribution
modelling, and climate change impacts on mining and transport infrastructure in the North.

2. DEFINITIONS

2.1. PERMAFROST

Permafrost is defined as ground material that remains at or below 0°C for two or more
consecutive years. Permafrost regions occupy approximately 24% of the terrestrial surface of the
Northern Hemisphere at high latitudes, known as latitudinal permafrost, and at high altitudes
known as mountain or alpine permafrost. This ground thermal regime is generally present when
mean annual air temperature is at or below -2°C, but can also be present as relict permafrost

in environments that may no longer be suitable for the formation of permafrost, for example
sub-sea environments. Permafrost should not be considered ‘permanent’ because it is always in
dynamic equilibrium with changing climatic conditions. As such, permafrost is perennially, not
permanently, frozen ground.

Permafrost is classified based on spatial distribution into four zones termed continuous (>90%),
extensive discontinuous (50-90%), sporadic discontinuous (10-50%), and isolated patches
(<10%). Two other zones exist: alpine permafrost (which is associated with elevation) and subsea
permafrost. Permafrost can also be classified based on its characteristics, for example the
thermal regime (warm or cold), ice content (ice-rich or ice-poor), ice type (visible or non-visible),
and depth (deep or shallow).

The active layer of permafrost is typically 20-200 cm deep (from the ground surface down) and
freezes and thaws due to positive and negative seasonal air temperature fluctuations (Figure 1).
Beneath the active layer is the seasonally inactive base layer, which remains frozen throughout
the year. The depth of the base layer of permafrost is controlled by the climatic regime, the
geothermal heat flux, and the thermal conductivity of the frozen ground material.

Ground ice refers to all types of ice contained in freezing and frozen ground. Ground ice can
occur in soil and bedrock. Ground ice can exist in the pores of the ground, or it can form ice
lenses and veins. The term ‘excess ice’ is applied when the total water content of the frozen
ground exceeds the total water content of its normally consolidated state when unfrozen.
When ice-rich permafrost thaws, the ground will settle under its own weight until it attains a
consolidated state. Excess ice can be distributed or segregated into lenses within the frozen
soil. In extreme cases, ice can form massive inclusions that exceed the volume of soil particles.
Massive ice can be tens of metres thick and can be hundreds of metres wide. Such landforms
are common in Arctic coastal environments in North America and Russia. This ice is thought to
originate from covered glacial ice. It is the nature and genesis of ground ice that determines
how the permafrost will behave under load and its sensitivity to thawing. An early assessment
of ground ice conditions is critical to developing a strategy for all types of construction over
permafrost soils.
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Figure 1. Terminology of the ground temperature profile relative to 0°C in
a permafrost environment (Heginbottom et al., 2012).

Thermokarst defines geomorphology developed by the thawing of ground ice. When ice-rich
permafrost thaws, there are associated subsidence and cave-in formations (e.g., thermokarst
ponds and thaw lakes). Rapid thaw of ice-rich permafrost generally does not allow for proper
drainage of the resulting meltwater and can cause ground failure (complete loss of strength).
Slow thaw of ice-rich permafrost will usually drain properly and cause the ground to sink (also
known as ground subsidence) without failure.

Slope failures such as detachments, thaw slumps, and solifluction occur in angled ice-rich
permafrost. Causes may include a warm summer with a deep active layer, wildfire, or heavy rain.
Detachment failures occur mostly on south-facing slopes with angles as low as 6°. Thaw slumps
occur progressively on slopes as a bowl shape with a steep headwall that exposes the ice-rich
permafrost. The headwall warms in summer and detaches with the net effect of retreating the
headwall and enlarging the thaw slump.

Permafrost-related definitions were collected and compiled from French (2007), Burn (2007),
Brown et al. (1997), Heginbottom et al. (2012), van Everdingen (2005), and TAC (2010).
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2.2. SNOwW

Meteorological conditions at the time of snowfall, particularly temperature and moisture
distribution, determine the growth and accumulation rates of snow, as well as the shape and
water content of snow crystals. Crystal shape and water content further impact the packing
density of freshly fallen snow, which can vary significantly depending on conditions. For example,
the heaviest snow tends to occur when formation occurs within a deep layer of moist air that is
near 0°C but below freezing. Following the snowfall, the snowpack then evolves through other
processes such as melting, sublimation, and displacement by wind, the latter being a particularly
important process in the arctic and sub-arctic regions (Phillips, 1990; Mekis and Brown, 2010).

Snow cover extent (SCE) is the area covered by snow in a given region. It is generally expressed
as a percentage. SCE is particularly important due to its impacts on surface albedo (reflectivity),
and it is also the most easily detected and measured of snow quantities. Snow depth (D) is either
measured by the amount of snow that has fallen during a certain time period (e.g., one hour or
one day accumulations) or by the ‘snow-on-ground’ (SOG), which is simply the total depth of

the current snowpack present on the ground. Both are usually reported in units of centimetres.
Snow density (p) is the mass per unit volume of a given snow sample. Snow water equivalent
(SWE) is the total depth of equivalent water of the snowpack, usually expressed in millimetres.
These last two measures are particularly important for many of the snow-related impacts
discussed below.

3. CLIMATE CHANGE AND THE CRYOSPHERE

Recent and projected changes in climate (i.e., mostly increased air temperature and
precipitation) are expected to rapidly impact certain aspects of the cryosphere, with the greatest
changes occurring at high latitudes (ACIA, 2005; Lemke et al., 2007). These impacts on the
cryosphere will not only affect ecosystems and local climate, but also man-made infrastructure.
Modelling climate change is a challenging task because the climate signal of recent change,
commonly attributed to anthropogenic emission of greenhouse gases, is overlain on climate
signals from unrelated long-term climate patterns (i.e., those responsible for the most recent
glaciation that ended about 15,000 years ago, such as Milankovitch cycles, solar cycles, etc.;
Benn and Evans, 2010). Observation and monitoring networks across the Arctic are recording
rapid changes to the landscape, climate, ecology, and even the composition of the atmosphere.
Although many of these changes themselves are not unprecedented, it seems that the rate at
which these changes are occurring is unprecedented (Zdanowicz et al., 2012).

3.1. PAN ARCTIC PERSPECTIVE

The IPCC has summarized the general findings for climate change expected in the Polar Regions
in Chapter 15 of their latest summary (Anisimov et al., 2007). Globally, the most rapid observed
warming of recent decades has occurred in subregions of the Arctic, including northwestern
North America. Most of that warming occurs during winter and spring, the effects of which

we may already be witnessing in snow cover extent (SCE) studies (Derksen and Brown, 2012).
Observed trends currently indicate a generally small (1%) increase in precipitation across

the Arctic, but local results are highly variable, and difficulties associated with deficiencies in
precipitation network density and precipitation measurement in windy environments make
trend and attribution studies in Polar Regions extremely difficult. Global increases of 10-20% in

1. Results of the last several years are soon to be updated in the next IPCC summary, AR5, due for release in 2014.
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precipitation are expected by the end of the century, resulting in increases of 10-30% for Arctic
river discharge into the Arctic Ocean (Anisimov et al., 2007).

3.2. CLIMATE CHANGE AND PERMAFROST

Permafrost has three roles in the climate system: as an archive of climatic change at depth, as
a vehicle for transferring atmospheric temperature changes to the hydrological and biological
components of the earth (including humans), and as a feedback to climate change through the
release of trace gases when thawing, such as CO, and CH, (Nelson et al., 2002).

3.2.1. CHANGES IN PERMAFROST

3.2.1.1. Recent changes in permafrost

Increases in permafrost temperatures have been observed in North America, Europe and
Eurasia. In Alaska, a network of deep boreholes has shown that since the early 1980s,
permafrost at a depth of 20 m has warmed between 0.5°C and 2°C (UNEP, 2012; Osterkamp,
2003).

In ice-rich permafrost, heat is absorbed to melt ice as the frozen ground approaches zero
degrees Celsius. Warming trends are often absent in warm (>-1°C) ice-rich permafrost, because
temperatures remain just below zero until all of the ice melts (UNEP, 2012).

3.2.1.2. Carbon release from permafrost

Schuur et al. (2008) state that thawing permafrost and the resulting decomposition of
previously frozen organic carbon (C) is one of the most significant potential feedbacks from
terrestrial environment to the atmosphere in a changing climate. As permafrost thaws, carbon

is transferred to the terrestrial, marine, and atmospheric carbon reservoirs. The relative
proportions of carbon transferred to these different reservoirs presents a monumental challenge
to our understanding of the processes at hand and our ability to model them. The authors
estimate a release of 100 petagrams (1 petagram = 1 x 10? kg) of carbon from permafrost by
2100 due to thawing.

Tarnocai et al. (2009) have presented a database, the Northern Circumpolar Soil Carbon
Database that estimates the size and the spatial distribution of organic carbon pools in the
North. They estimate that the total amount of carbon stored in soils worldwide ranges from
1395 to 1576 petagrams in the first metre, 491 petagrams in the second metre, and 351
petagrams in the third metre of permafrost.

3.2.2. PERMAFROST, MINING AND TRANSPORTATION

The study of permafrost has become significant in regards to cold region engineering due to
recent observations and predictions of climate change, specifically warming, in the North.
Permafrost is often conceptualized as being locally uniform through space and time, though

in reality permafrost is highly heterogeneous. This is a very challenging environment for
construction. Changes in the distribution and characteristics of permafrost are expected to
have broad impacts on ecosystems, infrastructure (e.g., buildings, roads, etc.), climate, and the
economy. Many permafrost regions are remote and sparsely populated, and contain natural
resources (e.g., timber, minerals, oil and natural gas).

Permafrost temperatures have increased during the last 20—-30 years in almost all areas of the
Northern Hemisphere (Romanovsky et al., 2010). An increase in the depth of the active layer
(that part of permafrost that thaws each summer) above the permafrost is less certain. Predicted
increases in air temperatures for the 21 century are projected to initiate widespread permafrost
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thawing in the subarctic and in mountain regions in both hemispheres. Widespread thawing

of permafrost will speed up the decomposition of organic material previously held frozen in
permafrost, emitting large amounts of greenhouse gases into the atmosphere. Thawing of ice-
rich permafrost may also have serious consequences for ecosystems and infrastructure, and in
mountain regions, it may reduce the stability of slopes and increase the danger of rock falls and
landslides.

3.2.3. PERMAFROST DISTRIBUTION

Permafrost in the Northern Hemisphere covers an area of ~22.8 million km? (Figure 2), has a
volume of ~4.5 million km3, and represents a potential for sea level rise of ~7 cm (IPCC, 2007).
Seasonal freezing of the ground (not necessarily permafrost), on the other hand, affects an area
of ~48 million km? (Zhang et al., 2003). In Canada, permafrost encompasses about 50% of the
total land mass (Smith and Riseborough, 2002). The northern limit of discontinuous permafrost
occurs between mean annual air temperatures of -6°C and -8°C, and the southern limit of
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Figure 2. Generalized permafrost map of the Northern Hemisphere,
including the limit of subsea permafrost, based on the International
Permafrost Association Circum-Arctic Map (Heginbottom et al., 2012).

discontinuous permafrost occurs below the -1°C isotherm. Other factors, including snow cover,
thermal conductivity of the ground, and vegetation, may also influence the distribution and
characteristics of permafrost (Smith and Riseborough, 2002).

Figure 3 demonstrates generalized trends of climate and permafrost with regards to latitude.

As latitude increases and mean annual air temperature (MAAT) decreases, the active layer
decreases in depth and permafrost gradually transitions from sporadic to continuous. Altitudinal
or mountain permafrost may persist in the absence of lower elevation permafrost (e.g., alpine or
mountainous terrain). Figure 4 demonstrates the relationship between permafrost distribution,
slope aspect (e.g., north-facing, south-facing, etc.) and elevation.
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Figure 4. Idealized diagram of altitudunal distribution of sporadic,
discontinuous and continuous permafrost (Heginbottom et al., 2012).

3.2.4. MONITORING PERMAFROST

Determining the presence or absence of permafrost is not always a straightforward task,
especially in the discontinuous or mountain permafrost zones. Techniques to determine
the presence of permafrost include drilling deep or shallow boreholes and monitoring
ground temperatures, geophysical investigations, climate monitoring, mapping periglacial
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geomorphology, and remote sensing techniques. Experts in the field also usually rely on their
‘hunch’ or ‘gut feeling’ as a preliminary assessment of the presence of permafrost in a given
location. This phenomenon often involves expert interpretation of surface features such as
vegetation, topography, soil, etc.

Drilling boreholes in order to analyze a sediment or bedrock core or to install ground
temperature sensors is an excellent method to determine the presence of permafrost and
describe its characteristics. Unfortunately, drilling is often costly and logistically difficult,
especially in remote areas. Many drilling techniques exist, from large drilling rigs to smaller
hand drills. An important consideration when drilling in discontinuous permafrost is that the
process of drilling may cause the thaw of the permafrost; this is common in water-jet drilling.
Furthermore, it is important to consider that if a borehole is instrumented with ground
temperature sensors, it will require in situ downloading of the data (unless there is cellular or
satellite communication) and regular maintenance (e.g., replacing batteries, unless equipped
with a solar panel). The Circumpolar Active Layer Monitoring program (CALM) and the Thermal
State of Permafrost network (TSP) are two permafrost monitoring networks that respectively
monitor 260 and 860 boreholes of varying depths located around the world.

Geophysical investigations involve techniques such as Electrical Resistivity Tomography (ERT)
and Ground Penetrating Radar (GPR). ERT is a 2D or 3D imaging technique of the subsurface that
is highly sensitive to the transition between frozen and unfrozen materials. This technique has
been successfully applied to the mapping and characterization of shallow permafrost (<30 m
depth penetration) in mountain terrain (Harris et al., 2009). Repeat surveys, borehole logs, and
borehole temperature records serve to calibrate and enhance certainty using this low-cost and
non-intrusive method. GPR is being used to map permafrost distribution and structure, and it
is best suited to investigate the active layer and ice-rich permafrost (Jgrgensen and Andreasen,
2007; Harris et al., 2009). Other methods also exist, including refraction seismics, crosshole
methods, electromagnetic induction mapping, among others. Ideally, studies should combine
two or more methods along with borehole drilling.

Remote sensing is not directly used to identify the presence of permafrost. The presence of
permafrost and its characteristics cannot be determined by conventional aerial or satellite
remote sensing (Heginbottom et al., 2012). However, surface indicators of permafrost can be
identified with high-resolution images.

3.2.5. SPATIAL MODELLING

The spatial modelling of permafrost is often achieved through various combinations of direct
(e.g., drilling, digging) or indirect (e.g., geophysical surveys, BTS (basal temperature of snow)
measurements) observations of permafrost, conceptual thermal relationships (e.g., Stefan
model, Kudryavtsev model) and spatial data. Two approaches to modelling are discussed below:
empirical-statistical models and process-based models. These models often use a combination of
climatic conditions and the properties of earth surface and subsurface properties to determine
the ground thermal regime.

Empirical-statistical permafrost models are steady-state models that use regression functions

to associate the presence of permafrost with topo-climatic factors (e.g., altitude, slope angle
and aspect, mean air temperature, solar radiation; Bonnaventure, 2006; Harris et al., 2009). As
such, modelling the complex ground surface exchanges (e.g., latent heat exchanges, vegetation)
is not necessary. These models are relatively simple because they require limited inputs. Usually
based on a digital elevation model (DEM), these models will generate permafrost probability or
mean ground temperature values in the form of a gridded surface output (Bonnaventure, 2006;
Riseborough et al., 2008). Although they are simpler to compute, empirical-statistical models
require recalibration for different environments (Riseborough et al., 2008).
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Process-oriented permafrost models are more complex and incorporate modelled energy

fluxes between the atmosphere and permafrost (e.g., solar radiation, turbulent heat fluxes,
surface albedo, and heat conduction). These models require large amounts of data, and allow
modelling through space and time. As opposed to a binary response to the presence or absence
of permafrost, process-oriented models enable surface temperatures to be computed and,
hence, thermal conditions at depth and transient effects in complex topography to be estimated
(Bonnaventure, 2006; Riseborough et al., 2008).

Nelson et al. (2002) developed a hazard zonation map of the Northern Hemisphere that includes
a northward shift of the southern limit of permafrost as well as an increase in active layer
thickness. They used general circulation model scenarios of global climate change, mathematical
solutions for the thickness of the active layer, and digital representations of permafrost
distribution and ice content in the model. Areas of greatest hazard potential relating to thaw
subsidence included coastlines on the Arctic Ocean and parts of Alaska, Canada and Siberia.
While continental-scale maps are not useful for local decision making, they point to geographic
areas where hazard scientists, policy analysts, and engineers should focus attention.

3.2.6. ENGINEERING

Projected warming air temperatures could lead to increases in permafrost temperatures,
thickening of the active layer, and reduced permafrost coverage. These changes can lead to
extensive settlement of the ground surface, with possible damage to infrastructure (e.g., roads,
bridges, buildings, utilities, pipelines, and airstrips).

Rehabilitating or abandoning community infrastructure damaged by thawing permafrost will

be very costly, and in some cases, already has been. It is likely that most of the infrastructure
that exists in permafrost regions will be heavily impacted by the disappearance of permafrost
(USARC, 2003). These impacts include the release of contaminants, currently thought to be
safely contained (e.g., landfills, tailings ponds) or even the displacement of villages (e.g., a study
by the US Corps of Engineers estimated the cost of moving the village of Kivalina, Alaska to be
USS$154,000,000; USACE, 2006).

3.2.7. SNOW AND PERMAFROST INTERACTIONS

Snow cover influences local permafrost conditions because it is a good insulator. Heavy snowfall
will prevent frost penetration into the ground, whereas light or absent snowfall will do the
opposite. Late snowmelt in the spring will push back thawing of the ground. The influence of
snow cover on permafrost is generally accepted to be more important in the discontinuous
permafrost zone and less important in continuous permafrost. Smith and Riseborough (2002)
have shown that snow can prevent the formation of permafrost. Figure 5 demonstrates this
relationship, where deeper snow is required to prevent permafrost in colder regions.
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Figure 5. Critical snow depth necessary to prevent permafrost occurrence at any mean annual air
temperature (Smith and Riseborough, 2002).

3.3. CLIMATE CHANGE AND SNOW

Though counterintuitive, climate change in high latitude regions may lead to greater total snow
accumulations (seasonal water storage) while simultaneously generating shorter snow cover
durations. The region will remain well below freezing during the winter months, even with
significant warming of average temperatures, and hence the increased water ‘carrying capacity’
or vapour capacity of the warmer air? will likely dominate changes in snow characteristics.
Broadly speaking, most studies assessing precipitation trends have found increases in global
precipitation, with increases concentrated in the winter season and in the high latitudes (Stone
et al., 2000). Regional studies have also emphasized the need to account for other long-

term cycles and teleconnections such as the Pacific Decadal Oscillation (PDO), North Atlantic
Oscillation (NAO), El Nifio Southern Oscillation (ENSQ), and so on, several of which are discussed
below (Stone et al., 2000; Werner et al., 2009; Brabets and Walvoord, 2009; Janowicz, 2010).
Given the sensitivity of the Arctic climate to other processes, the effects of anthropogenic
climate change need to be separated from other natural cycles and processes which also play a
role in short-term climate trends. Janowicz (2010), for example, has suggested that some of the
very high temperatures experienced in Yukon in recent years have been due to (at least in part) a
strong PDO influence.

2. The ability of air to retain water vapour increases exponentially with an increase in temperature, hence the heavi-
est snow with the greatest water content will occur when temperatures are just below freezing, cool enough to form
snow, but warm enough to contain significantly more moisture than at colder temperatures.
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3.3.1. Snow COVER

Réaisanen (2008) was among the first to explicitly question whether climate change would lead to
more or less snow in the northern cryosphere, employing a multi-model ensemble to determine
whether or not GCMs came to a consensus on the issue. Attempting to interpret trends and
project changes in snow characteristics from previous studies has yielded mixed results from
various regions.

In an attempt to rectify this apparent conflict, Brown and Mote (2009) employed a snowpack
model, combined with climate projections and satellite data, to determine the sensitivity of
individual snow characteristics to specific climate drivers. They specifically sought any snow
characteristics that would likely be the first to respond to climate change, and determined

that snow cover duration was the most sensitive to temperature changes. Partial confirmation
of these results was reported by Derksen and Brown (2012), who showed that the monthly
averaged spring snow cover extent (SCE) for the Arctic has been significantly lower in recent
years than was predicted by GCM ensembles, exhibiting greater than 1 standard deviation from
model consensus. The five lowest June SCE values have occurred in the most recent five seasons
(2008-2012) and SCE declines have even outpaced Arctic sea ice extent losses which have been
the subject of significant media coverage.

3.3.2. Snow WATER EQUIVALENT

Snow water equivalent (SWE) is among the most difficult of the snow variables to measure,
which complicates interpretations of trends and future projections. Remote sensing through
satellite imagery (passive microwave sensing), for example, is prone to significant biases in SWE
estimates. One study notes that errors of up to ~40 mm may occur (Howell et al., 2012), while
another study assessing snow cover in the former Soviet Union notes slightly fewer significant
errors on the order of 5-25 mm (Yang et al., 2009). In-situ measurements tend to generate
higher values than remote sensing estimates (Howell et al., 2012). These errors in passive micro-
wave SWE estimates are quite significant given that area-averaged SWE values for some regions
are quite low. The Yukon River Basin, for example, has an average SWE of ~90-100 mm during
the winter season (Yang et al., 2009). For another comparison, errors of 5 to 40 mm correspond
to vertical loads of approximately 0.049 kPa to 0.392 kPa; minimum snow load requirements for
unexposed buildings in Whitehorse and Yellowknife areas are on the order of 1.54 kPa and 1.86
kPa, respectively (NRC, 2010).

The Yukon and NWT are located in a region in which Raisdanen (2008) suggests would actually
experience an increase in maximum SWE over the coming decades, due to the complimentary
effects of warming and water vapour capacity discussed above. Western portions of the NWT
are known to have above average snow densities, particularly the corridor from the western
end of Great Slave Lake north to Tuktoyaktuk (Mekis and Brown, 2010). Neighbouring portions
of Nunavut exhibit some of the highest average snow density values in the country, mainly
attributed to rapid snowpack evolution under Arctic conditions.

In contrast to Rdisdnen (2008), Brown and Mote (2009) only found a robust increase in
maximum SWE at higher altitudes, roughly in the range of 750 to 1100 m above sea level, with
portions of the Yukon identified as being most sensitive to changes in climate (Brown and Mote,
2009). They describe how “at higher elevations, the snow cover is continuous, so [maximum
snow water equivalent] can only respond to changes in snowfall amount” (Brown and Mote,
2009). Furthermore, individual model results ranged from ‘no change’ to significant increases

in SWE in the Canadian Arctic; hence no GCM indicates a decrease in SWE for the region. This

is again a case in which ‘ground truth’ observations and trends would need to be employed,
rectifying conflicting model results. However, while Brown and Mote (2009) indicated that there
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was no additional evidence of SWE value increases in northern Canada3, the Government of the
Northwest Territories (GNWT, 2004a) has already taken action to address increasing snow loads
on public buildings.

3.3.3. SNOW DEPTH AND SEASONAL ACCUMULATIONS

In terms of individual weather events, there is some evidence that the incidence of heavy
snowfall may be increasing more quickly than light precipitation. This occurs due to the fact
that some atmospheric processes are more sensitive to warming than others, meaning that
changes in climatic drivers may have a more pronounced effect on some storm types. Stone et
al. (2000) assessed daily precipitation data across Canada and separated them into three levels
of intensity: light, intermediate and heavy. They found the most pronounced increases occurred
in heavy winter precipitation events in northern regions of Canada, particularly in the three
territories and the Arctic. None of the other precipitation trends approached the magnitude
and statistical significance of the northern winter events. Also of note were decreases in the
frequency of light precipitation events detected at some of the stations which showed increases
in heavy events. However, nearly two decades have passed since the end of the period of record
assessed by Stone et al. (2000)*, and more recent work using updated data sets is needed to
assess if these trends have continued.

In recent years, record snowfall amounts have been recorded in both the Yukon and NWT.

The Yukon experienced record snowfall amounts in 2006-2007 (Keevil, 2008) and again in
2008-2009 (Munson, 2009a). Large portions of southern Yukon reported 2009 end-of-season
(April 1) snow packs over 150% of normal values (Joe-Strack and Janowicz, 2009a-c). More
recently, a number of locations in the southern NWT have been reporting record seasonal
snow amounts (AANDC, 2013). These conditions are likely linked to incidents of snow load roof
collapse and are currently raising concerns over the potential for flooding from snowmelt. Again,
trend analyses in observational data need to be updated and attribution studies need to be
conducted to determine if these records reflect natural variability or potential influences from
teleconnections, or if they are indeed consistent with expected impacts from anthropogenic
climate change.

When investigating regional and location-specific trends, results become significantly more
variable. Janowicz (2010) provided a brief calculation of seasonal precipitation trends for several
stations in the Yukon and adjacent regions, noting general increases in winter precipitation in
northern regions but decreases in the southern regions. Shingle Point, at the northern tip of

the territory, showed a very strong increase in winter precipitation, consistent with Stone et al.
(2000); however, data are only available for 1957-1992. Inuvik, further to the east, showed a
general decrease of a similar magnitude in winter precipitation for the 1957-2005 time period.
Based on climate change projection results from the Canadian Regional Climate Model (CRCM,
version 4), Werner et al. (2009) indicated that increases in winter precipitation may be greater in
western portions of Yukon compared to the east. Hence, there is evidence for some important
regional differences in snow behaviour, including apparent conflicts between observed trends
and future projections. Particularly notable are the potential for decreases in winter precipitation
in southern parts of Yukon (Janowicz, 2010), which merit further investigation.

3. However, they did cite proxy evidence in northern Quebec, with increased snowfall based on lake-level
assessments and an analysis of black spruce growth forms (Brown and Mote, 2009, p. 2142).

4. Stone et al. (2000) also indicated that the majority of the increase in heavy precipitation events in the North
appear to have occurred in the 1960s (see Figure 3, Stone et al., 2000); this is apparent as a steady increase to above-
average values, but data in the 1990s also show a sharp increase beyond 1960s values as well as greater variability.
Again, additional data for more recent time periods is needed to better characterize current trends.
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In terms of hazards, snow accumulations generate both direct (e.g., road blockage, avalanche
risk, infrastructure loading) and indirect (e.g., ground insulation effects) hazards for mining and
transportation. Increases in snowfall in mountainous areas, such as large portions of the Yukon,
would mean increases in avalanche hazards, including snow avalanches, debris falls and rock falls
(Anisimov et al., 2007). Studies of snow depth, however, have only assessed trends in seasonal
accumulations. In fact, Dyer and Mote (2006) found a decrease in average snow depth that
began in mid-December along the Yukon-NWT border, spreading eastward and southward as the
winter progressed. These studies do not tell us anything about extreme snowfall amounts for
individual events or about the total amount of water represented by these snowpacks. Extreme
precipitation events have shown increasing trends across North America (Kunkel et al., 1999),
but aside from Stone et al. (2000), Zhang et al. (2000), and Kunkel (2003), studies of heavy and
extreme snowfall events in northern Canada are lacking, particularly studies that include more
recent climatic data.

In terms of direct impacts to water bodies and rivers, which are particularly relevant for mining
activities, at least some river basins in Yukon may be experiencing thinner river ice due to
increased snow cover (Janowicz, 2010). This will impact river ice breakup events and associated
flooding. In fact, mid-winter breakup events have begun to occur for the first time on record at a
few locations in Yukon (Janowicz, 2010).

3.3.4. SNOWMELT AND SPRING RUN-OFF

Both SWE and SCE duration have important links to spring runoff amount and timing. Howell

et al. (2012) conducted field studies of snow characteristics at Polar Bear Pass, Nunavut,
documenting the dominant drivers controlling snow melt and runoff, as well as providing
verification and comparison for satellite data and its ability to detect snow melt. Their results
indicated that air temperature is indeed the key driver for snowmelt onset, suggesting that a
warming climate could lead to earlier and faster snowmelt. They also noted that

“..increased winter SWE values are not sufficient to retard the snowmelt season with increasing
temperatures.” (Howell et al., 2012), implying that hazards due to spring run-off will likely not be
mitigated by the additional time required for melting more snow. Eurasian rivers have shown an
increase in drainage into the Arctic Ocean since the 1930s; however, results for northern Canada
and their links to changing snow characteristics, particularly the Mackenzie River, are somewhat
more uncertain due to regulatory flow controls® (Anisimov et al., 2007).

Some have suggested that increased winter precipitation and snow retention should produce a
signal in river flows. These have been detected, but detailed assessments of causal factors have
shown that much more complex inputs than simply additional precipitation may be responsible
(Anisimov et al., 2007). Brabets and Walvoord (2009) found that winter and average April

flow rates throughout the Yukon River basin were increasing. Though the study was intended
to investigate the impacts of the PDO on flow regime, they also noted statistically significant
increases in the winter flow rate in the upper part of the basin (in Yukon and eastern Alaska)
regardless of the PDO phase; this indicates a longer-term climate trend signature in addition to
the PDO. These winter trends in increasing flow in cold-PDO years were not found for middle
and lower basin sites in western and central Alaska. A similar study of winter river flow in the
NWT found very large increases (up to 272%) in winter flow values, as well as what appears to
be an emerging increase in total annual flow at some stations (St. Jacques and Sauchyn, 2009).
Many of the annual flow increases have only recently (i.e., post 2005-2007) become statistically
significant, which emphasizes the need to include the most recent data possible. Observed
increases in the NWT were, on average, much larger than those observed in the Yukon study.

5. The Lena River in Russia, for example, has been shown to have undergone increased flow driven by precipitation
increases (Anisimov et al., 2007).
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Both studies suggested that the dominant mechanism consisted of increases in groundwater
contributions due to permafrost thaw and increased active layer depth and water storage;
however, they do not present precipitation data to determine if winter and early spring rainfall
also play a role. However, Brabets and Walvoord (2009) also suggest that greater winter
precipitation and snow retention in the interior of Alaska may be responsible for increases in
April and May flows in the main basin as well as specific tributary basins. The upper Yukon River
also shows negative trends in summer flow for both warm-PDO years and for the entire period
of record, linked to earlier snowmelt and runoff and implicating an overall decrease in summer
water availability (Brabets and Walvoord, 2009). This has important implications for mining
operations.

Several cases in which excessive spring runoff has already impacted transportation and mining
are discussed below. However, studies looking specifically at the impacts of SWE on spring runoff
volumes in rivers have simply indicated an earlier snow melt, and some suggest greater year to
year variability beginning in the mid-1990s (e.g., Pelly Crossing and Mayo areas; NCE, 2011a,b).
Interestingly, Rick Janowicz, Manager of the Hydrology Section for the Yukon Department of
Environment, has suggested that climate change has not resulted in greater snowmelt flooding
events from increased precipitation, but has noted that warmer winters have resulted in a
greater number of ice jam floods (Munson 2009a). In contrast, Brabets and Walvoord (2009)
have suggested that increased river flows in some Yukon River tributaries may be due to
increases in winter precipitation and subsequent flooding, indicating that impacts from changing
winter precipitation will likely be region-specific. Climate change projections have consistently
indicated an overall future increase in precipitation in Yukon (Zhang et al., 2001), but elements
such as the snow-rain ratio and seasonal differences vary substantially.

3.3.5. RAIN-ON-SNOW EVENTS

Rain-on-snow events fall under the category of ‘complex extremes’ (Benestad and Haugen,
2007; Stephenson, 2008), in which the combination of more than one climate element results
in potentially high impact consequences, even in cases where the values attained by those
individual elements were below extreme values (e.g., moderate rain on moderate snowpack).
Rain-on-snow events generate a flooding hazard and significant infrastructure and roof loads,
as well as secondary impacts such as increasing susceptibility to pollution and acidity infiltration
from enhanced runoff (Ye et al., 2008). Rain-on-snow events and cold season rainfall in general
may also play a significant role in ice road season length (Rawlings et al., 2009), a link which has
only recently been identified and merits further study.

Ye et al. (2008) studied rain-on-snow events in northern Eurasia. Their study indicated a very
strong positive correlation (99% statistically significant at 18 of 22 stations studied) between
increases in average annual temperatures and increases in rain-on-snow events, with increases
of about 0.5 to 2.5 rain-on-snow days yr? for every degree Celsius. This occurred in conjunction
with increases in the number of rain-only days, indicating that it was not simply a change from
snow to rain. This correlation only appeared to reverse when mean winter temperatures for the
station were above -8°C. This has obvious implications for Canada if a similar correlation holds
for North America, given that most areas of the country fall well within this positive correlation
zone. Ye et al. (2008) also noted that the strongest increases appear to occur in regions where
such events had been rare in the past.

Although no published studies have been conducted for the Canadian Arctic and subarctic,
anecdotal evidence and practitioner interviews for this project (E. Sparling, pers. comm.,
2013; NCE, unpublished data, 2013) also indicate that rain-on-snow and winter rain events are
potentially emerging hazards for northern regions of Canada as well.
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3.3.6. LOCAL STUDIES: COMPARISON TO REGIONAL TRENDS AND PROJECTIONS

A number of local studies have been conducted that attempt to define climate change
implications for specific locations (e.g., Dawson City, Pelly Crossing and Mayo; Hennessey, et
al., 2011, 2012; NCE, 2011a,b; Werner et al., 2009). These studies often exhibit the wide variety
in differences between local and territorial or regional scale changes, as well as highlight some
of the analytic difficulties related to data sparseness. For example, in the NCE reports on Pelly
Crossing (2011a) and Mayo (2011b), data was used from the Mayo climate station to provide a
baseline for comparison to climate change projections for both communities, even though Pelly
Crossing is located nearly 95 km to the south of Mayo and located in a different river valley.

The NCE climate adaptation report for Dawson City (Hennessey et al., 2011) employed climate
change projections provided by the Pacific Climate Impacts Consortium (PCIC) (Werner et al.,
2009). For the period 1955-2004, Dawson City exhibited a 31% per century decreasing trend

in winter precipitation, while Pelly Ranch and Mayo, located roughly 160 and 170 km to the
southeast, respectively, showed rates of 7% and 30% per century increases for the same period
(Werner et al., 2009). Baseline values were then compared to CRCM Version 4 results as well as
temperatures from an ensemble of 15 GCMs. Increases in precipitation were indicated across
the region, although Werner et al. (2009) conceded that the CRCM and its parent GCM tended to
be warmer and wetter than the average output from the ensemble.

Climate change projections in these studies are even more variable, and may not be directly
comparable given differences in methodology and model selection (e.g., CGCM V.4 in Werner
et al., 2009 versus SNAP in NCE, 2011a,b). However, there appears again to be a consistent
increase in annual precipitation, with the summer months showing the smallest change, as well
as greater increases in winter temperatures versus summer.

3.4. CHANGES IN SNOW

Climate change will likely lead to greater snowfall amounts and total equivalent water values in
most regions, and result in significant implications for all associated hazards, although results
for specific regions are still somewhat conflicting. This is further complicated in many regions,
particularly in Yukon, due to complex topographical influences and strong regional contrasts

in climate. Snow densities (e.g., those from new snowfall) are also highly dependent on the
mechanism (e.g., storm type) producing the snow and attendant conditions. According to Mekis
and Brown (2010), “the annual variability in the [snow water equivalent] depends on several
factors including the number and type of winter storms.” While a detailed characterization

of different snow storm types for the region is beyond the scope of this literature review, an
assessment of this nature is suggested. This is important given the differences in how climate
change is expected to impact different processes and that it will likely affect some storm types
more than others.

It is becoming quite clear that many of the snow characteristics which will directly impact the
built environment are not well observed, and that the components and factors which are better
represented by climate change models and are more easily measured by remote sensing (e.g.,
SCE) cannot be used as substitutes for these measures. Apparently conflicting trends, with
increases in heavy precipitation events and possibly SWE values, but decreases in depth and
snow cover extent and duration, are indicators of significant changes in snow characteristics in
the North. Coupled with recent impacts (e.g., roof collapse events, rain-on-snow floods) and
the need for updated research (i.e., re-assessment of trends in precipitation intensity employing
more recent data), there is a clear need for more continued research.
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3.5. MINING SECTOR

3.5.1. MINE HAZARDS

The Suzuki Foundation funded the first study to look at climate change impacts and research

on a national scale for Canada’s mining sector (Pearce et al., 2009). This included a literature
review of both industry publications and the scientific literature, as well as surveys of industry
representatives and practitioners. Components of this research have since been published

(e.g., Ford et al., 2010; Pearce et al., 2011) and are included in the discussion below. Their survey
of mining industry representatives at the March 2008 Prospectors and Developers Association of
Canada (PDAC) conference found that “snowfall was noted as the most common event affecting
mine operations,” as indicated by 55% of respondents. Research also indicated that mines relying
on single access transportation infrastructure were the most vulnerable to climate change
(Pearce et al., 2009), coincident with other studies which indicated that for northern mining, the
loss of ice roads due to climate change was a particular concern (Prowse et al., 2009).

Permafrost can impact the mining sector during initial mineral exploration, during mine planning
and operation, and after the expiration of a mine. Current and planned mining operations

(e.g., activities and infrastructure) will be able to adapt to incremental environmental changes
with changes in management strategies and modest capital investment (MEND, 2011).

Snow contributes to a number of hazards for northern mines, namely, hazards such as building/
infrastructure loading, water balance/flooding, and those relating to ground insulation. These
effects are important for both operational and abandoned/decommissioned mine sites, and
Yukon is particularly vulnerable due to its century-long history of mining (MEND, 20093;

I. Church, pers. comm., 2013). Abandoned and decommissioned mines have been designed for
past climatic loads. This means that they may be under-designed for future climatic values, and
many have further suffered from a lack of maintenance since closure or abandonment (Pearce et
al., 2009).

3.5.2. EXPLORATION AND SITE PLANNING

Although there is a lack of literature regarding impacts of climate change on mineral exploration,
warming permafrost may present both challenges and opportunities that vary spatially in
intensity (Bond and Lipovsky, 2011; Prowse et al., 2009). Challenges for exploration may include
the construction of infrastructure on warm, thawing permafrost; the availability of groundwater;
the timing of exploration activities; and the cost and impact of drilling. Overall, the degradation
of permafrost may be regarded as an opportunity for growth in regions where exploration was
previously too costly or inaccessible (Prowse et al., 2009).

3.5.3. INFRASTRUCTURE DESIGN AND CONSTRUCTION

Critical permafrost-related planning factors for a mine site include the spatial distribution and
thickness of the frozen ground, the ground material and ice content, and the temperature of the
permafrost both at depth and near the surface. Successful development of mining operations is
only possible with a thorough understanding of these planning factors before construction (Bond
and Lipovsky, 2011). To assess these correctly, monitoring of the climate and the ground (e.g., air
and ground temperatures, active layer depth, and precipitation) should be conducted for at least
three years prior to construction (EBA, 2004).

EBA (2004) highlights four approaches to the design of a mine in permafrost environments:
remove all overburden and build on bedrock (even if frozen); strip vegetation and assume that
permafrost will thaw (which may take several years); remove permafrost and replace with thaw-
stable backfill materials if required (common if permafrost is thin); and, preserve the permafrost
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through various cooling methods (common if permafrost is thick). These considerations will be
assessed for open-pit, underground and above-ground infrastructure.

3.5.3.1. Open-pit infrastructure

Open-pit mining is a mining technique that occurs at the surface of the earth when the desired
resource occurs near the surface or in terrain that is unsuitable for tunneling. Mineral or rock
resources extracted from open-pit mines include diamond, lead, zinc, copper, gold, and building
materials from quarries.

The stability of steep bedrock slopes does not seem to have been very well investigated in
permafrost environments. Freeze-thaw cycle penetration and intensity, hydrological changes,
and extreme weather event frequency and intensity can all threaten slope stability (Gruber and
Haeberli, 2007).

3.5.3.2. Underground infrastructure

Generally, underground mines are deep enough that permafrost is not a significant issue. Some
concerns exist about drilling and excavating in permafrost terrain and the associated hydrological
impacts on groundwater.

Ghoreishi-Madiseh et al. (2011) have modelled the thawing effect of backfilling mines with
materials that are warmer than the surrounding bedrock and permafrost. Backfilling of a stope
(an evacuated underground space) is done when subsurface mining operations are completed,
in order to ensure long-term structural stability. Ghoreishi-Madiseh et al. (2011) used a heat
transfer equation in a two-dimensional mathematical model that simulated a stope with a
uniform boundary conditions relationship between the warmer backfill material and the frozen
enclosure. They found that the initial temperature of the backfill influences the depth and
permanence of the thaw radius. With a 5°C backfill, the thaw radius will completely disappear by
day 120, though a 25°C backfill will stabilize at a 1 m thaw radius over the same time period. This
means that given the right conditions, backfilling a stope could result in a thaw radius capable of
destabilizing the stope.

3.5.3.3. Aboveground infrastructure

This report does not focus on building foundations and engineering best practices, although
these remain an important factor to the mining sector in the North. EBA (2004) suggests a
minimum of geotechnical information is necessary before constructing a building. This includes
a visual assessment (i.e., in-situ, aerial, or other) of the potential for the presence of permafrost,
slope instability and drainage issues, ground temperature data, knowledge of the ground ice
content, active layer thickness, and lithology of subsurface materials. To evaluate ice content in
fractures, the rock must be cored using chilled drilling fluid.

Placer mining takes place entirely above ground and represents a significant part of the mining
industry in Yukon. Placer mining, especially in and around the region of Dawson, may occur in
areas of permafrost. In these cases, a process of hydraulic mining is used whereby a powerful jet
of water is used to thaw the frozen ground and carry the slurry of gold, sand and gravel to the
sluice box where the gold is separated out (Water Resources Branch, 2011).

Climate change could have positive impacts on aboveground mining. A reduction in the extent of
permafrost could facilitate the removal of overburden (Water Resources Branch, 2011), making
the installation of above-ground infrastructure easier.

The Diavik diamond mine in Northwest Territories is actively freezing existing permafrost to
prevent surrounding lake waters from inundating the mine. An incident at Red Dog mine in
Alaska, where a miscalculation of permafrost led to the release of contaminated waters from its
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waste pond, ultimately resulting in the death of fish, motivated the search for new techniques
for building in discontinuous permafrost zones (Haley et al., 2011).

3.5.3.4. Snow loading of structures

Sensitivity to snow loading varies between structures. The GNWT’s Roof Snow Overload Risk
Estimation guide (GNWT, 2004b) defines basic components which affect loading vulnerability,
including roof shape and slope, construction material, building design, and maintenance history
(e.g., age, water infiltration, renovation). The Roof Inspection Checklist (GNWT, 2004c) further
aids in determining structural integrity when the details of the building’s history is unknown.
Snow drifting has also been a factor in roof collapses, and is often taken into account for
maintenance decisions regarding snow removal.

3.5.3.5. Insulation effects

Snowfall has the secondary effect of insulating the ground, resulting in increased ground
temperatures and surface ice temperatures (e.g., on lakes and rivers), as well as dampening the
effects of air temperature changes on these surfaces. In mining, this effect is most detrimental
to structures relying on permafrost for integrity (e.g., tailings dams and other containment
structures, building foundations and supports). As well, there is a need to prevent chemical

or biological activity in tailings containment facilities to reduce acid rock drainage (Kyhn and
Elberling, 2001).

Early consideration of the local distribution and characteristics of permafrost during the closure
of a mine can influence the tailings disposal methodology (EBA, 2004). Climate change impacts
on the stability and effectiveness of post-closure infrastructure are of great concern (MEND,
2011). Permafrost offers an impermeable layer against downward movement of solutes.
However, the near-surface containment of waste, either in the form of rock piles or tailings
ponds, is often a heat sink that leads to the thermal degradation of permafrost.

3.5.4. WATER AND TAILINGS

Dams and dykes are often used to contain tailings ponds. Over time, these structures can
deteriorate; in permafrost regions, differential thaw settlement and other factors can accelerate
the deterioration in a warming climate. For more information of this topic, see reports by the
Mine Environment Neutral Drainage Program (MEND, 2004, 2009a,b, 2011, 2012), the Mining
Environment Research Group (EBA, 2004), Government of Nunavut (2012), and Bjelkevik (2005).

3.5.4.1. Acid drainage

Acid rock drainage (ARD), also known as Acid mine drainage (AMD), results from the natural
oxidation of sulphide minerals in mining waste (Kuyucak, 1999). ARD is a significant challenge
in the mining sector, as it can occur at both operational and decommissioned mines. ARD can
impact surface water and groundwater due to its low pH (high acidity) and sulphate content.
Keeping tailings frozen year-round may slow ARD and may only be practiced in cold climate
regions (Kuyucak, 1999). Control strategies of ARD in permafrost regions include:

=  Freeze control: Freezing tailings at the surface in continuous permafrost. This technique
is also known as encapsulation. While common in the North, it is the most susceptible to
failure due to thawing permafrost (MEND, 2004).

= Climate control: Cold climates slow the production of ARD (EBA, 2004).

= Engineered dry cover: Creating an impermeable layer that prevents the oxidation of the
tailings, limits erosion, and provides a surface for vegetation to regrow (MEND, 2004).
Engineered dry covers minimize the influx of water and limit the intake of oxygen.
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= Subaqueous disposal: Disposal of tailings beneath water is very effective to prevent
oxidation, though not applicable everywhere and there is potential for trace metals in
the tailings to leach into the water column (EBA, 2004).

= Blending and segregation: Neutralizing acidity by blending alkaline material (EBA, 2004).
=  Collection and treatment: Collecting and treating ARD (EBA, 2004).

The in-situ assessment of a 1.2 m granular insulation cover over a tailings storage facility was
conducted in the continuous permafrost zone of Northern Quebec. This study demonstrated that
the insulating cover did not protect the tailings from the freeze-thaw cycles, and that oxidation
still occurred below 0°C (Coulombe et al., 2012).

Changes in the environmental parameters (e.g., temperature, precipitation, permafrost) that
inform the design of key structures relevant to acid drainage (e.g., covers, dams, treatment
systems, and other water management structures) will not change sufficiently to increase acid
drainage or lead to significant changes in prevention strategies (MEND, 2011).

3.5.4.2. Arsenic trioxide — Frozen Block Method

The Giant Mine (NWT) produced 7.6 million ounces of gold between 1948 and 1999 (Galloway et
al., 2012). The roasting process to release the gold resulted in the production of 237,000 tonnes
of arsenic trioxide, a toxic dust that is currently being stored underground. The Government of
Canada took over the management of this mine in 1999 when the original owners, Royal Oak
Mines, went into receivership. The frozen block method was chosen as a long-term management
technique for the arsenic trioxide; the cost of this project is estimated to be $200 million over
ten years.

The Frozen Block method (Figure 6) involves three steps:

1. Drilling holes in the rock and under the stopes and chambers and circulating a super-
cooled liquid through the pipe. This effectively freezes the rock and water beneath the
underground containment site.

2. Dirilling vertical holes alongside the underground stope and circulating a super-cooled
liquid through the pipe. Steps (1) and (2) create a frozen cup-shaped container that
prevents water circulation.

3. Water is then added to fill the container. The super-cooled liquid circulates until the
entire contamination area is frozen, after which a passive grid of thermosyphons extracts
heat from the ground and keeps the ground frozen (Figure 6). Monitoring of the site
should continue indefinitely (INAC, 2007).
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Figure 6. The frozen block method uses thermosyphons to ensure subsurface contaminants
remain frozen through time. This system is being used for the Giant Mine remediation project
near Yellowknife, NWT (INAC, 2007).

3.5.4.3. Waste water management

Mining activities generate waste water that requires treatment before reintroduction into the
open environment. Efforts have been made to move towards passive techniques that treat
water by natural wetland processing or atomization by snowmaking (EBA, 2004). By atomizing
the nitrate solutes, they are distributed over the landscape in a similar way to the application of
fertilizer (EBA, 2004).

3.5.5. SPRING RUNOFF AND FLOODING

Spring runoff is often the dominant source of water in Arctic environments (Howell et al.,

2012), either directly through seasonal snowmelt or indirectly through glacial melting and
regeneration. Snowmelt is either a major contributor or the dominant mechanism responsible
for flooding in the North (Pearce et al., 2009; Janowicz, 2010). Pearce et al. (2009) found that
northern practitioners indicated a stronger survey response to flood hazards than their southern
counterparts, suggesting that the spring freshet is indeed a significant hazard for northern
mines. Flooding was also clearly emphasized in industry tailings management guidelines (MAC,
2011d) as discussed in detail below.

Flooding comes with a number of direct impacts: excess runoff erodes and weakens mine pit
walls, exacerbates or induces acid rock drainage (I. Church, pers. comm., 2013), and undermines
tailings containment structures. Combined snowmelt and rainfall can also overwhelm tailings
facilities which were designed for single cause flooding (Pearce et al., 2011). Changes in northern
water regimes are also expected to impact hydroelectric operations in northern Canada
(Anisimov et al., 2007), many of which are essential to powering mining operations in remote
areas (l. Church, pers. comm., 2013). Placer mining in particular is very water intensive, and 93%
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of the reported water usage in the mining sector in Yukon comes from placer mining (Water
Resources Branch, 2011). Therefore, changes in water regimes will have a disproportionate
impact on those activities.

3.5.6. AVALANCHE RISKS

Several mines have been identified as being located in high-risk avalanche zones, including
two along the Yukon-NWT border, and two in the medium-risk zones in south-central Yukon
(Campbell et al., 2008). It has also been suggested that increased avalanche risk is expected in
the future, since resource extraction activities tend to occur in easily accessible locations first,
followed by exploration of more remote areas, such as mountainous terrain, which are much
more prone to avalanche risk (Campbell et al., 2008). While no avalanche fatalities associated
with mining activities have been documented in Yukon or NWT (CAC, 2013), the risk has been
clearly identified.

3.5.7. SITE ACCESSIBILITY

Snowfall impacts on site access are a significant, if not leading, issue for Canadian mines (Pearce
et al., 2009), but important threshold values (e.g., depths) are difficult to find in the literature
and may vary significantly depending on the operation or mining type in question. For some
base metal mines (in contrast to high-value materials such as gold), year-round (all-season) roads
may be necessary for the mine to remain profitable, presenting a significant challenge for long-
distance transportation and road design in permafrost regions (McGregor et al., 2008). Fuel is
the single most common item transported to mines due to the high fuel consumption needed
for operations (Ford et al., 2010); therefore a loss of site access can lead directly to cessation

of operations. Studies of extreme snowfall trends and threshold values for operations and
transportation are therefore critical in understanding how snow may impact site accessibility.
Examinations of climate-change projections and potential impacts on transportation indicate
reduced access and longer surface travel times in most parts of Canada (Stephenson et al.,
2011).

3.5.8. IMPLICATIONS FOR MINES

Increased snowfall amounts will exacerbate impacts from all hazards discussed above. For
instance, even small increases in snowfall amounts produce significant insulation effects, with
Kyhn and Elberling (2001) demonstrating that as little as 5 cm is enough to generate significant
increases in tailings pond temperatures. The magnitude of the insulation effects also depend on
the time of year and ambient air temperature during the first permanent snow fall (Kyhn and
Elberling, 2001), both of which are expected to change due to climate change.

“Water and water related issues dominate mine development, operational... closure and
abandonment considerations.” (I. Church, pers. comm., 2013) Increases in spring runoff may
overwhelm tailings containment systems, leading to either failures or the need to release
untreated water to prevent damage. Such releases have already occurred at the Minto Mine in
Yukon in 2008 and 2009 (Thompson, 2009). Water is collected at some sites for later use (Pearce
et al., 2011), and so changes in seasonality in snow retention amounts and melt timing, when
combined with summer events, will affect water storage design needs. Increases in both extreme
precipitation amounts and the length of precipitation-free periods between events, for example,
will require greater capacity for water capture facilities to store precipitation when it occurs and
also for retention during dry periods. Increases in SWE may not be enough to slow melt rates
(Howell et al., 2012), and any increases in water accumulation will translate directly into higher
water levels during spring runoff.
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Increases in precipitation in some regions will result in snow load increases for buildings and
infrastructure. Remote mining camp sites in Yukon and NWT encompass several hundred
buildings, including administrative buildings and living quarters which shelter hundreds of
workers at any given time. In 2010, nearly 53,000 Canadians were employed in Stage 1 (primary
extraction) mining activities (MAC, 2011b); however the number of employees located in
buildings in northern mines is difficult to determine®. Buildings at these sites will continue to
become more vulnerable to increasing snow loads, an issue that has already been identified by
engineering practitioners working in the North (E. Sparling, pers. comm., 2013). Modifications
and maintenance actions have already taken place for government-owned buildings in NWT
(GNWT, 2004a). These actions, coupled with snowfall amount and density monitoring, are
needed for buildings at mine sites.

Table 1: Snow and permafrost hazards and sensitivities for mining.

Snow Permafrost

overwhelming under-designed tailings facilities
(overflow) or contributing to erosion (weakening | permafrost thaw can lead to infrastructure
containment); snow-melt induced flooding challenges (Bond and Lipovsky, 2011)

(Pearce et al., 2011)

freeze-thaw cycling can affect slope stability in
permafrost environments (Gruber and Haeberli,
2007)

avalanche risk to mine sites and transportation
routes (Campbell et al., 2008)

transportation challenges on mine roads due
to permafrost thaw; difficulty building roads
(McGregor et al., 2008)

snow loading; buildings and other facilities (e.g.,
conveyor belts; Ford et al., 2010)

access loss: depth, road washouts, reduced deterioration of tailings dams and dykes (EBA,
visibility in blowing/falling snow 2004)

ground insulation due to snow; impacts on
structures relying on permafrost (e.g., tailings
containment, building foundations), acid
generation in tailings ponds through biological
activity (Kyhn and Elberling, 2001)

impacts on management of Acid Rock Drainage;
control strategies depend on climate (EBA, 2004)

failure of snow fences for tailings ponds (Kyhn initiating permafrost degradation when
and Elberling, 2001) backfilling stopes (Ghoreishi-Madiseh et al., 2011)

3.5.9. POLICIES, GUIDELINES AND BEST PRACTICES

3.5.9.1. MAC Towards Sustainable Mining initiative

The Mining Association of Canada (MAC) has developed the Towards Sustainable Mining (TSM)
initiative which includes the TSM framework, self-assessment tools for policy, and monitoring
guidance for both tailings facilities (MAC, 2011a) and Energy Use and GHG Management (MAC,
2011b). These frameworks incorporate a graded system, from C to AAA, based on their level of
performance within several sub-sectors; MAC members are encouraged to maintain a minimum
grade of A across all performance measures. They provide further direction in the form of three
guides focusing on tailings management. The first manual, A Guide to Management of Tailings

6. We know, for example, this includes ~850 aboriginal employees in NWT diamond mines alone (MAC, 2011b);
however, many are open-pit operations, so the total number of employees under snow-load roof collapse risk is not
known.
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Facilities, was first published in 1998 (MAC, 2011c; updated), and was then followed by two
additional companion guides, Developing an Operation, Maintenance and Surveillance Manual
for Tailings and Water Management Facilities in 2003 (MAC, 2011d; updated) and A Guide to
Audit and Assessment of Tailings Facility Management in 2011 (MAC, 2011e).

The TSM tailings facilities assessment method (MAC, 2011a) encourages every facility to develop
its own site-specific Operations, Maintenance and Surveillance (OMS) manual. The guide for
tailings OMS development (MAC, 2011d) was found to have the most relevant and thorough
weather and climate content; however, climate change is not explicitly mentioned within this
document.

Chapter 4 of the guide for developing an OMS Manual (MAC, 2011d; updated) specifies site
characteristics that should be documented, as historical data, and monitored for operations’,
including basic climate components such as temperature, wind and precipitation. Chapter 4
also specifies that natural hazards for the site should be noted, including flood potential, which
could affect tailings material transportation and deposition procedures, and other operations.
Chapter 6 discusses weather events in terms of “event-driven maintenance,” in which
maintenance actions are triggered by an event or observed threshold value. Prioritization of
risks and documentation of maintenance are also listed as important steps. Chapter 7 discusses
surveillance needs and the uses for these observations, which include emergency planning and
response. Therefore, to follow these guidelines, it is essential to have access to available climate
and atmospheric hazards information.

Within the guide, there was a clear emphasis on rainfall, spring runoff, and flooding, which was
mentioned several times in various phases of tailings facility development. The guide specifies
that phases of decommissioning and closure must be part of the planning entailed in facilities
management, although climate change assessment and impacts were not mentioned explicitly
for these phases.

The other tailings management guides (MAC, 2011c,e) contain very little climate or weather-
related guidance, but do refer to the consideration of climate change (e.g., “future scenario
planning”; MAC, 2011c) not as a baseline requirement, but rather it is viewed as a potential step
towards leadership, or results in an “above and beyond” status in tailings facilities management
for mining. Within the mining industry, there appears to be a clear emphasis on the mitigation
of GHG emissions, rather than development of adaptation design or management measures;
this has also been indicated in other studies (Pearce et al., 2009). Industry documents relating

to monitoring protocols and that contain explicit content in TSM guidance and management
assessment tools, offer excellent potential platforms for the integration of climate change
adaptation into mining management practices.

3.5.9.2. Mining drainage and abandonment and reclamation guidance

One participant® in the interview component of this project referred to issues of mine closure,
abandonment, and remediation as the most important and climate-sensitive component of
mining, due to the extreme costs involved in remediation and clean-up measures which often
need to be absorbed by government funds (NCE, unpublished data, 2013). These have obvious
links to climate and weather, given the need to plan for changing atmospheric conditions and
their effects on closed and abandoned mine sites. Previously abandoned mines, having been
designed for past climate conditions, may be sensitive to future conditions (Pearce et al., 2009).

7. This also implies that there may be proprietary meteorological data for remote mining locations that could be
used to enhance the especially sparse observations currently available through other networks.

8. Name and affiliations of interview participants are kept confidential.
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Currently operating and future mines now face the challenge of generating waste management
and closure plans, which must take into account future conditions in perpetuity.

Specific guidance that addresses climate and weather impacts on mining drainage is currently
available. The Mine Environment Neutral Drainage (MEND) program® generated a guide for
better prediction and management of chemical drainage from mines, entitled Prediction

Manual for Drainage Chemistry from Sulphidic Geologic Materials (MEND, 2009b). This guide
was investigated for climate sensitive components. It specifically mentions future atmospheric
conditions and flooding in dealing with post-closure uncertainty in mine drainage prediction.
Practitioners are encouraged to consider the impacts of climate and weather on site drainage
over all time scales, from discrete weather events to long-term climate change, mainly beginning
with a sensitivity analysis.

Climate conditions will directly determine the volume and rates
of condensation and incident precipitation and in conjunction
with the site and project hydrology, the volume of and rates of
surface runoff, near surface seepage and ground water. Whether
the ground is saturated and/or frozen may also be an important
factor in determining the amount of drainage that infiltrates
versus runs off, especially during snow melt and large rain
events. (MEND, 2009b, p. 5-48)

The report also encourages a proactive, analysis-based, preventative approach to management,
which is directly compatible with suggested climate change adaptive strategy development.

Recognising that a results-based® approach is prohibitively
expensive and environmentally unacceptable, governments and
industry now require proactive measures to prevent impacts
from the drainage from sulphidic geologic materials. (MEND,
2009b, p.1-2)

A number of cases have arisen in which mining companies either disappear or go bankrupt,
leaving government (and by extension, taxpayers) to cover the costs of clean-up and remediation
(MEND, 2009b). A number of examples are currently ongoing in the Canadian territories (e.g.,
Giant Mine, NWT; I. Church, pers. comm., 2013). Future drainage chemistry must be predicted
for proper site management and prevention of unnecessary environmental damage. Oxidation
and other weathering processes render generally insoluble sulphide species into chemicals
which are more readily dissolved and transported by water, as well as generating acids which
lower the pH and exacerbate a number of issues (e.g., accelerate weathering of adjacent
materials; MEND, 2009b).

Monitoring of snow via snow courses and measurement of snow water content are described
as part of regular drainage condition monitoring. While the report cautions that there will be a
range of uncertainty in drainage prediction results, “the objective is to reduce the uncertainty
regarding drainage chemistry to a level at which plans that will meet the environmental
objectives can be designed and implemented.” (MEND, 2009b, p. 2-2) Similar statements can
be made for any predictive requirements for subjects discussed here. Table 2, below, describes
some of the climate and weather-sensitive components relating to drainage chemistry.

9. http://www.mend-nedem.org/default-e.aspx

10. In this case, the term “results based” refers to the reactive approach, i.e., taking management actions after
problems have occurred.
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Table 1: Climate and weather sensitivities for mine waste drainage. (Adapted from Chapters
3-7 of MEND (2009).)

Climate/Weather Related Climate/Weather Driven

individual climate events, seasonal and annual
variability, and climate change; influencing
drainage input, extreme runoff or timing of
runoff, drought, local water tables

forest fires, forest succession

physical and chemical weathering changes in local flora following closure

drainage occurs mainly during specific season
drainage properties (flooding or loss of water) (e.g., snow melt runoff, heavy rainfall, at certain
temperatures), high or low flow conditions

‘threshold’ conditions generating mineral
instability, changes in drainage chemistry and
contaminant loading

erosion and sedimentation (e.g., high wind/water
velocity)

weathering of materials (e.g., freeze-thaw
movement of eroded particles by air or water cycles and ice intrusion, thermal expansion and
contraction)

evaporation and transpiration (e.g., wind, air

external pH contributions from precipitation
exposure)

wind/water-borne sediment incident precipitation and surface runoff

weathering and chemical processes from
microbial action (affected by temperatures and humidity and air permeability
pH; see also Kyhn and Elberling, 2001)

sulphide reactions are exothermic, potentially temperature and barometric pressure difference
impacting adjacent permafrost between enclosed mine components and outside

previous disturbances such as glaciation or fire

3.5.10. ADAPTATION TOOLS FOR MINES

3.5.10.1. Snow removal

Snow removal is the main course of action for snow-hazard mitigation at mine sites. As discussed
in the OMS guidelines (MAC, 2011d), site-specific thresholds for operations must be determined
in order to decide which thresholds for snowfall amounts will trigger snow removal. This will also
depend on the facilities in question; snow depth thresholds on roads which impede traffic and
vehicle operations will be different than values required for snow removal from roofs or outdoor
conveyor belts to prevent damage to these components. Examples of snow depth thresholds for
mining are given in Table 3.

3.5.10.2. Snow fences and pond covers

Insulation from snow cover is also a significant problem for mine tailings containment in the
North. To help reduce or prevent acid rock drainage, some tailings are kept at sub-freezing
temperatures to prevent the oxidation of tailings material. However, ambient temperatures and/
or insulation from snow cover can act to warm tailings material and allow microbial activity, and
therefore oxidation, to occur (Kyhn and Elberling, 2001). Covers made of shale or other material
are added to tailings containment ponds to maintain cold temperatures to prevent ARD, but
these are rendered less effective with snow insulation.
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Table 3. Examples of important weather and climate thresholds for mining.

Threshold Impact
sulfide oxidation by biological activity begins; up
tailings temperatures: -5°C or above to 20% maximum rate at 0°C (Kyhn and Elberling,

2001); AMD generation

severely dampens cooling of tailings, insulation
significant; greater depths do not result in
significantly greater effects (Kyhn and Elberling,
2001)

snow cover depth on tailings ponds: 5 cm

no threshold values found, though snowfall
snow depth restricting transport and operations | indicated as the most significant problem for
mining operations (Pearce et al., 2009)

avalanche risk (high): mountainous terrain, regional threshold used by Campbell et al. (2008);
average maximum snow depth >100 cm site specific risk is dependent on site geography

3.6. GROUND-BASED TRANSPORTATION SECTOR

3.6.1. ROAD HAZARDS

3.6.1.1. Reduced visibility

Snow-induced hazards to surface transportation include reduced visibility due to blowing

snow, and the Canadian Arctic has been long established as having the highest frequency of
blowing snow events in the country (Phillips, 1990). High winds are capable of generating
significantly reduced visibilities from blowing snow, resulting in dangerous road conditions even
in the absence of concurrent snowfall. Blowing snow also produces drifting, which can cause
further maintenance problems (e.g., ground insulation with impacts on permafrost on road
embankments) and can also exacerbate snow loading on roofs of building (GNWT, 2004a).

Given the likelihood of greater precipitation accumulation in the region due climate change
(Brown and Mote, 2009) and heavy precipitation events during the winter months (Stone et

al., 2000), the number of snowfall events generating reduced visibilities may also increase.
“[Snow] cover response to global warming is complicated by projected increases in precipitation,
particularly over high latitudes... with potential for increased accumulation in high latitudes.”
(Brown and Mote, 2009)

Conditions which produce blowing snow are dependent on fairly complex factors, particularly at
lower wind speeds. These factors include snow characteristics, such as particle shape, which are
not usually known to forecasters (Baggaley and Hanesiak, 2005; Huang et al., 2008). However,
fairly simple methods have been developed to predict the occurrence of blowing snow which
could be applied to transportation needs.

Reduced visibility due to falling snow is equally complex, and studies of actual snowfall rates
(based on water equivalent per hour) can vary significantly even in similar visibility conditions.
Rasmussen et al. (1999) provide examples in which snowfall rates were all within the 2.0 to

2.5 mm hr! (water equivalent) range but resulted in visibility restrictions ranging from 3.0 km
down to 0.38 km. In both blowing and falling snow conditions, visibility reduction is worse
during daylight than at night, where visibility increases by a factor of 2 or more under the same
conditions (Rasmussen et al., 1999; Huang et al., 2008).
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3.6.1.2. Road closures

Loss of access to sites with single transportation route access was indicated as the greatest
climate change vulnerability for mine sites (Pearce et al., 2011); prime examples of this
vulnerability were documented at the Diavik Mine in NWT (Mesher et al., 2008) and the CanTung
Mine in Yukon (CMJ, 2012a,b). Any number or combination of snow-related hazards could be
responsible for road closures, including washouts, accelerated erosion due to spring runoff,
excessive snow accumulations, and loss of visibility due to blowing snow or heavy snowfall.
Given the likely increase in precipitation accumulation in the region (Radisanen, 2008), as well as
trends in heavy winter precipitation events (Stone et al., 2000), more road blockages and mining
operation delays are possible due to snow-related hazards (i.e., either on-site or site access
problems).

3.6.2. WINTER ROADS: COMPACTED SNOW AND ICE BRIDGES

Snow produces a number of indirect impacts on winter roads. Deep snow cover early in the
season can delay ice growth, leading to delay of road openings and load restrictions on ice
bridges (Prowse et al., 2009). These roads also tend to be several hundred kilometres in length,
with large distances between populated areas, allowing for significant changes in weather
conditions along routes, between destinations, or during extended periods of travel. This is

an established travellers’ perception problem which Grant and Morrison (2006) termed the
separation of “here” and “there”; though conditions may currently be favourable at both
departure and destination points, there may be hazardous weather along the route or conditions
may change during the time needed to travel. For example, during March of 2012, four vehicles
were stranded overnight on an ice road in the Wekweeti area, and RCMP searchers were forced
to stop overnight due to deteriorating road conditions (CBC, 2012c).

Snow impacts on winter roads may not be as simple as the insulation effects discussed in other
studies (Stephenson et al., 2011). Season length may be affected by the interaction of snow with
other elements such as rainfall, particularly at the beginning or end of the season. This appears
to play a dominant role in determining beginning and end dates of operation of ice roads
(Rawlings et al., 2009).

3.6.2.1. Avalanche risk

The avalanche risk to transportation routes is most pronounced in Yukon, where the majority
of its highway system is located within moderate to- high-risk avalanche zones (Campbell et al.,
2008). A significant portion of southeastern Yukon and southwestern NWT are located within

a large high-risk area, and important Yukon roads and highways — specifically the Nahanni
Range Road and large sections of the Robert Campbell Highway and Canol Road — are featured
prominently in this risk area. The Haines road, south of Haines Junction in southwestern Yukon,
is also located in a high-risk avalanche zone (Campbell et al., 2008).

3.7. TRANSPORTATION DESIGN, CONSTRUCTION, MAINTENANCE AND OPERATIONS

3.7.1. THAW THE ROADBED

One approach to building roads on permafrost involves thawing the roadbed before
construction. This approach is most efficient when the permafrost is thin and thaw-sensitive.
One of the advantages of this approach is that the permafrost will be completely thawed. The
thawing of the roadbed can occur before construction or can be controlled during the operation
of a road.
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Pre-construction thawing of the roadbed can be done by removing the topsoil and vegetation,
leaving the thin permafrost exposed and without insulation. This method may take multiple
thaw seasons to complete, or it can be accelerated by adding dark material to the exposed
ground surface in order for the ground surface to absorb incoming solar radiation (Regehr et al.,
2012). The effectiveness and speed of this strategy is difficult to model and predict (Beaulac and
Doré, 2006).

Post-construction controlled thaw can include widening of embankments to enlarge the
disturbed area and thaw zone in order to help prevent failure of the structural core. Frequent
snow removal will slow the thaw by removing the insulating layer. Failures should still be
expected on the outer edges of the embankment (Regehr et al., 2012).

Some permafrost issues can be managed by appropriately choosing to undertake construction in
either the winter or the summer (TAC, 2010). If winter construction is feasible, some advantages
include: increased accessibility of the terrain using winter roads; building on a frozen active layer
which provides a stable platform; simplified installation of culverts when there is no flowing
water; and excavations that remain frozen and are more easily handled (TAC, 2010). Summer
construction also has advantages, such as: the ability to compact granular fills; the capability to
work and stockpile natural granular deposits; and finally, the construction performed during the
summer has the benefit of preferable conditions with respect to longer daylight hours and more
moderate working temperatures (TAC, 2010).

3.7.2. CoOOL THE ROADBED

In order to achieve the long-term thermal stability of roadbeds underlain by permafrost, a
number of construction techniques have been developed in various regions of the world. Each
technique has advantages and disadvantages which are mostly related to the cost, effectiveness,
and logistics associated with construction and maintenance.

Snowsheds and sunsheds have been shown to reduce mean annual ground temperatures by
between 1.5 and 6°C. This change occurs by shading the road from solar radiation during the
summer, by preventing snow cover from insulating the ground in winter, and by enabling air
convection at the ground surface all year (Regehr et al., 2012). These awnings are often built

as half-metre tall, wood-framed structures which are open on all sides and covered by sheet-
metal roofing (Reimchen et al., 2009; Figure 7). These structures are susceptible to damage by
wind, vandalism, car accidents, falling trees, among others. The cooling effect of snowsheds and
sunsheds can be detected immediately (Lepage et al., 2012). Snowsheds and sunsheds have
performed well in both Alaska and China; however, high-maintenance costs, a lack of durability,
and hazards related to vehicle accidents are discouraging for large-scale implementation
(Beaulac and Doré, 2006).
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board (Regehr et al., 2012).




APPENDIX C - LITERATURE REVIEW REPORT

Using reflective surfaces or light-coloured paint on road surfaces in order to increase the amount
of reflected solar radiation has been shown to reduce heat transfer to the underlying subgrade
(ADOTPF, 1985; Beaulac and Doré, 2006; TAC, 2010). The reduction of absorbed incoming solar
radiation also reduces active layer depth (Regehr et al., 2012). The disadvantages of this strategy
include the high costs of annually repainting the road surface due to weathering, as well as a
number of associated hazardous driving conditions such as slippery road surfaces when wet,
blinding driving conditions when the sun is reflected, and local icing at the surface (Beaulac and
Doré, 2006; TAC, 2010). Jgrgensen and Andreasen (2007) have shown impressive results of an
overall reduction in the active layer thickness by 0.75 m beneath a 27 m-long test section of
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Figure 8. Radargram of Ground Penetrating Radar (GPR) (Jgrgensen and Andreasen, 2007).

white asphalt at the Kangerlussuaq Airport, western Greenland (Figure 8).

Similarly, vegetation on the embankment of a road cools the ground by reducing solar radiation
received at the ground surface (Regehr et al., 2012). Different types of vegetation will cool the
ground to different degrees. Reimchen et al. (2009) highlight that grass-covered embankments
may not be a viable solution in areas where there is a lack of suitable soil. Vegetation is often
destroyed in the construction stages and may take multiple growing seasons to return. This is

a low-cost method that has not yet proven to be highly effective or efficient (Lepage and Doré,
2010).

The air convection embankment (ACE) is a permafrost protection technique developed by

D.J. Goering at the University Alaska Fairbanks (Goering, 1998; Goering and Kumar, 1996;
Goering, 2003). ACEs enable heat extraction from the ground by creating convective cells for

air circulation within the embankment. They are constructed with coarse-grained angular
interlocking rocks ranging from 150 to 300 mm in diameter (TAC, 2010; Lepage and Doré, 2010).
Air within the porous embankment cools near the surface in winter and sinks to the bottom

of the embankment due to its higher density. The warmer air from the bottom then moves
upwards, transporting heat toward the embankment surface. During summer, the convective
flow stops because warm air stays at the surface of the porous layer, which acts as an insulation
layer (Regehr et al., 2012). ACEs increase wintertime cooling and decrease summertime warming
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(TAC, 2010). This technique is susceptible to intrusion of fine particles, snow, and water (Lepage
and Doré, 2010). To prevent these intrusions, geotextiles should be placed on top of the
embankment (TAC, 2010). Various designs of ACEs are shown in Figure 9.
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Figure 9. Variations on the air convection embankment (ACE) design configurations
(Regehr et al., 2012).

North America is not alone in the struggle to build long-lasting infrastructure that retains
structural integrity under changing permafrost conditions. Notably, technological advances have
been made in China, where a large portion of the country is underlain by permafrost (Jin et al.,
2013). A test section of hollow concrete brick revetment (concrete cylinders that line a road
embankment) was completed in August 2009. The section is 30 m long, 7 m wide, and 3 m high.
There are two layers of hollow concrete on both the sunny and shady embankments. These
concrete pieces are hollow tubes with diameters of 15 cm (outer) and 10 cm (inner). The ice
content beneath the road exceeds 70% and thickness is 1 to 5 m near the permafrost table. The
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results of the application of hollow concrete brick revetment are monitored from temperature
readings; these readings are then compared to temperature readings from a similar site (100 m
away) that does not have the new technology in place. The mean annual ground temperature
(at 0.5 m depth) is on average 1-2°C cooler at the revetment site. The revetment serves as a
sun shield and has complex internal air flow, thus, the more layers of concrete, the greater

the cooling effect. Jin et al. (2013) may have found a cheap and viable technology to cool the
ground beneath road embankments; the net effect of this is that the ground will remain frozen,
potentially avoiding subsidence.

Ventilation ducts are large pipes that infiltrate the embankment and that enable cool, ambient
air to pass beneath the road in winter, allowing heat from the ground to be released (Figure 10;
Regehr et al., 2012). These ducts must be shut in summer to prevent warming of the permafrost
from warm air circulating through the ducts. Both perforations of the horizontal ducts and the
construction of chimneys enhance cooling of the ground. Ducts should be built on slight angles
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Figure 10. Ventilation duct design (Regehr et al., 2012).

to prevent pooling of springtime melt of windblown snow intrusions (Beaulac and Doré, 2006).

Thermosyphons are highly effective passive cooling mechanisms for preserving permafrost
beneath building foundations; see Figure 11 (Regehr et al., 2012; TAC, 2010). They are not
particularly well suited to the preservation of permafrost along roadways due to the high cost
per unit and localized effectiveness (Regehr et al., 2012). These could be well suited on short
sections of roads or airstrips that are located on thaw-sensitive permafrost (TAC, 2010). In
addition, thermosyphons are vulnerable to damage from vehicle collision or vandalism (TAC,
2010).

Heat drains enable cool, outside air to pass through the embankment and for internal heat

to be released. Results have shown that heat drains are successful at cooling embankments,
though not as effective as ACEs (Regehr et al., 2012). Heat drains consist of a highly permeable
geocomposite membrane of corrugated plastic wrapped by geotextiles (Lepage and Doré, 2010)
that have an air intake at the foot of the embankment (Figure 12). Heat drains have been shown
to cool the ground between 5 and 7°C (TAC, 2010). The main advantage of heat drains is that
they are simple and relatively easy to install (TAC, 2010).
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Figure 12. Heat drains (Regehr et al., 2012).

The dry bridge strategy consists of constructing a bridge over dry land; this is highly effective and
extremely costly. The bridge enables cold air to circulate beneath the road (or bridge), reduces
snow cover, and provides shade (Wei et al., 2009; Regehr et al., 2012).

3.7.3. INSULATE THE ROADBED

During construction of a roadbed or embankment, insulation can easily be installed beneath the
ground surface and has been shown to mitigate thaw (TAC, 2010). The two materials typically
used are polystyrene (foam boards) and polyurethane (foamed in place) (Regehr et al., 2012).
Insulation protects permafrost because it impedes the downward penetration of heat into

the ground during summer; however, insulation also prevents heat from escaping the ground

in winter. It is important to note that insulation reduces the amplitude of air temperature
variations but it only serves to delay thaw and does not reverse it. This strategy may be more
effective in areas of cold permafrost rather than warm permafrost, as the winter ‘warming’
effect could potentially thaw permafrost if it is near 0°C (Regehr et al., 2012). The insulating layer
has several important properties: it is a good thermal barrier, it has a low moisture absorption
rate, and it is rigid enough to support the anticipated load (Holubec, 2008). The insulating

layer is most effective when installed close to the surface, but the ground above must be thick
enough to prevent crushing of the insulation (Beaulac and Doré, 2006). The advantage of using
polyurethane is that shipping costs are reduced by foaming on site (TAC, 2010).
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3.7.4. STRENGTHEN THE ROADBED

During construction, strengthening a weak subgrade soil with a stabilizing agent such as
concrete, lime or bitumen may be appropriate (TAC, 2010). This technique may be the most
appropriate if granular or quarry materials are not available. The stabilizing agent will increase
the strength and reduce the permeability and frost susceptibility of the roadbed (TAC, 2010).
When working with sand, stabilization techniques utilizing a combination of synthetic fluid

and long discrete geofibers have been shown to be effective. Laboratory tests have shown that
geofiber and synthetic fluid can significantly increase the bearing capacity and strength of silty
sand (TAC, 2010).

3.7.5. ROAD MAINTENANCE

In terms of hazards for roads, there are several important thresholds (Table 4). Snowfall is an
immediate concern mainly for maintenance personnel (Cousineau, G., pers. comm., 2013).

For paved road surfaces, bonding between the road surface and snow may occur, making

snow significantly more difficult to remove. Anticipation of snowfall allows for preventative
maintenance measures such as pre-wetting, early application of de-icing agents, and early
mobilization of snow removal equipment (Smithson, 2004). In permafrost regions, snow removal
from road surfaces and embankments as part of regular maintenance also serves to address the
insulating effect that snow has on near-surface permafrost, thus preventing premature thaw.

Authors McGregor et al. (2008) and Mesher et al., (2008) reported on the design and assessment
of two major NWT highway projects, the Yellowknife Highway (Highway 3) reconstruction and
the Tibbitt to Contwoyto winter road, for which climate-change impacts were considered. In the
case of Highway 3, the extension was simply designed to reduce climate-change impacts, i.e., by
providing sufficient slopes to reduce drifting along the road edge and prevent insulation effects.
With the Tibbitt to Contwoyto winter road, the focus was to consider optimising a shorter
operating season and, more drastically, to relocate large portions of the road onto more reliable
surfaces. Ideally, the entire southern 170-km section would be shifted from mainly ice bridge to
compacted snow surfaces, increasing the operating season by approximately 30 days.

Another adaptation strategy for winter roads is improved maintenance. Some modified
maintenance measures are already proving effective, since at least one NWT ice road has
reported a statistically significant increase in season length; it was found that operational factors
were a likely contributing factor, rather than purely climatic factors (Rawlings et al., 2009).
Operational measures for ice roads include snow removal, spraying or flooding of ice surfaces
for thickening, ploughing of ice surface to increase thickness, and operating at night to allow
greater loads and increase transportation efficiency (Rawlings et al., 2009; Braden, 2012). In an
interview with the Canadian Mining Journal, Tibbitt to Contwoyto road supervisor Kirk Keller
made statements supporting this possibility, noting that snow clearing and flooding operations,
which are intended to thicken ice as early and quickly as possible, have become a main priority
in recent decades to allow for the greatest bearing capacity to be achieved (Braden, 2012). This
may be an important factor in the road’s ability to keep pace with increasing demand in spite of
the changing climatic conditions.

The TAC (2010) guidelines recommend the following practices for road maintenance in
permafrost regions:

1. Budget for maintenance activities.

2. Remain vigilant in managing performance risk.
3. Implement a simple monitoring program.
4

Increase the width of snow clearing to minimize the insulating effects.
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5. Proactive measures should be considered for preventing icings, such as ice fences, frost
belts, insulated subsurface drains, interceptor subsurface drains, or other methods.

6. Cover culverts that are not in active streams at the onset of winter to prevent plugging
by snow and ice, and uncover them at the start of snowmelt to provide unimpeded
drainage.

7. ldentify the priority locations that would most benefit from technologies such as
thermosyphons and develop an efficient means of installation.

8. Avoid delays in addressing minor incidents of ponding water.

9. Avoid opening new borrow sources when existing sources can satisfy the material
guantities and type for construction.

10. Consider the overall drainage system when conducting maintenance as opposed to
doing isolated activities such as installing or replacing culverts and deepening ditches,
which could worsen problems like frost heave, settlement, embankment erosion and
surface cracking.

Table 4. Important thresholds for roads.

Infrastructure Parameters Reference
ice bridaes 0.7 m average thickness to open, | Nima et al. (2006); Mesher et al.
9 1.5 m for full traffic load (2008)
snow depth and/or reduced

road closures L
visibility

design flows for culverts, bridge

rain-on-snow, spring runoff, etc.
abutments, etc. »Sprng !

snow loading, buildings and density, depth, additional National Building Code 2010
infrastructure rainfall (NRC, 2010)

3.7.6. IMPLICATIONS FOR TRANSPORTATION

McGregor et al. (2008) defined four main categories of climate-change impacts for surface
transportation in the North: increased costs (e.g., construction and maintenance); decreased
ability to maintain an “acceptable level of service”; increased need for vigilance in maintenance
and safety; and decreased overall transportation efficiency. Thinner ice on lakes and rivers, for
example, leads to greater risks to drivers. Companies take on considerable risk with operations
on ice roads in warmer temperatures, with an average of one fatality per year reported in
western Canada from ice road failures (McGregor et al., 2008).

Impacts on winter roads are particularly important in NWT, although there are a small number of
important routes in Yukon which also rely on ice bridges during the cold season. Approximately
one third of all communities in NWT and all three diamond mines rely on ice roads as their main
supply routes, and only 19% of the population of NWT has access to all-weather roads (Milligan
and Montufar, 2011). The diamond industry has been responsible for roughly 50% of the GDP
of NWT in recent years (Pearce et al., 2011). The three diamond mines located in NWT supply
approximately 18% of the global market value for gem-quality diamonds, and traffic along the
route could continue to rise with the potential opening of additional mines in the near future
(Braden, 2012). The Tibbitt to Contwoyto winter road, which is the only supply route for the
diamond mines, is the longest ‘heavy haul’ ice road in existence (Mesher et al., 2008), and is
also likely the most heavily used transportation line in the world which is ice-reliant (McGregor
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et al., 2008). With such a significant dependency on ice roads, the vulnerability of the region’s
transportation sector is indisputable.

Restricted operating seasons for winter roads mean greater vulnerability to delays or closures
from severe weather events. Regardless of the cause, these closures can become immensely
costly given the limited time window for operation. For example, the Tibbitt to Contwoyto ice
highway operates for roughly 65 days per year (2008 values), a number which is expected to
decline to ~54 days per year by 2020 (McGregor et al., 2008). The 2006-2007 season, which saw
an operational season of only ~50 days and a failure to reach full load-bearing capacity (Mesher
et al., 2008), may well become commonplace in the near future. During that season, 15 million
litres of fuel had to be flown into the Diavik diamond mine (CMJ, 2006), an expensive measure
which cannot be sustained on an annual basis. Every day that a portion of the road is impassible
represents approximately 1.5% of the entire operating season; with projections of a shorter
season length in the near-future, this value approaches 2%.

The results of Stephenson et al. (2011) confirm the overall implications of climate-change
impacts on surface transportation and winter roads. Employing a combination of climate and
transportation models, this study, indicates that the amount of land area that is accessible by
winter road in the Arctic is expected to decrease significantly, ranging from an 11% decrease
in Greenland to 13% in Canada and as high as 82% in Iceland)''. Modelled losses were mainly
driven by milder temperatures and greater snow depths, with the latter playing a role in
permafrost degradation from ground insulation. They also cautioned that assessment of the
complex interaction between climate and transportation systems requires careful consideration.
They note, “our discovery of a strongly bimodal transportation outcome - improving access by
sea but declining access by land - underscores not only the acute biophysical sensitivity of the
Arctic to climate change, but also the inherent dangers of simplified characterizations of social
response.” (Stephenson et al., 2011, p.4)

3.7.7. POLICIES, GUIDELINES, AND BEST PRACTICES

3.7.7.1. Guidelines

The Transportation Association of Canada (TAC) provides two guides which are particularly
relevant to Yukon and NWT, entitled Guidelines for Construction and Operation of Winter

Roads (PTM-COWINDRD-E, TAC, 2011) and Guidelines for development and maintenance of
transportation infrastructure in permafrost regions (PTM-PERMAFROST, TAC, 2010). Both guides
contain chapters on climate change.

8.1.4.1. Industry research

There has been a significant amount of climate change-impacts research carried out by the
transportation industry in Canada, including work which specifically addresses issues concerning
the North. For example, the chapters on climate change in the guides for winter road and
permafrost regions discussed above (TAC, 2010; TAC, 2011), are in part the results of the TAC
Climate Change Task Force, composed of a group of experts from across Canada whose focus is
to conduct research on both mitigation and adaptation strategies for transportation (Cousineau,
G., pers. comm., 2013; TAC, 2012; TAC, 2013). The Climate Change Task Force is currently
collecting and compiling relevant information related to climate change and transportation, as
well as identifying available tools and gaps with similar goals to this Cryosphere project, but
under a national scope. For more than a decade, many of the annual TAC conferences have had

11. These values included all of Canada, since the study assessed all areas of North America north of 40°N.
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climate change sessions, where several of the papers discussed in this report were presented
(including Crowder et al., 2008, Mesher et al., 2008, Rawlings et al., 2009).

3.7.7.2. Monitoring, planning and forecasting

Permafrost maps do not yet exist at a scale that is relevant for assessing infrastructure hazards
and the impacts of climate change and disturbance on permafrost (Trochim and Lipovsky, 2005).
The Yukon Geological Survey, in collaboration with the Yukon Department of Highways and
Public Works, has however compiled a database of borehole information (stratigraphy, texture,
and ice character and content) from more than 4000 locations along the Alaska Highway and
proposed pipeline routes (YGS, 2009). This approach to data organization is expected to improve
spatial mapping of permafrost (e.g., depth, thickness, ice content) and improve predictions of
frost heave and thaw settlement in response to climate change, among other applications.

Although permafrost maps do not exist at relevant scales, good route planning for road
construction is critical to avoid problematic interactions with permafrost. Guidelines proposed
by TAC (2010) are to:

1. Minimize stream crossings by using high-resolution aerial photography to identify the
drainage conditions and patterns, as well as using the best available hydrologic methods
to determine design flow parameters.

2. Protect the natural vegetative mat that insulates ice-rich permafrost, and perform
clearing and site preparation work along proposed road corridors only in winter when
the active layer is frozen and the vegetation mat is covered by snow.

3. Where large-diameter culverts cannot be avoided, use the riveted or bolted type, and
consider the installation of polystyrene insulation beneath the culvert on the bottom of
the bedding material and sloped sides of the excavation.

4. Utilize interceptor ditches along fills to help prevent thawing of permafrost by
intercepting the water, preventing pooling of water along the toe of embankments,
and preventing water infiltration under and through embankments. Design them with
additional capacity and allow initial slumping and regrowth of natural vegetation.

Reduced visibility from falling or blowing snow can be anticipated with some accuracy, but
these estimations rely on good meteorological observations and forecasts. Methods described
by Baggaley and Hanesiak (2005) and Huang et al. (2008) have potential for integration into
mining and transportation operations to help predict periods of dangerously reduced visibility,
as well as for anticipation of when conditions will clear and operations can resume. These
methods become more reliable (i.e., resulting in fewer ‘false alarms’) at both higher wind
speeds and lower threshold visibilities (e.g., 500 m visibility versus 1 or 2 km). Forecasts require
observations including time since last snowfall, ground and surface temperatures, wind speed
and wind direction measurements. These are all measures which can be automated using the
correct equipment. These authors have also suggested a number of methods to further simplify
blowing snow forecasts using ‘nomograms’, which are simply graphs indicating the probability of
occurrence of blowing snow given current or future weather conditions.

Smithson (2004) lauded the significant improvements in winter maintenance which have
occurred in recent decades, improvements that have been due in particular to anticipatory
maintenance actions and better practitioner education. Smithson was mainly referring to a
computer-based training program developed by the American Association of State Highway
and Transportation Officials (AASHTO) in the early 2000s, which was intended to encourage
practitioners to take advantage of available technological advances. The program included
modules such as “Weather Basics” and “Weather and Roadway Monitoring”. A number of
jurisdictions have reported substantial benefits accruing from this program, with various
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agencies reporting a 200%-1300% return on investment. A tailored version of this software could
be useful for training and outreach (McGregor et al., 2008) in the North, and include additional
modules discussing Arctic weather, climate change in the North, and winter roads. A “Winter
Severity Index” has been developed to aid with winter road maintenance for southern Canada
that is based on the variability of maintenance costs for different regions in the country (Suggett
et al., 2006). It may be possible to generate a similar index for assessment of roads in northern
Canada if such a software program is desired.

In large portions of the United States and Canada, ‘storm spotter’ networks of volunteers
communicating over ham radios (called SKYWARN and CANWARN, respectively), assist with the
monitoring and reporting of severe summer weather. Spotters are trained to identify potentially
severe and damaging weather and report their observations to local weather offices. These
observations assist in the forecasting and dissemination of weather warnings and advisories. A
similar concept could be applicable to those users of winter roads in Canada’s North, although
equipment capable of transmitting over large distances would be required for this. Reports of
localized reduced visibility, drifting, and poor traction from snow, as well as other phenomena
affecting road conditions, could be reported and communicated among drivers; these reports
could eventually be received and recorded by Environment Canada and the respective
departments of transportation.

Detailed monitoring of infrastructure is another potential option for adaptation which would
provide much needed new data. Sidawi and Shehata (2008) provided examples of such
‘infrastructure health monitoring’ (IHM) systems for bridge structures in Manitoba. These are
currently monitored by stress and strain sensors embedded within the structure, concurrently
with meteorological sensors of ambient conditions. This combination provides in-depth data

on the behaviour of bridge structures under varying meteorological conditions and operational
loading. These data provide some of the first field observations of internal structural behaviour,
and will greatly assist in maintenance decisions and in improving knowledge of in-service loading
response and long-term climate impacts on structures.

3.7.8. ADAPTATION TOOLS

3.7.8.1. Travel Information Systems (TIS)

The governments of Yukon'? and NWT?® both provide weather and road conditions information
for their highway systems. NWT provides slightly more detailed information, including weight
limits for winter roads. Other jurisdictions have developed their own TIS, which provide a
framework for further development options, including Ontario (McClintock and Barbetti,
2006) and New Brunswick (Grant and Morrison, 2006). Grant and Morrison (2006) identified
sensitivities, challenges, and needs in New Brunswick for particular road users (e.g., long
commutes for school children in remote areas) and routes (e.g., importance of ferries along
some routes), and attempted to develop strategies to address these. TIS have also included
components of historical data that identity ‘trouble spots’ which may be the focal point for
maintenance or emergencies in the near future.

Challenges and needs for TIS include the following: partnerships, data sharing, interoperability
(i.e., must “fit’ with adjacent jurisdictions), liability statements (i.e., information “not intended
to relieve travellers of their responsibility”) and privacy (Grant and Morrison, 2006). Solutions
for TIS in southern parts of Canada including cell phone networks (Alkoka, 2005) and

internet coverage (McClintock and Barbetti, 2006) may not be applicable in the North, since

12. http://www.511yukon.ca/

13. http://www.dot.gov.nt.ca/_live/pages/wpPages/roadConditions.aspx
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communication networks are limited in most areas. lan Church (pers. comm., 2013), for instance,
indicated that the fibre-optics communications network in Yukon is often the first system to fail
during severe weather events. Improved TIS in the North will be a particular challenge, and may
need to coincide with improved communication networks in order to be successful.

3.7.8.2. Road user outreach

The need for the provision of educational material for road users is one of the more commonly
suggested tools (McGregor et al., 2008). Quebec’s Ministry of Transportation (MTQ) has
developed a unique public educational tool in the form of the first provincial transportation
department website on climate change (Hotte et al., 2005). It is broken down into four thematic
areas: a climate change primer, a “Towards Sustainable Mobility” page discussing GHG emissions
reductions strategies, a transportation and climate change page focusing on emissions, and

a page about adapting transportation to the impacts of climate change. The adaptation and
impacts section is further divided into four priority sectors: coastal erosion, decreased water
levels in the Saint Lawrence, permafrost thaw in the North, and increased variability in winter
weather. In terms of public outreach, similar websites could be developed for the northern
territories, and could include the latter two adaptation and impacts categories.

3.7.8.3. Decision support systems

Arsenault (2007) provided an example of the infrastructure needed for an effective maintenance
decision support system, such as the one that was recently implemented in Quebec. One
innovation was a form of visualisation in which observations were combined with forecast values
to help anticipate worsening weather conditions, and therefore help prepare for the necessary
maintenance actions. These data have also been used to identify previously undocumented
event sequences which lead to hazardous road conditions. However, these systems are very
‘data hungry’ and therefore implementation in the North is a challenge.

3.8. GAPS AND LIMITATIONS

A key finding among all sources is the need for increased and improved baseline data for
analyses and decision making, the details of which are discussed below. The most recent IPCC
assessment results for Polar Regions (Anisimov et al., 2007) indicated similar findings, noting
that efforts should focus on determining important ‘hot spots’ for changing climate and should
increase monitoring of climate and natural systems. This was found not only in terms of scientific
analysis; the need for raw data input is also significant for use in design and maintenance of both
mines and transportation infrastructure.

Another common theme was a lack of compiled data (i.e., centralized data sets). Even in cases
where data were available, it existed in a variety of formats or was difficult to access. Prowse et
al. (2009) have suggested that “the most relevant information” on climate change adaptation
activities remains scattered among consultants, government and news media reports and has
yet to be compiled. Haley et al., (2011) discussed existing challenges in comparing mining data
between nations, noting, as one example, the amount of data that remains in non-digital format.

3.8.1. MINING

3.8.1.1. Representation of polar mining in research and data

In most cases, the survey-based research that is currently available offers very little
representation from northern mines. In the only known survey of Canadian mining practitioners
on climate change perceptions, only 1 out of 62 respondents consulted was from a northern




APPENDIX C - LITERATURE REVIEW REPORT

mine (Ford et al., 2011; Pearce et al., 2009, ch. 7). The suite of case studies, however, did address
mines in northern Canada (Pearce et al., 2011).

Baseline data on the mining industry itself is inconsistent, particularly from an international
perspective. It is therefore difficult to detect trends and impacts of various drivers, including
both the financial and the climatological (Haley et al., 2011). There is no circumpolar mining
dataset to compare the relative influences of the drivers, and temporal coverage is particularly
difficult given the amount of information which is still on paper and remains to be digitized
(Haley et al., 2011). Another major gap in information is that there is no database of abandoned
mines in Canada (Pearce et al., 2011; I. Church, pers. comm., 2013), especially considering the
potentially massive costs of clean up and remediation. This is of particular concern for Yukon due
to its long history of mining, and where many mines contain hazardous materials and pose a risk
to local environments and populations.

3.8.1.2. Knowledge gaps and their effects on mining adaptation measures

Senior management representatives were found to be less likely to believe that climate

change poses a risk to mining operations (Ford et al., 2010), which may act as a barrier to the
implementation of adaptation strategies. Of the perceptions and attitudes of some members

of the industry, the most important as cited by Pearce et al. (2009) was the climate change
skepticism revealed in industry journals, and the belief that future change will have no impact on
future operations.

This skepticism, when combined with the monetary and time costs associated with adaptation
and lack of adaptation knowledge, has likely led to a ‘slow response’ taken by many companies,
even in sectors where impacts appear to already be occurring (Pearce et al., 2009). It is apparent
that, in terms of design, practitioners prefer specific values based on return period calculations
for climatic or hydrological loading rather than incorporating the percentages and uncertainty
associated with climate projections (Pearce et al., 2011; I. Church, pers. comm., 2013). This
attitude is potentially dangerous given the possible inability of historical data to provide the
needed safety margins for operations (e.g., tailings containment facilities). The multiple requests
for untreated water release by the Minto mine in 2008, 2009 and 2010, for instance, may be

an indication of inadequate design for current climate and weather conditions. This would
inevitably result in a lack of design consideration for future climatic shifts. Use of old or out-of-
date design criteria based on past climate data has already been identified as a vulnerability for
decommissioned and abandoned mines; however, this problem will continue if practitioners
continue to employ the same methods for new construction. Some of these uncertainties can
be alleviated with a “thorough and rigorous” evaluation of climate-change impacts on mining
infrastructure (Pearce et al., 2009).

There are also indications of a knowledge gap between scientific findings and perceived impacts
among mining practitioners. When those interviewed were asked about the effects of specific
types of weather events consistent with climate change projections, they were twice as likely
to note that they would have a negative impact on mining operations, compared to when they
were asked if climate change in and of itself would have a negative impact (Ford et al., 2011).
This indicates a need for better outreach to make climate change science more accessible

to practitioners, including a discussion of the nature and potential of adaptation measures,
and possible beneficial opportunities presented by changing conditions. Pearce et al. (2009)
noted a general lack of emphasis on adaptation in the mining industry, particularly in industry
literature and management attitudes. They also noted a sense that climate-change impacts
will be overwhelmingly negative, all of which could be addressed through better outreach. This
knowledge gap is also exemplified by the need for expert practitioners for options that are not
yet codified (Pearce et al., 2011).
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3.8.2. GROUND-BASED TRANSPORTATION SECTOR

3.8.2.1. Prohibitive costs of design measures

Most design solutions to maintain permafrost are prohibitively expensive (Table 5), particularly
in consideration of both the vast distances and small population base, and by extension,

the small tax base, in Yukon and NWT. It is for these reasons that less-expensive adaptive
management and design measures have been incorporated in recent transportation projects
(McGregor et al., 2008; Nima et al., 2006).

Table 5. Cost per kilometre of permafrost protection strategies (Reimchen et al., 2009).

Strategy Cost per km
snowsheds/sunsheds $156,000
vegetation $11,000

reflective surface $51,000

ACE $125,000 - 190,000
ventilation ducts $121,000

heat drains $245,000 - 513,000
dry bridge N/A (very large)

There are special issues associated with the construction of road infrastructure in remote areas,
particularly when budgetary restrictions are a dominant concern (e.g., Great Bear River Bridge;
Nima et al., 2006). McGregor et al. (2008) suggested that, in light of the high costs of some
adaptation design methods, (e.g., switching from winter to all-season roads), other more gradual
design and maintenance measures should be applied as alternative adaptation options for
northern roads. They note that “...technology alone could not achieve satisfactory risk reduction,
has shifted the objective to an examination of a wider range of adaptation strategies...”
(McGregor et al., 2008, p. 10) However, they also noted that “increased vigilance” through
improved monitoring, traffic management and outreach (e.g., driver awareness) are also critical
components with this approach. Again, the close monitoring of conditions through observations
is indicated as a key component of adaptation measures. Prowse et al. (2009) also identified
monitoring as an “important element of any adaptation response.”

3.8.2.2. Site-specific studies and interdisciplinary barriers

Stephenson et al. (2011) noted that there is a gap in site-specific studies on the financial impact
of climate change, which are necessary to properly quantify impacts on costs (e.g., studies of
specific port facilities, fueling stations). While their study indicated the potential secondary
snow impacts of increased ground-surface and ice-surface insulation, primary snow impacts
due to extreme snowfall, flooding and washouts from run-off, or blowing-snow incidents were
not factored into travel-time assessments for future scenarios. The 2012 Nahanni Range Road
washouts in Yukon, for example (see Table 6, below), rendered the road impassable for over one
week (CMJ, 2012a,b). Heavy snowfall may not block roads, but reduced visibility and increased
travel difficulty will increase travel times; this could lead to significant shipment delays on busy
winter roads, thus decreasing transportation efficiency. Site-specific impact studies may provide
an excellent opportunity to incorporate extreme weather events into planning and operations.

Methods used for sector-specific studies of climate-change impacts may also be inconsistent
with best practices. Crowder et al. (2008) investigated future potential impacts of climate
change on load restrictions for roads in northern Manitoba. For future temperature projections,
a single GCM was employed to drive a mesoscale meteorological model. A single year, 2044,
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was then compared to historical values that had been averaged over a 15-year period. This
contrasts with current suggested methodologies, which indicate multi-model ensembles and
related approaches (IPCC, 2012). However, Crowder et al. (2008) also compared backcasted
GCM results with observed climate normals, which is an important step that is consistent with
IPCC recommendations. While results of their study are consistent with other projections of the
impacts of climate change, the methodology may raise serious doubts about particular findings.
This is not intended as a criticism of Crowder et al. (2008); this highlights the lack of available
guidance and dearth of information on climate change impact studies for infrastructure that
have been updated to practices consistent with IPCC studies and other climate expertise. This is
particularly true regarding the selection and use of climate models, both GCMs and RCMs.

3.8.2.3. Data and information needs for transportation

Milligan and Montufar (2011) discuss the need for performance measures tailored to northern
roads, since a number of specific measures used in southern Canada are simply not applicable
to, or representative of, conditions in the North. The aforementioned ‘winter severity index’,
which has been developed to aid in assessing winter road maintenance requirements, is a

good example (Suggett et al., 2006). The study was successful in finding statistical correlations
between road maintenance costs, climate/weather variables (e.g., precipitation, temperature,
drifting snow), and the winter severity index; however, a number of issues render it far less
effective for application in Yukon and NWT. Road maintenance and meteorological data were
only collected and assessed for highways and urban centres in southern Canada; furthermore,
this version of the index is primarily based on the use and costs associated with road salt, as
this was determined to be the best maintenance variable related to meteorological conditions.
Thus, the index is simply not applicable to winter roads, which is particularly significant for
NWT since nearly half of the total road length in the territory during the cold season consists

of winter roads. Finally, Suggett et al. (2006) noted that the best statistical fits were found in
urban centres (i.e., locations with the best observational data), again decreasing its utility in
the sparsely populated North. A similar index could conceivably be developed for northern
regions based on other, more common maintenance indicators (i.e., those related to winter road
maintenance), but its generation would require several years of both road maintenance records
and meteorological records.

Gaps may also exist in updating of climate information used in guides, codes and standards. For
example, a review of TAC guidance material revealed potential gaps relating to temperature

data used in road design. While only applicable to all-season roads, the climate data contained

in documents such as Determining the Winter Design Temperature (TAC, 1997) and SHRPBIND
weather database: Canadian weather station data (EBA, 1996), data which are used for
pavement design, are likely significantly out of date. Given recent temperature trends, especially
in the North, nearly two decades of additional warming would likely change design temperatures
significantly, either leading to maintenance problems or wasted materials due to overdesign for
milder conditions.

Arsenault (2007) described a number of barriers to developing a decision support system for
winter maintenance, including “a flagrant lack of instrumentation,” lack of knowledge regarding
weather risks, and a lack of confidence in available weather forecasts. Keeping in mind that

this was a system implemented in the second most populated province in Canada, it is likely
that implementation in NWT and Yukon would be even more challenging based on capacity
challenges.
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3.8.3. PERMAFROST AND SNOW

3.8.3.1. Snow-related maintenance measures

The regular re-assessment of structures for susceptibility to snow load collapse should become a
standard component of building and site maintenance, since collapse risk will change over time
due to both structural (e.g., modifications, aging) and climate factors (i.e., climate change driven
increases in loading; GNWT, 2004a).

3.8.3.2. Lack of quality observational data

Perhaps the most consistent theme throughout the literature was a consistent lack of quality
meteorological observational data. This lack of data required the use of stations (as a proxy)
that are significant distances from the location of study; it prevented certain types of analysis;
and it generated frustration when data were of low quality or certain fields were missing. A few
examples are listed as follows:

“Unfortunately, we have not found any descriptions of the snow cover against which we can
compare our 2007 measurements.” (Derksen et al., 2009)

“Climate and stream flow records from the NWT are sparse and of short duration.” (St. Jacques
and Sauchyn, 2009)

“[The] quality of winter maintenance program is closely linked to the quality of the data...”
(Arsenault, 2007)

“Unfortunately, a consistent record of meteorological observations for the entire period of
[study] was not available at either [automatic weather station].” (Howell et al., 2012)

“It was unfortunately not possible to evaluate NOAA SCE across Arctic Canada during the period
after 2008 as there are now too few stations reporting snow depth observations.” (Derksen and
Brown, 2012)

This dearth in observational data coverage in the North, most notably the spatial extent and
station density, is particularly significant when considering the diversity of the climate within the
study region. Yukon, for example, contains 23 different ecoregions, making it the most spatially
diverse jurisdiction in Canada (l. Church, pers. comm., 2013). NWT has 42 such regions, but these
are spread over a much larger area. The combination of complex geology and microclimates
indicates that spatial density of data needs to be much higher than it is currently in order for
measurements to reflect the true spatial variability of northern climate.

3.8.3.3. Snow water equivalent (SWE)

SWE data appeared to be the most troublesome measure of snow, as indicated repeatedly in the
literature on snow and spring run-off (Howell et al., 2012; Brown and Mote, 2009, Yang et al.,
2009). Its critical importance relating to impacts is combined with the uncertainty and difficulty
associated with measuring SWE in remote locations. There is no quality-controlled global dataset
with which to assess climate model performance, and it is among one of the most difficult

snow characteristics to assess and model (Brown and Mote, 2009). Brown and Mote (2009) for
example, were forced to use previously observed seasonal snow density climatology to estimate
SWE, which are likely no longer valid due to changes in snow characteristics. The climatology also
does not take into account short-term evolution or behaviour of the snowpack, both of which
are of critical importance to potential impacts. For example, Langlois et al. (2009) conducted an
assessment of three models for SWE estimation in southern Quebec. They had noted the only
year where results deviated significantly from model values was the winter of 2007-2008, which
was incidentally a year in which several buildings suffered snow load collapses or damage; this
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resulted in three fatalities as well as school closures and other impacts (Descurieux, 2010). See
also Derksen et al. (2009) for more detailed discussion of passive microwave detection SWE
algorithms and biases.

The climate change assessment methodology of many of the studies that were collected may
be insufficient by current IPCC guidelines or best practices, as discussed above (Crowder et al.,
2008).

3.8.3.4. Outreach programs

The apparent knowledge gap exhibited by practitioners and the public in general has led to the
suggestion that education and outreach regarding the impacts of climate change and weather
hazards needs further emphasis (Pearce et al., 2011). For example, Campbell et al. (2008)
specifically recommended the development of an avalanche public safety program for Yukon.
The Yukon Avalanche Association (YAA) was developed in 2010 and provides such a service for a
small region of the Yukon/BC border, and has achieved significant success in spite of tight budget
constraints. Their work includes a small meteorological observation network, an information
website, the development of staff, and the execution of outreach activities (Smith and Sharp,
2012). The YAA is currently focused on the needs of backcountry users (e.g., snowmobilers,
skiers), and the expansion of such a program to encompass transportation and mining activities
(beyond the South Klondike Highway which already has an avalanche control program), would
be an excellent next step. Nearly one quarter (24%) of all recorded avalanche deaths in Canada
have been from resource extraction activities or along transportation routes (Campbell et al.,
2008); this indicates that these are indeed vulnerable activities.

3.8.3.5. Need for forensic studies of high-impact events

In terms of snow impacts, it was noted that there was a dearth of region-specific studies in the
published or grey literature. Pearce et al. (2009) also indicated the need for more “case specific
research” following their literature review. A number of high impact snow-related events have
already occurred in the North, which could be the subject of such forensic studies. These would
further our knowledge of the extent and severity of snow-related hazards, as well as help
determine snow-related ‘thresholds’ for infrastructure impacts. These could include values at
which preventative maintenance or safety action is needed (e.g., “event triggered maintenance”;
MAC, 2011d) or failure and breaking thresholds for loads (e.g., snow load roof collapse, tailings
containment breach, road washout, etc.). Event sequences (such as rain-on-snow or high-runoff
years which lead to impacts) and so called “complex extremes” (Benestad and Haugen, 2007;
Stephenson, 2008), are also important since they are the result of more than one discrete
weather event.

The listings in Table 6, below, provide some examples of these types of impacts noted in the
territories, indicating those events which could benefit from further investigation. A database of
high-impact events could also be developed to further aid in forensic analysis; this would also
allow for the inter-comparison or ranking of individual events to prioritize research needs.
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Table 6. Example of snow hazard-related events.

Event (Date)

Notes (Reference):

snow load roof collapse; Enterprise, NWT (January
28,2013)

small municipal garage collapsed under heavy
snow, damaging vehicles inside; contractors hired
to remove snow from roofs of other municipal
buildings (Bickford, 2013)

flooding, rain-on-snow; SE Yukon (June 2012)

Nahanni Range Road wash outs, cutting off access
to CanTung Mine; resumed operation in just over
one week (CMJ, 2012a,b); Lower Post, BC (8 km
south of YT border) evacuated, estimated $3-4
million in damage (CBC, 2012a)

flooding, snow melt; Qikigtarjuag, NU (June 5 and
6,2012)

airport runway flooded on June 5th; second flood
on June 6th washed out access road to sewage
pond and dump (CBC, 2012b)

blowing snow/blizzard; NWT (March 20-21, 2012)

four vehicles stranded overnight on Wekweeti
winter road due to whiteout conditions; RCMP
search delayed overnight due to weather
conditions (CBC, 2012c)

flooding, rain-on-snow; Pangnirtung, NU (June 8
to 9, 2009)

high water from combined rainfall and snowmelt
eroded permafrost at bridge abutments,
damaging two bridges and bridge access roads;
town received disaster financial assistance from
federal government (Water Canada, 2009)

excessive spring meltwater; YT (June and July
2009)

Minto mine requested release of 300 million
litres of untreated water into local waterways
due to excessive spring runoff (Thompson, 2009;

Munson, 2009b).*

snow-load roof collapse; Yellowknife, NWT (April
2009).%*

Partial collapse of 4.5 x 9 m section of warehouse
at local home improvement store (Robinson,
2009)

rain-on-snow event; Daring Lake, NWT (April 7,
2007)

no impacts due to remote nature of location,
however very early in season for such an event;
detected due to IPY-related research (Derksen et
al., 2009)

snow load roof collapse; Inuvik, NWT (May 2004)

roof of Samuel Hearn Secondary School
collapsed under snow loading, triggering an
evaluation of 151 government buildings across
NWT; 14 additional structures were identified
high risk (GNWT, 2004a)

spring flooding; Mayo, YT (spring 1936)

most severe flood on record crested at 4.8 m
above high-water mark, due to combination of
heavy snowfall and a late, but warmer than usual
spring (NCE, 2011b)

*Also a washout along a 4 km portion of mine haul road by torrential rains in August 2008 (as cited in

Pearce et al., 2011).

*¥*Snow-load roof collapse of local ice rink also occurred at Fond-du-Lac, SK, ~78 km south of NWT border,

March 29th, 2009 (CP, 2009).
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4. CONCLUSIONS

Based on the literature review, a series of conclusions and recommendations were generated in
the form of observations and suggestions for future work.

4.1. TRANSPORTATION

Many adaptation design measures are quite costly. For the transportation sector in particular,
this is a concern which is compounded by the vast distances which need to be covered in
Yukon and NWT combined with a small population base that is available for financial support
of infrastructure. In many cases, alternative adaptation methods, particularly management
practices and low-cost design alternatives, have been implemented. More complex links
between climate change and precipitation, particularly snow-rain interactions, may play a
significant role in ice road behaviour (Rawlings et al., 2009).

More difficult surface travel in the territories will have specific consequences for transportation
costs and efficiency; however, research also indicates that improved management practices may
be capable of absorbing and mitigating some of these impacts (Rawlings et al., 2009). Increases
in resupply costs to remote communities could be mitigated by switching to air travel for a
defined, limited time period (Stephenson et al., 2011). With increased difficulties in maintaining
surface travel, there will be a smaller window for the mining, energy and timber industries to
transport product and equipment (Stephenson et al., 2011). Shorter operating seasons for some
winter roads increases vulnerability to delays and closures. Studies did not address other factors
which will affect transportation efficiency, for example, heavy snowfall and blowing snow events,
as well as potential benefits from changes in management practices and road design (McGregor
et al., 2008).

4.2. MINING

Although only tangentially addressed in the literature, the issue of abandoned and
decommissioned mines is extremely costly and should be investigated more thoroughly. There
was a noted gap in case studies on abandoned or decommissioned mine sites and the future
impacts of climate on these sites. There are countless opportunities for such a study and the lack
of even a national database or catalogue of these sites strongly indicates the need to address
this issue.

4.3. KNOWLEDGE GAPS

There are important knowledge gaps among the different fields of study, which need to be
addressed through interdisciplinary cooperation and outreach or guidance material. Several
studies indicated a lack of concrete knowledge among practitioners and other representatives of
the mining and transportation industries, including end-users of transportation infrastructure,
regarding the potential impacts of climate change; this indicates the need for tailored outreach
products (e.g., informational websites; Arsenault, 2007).

Several studies employed only a single climate model for climate change projections, whereas
current IPCC best practice suggests a multi-model ensemble approach. Best practice also
suggests that studies should include testing for best model selection, in particular for events
dependent on more localized, smaller-scale or physically complex conditions (IPCC, 2012).

There are clearly important regional differences in snow and temperature behaviour which
indicate the need for further research (e.g., apparent decreases in snow pack in parts of
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southern Yukon; Janowicz, 2010). Variability in future climate trends between regions indicates
the need for different adaptation strategies.

4.4. FUTURE WORK

Research also highlighted a number of items which merit further research and analysis, including
a number of potential deliverable items which could be addressed in the next phase of this
project.

4.4.1. DATA SHARING

Data sharing between agencies should become a priority, including an effort to generate
the highest quality and most easily accessible joint meteorological and permafrost
databases. Participation and cooperation between private, government, and academic
agencies could lead to a highly beneficial, centralized dataset for the use and benefit

of all participants, given the clear demonstration of common climate data needs (e.g.,
accessibility to borehole data could result in an excellent permafrost monitoring network).

4.4.2. BEST PRACTICES

An interdisciplinary team of experts should be called upon to develop best practices guides for
the following:

= construction techniques on various types of permafrost;
= use of climate-change modelling for infrastructure design and impacts assessments;

= outreach material providing targeted plain language climate-change information
relevant to specific sectors, for informing clients, stakeholders and end-users; and

= selection and identification of extreme weather events for hazard assessments of
specific mine sites.

4.4.3. MINING

Stratos Inc. (2009) define a range of reactions from the mining industry, from proactive
measures, to awareness with no action, to actively ignoring business and environmental risks
associated with climate change. A move toward proactive management should be encouraged in
the mining industry (MEND, 2009a,b). Outreach material targeted at the mining industry would
assist in promoting proactive management of climate-change impacts.

Further investigation is required on the potential impacts of climate change on mining drainage.
Research should be conducted on this topic, particularly for abandoned and post-closure mines.
An analysis should be conducted on the potential impact of changes in precipitation regimes

on mining drainage. This study should investigate the magnitude of impacts to determine the
significance of climate-change impacts on future drainage characteristics and to inform possible
adaptations.

4.4.4. PERMAFROST

Some of the most important measures in terms of impacts to mining and transportation are
among the most difficult to measure and assess, in particular active layer depths for permafrost
and snow water equivalent values. Further refinement of permafrost models is needed.
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4.4.5. RESEARCH SUGGESTIONS

More localised climate change impacts studies, such as those conducted by NCE for locations
in Yukon, should be executed. These highlight the regional or location-specific differences

in climate and climate change trends. They also provide both site-specific and actionable
information and recommendations.

A more thorough analysis of precipitation trends in Yukon and NWT is necessary to update
previous work (Stone et al., 2000), generate regional studies similar to those carried out in
other Arctic regions (Ye et al., 2009), and to better quantify apparent regional differences (e.g.,
increases in snow fall in northern Yukon versus decreases in the south; Janowicz, 2010).

The assumption has been made in numerous studies that all winter flow in many rivers

(e.g., January to end of March; St. Jacques and Sauchyn, 2009) is due solely to sub-surface/
groundwater flow through the active layer. However, a number of winter snow melt and rainfall
events have occurred in recent years, and their contribution to changes in hydrology should be
further investigated.

4.5. PLANNED RESEARCH

Several ongoing projects promise to provide supportive research for these issues, and new
findings should be communicated to the mining and transportation industries. An example

is GNWT’s current project updating the previous snow load roof collapse risk assessment
methodology (GNWT, 2004a-c). This is being completed in collaboration with AE Engineering
and Risk Sciences International. They are expanding the method to include all climatic loads and
permafrost impacts to better assess individual building risk for current and future climate.

4.6. NEXT STEPS

The next phase of the project involves interviews with practitioners from both the transportation
and mining sectors. Analysis of the interview results will include the current knowledge and
practices within the two sectors, as well as identify knowledge gaps and potential knowledge
products. The information from the literature review and the practitioner interviews will be

used to generate a list of potential knowledge products that will be disseminated for feedback
to project advisors. The Project Team will identify knowledge products that address issues
established in the literature review and practitioner interviews, and respond to the needs of

the sectors that are possible within the scope of the project. One or two of these products will
be selected as deliverables, and draft products will be produced and shared with the Project
Advisory Committee for feedback.
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APPENDIX D: CIFAS CASE STUDIES

Where information was not available, guidance is provided in bolded blue text.

1. FORENSIC CASE STUDY 1: NAHANNI RANGE ROAD WASHOUT
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1.1. INCIDENT OVERVIEW

Date(s): June 12, 2012 Location: 61.4667°N 128.2719°W Event Type: Rain-on-snow, spring
runoff, flooding

On June 12, 2012, culvert washouts occurred at three different locations along the Nahanni
Range Road in southeastern Yukon (CBC, 2012c). The mine road provides the only surface access
for the Cantung Mine, and the event resulted in a multi-day shutdown of mine operations as well
as the need for rapid, multi-agency effort to repair the washouts and re-establish the surface
transportation route to the mine. There were several other locations in and around the Nahanni
Range which suffered severe and damaging flooding during the late spring of 2012, including
communities in parts of southwestern Northwest Territories (see Case Study 2) and northern
British Columbia; flooding was the result of a ‘complex’ flooding event rooted in a combination
of rainfall and rapid temperature increases causing rapid melt of the seasonal snow pack.

In the Climate and Infrastructure Forensic Analysis System (CIFAS), road washouts and/or
culvert collapse during spring snowmelt or rain-on-snow events have already proven to be
a relatively common occurrence in Yukon and Northwest Territories (17 out of 74 events in
CIFAS). This type of failure therefore lends itself to a potential cross incident analysis when
these events are analysed together, which could be the subject of future research.
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1.2. OVERVIEW OF AFFECTED INFRASTRUCTURE

This following section describes the general character of the affected infrastructure, including
the following:

= history—general significance, construction period, historical uses (e.g., including
periods of abandonment)

= geographical situation, connections, nearby communities and facilities
=  main owners, operators and users
= operations and management factors

The goal of this section is to create a timeline for the construction, maintenance and use of
the piece of infrastructure that was affected, as well as its significance to stakeholders. This
will help focus subsequent sections and be used as a baseline for comparing the piece of
infrastructure to climate and weather data, as well as begin the process of identification of
potential sources of vulnerability.

The Nahanni Range Road, also known as Cantung Road, was constructed in the early 1960s and
runs from the Robert Campbell Highway in northern BC, northeastward through the Mackenzie-
Selwyn mountains to Tungsten in the NWT. The Nahanni Range Road follows a chain of lakes
northeastward for 200 km to a tungsten mine in the NWT operated by North American Tungsten.
Shortly after leaving the Robert Campbell Highway, the road cuts through a mountain pass at
7,000 feet of elevation, and follows the Hyland and Little Hyland rivers for most of the way to

the Yukon-NWT border at Km 188. This route was long used by the First Nations in their seasonal
travels to hunt and fish. The culverts that were washed out were mainly constructed during that
time period, although some modifications were done at later dates (Abdulla and Suleman 2013;
Figure 1).

Figure 1. Washed out culvert on the Nahanni Range Road #1 (June 2012).
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The Nahanni Range Road is the only ground transportation link to the Cantung mine and is used
to transport employees, fuel, supplies and critical materials for the mine. More than 100 miners,
mill workers and exploration companies were out of work during the road closure. The first
two-thirds of the gravel road was originally maintained by the Yukon government’s Highways
and Public Works (defined as 134 km by the Maintained Roads Inventory) while the other third
was maintained by the Cantung mining company and was open to public traffic; however, there
were no public facilities at the townsite. When the mine first closed in 1986, this portion of the
road fell into disrepair and maintenance became increasingly difficult. Since the mine resumed
intermittent production in 2003, the road has been restored for the use of the mining company,
although general public travel is still not advised on this portion of the road.

1.3. ATMOSPHERIC HAZARD EVENT

The following section discusses weather and climate components that contributed to the
failure (e.g., flooding and its contributing factors, temperature and surface-water drainage in
permafrost-related cases, etc.)

= Use relevant meteorological and climatological measurements and visualizations,
particularly when considering the timing of meteorological/climatological events that
likely correspond to infrastructure incident.

= Discuss the data (e.g., distance of measurements from incident, quality control
concerns, etc.), specifically its representativeness with respect to the incident, as well
as the sources for particularly important data points.

=  Consider measurements with respect to historical and climatological data and past
conditions (e.g., magnitude of measurements of the incident compared to past
extremes).

**|t is strongly encouraged that persons with climate or meteorological expertise be consulted
for this section, particularly those with experience in assessing high-impact events.

Typically, water levels on the Liard and South Nahanni rivers rise rapidly in the spring in response
to snowmelt and rain-on-snow events. The winter of 2011-12 experienced unusually high winter
snowpacks along with significant spring warming, leading to high water levels from snow melt.
The snow course at Hyland River, for example, measured a snowpack at the end of April, 2012
that reached 238 mm water equivalent, which was more than twice the station’s average value
of 105 mm (based on a 36-year record). Temperatures had also warmed above 20°C from mid to
late May — well above average.

Figure 2 illustrates the location of some of the meteorology and snow course stations

that provide data for analyses in this complex terrain environment. Figure 3 illustrates the
temperature and precipitation events that were observed at the Hour Lake station at the time
of the rainfall and snowmelt flooding event. Note that rainfall amounts observed at Hour Lake
were less than those that likely fell further east along the Nahanni Range Road and in the Logan
Mountains.

The high water levels in early June, 2012 were further exacerbated by a significant rainfall event
in early June, when more than 60 mm of rain was reported to have fallen in areas of record or
near-record snowpacks. The only hydrometric station that was reporting at that time was the
Hyland River station, where it appears likely that snowpacks were less extreme and rainfall
amounts were also less than that observed along the Nahanni Range Road.

Figures 3 to 5 illustrate that the deep snowpack in conjunction with the high rainfall events that
occurred in the spring of 2012, represent extreme weather conditions. As seen in Figure 5, the
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snowpack in the Nahanni Range Road region was measured at 130-150% of average conditions,
as reported by a Yukon government hydrologist to the CBC (CBC, June 11, 2012). The only
representative snow course available for the region is the Hyland River station, which reported
a May 1 snow water equivalent value of 97 mm, which is a high but not extreme value for late
April to early May. The heavy rain that fell from June 4-6, 2012 was also high for spring (e.g.,

30 mm reported at the Hour Lake station). Newspaper articles and CBC reports and interviews
(CBC, June 11, 2012) indicated that as much as 70 mm of rain fell at some locations during that
time; however, data from other climate stations were not available to confirm this amount. As
seen in Figure 4 at the Hour Lake meteorological station, the trend for annual maximum three-
day rainfall events for any given month has been increasing (although not necessarily during the
snowmelt season). Nonetheless, the damages were not surprising in light of the combination
of a heavy rainfall in conjunction with a high snowpack during an unusually warm period. Such
combinations of events are likely to become more frequent with future climate change.

Franeh Lake
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Hour Lake

B weather
station

Lyucsipa

Tuchitua
weather station

Tarmguten

Hyland River

snow course
station

Figure 2. Locations of meteorology and snow course stations in the

region that recorded data at the time of the event.
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1.4. ENGINEERING CONSIDERATIONS

Engineering considerations include all design elements relating to the type of loading
associated with the incident, and include the following:

= Review and identification of specific infrastructure and/or design elements which may
have been related to the failure.

= |dentify key guidance and design documents (applicable codes and standards),
including and in addition to the following:
- geometric design
- geotechnical design
- hydrotechnical design
- mechanical design
- electrical design
- material specifications
= Provide description of load designs employed (return periods, specific design values
for loads) and expected service life.

= Document siting, orientation, location of specific element.
= Report on materials used to make component.

= Provide any specific visual, anecdotal, or other data (including previous investigations)
which could indicate particular engineering-related causes (e.g., visual information
pre- and post-failure, corrosion or other material/bearing capacity losses/
weaknesses).

= Document indications of failure sequence.
=  Provide component history (if different from that of larger structure).

= Supply role of all relevant components in incident (general description of role in failure
or underperformance).

If any relevant information is missing, make note of it and seek out additional information if
needed. In some cases, though specific elements which were impacted and led to the failure
may be (or at least appear to be) obvious, other elements should still be examined and
considered. As with meteorological and climate data, information sources should be identified,
characterized and discussed to provide proper context for forensic evaluation and data
comparison.

**|t is strongly recommended that this section be completed with the assistance and guidance
of engineers and/or technicians with experience in designing, constructing and/or maintaining
the type of infrastructure component(s) or element(s) affected in the incident.

The design assumptions used for the original construction of the Nahanni Range Road are
unknown, and given its age and date of construction, water crossings which employed culverts
may not have been subject to flood design calculations (e.g., Gauthier et al., 2008).

Failures occurred at kilometre markers 38, 65 and 74, spanning river widths of 155, 30 and 130 ft
(~47, 9, and 40 m, respectively; Abdulla and Suleman, 2013). Hence, each crossing represented
different dimensions and design challenges.

In terms of failure sequence, two of the culverts that were depicted in photographs from source
material (CBC 2012c; Abdulla and Suleman, 2013) clearly showed that after failure, these two
culverts suffered the same mechanical failures. The inflow end of the culvert appears to have
suffered plastic deformation by first being bent upwards and then flattened at the base, followed
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by total displacement. One photograph in particular (see left cover photo, Abdulla and Suleman,
2013), at a crossing in which only 1 of 4 culverts failed, shows soil deposits on what is assumed
to be the top of the failed culvert, whereas there is no soil on the deformed portion. Hence, it is
suggested (based solely on the visual information) that soil was first lost surrounding the inflow
end of the culvert, water then bent and flattened the end until either, or both of the following
occurred:

= the remaining soil surrounding the unexposed portion of the culvert was eroded from
water that was diverted around the flattened inflow end instead of through the culvert;
and/or

= the drag of the water against the exposed and deformed sections of the culvert
generated enough force to overcome the shear strength of the remaining soil and/or
soil-culvert interface (i.e., the shear plane was either within the soil or at the culvert/soil
interface), and the culvert was washed out in one ‘final’ shear failure.

It is likely that a combination of both mechanisms generated failure, and characteristics of the
soil surrounding the site could indicate which final stage resulted in ultimate failure (i.e., if
either or both scenarios were contributors). Additional evidence is needed to corroborate or
discount this failure sequence and/or its individual stages; however, it does provide a basis for
determining potential design measures that could be implemented to reduce the risk of these
types of failures occurring in the future.

Repairs made to the failed road sections used new, ‘off-the-shelf’ bridge components to replace
3 out of the 4 original culvert crossings, whereas a new culvert replaced the fourth crossing.
Hence, replacement parts at the water crossings resulted in different infrastructure components
(e.g., bridges instead of culverts in some cases), which should significantly reduce the future risk
of failure.

The above section would be reviewed and completed by engineering experts from a multi-
disciplinary team that would be required for the forensic analyses.

1.5. RESPONSES TO THE EVENT

Description of responses to the event (e.g., reconstruction, emergency rescue, shut-down),
including:

= specific measures/actions taken (types of repairs, including new components and their
characteristics); include any reasoning for specific choices (e.g., if new components
differ from ones which failed);

= duration of disruption, monetary costs;

= effectiveness of measures taken (particularly if several years have passed since the
incident); and

= participating/responsible agencies and companies involved (i.e., territorial or
municipal governments, construction firms, mining companies, etc.).

This section would significantly benefit from interviews with the first responders to the incident,
or at a minimum, provide a collection of accounts from newspapers and other media coverage.

Fortunately, as a result of quick government and private sector responses, the road was
reconstructed with a phased plan. The road was opened for restricted traffic in about one week
— much earlier than expected — allowing miners, mill workers and exploration companies to get
back to work with minimum delay and reduced losses to mine production.
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The Yukon Government Highways and Public Works Department prepared and advertised a
tender package for road repairs within 48 hours of the emergency situation (Abdullah and
Suleman, 2013). Due to the inability to access the road, there were some unknowns about

the necessary repairs; however, it was anticipated that extra work would be required and that
many design decisions would need to be made on site during construction. Due to the time
constraints, three predesigned, modular bridges were procured quickly to replace the three
washed out culverts. The bridges were installed on temporary structures over an approximate
one week period, allowing for the quick re-opening of the road to the public. All bridges were
re-installed on permanent structures during the following two months, and are expected to have
a 50-year service life. There were many additional challenges in repairing the road and installing
the bridges which included the following: no crane was locally available for girder placement; the
contractors were inexperienced in constructing bridges of this size; the timelines were extremely
short; local and easily available materials needed to be used; major erosion issues needed to be
addressed; and finally, construction took place under risky and fast moving water conditions.

1.6. FORENSIC ANALYSIS: DETERMINATION OF CAUSE AND UNCERTAINTIES

This following section uses analyses and the combining of data to determine the cause(s) of
failure based on the sections described above. It cannot be automated, hence instructions are
provided for the execution.

By combining and comparing the information and analyses described above, the likely causes
of failure can be determined. Examples may include:

= Were design values exceeded? Or is there reason to believe failure occurred prior to
those values being exceeded? If yes, why?

= Do concerns exist regarding data quality or representativeness that may cast doubt
on the results of the forensic analysis? What data would be needed to confirm or
eliminate any hypotheses developed in the analysis?

= Be critical of any single-cause hypotheses, this includes critical evaluation of any
previous investigations, which may require follow-up on sources of, and reasoning for,
conclusions in previous work.

= Determine the final suite of climate/weather elements which were most likely related
to the failure and which will be subject to trend and projections under the next section

Findings from this section are then used to begin developing recommendations and adaptation
options that address already existing risks and sensitivities. This section should be used in
conjunction with the following section on future trends (including uncertainty in those trends)
to develop climate change adaptation plans.

The meteorological assessment appears to indicate that heavy rainfall and rapid snow melt
at higher altitudes were the main contributors to the high flow conditions. The snowpack
conditions at the Hyland River station (the final measurement taken on May 1), show

that seasonal snowfall totals were very significant; however, measurements taken in the
valley bottom are not necessarily indicative of the amount of snowpack at higher altitudes.
Photographs of the failed culverts clearly show that snow in the immediate surrounding area
was gone at the time of the incident (CBC, 2012c).

Design values for the original culverts may be difficult to determine. As indicated by Gautier et
al. (2008), culverts of this age were not subject to design calculations for river flows. Hence, the
dimensions of the original culverts as well as the site conditions would be required in order to
determine what their maximum flow capacities were. There were also undefined ‘modifications’
that were completed following construction in the early 1960s that were not documented.
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Abdulla and Suleman (2013) indicated that the new infrastructure was designed and built to CSA
standards and for a 50-year design life; however, they also note that a site survey, geotechnical
analysis, hydraulic analysis, and “proper design work” were not performed due to the tight time
schedule and the pressure to re-open the road as quickly as possible. To their credit, the new
bridges clearly allow for more unobstructed flow than the original culverts, but it is not known

if hydraulic calculations, such as maximum allowable flood level, have since been conducted

to determine if the bridges are sufficiently designed for unusually high or even extreme spring
freshets. For example, what are the maximum flow rates that the new bridges can withstand,
and how do they compare to the spring 2012 event or others which could occur in the future?

Salvaging the remaining culverts for future use, however, suggests that at least the culverts
themselves were in working condition (e.g., no obvious corrosion or deformation; Figure 6), and
hence soil erosion around the culverts appears to be the most likely cause of the failures.

Figure 6. The Nahanni Range Road, which leads to the mine, was washed out in three locations;
however, the culverts displayed no obvious corrosion or deformation (Yukon Department of
Highways and Public Works).

To conclude, there are still two key elements are missing which prevent quantitative analysis:
1) the flow experienced by the failed culverts during the event; and 2) the maximum allowable
flow for the new infrastructure. However, some indications suggest that culvert failure was due
to extreme water flows, and given that the culverts sustained over 50 years of good working
condition, the 2012 spring flow event likely represented an extreme water volume which
exceeded the design capabilities of the culvert crossings. This also correlates well with the
meteorological data, which indicated an extreme snow pack as well as significant rainfall in
conjunction with unseasonably warm temperatures.

The discussion above is for illustrative purposes only, and is based solely on the currently
available data and which may be incomplete.
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1.7. CLIMATE TRENDS, CLIMATE CHANGE PROJECTIONS AND FUTURE RISKS

The following section describes relevant climate trends based on past and recent climate
data, as well as future projections for relevant climate elements and indices. This will include
both the raw output from the most current climate models, as well as any specific research
conducted on similar hazards (e.g., using statistical downscaling, earlier generation models).
The results are contrasted and compared and any uncertainties of trends and values are
discussed as follows (future versions of this product will contain more methodical guidance on
how to obtain and interpret climate data and projections for the purposes of analysis):

= Do recent trends conflict with climate change projections?
= Do previous studies conflict with recent trends?

= |s the contributing weather/climate element complex and does it require more
detailed analysis?

= |s there significant variability in climate change projections, including trend direction?
Is the uncertainty significant enough to affect a required adaptation response based
on the sensitivity of the infrastructure (i.e., relative to its ‘breaking point’ or known
climate thresholds)?

Complete this section by describing the most likely changes and their magnitude, as well as
the level of uncertainty, for future risks.

**|t is strongly suggested that this section be completed with the assistance of an individual
with climate expertise, particularly in relation to the use of climate change projections and
analyses of historical climate trends.

1.7.1. PAST AND RECENT TRENDS

As is illustrated in Figure 3, three-day maximum rainfall amounts have been increasing over

the past decade at the Hour Lake station. Temperatures, especially in winter and spring,

have also been increasing and would contribute to more rain-on-snow events (see Figure

5 for temperature trends, and Figure 7 for daily mean temperatures for winter and spring).
Furthermore, at the Hyland River snow course station, while the winter snow cover season has
been shortening, the annual maximum snow water equivalent values have been increasing
over the last several years (Figure 8). Given that late winter to spring precipitation amounts are
expected to increase into the future, and average temperatures will remain below freezing from
December to April, it is likely that extreme snowpack conditions may also increase in the region.
Additionally, current research indicates that spring snowmelt has been occurring earlier over the
last several years.

A recent study of streamflow runoff trends in northwestern Canada indicate increases in annual
and winter runoff amounts for the Liard and Nahanni river basins in southeastern Yukon to
southwestern NWT (Bawden, 2013). The analyses, shown in Figure 9, indicate statistically
significant (10% levels) increases in annual and winter runoff values for the Logan Mountains
drainage basin.
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Figure 9. Map of annual runoff trend slopes for the 1976-2010 analysis period. Basins
exhibiting significant trends are illustrated with hatch and line patterns (Bawden, 2013).
Study area is delineated with red outline.

1.7.2. CLIMATE CHANGE PROJECTIONS

As spring temperatures and precipitation amounts continue to rise, it is likely that the Nahanni
Range Road region can expect more rain-on-snow events at the time of the spring snowmelt.
Figure 10 illustrates projected trends for an ensemble of the IPCC AR5 climate change models.
The results indicate that the amount and rate of spring warming and precipitation increases
that can be expected into the future to the 2080s (2070-2100) are strongly dependent upon
the continual rise of accumulated greenhouse gases (GHGs). The future GHG assumptions are
captured by the Representative Concentration Pathway (RCP) 4.5 curve indicating moderate
decreases in global greenhouse gas emissions, and by the RCP8.5 contour for limited reductions
in total GHG emissions into the future. The results are shown for a grid point that includes the
Nahanni Range Road. As shown in Figure 10b, for the higher GHG emission assumptions (red
curve, RCP8.5), the future warming will be greater and faster; the blue line (RCP4.5) illustrates
the warming that is expected under significant GHG emission reductions. In reality, current
global GHG emissions are trending closely to the RCP8.5 assumption and dramatic global
reductions in GHG emissions would likely be required to reach the RCP4.5 assumption in the
future.

Spring is typically defined as including the months of March-April-May; however, for the Nahanni
Range road region, these months represent late winter and currently correspond to the time of
maximum snowpack and the start of snowmelt. While it is more difficult to detect trends and

to project future trends for precipitation, Figure 10b points to ongoing increases in spring or
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late-winter total precipitation into the future. Figure 11a demonstrates the projected percentage
increases in annual precipitation from the 1981-2010 climate normals under low and high GHG
emission assumptions (i.e., RCP4.5 and RCP8.5, respectively). Figure 11b indicates that the
greater change from the 1981-2010 climate normals is the increase in the one-day maximum
precipitation value rather than the annual mean precipitation, highlighting the potential for
more intense rainfall events in the future. When coupled with warming temperatures, it is likely
that increased winter precipitation may result in greater snowpacks in some years along with
increased frequencies of mixed precipitation or rain-on—snow events. It is important to note
that while some projections show average winter snowpacks in this region decreasing, the
trends in the extremes of these snow conditions or snowpacks may increase. Note that trends in
extreme precipitation values can differ significantly from trends in average annual precipitation
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Figure 10. IPCC AR5 (IPCC, 2013) projections of (a) spring or late winter precipitation and
(b) maximum temperatures for the grid cells that includes the Nahanni Range Road.
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Figure 11a. IPCC AR5 (2013) ensemble (all
climate models) projections of per cent
changes to annual precipitation compared
to 1981-2010 interpolated values (from Risk
Sciences International ).

Figure 11b. IPCC AR5 (2013) ensemble (all
climate models) projections of per cent
changes to one-day maximum precipitation
compared to 1981-2010 interpolated values
(from Risk Sciences International).
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1.8. ADAPTATION ACTIONS AND RECOMMENDATIONS

After having evaluated the contributing factors and causes of the failure, characteristics of
the response, combined with an assessment of future risks, specific recommendations and
adaptation actions can be defined.

= Define the strengths/weaknesses in construction and/or design and implications for
codes and standards, up to and including generating new clauses or amending current
ones.

= Determine the strengths/weaknesses in maintenance or response and how to use
them/address them through the responsible organizations or authority.

= Define the strengths/weaknesses in meteorological/climatological monitoring and
dissemination, and identify those changes which would improve response, forecasting,
and operational planning, etc., in the future.

=  ‘Flag’ design or maintenance indicators (e.g., periods of abandonment, age of
infrastructure) which could identify other similar ‘at-risk’ pieces of infrastructure.

= |dentify climate ‘breaking-points’ or thresholds and their antecedent conditions, which
can be used in conjunction with forecasts and monitoring to help anticipate an event.

This section is designated for the generation of actionable statements with the goal of risk
reduction for current and future operations.

The event that washed out sections of the Nahanni Range Road in the spring of 2012 was

the result of coincident heavy snowpacks, extreme spring rainfalls, and abnormally warm
temperatures. These types of spring extremes are likely to continue to increase in intensity and
frequency into the future. It is becoming increasingly important that climate and snow course
data coverage be sufficient to allow the early detection and warning of these coincident or
‘perfect storm’ conditions, particularly given the complex terrain that exists in much of Yukon.
While the Government of Yukon currently maintains excellent climate and snow course data
networks relative to many other regions in Canada, this forensic analysis was still limited in

its ability to analyze the severity of the climate conditions due to a shortage of representative
data. It would also be beneficial to develop snowmelt and rain-on-snow models that are
representative of Yukon’s regional climate conditions and varied terrain in order to reflect the
risks associated with extreme rainfall events that occur in conjunction with peak snowmelt.

Climate change projections also suggest that these increases in spring runoff extremes will
require increased emergency management planning along with enhanced reconstruction
practices to deal with potential impacts of these events on existing, aging and increasingly
vulnerable infrastructure. The risks to the existing infrastructure would be well informed by the
development of vulnerability and risk assessments, such as those offered through the Engineers
Canada PIEVC process. Ongoing maintenance practices and budget processes will need to
include timely responses to impacts from more frequent winter and spring runoff events on
transportation infrastructure; that is, enhanced maintenance will be needed to reduce the risks
of more road failures. Maintenance and recovery practices need to consider the importance

of rapid response when critical transportation links are disrupted and where there are no
reasonable alternative transportation options. New infrastructure projects will also need to
consider the increase in extreme climate events and their associated risks while in the design
and maintenance phase.

Fast and effective responses to repair the washouts on the Nahanni Range Road involved
many challenges that included: the need for rapid repair; the remote location of the road; the
challenging terrain; the many unknowns about the required reconstruction; an inexperienced
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contractor; the need for local and easily available materials; the lack of access to a crane for
bridge replacement; and the need for construction to take place under risky high water-flow
conditions. The challenges were met, and the road was successfully reopened to traffic in about
one week, resulting in miners, mill workers and exploration companies able to go back to work
with minimum delay. Given the increased risks for similar washout conditions occurring in the
future, the Yukon Highways and Public Works Department feels that they have an emergency
response plan that is able to deal with the situation in a safe and professional manner (Abdullah
and Suleman, 2013). It is important that infrastructure managers consider emergency response
planning, budgets, and preventive maintenance when addressing the many challenges that will
arise with future road washouts, particularly when there are no alternative routes.

1.8.1. RECOMMENDATIONS

A small number of design suggestions are provided for illustrative purposes only;
recommendations should be reviewed by other experts.

Based on the findings of the analysis, list suggested actions relating to:
= engineering design (load increase, additional design features)
= reinforcement on inflow end of culverts to reduce potential for plastic deformation
= erosion reduction measures for soils surrounding inflow portion of culvert

® monitoring systems to indicate when rapid erosion is taking place, particularly in soil on
inflow end of culverts

= emergency relief or other sacrificial design elements could be installed, specifically
using new flow volume calculations determined from recent extreme events and guided
by climate change projections and trend information; such design elements should
significantly reduce required repair time and cost

= management (actions which could prevent time sensitive, aggregate effects; indices or
indicators)

= generate inventory of water crossings for mine roads which have been subject to multi-
year abandonment and/or which have been in service for over 25-30 years

=  Abdullah and Suleman (2013) indicated a lack of experience among contractors with
regards to large bridge construction; mines should therefore consider the particular
expertise needed for repair of critical infrastructure components and identify potential
service providers

= climate/weather information needs (event types or specific forecast elements needed to
decide on actions)

= consider a combination of year-end water course snow pack monitoring with daily
weather monitoring and forecasts; ‘total’ available flood water should be considered,
with systems in place to communicate this information to stakeholders (include
indications from nearby extreme events, such as Nahanni Butte flood which occurred 3
days prior to the Nahanni Range Road incident)

= for forecast and warning systems that may already be in place, improve dissemination,
or possibly integrate flood forecast information in mine operations planning

= Other: components specific to the piece of failed infrastructure, affected stakeholders,
etc.
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2. FORENSIC CASE STUDY 2: NAHANNI BUTTE EVACUATION AND
ROAD FAILURE

Figure 12. Water from the South Nahanni River flooded the majority of Nahanni Butte as seen in
this photo taken on June 12, 2012. Photo courtesy of Wilbert Antoine.

2.1. INTRODUCTION

The community of Nahanni Butte is located on the banks of the South Nahanni River
approximately one kilometre up river from the confluence of the Liard and South Nahanni

rivers (shown in red shading in Figure 13). The Liard River is a tributary of the Mackenzie River.
Nahanni Butte is located 23 km west the Liard Highway (Hwy #7) and 95 km north of Fort Liard. A
23-km, all-season road was opened from the Liard Highway to the shore of the Liard River across
from Nahanni Butte in 2010. Access to the community of Nahanni Butte in summer is by water
taxi across the Liard River and by ice road in the winter (see Figures 14a,b). The new road picks
up again on the other side of the Liard River. There are no plans for a vehicle ferry. Nahanni Butte
is situated in a discontinuous permafrost zone and little to no permafrost has been documented
in this region.

Figure 13. Community of Nahanni Butte shown in pink shading and located
near the confluence of the Liard River and South Nahanni River.
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Figure 14b. A new 23 km, all-weather access road was opened to Nahanni Butte in 2010 and
runs from Highway #7 to the east bank of the Liard River. A water taxi crosses the Liard River
in the summer, and an ice road is used in winter, and then the access road continues to the
community of Nahanni Butte.

2.2. INFRASTRUCTURE FAILURE: FLOODING

On June 8th, 2012, rising water levels in the Liard and South Nahanni rivers created a flood-risk
for the communities of Fort Liard and Nahanni Butte. Water levels in the river continued to rise,
overflowing its banks and reaching low-lying areas of Nahanni Butte, leading to an evacuation

of the community. The majority of the residents were evacuated: 52 people were evacuated by
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plane to Fort Simpson; another 16 were transported by helicopter across the river to personal
vehicles to find other temporary residences; and approximately 21 people remained in the
community. Residents started to return home to Nahanni Butte three weeks after evacuation.

The flooding damaged 11 homes in total, which is a relatively sizeable proportion of the total
housing stock. Other damage assessments made by the NWT Government on June 18th
indicated that various community infrastructure, including communication and water treatment
facilities, were also damaged. Due to the effective emergency response actions and coordination
by the Department of Municipal and Community Affairs, there was fortunately no loss of life.

Flooding occurred as a result of a ‘perfect storm’ event, that is, the combination of a heavy
spring snowmelt, unseasonably high spring temperatures, and an abnormally heavy spring
rainfall.

2.3. RESPONSES TO THE EVENT

Responses to this emergency were coordinated through a number of agencies, including the
community government of Nahanni Butte, the GNWT, Government of Canada and RCMP. After
the evacuations, the first priority of crews responding to the flood disaster was to reduce water
levels at the airstrip so airplanes carrying materials for repair and reconstruction could land
safely. The crews then turned their attention to the pools of water in and around the community,
and used pumps and newly dug trenches to channel and divert the water back into the river.

In mid-August of that same year, a meeting with the Premier and Territorial Ministers prompted
further actions to be made to reduce the many impacts from the June flooding event, including
disaster financial assistance. One of the several impacts to the community included the flooding
of parts of the access road which was submerged under approximately a half metre of water
and was only accessible for larger trucks using a marked path through the water (Figure 15).
Community residents travelled over the submerged parts of the access road using large trucks
and boats. A couple of options were put forth to deal with the flooded roadway: 1) build the
road base higher; and 2) dig a drainage ditch to redirect the water back to the river. It was
determined that the ditch option would be too costly and would require significant permitting
since the ditch would need to be approximately four metres deep and two kilometres long
(Northern News Service, August 15, 2012a,b,c). Therefore, repairs to the road and drainage were
delayed until the winter road season.

Figure 15. Parts of the access road to Nahanni Butte were under water throughout the summer
and fall of 2012. Photo courtesy of CBC News.
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Upon their return, the community took on several additional actions. The Nahanni Butte

Dene Band of the Dehcho First Nation, in collaboration with various territorial government
departments, developed an updated emergency response plan, which they claimed to be almost
bulletproof. The community also developed a new drainage plan, and planned road upgrades to
sections impacted by the flooding, including the installation of new culverts as well as raising the
level of the roadbed.

The community has also discussed the feasibility of moving the entire town across the Liard River
to higher ground over concerns that the Liard River may flood again after repairs are completed.

2.4. ENGINEERING CONSIDERATIONS

The design assumptions used for the construction and reconstruction of the Nahanni Butte
access road and community drainage are unknown. Any reconstruction could benefit from
further analyses of the chances of similar snowmelt and rainfall conditions recurring.

This section and completion of the forensic analysis would be carried out by engineering experts
from a multi-disciplinary team.

2.4.1. CLIMATE FACTORS

Annual spring break-up in the southern Mackenzie and Liard rivers usually begins in April and
lasts for about 10 weeks. Typically, water levels on the South Nahanni and Flat River watersheds
increase rapidly in the spring in response to snowmelt and rain-on-snow events. It was the
combination of rapid snowmelt and an extreme rainfall that spring of 2012 that triggered the
flooding event.

Although there are no available data for snowpack or snowfall measurements for the winter and
spring of 2011-12 in the vicinity of the study area, observations from a snow course station on
the west side of the Mackenzie Mountains indicated that snowpacks were very high. Thawing
was rapid due to temperatures that were significantly higher than average in the period from
late May into June, 2012. Two climate stations in the watershed reported significant precipitation
values from June 6-11 totalling 87-91 mm of rain; on June 10-11 alone, the total rainfall
amounted to 55-60 mm. Furthermore, this extreme precipitation coincided with spring rising
water levels.

Fortunately, some water level and flow data was available for local streams at the time of
flooding. Observations from the Environment Canada gauge station of South Nahanni River to
the north (and just above Virginia Falls) showed that water levels in the South Nahanni River
peaked at approximately 5.9 m on June 13, just 0.04 m shy of the record high (recorded data is
from 1962 to present; see Figure 16). The gauge station also recorded its third highest annual
maximum daily discharge (see Figure 17). At the Fort Liard station on the Liard River, levels
peaked at approximately 10 m on June 11, just 0.22 m short of the record high; this value also
coincided with the highest annual maximum daily discharge reported in 68 years at this station.
A record was also broken at the mouth of the Liard River (at Flat River), where the water peaked
at 9.58 m on June 13, 0.87 m higher than the previous record of 8.71 m on June 6, 1977 (see
Figures 18 and 19).

Although it is unusual for this combination of extreme events to occur concurrently, they are
expected to occur more frequently as the climate of the region continues to warm and the
extreme snowpack conditions continue to increase into the future.
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Figure 16. Statistical comparison of the 2012 daily averaged discharges to maximum
daily discharges observed over a 71-year period from 1942 to 2012 at the ‘South
Nahanni River above Virginia Falls’ gauge station.
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Figure 17. Maximum daily discharges observed over a 51-year period from 1962 to
2012 at the ‘South Nahanni River above Virginia Falls’ gauge station.
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Figure 18. Peak daily discharges for the ‘Liard River near the mouth’ gauge station
for June, 2012 compared to annual maximum (peak) daily discharges for the 41
years of data recorded from 1972 to 2012.
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Figure 19. Statistical comparison of the 2012 daily averaged discharges for the Liard
River near the mouth gauge station compared to annual maximum daily discharges

for the 41 years of data recorded from 1972 to 2012.
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2.5. CLIMATE TRENDS, CLIMATE CHANGE PROJECTIONS AND FUTURE RISKS

Temperatures, especially in winter and spring, have been increasing in the Nahanni Butte region
(see Figure 20). The increases in annual minimum temperatures have been greater than those
changes observed in annual maximum and average temperatures. That is, cold season (winter,
spring) temperatures have been warming at a significantly greater rate than the traditional warm
season temperatures.
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Figure 20. Observed trends in daily mean temperatures for (a) winter (Dec-Feb) and (b) spring
(Mar-May) for the time period 1950-2007. The Environment Canada analysis uses homogenized
or normalized climate station data to remove non-climatic influences on temperature trends
(from Mekis and Vincent, 2008). The areas of interest are denoted by blue elipses.

While the winter snow cover season is generally shorter in most southern Arctic regions, the
extreme snowpack amounts in some years have been tending towards increased snow depth
and snow water equivalents (see Figures 21a, b, c). Snow water equivalent data was not
available for the region for 2012, but snow data from Yukon Water (Government of Yukon, 2013)
for the Hyland River station on the west side of the Mackenzie Mountains indicates an increasing
trend, as shown in Figure 21a. Seasonal snowfall amounts, which are represented by the
accumulated day-to-day snowfall measurements over the cold season, are available for the Fort
Simpson climate/weather station and show increasing trends (Figure 21b). Note that the year-
to-year variability in the amounts is large and that the heavy snowfall years have become more
common over the past decade. It is difficult to assess any trends in the snow water equivalent
from the snow course measurements at Fort Liard as data is lacking; however, the measurement
from the winter of 2012-13 indicates a new record value for the measured dataset (see Figure
21c). While average snowpack conditions may be decreasing in many northern regions, trends in
extreme conditions often show opposite trends (i.e., increases).

Given that cold season precipitation amounts are expected to increase into the future, it is likely
that extreme high snowpacks may increase with large variability expected as conditions range
from very low to very high snowpacks.

One analysis of streamflow runoff trends in northwestern Canada (shown in Figure 22),
indicates increases in annual and winter runoff amounts for the Liard and Nahanni river basins
in the southeastern Yukon to southwestern NWT region (Bawden, 2013). The analyses indicate
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statistically significant (10% levels) increases in annual and winter runoff values for these
drainage regions.
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Figure 22. Map of annual runoff trend slopes for the 1976-2010 analysis period. Basins
exhibiting significant trends are illustrated with hatch and line patterns (Bawden, 2013).
Study area is delineated with red outline.

2.5.1. CLIMATE CHANGE PROJECTIONS AND FUTURE RISKS

Current climate data and trends demonstrate that the Nahanni Butte region can expect warmer
spring temperatures, more rain-on-snow events, heavier rainfalls and some winters with greater
extreme snowpack conditions. Furthermore, climate projections suggest that these extreme
events may coincide more often in the future. Figure 23 illustrates the projected trends for an
ensemble of the IPCC AR5 climate change models (released in late 2013) for the Fort Simpson
area, northeast of Nahanni Butte.

The results indicate that the amount and rate of spring warming and precipitation increases
that can be expected into the future to the 2080s (2070-2100) are strongly dependent upon
the continual rise of accumulated greenhouse gases (GHGs). The future GHG assumptions are
captured by the Representative Concentration Pathway (RCP) 4.5 curve indicating moderate
decreases in global greenhouse gas emissions, and by the RCP8.5 contour for limited reductions
in total GHG emissions into the future. The results are shown for a grid point that includes the
Nahanni Range Road. As shown in Figure 23a, for the higher GHG emission assumptions (red
curve, RCP8.5), the future warming will be greater and faster; the blue line (RCP4.5) illustrates
the warming that is expected under significant GHG emission reductions. In reality, current
global GHG emissions are trending closely to the RCP8.5 assumption and dramatic global
reductions in GHG emissions would likely be required to reach the RCP4.5 assumption in the
future.
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Spring is typically defined as including the months of March-April-May; however, for the Nahanni
Range Road region, these months represent late winter and currently correspond to the time
of maximum snowpack and the start of snowmelt. Figure 23b points to ongoing increases

in spring or late-winter total precipitation into the future, whereas Figure 24a indicates the
projected percentage increases in annual precipitation compared with the 1981-2010 climate
normals. Figures 24b indicates that the greater change from the 1981-2010 climate normals

is the increase in the one-day maximum precipitation value rather than the annual mean
precipitation, highlighting the potential for more intense rainfall events in the future. When
coupled with warming temperatures, it is likely that increased winter precipitation may result
in greater snowpacks in some years along with increased frequencies of rain-on-snow events. It
is important to note that while some projections show average winter snowpacks in this region
decreasing, the trends in the extremes of these snow conditions or snowpacks may increase.
Note that trends in extreme precipitation values can differ significantly from trends in average
annual precipitation values.
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Figure 24. IPCC AR5 (2013) ensemble (all climate models) projections of (a) per cent changes to
annual precipitation and (b) per cent changes to one-day maximum precipitation compared to
1981-2010 interpolated values (from Risk Sciences International).

2.6. ADAPTATION DISCUSSION

The event that flooded Nahanni Butte in the spring of 2012 was the cumulative result of an
abnormally heavy snowpack and very warm spring temperatures that coincided with significant
rainfall events from June 6-11, 2012. Due to the lack of snow course measurements and

limited climate and precipitation data for the region, it was difficult to confirm the severity and
return periods of the hydrometeorological conditions, although the runoff and impacts were
particularly severe. Greater climate and snow course data coverage would be needed to allow
detection of these coincident or ‘perfect storm’ conditions ahead of time. Ideally, available data
could be input into snowmelt and rain-on-snow models tailored for the Northwest Territories
to detect potential rapid snowmelt as well as high-risk rain-on-snow conditions. These models
could potentially be used to estimate the return period for rain-on-snow events when designing
transportation and mining infrastructure. As noted, this forensic analysis was significantly limited
in its ability to assess the severity of the climate conditions and their trends due to the lack or
shortage of representative snow and rainfall data.

Trends and projections for the future indicate that these types of springtime coincident extremes
may continue to increase. Climate change projections also suggest that the likely increases in
spring runoff extremes will continue, requiring increased emergency management planning,
earlier warnings, consideration of the changes into infrastructure designs, and enhanced
reconstruction practices to deal with the impacts on existing communities and vulnerable
infrastructure.

The community of Nahanni Butte is concerned that similar flooding events will recur in the near
future and has initiated discussions within the community on potential relocation, in spite of

the cultural significance of the current location and the potential disruptions to the community.
The costs of reducing the flooding risks to the existing community and access road are high, and
involve significant and difficult decisions. New or replaced infrastructure and future decisions
should be informed by more climate data that show the severity of existing risks, and that
include climate projections that indicate the changing/increasing trends with their associated
risks. Nahanni Butte and other vulnerable communities in the region would benefit from rain-on-
snow monitoring and modelling in order to estimate extreme flood return periods; this type of
monitoring may also be useful in detecting and predicting emergency situations.
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