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Foreword

Earth’s climate is changing at an unprecedented rate.
As predicted by scientists a hundred years ago, ris-
ing temperatures are affecting, first and foremost, the
Arctic regions of the planet. The ongoing decrease in
sea-ice extent and transformation of the tundra have
substantial implications for marine and terrestrial eco-
systems and the services they provide. Pathways of con-
taminants to the Arctic are being altered. Permafrost
destabilization is affecting infrastructure from homes
to airports. The opening of new sea routes may increase
vessel traffic and access to oil and gas and mineral
deposits. For local communities, climate change is com-
promising the availability of traditional foods and water
supplies with consequences for health and wellbeing.
These and many related effects are significant and pot-
entially irreversible. Concurrently, the modernization
of the Arctic introduces profound socio-economic and
education issues for Northern populations. Monitoring
and understanding its changing Arctic territories, seas
and communities are essential to ensure Canada has
the best information available for effective management
and policy-making.

ArcticNet, a Canadian Network of Centres of Excellence,
is helping to prepare for the impacts of change in the
Canadian Arctic. The Network is jointly funded by the
three Canadian science granting councils: the Natural
Sciences and Engineering Research Council, the Social
Sciences and Humanities Research Council, and the
Canadian Institutes of Health Research. Its central
objective is to generate the knowledge and expertise
required to document and evaluate the changes taking
place and their consequences for the Arctic environment
and its peoples. The results of these extensive efforts are
integrated into assessment reports. These assessments
and their recommendations are essential tools in the
creation of effective adaptation strategies for sustainable
communities and development in the Canadian Arctic
and Subarctic. ArcticNet’s vision is a future in which

P —

scientists, Northerners and Inuit jointly build the cap-
acity to lessen the negative impacts and maximize the
positive outcomes of change.

The ArcticNet IRIS (Integrated Regional Impact Study)
approach provides a unique opportunity to further
develop linkages among Northerners, Inuit experts and
academic specialists in the natural, health and social
Arctic sciences. ArcticNet’s ultimate ambition is to
transform its current IRIS Reports into dynamic, web-
based documents that are continuously updated by con-
tributors with ongoing feedback from users. The first
step is the publication of an initial Report for each of
the four ArcticNet IRIS regions. We gratefully acknow-
ledge the support and input of all Network Investigators,
students, other researchers, colleagues and partners in
the colossal task of formulating the IRIS Reports. We
wish to express our sincere appreciation to the Eastern
Arctic IRIS Steering Committee and the dedicated edi-
torial team for bringing the IRIS 2 (Eastern Canadian
Arctic) Report through to completion. Finally, we hope
that the expertise, capability and communication net-
work created during the preparation of this Report will
continue to support Arctic communities as they adapt
to their changing environment.

/4 s

Prof. Louis Fortier,
Scientific Director of ArcticNet

Ms. Leah Braithwaite
Executive Director of ArcticNet



Preface

Preface

ArcticNet Inc. is a Network of Centres of Excellence of
Canada that brings together scientists in the natural, human
health and social sciences with their partners from Inuit
organizations, northern communities, federal and provin-
cial agencies and the private sector to study the impacts of
climate change and modernization in the coastal Canadian
Arctic. The research program of ArcticNet spans the entire
coastal Canadian Arctic and includes both land and sea.
Within the research program there are five main themes:
marine systems; terrestrial systems; Inuit health, educa-
tion and adaptation; northern policy and development; and
knowledge transfer.

ArcticNet’s research projects contribute to four Integrated
Regional Impact Studies (IRIS) that correspond to one of
the main political-physiographic-oceanographic regions of
the coastal Canadian Arctic: 1) the Western and Central
Arctic (including the Inuvialuit Settlement Region (ISR),
the Yukon North Slope and Herschel Island, and the
Kitikmeot region of Nunavut); 2) the Eastern Arctic (includ-
ing the Qikiqtaaluk and Kivalliq regions of Nunavut);
3) Hudson Bay; and 4) the Eastern Subarctic (including
Nunavik and Nunatsiavut) (see Figure right). Each IRIS
supports an Integrated Regional Impact Assessment

JACQUELINE VERSTEGE/ARCTICNET

(IRTA) that is structured to highlight current knowledge
on the impacts of climate change and modernization and
assist policy and decision-makers in developing strategies
to mitigate and adapt to these impacts. The IRIA for the
Eastern Arctic (“IRIS 2”) was led by Dr. Trevor Bell, and
coordinated by Philippe Leblanc (2011-2013), Dr. Kathleen
Parewick (2013-2014) and Dr. Tanya Brown (2014-2017),
with the support of ArcticNet and Memorial University
of Newfoundland. Inuit Research Advisors (Stephanie
MacDonald, Kiah Hachey, and Romani Makkik) assisted
with IRIS coordination and communications in the region.

The IRIS 2 Steering Commiittee guided the development
and production of the Eastern Arctic IRIA in a collab-
orative process to help ensure that the information and
recommendations were relevant to decision makers and
stakeholders within the region. The committee was com-
posed of representatives from the Nunavut Research
Institute, Nunavut Tunngavik Inc., Inuit Tapiriit Kanatami,
Indigenous and Northern Affairs Canada, Government of
Nunavut Climate Change Secretariat, and ArcticNet. In
addition to newsletters, presentations and conference calls,
face-to-face meetings were held in the region and at target-
ed Arctic-themed meetings in southern Canada, including:

¢ International Polar Year 2012 Conference, Montreal
(April 22-27, 2012);

* ArcticNet Regional Science Meeting, Iqaluit (November
6-8, 2012);

* ArcticNet Annual Scientific Meetings (2012-2016);

e IRIS 2 Workshop, Arctic Change, Ottawa (December 8,
2014);

» IRIS 2 Regional Workshop, Iqaluit (October 3-4, 2017)

The editors thank all past and present IRIS 2 Steering
Committee members, supporters and observers, as well
as network investigators, students, researchers, reviewers,
and partners for contributing to this IRIA for the Eastern
Canadian Arctic.
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Introduction

Introduction

The Eastern Canadian Arctic is currently experiencing
some of the most rapid climate warming in the North. This
warming is associated with significant changes in snow
and ice cover, shrinking glaciers and ice caps, and thawing
permafrost, which in turn are triggering landscape, hydro-
logical and ecosystem changes. These climate-associated
changes are compromising the accessibility, availability,
and quality of traditional foods and water supplies through-
out the region.

For generations, Inuit have been documenting and adapting
to change in the Eastern Canadian Arctic. Environmental
and societal changes, however, have intensified in recent
decades, increasing stress on Inuit communities as they
try to cope and adapt. Extensive traditional and scientif-
ic-based research over the last decade has documented
climate-related changes in the Arctic. The objectives of
the Integrated Regional Impact Assessment are to sum-
marize this research for the IRIS 2 region and present it
in an accessible format to help mitigate negative impacts
and identify opportunities associated with these changes.

This IRIS 2 Report is the culmination of research synthe-
sis and engagement activities in the region and consists of
two parts:

1) The Synthesis and Recommendations summarize the
key findings, associated recommendations, and know-
ledge gaps arising from the assessment. This stand-
alone document (available in English, French and
Inuktitut) is intended as a reference guide to assist
managers, policy analysts and decision makers develop
adaptation strategies and programs that support pro-
ductive ecosystems and thriving communities in a
changing Arctic. The document provides a succinct
overview of what we know about changing climate
and environment in the region, followed by key mes-
sages and recommendations on how these changes are
affecting priority issues. The document concludes with
a listing of the knowledge gaps identified through the
assessment process.

ISABELLE DUBOIS/ARCTICNET

2) The full report (in English only) includes both the
Synthesis and Recommendations and the Integrated

Regional Impact Assessment, the latter arranged in
three parts. Part I describes the regional geography
and the demographic and socio-economic context of
the Eastern Canadian Arctic. Part II provides back-
ground information on mostly environmental “driv-
ers” that are causing change in the region, including
climate variability, melting glaciers and ice-shelves,
thawing permafrost, shifting marine, freshwater and
terrestrial ecosystems, dynamic coastal processes, and
emerging educational priorities. Part II1 is divided into
14 chapters that focus more explicitly on responses to
the ongoing change (e.g., effects, outlooks, adaptation)
in the region and demonstrate how research and know-
ledge can be used to inform priority issues in the context
of environmental and societal changes. Each chapter
deals with a specific issue of importance to the IRIS
2 region: Contaminants; Travel and hunting; Human
health; Food security; Water security; Permafrost and
infrastructure; Managed wildlife; Marine biodivers-
ity; Commercial fisheries; Mining and communities;
Shipping; Cruise tourism; High school education; and
Postsecondary education.
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Synthesis and Recommendations

The Eastern Canadian Arctic IRIS Steering Committee together with invited representatives of regional gov-

ernment and non-government organizations provided input on the key findings and recommendations arising

from the IRIS 2 report chapters. By involving regional experts and decision makers, our goal was to more

effectively communicate the implications of the scientific knowledge for varied audiences across the region.

We have structured the document to provide first a suc-
cinct overview of key messages on current and future
climate and environmental trends, as reported in Part II
chapters of the IRIS 2 report. These chapters incorporate
both science observations/projections and Inuit knowledge.
The processes dictating these trends are driving changes
in the environment and society of the region. Following
the advice of our steering committee, we have collapsed
the key messages and recommendations from the bulk of
our report under three cross-cutting issues: Health, Food
security, and Sustainable communities. Although these
three broad integrative themes do not incorporate all the
challenges facing society in the region, they do reflect the
cumulative impacts of a wide range of environmental,
socio-economic and political factors, and in one way or
another affect all dimensions of life in the region today.

The remaining key messages and recommendations from

the report are grouped under three other themes: Education,
Socio-economic and resource development, and Ecosystem
changes. By adopting this structure we do not claim an
exhaustive treatment of each issue, rather we have mobil-
ized the scientific knowledge generated in the report to
optimize its contribution to these key societal issues.

In the final section we present in summary form the key
knowledge gaps identified by chapter authors, grouped
by rationale: Monitoring for climate change impacts and
responses; Surveys for evidence-based decision mak-
ing; Modelling for future climate change impacts; and
Community based monitoring and incorporation of Inuit
Qaujimajatugangit. These recommendations for future
research and monitoring are intended to improve our under-
standing of the impacts of changing environment and soci-
ety in the IRIS 2 region.

DAVID GASPARD/ARCTICNET
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Recent and Future Climate Trends

What do we know about recent climate
change in the IRIS 2 region?

The region is currently experiencing some of the most
rapid climate warming in the Arctic, particularly during
the fall/winter season.

The warming pattern shows evidence of a number of
coastal “hot spots” in Hudson Strait and Foxe Basin
where recent fall/winter season warming exceeds 1.7 °C
per decade.

Warming has been associated with significant changes
in snow and ice cover, such that current conditions are
likely unprecedented in many millennia.

Warmer summer temperatures are shrinking glaciers and

ice caps in the region at an accelerating rate.

* Arctic ice shelves that uniquely occur along the northern

edge of the region have decreased in area by approxi-
mately half over the past decade.

Permafrost in the region is warming between 0.3 and
0.5 °C per decade, and the seasonally thawed surface
layer is deepening, triggering landscape, hydrological
and ecosystem changes.

Shallow ponds are shrinking and drying up because
of a growing imbalance between precipitation (rainfall
and snowfall) and evaporation (loss of moisture into the
atmosphere).

PIERRE COUPEL/ARCTICNET
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What can we say about future climate
change in the IRIS 2 region?

Climate change projections for 2050 show a continu-
ation of observed trends with the greatest warming
(4 to 8 °C) in the fall and winter seasons.

Precipitation is projected to increase over most of the
region by about 15-20% with the largest changes in the
fall/winter season and over coastal and more southern areas.

Projected increased snowfall (15-35%) will occur during a
shorter snow cover season (a month or so shorter by 2050)
with only slight changes in overall maximum snow depth.

Large reductions in snow accumulation on the ground
are projected during the fall and spring from a later start

to the snow season and earlier melt.

Nunavut lakes will warm faster than the global average.

Projected changes in lake ice cover by 2050 indicate ear-
lier break-up by 10-15 days and later freeze up by 5-10
days, with a 10-30 cm decrease in maximum ice thickness.

The duration, thickness and concentration of sea ice are
projected to decrease over most of the region.

Within several decades Arctic ice shelves may no longer
exist.

Rivers are projected to have higher peak flows and longer
flow duration.

DARCY MCNICHOLL/ARCTICNET
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Human Health

Human health is the subject of one chapter in our IRIS 2 report, from which we synthesize here major health
trends of the 2007-08 Inuit Health Survey for the region. Associated recommendations focus on supporting
existing programs and initiatives that promote individual and community wellbeing, and help build a strong

public health system. Because environmental contaminants have implications for human health, we include
here some of the key messages and recommendations from that chapter too.

Key Findings:

Those who experience food insecurity (69% of the
population) are more likely to feel unhealthy, be prone
to infection, experience stress, as well as have chronic
health problems, mental health challenges, and a lower
learning capacity.

Almost three-quarters (73%) of the adult population
of the Eastern Canadian Arctic smoke on average 12
cigarettes a day and began smoking at 15 years of age.
Second-hand smoke occurs in about 90% of households.

Smoking is a major problem for many reasons. One is that
smoking exposes Inuit to high levels of cadmium. Blood
levels of cadmium were high in the Inuit Health Survey,

and the main source of cadmium was cigarette smoking.

 The Inuit Health Survey highlighted some concerns with

the health of children. More children than expected were
at a high body weight, and some children experiened
anemia (20%). Most children were found to have low
levels of vitamin D (79%) and many children experi-
ence tooth decay.

Almost half of Nunavummiut report having experienced
suicidal thoughts at some point in their lives and 29%
have reported a non-fatal suicide attempt, with younger
adults aged 18-49 years reporting the highest percentage
of suicide attempts.

Generally, the nutritional benefits of eating country
foods far outweigh the risks from contaminant exposure.

RODD LAING
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For certain groups of people, such as pregnant women,
special considerations exist.

Concentrations of many persistent organic pollutants
(POPs) have declined in the environment due to the
implementation of international bans on their use.

Recommendations:

Continue to promote smoking cessation through com-
munity-based support groups, counselling and online
programs.

Continue to promote the consumption of country foods.
Country foods offer many benefits, including providing
a rich source of nutrients, such as iron, vitamin D and
healthy fats.

Women of childbearing age should choose healthy
country foods such as caribou or char, which have low-
er mercury concentrations and important nutrients and
vitamins.

Over the past several years, Nunavut has recommended
that women of childbearing age eat ringed seal meat,
instead of ringed seal liver, because seal meat is lower
in mercury. The Government of Nunavut Department
of Health is currently revisiting this recommendation.

Support the provision of healthy store-bought foods to
help reduce the consumption of high sugar and fat foods.

Continue to promote supportive mental health services
in communities to reduce suicidal ideation.

DAVID GASPARD/ARCTICNET
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Food Security

One chapterinthe IRIS 2 report focuses exclusively on Food security. In keeping with the cross-cutting nature
of this key issue, we use environmental and socio-economic determinants to draw together from a range of
report chapters the key findings that influence food security (accessibility, availability, quality) in the region.

Key Findings:

Nunavut has the highest rates (69%) of food insecurity
in the country, six times the Canadian average and the
highest rate for any Indigenous population in an indus-
trialized nation.

Approximately 70% of children in Nunavut aged 3-5
years live in food insecure homes.

Children, women and the elderly are most vulnerable to
food insecurity.

Food insecurity has implications for health and nutri-
tion, with lower intakes of vitamins C and D, folate, iron,
zinc, magnesium, and calcium being reported by food
insecure individuals.

Determinants of food insecurity are closely linked with

socio-economic and environmental changes in the region.

Climate change acts as a risk multiplier to existing food
security challenges.

Rapidly warming lakes will affect biological productivity
and fish species composition and stocks.

The expansion of boreal forest and shrubland farther
north will likely reduce food availability for caribou
while attracting more moose.

More frequent freezing rain and thaw events restrict
caribou foraging, potentially impacting their health and
migration patterns.

Loss of wetlands associated with thawing permafrost
and increased evaporation may result in significant
loss of habitat for harvestable bird species (e.g., ducks
and geese).

RODD LAING



Synthesis and Recommendations

* Berry production may decline due to drier soil conditions
and competition from other plants.

* Greater amounts of freshwater, lower productivity and
potential for ocean acidification in the marine environ-
ment may ultimately impact fish and seal populations.

* Increased shipping near communities may affect migration
patterns and availability of harvestable marine mammals.

e Extreme high tides in Iqaluit have flooded shoreline
subsistence infrastructure, temporarily impacting local
food security.

Recommendations:

* Support the work of the Nunavut Food Security Coalition
and recommendations made in the Nunavut Food

Security Strategy.

Integrate climate change projections and impacts into
food security strategies.

Continue to promote the health benefits of consuming
country foods.

Increase accessibility and affordability of country and
healthy store-bought foods.

Promote food sharing and social food networks within
communities.

Enhance harvester-support and community freezer
programs.

Encourage harvesting and food preparation skills trans-
mission between generations.

Evaluate how adaptation can be integrated into food pro-
graming and policy.

ALEXANDRE FOREST/ARCTICNET
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Sustainable Communities

Under this Sustainable communities cross-cutting theme, we have compiled key messages and recommen-
dations from a range of report chapters, including Permafrost, Coastal dynamics, Travel and hunting, Water
security, and Permafrost and infrastructure.

Key Findings:

* Changes in ice and snow conditions are compromising * More frequent and intense storms have increased travel
traveller safety on trails, and limiting land and sea-ice risks throughout the year.

access by Inuit. .. L
Y * Many communities have drinking water systems that

* Changing weather conditions have resulted in hunters require infrastructure improvements and improved oper-
and Elders being less able (and more hesitant) to accur- ational capacity.

ately predict weather. . .
yp W e Permafrost degradation and thermo-erosion pro-

* The near-absence of weather stations along commun- cesses are likely to continue to disturb the landscape,

ity trails in the region severely restricts travel planning. drain ponds and ultimately transform the hydrology,

RODD LAING
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biogeochemistry, and ecosystems of surface waters in
the Eastern Arctic.

* With the exception of bedrock, frozen ground can no
longer be considered a permanently stable foundation
for infrastructure in the region.

* Projected ground warming will increase permafrost thaw,
compromise terrain stability and alter drainage patterns.

e Permafrost thaw and degradation will impact potable
water quality, with possible changes in bacterial flora
and load, and the emergence of potentially dangerous
water-borne pathogens.

* Permafrost thaw and associated ground instability may
compromise the structural integrity and shorten the life-
cycle of community infrastructure.

* Increased coastal erosion rates are anticipated in areas
of stable or rising sea levels, with more open water and
wave energy in and close to communities.

* Higher coastal flooding, or enhanced wave run-up, will
impact waterfront infrastructure in areas of present or
future sea-level rise.

Recommendations:

* Document, maintain, and improve traditional knowledge
sharing between generations, specifically with regards
to weather and the environment.

* Improve weather forecasts at the community level and
increase the number of weather stations along travel
routes.

* Increase affordability and accessibility of safety equip-
ment and continue to support services for travellers to
help them adapt to unpredictable and dangerous travel
conditions.

» Improve drinking water source protection and continue
to promote multibarrier approaches to drinking water
protection.

¢ Increase the frequency and scope of drinking water test-
ing in communities.

MARTIN FORTIER/ARCTICNET

Promote programs and policies that support adequate

and sufficient drinking water quanity for each person in
the region to encourage better health outcomes.

Climate-adapted planning in communities should
account for areas most susceptible to climate impacts
(e.g., permafrost degradation, flooding) and identify
suitable land uses and related infrastructure design
adaptations.

Cost-benefit analyses for housing foundations must be
used to assist decision-makers in choosing appropriate
cost-effective mitigation solutions.

Establish regulatory frameworks and appropriate govern-
ance for infrastructure design and construction to ensure
safe and sustainable community development.

Integrate and coordinate climate adaptation strategies
across all decision levels for infrastructure design, con-
struction and maintenance in communities.

Upgrade telecommunication infrastructure to meet the
Canadian national standard.
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Education

Education is a fundamental issue underpinning Inuit society in the region. IRIS 2 report chapters deal
specifically with the formal education system at the secondary and post-secondary levels.

Key Findings:

High school graduation rates in Nunavut have increased
more than 85% since 1999, but remain the lowest in
Canada.

Students who speak Inuktitut at home are less likely to
succeed at school, which suggests the school system is
not well adapted to the Inuktitut speaker.

Only 2% of Inuit hold post-secondary diplomas and
degrees, compared with 47% of non-Inuit in the region.

The lack of housing is associated with reduced postsec-
ondary education participation.

Inuit youth are spending less time on the land, disrupting
traditional knowledge transmission and placing future
generations at risk of reduced land skills.

Recommendations:

Continue to foster a school system in the region that
encourages parental, teacher, and administrator engage-
ment and is rooted in Inuit Qaujimajatugangit.

Integrate Inuit languages and land skills in school
curricula.

Create more postsecondary educational options for Inuit
that are relevant and supportive of student cultural and
learning needs.

Increase access to skill-based training programs, espe-
cially in technology, to increase Inuit employment rates
in the industrial economic sector.

Recognize educational progress and success as a foun-
dational action in climate change adaptation planning
for the region.

K WHEATLEY
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Socio-economic and Resource Development

Under this broad development theme we include key messages and recommendations from report chapters
on Mining, Shipping, Cruise tourism and Commercial fisheries.

Key Findings:

Nunavut has 5 and 15% of Canada’s known reserves of
oil and natural gas, respectively, with the marine offshore
having very high potential for undiscovered oil reserves.

The mining industry constitutes a growing proportion of
the region’s economy, despite recent rapid and unpredict-
able changes in global commodity prices.

Communities often feel they have not been properly con-
sulted nor told how they will benefit from oil and gas and
mineral exploration and development.

Destinational (stopping in) ship traffic has already
expanded significantly (2.8-fold from 2005 to 2016) in
the region, but transit (passing through) traffic is likely
to remain limited.

Cruise tourism voyages grew two-fold from 2007 to
2014, but a significant increase is less likely without the
future development of marine infrastructure.

The ice regime within the Canadian Arctic Archipelago
is likely to remain a hazard for shipping throughout the
21st Century.

Ice shelves and floating glacier tongues are producing
large ice islands and icebergs that can provide significant
hazards to offshore oil exploration and shipping.

Projected lower marine productivity could decrease
future commercial fishery yields in the region.

Characterized by low biological productivity and slow
growth rates, marine waters are susceptible to overfish-
ing and habitat disruptions.

TANYA BROWN

Recommendations:

Inuit must be included in monitoring and decision-mak-
ing processes regarding resource development, tourism
and shipping to help minimize environmental and socio-
cultural impacts and maximize benefits to communities.

Provide communities with the expertise and infrastruc-
ture to participate in community based monitoring
activities.

Building of maritime and tourism infrastructure will
likely promote cruise ship activity in the region, which in
turn may favour better economic return for communities.

Implement fishing gear restrictions and modifications to
limit the ecological impact of expanding fishing efforts
and to protect important fish stocks in the region (e.g.,
Arctic char).

Explore and support locally-based socio-economic

opportunities (e.g., film, arts).
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Ecosystem Changes

Under Ecosystem changes we have combined key messages and recommendations from various chapters

on Terrestrial, Marine and Freshwater environments, as well as those focused on Contaminants, Wildlife,
Biodiversity and Conservation. Where appropriate, we have incorporated key messages relevant to the cross-
cutting themes of Health and Food security into their respective sections.

Key Findings:

Continued mass loss for glaciers and ice caps is expected
for the remainder of this century, resulting in the com-
plete disappearance of many small ice masses.

Complete melt of some ice features (e.g., ice shelves) will
result in loss of biodiversity and the complete extinction
of globally unique ecosystems.

Warmer lakes will affect ice cover duration, water mix-
ing, biological productivity, greenhouse gas fluxes and

species composition.

MARTIN FORTIER/ARCTICNET

Habitat loss associated with a reduction in the thickness,
extent and duration of sea-ice coverage in the region will
potentially reduce body condition, reproduction rates,
and population size of polar bears.

Greater summer stratification from increased freshwater
input and sea-ice melt may limit marine productivity.

The surface freshwater layer is more vulnerable to ocean
acidification, which may alter lower trophic food-web
structure and ultimately fish populations and their
predators.

A total of 29 Ecologically and Biologically Significant
Areas, based mostly on large upper trophic levels ani-
mals, have been identified in the marine environment.

Most legacy POPs appear to be declining with time
in marine mammals; however, some of these com-
pounds (e.g., PCBs, chlordanes) have shown little to no
change, which may be related to continued emission or
release from global environmental reservoirs (e.g., soils,
SNow, ice).

Mercury concentrations in anadromous (sea-run) Arctic
char have generally increased with time but are still very
low. Marine mammals have shown little to no change in
mercury levels.

Contaminant burdens of legacy POPs and mercury in
marine mammals appear to be increasing with rising
temperatures, declining summer sea-ice extent and ear-
lier sea-ice breakup.



Synthesis and Recommendations

Recommendations:

* Support the development of a network of Marine * Support Inuit-led management and include traditional
Protected Areas that will enhance ecological resili- knowledge in conservation initiatives.
ence to anthropogenic disturbance and increase social

* Adopt proactive planning approaches which support

and economic benefits for communities and sustainable . . .
community environmental stewardship.

fisheries.

* Protect important habitats such as wetlands and polynyas
at scales that preserve functional connectivity, ecosystem

resilience and facilitate adaptation to climate change.

DAVID BOERTMANN
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IRIS 2 Knowledge Gaps

The authors of the IRIS 2 report identified knowledge gaps where future research efforts might play an
important role in understanding and responding to climate change and resource development impacts in
the region. Opportunities to fill knowledge gaps by both science programs and community based monitoring
are summarized below by theme.

Monitoring for climate change impacts
and responses:

The processes contributing to areas of locally enhanced
warming, particularly where such “hot spots” occur close
to communities or ecologically sensitive areas.

The mass balance of glaciers.

The current distribution, thermal state and properties
of permafrost.

Permafrost degradation processes and associated green-
house gas sinks/sources.

Glacier-ocean interactions.

Water quantity, water quality and aquatic ecology.
Lake and river ice.
Shoreline stability.

Co-located GPS stations and tide gauges for projecting
future relative sea-level changes.

The biological condition of fishes and bycatch (incidental
fish caught) composition.

Contaminant levels in Arctic biota, especially tradition-
ally harvested foods.

PIERRE COUPEL/ARCTICNET



Synthesis and Recommendations

Surveys for evidence-based
decision making:

University and post-secondary programs to help improve
access to post-secondary education.

Knowledge transmission from Elders to youth at the high
school level.

The chosen careers or education paths of young Inuit.

High-resolution digital elevation data to assess flooding
risk in communities.

Baseline and impact monitoring of resource develop-
ment, shipping and tourism.

Harvestable species to assess their potential yield and
temporal changes.

Stock structure and distribution and the location and
size of harvests for improved char fishery management.

Distribution and abundance of forage fishes (e.g., capelin)
to better undertstand energy transfers between plankton
and commercially harvested species.

Biodiversity and potential fishery resources in inshore
waters.

POPs to track environmental responses following imple-
mentation of the Stockholm Convention.

Emerging contaminants to identify new candidates for
inclusion in the Stockholm Convention.

The costs of climate change impacts on people, com-
munities and governments in the region.

Food security strategies and pilot interventions.

How socioeconomic-demographic trends will affect how
communities experience a changing climate.

The effectiveness, durability, cost and socio-economic
and ecological implications of climate change adaptive
strategies.

Modelling for future climate
change impacts:

Analytical permafrost modelling integrated with high-
resolution regional climate modelling.

Relative sea-level projections need to be available for all
northern communities and updated as understanding, mod-
els, and future climate projections improve.

Changes in water supply and quality with linkages to
community and industry needs.

Downscaling of climate impacts to examine how pro-
jected changes might interact with human systems and
to assess how socio-economic-demographic trends will
affect how communities experience a changing climate.

Projected rates of change in key environmental indica-
tors (e.g., sea ice) relevant to northern livelihoods.

Potential future vulnerability in light of projected cli-
mate and socioeconomic trends.

Community Based Monitoring and
incorporation of /nuit Qaujimajatugangit (1Q)

Comprehensive IQ integration in research and monitor-
ing programs.

Impacts of changing environment on drinking water
quality.

Shallow coastal monitoring (e.g., intertidal).
Understanding of the issues facing Nunavut schools.

Fisheries assessments and ecosystem monitoring for

more sustainable management.

ISABELLE DUBOIS/ARCTICNET
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Abstract

The Qikiqtaaluk and Kivalliq regions are the two most populated regions in Nunavut, with over 29 000 people in 20
communities. These two regions are part of the Integrated Regional Impact Study (IRIS) 2 region, otherwise referred
to as the Eastern Canadian Arctic. This region is characterized by few terrestrial and marine mammals and avian fauna
relative to the species-rich benthic marine fauna. Low annual productivity is characteristic of most of the region, except
for areas which tend to be ice free in the winter. The region is faced with many social and cultural challenges, which
include inadequate housing, food insecurity, health and education issues, and efforts to support the retention of Inuit
language and culture. The region is experiencing some of the most rapid warming in the Canadian Arctic, posing a ser-
ious threat for safety and well-being of Inuit and the wildlife upon which they depend. This chapter provides a descrip-
tion and overview of the IRIS 2 region and introduces many of the organizations that are responsible for protecting the
region’s people, culture, environment (land, air, water), and wildlife. These organizations, in collaboration with others,
are involved in gathering traditional and scientific knowledge that will help the region adapt to and mitigate the impacts

of climate change.

DAVID GASPARD/ARCTICNET
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1.1 IRIS 2 region delineated

The terrestrial areas of the IRIS 2 region encompass Ward
Hunt Island, Ellesmere Island, the Sverdrup Islands (including
Axel Heiberg, Ellef Ringnes, and Amund Ringnes Islands),
some of the Parry Islands (including Melville, Bathurst, and
Cornwallis Islands), Devon Island, some of Somerset and
Prince of Whales Islands, Bylot Island, Baffin Island, Igloolik
Island, Melville peninsula, Southampton Island, Coats Island,
and the western coast of Hudson Bay (Figure 1). The mar-
ine part of the region includes Davis Strait and Baffin Bay,
the Labrador Sea, Hudson Strait, Ungava Bay, Foxe Basin,
Prince Regent Inlet, Lancaster Sound, Jones Sound, Kane
Basin, Nares Strait, and Fury and Hecla Strait.

1.2 Communities and demographics

The IRIS 2 region includes the Qikiqtaaluk or Qikiqgtani
(formerly Baffin) administrative region of easternmost
Nunavut, situated within the Eastern Canadian Arctic
and part of the Kivalliq (formerly Keewatin) adminis-
trative region. The Qikigtaaluk region covers an area of
1 040 418 km? and is Nunavut’s largest administrative dis-
trict. This region is comprised mainly of the islands of the
Canadian Arctic Archipelago (CAA). The communities
within the Qikiqtaaluk region are Resolute on Cornwallis
Island; Grise Fiord on Ellesmere Island; Arctic Bay, Pond
Inlet, Clyde River, Qikiqtarjuaq, Pangnirtung, Iqaluit,
Kimmirut, and Cape Dorset on Baffin Island; Igloolik
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FIGURE 1. The IRIS 2 marine and terrestrial regions. Note the extent of the Qikigtaaluk and Kivalliq administrative region

outside the IRIS 2 region.
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in Foxe Basin; Hall Beach located south of Igloolik and
Sanikiluaq located in the Belcher Islands in Hudson Bay
(Figure 2). The Kivalliq region, covers an area of 445 109
km? and is the smallest district in the territory. The Kivalliq
region consists of the mainland to the west of Hudson Bay
along with Southampton Island and Coats Island. The com-
munities within the Kivalliq region are Naujaat (formerly
Repulse Bay, Igluligaarjuk (Chesterfield Inlet), Kangigliniq
(Rankin Inlet), Tikirarjuaq (Whale Cove), and Arviat on the
shores of Hudson Bay; Qamani’tuaq (Baker Lake) located
320 km inland from Hudson Bay; and Salliq (Coral Harbour)
on Southamton Island; (Figure 2). All 13 and 7 commun-
ities in the Qikiqtaaluk and Kivalliq regions, respectively,

are officially municipalities, and each has its own elected
hamlet council and mayor. The territory’s other region is
Kitikmeot and is part of the IRIS 1 (western and central
Canadian Arctic) region

The Qikiqtaaluk region is the most populated region of
Nunavut, with 18 988 people living there, according to the
most recent (2016) population estimate (Nunavut Bureau
of Statistics 2017). Iqaluit, Nunavut’s capital, is the largest
community, with 7740 inhabitants counted in 2016. Grise
Fiord and Resolute have the smallest populations, with 129
and 198 individuals, respectively. The Kivalliq region is
the second most populated region of Nunavut, with 10 413
people living there (Nunavut Bureau of Statistics 2017).
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FIGURE 2. Communities in the Qikigtaaluk and Kivalliq regions of Nunavut.
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Rankin and Arviat have the second and third largest
populations in Nunavut, with 2842 and 2657 individuals,
respectively. Figure 3 illustrates the population distribu-
tion by sex and age groups in the Qikiqtaaluk and Kivalliq
regions. The percentage of individuals under the age of
fifteen years in the Qikiqtaaluk region (31%) and Kivalliq
region (36%) is similar to the rest of Nunavut (33%) but
higher than the rest of Canada (17%).

Signed by the Prime Minister of Canada on May 25,
1993, the Nunavut Land Claim Agreement (NLCA) made
Nunavut the largest indigenous land claim settlement in

Canadian history (350 000 km?). Nunavut was officially
made a territory in 1999. The goals of the NLCA are (1) to
provide for certainty and clarity of rights to ownership and
use of lands and resources, and of rights for Inuit to partici-
pate in decision-making concerning the use, management,
and conservation of land, water, and resources, including
the offshore; (2) to provide Inuit with wildlife-harvesting
rights and rights to participate in decision-making concern-
ing wildlife harvesting; (3) to provide Inuit with financial
compensation and means of participating in economic
opportunities; and (4) to encourage self-reliance and the
cultural and social well-being of Inuit.
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FIGURE 3. Number of individuals in the Qikigtaaluk and Kivalluq regions in 2011, classified by sex and age groups.

(Data from Statistics Canada.)

30



Chapter 1

REGIONAL GEOGRAPHY

1.3 Language

Both Inuktitut and English are commonly spoken
throughout the Qikiqtaaluk and Kivalliq regions. Within
Qikiqtaaluk region, there are four recognized Inuktituk
dialects: North Baffin (Qikiqtaaluk uannangani),
Central Baffin (Qikiqtaaluup kanannanga), South Baffin
(Qikigtaaluup nigiani), and Sanikiluarmiut in Sanikiluaq.
The Qikiqtaaluk uannangani dialect is spoken in Resolute,
Grise Fiord, Pond Inlet, and Arctic Bay. Qikiqtaaluup
kanannanga is spoken in Clyde River, Qikiqtarjuaq, and
Pangnirtung. Qikiqtaaluup nigiani is spoken in Iqaluit,
Kimmirut, and Cape Dorset. Within Kivalliq region,
there are three recognized Inuktituk dialects: Kivallirmiut,
Paallirmiut, and Aivilingmiut. The Kivallirmiut dialect is
spoken in Baker Lake and Rankin Inlet. The Paallirmiut
dialect is spoken in Whale Cove and Arviat. Aivilingmiut
dialect is spoken in Repulse Bay, Chesterfield Inlet, Coral
Harbour and Rankin Inlet. Despite the various dialects,
fluent Inuktitut speakers within the region generally under-
stand one another with only minor difficulties.

1.4 Economic sectors and employment

The Qikiqtaaluk and Kivalliq regions consist of a mixed
economy consisting of wage economy, government transfer
payments, and subsistence harvesting. Government and
private sector jobs (e.g., tourism, mineral exploration, con-
struction, transportation) comprise the wage economy. As
of 2011, the employment and unemployment rates in the
Qikiqtaaluk and Kivalliq regions were (55% and 9%) and
(50% and 20%), respectively. These rates were similar to
Nunavut’s (52% and 11%, respectively) but differed from
the national rates (61% and 5%, respectively) (Statistics
Canada 2011). Traditional activities such as hunting, trap-
ping, fishing, and gathering, as well as arts and crafts, are
important for providing households with food, income,
and a connection with the environment (Stern and
Gaden 2015).

1.5 Resource utilization - living resources

1.5.1 Hunting

Hunting is an important part of providing households with
food and is an essential part of the culture and well-being
of people of Nunavut. Currently there are only two total
allowable harvests (TAHs) in Nunavut which consist of
1600 for Southampton Island caribou and 250 for Baffin
Island caribou. Three species of seal (ringed, harp, and
bearded) are hunted without regulation. For walrus, no
TAH has been established. However, the species is gen-
erally managed under an individual quota of four walrus
per Inuk per year unless a community quota has been put
in place. Polar bears are also harvested and are regulated
by quotas, which in 2011-12 were set at 249 and 70 total
for the Qikiqtaaluk and Kivalliq regions, respectively.
For bowhead whales, the annual TAH in Nunavut is five,
of which the Qikiqtaaluk region has a TAH of two. The
Canadian beluga and narwhal fisheries are regulated by
the Fisheries Act and are co-managed by Fisheries and
Oceans Canada, the Nunavut Wildlife Management Board,
regional wildlife organizations, and Hunter and Trappers
Organizations (for details see Chapter 16). A TAH for
beluga whale stocks in Nunavut has not been established;
however, the only beluga population hunted in Nunavut
is the Cumberland Sound population, for which there is
a quota of 41 belugas per year. For narwhals, the TAH,
which was established in 2012, is 1320. The catch of some
other cetaceans (e.g., minke, harbor porpoise, pilot whales)
is unregulated.

1.5.2 Fisheries

Fisheries play an important role in the economy of Nunavut
(see Chapter 18). Off Nunavut, commercial fisheries are
rapidly expanding, and have increased in value from CAD
38 million to CAD 86 million between 2006 and 2014.
In 2012, Greenland halibut Reinhardtius hippoglossoides
was the third most important export good for Nunavut
(Lambert-Racine 2013). Very little fishing takes place north
of 72 °N. The offshore fisheries of the region are currently
dominated by bottom trawling for Greenland halibut and
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northern shrimp (Pandalus borealis and P. montagui).
Since the 1980s, a number of communities along the
east coast of Baffin Island have explored the potential
for inshore Greenland halibut fisheries. Inshore fisheries
are largely limited to Greenland halibut and Arctic char
(Salvelinus alpinus) in Cumberland Sound. Nunavut’s lar-
gest fish processing plant is in Pangnirtung (Pangnirtung
Fisheries Ltd.), with a smaller operation in Iqaluit (Iqaluit
Enterprises Ltd.) (Government of Nunavut 2007a). Both
fisheries normally operate between April and December.
Iqaluit Enterprises concentrates on Arctic char, while
Pangnirtung Fisheries concentrates heavily on turbot (the
Nunavut name for Greenland halibut), with more limited
production of char (or in some years, none).

None of the offshore shrimp is caught by Nunavut vessels,
and none is processed in Nunavut. There is potential for the
development of a commercial fishery for clams, scallops,
and crabs in Nunavut in the future (Brubacher Development
Strategies Inc. 2004). There is interest and growth by some
communities in the region in inshore harvesting of inver-
tebrates (e.g., clams, shrimp and whelk) (see Chapter 18).

1.6 Resource utilization: non-living
resources

1.6.1 Minerals

The economic and socio-cultural history of the Eastern
Canadian Arctic has been linked in part to nonrenewable
resources — notably lead, zinc, nickel, copper, iron, rubies,
gold, oil and gas, and diamonds. Mineral development
dates back to the late 1950s, but by the early 2000s there
were no active mines (see Chapter 19). Large-scale min-
ing developments in the Qikiqtaaluk region have existed,
such as the lead—zinc mines in Nanisivik on North Baffin
Island (opened in 1976, Canada’s first High Arctic mine)
and the Polaris zinc mine on Little Cornwallis Island
(opened in 1982). These mines were operational until 2002
(Chapter 19). One major mine, the Mary River iron mine on
North Baffin Island, started production in 2014 and is cur-
rently still in operation (Baffinland Iron Mines Co.). In more
recent years, the Kivalliq area has had a number of major

exploration projects, mainly to do with gold, uranium, and
diamonds. The Repulse Bay area in particular has ongoing
exploration activity pertaining to gold and diamonds. The
Kivalliq region has a long history of mining, with two past-
producing mines which include the North Rankin Nickel
Mine at Rankin Inlet and the Cullaton-Shear Lake gold
mine north of Nueltin Lake. There is one operational mine,
the Meadowbank gold mine located 80 km north of Baker
Lake. This mine opened in 2010 and since 2015 the open pit
mine has been in continuous operation. Mining continues
to be seen as one of the most important sectors for growth
in Nunavut, and in 2014 it represented 18% of the territory’s
gross domestic product (GDP). Construction, some of it
related to mining, represented an additional 16% of GDP.
Exploration expenditures have increased substantially over
the past 15 years (see Chapter 19).

1.6.2 Oil and gas

The marine part of the IRIS 2 region is among those
Arctic areas with a very high potential for undiscovered
oil reserves (Gauthier et al. 2009). Nunavut has 5% and 15%
of Canada’s known reserves of oil and natural gas, respect-
ively (Government of Nunavut 2007b). Starting in the late
1960s, significant exploration was undertaken in Nunavut’s
Sverdrup Basin (Maclsaac 2015), which sprawls beneath
the northern Canadian Arctic islands. While activity over
the past 20 years in this region has been limited to seismic
testing and geologic fieldwork, it is still considered to be
a potential future production site and is estimated to hold
nearly 2 billion barrels of crude oil and 27 trillion cubic feet
(Tcf) of natural gas. The Parry Islands Fold Belt Basin, an
area adjacent to the Sverdrup Basin, is estimated to hold
between 2 and 10 billion barrels of oil and between 14 and
51 TCF of natural gas. The Lancaster Sound Basin also has
high petroleum potential. In 1974 drilling was approved in
this area; however, no well was drilled due to a moratorium
that was put in place following an environmental review in
1978. Oil and gas companies remain interested in Lancaster
Sound, but the boundary for a national marine conservation
area has recently been announced for this area (see Chapter
17). The Bent Horn site on Cameron Island produced a
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high-quality oil from 1985 to 1996 — most of which was
used to supply energy to the Polaris mine.

Increasing global gas prices are increasing the likelihood
that development of Nunavut’s reserves will become feas-
ible. These reserves are estimated to contain ultimate initial
marketable gas at 16.7 Tcf and ultimate recoverable oil at
0.8 billion barrels (Barnes 2015). The oil and gas industry
has expressed an ongoing interest in Nunavut. However,
exploration in the region has been limited to only seis-
mic testing and geologic fieldwork. Currently, there is one
Husky Energy gas project south of Baffin Island and one
major Royal Dutch Shell exploration project north of Bylot
Island. There is concern in the region regarding offshore
oil and gas developments and their potential environment-
al impacts. Compared to onshore developments, offshore
developments are seen as being potentially more damag-
ing to the subsistence activities of local Indigenous com-
munities. In addition, communities feel they have not been
properly consulted nor told how they will benefit from oil
and gas development (Varga 2014).

1.7 Infrastructure

Sea and air are the dominant modes of transportation, as
very few communities are connected by roads. Sea ice,

moreover, inhibits shipping in large parts of the region in

winter and spring. However, sea ice also provides a means
of transportation, at least when stable and solid. Dog sled-
ding is the traditional way of traveling in the winter, and
motorized vehicles (e.g., snowmobiles, automobiles, and
aircraft) predominate today. Consequently, many socio-
economic activities rely greatly on airports, especially dur-
ing the sea-ice season. Food is available year-round and
comes in by ship during open water periods and by air
throughout the year. Fuel for heating and transportation, as
well as construction materials for housing and basic infra-
structure, are always shipped in during the ice-free summer
season. See Chapter 15 for discussion on infrastructure in
the region, and Chapter 20 which discusses shipping.

1.8 Land and Sea
1.8.1 Climate

The IRIS 2 region is situated within the Arctic climate
zone. The Arctic climate zone is divided into the Low
Arctic, where the July mean temperature is 5-10 °C,
and the High Arctic, where the July mean temperature is
<5 °C (Figure 4). In Figure 5, subzones D and E consti-
tute the Low Arctic; subzones A, B, and C constitute the
High Arctic. The true Arctic climate zones are treeless,
with open tundra in flat areas. For example, in subzone A
(Figure 5; Table 1), the vegetation is extremely sparse, with

DAVID GASPARD/ARCTICNET

33



REGIONAL GEOGRAPHY

Chapter 1

34

40

N
0 125 ﬁﬂm \\\/'/

o Y

e -
/ % "ﬁ'.._""""-.___\“

T
- High Arctic %
I Low Arctic
Subarctic
| Glaciers

| | IRIS2region *w

"\

|
i
1
|
1
1
!
|

-
-

% /
.
| %

FIGURE 4. The IRIS 2 region lies mostly within the Low Arctic and High Arctic climate zones; only a small area in
southwestern Hudson Bay is Subarctic. Adapted from CAVM Team (2003) data set.

<5% cover and only scattered plants in the almost barren
coastal lands. However, in moist and fertile places, vege-
tation cover may be locally higher — for instance, below
snowdrifts and in wetlands. In the Low Arctic, the domin-
ant plant growth consists of low shrubs, and dwarf shrub
heath in some areas (subzone E), willow and birch may
form dense thickets with 80—100% vegetation cover (Young
1971, Chernov and Matveyeva 1998; Table 1).

1.8.2 The terrestrial environment

1.8.2.1 Geology and physiography

The regional geology is dominated in the south by
Precambrian hard rocks of the Canadian Shield. These
are primarily crystalline (intrusive) and metamorphic rocks
of the Churchill Province (Harrison et al. 2011, Wheeler
et al. 1996), exposed along much of the Kivalliq coastal
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FIGURE 5. Bioclimate subzones and protected areas in the vicinity of the IRIS 2 region. The protected areas include ecologically
or biologically significant marine areas (EBSAs), bird protection areas, wildlife protection areas, national parks, and marine
protected areas. Adapted from CAVM Team (2003) data set, DFO (2011), Parks Canada (2013), and Environment Canada (2016).

region and small mainland parts of Qikiqtaaluk, most of
Baffin Island, Bylot Island, eastern Devon Island, and part
of southeastern Ellesmere Island (Figure 6).

Flat-lying or mildly deformed Paleozoic sedimentary rocks
of the Arctic Platform underlie much of the central Arctic,
including Foxe Basin, northwestern Baffin Island, northern

Somerset Island, Prince of Wales Island, eastern Bathurst
Island, Cornwallis Island, and central and western Devon
Island (Figure 6). A large proportion of these rocks are
Ordovician to Devonian shallow-water shelf carbonates
(limestone and related lithologies), merging northward into
deeper basin sedimentary lithologies with resedimented
carbonates (NOG 1995).
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TABLE 1. Vegetation properties of the bioclimate subzones (from Walker et al. 2016). (The subzone colors in the table match

the colors on the Figure 5).

Mean July

Subzone

(°C)

Number of

Summer
vascular

warmth Vertical structure Horizontal structure

temperature’

index?
(°C)

of plant cover?®

Mostly barren. In favorable
microsites, one lichen or

of plant cover?

<5% cover of vascular

plant species

in local
floras*

A moss layer <2 cm tall, o
(High Arctic) 0-3 <6 widely scattered vascular Fr:zzz,se'suapntg l??hﬁrfsver by <50

plants that are barely
taller than the moss layer.
Two layers: moss
layer 1-3 cm thick and 5-25% cover of vascular

3-5 6-9 herbaceous layer 5-10 plants, up to 60% cover of 50-100
cm tall. Prostate dwarf cryptogams
shrubs <5 cm tall.
Two layers: moss

5-7 9-12 tall. Prostate and semi- plants, open patchy 75-150
prostate dwarf shrubs vegetation
<15 cm tall.

D g\/_v1ool:r¥:;§i:cnl22isdlayer 50-80% cover of vascular
. 7-9 12-20 plants, interrupted closed 125-250
(Low Arctic) herbaceous and dwarf- Vegetation
shrub layer 10-40 cm tall. g
Two to three layers: moss
layer 5-10 cm thick,
- - 0,
9-12 20-35 herbaceous/dwarf-shrub | 80-100% cover of vascular 200-500

layer 20-50 cm tall,
sometimes with low-shrub
layer to 80 cm.

plants, closed canopy

'Based on Edlund (1990) and Matveyeva (1998).

?Annual sum of mean monthly temperatures greater than 0 °C, modified from Young (1971).

3Chernov and Matveyeva (1998].

“Number of vascular species in local floras based mainly on Young (1971).
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FIGURE 6. Geological provinces of the IRIS 2 region of Nunavut and adjacent areas, with distribution of rock and non-rock
shores, from CanCoast data base (geology from Wheeler et al. 1996, NOG 1995)
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To the north and west, the islands falling within the
Arctic Fold Belt and Sverdrup Basin include a range of
sedimentary formations with varying relief, cementation,
and deformation. Folded Arctic Platform rocks of the
Ellesmerian Orogen extend from northeastern Ellesmere
Island southwest to the Parry Islands Fold Belt in western
Bathurst and southern Melville Island (Harrison 2016).

Younger Carboniferous to Cenozoic formations of the suc-
cessor Sverdrup Basin include mostly flat-lying, poorly
lithified, or unlithified deposits of the low-relief islands
in the northwest. Within Nunavut, these include slivers

of Borden and Mackenzie King islands, Sabine Peninsula
(northeastern Melville Island) and Cameron, Lougheed,
King Christian, Amund and Ellef Ringnes, Cornwall, and
Meighen islands (Harrison 2005, NOG 1995).

The physiography of the region reflects its tectonic his-
tory, including mountain uplift in eastern Baffin, Devon,
and Ellesmere islands related to Baffin Bay rifting (Keen
et al. 1974, 2012). The lower-relief Arctic Platform rocks
are dissected by the Arctic Island channels, forming
extensive cliff exposures (Figure 7), which locally pro-
vide important seabird nesting habitat. The flat-lying and

FIGURE 7. (a) Cliffs in sedimentary rocks of the Arctic Plateau and raised beach sequences at Cape Ricketts, with
Radstock Bay in right background, southwest Devon Island, August 2009 (DLF). (b) Wide gravel beach and emergent
backshore at base of the talus-banked Gull Rock cliff on southeast Lowther Island, with ATVs for scale, August 2006
(DLF). (c) Raised gravel beaches and stream outlet, southwest Lowther Island, August 2009 (DLF). (d) Ice-scarred
mud coast on Christopher Formation shale, Lougheed Island, August 1986 (DLF).
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poorly lithified Sverdrup Basin sediments of northwestern
Qikiqtaaluk have low relief (Figure 7d). The mountains of
the eastern archipelago support numerous extensive ice
caps and mountain glaciers, with tidewater ice-fronts in
some bays and fiords. Extensive but rapidly diminishing
ice shelves extend beyond the mouths of some fiords along
the north coast of Ellesmere Island (Mueller et al. 2008,
Vincent et al. 2001).

The coastal geology reflects the geological provinces, tec-
tonic history, glaciation (primarily glacial erosion), and
general relief. The highest cliffs (to 1500 m) are associ-
ated with fiords cut through the eastern cordilleran range.
In the Arctic Platform province, cliffs on southwestern
Devon Island or Lowther Island (Figure 7a,b) are typically
a few hundred metres high. By contrast, backshore slopes
in the Sverdrup Basin can be extremely gentle, with per-
ennial sea ice virtually eliminating hydrodynamic shore
processes, except those related to direct impacts of ice
moving onshore (Figure 7d; Taylor and Forbes 1987).

1.8.2.2 Snow and permafrost

Snow cover and its duration, stability, and thickness is
critical for terrestrial biodiversity in the region. A late
snowmelt, for example, prevents ground-nesting birds
(e.g., shorebirds) from establishing nests. For lemming
winter survival, a stable and thick snow layer is required.
Midwinter thaws may create ice crust on the snow, thus
preventing muskoxen (Ovibos moschatus) and caribou
(Rangifer tarandus) from finding food (for details on snow
trends see Chapter 2; for details on the implications for
wildlife see Chapter 16).

Permafrost is being increasingly affected by rising
ambient temperatures, which in turn causes changes in
hydrology, snow drift patterns, and landscape stability
(see Chapters 4 and 15). Land instability results in prob-
lems for the residential, municipal, and transportation
infrastructure placed on the permafrost. Moreover, the
infrastructure itself often becomes an additional driving
factor that can greatly exacerbate the impact of climate
change on permafrost stability.

Many permafrost infrastructure issues originate from
infrastructure that was built on sediment deposits prior
to climate warming in the region. In addition, permafrost
stability was poorly understood at the time and construc-
tion projects were often implemented without sufficient
knowledge of ground conditions (e.g., amount of ground
ice). Consequently, the construction designs of many
buildings and other infrastructure in the region are not
appropriate for the underlying permafrost conditions (see
Chapter 15).

1.8.2.3 Vegeation

The plant communities in the region are dominated by
dwarf shrub heath and grassland on dry lands and by
widespread marshes with grasses and sedges in moist
areas and wet areas. In more protected areas, low shrubs
can be found, and on sloping hillsides with stable water
supply (e.g., from snow drifts), herb slopes can develop
with relatively high species richness. At higher eleva-
tions and in exposed sites where the soil is dynamic due
to solifluction, vegetation (herbaceous plants and dwarf
shrubs) becomes scarce and the soil is covered by a dark
layer of lichens and mosses. Soil coverage in some areas
(e.g., Brodeur, Cornwallis Island, parts of Devon Island)
can be even less, where it is composed of only bare gravel.
For details on vegetation see Chapter 7.

The large herbivores of the region — caribou and musk-
oxen — utilize the grasslands and dwarf shrubs to a wide
degree, and geese are also dependent on areas with dense
vegetation for feeding. The human use of the vegetation is
limited to the gathering of berries in the heath lands. Berry
picking represents an important activity and a source of
healthy food in the region (see Chapter 7).

1.8.2.4 Fauna

The terrestrial fauna is relatively species poor compared to
the marine fauna. Mammal species include the Arctic fox
(Alopex lagopus), hare (Lepus arcticus), wolverine (Gulo
gulo), two sub-species of wolves (tundra/timber wolf, Canis
lupus occidentalis and the high arctic wolf, Canis lupus
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arctos), grizzly bears (Ursus arctos ssp.), muskoxen (Ovibos
moschatus), two species of lemming (Lemus spp.), and cari-
bou (Rangifer tarandus). Caribou herds are heavily utilized
— so much so that a moratorium on harvesting caribou on
Baffin Island was established in 2015. In addition, there
are over 100 species of birds in the region, nearly all of
which are migratory.

1.8.2.5 Protected areas, National Wildlife Areas, and
Migratory Bird Sanctuaries

Within the region there are 12 protected areas, with each
site protecting both marine and terrestrial environments
(Figure 5). Five are National Wildlife Areas (NWAs)
and seven are Migratory Bird Sanctuaries (MBSs).
Environment and Climate Change Canada, directly and/
or through partnerships, establishes and manages these
protected areas.

There are currently five national parks in the IRIS 2 region,
four in the Qikiqtaaluk region: Quttinirpaaq National
Park (Ellesmere Island), Auyuittuq National Park (Baffin
Island), Qausuittuq National Park (Bathurst Island),
Sirmilik National Park (Bylot Island, Oliver Sound, and
the Borden Peninsula), and one in the Kivalliq region:
Ukkusiksalik National Park (northwestern Hudson Bay)

MARTIN FORTIER/ARCTICNET

(Figure 5). Quttinirpaaq National Park, on the northeast-
ern corner of Ellesmere Island, is the second largest park
in Canada. It was established in 1989 as Ellesmere Island
National Park Reserve, and in 2000, the reserve became
a national park. Quttinirpaaq is dominated by hundreds
of glaciers and includes the highest mountain (2616 m) in
Eastern North America. Auyuittuq National Park, on Baffin
Island’s Cumberland Peninsula, features many terrains of
Arctic wilderness, such as fiords, glaciers, and ice fields.
Auyuittuq was established as a national park reserve in
1976, then upgraded to a national park in 2000. Qausuittuq
National Park, located on northwest Bathurst Island was
established in 2015. This national park represents a high
Arctic environment that is home to the endangered Peary
caribou and has been an important traditional hunting and
fishing area for Inuit of Resolute Bay since the time of their
relocation in the 1950’s. Sirmilik National Park comprises
three areas: most of Bylot Island, Oliver Sound, and Baffin
Island’s Borden Peninsula. This national park was estab-
lished in 1999 and is amidst a landscape of glaciers, valleys,
and nesting areas for many birds. Ukkusiksalik National
Park was established in 2003 and surrounds Wager Bay,
a 100 km long saltwater inlet located on the northwest
coast of Hudson Bay, south of the community of Naujaat
(Repulse Bay). Ukkusiksalik features over 500 archaeo-
logical sites and has terrain consisting mainly of tundra and
coastal mudflats that are thriving with wildlife.

1.8.3 The marine environment

The marine environment of the IRIS 2 region is shaped
by a number of factors, including large-scale and regional
ocean currents, ocean temperatures, sea ice, and glacial ice
(see Chapter 5). The oceanographic system encompasses
Lancaster Sound, Baffin Bay, Davis Strait, and the north-
ern Labrador Sea. Here, large southward flows of water
(Arctic Ocean outflow), sea ice, and glacial ice converge
along the eastern Canadian coastline. Much of this water
originates from the Pacific Ocean and spends more than a
decade transiting the High Arctic, where it is modified by
ice growth and decay, precipitation, river discharge, and
biological activity (Azetsu-Scott et al. 2010). The West



Chapter 1

REGIONAL GEOGRAPHY

Greenland Current flows northward along the west coast
of Greenland and most of the water within arcs westward
and then southward in northern Baffin Bay (Figure 8).
This regional circulation affects the physical and chemical
properties of waters in the IRIS 2 region and is responsible
for transporting organisms from the North and the South.
Further, the circulation has a profound influence on the
climate in coastal areas with high Arctic conditions found
on Baffin Island to as far south as 65° N (Figure 4).

A polynya is a geographically fixed region of open
water that is surrounded by sea ice (Hannah et al. 2009).
Polynyas are an important component of the IRIS 2

marine system because their open waters create a ref-
uge for marine mammals and seabirds to feed, breathe,
and rest. In addition, spring time primary production is
able to start much earlier in polynyas than in ice-cov-
ered waters (see Chapter 5). Twenty polynyas recur in
the same position each year in the region (Figure 8). The
Pikialasorsuag/North Water Polynya (NOW), which lies
between Greenland and Canada in northern Baffin Bay, is
the region’s largest polynya. With one of the most product-
ive food webs in the Arctic Ocean, the NOW attracts num-
erous marine mammals and millions of seabirds (Stirling
1980, Dunbar 1981, Deming et al. 2002, Egevang et al.
2003, Boertmann and Mosbech 2011, DFO 2015). Because
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FIGURE 8. Major surface ocean currents (black lines) and known polynyas in the IRIS 2 region. “"NOW" indicates the North
Water Polynya. Adapted from AMAP (1998), Stirling (1980), Barber and Massom (2007), and Hannah et al. (2009).
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of its year-round open-water conditions and its abundance
of marine mammals, this polynya has also attracted Inuit
hunting communities and 19th-century whaling and
exploring expeditions.

1.8.3.1 Ice

Most of the IRIS 2 region is covered by sea ice in winter.
The sea ice of the IRIS 2 region is mainly first-year drift ice
of local origin; only small amounts of Arctic Ocean pack
ice are transported in through Nares Strait. This means that
Baffin Bay and Davis Strait become free of ice each sum-
mer, but ice may linger in adjacent areas. Especially along
Baffin Island’s east coast, the ice remains until late July;
among the High Arctic Canadian islands, ice may persist
throughout the summer — e.g., in Foxe Basin. The trend,
though, is that these permanently ice-covered areas are
diminishing (see Chapter 5). Fast ice (ice that is anchored
to land or the seabed) occurs in fiords and bays and in the
waters between the High Arctic Canadian islands. Another
characteristic feature is the presence of icebergs, which
originate either from glaciers on West Greenland or from
East Greenland glaciers, to then be carried by currents into
the IRIS 2 region.

1.8.3.2 Flora and fauna

The marine mammal and avian fauna of the Eastern
Canadian Arctic are characterized by relatively few spe-
cies, but these species are well adapted to conditions in the
region (see Chapter 16). Approximately 189 fish species
inhabit the Canadian Arctic (Archambault et al. 2010). The
benthic fauna is an exception, in that it is characterized
by a very high number of species. For example, approxi-
mately 947 benthic species or taxonomic groups have been
documented at various stations across the Canadian Arctic
(Archambault et al. 2010) and it is likely that more spe-
cies are present, given Piepenburg et al. (2005) estimate
of 1100 species for the Beaufort Sea alone. Low annual
primary productivity is characteristic of most of the IRIS
2 region (see Chapter 5). However, increased production
is found in the areas that are more or less ice-free in win-
ter (e.g., polynyas). The primary production in these areas

sustains aggregations of zooplankton, especially the very
important species of copepods of the genus Calanus. These
multi-year copepods accumulate lipids for hibernation, and
these lipids constitute an extremely important resource for
organisms higher up in the food web. Fish, seabirds, and
large baleen whales are dependent on these copepods, to
a degree that the fatty acids from Calanus lipids can be
traced to the top predators of the Arctic (Dahl et al. 2000).
The open water in polynyas and shear zones attracts sea-
birds and marine mammals, which both forage and surface
in these areas. Some marine mammal and seabird species
move out of the region when winter restricts food avail-
ability, while others overwinter in ice-covered waters —e.g.,
narwhals (Monodon monoceros) in the drift ice of Baffin
Bay and ringed seals (Pusa hispida) in drift ice areas and
in waters with shore-fast ice — where they can maintain
breathing holes in the ice.

1.8.3.2.1 Marine mammals

The IRIS 2 regions hosts a number of marine mammals
year-round, with all species more or less associated with
the sea ice. Bowhead whales (Balaena mysticetus) move
between winter quarters in the Labrador Sea and sum-
mer quarters in the Canadian Archipelago, traveling in
early spring along the marginal ice zone in Davis Strait
and Baffin Bay and congregating in the Disko Bay waters
of central West Greenland. Beluga whales (also known as
white whales, Delphinapterus leucas) move from summer
habitats in the Canadian Archipelago to winter habitats in
the North Water Polynya and along the West Greenland
coast. Narwhals from several discrete summer populations
congregate in the Baffin Bay drift ice in winter. Polar bears
(Ursus maritimus) occur in relatively high numbers on the
drift ice of Davis Strait, Baffin Bay, and in the High Arctic
Canadian islands, as they follow the annual movements of
sea ice. Hooded seals (Cystophora cristata) whelp on the
ice in central Davis Strait in late winter and then disperse
to the open waters of the entire region in summer; harp
seals (Phoca groenlandica) are numerous in open water
areas throughout the year. Two discrete populations of wal-
rus (Odobenus rosmarus) move between habitats in the
Eastern Canadian Arctic and west Greenland. Additional
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resident species include ringed seal and bearded seal

(Erignathus barbatus). The region is also a summer habi-
tat for many migrating species of marine mammals, such
as large baleen whales — minke whale (Balaenoptera acuto-
rostrata), blue whale (B. musculus), fin whale (B. physalus),
sei whale (B. borealis), and humpback whale (Megaptera
novaeangliae) — and also sperm whales (Physeter macro-
cephalus) and pilot whales (Globicephala melas). All
migrate into the Eastern Canadian Arctic from southern
latitudes. The harbour porpoise (Phocoena phocoena), a
small toothed whale, inhabits the ice-free water year-round.
For details see Chapter 16.

Most of the marine mammals are harvested by Inuit in the
region. Seals constitute the basis of the hunt, due to their
high abundance and the fact that they provide both meat
and skin (which today is almost unsalable on international
markets but remains important for traditional uses includ-
ing clothing). Beluga whale and narwhal provide meat and
mattaq (thick skin). These animals are important to hunters

in some but not all of communties. Walrus also provide
large quantities of meat. Both walrus and narwhal provide
ivory for carving and art making. Finally, the baleen whales
provide large quantities of meat and blubber, which has
been marketed on a national scale.

1.8.3.2.2 Seabirds

Seabirds are very numerous in the Eastern Canadian Arctic
during the summer. The most important seabirds — in terms
of numbers — are Northern fulmar (Fulmarus glacialis),
Little auk (Alle alle), Thick-billed murre (Uria lomvia),
Arctic tern (Sterna paradisaea), and Common eider
(Somateria mollissima). Several species of gulls also occur.
Less numerous seabird species of conservation concern
include Ross’s gull (Rhodostethia rosea), Atlantic puffin
(Fratercula arctica), and Ivory gull (Pagophila eburnea).
The King eiders (Somateria spectabilis) move in num-
bers of hundreds of thousands from breeding areas on the
Canadian tundra to molting and wintering habitats on the
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shelves and along the coasts of Greenland. The North Water
Polynya is extremely important to breeding seabirds.

1.8.3.2.3 Fish and invertebrates

Approximately 189 fish species inhabit Canadian Arctic
waters (Archambault et al. 2010), and most of these live
on or near the seabed. The number of species decreases
with latitude. Important species, in an ecological context,
are the schooling fish such as capelin (Mallotus villosus),
sand eel (Ammodytes dubius), and Arctic cod (Boreogadus
saida). These species are key species because they serve as
essential food resources for higher levels of the food web,
including seabirds, seals, and whales. The most import-
ant species for commercial fisheries in the region is the
Greenland halibut (Reinhardtius hippoglossoides). Many
other species are utilized on a subsistence basis. As men-
tioned above, the benthic fauna is species rich in the region.
A few species are utilized on a commercial basis — primar-
ily northern shrimp (Pandalus borealis) and, locally, snow
crab (Chionoecetes opilio) and scallops (Chlamys island-
ica). Blue mussels (Mytilus edulis) are also utilized in some
communities but only on a subsistence basis.

The Arctic Biodiversity Assessment of the Conservation of
Arctic Flora and Fauna working group (CAFF 2013) has
identified threats to Arctic biodiversity, including within the
IRIS 2 region. One of their key findings was that climate
change is by far the most serious threat to Arctic biodiversity
and that the ice-associated organisms will be most impact-
ed — for example, walrus, narwhal, and ringed seal. Other
threats to the biodiversity of the region are the long-range
transport of contaminants (see Chapter 10) and threats on
the winter grounds of migratory species, such as many of
the seabirds.

Several marine mammals of the IRIS 2 region are includ-
ed on the International Union for Conservation of Nature
(IUCN) list of threatened species (“red list”). The polar bear
is listed as Vulnerable; the beluga whale as Near Threatened;
narwhal, Near Threatened; fin whale, Endangered; and blue
whale, Endangered. Among birds, the ivory gull is classified
as Near Threatened (IUCN 2016).

1.8.3.3 Marine conservation areas

Over the past few decades, national and international
organizations have been working toward protecting ocean
resources as global pressures on those resources increase.
The Government of Canada is working with the provinces
and territories to protect Canada’s marine ecosystems
through the development of a national network of marine
protected areas (MPAs) (see Chapter 17). Canada’s net-
work of MPAs will be composed of 13 bioregional net-
works — twelve within Canada’s oceans and one in the
Great Lakes. Each network will be designed to suit its own
unique geography, management tools, and ecological and
socio-economic objectives.

In October 2012, the Convention on Biological Diversity
proposed seven scientific criteria for identifying “ecologic-
ally or biologically significant areas” (EBSAs; Dunn et
al. 2014; Chapter 17) in need of protection in open-waters
and deep-sea habitats: (1) uniqueness or rarity, (2) special
importance for life history stages of species, (3) import-
ance for threatened, endangered, or declining species and/
or habitats, (4) vulnerability, fragility, sensitivity, or slow
recovery, (5) biological productivity, (6) biological divers-
ity, and (7) naturalness. A total of 61 EBSAs have been
identified in the Canadian Arctic within the five marine
biogeographic regions in the Canadian Arctic; 29 of these
are located in the Eastern Canadian Arctic (IRIS 2 region;
see Figure 5). Included in these 29 EBSAs are the Hatton
Basin and the entrance to Hudson Strait, the South Baffin
Bay narwhal overwintering area, Lancaster Sound, and the
North Water Polynya (for details see Chapter 17).

As noted above, the North Water Polynya and to some
extent Lancaster Sound are among the Arctic’s most pro-
ductive marine areas. Lancaster Sound is characterized
by two polynyas that are kept open from ice by winds and
currents (Figure 8). One is located along the northern coast
of Lancaster Sound, and the other is at the eastern outflow
of the sound (Barber and Massom 2007). This area’s high
productivity supports high benthic abundance, biomass,
and diversity, as well as the Arctic’s highest density of
marine mammals and seabirds.
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Parks Canada is working with provinces and territories
to develop a system of MPAs called the National Marine
Conservation Areas (NMCAs). An NMCA is managed
and used in an ecologically sustainable way, and each
one includes zones that fully protect special features and
sensitive ecosystem elements. The Eastern Canadian Arctic
overlaps with five of the Parks Canada marine regions:
Arctic Archipelago, Lancaster Sound, Baffin Island
Shelf, Foxe Basin, and Hudson Strait. Since 2009, Parks
Canada, the Government of Nunavut, and the Qikiqtani
Inuit Association (QIA) have been working toward the cre-
ation of an NMCA in Lancaster Sound (called Tallurutiup
Imanga, in Inuktitut). In 2017, the final boundary for the
national marine conservation area was announced (see
Figure 5).

As stated in the Terrestrial Environment section, there are
five NWAs and seven MBSs located in the IRIS 2 region
(Figure 5) that are managed by Environment and Climate
Change Canada. Fisheries and Oceans Canada (DFO) also
establishes, under the Oceans Act, MPAs to protect and
conserve important fish and marine mammal habitats,
endangered marine species, unique features, and areas
of high biological productivity or biodiversity. To date,
no Oceans Act MPAs have been established in the region.

1.9 Climate change studies

The Arctic science community has been increasingly
involved in climate-related studies since the early 1990s.
The International Arctic Science Committee (IASC)
has been engaged in Arctic climate research since it was
founded in 1991 and continued to conduct regional Arctic
impact studies through the 1990s. The Arctic Monitoring
and Assessment Programme (AMAP) conducted its pre-
liminary assessment of climate and UV impacts in the
Arctic which was published in 1998 and has continued to
produce numerous reports with respect to pollution and
climate change issues in the Arctic. IASC, AMAP and
CAFF proposed a comprehensive and circum-Arctic cli-
mate impact study in 1999 which later led to a joint project
— the Arctic Climate Impact Assessment (ACIA) - between
the Arctic Council and IASC in 2000. The ACIA which

was built on several regional and global climate change
assessments was published in 2005 (ACIA 2005). In addi-
tion, a number of regional studies in the Arctic have been
conducted in Canada (Maxwell 1997), the Mackenzie Basin
(Cohen 1997a,b), the Barents Sea (Lange and the BASIS
Consortium 2003, Lange et al. 1999), and Alaska (Weller
et al. 1999). These helped form the baseline for the ACIA.
The Intergovermental Panel on Climate Change (IPCC)
has produced the most comprehensive and world renowned
assessments of climate change on a global basis (e.g., IPCC
1990, 1995, 2001a,b, 2007a,b, 2013, 2014).

Within Canada, an Integrated Regional Impact Study
(IRIS) of climate change and modernization has been
conducted for the 1) western and central Arctic (Stern and
Gaden 2005), 2) the Eastern Arctic (this report), 3) Hudson
Bay, and the 4) Eastern Subarctic (Allard and Lemay 2015).
ArcticNet adopted the IRIS framework to present our
current knowledge of climate change and modernization
research in the Canadian Arctic. The intent of the infor-
mation in these reports is that it is accessible to everyone,
and in particular resource managers and decision-makers
at all political levels.

The Northern Contaminants Program was established by
Indigenous and Northern Affairs Canada (INAC) (formerly
Indian and Northern Affairs Canada — INAC) in 1991 due
to concerns that Inuit and northerners were being exposed
to elevated levels of contaminants through their diet. The
program was designed to research, monitor and com-
municate information on contaminant levels and trends in
traditionally harvested food items (e.g., ringed seal, beluga
whales, Arctic char) across the Canadian Arctic. The pro-
gram funds human health research, environmental mon-
itoring and research, education and communications, and
national/regional coordination and aboriginal partnerships.
Information from the program is used to provide national
and international regulatory oversight of chemicals and to
inform health authorities on the contaminant levels in coun-
try foods and the potential health and safety risks related
to consuming traditionally harvested foods.
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110 Management regimes

1.10.1 Nunavut Tunngavik Incorporated

Nunavut Tunngavik Inc. (NTI) promotes and advocates
Inuit economic, social and cultural well-being through
the implementation of the NLCA, which was signed in
1993. NTI along with Nunavut’s three Regional Inuit
Associations (Kitikmeot Inuit Association, Kivalliq Inuit
Association, Qikigtani Inuit Association) manage all Inuit
owned land. NTI is governed by an 8 member board of
directors and the organization consists of 10 departments.

1.10.2 Kivallig and Qikiqgtani Inuit associations

The Kivalliq Inuit Association (KIA) is a Designated Inuit
Organization under the Nunavut Land Claims Agreement
that represents the interests of Inuit living in the Kivalliq
Region. These interests include the development, protec-
tion, administration and advancement of Inuit rights and
benefits as indigenous people living in the region. KIA’s
mandate is to preserve Inuit heritage, culture and language;
to manage Inuit owned lands in the region and provide
information to and consult with land claim beneficiaries
on land use; and to protect Arctic wildlife and the environ-
ment, so as to preserve traditional uses for current and
future generations.

The Qikigtani Inuit Association (QIA) is also a Designated
Inuit Organization that represents the interests of Inuit of
the Qikiqtani region. QIA began as a non-profit organ-
ization in 1986 and was registered as a society in 1997.
Currently there are two Inuit organizations that work under
QIA: the Kakivak Association, which is responsible for
community economic development and small business
development; and the Qikiqtaaluk Corporation, which is
the regional development arm of QIA. Each of the 13 com-
munities in the Qikiqtani region has a community direc-
tor that sits on the QIA board of directors. In addition to
the board there is a secretary-treasurer, vice president and
president. There are seven departments within the QIA.

1.10.3 Nunavut Planning Commission

The Nunavut Planning Commission is a public land use
agency that is responsible for the development, implemen-
tation and monitoring of land use plans. These plans are
used to guide and direct resource use and development in
the territory. The NPC roles and responsibilities are man-
dated by the NLCA. Under the NLCA “land” includes both
surface and sub-surface land, freshwater, and renewable
and non-renewable resources including wildlife. The NPC
consults with government, Inuit organizations and many
other organizations; however, it is the NPC that makes the
final decisions on how land use plans will be developed
and managed in Nunavut. NTI and RIAs are included in
the approval process. A draft Nunavut Land Use Plan is
available online at http://www.nunavut.ca/en/downloads.
The land use plan provides for protection of caribou calving
and post-calving grounds and critical bird habitat; identi-
fies traditional ice travel routes and presents tools to protect
them; and identifies areas of mineral potential, as well as
areas with potential for tourism activities. A final public
information session on the draft Nunavut Land Use Plan
is scheduled for the fall 2017.

1.10.4 Nunavut Impact Review Board

The Nunavut Impact Review Board (NIRB) was created by
the NLCA with a mandate to assess the potential impacts
of proposed developments in the Nunavut Settlement Area.
The NIRB provides recommendations regarding whether a
project may proceed. The NIRB also establishes monitoring
programs for projects that have been assessed and approved.
The overarching goal of the NIRB is to protect and promote
the existing and future well-being of the residents and com-
munities and the ecosystem integrity of Nunavut. The NIRB
requires that proposals for projects include the impacts of cli-
mate change within their environmental impact assessment.

1.10.5 Nunavut Water Board

The Nunavut Water Board (NWB) is an Institution of Public
Government (IPG) that was created by the NLCA. The
NWRB holds the responsibilities and powers over the use,
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management and regulation of inland waters in Nunavut.
The primary role of the NWB is to license uses of water
and deposits of waste. In doing so, the NWB considers any
detrimental effects of the potential use of waters or a deposit
of waste on other water users. The NWB does not hold
enforcement powers over the licences it issues. Enforcement
of licenses falls under the jurisdiction of Indigenous and
Northern Affairs Canada (INAC). The NWB cooperates
with the NPC to develop land use plans that affect water,
and with the NIRB to assess environmental and socio-eco-
nomic impacts of water-related project proposals.

1.10.6 Government of Nunavut, Department
of Environment

The Department of Environment (DOE) has the lead
responsibility in the Government of Nunavut to ensure
protection, promotion, and sustainable use of natural
resources in the territory through the management of the
environment, wildlife and parks. Six divisions: Wildlife
Management, Parks and Heritage, Fisheries and Sealing,
Environmental Protection, Education and Outreach, and
the Climate Change Secretariat within the Department of
Environment are responsible for ensuring that all initiatives
above are achieved. See Chapter 16 for legislated respon-
sibilities governed by the Wildlife Management division
and Fisheries and Sealing division. The Parks and Heritage
division is responsible for planning, establishment, man-
agement, operation and promotion of territorial parks and
places that are important destinations for Nunavummiut
and visitors to the territory. These have been established
based on Inuit Qaujimajatugangit also known as ‘trad-
itional knowledge’, local and scientific knowledge and
geospatial information. The Environmental Protection div-
ision administers the Environmental Protection Act and is
responsible for delivering a range of regulatory and oper-
ational program functions. The Education and Outreach
division works closely with all DOE divisions to ensure that
education and outreach initiatives, involving youth, com-
munity members, Elders and teachers, are integrated into
all of the work conducted within the department. Lastly, the
Climate Change Secretariat (CCS), established in November

2016, is responsible for developing programs, policies and
partnerships that assist the territory in adapting to and miti-
gating the projected impacts of climate change. The CCS
addresses climate change adaptation through initiatives
and programs that respond to local needs, build local cap-
acity, and increase local resilience to the effects of climate
change. It also supports mitigation efforts through reduction
in diesel consumption and greenhouse gas emissions. The
CCS is responsible for running the Nunavut Climate Change
Centre or NC? (www.climatechangenunaut.ca) that provides
a web-based resource to share and distribute climate change
knowledge, research, and resources to the public.

1.10.7 Nunavut Research Institute

The Nunavut Research Institute (NRI) is the science div-
ision of Nunavut Arctic College. NRI administers licences,
as required under Nunavut’s Scientists Act, for research in
the health, natural, and social sciences. Other responsibil-
ities include: (1) providing mentorship and support to scien-
tists working throughout the territory, (2) the consultation
and inclusion of Nunavummiut in research, (3) assisting
broker research projects and partnerships that meet the
needs and concerns of community residents, and (4) pro-
viding opportunities to Nunavummiut for hands-on skills,
training and experience in applied science and research.
NRI has a research centre in Iqaluit that offers dedicated
teaching and research laboratories facilities, equipment rent-
als and storage, office and meeting space rentals, a research
library and other resources. Research field support units are
available in Iqaluit, Arviat and Igloolik. Accommodation
and lab use is usually available in the summer period in
Cambridge Bay and Rankin Inlet. NRI also runs a summer
science camp and school science outreach program.

1.10.8 Federal agencies governing
environmental protection

1.10.8.1 Department of Fisheries and Oceans

Fisheries and Oceans Canada (DFO) is a federal govern-
ment agency that is responsible for developing and imple-
menting policies and programs in support of Canada’s
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economic, ecological and scientific interests in oceans
and fresh waters. DFO’s manadate is delivered under the
authority of the Fisheries Act (for details concerning gov-
erning environmental protection and the management of
wildlife and the environment see Chapter 16).

1.10.8.2 Environment and Climate Change Canada

Environment and Climate Change Canada is responsible for
the protection of migratory birds through the implementa-
tion of the Migratory Birds Convention Act, the Migratory
Birds Regulations, and the Migratory Birds Sanctuary
Regulations. As mentioned previously, Environment and
Climate Change Canada establishes and manages NWA
and MBS for the conservation of significant marine and/or
terrestrial areas that protect migratory birds, species at risk
and other species of national importance and their habitat.

1.10.8.3 Parks Canada

Parks Canada manages National Parks, National Marine
Conservation Areas, National Historic Sites and a National
Landmark in Canada. Parks Canada is responsible for the
protection of nationally signficant natural and cultural
heritage, and for fostering public understanding and appre-
ciation in ways that ensure the ecological and commemora-
tive integrity for present and future generations.

1.10.8.4 Indigenous and Northern Affairs Canada

Indigenous and Northern Affairs Canada (INAC) supports
Indigenous peoples and northern peoples in their efforts
to 1) improve social well-being and economic prosperity,
2) develop healthier, more sustainable communities, and
3) participate more fully in Canada’s political, social and
economic development to the benefit of all Canadians.

1.11 Conclusion

Nunavummiut in the Kivalliq and Qikiqtaaluk regions, in
partnership with regional, territorial and federal governing
bodies, are dedicated to protecting Inuit well-being and cul-
ture, the region’s resources, environment (land, air, water),

and wildlife. The Eastern Canadian Arctic is undergoing
some of the most rapid warming in the Canadian Arctic
accompanied by significant reductions in snow and ice
cover. These changes are impacting wildlife, the environ-
ment, and the Inuit way of life. Protection of Qikiqtaaluk
and Kivalliq regions and its people will require strong
partnerships and policies that are rooted in traditional and
scientific knowledge and directed at assisting the regions in
adapting to and mitigating the impacts of climate change.
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Key messages

The Eastern Canadian Arctic is currently experiencing some of the most rapid climate warming in the Arctic,
particularly during the fall/winter season in response to later ice formation. Warming is mainly confined to the
period since 1993 and the warming pattern shows evidence of a number of coastal “hot spots” in Hudson Strait
and Foxe Basin where recent fall/winter season warming exceeds 1.7 °C/decade.

Warming has been associated with significant changes in snow and ice cover, particularly the later timing of
snow cover, reduced overall snow depth, decreased summer sea-ice extent, declines in river and lake ice cover,
and an increasingly negative mass balance of glaciers and ice caps. There is evidence that current snow and ice

conditions are likely unprecedented in many millennia.

Climate change projections for 2050 over the Eastern Canadian Arctic show a continuation of recent observed
warming trends with the greatest warming (+4 to +8 °C) in the fall and winter seasons. Precipitation is projected
to increase over most of the region by about 15-20% with the largest changes in the winter and fall. There is
considerable regional variability in the projected changes with the largest values over coastal areas and more
southern parts of the region.

Major changes are projected in snow and ice cover over the region. Snow cover duration is projected to decrease
by about one month by 2050, but annual maximum snow depth is projected to change only slightly due to increased
snowfall (15-35%) offsetting the shorter snow accumulation period. Large reductions in snow accumulation on
the ground are projected during the fall and spring from earlier melt and a later start to the snow season.

Projected changes in lake ice cover for 2050 indicate earlier break-up by 10-15 days and later freeze up by 5-10
days, with 10-30 cm decreases in annual maximum ice thickness. The duration, thickness and concentration of
sea ice are projected to decrease over most of the region. However, the ice regime within the Canadian Arctic
Archipelago is likely to remain a hazard for shipping throughout the 21st Century.

The current downward trend of glacier and ice cap ice mass in the region is projected to continue and is considered
to be irreversible in the foreseeable future.
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Abstract

Reliable and authoritative information on observed and projected climate change is needed for developing successful
adaptation strategies for northern communities, decision makers and stakeholders. This chapter presents information on
the climate regime of the Eastern Canadian Arctic, its variability and change, and projected changes from climate model
scenarios out to the period 2050. The region is currently experiencing some of the most rapid warming in the Canadian
Arctic with changes of ~1.0 °C/decade in annual mean surface air temperature since 1993. Climate station records show
this rapid warming is linked to both natural climate variability and anthropogenic forcing. This recent warming is most
pronounced in the fall and winter period with the coldest months warming at close to twice the rate of the warmest months.
The warming pattern also shows a number of coastal “hot spots” where recent fall/winter season warming exceeds 1.7
°C/decade. The regional warming has been accompanied by significant reductions in snow and ice cover: Baffin Bay has
experienced some of the largest decreases in summer sea ice in the Canadian Arctic with 20% losses during the period
1979-2008. Extensive reductions in river and lake ice cover have also been documented over the region with evidence that
some high latitude lakes are shifting from perennial to seasonal ice cover for the first time in several millennia. There
is also evidence that current mass loss from glaciers and ice caps is unprecedented in several millennia. Climate model
projections show a continuation of currently observed trends with the largest warming in the winter and fall seasons with
increases of ~4-8 °C in air temperature and increases in precipitation of ~8-26% by 2050. The spatial pattern of warm-
ing is quite variable with the largest changes typically seen over southern land areas. Snow cover duration is projected
to decrease by about one month with the largest changes to the start date of snow cover. Annual maximum snow depth
is projected to change only slightly due to increased snowfall (15-35%) offsetting the shorter snow accumulation period.
However, snow accumulation in the May-October period is projected to undergo large reductions from earlier melt and
a later start to the snow season. Simulations from the higher resolution CanRCM4 model show the largest decreases in
snow cover are projected to occur in the coastal zone. Projected changes in sea ice from a high resolution coupled ice-
ocean model over the Canadian Arctic Archipelago (CAA) show declining sea-ice concentration and thickness but no
completely ice-free summers before 2100. Multi-year ice has undergone rapid decreases in recent years but is likely to
remain a hazard for shipping for the foreseeable future. Projected changes in lake ice cover for 2050 indicate earlier break-
up of 10-15 days and later freeze-up of 5-10 days, with 10-30 cm decreases in annual maximum ice thickness. Modelling
studies of the future response of land ice in CA A suggest it is highly unlikely that the current glacier mass loss trend will
reverse in the coming century, and that projected mass loss is irreversible in the foreseeable future.

2.1 Introduction et al. 2010) that impact the hydrological (Déry et al. 2009)
and ground thermal regimes (Smith et al. 2010, Lantz et al.
The Arctic is currently experiencing the most rapid warm-  2012), The impacts of a shortening snow and ice season and

ing anywhere on the planet in response to a number of  j thinper, less stable fastice regime have major impacts on
processes and feedbacks that contribute to amplification of (1 security and livelihood of northern residents (Laidler
anthropogenic warming over polar regions (LeTreutetal. ;54 Elee 2008, Ford et al. 2008).

2007, Screen and Simmonds 2010, Pithan and Mauritsen
2014). This warming is generating dramatic changes in ~ The IRIS 2 region is currently experiencing some of the
the Arctic cryosphere (AMAP 2011) and vegetation (Zeng most rapid warming in the Canadian Arctic. Climate station

and Jia 2013) which contribute to a further series of most- records show this rapid warming began relatively recently
ly positive feedbacks to the climate system. For example, ~1993 and has been associated with both natural climate
changing Arctic vegetation is driving changes in snow cov- variability (the Arctic Oscillation and Atlantic meridion-

er (enhanced SNOW trapplng) and melt energetics (Marsh al OVerturning circulation are two of the most important
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sources) and anthropogenic forcing (Way and Viau 2014).
Documenting a changing climate and providing climate
change scenarios for the region is a particular challenge as
this region has the largest gradients in elevation, temper-
ature and precipitation of the four IRIS regions. Current
global climate models (resolutions ~100-250 km) and the
regional climate model (45 km resolution) used in this study
are unable to capture the detailed topography. It should there-
fore be stressed at the outset that the climate change scen-
arios presented here provide a physically plausible portrait
of regional-scale changes but community-scale applications
would require additional downscaling (Dibike et al. 2008).

This chapter presents information on the climate regime
of the Eastern Canadian Arctic, its variability and change
based on historical climate and related paleo- and proxy
data, and climate model scenarios of plausible future
pathways for climate out to the period 2050. The chapter
assesses variability and change in a number of key climate
and cryospheric variables including air temperature, pre-
cipitation, snow cover, sea ice, storms and land ice. The
ground thermal regime is addressed in detail in Chapter 4.
Knowledge of the current and projected rates of change in
these variables and related indicators is important informa-
tion for stake-holders, policy-makers and northern com-
munities for developing adaptation strategies and policies.

The chapter is divided in two parts consisting of (1) a por-
trait of historical regional climate variability and trends
based on the analysis of available datasets and the review
of recent literature, and (2) projections of future climate
change based on output from the Canadian Regional
Climate Model (CRCM, de Elia and C6té 2010) driven
with two different CMIP3 global climate models for emis-
sion scenario SRES A2 (Nakicenovic et al. 2000).

2.2 The climate

2.2.1 Data sources

This report used the 2013 updates of the second generation
of the Adjusted and Homogenized Canadian Climate Data
(AHCCD) (Vincent et al. 2012, Mekis and Vincent 2011)
that take account of systematic errors related to observing

methods (temperature and precipitation) and station reloca-
tions (temperature). A total of 17 climate stations are locat-
ed in the IRIS 2 region with long term surface air temper-
ature (SAT) observations suitable for characterizing the
recent climate (1981-2010 normal period) and trend over
the period from 1950-2013, and 10 stations for precipi-
tation (PCP) (Table Al). The locations and the temporal
distribution of climate stations in the region are shown in
Figures 1 and 2, respectively. The marked drop-off in the
number of stations after 1990 (particularly for precipitation)
is related to station closures and loss of manual precipita-
tion measurement programs. The air temperature analysis
was based on the daily version of the Vincent et al. (2012)
dataset with missing data filled by interpolating observa-
tions from surrounding stations. This step was necessary
to generate complete monthly series at stations: the Vincent
et al. (2012) dataset follows the World Meteorological
Organization guidelines for monthly statistics (no more
than 5 missing days, or 3 consecutive days) which results in
incomplete monthly data at many stations. Gap-filling was
also necessary for computing daily temperature statistics
such as freezing and melting degree-day totals. Gap-filling
was not attempted for precipitation as the observations are
more strongly affected by local-scale processes.

Information on surface snow cover (start/end date of con-
tinuous snow cover, snow cover duration, maximum depth
and date of maximum depth) was obtained from daily snow
depth observations made at climate stations. The start (end)
dates of snow cover are defined as the first (last) date in
the snow season with 14 consecutive days of snow depths
> (<) 2 cm. Snow cover duration is defined as the number
of days with > 2 cm snow on the ground. In sifu observa-
tions of snow depth are usually made in open grassy terrain
near airports that may not be representative of snow cover
conditions in the prevailing land cover. Satellite-derived
snow cover information from the NOAA-CDR dataset
(Estilow et al. 2015) was also analyzed to obtain another
independent source of information on snow cover trends
over the region. Data on historical trends in sea ice over the
region were obtained from the online regional summaries
provided by the Canadian Ice Service (CIS). Information
on fastice conditions (depth, freeze-up and break-up dates)
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FIGURE 1. (a) Geography and elevation (meters) of the Canadian Arctic.
(b) Location of climate stations used in the regional climate analysis.

was obtained from the weekly ice thickness data archived
at CIS as well as from published summaries of ice thickness
and freeze-up/break-up compiled by the CIS.

The climate station data analysis consisted of two parts: (1)
calculation of climate normals for the 1981-2010 period, and

(2) calculation of trends over the main period of historical
climate observations (1950-2013) and a more recent 30-year
period of data (1984-2013). Regional anomaly series for the
region were constructed using a 1981-2010 reference period
with a confidence interval estimated from the mean inter-
station correlation following Wigley et al. (1984).
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FIGURE 2. Number of stations in the IRIS 2 region with complete annual mean temperature, annual total precipitation and
annual total snowfall from the 2013 updates of the Mekis and Vincent (2011) and Vincent et al. (2012) datasets.

2.2.2 General description and key
characteristics

The IRIS 2 region covers over 20 degrees of latitude
from southern Baffin Island and the northwest coast of
Hudson Bay to the northern tip of Ellesmere Island and
includes strong gradients in temperature and net radia-
tion. For example, the average annual mean SAT for the
period 1981-2010 at Alert (82.5 °N) is -17.4 °C compared
to -8.8 °C at Iqaluit (63.8 °N) and Iqaluit has almost four
months of above-freezing temperatures compared to two
months at Alert (Tables A2 and A3). The climate of the
region is dominated by snow and ice with seasonal snow
and ice cover extending on average from October to June.
The region is also characterized by strong north-south
and east-west gradients in heat and moisture related to
the frequent movement of cyclones up the east coast of
Canada into Davis Strait and Baffin Island. This moisture
contributes to the formation of ice caps and numerous
valley glaciers over the higher elevation regions of Axel
Heiberg, Ellesmere, Devon and Baffin Islands. Large ice
shelves are distinctive features along the west coast of

Ellesmere Island that maintain some of the most unique
aquatic ecosystems found north of 82° N (Miieller and
Vincent 2003). The numerous fiord systems and deep val-
ley troughs found in the region, combined with the dis-
tinctive network of large water basins, sounds and narrow
straits exert important physical controls on the climate and
snow and ice regimes. The region also includes a number
of polynyas (areas of persistent open water) such as the
North Open Water (NOW, Barber et al. 2001) that have
important impacts on local-regional climate. For example
NOW is a significant winter moisture source for Devon
Ice Cap (Boon 2010) and also for the Manson and Prince
of Wales Icefields (Koerner 1979).

The climate of the region is strongly influenced at annual
to decadal time scale by natural atmospheric and oceanic
variability. Some of the major modes of atmospheric and
oceanic variability known to influence the IRIS 2 region
are: the Arctic Oscillation (Thompson and Wallace 1998)
and the related North Atlantic Oscillation (NAO, Barnston
and Livezey 1987), the Atlantic Multidecadal Oscillation
(Kerr 2000), El-Nifio/Southern Oscillation (Walker 1928)
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the Quasi-biennial Oscillation (Holton and Lindzen 1972)
and the Baffin Island-West Atlantic pattern (Shabbar et al.
1997). These modes of natural climate variability inter-
act and vary over time (Moore et al. 2013, Raible et al.
2014) and have important impacts on climate and climate
extremes (Way and Viau 2014), sea ice (Wang et al. 1994,
Stern and Heide-Jgrgensen 2003) as well as atmospheric
processes such as ozone depletion (Li and Tung 2014).
In the past decade, the atmospheric circulation over the
region has been characterized by a shift to more frequent
summer anticyclonic circulation (Overland et al. 2012)
linked to sea-ice loss (Petrie et al. 2015) that is driving
more intense and sustained summer melt of snow and ice
(Bezeau et al. 2014, Sharp et al. 2014). Floating ice shelves
in northern Ellesmere Island have been strongly affected
by these recent changes with some fiords in the region
now ice free for the first time in over 3000 years (Sharp

et al. 2014, White et al. 2014). The observed response of
the atmospheric circulation to declining sea ice is only
weakly replicated by CMIPS5 climate models (Overland
et al. 2012, Petrie et al. 2015.

2.3 Air Temperature

Air temperature is a key variable in Arctic regions with
important influence on cryospheric variables and process-
es (Derksen et al. 2012). Air temperature is influenced by
latitude, elevation, distance from coast, and sea-ice condi-
tions. This gives rise to strong local-regional gradients in
temperature over the region (see Figure 3). Figure 3 also
shows the changing seasonal contrast between land/ocean
temperatures over Baffin Island in June (land warms fast-
er than oceans) and September (land also cools faster
than ocean). Annual mean SAT at climate stations in the

FIGURE 3. 1989-2009 monthly mean SAT (°C) from ERA-interim dynamically downscaled to a 0.22° resolution by the
CanRCM4 regional climate model (www.cccma.ec.gc.ca/data/canrcm/CanRCM4/index_cordex.shtml).
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region (Table A2) ranges from -8.8 °C at Iqaluit to -18.7 °C
at Eureka which means the entire region lies within the
zone of continuous permafrost which corresponds roughly
with the -8 °C isotherm (Brown et al. 1998). The region is
characterized by a short ~3-month period of above freez-
ing temperatures with monthly means of daily maximum
temperatures in July-August ranging from 10 °C in the
south (Chesterfield Inlet, Coral Harbour) to less than 4 °C
at Alert in the north.

Observed variability in annual mean SAT over the region
from 1950 (Figure 4a) estimated from the climate sta-
tions in Table Al shows evidence of a gradual (but not
statistically significant) cooling trend of -0.16 °C/dec-
ade from 1950 to 1992 followed by a significant warm-
ing trend of 0.9 °C/decade between 1993 and 2013. This
recent warming is most pronounced in the fall and win-
ter period (Figure 5) and is observed over most of the
Eastern Canadian Arctic and Subarctic regions (Figure
6) (Allard and Lemay 2012, Way and Viau 2014). In the
period since 1993 the coldest months are warming at close
to twice the rate of the warmest months (1.42 °C/ decade
versus 0.84 °C/ decade). Air temperatures in the region

Anomaly (deg. C)

1950 1960 1970 1980 15990 2000 2010

are characterized by strong interannual variability with
visible evidence in Figure 4a of a marked 3-4 year oscilla-
tion in annual air temperatures consistent with NAO vari-
ability (Higuchi et al. 1999). 2010 was the warmest year
in the historical climate record to 2013 and the decline in
temperatures in subsequent years is consistent with the
observed 3-4 year variability over the region and with
observed multi-decadal variability in the Arctic climate
system (Keenlyside et al. 2008, Semenov et al. 2010). The
latest update of the Climate Research Unit CRUTEM4
(Jones et al. 2012) gridded air temperature dataset (not
shown) indicates a continuation of the post-2010 cooling
period into 2015 with 2015 having the coldest annual
mean temperature since 1992. The recent cooling is main-
ly seen in the winter period and is consistent with a return
to more positive values of NAO after the large negative
anomalies experienced in 2010.

Long-term warming is observed at all stations in the
region since the 1950s (Table A3) although the change
is not significant everywhere. However the past 30-year
period (1984-2013) shows significant warming trends
in mean annual temperatures at all stations (Table A4)

Anomaly (% of 1981-2010 avg)

1950 1960 1570 1580 1990 2000 2010

FIGURE 4. (a) Regionally-averaged anomalies (solid blue line) of annual mean SAT (°C) and (b) annual total precipitation
(%) with respect to a 1981-2010 reference period for climate stations in the region. The 9-term binomially filtered 95%
confidence interval (red curves) are estimated from the between-station correlations following Wigley et al. (1984).
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— 1
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FIGURE 5. Regionally-averaged seasonal mean and annual mean SAT anomalies with respect to a 1981-2010 reference
period for 17 climate stations in the region.
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FIGURE 6. Comparison of NCEP, MERRA, ERA-interim and JRA55 2m air temperature anomaly patterns (K] for the recent
warming period (1994-2013) versus the previous decade (1984-1993). The contrast between the two periods is striking.

http://www.esrl.noaa.gov/psd/cgi-bin/data/testdap/plot.comp.pl. The plots were generated using the NOAA WRIT plotting
tool which uses a fixed 1981-2010 reference period for anomalies.
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with the coldest months warming at more than twice the
rate of the warmest months consistent with the findings
of Vincent et al. (2015). Few stations showed significant
changes in thaw- or freeze-onset dates (related to the large
interannual variability in these variables) but the region-
ally-average results are consistent with warming (earlier
thaw-onset and later freeze-onset). The spatial pattern
of recent warming over the region (Figure 7) shows evi-
dence of a number of regional “hot spots” where seasonal
warming has exceeded 5 °C/30y. The enhanced warming
in these regions is associated with marked declines in sea-
ice concentration which contributes a positive feedback
particularly in the fall period due to later ice formation
(Parmentier et al. 2013).

2.4 Precipitation

Information on the amount and phase (solid/liquid fraction)
of precipitation is important for water resources, perma-
frost temperatures, ground stability and many biological
aspects of northern environments. Precipitation over the
region is characterized by a strong southeast to northwest
gradient (from southern Baffin Island region to the north of
Ellesmere Island) with strong gradients in snowfall along
Baffin Bay coastlines (Figure 8). The mean annual total
snowfall record from climate stations (Table AS) clearly
shows a north-south gradient with the highest snowfall
amounts observed at Cape Dorset and Igaluit in the south
(418 and 301 mm water equivalent respectively) compared
to less than 90 mm at Eureka. The snowfall climate is char-
acterized by frequent trace amounts with stations recording

b to=mwsne

B8B8BRBBEBBLT

FIGURE 7. Seasonal patterns of 1981-2010 surface air temperature trend (°C/30y) in the CANGRD dataset. Grid points with
locally significant trends are indicated with an “x”. Reproduced from Rapaic et al. (2015).
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FIGURE 8. Annual total precipitation (mm - left] and snowfall (mm water equivalent -right] over the 1989-2009 period from
ERA-interim dynamically downscaled to a 0.22° resolution by the CanRCM4 regional climate model (www.cccma.ec.gc.ca/
data/canrcm/CanRCM4/index_cordex.shtml).

on average more than 100 trace snowfall amounts per year.
Resolute and Eureka record the highest frequency of trace
amounts with more than 170 trace events per year. These
large numbers of trace events are a significant source of
uncertainty for estimating precipitation amounts in Arctic
environments from in situ observations (Mekis and Vincent
2011). About 65% of all precipitation falls in the summer
and fall seasons (Figure 9).

The previously presented regionally-averaged precipitation
series (Figure 4b) showed clear evidence of an increasing
trend with signifcant increases in snowfall documented
at six stations over the period from 1950-2013 (Table A6)
consistent with the findings of Vincent et al. (2015). The

trend observed at Cape Dorset seems unrealistically high
and appears to be related to a shift in the observing site
in 1977. The 9-station regional average exhibited signifi-
cant increases in rainfall and snowfall over the 1950-2013
period but part of this increase is related to abnormally
low snowfall amounts in the period prior to 1965 (Figure
10). This period was also associated with anomalously
low solid precipitation fraction values (below 60%) which
contrasted with the rest of the period where the solid frac-
tion of total precipitation was typically close to 70% (not
shown). Excluding this period and Cape Dorset from the
trend analysis still yielded significant increases in region-
ally-averaged precipitation of 5.3%/decade for rainfall and
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40 3.0%/decade for snowfall (% computed with respect to the
1981-2010 average). Where trends were able to be computed
35 over the more recent 30-year period they were (apart from
30 - : Hall Beach) not statistically significant (Table A6). The
E large increasing trend in snowfall at Hall Beach seems
225 realistic as the snowfall series showed no evidence of any
g obvious discontinuities. Rapaic et al. (2015) looked at
-E 20 ! the consistency of precipitation trends over the Canadian
£ Arctic in a number of gridded climate and reanalysis data-
& 15 I sets and found a large spread in trends over much of the
3 10 - i = region with no consensus for significant increases. They
also found that trends computed using the adjusted station
5 - - data of Mekis and Vincent (2011) were about two times
larger than those obtained from a multi-dataset estimate.
o I S — T These findings suggest that there is large uncertainty in
Winter ~ Spring Summer  Fall trends in precipitation over the region.

(JFM)  (AMJ)  (IAS)  (OND)

FIGURE 9. Average seasonal distribution of precipitation
(% of annual total) in the region from climate station
precipitation observations over the 1981-2010 period.
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FIGURE 10. Regionally-averaged snowfall and rainfall anomalies (% of 1981-2010 average) from 10 stations in the region.
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2.5 Snow cover

Snow is the dominant land surface in the Arctic and plays
key roles in energy exchanges, the ground thermal regime,
hydrology, and ecology through its high reflectivity, low
thermal conductivity and water storage. Snow cover is also
important for overland transport. Snow is present on aver-
age from early October to mid-June over much of the region
with maximum snow depths varying considerably based on
proximity to moisture sources, elevation, surface topography
(exposure to wind), and the prevailing vegetation cover (Table
AT). The joint effects of blowing snow and frequent trace
snowfall events over the winter give rise to an almost linear
evolution of the snowpack over the accumulation period,
followed by rapid melt in the May-June period of high solar
energy input (Figure 11a). Similar linear evolution of snow
cover properties such as depth, snow water equivalent (SWE),
and snowpack density are seen in bi-weekly snow survey
observations (Figure 11b). Snow densities at the start of the
snow season are higher in the region than in more southern
latitudes due to wind packing, but do not increase much over
the snow season because of depth hoar (also called sugar
snow) formation within the snowpack (Sturm et al. 1995).

The regional pattern of snow cover extent derived from
the NOA A IMS-24 km satellite-derived daily snow cover
analysis (Helfrich et al. 2007) highlights the strong coastal
gradient in snow cover around Baffin Bay (Figure 12) with
permanent or quasi-permanent snow cover over higher ele-
vations. The IMS snow season start dates agree closely with
the station observations but are about two weeks later for
snow-off. This difference is related to the different scales of
these data sources (IMS integrates information over a larger
footprint) and to cloud cover masking in the IMS product
which is mainly based on visible satellite data. The regional
pattern of seasonal snow accumulation is difficult to esti-
mate reliably because of strong local controls on moisture
availability and precipitation processes (e.g., topographic
influences such as up-slope flow), but is likely to resemble
the mean total snowfall distribution shown in Figure 8.

Evidence from surface observations (Table A8) and sat-
ellite data indicates significant decreases of ~3 weeks in
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FIGURE 11. (a) Typical seasonal evolution of snow depth in
the IRIS 2 region from the average of all in situ daily snow
depth observations over 1971-2000 period (23 stations).

(b] Typical seasonal evolution of snow depth [cm), SWE
(mm] and snowpack density (kg.m) from all bi-weekly
snow course observations in the region in the 1971-2000
period (11 snow courses). There were insufficient data after
2000 to compute 1981-2010 averages.

the period with snow on the ground over the 1950 -2013
period (Figure 13). These decreases are largely related to a
later start to the snow cover season reflecting the enhanced
warming observed in the fall season over the Canadian
Arctic (Vincent et al. 2015, Stern and Gaden 2015). The
larger response of snow cover in the snow-onset period is
also observed in climate model projections and is likely
linked to positive feedbacks driven by a shorter sea-ice
season. The period since ~1980 is characterized by the
increasing importance of earlier snow disappearance in the
spring period. Maximum snow depths have decreased over
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FIGURE 12. Median start (JDstart) and end (JDend) dates of continuous snow cover and the mean annual number of days
with snow (SCD) from the NOAA IMS-24 km daily snow cover analysis over snow seasons 1998/99 to 2013/14. The legends
for start and end date are the day in the snow year starting August 01 and ending July 31.
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FIGURE 13. Regionally-averaged anomalies (days) in annual
snow cover duration from surface stations (STNS) and the
NOAA-CDR satellite dataset over snow seasons 1950/51 to
2012/13. Anomalies were computed as departures from the
1981-2010 reference period.

the region by an average of about 20% since 1950. However
this may not reflect accumulation trends over vegetated
areas as snow depth observations are made at climate
stations in open terrain that may not be representative of
snow conditions in the prevailing land cover. For example,
observations of snow depth made at climate stations will
not reflect the impact of the increasing shrub expansion

over tundra that has important impacts on snow accumu-
lation, snowpack physical properties, energy exchanges
and climate feedbacks (Marsh et al. 2010, Loranty and
Goetz 2012). Estimates of trends in annual maximum SWE
over Arctic land areas from satellite data (e.g. GlobSnow,
Takala et al. 2011) and reanalysis-driven reconstructions
(e.g., Liston and Hiemstra 2011) show trends of different
signs over the region.

2.6 Ice cover

The ice cover of the region comprises sea ice and land-
fast ice in marine environments, and river and lake ice in
freshwater environments, and is a key feature of the win-
ter environment affecting a wide range of climate sensi-
tive ecosystem services and processes including over-ice
transport, fishing and hunting (see Chapter 11), marine and
aquatic ecosystems (see Chapter 5), coastal infrastructure
(see Chapter 15), coastal erosion (see Chapter 8) and river
stage and discharge (Prowse et al. 2011a,b, AMAP 2011,
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Allard and Lemay 2012). Inuit society and culture is intim-
ately intertwined with ice cover, and recent rapid declines
in ice are challenging the adaptive capacity of communities
(Laidler et al. 2009, Ford et al. 2009).

The sea-ice season in the region extends from approxi-
mately October to June with stronger regional variability in
dates of break-up than freeze-up (Figure 14). For example,
the northern part of Baffin Bay is the first area in the region
to be ice-free related to the NOW polynya. Break-up dates
range from mid-June to the end of August across northern
Hudson Bay, Hudson Strait, Foxe Basin and Baffin Bay.
Some northern areas of the region remain ice covered for
most of the year e.g., Nares Strait, Kane Basin and the north
coast of Ellesmere Island (Tivy et al. 2011). Multi-year ice
(MYT) can be found in Hudson Bay and Baffin Bay from
transport through Fox Basin, the eastern Parry Chanel and
Kane Basin. The ice concentration in the region is generally
at its lowest by mid-September.

The region has experienced some of the largest observed
decreases in summer sea-ice extent in the Canadian Arctic
with 20% losses in July-November sea-ice extent over the
period 1981-2014 (Figure 15). Most of the change has
occurred since 1998 with 2006 having the lowest ice cov-
er in the period with regular satellite observations. The
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observed declines in sea ice over the region are part of
a pan-Arctic and pan-cryospheric response to warming
(Derksen et al. 2012) that is underestimated in current
climate models (Stroeve et al. 2012). Analysis of trends
in ice concentration from passive microwave satellite
data (Figure 16) show that the ice concentration has been
decreasing in nearly all months in the region. Within the
region, Baffin Bay, Hudson Strait and Davis Strait have
experienced some of the largest decreases in summer sea

os .".1". N—Aa @
g X II. TV R g
AT SV LS \1,_-__ D - —— 0l e
q PN N N —fimbearic
—Hew ke
I NOESINIG .
\ AN —Ta

: 1581 1986 199 1996 W01 2006 2011

FIGURE 15. Annual variability in the ice season (June-
November) fractional coverage of total accumulated ice
(TAC) and the relative contributions of different ice types
over the Eastern Arctic region (areain red in map insert)
for the period 1981-2014. Data obtained from the Canadian
Ice Service (http://ice-glaces.ec.gc.ca/App/WsvPrdCanQry.

cfm?CanID=11090&Lang=eng).
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FIGURE 14. Sea-ice break-up (a) and freeze-up (b) dates averaged over 1981-2010 period for the Canadian Arctic. From the
Canadian Ice Service (http://iceweb]1.cis.ec.gc.ca/30Atlas10/?lang=en).
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FIGURE 16. 1979-2012 trend (% per decade) in monthly average ice concentration (%) over the Canadian Arctic and adjacent
waters based on the passive microwave satellite dataset of Cavalieri et al. (1996, updated to 2012). Reproduced from Rapaic

etal. (2015).

ice total and MYT area in the Canadian Arctic (Howell et
al. 2009, Tivy et al. 2011). These ice changes are reacting to
(and providing positive feedbacks to) increasing surface air
and sea-surface temperatures, and changes in atmospheric
circulation (Overland et al. 2012, Sharp et al. 2014, Petrie et
al. 2015) that are driving the rapid rates of climate change
observed over the region in the past decade.

Documenting the climate of the landfast ice regime (e.g.
thickness, freeze-up and break-up dates) is a challenge on
a number of fronts: manual observations involve security
risks to personnel, ice conditions can vary considerably over
short distances, and landfast ice has a relatively small spa-
tial footprint for satellite monitoring. Regular weekly meas-
urements of ice thickness at coastal, river and lake sites
close to communities were made at ~30 locations across
the Canadian Arctic from the late-1950s to the mid-1990s
(Canadian Ice Centre 1992a). The program was reinstated
at 11 Arctic stations in the early-2000s with data archived at
the CIS (formerly known as the Canadian Ice Centre until

the mid-1990s). The Canadian Ice Centre (1992a) published
1961-1990 period ice thickness climatologies for 135 sta-
tions in Canada including 11 stations located in the IRIS
2 region with more-or-less complete data in the 1961-1990
averaging period (Table A9). Corresponding information
on ice cover state (freeze-up and break-up dates) for the
1961-1990 period was published by the Canadian Ice Centre
(1992b) and is summarized in Table A10 for 8 sites in the
region with 20 or more years of data in the 1961-1990 per-
iod. The 1961-1990 period was on average ~1 °C cooler than
the recent 1984-2013 period. However, the CIS summaries
still provide useful information on the variability in fastice
conditions across the region as well as benchmarks for
assessing change from other sources of ice cover informa-
tion such as satellite data.

Analysis of the data presented in Table A9 shows that the
thinnest ice in the region is observed at Cape Dorset in
Hudson Strait (~1.4 m) with ice thickness increasing to over
2 m at Eureka. Latitude, longitude and the maximum on-ice
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snow accumulation are able to explain over 75% of the spa-
tial variation in maximum fastice thickness over the region.
The role of snow at influencing fastice thickness (acts as
an insulator to slow growth) was highlighted in Brown and
Cote (1992). The average date of maximum ice thickness
varies ~2 months over the region from mid-April at Cape
Dorset, to mid-June at Alert and Resolute. The freeze-up/
break-up summary (Table A10) shows a north-south gradi-
ent in the date of complete freeze over ranging from early
September at Alert to mid-November at Iqaluit. The aver-
age date of water clear of ice varies more uniformly over
the region (mid-July to early August). Ice is considered safe
for traffic by observers’ on average from approximately
November to mid-June, with the largest variability where
the ice may be considered unsafe during the spring period.

Trends in landfast ice are highly relevant to local commun-
ities as the coastal ice corridor has significant social, cul-
tural, and economic importance. Analysis of U.S. National
Ice Center weekly sea-ice charts from 1976 to 2007 by
Yu et al. (2014) show that landfast ice extent around the
Arctic Basin was relatively extensive from the early to mid-
1980s but has since declined in many coastal regions of
the Arctic, particularly after the early 1990s. Analysis of
Canadian landfast ice conditions with CIS digital charts
from 1983 to 2009 by Galley et al. (2012) showed signifi-
cant decreases in landfast ice cover duration over the CAA
from later freeze-up and/or earlier break-up. The study
identified a number of Arctic communities where the land-
fast ice regime had undergone particularly large changes
(Tuktoyaktuk, Kugluktuk, Cambridge Bay, Gjoa Haven,
Arctic Bay, and Pond Inlet). Landfast sea-ice duration in
the interior of the Northwest Passage was not observed to
have undergone any statistically significant change over
the period analyzed.

Ford et al. (2009) observed significant trends to later freeze-
up over Turton Bay near Igloolik over the 1969-2006 with
data from the CIS Digital Archive and local data collected
by the Nunavut Research Institute (NRI) (1985-2006). The
observed trends (both statistically significant at p <0.01)
were 7.0 days/decade for CIS and 8.3 days/decade for the
NRI data. Laidler et al. (2009) documented a trend for

earlier ice break-up at Igloolik of 6.0 days/decade over the
1982-2005 period.

Analysis of weekly ice thickness data from six coastal com-
munities in the region with long-term weekly ice thick-
ness measurements from the late-1950s show maximum
ice thicknesses experiencing a step decrease of ~20 cm
after 2000 which represents about a 10% reduction in max-
imum thickness (Figure 17). The timing of the decrease
matches the shift to lower sea-ice cover over the region
seen in Figure 15. The regionally-averaged date of annual
maximum ice thickness (not shown) advanced by ~3 weeks
over the same period in response to earlier melt.
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FIGURE 17. Regionally-averaged annual maximum ice
thickness anomalies (with respect to the 1959-1987
average) from 6 stations in the region. Ice thickness data
were obtained from the Canadian Ice Service.

Information on trends in lake and river ice cover is more
difficult to obtain for the IRIS 2 region as there are few
in situ records and satellite observations have various
limitations related to resolution, frequency, consistency
and length of coverage. Comprehensive assessments of
Canadian in situ lake and river ice trends were provided
by Lacroix et al. (2005) and Duguay et al. (2006) but
with noticeably few observations over the region. Their
results showed evidence of a widespread trend across the
Canadian Arctic towards earlier breakup dates, with trends
in freeze-up dates characterized by stronger regional
variability. Improved spatial coverage over the Canadian
Arctic was provided by Latifovic and Pouliot (2007) who
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analyzed lake freeze-up/break-up trends over 1985-2004
from AVHRR satellite imagery. Their analysis included
four lakes distributed across the region and showed evi-
dence that these lakes were part of a consistent Canadian
Arctic-wide trend to later freeze-up and earlier break-up.
The average rates of change observed over the four lakes
were 0.8 days/yr later freeze-up and 1.2 days/yr earlier
break-up with Lake Hazen near Alert exhibiting the lar-
gest and the only statistically significant trends of the four
lakes over the 20 year period.

Paquette (2015) provided evidence of recent significant
changes at Ward Hunt Lake in northern Ellesmere Island
from analysis of field records, aerial photographs, and sat-
ellite imagery. The records showed the summer perennial
ice regime was relatively stable from 1953 to 2007 but
experienced rapid thinning in 2008 and became ice free
in 2011. Further evidence of rapid lake ice changes over
the region was provided by Surdu (2015) who observed
widespread decreases in lake ice cover over the CAA from
analysis of RADARSAT data over the 1997-2011 period.
There was also evidence that some lakes may be transi-
tioning from perennial to seasonal ice regimes which has
major consequences for freshwater ecosystems (Vincent
et al. 2012).

2.7 Glaciers and ice caps

Glaciers are persistent masses of moving ice that develop
when the annual snow accumulation exceeds the annual
loss of mass by ablation over many years. They tend to be
located in regions that are either cold or seasonally cold
with high precipitation (e.g., mountains, maritime polar
regions). Their response time to climate forcing depends
on size and dynamics. For example small steep glaciers
react quickly to changes (~1-2 years) while large cold ice
caps and sheets have lags of centuries or more. Glaciers
play important roles in global climate (e.g. albedo feedback,
influences on atmospheric circulation and freshwater pro-
duction) and sea level changes (Cazenave et al. 2009), and
they can be locally important for freshwater supply. They
can also release fine sediment, nutrients, organic matter
and a range of contaminants into the broader environment.

In the region, glaciers are mostly found in the Queen
Elizabeth Islands (QEI; Devon Island, Axel Heiberg Island
and Ellesmere Island) and on Baffin and Bylot Islands
(Figure 18). The Canadian Arctic contains the largest area
of land ice (~150,000 km?) on Earth outside the ice sheets
of Greenland and Antarctica, and recent estimates of mass
loss make the CA A the single largest land ice contributor
to sea-level rise outside Greenland and Antarctica (Gardner
et al. 2011, Sharp et al. 2011, Gardner et al. 2013, Sharp
et al. 2014, Way 2015). Glaciers of the region exist in low
annual precipitation regimes (<400 mm.a"') with a high
annual temperature range (difference between winter and
summer temperature >40 °C) (Braithwaite 2005). The vari-
ability in mass balance in these environments is strongly
controlled by variations in summer temperature and melt
season duration (Sharp et al. 2011).

FIGURE 18. Land glaciers of the region. Land glaciers
are derived from elevation data and correspond to data
presented in Gardner et al. (2011).
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Observations of glacier area, thickness, and mass since the
late 1950s (including in situ measurements of glacier sur-
face mass balance and satellite measurements of changes
in the Earth’s gravity field) show that the mass and area
of land ice in the CAA have decreased over the past half
century. This is a result of climate warming, which became
more intense after 2007 as anticyclonic circulation became
more frequent over the region in summer (Overland et al.
2012, Gascon et al. 2013, Bezeau et al. 2014, Sharp et al.
2014) (Figure 19). The observed glacier mass losses are
dominated by melt/runoff with iceberg calving playing a
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FIGURE 19. Observed trends in Arctic land ice mass
balance. (a) Trend in annual surface mass balance for
the Canadian Arctic reference mass balance glaciers
(acknowledgements to R. Koerner, D. Burgess, P. Adams,
G. Cogley and L. Copland for data collection](Figure
provided by M. Sharp). (b) Cumulative total mass balance
(gigatonnes) of glaciers in the Canadian Arctic and the
Gulf of Alaska region for 2003-15 from GRACE satellite
gravimetry (Source: B.Wouters). Reproduced from Sharp
etal. (2015).

varying but apparently minor role (Williamson et al. 2008,
Van Wychen et al. 2014). Attribution studies suggest that
the signal of anthropogenic climate forcing (from land-
use change, greenhouse gas emissions and anthropogenic
aerosols) has been apparent (with high confidence) in the
glacier mass balance records from the Queen Elizabeth
Islands since ~1960 (Marzeion et al. 2014).

Zdanowicz et al. (2012) documented a post-1980 intensifi-
cation of summer melt at Penny Ice Cap (the most southerly
ice cap on Baffin Island) and concluded on the basis of the
ice core record that the present ice cap thermal and mass
balance state was probably unique in the past 3000 years
or more. Fisher et al. (2012) found that ice core-derived
melt series from the Canadian Arctic (latitude range of 67
to 81° N) show that the last quarter century has seen the
highest melt in two millennia, while the Holocene-long
melt record from Ellesmere Island’s Agassiz Ice Cap shows
the last 25 years had the highest melt rates in 4200 years.
Melt rates on the Agassiz Ice Cap since the middle 1990s
resemble those of the early Holocene thermal maximum
over 9000 years ago - when incoming solar radiation was
greater than it is today. Extensive ice bodies >6 m thick
have formed in the near surface of the firn layer of the
Devon Ice Cap as a result of the refreezing of percolat-
ing meltwater (Bezeau et al. 2013, Gascon et al. 2013).
The upper part of the firn warmed by as much as 5.5 °C
between 1971 and 2012 due primarily to latent heat release
during freezing of percolating meltwater. Almost half of
this warming occurred after 2004. See Chapter 3 for more
on glaciers.

2.8 Cyclones, waves and coastal erosion

Knowledge of cyclone characteristics (frequency, loca-
tion, intensity) and how they vary over time is important
as they have significant impacts on coastal infrastructure
through wind and wave loadings, coastal erosion, and storm
surge (Melling et al. 2012, Perrie et al. 2012). Khon et al.
(2014) anticipate an increase in significant wave height and
their extremes over inner Arctic waters in the 21st Century
in response to reduced sea-ice cover and regional wind
intensification.
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Cyclones are found all year round in the Arctic (Simmonds
and Keay 2009) and the region is located in a zone of
more frequent cyclones (Figure 20b) with preferred storm
tracks over Hudson Bay to Foxe Basin, and up the east
coast of Canada into Baffin Bay (Serreze and Barrett 2008).
Cyclones arriving in the Canadian Archipelago tend to
originate from northern Alaska and areas to the east of
the Canadian Rockies (Sorteberg and Walsh 2008, Serreze
and Barrett 2008) while cyclones affecting southern Baffin
Island tend to originate from the Atlantic region (Savard
et al. 2014). There are more cyclones in summer than winter
(Figure 20a) and summer cyclones have longer durations.
However, winter cyclones are generally more intense and
their frequency is significantly correlated to the NAO (more
storms in positive NAO years) (Wang et al. 2006).

There is a body of evidence indicating that significant
changes have occurred in the cyclone climatology over the
region. Over the 1953-2002 period Wang et al. (2006) found
that cyclones in the lower part of the Canadian Arctic were
more frequent, stronger and persistent. Over the Baffin Bay
region for the 1948-2002 period Sepp and Jaagus (2010)
showed significant increases in the frequency of cyclones
crossing ~70°N and the number of cyclones forming in the
bay. Possible mechanisms for these increases include more
open water and increasing water temperatures (Forbes
2011) as well as decadal-scale cycles in cyclone activity
(Wang et al. 2006). From these results one would antici-
pate an increase in wind speeds in the region as increased
cyclone frequency should translate to more windy condi-
tions. However, Wan et al. (2010) found evidence of signifi-
cant decreases in mean near surface wind speeds over most
of the Canadian Arctic and Baffin Island in all seasons of
~0.2 km/h/decade from homogenized anemometer records
over the 1953-2006 period. This apparent discrepancy may
be partly a sampling issue as the main storm tracks are
located offshore.
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FIGURE 20. Counts of surface cyclones centers in the
NCEP-1 reanalysis over equal area 250 x 250 km boxes
for (a) winter (December, January, February (DJF)) and
(b) summer (June, July, August (JJA)) totaled over the
period of 1958-2005 for the region north of 60 °N. The

red frame box represents the approximate IRIS 2 region.
Bold contours represent regions with at least 135 cyclone
centres. Reproduced from Serreze and Barrett (2008).
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Trends toward less sea ice and more frequent or more
intense storms provide greater wave generating potential.
When oriented toward the coasts waves can significantly
impact shorelines through erosion, sediment transport and
coastal flooding (Lantuit et al. 2011, Melling et al. 2012).
Assessing the risk of increased coastal erosion and storm
surge requires detailed site specific studies due to the strong
fetch-dependencies involved (see recent study by Savard et
al. (2014) for Nunavik coastal communities along the west
coast of Hudson Bay) as well as information on local trends
in relative sea level (e.g., Shaw et al. 1998).

Relatively few studies have been carried out on coastal ero-
sion risk in the region. The northern shores of Ellesmere
and Devon islands were both identified as stable or aggrad-
ing shores (Lantuit et al. 2011). In the Iqaluit area most of
the shoreline was determined to be stable with only a few
local areas subject to occasional wave action (Lewis and
Miller 2010). Manson and Forbes (2008) studied the erosion
potential at Hall Beach with data collected over the 2003
to 2008 period and concluded that strong winds coming
from the southeast are subject to unrestricted fetch and
have potential to impact some local areas of the coastline.

Smith et al. (2013) evaluated the sensitivity of the Canadian
coastline to sea level rise following the method of Shaw et
al. (1998) which takes into account a number of variables
including relief, landform, rock type, sea level tendency,
surficial material, tide range and wave height. Sensitivity
was classified into 5 categories ranging from very low to
very high. The results (Figure 21) show that coastline sensi-
tivity to sea level rise for the Eastern Canadian Arctic is
mostly low apart from Foxe Basin and some local areas
along the east coasts of Baffin, Devon and Ellesmere
Islands.

FIGURE 21. Estimated sensitivity of Canada’s coastline

to sea level rise based on the methodology of Shaw et al.
(1998). Thecolours correspond to a 5-category severity
index (Sl) ranging from very low (green) to very high (red).
Source:Smith et al. (2013).

2.9 Climate change projections for 2050
2.9.1 Atmospheric terrestrial projections

The climate change projections for the region were built by
dynamically downscaling output from two Global Climate
Models (GCMs) with spatial resolutions ~200-400 km to a
much finer 45 km resolution with the Canadian Regional
Climate Model (CRCM4) run at Ouranos (de Elia and C6té
2010, Paquin 2010, Music and Caya 2007). The projected
change information for the 2050 time period was obtained
by taking the difference between 30-year averages for the
“future climate” (2041-2070) and the “reference climate”
(1971-2000) assuming the SRES A2 scenario for future
greenhouse gas emissions (Nakicenovic et al. 2000). A
total of eight runs of CRCM 4.2.3 were used: five runs were
driven by the Canadian Global Climate Model (CGCM3)
(Scinocca et al. 2008, Flato and Boer 2001) and three
runs driven by the ECHAMS global model from the Max
Planck Institute (Jungclaus et al. 2006). Because of the
unequal number of CRCM runs using CGCM3 as pilot
versus ECHAMS the CGCM3 model runs were weighted
0.6 when computing the mean climate change projection
of the ensemble. The standard deviation (STD) of the eight
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runs was weighted in the same fashion. Scenarios for the
marine environment were not generated at Ouranos and
the reader is directed to the report of Steiner et al. (2013)
for scenarios of projected changes in the marine and ocean
environments (e.g., marine winds, waves, sea ice, ocean
circulation).

The amplitude and annual cycle of the regionally-averaged
projected change for 2 m air temperature and total precipi-
tation are presented in Figure 22 while the spatial pattern of
the projected changes in annual mean air temperature and
total precipitation are summarized in Figure 23. Results
for other variables and climate indicators are presented in
Appendix A and are summarized in Table 1. The largest
changes are projected to occur during the winter and fall
seasons (~4-8 °C increase in air temperature and ~8-26%
increase in precipitation). However, the spatial pattern
of change is rather patchy over the region with evidence
of some regional hot spots where changes are more pro-
nounced (e.g., parts of the CAA and the Belcher Islands).
A similar patchy response is seen in CORDEX CanRCM4
regional climate change projections over the region (not
shown) and is linked to regional variations in the sea ice
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response to warming. CanRCM4 was run at a higher reso-
Iution than CRCM4 (0.22 degrees) and was driven with
CMIPS output from the CanESM?2 earth system model
for the RCP4.5 and 8.5 emission scenarios (Scinocca et al.
2015). CanRCM4 RCP8.5 output gives projected increases
in air temperature (3-7 °C) and precipitation (10-40%) over
the region for 2050 that are similar to CRCM4.

The projected warming is associated with an earlier sum-
mer season onset (~7-15 days) and a later season end date
(~5-16 days) extending the period with above-freezing tem-
peratures by about 12 to 31 days. The snow cover season
is reduced by about one month with the largest changes to
the start date of snow cover. Projected increases in snow-
fall (15-35%) compensate for the shorter snow season with
projected increases in maximum snow depths of ~5 cm
over most of the region. However, snow accumulation in
the fall and spring periods is projected to undergo large
reductions from earlier melt and a later start to the snow
season. Simulations from the higher resolution CanRCM4
model show that the largest decreases in snow cover are
projected to occur in the coastal zone.
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FIGURE 22. Seasonal median and range of projected changes in monthly mean air temperature (a) and total seasonal

precipitation (b) from eight CRCM runs for 2050 averaged over all the grid cells of the region. The outer lines represent the

range of the eight simulations.
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FIGURE 23. Ensemble average projected change in mean annual air temperature (left panel) (°C) and mean annual total
precipitation (%) from eight CRCM runs for horizon 2050 (right panel). The inset maps show the standard deviation of the 8 runs.

2.9.2 Ice cover change projections

Climate models project a continuation of observed decreas-
ing trends in Arctic sea-ice extent and thickness but with a
large spread in the rate and timing of changes (Collins et al.
2013, Steiner et al. 2013, Semenov et al. 2015). Wang and
Overland (2012) determined a model consensus for nearly
ice-free Arctic summers by the 2030s using a sub-set of
models that best represented the observed sea-ice regime
and historical trends. Similar findings were obtained with
the coupled atmosphere ocean regional climate model
from the Rossby Centre (RCAO) forced by the RCP4.5
and 8.5 emission scenarios. Results showed an accelera-
tion of decreasing sea-ice concentration through rapid ice
loss events and a nearly summer ice-free Arctic Ocean
by about 2040 (Paquin et al. 2013, Doscher and Koenigk
2013). Analysis of projected changes in seasonal ice con-
centration from 21 CMIP5 models (not shown) showed the
largest decreases (20-40%) over the northern Baffin Bay
area during the ice onset period (October to December).

Steiner et al. (2013) project ice thickness decreases of 10-15
cm/decade over the Baffin Bay marine area with 4-7 week
reductions in the ice season by 2050.

Developing sea-ice change scenarios for coastal and inland
waterways of the IRIS 2 region is complicated as most of
the CMIPS models do not resolve the CAA and the ice
dynamics of the region that involves the import of MYI
from the Arctic Ocean (Howell et al. 2008, 2009, 2013).
Sea-ice change scenarios for the Canadian Arctic with a
high resolution coupled ice-ocean model (Hu and Myers
2014) do not show completely ice-free summers in the
CAA before 2100 in agreement with Sou and Flato (2009).
The future response of MYI depends on factors in addi-
tion to temperature (Derksen et al. 2012) and is likely to
remain a hazard for shipping for the foreseeable future.
Coupled ice-ocean model simulations of the response of
the Hudson Bay system to a climate-warming scenario
(Joly et al. 2010) showed evidence of a number of regional
“hot spots” such as the Hudson Strait-Foxe Basin region
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TABLE 1. Summary of projected climate change over IRIS 2 region from eight CRCM runs for 2050 period. The range refers
to the variation in the ensemble-averaged projected change across the region.

Climate variable

Annual air temperature

Projected change

over region

+2to+5°C

Comments

No clear spatial pattern. Over land regions, change is
projected to be more important over northern parts of IRIS 2
(Figure 1 Appendix C).

Seasonal air temperature

+1to+8°C

Changes are stronger in fall (OND) and winter (JFM]. Changes
over the southern part of IRIS 2 (Hudson Bay region) yield the
highest values in the winter season.

Thawing degree days

0to 350DD

The strongest changes are projected over southern parts of
the region (Belcher Islands, Kivallig and Baffin Island). The
lowest changes are projected over northern Ellesmere Island
and coastal areas around Baffin Bay likely in response to the
continued presence of sea ice over the summer season.

Growing degree days

0to210DD

Same as Thawing DD

Summer onset date

7 to 15 days earlier

The largest changes are projected over northern parts of
the region. Changes are not shown over grid points seen

as land ice or semi-permanent snow in CRCM as the results
are very noisy

Summer end date

5to 16 days latter

Same as Summer onset date.

Summer duration

12 to 29 days longer

Same as Summer onset date.

Number of winter thaw
(Nthaw] events

-0.6 to +1.9 events/year

The number of winter thaw events is projected to increase
slightly over the IRIS 2 region with slight decreases shown
over the southern part of Kivalliq and Baffin Island.

Total daily precipitation rate

Precipitation is projected to increase over most of the region

(rainfall + snowfall)

o 500, . )
(rainfall + snowfall) 0to25% b){about 15-20% with the largest changes projected in the
winter and fall.
Seasonal total precipitation rate Cha.nge in total daily precipitation rate is most |mporta.nt
- 0to53% during winter and fall. Changes are more pronounced in the
(rainfall + snowfall)
northern part of Nunavut.
Annual total precipitation Changes in absolute values are larger over southern regions
precip 15to 90 mm e.g., southern Baffin shows projected changes ranging

between 50 to 70 mm.

Rain-on-snow frequency
(ROS days/yr)

-2.3to 0.8 days/year

The projected changes are small and the spatial pattern noisy
with only southern Baffin Island showing spatially coherent
increases in ROS days.

Annual solid precipitation
(snowfall)

13to>35mm

Snowfall is projected to increase over the region with the
largest increases over southern Baffin Island and the
Belcher Islands.

Annual maximum snow depth
on land and on islands

-3.1to+7.5cm

Maximum snow depths are projected to increase over
southern Baffin Island with slight decrease in other regions.

Onset of snow season

4 to 24 days later

Snow cover onset is projected to start 4 to 18 days later
over the region with the largest changes over more northern
areas.

End of snow season

7 to 14 days earlier

The snow season is projected to end ~10 days earlier over
most of the region.
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that were particularly sensitive to warming. The ice regime
in this region is more sensitive to warming due to the
heat storage and water circulation characteristics of the
Hudson Bay ocean system. Additional simulations from
high resolution coupled ice-ocean models driven with a
range of climate model output are needed to reach more
robust conclusions about the projected rates of change in
sea-ice cover for the region.

A variety of methods are used to generate scenarios of
projected change in river and lake ice as these are typically
not resolved in global climate models. Prowse et al. (2007)
provided a first-order estimate of projected earlier river-
ice break-up of 15-35 days over northern North America
based on the average temperature sensitivity of break-up
dates of 5 days/°C estimated by Magnuson et al. (2000) and
projected increases of 3-7°C in spring air temperatures by
the end of this century. Prowse et al. (2007) estimated a
decrease in river-ice duration over most of Canada of ~20
days by 2050 based on projected changes in 0°C-crossing
dates. More recent studies have applied lake ice models
to estimate the response of lake ice freeze-up/break-up,
ice thickness and the potential for white ice formation
to changing temperature and precipitation (Dibike et al.
2011, 2012, Brown and Duguay 2011). The results from
these studies project a 10-15 day earlier break-up over the
IRIS 2 region and a 5-10 day later freeze-up for 2050. Ice
thickness is projected to decrease by 10-30 cm with only
small increases in the amount of white ice formation. These
model simulations are based on an “idealized lake” of fixed
depth. In reality, lake response will vary with lake mor-
phology (size and depth) and with local factors affecting
snow accumulation as shown by Brown and Duguay (2011).

2.9.3 Land ice change projections

The indications are that current trends in observed glacier
and ice cap mass loss over the CAA will likely continue
into the future as enhanced meltwater runoff is not suffi-
ciently compensated by increased snowfall (Lenaerts et al.
2013). However, it should be stressed that there is consider-
able model variability in the sign, magnitude and timing
of projected changes in snowfall and accumulated snow

mass over this region, and most climate models do not
represent local moisture sources such as the NOW polynya
that is an important contributor to the mass balance of the
Manson and Prince of Wales Ice Caps (Boon et al. 2011).
It should also be noted that Lenaerts et al. (2013) ran their
mass balance model for a single modest emission scenario
(RCP4.5). However, even with this modest scenario and a
relatively conservative modelling scheme they conclude
that it is highly unlikely that CAA glacier mass loss will
reverse in the coming century, and that projected mass loss
is irreversible in the foreseeable future.

Another study (Radic et al. 2013) makes global and region-
al projections of glacier mass changes in the 21st century.
It used downscaled output from 14 different global cli-
mate models (monthly values of air temperature at 2 m and
precipitation) considering two different emissions scenar-
ios (RCP4.5 and RCP8.5) to force a glacier mass balance
model. The model takes into account the changes in gla-
cier extent that accompany reductions in glacier mass and
volume, and is thus able to simulate the feedback between
surface mass balance and changes in the altitudinal distri-
bution of glacier surface area. For the period 2006-2100,
this study predicts reductions in glacier volume of 10-60%
in the Queen Elizabeth Islands, and 20-100% in the Baffin/
Bylot region. These projections amount to a contribution to
global sea level rise of between 22 and 75 mm. The glaciers
of the Queen Elizabeth Islands have a relatively low sensi-
tivity to the first 2 K of climate warming, but the sensitivity
increases as warming increases beyond that point. Relative
to other areas of the planet, Arctic Canada has a relatively
low sensitivity of mass balance to climate warming, but this
is compensated for by the relatively high magnitude of the
projected temperature increases in the region.

A related study using the same global climate models
forced by RCP4.5 (Bliss et al. 2014) considers the impact
of these changes on glacier contributions to regional run-
off. Glacier wastage contributes between 67 and 81% of
glacier runoff from the Queen Elizabeth Islands through-
out the 21st century, while melt of the seasonal snowpack
on the glaciers accounts for a further 16-34%. However,
the proportion of glaciers from which runoff is increasing
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over time drops from 74.9% in the period 2003-2022 to
only 1.6% in the period 2080-2099. This reflects the rapid
shrinkage and eventual disappearance of relatively small
glaciers located at low elevations. The fraction of surface
melt that is retained within the glaciers by refreezing in
snow and firn tends to decrease over time as the firn warms
up under the combined forcing from atmospheric warming
and the latent heat released during re-freezing.

For the Baffin/Bylot region, glacier wastage accounts for
about 60% of glacier runoff throughout the 21st century,
while seasonal snow melt accounts for 30-40%, and rainfall
around 13%. The fraction of glaciers with increasing run-
off trends is around 47% from 2003-2022, and decreases
to only 5.7% by 2080-2099. Thus while the trend towards
decreasing runoff volumes starts earlier in this region than
it does further north, the trend itself is more gradual in this
higher precipitation region.

2.9.4 Projected changes in cyclones

Analysis of projected changes in storm characteristics is
challenging as the climate change signals tends to be weak
(Lang and Waugh 2011) and vary significantly between
climate models. Finnis et al. (2007) investigated projected
changes in cyclonic activity in output from the third gen-
eration Community Climate System Model (CCSM3) for
the end of the 21st Century (future 2080-2099; reference
1980-1999) run under the SRES-A1B emission scenario.
The results showed a weak but significant trend toward
increasing cyclonic frequency over the Arctic region for the
September-May period. A more recent study by Zappa et al.
(2013) used output from 37 CMIPS5 GCMs for the RCP4.5
and RCP8.5 emission scenarios for the end of the century
(future 2070-2099; reference 1976-2005). Results for winter
(DJF) showed no changes in the number of cyclones and
wind intensity in most of IRIS 2 the region with the excep-
tion of southern Baffin Island and Hudson Strait where a
slight decrease is noticed. The summer (JJA) results showed
increases in cyclone numbers and cyclone associated pre-
cipitation over the northern part of the region (north of
Baffin and Devon Island). These results are consistent with
Lambert (2004) who showed decreasing cyclone frequency

in winter time for about the same future and reference per-
iods. Steiner et al. (2013) investigated projected changes in
wind speed over the Canadian Arctic and concluded that
long-term trends were close to zero.

Scenarios of changes in wind and wave conditions in the
shore zone for applications such as coastal erosion and
flooding (e.g., Savard et al. 2014) require detailed site-
specific information that takes account of varying ocean
fetch length (the horizontal distance over which wave-
generating winds blow) with direction and ice conditions.
The study by Savard et al. (2014) for coastal communities
in Nunavik used a hydrodynamic model driven with out-
put from regional climate model simulations for the SRES
A2 emission scenario to investigate the impact of climate
change on waves and storm surge. The study showed that
conditions favourable to storm surges increase in a warmer
climate due to a shorter ice season and an extention of
the period in autumn when more intense storms affect the
region. The longer open water season also contributed to
an intensification of cyclones and a longer residence time of
storms over Hudson Bay. The net effect of these processes
resulted in a projected 15-20% increase in the number of
cyclones with storm surge potential affecting communities
along the east coast of Hudson Bay. This result underscores
the importance of understanding and taking into account
regional dynamic air-sea-ice interactions in developing
future climate scenarios in coastal environments.

2.10 Summary and conclusions

Because of its geographical position, latitudinal range and
topography, the Canadian Eastern Arctic experiences some
of the largest climatic gradients and climate variability in
the Canadian Arctic. The large areas of water in the region
(Hudson Bay, Foxe Basin, Davis Strait, and Baffin Bay)
also mean that the oceans and sea ice play a strong role in
the climate of the region and its response to climate warm-
ing. The Canadian Eastern Arctic is currently experiencing
the most rapid warming anywhere in Canada during the
autumn and early winter period. According to available
air temperature data sources, this rapid warming is most
evident in the period since the early 1990s, and is linked to
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both natural and anthropogenic factors with several anom-
alously warm years being primarily linked to anomalies in
the AO and North Atlantic sea surface temperatures (Way
and Viau 2014).

The rapid rate of warming and reductions in snow and
ice cover experienced over the Eastern Canadian Arctic
over a relatively short period of time echoes the findings
of Derksen et al. (2012) that the pace of change over the
Canadian Arctic is increasing. Analysis of temperature
trends (Rapaic et al. 2015) shows that the recent warming is
concentrated over the Eastern Canadian Arctic with a num-
ber of “hot spots” showing much faster rates of warming
linked to the regional sea-ice regime. Recent studies have
demonstrated an important positive feedback of declin-
ing sea-ice extent over the Canadian Eastern Arctic region
involving the development of positive anticyclonic anom-
alies in the summer atmospheric circulation that promote
enhanced melt. This feedback mechanism is only weakly
captured in climate models and is additional evidence that
current climate models are likely underestimating the rate
of the climate and cryosphere response of the Arctic to
global warming.

Cryospheric indicators of change over the region such as
snow, ice cover and glacier mass balance show evidence of
longer-term decreases that are not consistent with longer-
term trends in regional air temperature. This mismatch
may be potentially related to the fact that the cryosphere
responds to other environmental drivers than air temper-
ature (e.g. incoming longwave radiation). Understanding
how all the pieces of the climate puzzle fit together is a
challenge especially when confronted with evidence that
the consistency between climate and reanalysis datasets
has decreased markedly over northern Canada over the last
decade (Rapaic et al. 2015). Evaluating climate models in
this environment is also a challenge when the differences
between observational datasets can be as large as or larger
than the differences between climate models.

Climate change projections for the region indicate that cur-
rent warming trends and shortening of the snow and ice
seasons will continue in response to projected warming

of ~4-8°C in air temperature by 2050, with some regions
likely to exhibit more rapid changes than others e.g., land
areas adjacent to Foxe Basin. The climate drivers of warm-
ing and increased precipitation generate widespread chan-
ges and feedbacks in snow and ice cover, land cover (e.g.
Arctic greening), terrestrial hydrology, oceanic and sea-ice
dynamics that impact ecosystem services in various ways,
some positive, some negative. Developing successful adap-
tation strategies is essential to meet these new challenges
and central to this is the need to ensure that Arctic regions
have access to reliable and authoritative information on
observed and projected rates of change in key environ-
mental indicators relevant to northern livelihoods.
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Appendix A

TABLE A1. Inventory of climate stations in the 2013 updates of the AHCCD datasets of Vincent et al. (2012) and Mekis and
Vincent (2011) located in the IRIS 2 region with surface air temperature (SAT) and precipitation data (PCP) in the period
1950-2013. The start/end years are the first/last annual SAT and PCP values in the 1950-2013 period. The % complete is the
number of non-missing annual values in the 1950-2013 period prior to gap-filling. Only the 10 PCP stations indicated in bold
had sufficient data for regional averaging and trend analysis.

- . :
Station Name Lat. (°N) Lon. (°W) alf:?/‘;artr:g:n S;stvt:;:/ cosr::lt/:te PCP SYt:ar:/End c:n?:léote
sea level (m) 1950-2013 1950-2013
Alert 82.50 -62.33 65 1952-2011 469 1951-2013 96.9
Arctic Bay 72.98 -84.62 642 1950-2005 43.8
iigsghton 67.53 -63.78 584 1959-2013 36.0
Cape Dorset 64.20 -76.50 48 1950-2011 70.3 1950-2005 67.2
Cape Dyer 66.65 -61.38 393 1960-2013 43.8 1960-1992 50.0
Cape Hooper 68.47 -66.82 390 1961-2013 31.3 1959-1990 48.3
&T:Sterﬁe{d 63.33 -90.73 10 1950-2003 28.1 1950-2005 75.0
Clyde 70.48 -68.52 27 1950-2012 71.9 1950-1998 71.9
Coral Harbour 64.20 -83.37 64 1951-2013 89.1 1951-2012 93.8
Dewar Lakes 68.65 7117 527 1961-2013 31.3 1959-1992 51.6
Eureka 79.98 -85.93 10 1951-2011 469 1950-2013 98.4
Fox Five 67.53 -63.78 584 1961-1990 46.9
Hall Beach 68.78 -81.25 8 1959-2011 75.0 1958-2009 76.6
Iqaluit 63.75 -68.55 34 1951-2013 85.9 1950-2006 57.8
Longstaff Bluff 68.90 -75.13 161 1960-2008 29.7 1959-1990 50.0
Mackar Inlet 68.30 -85.68 395 1959-1991 51.6
Nanisivik 73.0 -84.63 642 1950-2006 57.8
Pelly Bay 68.53 -89.80 16 1961-2010 51.6
Pond Inlet 72.70 -77.97 55 1958-2012 56.3
Resolute 74.72 -94.98 68 1950-2013 90.6 1950-2012 98.4
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TABLE A2. Air temperature climatologies for the 1981-2010 period from stations in the region with 15 years or more of
complete data in the AHCCD dataset of Vincent et al. (2012). Daily gap- filled data were used to compute statistics.

Monthly Monthly Annual Annual
Annual mean mean Mean
. mean of mean of . . Mean Thaw-
Station mean SAT . . . Freezing Thawing Freeze-
o) daily min CETINA N EDS T Dograes onset date onset date
SAT (°C) SAT (°C)
DEVE Days

Alert -17.4 -34.3 3.6 -6538.5 207.7 Jun-16 Aug-21
Arctic Bay -14.4 -31.6 5.7 -5551.5 337.2 Jun-13 Aug-25
Broughton -11.0 -27.7 5.9 -4383.2 406.7 Jun-11 Sep-07
Cape Dorset -8.4 -25.9 8.1 -3647.9 606.0 Jun-02 Sep-24
Cape Dyer -10.7 -27.9 6.4 -4302.1 432.0 Jun-10 Sep-11
Cape Hooper -11.3 -28.3 5.7 -4489.6 379.6 Jun-12 Sep-07
Chesterfield Inlet -10.2 -31.4 10.2 -4529.2 828.3 May-31 Sep-28
Clyde -12.5 -31.5 5.3 -4935.6 387.5 Jun-10 Sep-18
Coral Harbour -10.6 -31.0 10.1 -4587.8 744.3 Jun-03 Sep-22
Dewar Lakes -12.5 -30.3 7.0 -4941.6 424.0 Jun-13 Sep-07
Eureka -18.7 -39.4 6.1 -7209.8 400.1 Jun-05 Aug-29
Hall Beach -13.2 -33.7 7.0 -5233.2 L6b 4 Jun-10 Sep-18
Igaluit -8.8 -28.6 8.7 -3916.2 729.9 May-26 Sep-30
Longstaff Bluff -12.0 -31.2 8.0 -4880.3 528.7 Jun-08 Sep-15
Pelly Bay -13.3 -34.5 9.4 -5470.4 644.0 Jun-06 Sep-17
Pond Inlet -14.1 -34.7 6.8 -5612.5 489.8 Jun-04 Sep-12
Resolute -15.5 -33.6 4.6 -5896.1 269.8 Jun-12 Aug-27
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TABLE A3. Linear trend in SAT indicator series over the 1950-2013 period for stations in Table 1. Trends are given per
decade with statistically significant trends (0.05 level) indicated with an asterisk. The sum of freezing and thawing degree-
days (FDD and TDD] represent respectively the cumulative sum of daily temperatures below 0°C and above 0°C. The
17-station regional average trend results are computed from regionally averaged station anomalies.

Monthly Monthly

e S e FDD 0D Thaw- Freeze-
(sum/10y) (sum/10y) onset date onset date
(days/10y)  (days/10y)

Station mean SAT of daily of daily
(°c/10y) min SAT max SAT
(°c/10y) (°c/10y)

Alert 0.27* 0.28 -0.01 94.3* 2.2 -0.47 0.10
Arctic Bay 0.31* 0.60* 0.38* 91.3* 22.0 -0.62 -0.97
Broughton 0.21* 0.63* 0.06 71.5% 4.1 -0.80 -0.57
Cape Dorset 0.18 0.35 0.46* 34.4 31.7* -0.22 0.14
Cape Dyer 0.07 0.55* -0.05 29.6 5.1 0.01 1.25
Cape Hooper 0.19* 0.53* 0.04 66.6* 2.9 -0.29 0.65
Chesterfield Inlet 0.45* 0.89* 0.24* 135.0% 27.7* -1.30* 0.38
Clyde 0.33* 0.66* 0.22* 96.2* 23.8* -1.13* 1.89*
Coral Harbour 0.30* 0.48* 0.40* 79.6% 28.5* -0.88 0.90*
Dewar Lakes 0.11 0.42* 0.20 32.6 6.4 0.20 -0.68
Eureka 0.29* 0.14 0.28* 91.3* 15.8 -0.67 0.29
Hall Beach 0.12 0.15 0.21* 337 8.2 -0.09 0.48
Iqaluit 0.19 0.24 0.19* 54.1 16.7% 0.02 1.35%
Longstaff Bluff 0.14 0.36 0.19 43.3 8.4 -0.35 -0.03
Pelly Bay 0.13 0.11 0.51% 15.0 31.4* -0.53 0.98*
Pond Inlet 0.23* -0.02 0.47* 46.6 37.8* -1.63* 0.70
Resolute 0.36* 0.48* 0.16 121.4* 9.6 -0.87 -0.43
;Zesr;”g ;etiLon” dal 0.27* 0.40* 0.28* 66.3* 16.0* -0.55 0.23
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TABLE A4. Same as Table A3 for 1984-2013.

Monthly Monthly
Station mtr;rrl\u;,bl«T o?:aairlly OT::iTy [su'r:nD/I:Oy] [su-rLD/I:Oy] d:t:a[‘:iva-::;eoty] or'::tetz:ate
(°ec/10y) min SAT max SAT (days/10y)
(°c/10y) (oA [1}%]
Alert 0.83* 0.85 0.12 287.7 17.0 -0.72 -0.61
Arctic Bay 1.07* 0.63 0.76 313.8 79.7 -1.53 7.34*
Broughton 1.16* 1.96* 0.45 379.6 42.5 -4.50* 0.17
Cape Dorset 0.74* 0.78 0.75* 204.6 67.5 -1.96 1.67
Cape Dyer 0.54* 0.88 0.21 169.4 26.9 -1.68 -0.55
Cape Hooper 1.03* 1.80* 0.15 356.2 18.1 -1.90 2.96
Chesterfield Inlet 1.11%* 1.79* 0.06 367.4 371 -0.95 2.17
Clyde 1.03* 1.81* 0.47* 330.1 43.8 -2.01 1.50
Coral Harbour 0.95* 1.13* 0.57* 290.6 54.7 -2.06 1.69
Dewar Lakes 0.94* 1.38* 0.28 305.8 36.8 -0.23 0.61
Eureka 1.02* 1.47* 0.69* 315.9 57.3 -1.27 2.12
Hall Beach 1.02* 1.30* 0.18 355.2 15.4 0.23 0.63
Igaluit 1.09* 1.56* 0.32 352.0 43.9 -3.17 3.49*
Longstaff Bluff 0.86* 1.22* -0.03 3021 121 0.65 0.93
Pelly Bay 1.01* 1.77* 0.18 351.4 16.8 0.43 1.28
Pond Inlet 0.90* 1.02* 0.45 282.2 471 -0.58 1.05
Resolute 1.03* 0.95* 0.58 325.0 53.3 -0.25 2.30
;Z'esr;”g;et?_?n” dal 0.97* 1.12* 0.47* 311.1* 39.4* -1.26 1.69
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TABLE A5. Annual total precipitation climatologies for the 1981-2010 period from stations in the region with 15 years or
more of complete data in the adjusted precipitation dataset of Mekis and Vincent (2011). The units are mm for rainfall and
mm of water equivalent (mmWE) for snowfall.

Annual total
Station : : rainfall

Annual average

Annual total snowfall
number of Trace

(mm) Lmie) snowfall amounts

Alert 82.5 -62.3 65 231 221.3 108.8
Cape Dorset 64.2 -76.5 50 170.5 418.2 69.6

Chesterfield Inlet 63.3 -90.7 10 165.6 194.5 511

Clyde 70.5 -68.5 27 75.3 274.5 114.6
Coral Harbour 64.2 -83.4 b4 183.6 233.9 122.7
Eureka 80.0 -85.9 10 39.5 89.5 172.4
Hall Beach 68.8 -81.2 8 111 211.9 129.2
Igaluit 63.7 -68.5 34 2121 300.8 102.9
Nanisivik 73.0 -84.6 642 87.5 2971 73.3
Resolute 74.7 -95.0 67 75.3 179.9 172.4

TABLE Aé. Linear trends in annual total precipitation over 1950-2013 and 1984-2013 for stations in Table A5 with at
least 40 and 20 years of data in each respective period. Trends are given per decade with statistically significant trends
(0.05 level) indicated with an asterisk. The 10-station regional average trend is computed from the regionally-averaged
station anomalies. Note that Nanisivik did not have sufficient data to compute trends in either period but was included
in the regional average.

1950-2013 Trend

1984-2013 trend

Station Annual total rainfall Annual total snowfall Annualtotal rainfall  Annual total nowfall
(mm/10y) (mmWE/10y) (mm/10y) (mmWE/10y)
Alert -0.5 11.9* 0.1 10.2
Cape Dorset 2.8 53.8*2 - -
Chesterfield Inlet 1.1 2.9 - -
Clyde 0.8 13.7 - -
Coral Harbour 9.6* 8.5*% 15.0 7.0
Eureka 2.2 7.6* 5.6 5.2
Hall Beach 0.2 13.7* 0.0 52.0*
Igaluit -0.1 -13.1 - -
Resolute 1.9 9.5% 9.0 -17.6
;S;Lr;;etgg’n”dal 3.2+ 14.2* 5.8 8.0

2This value is probably unrealistic as there is evidence of a pronounced shift to higher snowfall amounts in the data after the station moved in 1977. There was no

evidence of obvious discontinuities at Hall Beach.
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TABLE A7. Snow cover climatology for stations in or adjacent to the region with at least 15 years of complete daily snow
depth data in the 1981-2010 period. Data are from Brown and Braaten (1998) updated with daily snow depth data from the
Environment Canada Digital Climate Archive.

Start date of End date of # days Anpual Date of

continuous continuous with snow maximum annual max

show cover* snow cover* cover”® snorz:spth snow depth
Alert 82.5 -62.3 Sep-08 Jun-30 298.6 48.7 Apr-11
Arctic Bay 73.0 -84.6 Sep-13 Jun-22 282.3 39.4 Mar-28
Cape Dorset 64.2 -76.5 Oct-09 Jun-19 254.7 69.2 Apr-30
Chesterfield Inlet | 63.3 -90.7 Oct-29 Jun-04 219.5 n/a n/a
Clyde 70.5 -68.5 Sep-28 Jun-25 272.3 57.5 Apr-29
Coral Harbour 64.2 -83.4 Oct-13 Jun-16 247.8 46.8 Mar-29
Eureka 80.0 -85.9 Sep-23 Jun-09 263.3 20.3 Mar-26
Hall Beach 68.8 -81.2 Oct-07 Jun-24 261.9 51.8 Apr-20
Igloolik 69.4 -81.8 Oct-06 Jun-12 251.5 401 Apr-20
lqaluit 63.7 -68.5 Oct-15 Jun-08 241.4 4b. b Mar-21
Pelly Bay 68.5 -89.8 Oct-07 Jun-13 250.7 71.3 Apr-20
Pond Inlet 72.7 -78.0 Sep-27 Jun-06 253.0 34.6 Feb-02
Rankin Inlet 62.8 -92.1 Oct-21 Jun-07 229.2 46.6 Apr-11
Resolute 74.7 -95.0 Sep-16 Jun-22 280.6 30.9 Mar-12
Taloyoak 69.6 -93.6 Oct-04 Jun-19 259.3 33.7 Apr-26
Whale Cove 62.2 -92.6 Nov-04 Jun-02 211.9 n/a n/a

* Defined as the first (last) date in the year with 14 consecutive days of snow depths > (<) 2 cm
~ Day with 22 cm snow on ground

TABLE A8. Linear trend in snow cover over 1950/51-2011/12 snow seasons for stations in or adjacent to the region with at
least 36 years of data in the period. For dates, a negative (positive] trend corresponds to earlier (later] dates. The regional
average trend is computed from station anomalies.

End date of

Start date

92

of continuous continuous Annual #days Annual maximum Date of annual
Station SnoOW cover Snow cover with snow cover snow depth max snow depth

(days/decade) (days/decade) (days/decade) (cm/decade) (days/decade)
Alert 2.9* 0.1 -3.2* -0.8 0.6
Clyde 4.9% 3.2 -4.2 -3.6 -0.2
Coral Harbour 3.3* -1.5* -4.7* -4.5% -6.0
Eureka 2.1 -2.3* -3.8% -0.1 -13.4*
Hall Beach 2.8* -1.3 -3.9* 0.5 0.4
Igaluit 3.1* 0.5 -1.0 -3.8 2.6
Resolute 1.0 -1.9* -3.5*% -1.3 -18.7*
15-station regional 2.5 0.7 3.3 1.3% -6.0%
avg trend
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TABLE A9. Average ice thickness values published by the Canadian Ice Centre (1992a) for stations in the region with 20 or
more years of data in the 1961-1990 averaging period. Freshwater sites are indicated with an asterisk.

Station (water body if Approx. coordinates Avg Max Ice Avg date (week) of Avg Max On-ice
different from station name) Lat.[° N), Long.(° W) Thickness (cm) Max Ice Thickness  Snow Depth (cm)
Alert (Parr Inlet) 82.50,-62.33 205.5 Jun 11-17 34.8
Alert (Dumbell Lake]* 82.50,-62.33 204.8 Jun 4-10 40.9
Eureka (Slidre Fiord) 79.98, -85.93 233.1 Jun 4-10 28.2
Resolute (Resolute Bay) 74.72, -94.98 194.7 Jun 11-17 49.5
Pond Inlet® 72.70, -77.97 161.3 May 28 - Jun 3 23.3
Clyde (Patricia Bay) 70.48, -68.52 160.6 May 21-27 33.6
Hall Beach (Foxe Basin) 68.78, -81.25 194.6 Apr 16-22 29.9
Cape Dorset (Hudson Strait) 64.20, -76.50 136.8 Apr30-May 6 39.6
Coral Harbour 64.20, -83.37 171.5 May 14-20 29.7
Iqaluit (Koojesee Inlet) 63.75, -68.55 163.1 May 21-27 20.6
[Cshpeusrtreerlﬁlillit']”let 63.33,-90.73 186.9 Apr 30 - May 6 12.9

2Pond Inlet average maximum ice thickness is about 35 cm thinner than expected based on the observed relationship between maximum ice thickness, latitude,
longitude and maximum snow depth for these stations. According to notes in the station history file this may be related to the measurement site being located for
some period near the outflow pipe carrying waste water from the community (R. Brown).

TABLE A10. Average freeze-up/break-up values for sites in the region published by the Canadian Ice Centre (1992b] with 20
or more years of data in the 1961-1990 period. Freshwater sites are indicated with an asterisk.

Average date of

Average period of Average date of first Average date of

Station compl:‘:::reeze ice safe for traffic  deterioration of ice water clear of ice
Alert (Parr Inlet) Sep 07 Oct 20 -Jun 16 Jun 22 Jul 30
Alert (Dumbell Lake)* Sep 09 Oct22-Jun 15 Jun 24 Incfl;?rl::;t
Eureka (Slidre Fiord) Dec 08 Oct 10 - May 29 Jun 12 Jul 30
Resolute (Resolute Bay) Oct 02 Oct03-Jun 09 Jun 24 Aug 04
Clyde (Patricia Bay) Nov 06 Nov 05 - Jun 04 Jun 17 Aug 05
Hall Beach (Foxe Basin) Oct 31 Nov 02 - Jun 30 Jun 18 Jul18
Coral Harbour Nov 05 Nov 07 - Jun 10 Jun 19 Jul 14
Iqaluit (Koojesee Inlet) Nov 15 Nov 18 - Jul 03 Jun 10 Jul17
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Key messages
e Glacier andice cap mass losses are accelerating across the Eastern Canadian Arctic, with losses over the past
decade at least double that of previous decades.

e Most glacier and ice cap mass losses can be attributed to increasing summer air temperatures.
e Canadian Arctic ice shelves have decreased in area by approximately half over the past decade.

¢ |ceshelves and floating glacier tongues are producing large ice islands and icebergs that can provide significant
hazards to offshore oil exploration and shipping companies.

e |tis likely that all Arctic ice shelves will be lost by the 2040s or earlier.

e Continued losses for glaciers and ice caps are highly likely for the remainder of the 21st century, resulting in the
complete disappearance of many small ice masses.

e Loss of all of these ice features will result in loss of biodiversity, and the complete extinction of globally unique
ecosystems that depend on ice shelf, glacial ice and ice cap integrity.

Abstract

The Eastern Canadian Arctic contains over a third of the world’s Arctic glaciers and ice caps, and the last remaining ice
shelves in the Northern Hemisphere. These components of the cryosphere provide an important part of the landscape
diversity of Nunavut, act as important sentinels of climate change, and provide unique habitats for life living under extreme
conditions. Glaciers and ice caps have been losing significant mass in recent decades, with current melt rates at their highest
for at least the past 3000 years. Recent glacier mass loss rates in the northern Canadian Arctic Archipelago (CAA) have
been five times greater than the 1963-2004 average, while mass loss rates in the southern CAA were more than twice as
high in 2003-2011 compared to 1963-2006. These mass losses have been linked to increasing summer air temperatures,
and suggest that glaciers and ice caps in the Eastern Canadian Arctic are far out of equilibrium with current climate. On
northern Ellesmere Island, the number of ice shelves has halved since 2005, with their area decreasing from >1000 km?
in 2005 to ~500 km? today. These losses are expected to continue in the future, making it likely that all ice shelves will
disappear in the next few decades. When ice shelves and floating glacier tongues break up they produce icebergs and ice
islands, which can be significant hazards to marine navigation and offshore oil and gas exploration. Ice islands in Baffin
Bay typically originate from the breakup of floating glacier tongues in northwest Greenland, while those in the interior
islands of the CAA and Beaufort Sea typically originate from the breakup of ice shelves on northern Ellesmere Island.
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3.1 Introduction

Glaciers and ice caps in the Eastern Canadian Arctic com-
prise over a third of the ~400 000 km? terrestrial ice cov-
er in the Arctic outside of the Greenland Ice Sheet, with
~42 000 km? in the southern Canadian Arctic Archipelago
(CAA) (Baffin and Bylot Islands) and ~104 000 km? in the
northern CAA (Queen Elizabeth Islands, consisting of pri-
marily Axel Heiberg, Coburg, Devon, Ellesmere, Meighen
and Melville islands) (Figure 1; Sharp et al. 2014). Ice mass-
es are primarily concentrated along coastlines adjacent
to moisture sources, of which Baffin Bay is the primary
source and the Arctic Ocean a secondary source (Koerner
1979). Most ice caps range in elevation from 0 to ~2000 m
above sea level, and flow slowly (<15 m a) in their interior
regions where the ice is frozen to the bed (Van Wychen et
al. 2014). In areas where the ice becomes confined in val-
leys it forms outlet glaciers which have unfrozen beds and
flow towards the ocean at average speeds of ~20-200 m a™,
although speeds can reach >1 km a’! for the very largest
glaciers and during surges (Van Wychen et al. 2014, 2016).
On average, glacier speeds are higher in the northern CAA
than the southern CAA, due to the larger sizes of glaciers
in the north and the tendency for more of them to reach
the ocean. Where glaciers reach the ocean they are called
tidewater glaciers, and they typically produce icebergs.
In the Canadian Arctic, ~98% of icebergs originate from
the northern CAA and ~2% from the southern CAA (Van
Wychen et al. 2015).

In the coldest, northernmost parts of the Canadian Arctic,
some glaciers do not produce icebergs when they reach
the ocean, but instead become preserved in fiords due to
the protection provided by surrounding topography and/
or sea ice. Over time, this glacier ice can fill the near-sur-
face of fiords to produce ice shelves, which can be up to
~100 m thick (Mortimer et al. 2012). Ice shelves can also
be produced by the in situ accumulation of very old sea ice
and snow (Jeffries 2002). Studies indicate that ice shelves
have occupied some of the fiords of northern Ellesmere
Island for the past ~4000-5500 years (England et al. 2008,
Antoniades et al. 2011). These ice shelves have undergone
rapid disintegration in recent years, decreasing from a

total area of ~8900 km? in 1906 (Vincent et al. 2001) to
~500 km? in 2015. As ice shelves have disintegrated they
have produced ice islands, which are large tabular icebergs
with a typically rolling surface topography of troughs and
ridges. They can reach many tens of km? in area, and most
drift for periods of years to decades in the Arctic Ocean
and interior islands of the CAA, before breaking up in
more southerly waters. For example, the ice island that
broke away from the Ayles Ice Shelf in 2005 was roughly
the size of Manhattan, and rapidly drifted westwards in the
Arctic Ocean after formation, along the coast of northern
Ellesmere Island (Copland et al. 2007). These immense,
drifting ice features are also created from the break-up
of floating glacier tongues. Ice islands located in Eastern
Canadian Arctic water bodies, such as Nares Strait and
Baffin Bay, most often originate from the floating glacier
tongues of northwest Greenland. Ice islands found in the
Western Canadian Arctic and interior islands of the north-
ern CAA are typically derived from the break-up of the ice
shelves on northern Ellesmere Island, although a few have
also been produced from the breakup of floating glacier
tongues in this region.

In this report we outline the characteristics and recent chan-
ges of the glaciers, ice shelves and ice islands in the Eastern
Canadian Arctic. Over the past decade, satellite observa-
tions have enabled the monitoring and measurement of
changes to many of these features on a regional scale for
the first time, and have provided new insight into how these
components of the cryosphere are changing. This builds
on earlier field-based observations, which were typically
more local in nature and collected on the ground or by air-
craft. We finish by providing an assessment of how these
features are likely to evolve in the future given current and
predicted climate change.
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FIGURE 1. Location of the major glaciers, ice caps and icefields of the CAA. Source: MODIS Terra, July 21, 2015. The location
of the ice shelves is marked by a blue oval (see Figure 5 for more detail).
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3.2 Glaciers and ice caps

3.2.1 In situ mass balance measurements

The traditional method of determining a glacier’s health
involves measuring the change in height of a network
of mass balance stakes drilled into the glacier surface
(Box A). Annual (or more frequent) measurements of the
height of these stakes in relation to the glacier surface can
then provide information on accumulation and ablation pat-
terns along the glacier length. This ‘glaciological’ method
has been used in the Canadian Arctic since the late 1950s
to early-1960s at four monitoring sites (White Glacier, Axel
Heiberg Island; Meighen Ice Cap, Meighen Island; Melville
Ice Cap, Melville Island; Sverdrup Glacier, Devon Ice Cap,
Devon Island) (Koerner 2005, Sharp et al. 2011). This rec-
ord shows that prior to the late 1980s, the ice masses of the
northern CA A were largely in balance, meaning that abla-
tion (primarily melt) was balanced by accumulation (snow-
fall). However, glacier mass balances became negative in
the mid-1990s, and have been acutely negative for most
years since 2005. For example, mass loss from 2005-2009
was nearly five times greater than the 1963-2004 average
(Koerner 2005, Mair et al. 2009, Sharp et al. 2011). On the
northwest sector of Devon Ice Cap, surface mass balance
has been negative since 1960 (Koerner 2005), but after
2005 surface melt rates have been ~4 times greater than
the long-term average (Sharp et al. 2011). Between 1960
and 2013 there has been a cumulative mass loss of almost
12 m water equivalent (w.e.) on White Glacier (Box A),
>6 m w.e. on Devon Ice Cap, >8 m on Meighen ice cap and
>14 m on South Melville ice cap (Figure 2; Burgess 2014).
Koerner (2005) argued that this negative trend has been
driven primarily by warmer summers that have increased
melt and the depth of meltwater percolation, rather than by
changes in winter snow accumulation.

Ice core records reveal that melt rates on CAA ice caps
over the last 25 years are at their highest level in millen-
nia. On Agassiz Ice Cap, Ellesmere Island, ice core rec-
ords acquired from the summit region indicate that melt
rates since the early 1990s are comparable to those last
experienced ~9000 years ago when conditions were warmer
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FIGURE 2. Cumulative water equivalent (w.e.) surface
elevation change on Devon, Meighen and South Melville ice
caps over the period 1960-2013 derived from in situ mass
balance measurements. Adapted from Burgess (2014),
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during the Holocene climatic optimum (Fisher et al. 2012).
A historical climate record derived from deep and shallow
ice cores on Penny Ice Cap, Baffin Island, indicates that
current melting there is unprecedented in magnitude and
duration for the past ~3000 years (Fisher et al. 1998, 2012).
Since the mid-1990s, near-surface temperatures recorded
in shallow ice cores in the accumulation area of Penny Ice
Cap have increased by ~10 °C due to increased amounts
of summer meltwater percolating into the ice (Zdanowicz
et al. 2012). On Devon Ice Cap, significant warming
between 2007 and 2012 has resulted in an increase in the
amount of ice in the higher elevation regions of the ice cap,
replacing the previous firn (snow more than 1 year old),
and resulting in reduced vertical percolation into deeper
regions and reduced water storage potential of much of the
firn reservoir (Gascon et al. 2013).
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BOX A. Mass balance measurements at White Glacier

White Glacier (Figure Al) is a 14 km long mountain glacier, measuring approximately 40 km? in area, located on
western Axel Heiberg Island, Nunavut (Figure 1). The mass balance monitoring program at White Glacier was initi-
ated in 1959 by Fritz Miiller, founder of the McGill Arctic Research Station (Miiller 1963), and today it is one of 40
official reference glaciers within the Global Terrestrial Network for Glaciers through the United Nations Framework
Convention on Climate Change. These observations, submitted annually to the World Glacier Monitoring Service
(www.wgms.ch), are used with others to calculate a worldwide glacier mass balance index that is regularly pub-
lished in climate change assessment reports (WGMS 2008, 2015). As of 2015 the mass balance record (Figure A2)
indicates that, on average, increased melt in recent years has not been offset by annual snowfall, resulting in mass
loss and glacier retreat. This trend coincides with a raising of the equilibrium line altitude (ELA; the transition
from regions of annual mass gain to regions of annual mass loss; Figure A1) by approximately 180 m over the past
two decades (Thomson et al. 2017). The mean ELA over the period 2004-2014 was 1228 m above sea level (a.s.1.).

White Glacier’s rich history of previous research provides valuable baseline data that enables us to observe in
detail how Arctic glaciers are responding to climate change. Field studies are carried out in the spring (April and
May) when we can access the glacier by snowmobile from our base at the nearby McGill Arctic Research Station.
Our fieldwork involves measuring snow accumulation and ice melt along a transect of 40 mass balance stakes
installed up the glacier centerline (Figure Al), spanning elevations from 110 to 1520 m a.s.l.. Being situated in
a polar desert, annual snow depths rarely exceed 1.5 m at upper elevations (1500 m a.s.l.), and we make density
measurements of the snowpack to calculate its water equivalence (Cogley et al. 1996). Summer ice melt near the
terminus typically ranges between 2-3 m, but may exceed 5 m in high-melt summers (e.g., 2012). Recent results
from a mapping campaign in 2014 indicate that glacier ice in the terminus region (lower 5 km) has thinned by
20 m on average over the past 55 years, with maximum losses exceeding 50 m (Thomson and Copland 2016).
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FIGURE A1. View northwards up the White Glacier FIGURE A2. Water equivalent (w.e.) surface elevation
terminus showing approximate location of the change on White Glacier for the period 1960-2014
mass balance stake network and contemporary derived from in situ mass balance measurements:

equilibrium line. (a) Annual measurements; (b) Cumulative changes.
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3.2.2 Airborne and satellite mass balance
measurements

As an alternative to the ‘glaciological’ method of measuring
glacier mass balance, recent studies have used airborne and
satellite data to measure mass balance using the ‘geodetic’
method. This method relies on repeated measurements of
the surface height of glaciers and ice caps, and can provide
information on regional changes in mass balance that are
not available from local in situ measurements. Some of
the earliest kinds of these records are provided through
repeated laser altimetry measurements made by the
National Aeronautics and Space Administration (NASA),
which started in 1995 over many CAA ice caps and have
continued at approximately 5 year intervals to the present
day. Based on thickness changes derived from repeat air-
borne surveys in 1995 and 2000, Abdalati et al. (2004)
reported that most ice caps in the CAA were thinning at
lower elevations (<1600 m), but showing thickening or little
change at higher elevations. For ice caps in the northern
CAA thinning was generally <0.5 m a, but on Barnes and
Penny ice caps in the southern CAA, thinning was >1 m a’!
at lower elevations. On Penny Ice Cap, more recent meas-
urements (2007-2011) indicate thinning of 3-4 m a! near
the ice cap margin, amongst the highest rates anywhere in
the Canadian Arctic (Zdanowicz et al. 2012).

Gardner et al. (2012) updated the earlier measurements
of glacier changes in the southern CAA by using a com-
bination of repeat airborne and satellite altimetry meas-
urements, satellite gravimetry measurements and digital
elevation models derived from stereo air photos and satel-
lite imagery. These measurements indicate that total mass
loss from the glaciers of Baffin and Bylot Islands more
than doubled from 11.1 = 3.4 Gt a™! for the period 1963-
2006 to 23.8 + 6.1 Gt a! for the period 2003-2011. These
changes were primarily attributed to increases in summer
temperature, with little change in precipitation over this
period. Between 2003 and 2011 the glaciers of Baffin and
Bylot islands contributed ~16% (0.07 = 0.02 mm a™') of
the total contribution to sea level rise from glaciers and
ice caps outside of Greenland and Antarctica (Gardner
et al. 2012). This aligns with observations from passive

satellite microwave records that the average melt season on
Barnes Ice Cap lengthened by ~33% between 1979-1987
and 2002-2010, and nearly doubled on Penny Ice Cap
between 1979 and 2010 (Dupont et al. 2012).

For the CAA as a whole, Gardner et al. (2011) used repeat
satellite gravimetry, satellite laser altimetry and modelling
to show that mass loss rates almost tripled from 31 + 8
Gt alin 2004-2006 to 92 + 7 Gt a! in 2007-2009. Losses
were extensive across both the northern and southern CAA
(Figure 3). Similar to the findings of Gardner et al. (2012),
these losses were attributed primarily to warmer sum-
mer air temperatures in the lower troposphere, with mass
loss rates highly sensitive to relatively small temperature
changes, at a rate of 64 +14 Gt a’ per 1°C increase in tem-
perature. These overall losses made the CAA the largest
contributor to sea level rise outside of the Greenland and
Antarctic ice sheets for the period 2007-2009. More recent-
ly, Harig and Simons (2016) used satellite gravimetry data
to demonstrate that ice mass losses have accelerated across
the CAA since 2003, with the exception of a positive mass
anomaly in summer 2013. While the majority of losses has
been in the form of surface melt and runoff, Van Wychen et
al. (2014) determined that iceberg discharge from the CAA
amounted to 2.6 + 0.8 Gt a'! in 2012, equating to 7.5% of
pan-Arctic iceberg discharge and ~3.1% of the average total
glacial runoff in the QEI from 2007-2009.

For glaciers and ice caps, Sharp et al. (2014) calculat-
ed area changes using aerial photographs and satellite
imagery from ~1960 to ~2000. Over this period, total
ice-covered area in the northern CAA reduced from
107 071 km? to 104 186 km?. The greatest area losses
occurred on the ice caps on Devon Island and southern
Ellesmere Island, with reductions of 4.0% and 5.9%,
respectively. The northern Ellesmere Island ice cap also
lost significant area, shrinking by 3.4% over this per-
iod. Using a similar technique, Thomson et al. (2011)
determined that the ice coverage on Axel Heiberg Island
reduced by a total of less than 1% between 1958-59 and
1999-2000. However, this hides the fact that losses were
particularly pronounced on small glaciers and ice caps,
with retreat of ~50-80% for independent ice masses less
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FIGURE 3. Cumulative change in glacier mass between
fall 2003 and fall 2009 for the: (a) northern CAA and

(b) southern CAA, derived from modelling of surface mass
balance and ice dynamics (SMB+D), satellite gravimetry
(GRACE) and satellite altimetry (ICESat). Note the
difference in scale between the two parts. Reprinted

by permission from Macmillan Publishers Ltd: Nature
(Gardner et al. 2011), © 2011.

than 25 km? in size, and the complete disappearance of
90% of ice masses smaller than 0.2 km?.

In the southern CAA, other studies have also shown that
small ice caps and glaciers are particularly vulnerable
to losses; e.g., Paul and Svoboda (2009) found total area
losses of 12.5% between ~1920 and 2000 for a total of 264
glaciers located on the Cumberland Peninsula, southeast
Baffin Island. These losses showed a strong dependence
on glacier size, with glaciers 0.1-0.5 km? in size losing an

average of 45.6% of their area over this period, compared
to mean losses of 6.4% for glaciers >50 km? in size. A
recent comparison of digital elevation models derived from
historical aerial photography and high resolution satellite
imagery shows that there have also been dramatic reduc-
tions in the volume and area of the Grinnell and Terra
Nivea ice caps on far southern Baffin Island since the 1950s
(Papasodoro et al. 2015). On Terra Nivea the ice cap-wide
mass balance increased from -0.30 + 0.19 m w.e. a! over
the period 1958/59-2007 to -1.77 + 0.36 m w.e. a over the
period 2007-2014. Similarly, Way (2015) found that Terra
Nivea Ice Cap has lost 22% of its area since the late 1950s,
while Grinnell Ice Cap has lost a total of 18%. These rapid
reductions in area have been linked to increasing summer
air temperatures, and suggest that these ice masses are far
out of equilibrium with current climate.

3.2.3 Glacier dynamics

An important question, given the widespread and increas-
ing recent mass losses from glaciers and ice caps across the
CAA, is whether glacier motion is changing in response.
To address this, Van Wychen et al. (2016) matched pairs
of Radarsat and Landsat satellite imagery to determine
the velocity structure of the ice masses of Axel Heiberg
and Ellesmere Islands for the period 1999-2015. Out of
117 sampled glaciers the vast majority did not show sig-
nificant velocity changes, but six had fluctuating velocities
(both speed-up and slow-down), eight slowed progressively
and two accelerated throughout the observation period.
To investigate the causes of these velocity variations, Van
Wychen et al. (2016) combined the observed glacier dynam-
ics with a record of terminus positions and an inventory
of optical satellite imagery used to identify glacier surface
features that would indicate surge activity (e.g., looped sur-
face moraines, extensive fresh crevassing). Glacier surging
refers to a period of rapid glacier advance (over months to
years) that can occur after a long period of near-stagnation
(of decades to centuries), typically driven by the movement
of excess ice mass from the top to bottom of a glacier as
part of a glacier’s internal dynamics (Meier and Post 1969).
Pulse glaciers refer to ice masses that share many of the
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characteristics of surging, such as significant velocity vari-
ability, but where the variations do not appear to encompass
the entire glacier length (Van Wychen et al. 2016). Using
this classification scheme, all of the glaciers that displayed
velocity variability or a progressive slow-down could be
explained by surge or pulse mechanisms. For these glaciers
it appears that internal mechanisms, rather than external
forcing (e.g., climatic or ocean warming), are responsible
for the majority of observed dynamic changes.

The major exceptions to this behaviour are the two gla-
ciers that underwent consistent acceleration, the Trinity
and Wykeham glaciers of southeastern Prince of Wales
Icefield, whose changes appear to be driven by external for-
cing (Figure 4). Over the period 1999-2015 the surface vel-
ocity of Wykeham Glacier nearly doubled (increasing from

n“ Triainy Glackar

~200 m a' to ~400 m a! in the lowermost terminus region),
while the surface velocity of Trinity Glacier nearly tripled
(increasing from ~400 m a!' to ~1200 m a™! in the lower-
most terminus region). From 1959 to 2015, the terminus of
Trinity Glacier retreated by ~6 km while Wykeham Glacier
retreated by ~2 km. However, roughly half of the observed
retreat for both glaciers has occurred since ~2001, coinci-
dent with the onset of faster motion (Van Wychen et al.,
2016) and increases in summer air temperatures (Sharp
et al. 2011). This pattern of terminus retreat coincident
with acceleration is at odds with the expected behaviour
of surge-type and pulse-type glaciers and suggests that a
unique climatic and/or oceanic mechanism is driving the
recent speed-up of these two glaciers. A comparison of
glacier surface elevations in 2008 and 2014 indicates ~2-5
m a! of surface lowering in the lowermost 10 km of both

FIGURE 4. (a) Frontal retreat (1959-2015) of Trinity and Wykeham Glaciers (background: Landsat 8, July 29, 2015);
(b) 1999-2015 centreline surface velocities of Trinity and Wykeham glaciers, extracted along the red dashed lines
shown in (a); (c) location of Trinity and Wykeham Glaciers (marked by red star; also see Figure 1).
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glaciers, approximately double that expected from sur-
face melting (Mair et al. 2009, Marshall et al. 2007). This
implies that at least half of the observed thinning is driven
by glacier acceleration. This pattern of unstable terminus
acceleration, thinning and prolonged retreat has previously
been reported in Greenland (e.g., Helheim Glacier; Howat
et al., 2005), but not previously identified in the Canadian
Arctic. Trinity and Wykeham glaciers accounted for ~22%
of total CAA iceberg discharge to the ocean in 2000, but
~62% in 2015 (Van Wychen et al. 2016), indicating that
changes in the dynamics of just a few glaciers can change
iceberg production patterns for the entire Canadian Arctic.
Given that these glaciers are grounded below sea level for
~30-45 km upglacier from their current calving fronts, they
are particularly prone to further retreat and break-up before
re-stabilization can occur.

3.3 Ice shelves
3.3.1 Ice shelf area changes

There are currently three remaining major ice shelves
on the northern coast of Ellesmere Island: the Petersen,
Milne and Ward Hunt (Figure 5). These ice shelves are
remnants of the Ellesmere Ice Shelf (unofficial name) that
once fringed the entire northern coast of Ellesmere Island,
and was first described by Lt. Aldrich of the British Arctic
Expedition of 1875-76 (Nares 1878). Later observations by
Peary (1907) of a ‘broad glacial fringe’ along the north-
western coast of Ellesmere Island were used by Vincent et
al. (2001) to estimate an ice shelf extent of 8900 km? and
length of 500 km in 1906. In the studies of England et al.
(2008) and Antoniades et al. (2011), radiocarbon dating
of driftwood collected in fiords behind ice shelves was
used to infer when the north coast of Ellesmere Island was
last ice-free. Based on samples collected inland of Ward
Hunt Ice Shelf and five adjacent fiords, it is likely that the
Ellesmere Ice Shelf began to form ~4000-5500 years ago.

Over the period 1906-1982, ~90% of the Ellesmere Ice
Shelf was lost in a series of large calving events, particu-
larly prior to the 1950s (Koenig et al. 1952). These events
released many large ice islands into the Arctic Ocean and

left behind six remnant ice shelves located in fiords and
bays along the coastline. From the 1950s to the end of the
20th century there were several calving and break-up (frac-
ture development) events that further fragmented these ice
shelves (Hattersley-Smith 1963, Jeffries and Serson 1983,
Jeffries 1986a). During the 1960s the Ward Hunt Ice Shelf
lost 50% of its area (596 km? from 1961-1962) (Hattersley-
Smith 1963), and the Ayles Ice Shelf calved 15 km? (from
1962-1966; Jeffries 1986a). Between 1980 and 1983, the
Ward Hunt Ice Shelf lost ~80 km? in two calving events
(Jeffries and Serson 1983). From then until 2005, the ice
shelves remained generally stable.

Starting in 2005, a renewed period of ice shelf losses has
occurred. From 2005 to 2012, >50% of their total 2005 area
of ~1043 km? was lost, with many ice islands drifting in the
Beaufort Gyre as a consequence (Mueller et al. 2013). This
period of ice shelf break-up began with the complete loss
of the Ayles Ice Shelf (87 km?) and an ~8 km? loss from the
Petersen Ice Shelf in summer 2005 (Copland et al. 2007,
White et al. 2015a). In 2008, 42 km? of the Ward Hunt Ice
Shelf calved away, along with 60% (122 km?) of the Serson
Ice Shelf, a ~9 km? loss from the Petersen Ice Shelf, and the
complete loss of the Markham Ice Shelf (50 km?; Mueller
et al. 2008, White et al. 2015a). The year 2011 was also
marked by substantial calving events, including a 39 km?
loss from the Ward Hunt Ice Shelf as it broke into two,
5.5 km? loss from the Petersen Ice Shelf and a 32 km?loss

FIGURE 5. Summer 2015 location of ice shelves on northern
Ellesmere Island. Base image: MODIS, July 12, 2015.
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from the Serson Ice Shelf (White et al. 2015a). An addi-
tional 5.5 km? loss from the Petersen Ice Shelf occurred in
summer 2012. Many of these ice shelf losses have occurred
in conjunction with the loss of adjacent multi-year landfast
sea ice, such as 690 km? of ~70 year old sea ice which broke
out from the head of Yelverton Bay in August 2005 shortly
before losses of parts of the Petersen Ice Shelf (Pope et al.
2012). Many ice shelf losses have also resulted in the loss of
adjacent freshwater epishelf lakes that were once dammed
behind them (Box B; White et al. 2015b).

3.3.2 Recent changes in ice shelf thickness

Recent ice shelf thickness measurements are limited to the
Petersen and Milne ice shelves. In May 2011 measurements
conducted with a 250 MHz ground penetrating radar (GPR)
system on the Petersen Ice Shelf revealed a mean thickness
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of 29 m, with a standard deviation of 24 m and maximum
thickness of ~106 m for a tributary glacier (White et al.
2015a). GPR measurements on the Milne Ice Shelf in April
2008 and May 2009 revealed a mean thickness of 55 m,
with a standard deviation of 22 m and a maximum of 94 m
(Mortimer et al. 2012). Both of these ice shelves contain
thicker ice where tributary glaciers provide input, and are
thinner near their inland margins.

A comparison of the 2008/2009 ice thickness measurements
on the Milne Ice Shelf with airborne measurements col-
lected in 1981 (Prager 1983; Narod et al. 1988) provides the
only direct quantification of ice shelf thickness change for
the Canadian Arctic (Mortimer et al. 2012). These measure-
ments indicate that the ice shelf reduced in volume by 13%
over this period, with an average thinning of 8.1 £ 2.8 m,
equivalent to -0.26 + 0.09 m w.e. a” (Figure 6).
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FIGURE 6. Thickness maps of the Milne Ice Shelf showing: (a) 1981 thicknesses interpolated from a contour map produced by
Prager (1983), with superimposed flight lines; (b) interpolated thicknesses derived from 2008/2009 ground penetrating radar
measurements; (c] changes in the thickness of the Milne Ice Shelf between 1981 and 2009. Source: Mortimer et al. (2012).
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BOX B. Epishelf lakes

Ice shelves at the northern coast of Ellesmere Island are attached to the coast along the sides of fiords and embay-

ments. However, there can also be areas at the rear of ice shelves where they are not attached to the land, which

allows for the formation of a freshwater layer in the fiord that floats on the relatively high density sea water below.

These are referred to as epishelf lakes and they can exert considerable influence on the ice shelves that dam them

(Figure B1).

Epishelf lakes are supplied with meltwater that flows
from the surrounding land in the brief summer period.
This freshwater collects in the upper water column
with minimal mixing with the ocean below, creat-
ing a sharp step-like change in salinity (Figure B2)
at a depth that is equal to the minimum draft of the
ice shelf. If more meltwater flows into the fiord, it is
forced out under the ice shelf. If this water is cold
enough, it can then freeze on the underside of the ice
shelf (Jeffries et al. 1988). In the past, this process has
increased the thickness of the ice shelf, which in turn
can deepen the epishelf lake (Jeffries 2002).

In the current climate regime, with ice shelves thin-
ning and with warmer meltwater inputs, epishelf lakes
are reducing in size. For example, between 1999 and
2002 an epishelf lake in Disraeli Fiord drained through
a fissure in the Ward Hunt Ice Shelf (Mueller et al.
2003). This was the largest epishelf lake (6.1 km? in
1967) in the Northern Hemisphere and the first time
that the drainage of an epishelf lake had been docu-
mented (Figure B2). Since that time, the reduction in
depth of Ellesmere Island’s epishelf lakes has been
examined by water column profiling and the reduc-
tion in area of epishelf lakes has been inferred using
RADARSAT satellite imagery (Veillette et al. 2008,
White et al. 2015b). In 2011, ArcticNet researchers
installed a mooring in the last large epishelf lake found
in Milne Fiord to monitor the changes in this unique
environment.

a Arctic Ocean 2, Flord A

FIGURE B1. (a] Cross sectional diagram of an epishelf lake
showing the freshwater layer (light blue) that is impounded
behind the ice shelf. Since the freshwater is less dense
than the seawater, it rests above the ocean (dark blue),
persisting in a layer between the coast and the ice shelf.
The lake is covered by perennial freshwater ice that
prevents mixing by the wind. More meltwater (light blue
arrows) from snow and glaciers (stipple) is added to the
lake in the summer, which pushes freshwater out under
the ice shelf. (b) Map of the epishelf lake that persisted in
Disraeli Fiord behind the Ward Hunt Ice Shelf until 2002.
(c) Map of the epishelf lake in Milne Fiord as of spring 2015.

105



GLACIERS, ICE SHELVES AND ICE ISLANDS

Chapter 3

106

Salinity (psu)
0 10 20 30 40

0 ICE
2002
10 - _'
=20 ]
£
£
o
a¥® & 1999 [
i
[N]
! 1
ol db, 1983 .
O
1967 if
50 1 L | ¥

Epishelf lakes are also fascinating ecosystems that are highly
structured. It is possible for organisms that live in fresh or
brackish water to co-exist just above marine organisms in the
same water column. Green algae dominate in the fresh upper
water column, whereas marine diatoms are more commonly
found in deeper waters (Veillette et al. 2011). Similar distribu-
tions can be found with copepods (tiny crustaceans), bacteria
and viruses where certain types of these organisms are found
either in the fresh or marine environments (Van Hove et al.
2001, Veillette et al. 2011). Since these stratified ecosystems are
structured by the ice shelves that dam them, they are vulnerable
to ice shelf break-up, and are likely to disappear completely
from Nunavut over the next few decades.

FIGURE B2. Salinity profiles showing the loss of the
freshwater epishelf lake in Disraeli Fiord. Over the years,
researchers lowered instruments into the water column to
measure salinity. In 1999 and before, the salinity was near
zero in the upper water column, indicating freshwater, before
transitioning rapidly to sea water below. In 2002, the profile
shows a dramatic loss of most of the freshwater epishelf lake
(due to flow through a crack in the Ward Hunt Ice Shelf] and

replacement by high salinity sea water from below.

3.3.3 Recent changes inice shelf inputs
and mass balance

For some of the ice shelves along northern Ellesmere
Island, glaciers have provided an important source of mass
input (Jeffries 1986b). Of the three remaining ice shelves
today, only the Milne and Petersen show evidence of glacier
input, with the Ward Hunt Ice Shelf primarily formed from
the in situ accumulation of sea ice and snow. For the Milne
Ice Shellf, it is clear that there has been a marked reduction
in the importance of glacier input over the past ~50 years,
with aerial photographs indicating that five tributary gla-
ciers terminated on the ice shelf in 1959 (Mortimer et al.
2012). Three of these glaciers extended between 1.5 and
4.5 km into the ice shelf interior, but by 2011 the glacier
input was limited to a single glacier contributing an esti-
mated 0.048 m w.e. a’! to the ice shelf. This accounts for

<20% of the average thinning of 0.26 m w.e. a’! measured
between 1981 and 2008/9, indicating that the ice shelf is far
out of balance with current climate conditions (Mortimer
et al. 2012).

The Petersen Ice Shelf currently receives mass from two
tributary glaciers along its remaining landfast margin. An
additional tributary flowed into the southern margin of
the ice shelf in 1959, but this became detached by 2007,
therefore eliminating it as a source of mass to the ice shelf
(Figure 7; White 2012). Based on velocity measurements
made between 2011 and 2012, the remaining two glaciers
contribute 1.19-5.65 Mt a! to the ice shelf (White et al.
2015a). This mass input is far exceeded by the current sur-
face ablation on the Petersen Ice Shelf of 28.45 Mt a”',
helping to explain why the ice shelf has weakened to the
point of disintegration.
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The longest mass balance record available for a Canadian
ice shelf is for the Ward Hunt Ice Shelf and adjacent Ward
Hunt Ice Rise (region of the ice shelf resting on the sea
bed). Braun et al. (2004) compiled a continuous record
of annual surface mass balance for these locations from
1954 to 2003 (Figure 8), which show that winter snow

accumulation remained relatively constant over time, but
that summer ablation was much more variable. Positive bal-
ance years have been infrequent (only 1963-1965 and 1972-
1973), and negative balance years dominate the record with
total mass losses of 1.68 m w.e. (0.04 m w.e. a™) for Ward
Hunt Ice Rise and 3.1 m w.e. (0.07 m w.e. a™) for Ward Hunt

FIGURE 7. Aerial photography and satellite imagery highlighting changes in the tributary glacier flowing from the southern
coast into Petersen Bay and the dispersement of icebergs. (a) Radarsat-2, February 3, 2012; (b) Aerial photography,
August 13, 1959; (c) ASTER, July 7, 2007; (d) ASTER, August 22, 2008; (e) ASTER, July 19, 2010; (f) Radarsat-2, July 19, 2011;
(g) Radarsat-2, February 3, 2012. Source: White (2012).
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FIGURE 8. Surface mass balance for: (a) Ward Hunt Ice Rise and (b] Ward Hunt Ice Shelf from 1954 to 2003 for: winter (open
bar), summer (shaded bar), and annual balances (solid square). Plus symbols represent multiyear balance estimates based
on limited measurements, open triangles represent annual values calculated as averages of multiyear balances, and open
square/dots are annual balances calculated using a linear regression. Modified from Braun et al. (2004).

Ice Shelf. This contrast in surface mass balance has been
associated with the ridge/trough topography of the ice shelf,
where meltwater collected in troughs enhances ablation
(Braun et al. 2004). According to ablation measurements,
2003 was the most negative year, when 50% of the mass
loss from 1989-2002 occurred (0.54 m w.e. for Ward Hunt
Ice Shelf, and 0.33 m w.e. for Ward Hunt Ice Rise).

The mass balance measurements presented by Braun et
al. (2004) are limited to the surface and therefore do not
account for mass fluctuations at the base of the ice shelf.
However, the thickness change measurements presented
by Mortimer et al. (2012) provide a means to determine
the state of the basal ice. Mortimer et al. (2012) applied
the rate of surface mass loss for the Ward Hunt Ice Shelf
to the Milne Ice Shelf and combined this rate with the total
thinning determined for the 1989-2003 period. Based on
this calculation, thinning due to basal melt would account
for ~73% (0.19 m w.e. a!) of mass loss, suggesting that it
can be a dominant loss mechanism.

3.4 Iceislands

Ice islands have been described as the “most massive ice
features known in the Arctic Ocean” (Jeffries et al. 1987),
with the largest observed in the CAA covering an area
of ~1,000 km? (Jeffries 1992, Koenig et al. 1952). These
large, tabular icebergs were first observed in the late 1940s
(Fletcher 1950) and were originally used for military and
scientific purposes as aircraft landing and research plat-
forms (Althoff 2007, Jeffries 1992, Mueller et al. 2013).
These ice features have become subjects of interest recently
due to the link between climate change and calving events
of ice shelves and floating glacial tongues (Copland et al.
2007, Derksen et al. 2012). Shipping and offshore explora-
tion companies are also concerned due to the risk of a col-
lision between an ice island and a vessel or infrastructure
(McGonigal et al. 2011, Peterson 2011). This risk is illus-
trated in Figure 9, which shows ice island drift trajector-
ies overlapping regions of shipping and natural resource

extraction activity.
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Ice islands drifting in the CAA typically originate from
one of two locations: northwest Greenland’s floating gla-
cial tongues or the ice shelves of northern Ellesmere Island
(Higgins 1989, Jeffries 2002). Ice islands from Greenland
generally drift south through Eastern Canadian Arctic wat-
ers, at times reaching the Labrador Sea or the Grand Banks
of Newfoundland (Newell 1993). Ice islands of Ellesmere
Island origin commonly drift clockwise in the Beaufort
Gyre toward the Beaufort and Chukchi seas, though some
have been observed within the channels of the CAA
(Jeffries et al. 1987, Van Wychen and Copland 2017), or
drifting east into Nares Strait (Nutt 1966) (Figure 9).

Both of these source regions have experienced multiple,

substantial calving events since the start of the 21st cen-
tury (Mueller et al. 2013, Peterson 2011). The Petermann
Glacier of northwest Greenland calved large ice islands
in 2001 (71 km?; Johannessen et al. 2011), 2008 (31 km?;
Johannessen et al. 2011), 2010 (253 km?; Falkner et al.
2011) and 2012 (32 km?, NASA 2012). Johannessen et al.

(2011) note the absence of sea ice in the fiord prior to the
2010 calving, a condition also observed in MODIS satel-
lite imagery which captured the 2012 event (NASA 2012).
This situation likely promotes calving by removing the
floating glacial tongue’s protection from ocean and wind-
induced waves (Falkner et al. 2011). Rignot and Steffen
(2008) suggest that enhanced channel erosion on the sub-
surface of the Petermann Glacier’s floating tongue caused
by warming ocean waters is another probable contribu-
tor. It cannot be conclusively stated that these events are
linked to climate warming, although Falkner et al. (2011)
propose that global atmospheric pressure and temperature
changes have an impact on both of the aforementioned
calving precursors. Copland et al. (2007) also argue that
these conditions, namely increasing atmospheric temper-
atures and the absence of protective sea ice, led to the
weakening and eventual calving of the Ayles Ice Shelf in
August 2005. This event created a 66 km? ice island and
21 km? of smaller fragments.
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FIGURE 9. Overlap between ice island drift trajectories, historic U.S. and Canadian oil and gas exploration lease blocks
and ship traffic density. Legend abbreviations are: Pll = Petermann Ice Island, M = Markham, WH = Ward Hunt. Shapefiles
of oil and gas leases are courtesy of the U.S. Bureau of Ocean Energy Management (BOEM 2013) and Aboriginal Affairs and
Northern Development Canada (AANDC 2013). Shipping density contours represent a snapshot of marine traffic for August
2013 (exactEarth 2013). Major sources of ice hazards annotated.

109



GLACIERS, ICE SHELVES AND ICE ISLANDS

Chapter 3

110

The drift and deterioration of five ice islands from the
Petermann Glacier calvings were monitored between 2010
and 2015 by GPS tracking beacons and RADARSAT-1 and
2 satellite images (Crawford 2013, Crawford et al. 2015,
Halliday et al. 2012, Hamilton et al. 2013, Wagner et al.
2014). These ice islands followed the common drift pattern
through Nares Strait and into the cyclonic current of Baffin
Bay (Newell 1993, Tang et al. 2004). Some fragments, such
as Petermann Ice Island (PII)-B-a of the 2010 Petermann
Glacier calving event, diverted into Lancaster Sound due to
the intrusion of strong ocean currents at the north entrance
of the sound (Hamilton et al. 2013, Peterson et al. 2009,
Tang et al. 2004) (Figure 9).

The time it takes for an ice island to drift through the
Eastern Canadian Arctic can vary considerably due to
these diversions and/or grounding events. This is illus-
trated by comparing the 8 month and 3 year transit times
of PII-A and PII-B-a, respectively, from the Petermann
Glacier to the Labrador Sea (Crocker et al. 2013). The latter
ice island’s transit was delayed due to the aforementioned
diversion and becoming grounded 130 km northeast of
Clyde River, Nunavut, for a 12 month period (Crawford
2013, L. Desjardins pers. comm.). Offshore oil and gas
operators will need to consider that ice islands have fre-
quently grounded on Baffin Island’s continental shelf
(Crawford 2013, L. Desjardins and S. Tremblay-Therrien,
pers. comm.) if natural resource extraction is to be con-
ducted in the Eastern Canadian Arctic since sub-seafloor
infrastructure will be at risk from ice island scouring (King
et al. 2003).

Ice islands in the Eastern Canadian Arctic have drafts (dis-
tance between the waterline and ice bottom) ranging from
approximately 60 to 140 m, as determined from GPR, mul-
tibeam sonar and autonomous underwater vehicle surveys
(Crawford 2013, Forrest et al. 2012, Hamilton et al. 2013,
Wendleder et al. 2015). An ice island’s draft determines its
possible grounding locations and, in combination with its
sail, provides a dominant control on the ice feature’s drift.
The deterioration of this vertical dimension is relatively
more important for ice islands than icebergs due to the
former’s extensive horizontal surfaces (Ballicater 2012).

Surface melt and micro-meteorological data indicate that
the ice surface can melt at an average rate of 3.3 cm d!' in
August in Lancaster Sound (Crawford et al. 2015), while
average basal and surface deterioration rates of 5.0 cm d!
and 2.4 cm d! were observed further south in the Labrador
Sea (Halliday et al. 2012).

Ice islands also deteriorate through calving processes
such as the ‘footloose mechanism’, which is induced by
buoyancy stresses generated by an ice ram (an underwater
protrusion at the ice island’s edge) (Wagner et al. 2014).
These deterioration processes result in ice island frag-
ments, as well as ‘bergy-bits’ and ‘growlers’, which are 5-15
m and <5 m in length, respectively. These are relatively
small ice features yet they are still capable of damaging
vessels or infrastructure and are particularly dangerous
due to the difficulty of detecting them remotely (Crocker
et al. 2004, Saper 2011). Interestingly, Stern et al. (2015)
observed that the temperature and salinity stratification of
the water column adjacent to a large (~41 km?) grounded
ice island in Baffin Bay was altered by wind-induced up-
and down-welling, or Ekman transport. This process may
lead to enhanced deterioration of ice island sidewalls (when
grounded) to the left of the predominant wind direction,
and possibly even contribute to fracture mechanisms such
as the footloose mechanism.

Ice islands which have originated from the Ellesmere
Island ice shelves over the past decade drifted south along
the western coast of the CAA, with ‘Markham-3 (M-3)’
and ‘Ward Hunt-2 (WH-2)’ diverting into the Sverdrup
Basin (Crawford 2013, McGonigal et al. 2011). M-3 drifted
approximately 2200 km and was tracked as far as 161°W
in the southern Beaufort Sea (Crawford 2013, Hochheim
et al. 2012), reinforcing the concern of offshore explora-
tion companies regarding these ice hazards (Mueller et al.
2013, Sackinger et al. 1991).
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3.5 Summary and outlook

In summary it is clear that many parts of the cryosphere are
undergoing rapid, and increasing, changes in the Eastern
Canadian Arctic. All available evidence, whether from
in situ measurements, satellite remote sensing, or mod-
elling, indicates that glaciers and ice caps have been in
a strongly negative mass balance condition since at least
the start of the 21st century. Losses have accelerated over
the past decade, with glacier and ice cap thinning particu-
larly prominent at low elevations and in more southerly
regions. Smaller ice masses are also experiencing high rates
of mass loss, with the complete loss of some small ice bod-
ies already recorded on Axel Heiberg Island (Thomson et
al. 2011). Way (2015) predicts that if the current ice declines
on Grinnell and Terra Nivea ice caps, Baffin Island, con-
tinue to AD 2100, the total ice-covered area will be reduced
by >57% compared to present.

The study of Lenaerts et al. (2013) provides one of the few
detailed assessments of how glaciers and ice caps across
the CAA will respond to future climate warming. Using
the moderate AR5 RCP4.5 warming scenario and predic-
tions to the year 2100, Lenaerts et al. (2013) demonstrate
that enhanced meltwater runoff from CAA glaciers will
not be sufficiently compensated by increased snowfall.
This results in sustained 21st century mass losses for gla-
ciers across the CAA in >99% of model runs. This makes
it highly likely that the recently observed mass losses of
these glaciers will continue, resulting in the complete dis-
appearance of many small glaciers and ice caps over the
next century.

Both early and recent studies on the ice shelves of northern
Ellesmere Island suggest that these features are unlikely
to persist long into the future if current climate condi-
tions persist (Hattersley-Smith 1955, Braun et al. 2004,
Copland et al. 2007, Mortimer et al. 2012, White et al.
2015a, 2015b). This prediction is based on the inability
of past ice shelves to regenerate, and gradual mass losses
over the last ~100 years which have weakened ice shelves
by causing thinning and fracture development. It has also
been observed that increasing air temperatures and record

warm summers combined with the loss of multi-year land-
fast sea ice, open water conditions along the northern coast
of Ellesmere Island and offshore/along-shore winds are
providing an environment conducive to ice shelf break-up
that will eventually lead to the demise of the remaining ice
shelves (Copland et al. 2007, Pope et al. 2012, White et al.
2015a). Hattersley-Smith (1955) predicted that the Ward
Hunt Ice Shelf would disintegrate by 2035 if the summer
conditions of 1954 continued, while White et al. (2015a)
estimated that, based on the rate of surface melt and lack
of glacial input, the Petersen Ice Shelf would disappear
by 2041-2044. However, recent calving and open water
events suggest that the complete loss of the Petersen Ice
Shelf will likely occur well before this. For the Milne Ice
Shelf, Mortimer et al. (2012) concluded that it is not in
equilibrium with current climate as it formed under past
colder conditions. Given the recent thinning of this ice
mass and reduction in glacier inputs, it is likely that over
the next few decades the Milne Ice Shelf will follow the
pattern of breakups recently observed for all other north-
ern Ellesmere Island ice shelves. The loss of ice shelves
is also likely to lead to the loss of a unique assemblage of
microbial life (Box C).

Since the Ellesmere Island ice shelves show no sign of
regeneration they will eventually cease to become a
source of ice islands. However, calving from floating gla-
cier tongues on Ellesmere Island and northwest Greenland
will persist for the foreseeable future, leading to continuing
risks for marine shipping and offshore exploration in the
Eastern Canadian Arctic.
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BOXC. Life on ice

Snow fields, glaciers, ice shelves and ice islands are changing rapidly in Canada’s north. However, the consequences
of this are not restricted to the physical environment. These ice masses are also habitats for diverse organisms that
survive, and even thrive, in the “cold biosphere”, the ensemble of habitats over planet Earth that experience pro-
longed cold and freezing. These life forms are mostly microscopic, and they have captured the interest of micro-
biologists in their research on how cells cope with extreme environments and how life may have persisted and
evolved during periods of glaciation on Earth (Vincent and Howard-Williams 2000). These observations have also
led scientists to speculate about the potential for microbial life in icy environments elsewhere in the solar system,
for example on planet Mars and certain moons of Jupiter. Biotechnologists have developed a keen interest in these
microscopic ‘extremophiles’ because they are the potential source of unusual enzymes, antifreeze compounds
and other biomolecules that could have applications in medicine, food production, bioremediation and industrial
processes (e.g., Christner, 2010).

Snow was once thought of as a sterile substance, but is now known to contain many types of bacteria and a variety
of more advanced, nucleus-containing cells (‘microbial eukaryotes’). Studies along the northern coast of Ellesmere
Island have shown that the snow contains diverse microbiota, including species likely transported in the atmos-
phere from the Arctic Ocean and from lakes and streams. Some of the other species were similar to those found
outside Canada but from alpine regions, Antarctica, and other parts of the Arctic, indicating the global distribution
of these genetically distinct cells throughout the cold biosphere (Harding et al. 2011).

Cryoconite holes were first discovered on the
Greenland Ice Sheet, and are now the focus of
international attention as ‘extreme ecosystems’
with diverse microscopic life. These appear as
small cylindrical melt holes at lower eleva-
tions on the surface of glaciers, and they are
common features of the glacial environments
of Nunavut. The holes form because small

FIGURE C1. Elongate melt pools on the
surface of the Ward Hunt Shelf, northernmost
Ellesmere Island, Nunavut, 23 July 2007 (see
Figures 1 and 5). Most of this ancient ice shelf
melted, fractured and disappeared over the
last decade due to rapid climate warming. At
some locations, brightly coloured microbial
mats coat the bottom sediments of the pools
(bottom Lleft). These mats are composed of
filamentous cyanobacteria (fluorescence
photomicrograph, bottom right) and many
associated microorganisms.
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amounts of sediment (called cryoconite) heat up in the sun and melt down into the ice. Many small cryoconite
holes can coalesce into larger ones, and studies on the White Glacier, Axel Heiberg Island, and on the Canada
Glacier, Antarctica, have shown that they harbour microbial consortia composed of green algae, cyanobacteria,
and diatoms as well as other microorganisms (Mueller et al. 2001). These cryoconite features can modify the
reflective properties of ice, and thereby hasten the local melting of glacier surfaces.

The richest communities of microscopic life on ice in Nunavut have been discovered in meltwater lakes on the ice
shelves along the northern coast of Ellesmere Island (Jungblut et al. 2017; Figure C1). At some locations on these ice
shelves, the base of the lakes is coated with a bright orange ‘microbial mat’ composed of cyanobacterial filaments
that bind together the sediments. The coloration is the result of red-orange carotenoids such as canthaxanthin that
protect the cells from harsh UV radiation that penetrates to bottom of these clear waters. Genetic comparisons of
these Nunavut mat communities with similar communities in Antarctica have shown that they contain hundreds
of species, with an impressive genetic capacity to cope with the extreme stresses imposed in these environments
(Varin et al. 2012). Climate warming in Nunavut is leading to the rapid loss of these ice-dependent habitats and

the imminent extinction of these unique biological communities (Vincent et al. 2011).
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Key messages
e The majority of ecosystem and hydrological processes occur in the active layer (seasonally thawed layer above
permafrost) including carbon fluxes, and consequently the active layer can influence the evolution of landscapes
at the regional-scale.

e Ice-rich permafrost landscapes are susceptible to the effects of thermokarst development including the formation
of lakes and other hydrological changes, mass movements and carbon release.

e Permafrostin the IRIS 2 region is warming. The longest record is from Canadian Force Station (CFS) Alert on
Ellesmere Island and shows warming of permafrost at depth between 0.3-0.5 °C per decade since the monitoring
period began in 1978.

¢ Climate models suggest that considerable warming will occur within the IRIS 2 region throughout this century
which is expected to have a substantial effect on both permafrost distribution and thermal state.

Abstract

Permafrost is defined as earth materials that remain at or below 0 °C for two or more years. The area that is subject to
seasonal thaw above permafrost is known as the active layer. Permafrost may or may not contain ground ice, however, if
it does, thaw can change the landscape substantially. This includes the development of thermokarst ponds, mass move-
ments (including active layer detachment failures and retrogressive thaw slumps), the subsidence of roads, buildings and
other infrastructure that might be built in these areas, as well as the release of organic carbon which may further accel-
erate climate warming. Permafrost in the IRIS 2 region varies in its susceptibility to climate change. Over the last two
decades, long-term observations of permafrost temperatures in the northern part of the IRIS 2 region Canadian Force
Station (CFS) have shown warming trends of between 0.3-0.5 °C/decade. Climate models for these areas suggest that
this area will warm with considerable effect on both permafrost distribution and temperature between now and the end
of this century.

119



PERMAFROST

Chapter 4

120

4.1 Introduction

Although the ground might not be the first thing people
think about with respect to changing climates in areas of
the Eastern Canadian Arctic, it is actually one of the most
dynamic areas of change due to the presence of permafrost.
Permafrost is defined as Earth materials that remain at or
below 0 °C for two or more consecutive years (ACIA 2005).
Permafrost and the layer of earth material that thaw sea-
sonally (active layer) affect the movement of surface and
subsurface moisture, causing mass movements, as well as
influencing the exchange of greenhouse gasses from the
subsurface to the atmosphere. Many aspects of life in the
Eastern Canadian Arctic depend on the thermal state of
the ground, including issues associated with infrastructure
and water quality (see Chapters 14 and 15).

Permafrost is a dynamic element of the cryosphere that is cur-
rently changing in response to climate change (Bonnaventure
and Lamoureux 2013). Permafrost is the only element of the
cryosphere that people live on year-round; however, it is often
overlooked compared to the attention that is given to other
cryospheric elements such as sea ice and glaciers. The state
of permafrost is particularly important with respect to trans-
portation and natural resource infrastructure. Assessments
of the current distribution, thermal state and properties of
permafrost are currently needed in the Eastern Canadian
Arctic in order to serve as baseline data as well as for climate
adaptation and mitigation planning at both the territorial and
community levels.

4.1.1 Permafrost scientific background

Permafrost is officially defined as Earth materials that
remain at or below 0 °C for two or more consecutive years
(ACIA 2005, French 2007). However, in areas of the Eastern
Canadian Arctic, the ground has been frozen for many mil-
lennia (French 2007). Permafrost can develop in rocks,
sediment or organic material and may or may not contain
ice. Permafrost zones cover large parts of the Northern
Hemisphere. Over 50% of Canada lies within a perma-
frost zone (Zhang et al. 2008), and much of the permafrost
has developed over thousands of years (Davis 2001). The

primary control over both the distribution and thickness of
permafrost in any area is climate with mean annual air tem-
perature (MAAT) typically considered the primary control-
ling variable. Other climatic and environmental elements
including snow cover duration and thickness, vegetation,
hydrology, and proximity to coastline are also important
controls. The spatial distribution of permafrost is essentially
continuous throughout the IRIS 2 region (Figure 1).

Permafrost landform variability in the region is largely due to
differential distribution of ground ice content (ice developed
in situ below ground by a range of processes). Ground ice
is present in sediments that are frost susceptible (e.g., fine
grained material) (French 2007). The development of ground
ice provides structure to frozen sediments in permafrost
regions, but melting of this ice results in instability, dis-
turbing both the sediment and any infrastructure built upon
it. The percentages of ground ice in sediments of the region
range from near zero to about 15% (Figure 1). With climate
expected to change in a variety of ways within the Eastern
Canadian Arctic (see Chapter 2), it is reasonable to assume
that permafrost may also be responding. This chapter looks
at changing permafrost within the context of the IRIS 2
region, as well as highlighting the current state of knowledge.

4.2 Permafrost areas of investigation
and current research

4.2.1 Impacts of climate warming on permafrost

The impacts of a warming climate over time produces ver-
tical temperature profile changes in the permafrost and a
greater depth of summer thaw, with a thicker active layer.
Both an increase in mean annual temperature and a change
in precipitation regime leading to a thicker snow cover can
result in more heat absorption at ground level in the sum-
mer and less heat escape in winter. In Alaska, an increase
of 0.3 °C to 4 °C was observed in sediment temperatures
since 1980 depending on the environmental conditions
(Osterkamp 2005). The increase of active layer thickness
was observed and monitored in many sites in Subarctic
Sweden (Akerman and Johansson 2008), Nunavut (Smith
et al. 2010, 2005) Alaska (Osterkamp and Romanovsky
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FIGURE 1. Context of permafrost and ground ice conditions in the Canadian Arctic; the dashed line represents the IRIS 2
region. Adapted from Heginbottom et al. (1995). C denotes continuous permafrost (>90% coverage in the landscape),

E for extensive discontinuous (50-90%), S for sporadic discontinuous (10-50%], i for Isolated patches of permafrost
(0-10%), O for subsea permafrost. The second letter denotes ground ice content (h for high, m for moderate, L for low].

1999, Osterkamp 2003) and the Canadian Eastern Subarctic
(Smith et al. 2010a). In the Canadian Eastern Subarctic, a

general rise of 2 °C in ground temperatures took place from
1993 to 2005 (Allard et al. 2007).

4.2.2 Active layer recent changes
and system evolution

The active layer refers to the layer of ground in areas underlain
by permafrost that is subject to annual freezing and thawing.

Fundamentally, this layer exists at the idealized freezing/melt-
ing point of water in nature (0 °C). Understanding the active
layer is critical because the vast majority of the ecosystem
and hydrological processes in permafrost terrain occur with-
in this zone, including carbon fluxes, and as a consequence
it is directly related to the landscape evolution of an area.

The controls on the thickness of the active layer can gener-
ally be seen as a combination of macro- and micro-scale
variables, which work in tandem. In the broadest sense,
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active layer thicknesses can be correlated with many of
the same influences that control surface climate, including:
vegetation cover, latitude, elevation, solar insolation pat-
terns, albedo, proximity to glaciers and to warm maritime
ocean currents (Bockheim and Hall 2002). Within the IRIS
2 region, active layers are generally thin as a result of long
cold winters with limited snow cover and short summers.

Precise measurements and evolution of the active layer are
difficult to obtain without direct field observation. Active
layer monitoring essentially involves recording measure-
ments during one or more thaw seasons in order to establish
the spatial pattern and thickness of thaw, and to determine
multi-year trends in the active layer system. The two pri-
mary ways in which this is accomplished involve a physical
measurement using a metallic probe or by recording the
maximum thaw depth using electronic temperature loggers
or visual observation devices. A general distinction between
the two approaches is that one is physical (identifying the
location of frozen Earth material) while the other is thermal
measuring temperature (the location of the 0 °C isotherm).

Physical probing using a metallic rod is an effective way
of determining the depth to the frost table. This method is
initially used in the field as a rough estimate of thaw depth
as there are many variables involved in getting an accur-
ate and comparable year-to-year reading. Probing is the
primary method used with the Circumpolar Active Layer
Monitoring (CALM) program, an active layer depth meas-
urement protocol developed by Brown et al. (2000). The
CALM protocol was created to address the question of how
near-surface permafrost and the active layer are responding
to climate change. Under the CALM protocol, grids are set
up with a series of nodes where year-to-year active layer
depths can be measured. CALM grids vary in size, with
the majority either 100 x 100 m or 1000 x 1000 m in area.
The sampling scheme used in CALM protocol employs a
combination of linear and random sampling, which is used
in the grid setup. Within each area selected for the study,
100 grid boxes are demarcated and the corners marked off
using metallic rods, painted rocks or wooden stakes. Within
each box, one random site is chosen and marked off as the
location of thaw depth measurement using probing. Within

the IRIS 2 region there are 4 CALM sites: Eureka, Tanquary
Fiord, Lake Hazen and Alexandria Fiord. Data collected at
these sites from the mid 1990s onward (https://www.gwu.
edu/~calm/data/north.html) show active layer depths ran-
ging from 26 to 60 cm in late summer.

As climate is a first-order control on both permafrost and
the active layer, it is logical to infer that changes to both will
occur as air temperatures increase. However, an important
question is: what is the link between increasing air tem-
peratures and thickening of the active layer? The results
of thickening active layers show similar effects to those of
permafrost degradation, as essentially, they both involve
the thaw of ground ice. During times of increased sum-
mer air temperature and increased thawing indices, active
layer thicknesses increase as a direct consequence (Zhang
et al. 1997). This idea is conceptualized in Figure 2 where
the relationship between air temperature and active layer
thickness is illustrated. This finding is also indicated in
the recently compiled Snow, Water, Ice and Permafrost in
the Arctic report (AMAP 2011) in which CALM grid data
show thickening active layers that are linked to summer air
temperatures and show substantial interannual variability.

4.2.3 Ground ice types and occurrence
in permafrost

4.2.3.1 Whatis ground ice?

Ground ice is a term referring to any type of ice found in
the frozen ground. Some types include pore ice (ice in the
space between soil grains, sometimes invisible to the naked
eye), segregated ice (from millimetre thin lenses to metre
thick massive bodies of ice), ice-wedge ice (vein ice), and
buried ice (French and Shur 2010). Although ground ice
may annually freeze and thaw in the active layer, it may
also persist and evolve through time. Depending on the type
of sediment, moisture conditions and permafrost conditions
(e.g., temperature, active layer depth), various ice structures
and characteristics can be observed in the frozen ground;
for example, fine grained sediments (silt clay) are typically
prone to develop thicker ice-lenses than in sandy or gravelly
sediments (French and Shur 2010, Stephani et al. 2014).
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FIGURE 2. Conceptual temperature envelope showing scenarios of increased summer air temperatures and the relation
to thickening active layers and depth of zero annual amplitude (the point at which there is no discernible change in
temperature). The figure also suggests a recurrence interval for these scenarios, which relates to the probability of

occurrence. From Bonneventure and Lamoureau (2013).

4.2.3.2 Formation process

Ground ice may either develop in situ, as a consequence
of the past and present climate and permafrost conditions,
or be buried, such as glacier ice being covered by a slope
collapse and preserved after general deglaciation (French
2007). One obvious example of in situ ground ice forma-
tion is the genesis of an ice wedge (Figure 3). Thermal
contraction of the ground during a cold spell (a significant
and rapid drop in air temperature) can force the ground to
crack open. These cracks usually extend through the active-
layer and into permafrost (1-3 m being common). At the end
of winter when snow melts, runoff water may infiltrate the
still open crack, freezing as a vein of ice. A recurrence of

FIGURE 3. This exposed syngenetic ice wedge grew in
peaty-silt accumulating near the front of the Qalikturvik
glacier on Bylot Island, Nunavut. Shovel for scale.

ETIENNE GODIN
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FIGURE 4. Buried glacierice found just below the active-
layer on Bylot Island, NU. An increase in active layer
thickness after a very warm summer caused the ice to
melt, creating a small (~ 1000 m?) slope disturbance,
exposing the buried ice.

this process at the same emplacement over the years will
enable the formation of an ice wedge. Multiple wedges are
frequently organized in networks of ice wedge polygons.

Dynamic slope processes occurring in glacial valleys can
bury glacier margins; as the glacier retreats, the buried
ice will be preserved in permafrost long after deglacia-
tion (Figure 4). Consequently, buried ice is typically found
along valley walls and within moraines, making former
glacier margins. Buried ice can occur metres below the sur-
face, or in other circumstances just below the active layer,
where it may trigger surface disturbance as the ground
thaws and the ice melts. (Coulombe et al. 2015).

4.2.3.3 Ground ice distribution

Modelled ground ice volumes for the Northern Hemisphere
vary between 5.6 and 36.6 x 10°km® depending on the
assumptions used (Zhang et al. 1999). Pore and segregated

MICHEL PAQUETTE

FIGURE 5. Very ice-rich permafrost core from the transient
layerin coarse gravelly sediments on Ward Hunt Island,
on the northern coast of Ellesmere Island. Sediments are
suspended in ice, forming a suspended cryostructure.

ice overall account for between 67 and 75% of the total
volume (French 2007).

Although buried ice can be found at various depths in the
ground, in situ segregation ice or pore ice is usually dis-
tributed (or located) according to permafrost conditions
developed over time. For example, at the base of the active
layer, an ice-rich transient layer acts as a buffer between the
permafrost and the active layer (Figure 5; Shur et al. 2005).
The transient layer can stay frozen for decades between
warm spells, a period during which it becomes very ice-
rich. A transient layer occurs in almost all locations where
liquid water is available during the melt season, and forms
in most types of sediments.

Below the transient layer, ice content varies, depending
on the history of the permafrost. In sites where no new
sediments have accumulated after permafrost develop-
ment (epigenetic permafrost), ice content usually dimin-
ishes at depth, with only scattered ice lenses present. In
sites where mass movement, organic growth, fluvial depos-
ition or aolian (wind) effects add layers of sediments on
the ground as permafrost continues to form, the transient
layer can slowly migrate upward as active layer depths
remain similar through time. This process of syngenetic

MICHEL PAQUETTE
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permafrost aggradation typically creates very ice-rich sedi-
ment (Guodong 1983). Ice wedges can reach depths of more
than 10 m as they continue their growth while the sediment
gradually accumulates.

Factors of ice formation such as moisture availability, sedi-
ment characteristics (grain size, porosity) and landscape
history are influenced by the site location. For example,
plateaus may be dominated by erosional processes, and
slopes are influenced by gravitational displacement and
transport processes. Valley floors are likely to be charac-
terized by inputs of water and sediments (from slope pro-
cesses, and alluvial and aeolian deposition). Valley floors
adjacent to coastlines are more likely to have accumulated
fine-grained sediments during deglaciation and subsequent
marine transgression. These factors influence the fluxes of
water and sediment in each location, impacting the process
of ground ice formation.

Valley floor permafrost can evolve into syngenetic perma-
frost, as wind-blown sediments mixed with peat growth can
contribute to sediment accumulation at rates of 1 mm y-'
(Fortier et al. 2006). Higher rates of accumulation occur
where alluvial fans and talus cones form from sediment
over time, generally with higher volumetric water con-
tent capacity compared to coarse grained sediments. This
aggradation of sediments and water enables the permafrost
table to rise to near its equilibrium level at the surface
and creates ideal conditions for the formation of ice-rich
permafrost. Such processes can also occur on slopes, where
slow mass movement can create local ice-rich conditions
(Verpaelst et al. 2017).

Plateaus are likely to receive less input of fine sediments
than do valley floors. Water will drain downstream, limit-
ing the amount of water available to form segregational
ground ice on the plateau. A plateau characterized by epi-
genetic permafrost is generally stable due to limited input
in deposits. However, plateaus may further be eroded due
to slope processes (collapses, thaw slumps), that degrade
the permafrost.

4.2.4 Thermal state of permafrost, boreholes
and data across the region

A key indicator of current and changing permafrost con-
ditions is the permafrost temperature or thermal state.
Information on the thermal state of permafrost is usually
obtained through measurements of ground temperature in
instrumented boreholes several meters deep. Knowledge
on the thermal state of permafrost in Nunavut increased
largely due to efforts made during the International Polar
Year (IPY) to enhance the permafrost monitoring network
(e.g., Smith et al. 2010 a, b). Prior to IPY, information on
the permafrost temperature was largely based on histor-
ical data compiled by Smith and Burgess (2000), and only
a limited number of sites had continuous data records for
several years, such as CFS Alert and Iqaluit.

In 2008, boreholes, up to 15 m deep, were instrumented in
six communities in the Baffin region in collaboration with
the Nunavut government (Ednie and Smith 2010, 2011).
In 2009, additional sites were established in the Kivaliq
region. Boreholes, 10 m deep, were also established at
Eureka in 2009 by Geological Survey of Canada (GSC)
and the University of Ottawa. These boreholes addressed
a gap in the Eastern Canadian Arctic between the monitor-
ing sites operated by Université Laval in northern Quebec
and the High Arctic site at CFS Alert maintained by the
GSC. Two boreholes (7 m deep) were also instrumented in
2012 in the Cape Bounty Arctic Watershed Observatory
(CBAWO) on Melville Island by Queen’s University, pro-
viding new information on permafrost temperatures in the
western Queen Elizabeth Islands.

Although, there are still a limited number of permafrost
monitoring sites in Nunavut, ground temperatures are now
available for a latitudinal transect in the Eastern Canadian
Arctic, providing improved regional information on the
thermal state of permafrost (Smith et al. 2010a). Additional
information on permafrost conditions can be obtained from
geotechnical investigations conducted to support engin-
eering design at mineral resource development sites such
as the proposed Mary River mine sites (e.g., Roujanski
et al. 2010). Recent ground temperature data from active
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permafrost monitoring sites and other sources have been
compiled (Smith et al. 2013) providing a significant update
of the historical database of Smith and Burgess (2000). A
map was also produced (Figure 6) that provides informa-
tion on the permafrost thermal state for the IRIS 2 and adja-
cent regions. Generally, cold permafrost conditions exist
throughout the IRIS 2 region with mean annual ground
temperatures below -5 °C. Warmer permafrost, however,

can be found near lakes and rivers, and taliks (unfrozen
ground) exist beneath large water bodies. Permafrost is
greater than 100 m (thick), and commonly several hun-
dred meters thick, except in emergent coastal areas where
the land surface has been exposed to cold arctic air tem-
peratures for a shorter period of time (Smith and Burgess
2002, Smith et al. 2001). Permafrost temperature shows
a general latitudinal trend (Figure 7) with temperatures
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FIGURE 6. Permafrost temperatures in the IRIS 2 and adjacent regions (derived from Smith et al. (2013)). Temperatures
represent mean annual ground temperature at the depth of zero annual amplitude (or closest measurement depth to it).

Data presented for the IRIS 2 region were generally collected si

nce 2008.
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FIGURE 7. Relation between permafrost temperature and latitude for the IRIS 2 region. Permafrost temperature is based
on mean annual ground temperature at the depth of zero annual amplitude (or the measurement depth closest to it). Data

are derived from Smith et al. (2013).

of about -5 to -6 °C in the southern portion of the IRIS 2
region, decreasing to -15 °C on Ellesmere Island. On Baffin
Island ground temperatures are generally between -5 °C
and -10 °C depending on surface and material conditions
(Ednie and Smith 2010, 2011).

Although the network of permafrost monitoring sites is
sparse in the region, data are available to characterize
permafrost at a regional scale. Increased availability of
data collected during geotechnical investigations associ-
ated with potential resource development projects or other
community construction activities will further improve the
characterization of permafrost thermal state in the region.

4.2.5 Recent Changes in Permafrost
Thermal State

Limited long-term records are available to characterize
recent changes in permafrost thermal state in the IRIS 2
region. The longest record exists at CFS Alert where perma-
frost temperatures have been monitored since 1978. Ground
temperatures in the upper 25 m have generally increased
since the 1980s at rates of about 0.05°C and 0.03 °C

per year for 15 and 24 m depth respectively (Table 1, Figure
8). The rate of temperature increase is greater for the latter
part of the record with temperatures increasing since 2000
by 0.07 °C to 0.1 °C per year at 24 m and 0.14 °C per year
at a depth of 15 m (Smith et al. 2010a, Romanovsky et al.
2013), consistent with regional increases in air temperature.
In the polar desert of the High Arctic, ground temperatures
are highly responsive to changes in air temperature due to
the lack of a surface buffer layer and the ice-poor substrate
(Throop et al. 2012). Snow cover is an important influence
on the relationship between air and ground temperatures and
a greater response in ground temperature is found for sites
at Alert that have minimal snow cover compared to those
having more snow (Smith et al. 2012). Winter warming was
found to be largely responsible for the recent increase in
permafrost temperature, and the effect is enhanced at sites
with little snow cover (Smith et al. 2012).

Analysis of the shallow ground temperature record for
Iqaluit between 1989 and 2004 also indicates that recent
warming has occurred (Throop et al. 2010). Although cool-
ing occurred until the early 1990s, the temperatures at 5 m
depth increased by 0.2 °C per year between 1993 and 2004.
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FIGURE 8. Permafrost temperature (annual mean) records for CFS Alert for depths of 15 and 24 m. BH1 is located near the
coast and has greater snow cover than the other two sites. Updated from Smith et al. (2012) and Romanovsky et al. (2013).

TABLE 1. Change in permafrost temperature over time for selected sites. (Updated or derived from Romanovsky et al.
(2013), Smith et al. (2012), Throop et al. (2012)).

Rate of temperature change

Site and measurement depth Time period (°C per year)
Alert BH1 (24 m) 17782013 +0.09
2000-2013 +0.07
Alert BH2 (24 m) 1978-2013 +0.03
2000-2013 +0.1
Alert BH5 (15 m) 1978-2013 +0.05
2000-2013 +0.14
Resolute (15 m) 2008-2012 +0.33
Eureka (10 m) 2009-2012 +0.29
Arctic Bay (15 m) 2008-2013 +0.18
Pond Inlet (15 m) 2008-2013 +0.15
Igloolik (15 m) 2008-2011 +0.07
Repulse Bay (15 m) 2009-2013 +0.25
Igaluit (5 m) 1993-2004 +0.2
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FIGURE 9. Time series of daily permafrost temperatures at 10-15 m depth for selected sites in the Baffin region. Annual
mean ground temperatures are also shown (squares). From Ednie and Smith (2015).

Data records for other sites in the Baffin region are only
4 to 5 years long, too short to characterize long-term
trends. However, these short records show some warming
at depths of 10 to 15 m, following a similar pattern to the
most recent records for Alert (Figure 9, Table 1), consistent
with increases in air temperature between 2008 and 2010.
These measurements are at depths above the zero-annual
amplitude (> 20 m for most of these sites) and can reflect
short term variations in surface temperature.

Although long-term records are limited, the information
available indicates that there is ongoing general warming of
permafrost in the Eastern Canadian Arctic. These changes
are consistent with increases in air temperature and are
similar to the changes in permafrost changes observed in
northern Quebec and other locations across the High Arctic
(Smith et al. 2010a,b, Allard et al. 2012).

4.2.6 Hazards: slope failures, retrogressive
thaw slumps

The Eastern Canadian Arctic landscape is underlain by
a wide variety of permafrost materials. Ice-rich perma-
frost is present in the region and particularly susceptible

to thaw and water drainage, which result in a wide range
of landscape degradation and disturbance features. These
permafrost landscape changes are of particular practical
interest to northern communities, land management agen-
cies, and other organizations due to the risk of damage
to buildings and other infrastructure, and related risks to
environmental quality (e.g., water quality).

Ice-rich permafrost is widespread in the western and cen-
tral regions of Kitikmeot and the High Arctic. Degradation
of this permafrost occurs when summer active layer depths
are greater than normal and the ice in the upper permafrost
is subject to melt. Deeper thaw can occur due to warmer
summer conditions in a given year, or can be induced by
alteration of the surface by removal of vegetation or com-
paction by heavy equipment. The water released can drain
away and result in land subsidence. However, the most com-
mon and substantial impact is the formation of thermokarst
(subsidence by ground ice melt), usually in the formation of
irregular surface depressions where ice loss has occurred
(Figure 10). In many instances, these depressions fill with
water and can become thermokarst ponds (or lakes). These
ponds will further warm the soil and permafrost and nor-
mally the ponds can grow in size by further ice loss and
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FIGURE 10. Examples of thermokarst from Melville Island,
Nunavut. (a) Early thermokarst with irregular ground ice
melt; (b) initial thermokarst pond formation; (c) an aerial
view of thermokarst ponds.
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FIGURE 11. A thermo-erosional niche that developed
on Bylot Island, Nunavut. These features can cause
drainage of ponds or lakes, and expand rapidly through
a combination of ice thaw and sediment erosion.

by bank erosion (Figure 10). In some cases, bank erosion
may result in catastrophic drainage. Hence, thermokarst
systems can change substantially over years to decades.

In other cases, ground ice thaw can result in localized ero-
sion of the sediment surface and cause thermo-erosion-
al niching. These features are characterized by narrow,
often deep gullies either in former ice wedges or on slopes
(Figure 11). They can expand rapidly with further melt
and erosion, and are often associated with the drainage
of thermokarst ponds and lakes (Godin and Fortier 2012).

Permafrost thaw can also result in larger disturbances that
affect slopes. Active layer detachments (ALD) are a form
of shallow sediment movement that occurs on relatively
gentle slopes, when ice-rich permafrost melts and reduces
the strength of the soil, resulting in a slide of material
downslope over the frozen surface (Figure 12) (Lewkowicz
2007). These disturbances are associated with warm

ETIENNE GODIN
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FIGURE 12. Active layer detachments (ALD) on Melville
Island, Nunavut. (a) Fractured sediment and vegetation

in a newly formed ALD; (b) the exposed scar zone where
vegetation has been removed, resulting in a highly erodible

surface; (c) downstream changes in water quality from
an ALD are evident as high suspended sediment loads
in streams.
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summers and often follow major rainfall events, and can
develop over a few hours or days. Many ALD are small,
and the movement of sediment downslope is limited, but
large examples can occur with dimensions >500 m in length
(Lamoureux and Lafreniere 2009) (Figure 12). In addi-
tion to the immediate disturbance caused by the ALD,
these features impact sediment erosion and water quality
(Figure 12), and the effect of these environmental effects
can last for many years (Lamoureux et al. 2014). The effect
of ALD varies considerably, depending on the size, loca-
tion, and water drainage through the disturbance. In many
cases, the ALD results in the formation of a new stream
channel on a slope where previously none existed. Recovery
of vegetation and the formation of stable channels in the
ALD reduce the effects of sediment erosion, but other water
quality effects may last longer periods of time (Lamoureux
et al. 2014).

The second major type of disturbance related to permafrost
degradation is referred to as a retrogressive thaw slump
(RTS). These features are characterized by the exposure
of ground ice that rapidly melts, causing failure of the sedi-
ment overburden that is removed by runoff. RTS usually
have a distinct head scarp composed of exposed ice and
sediment, and a relatively flat floor composed of highly
liquid mud (Figure 13). Unlike ALD, RTS are typically
long-lived features that may be active for years to decades,

SCOTT LAMOUREUX

FIGURE 13. A retrogressive thaw slump (RTS) on northern
Melville Island, near Drake Point. Note the exposed ground
ice below the person and the flows of mud from the floor.
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and can grow to large dimensions as a result. These fea-
tures develop where thick ground ice is present near the
surface, and can be initiated by exposure of the ice by
stream bank or coastal erosion (Lantuit and Pollard 2008,
Kokelj et al. 2013), an active layer detachment or other sur-
face disturbances. The large size and persistence of these
features makes them particularly important hazards and
the downstream water quality effects are marked (Kokel;
et al. 2013). This is seen in the form of increased sediment
content in the water which has a substantial effect on aqua-
tic life including fish.

The impact and risk associated with permafrost degrada-
tion and disturbance features requires careful assessment
of terrain prior to construction of infrastructure, both to
minimize the risk to the project and to reduce the risk of
an environmental impact arising from permafrost changes
(Lamoureux et al. 2015). Terrain analysis and mapping can
provide insights where ground ice is present and may rep-
resent a risk in communities. Drilling to determine perma-

frost properties is also an important approach (LeBlanc et
al. 2011). Methods to identify disturbances with remote
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FIGURE 14. An example of a permafrost disturbance

susceptibility map from near Drake Point, Melville Island,
Nunavut. The map is produced by combining field mapping
of disturbances with landscape modelling. The locations
most susceptible to disturbance are indicated in orange
and red (courtesy A. Rudy, Queen’s University).

sensing (Rudy et al. 2013, Brooker et al. 2014) provide
a means to efficiently determine the extent of landscape
disturbance, and land disturbance susceptibility modelling
approaches provide an improved understanding of the loca-
tions on the landscape that are most likely to be effected by
degradation and disturbance (Figure 14) (Rudy et al. 2016).
These methods can also help to improve our understand-
ing of the environmental effects of permafrost degradation
on surface waters (Bowden et al. 2008, Lewis et al. 2012,
Lafreniére and Lamoureux 2013, Lamoureux et al. 2014).

4.2.7 Ecosystem and greenhouse gas impacts

Permafrost stores more carbon than does the atmosphere
(Hugelius et al. 2014). Warming of the Arctic is associated
with many impacts on the landscape, including perma-
frost thawing and erosion, which can lead to the release of
organic carbon as carbon dioxide (CO,) and methane (CH,)
greenhouse gases (GHG). Aquatic permafrost ecosystems
can act as biogeochemical hotspots, and represent sub-
stantial sources of GHG. The age, source(s), and emission
rates of carbon released can be strongly influenced by local
ground conditions, which in turn affect the biogeochemical
dynamics of ponds and lakes.

Located in centre the of Eastern Canadian Arctic, Bylot
Island includes numerous periglacial aquatic landscapes
(Figure 15). Several glacial valleys of the island represent
highly dynamic biogeosystems rich in permafrost ground
ice, peat, and aquatic environments. Studies here have been
aimed at characterizing the influence of geomorphology
and permafrost degradation on aquatic biogeochemistry.
All aquatic systems are located within a ~ 3 m-thick perma-
frost terrace composed of alternating organic (peat) and
mineral (aeolian silt) layers, that started to accumulate at
the bottom of the valley ~ 3700 years ago (Fortier and
Allard 2004).

Results and field observations indicate a relation between
pond/lake morphology, processes of permafrost deg-
radation, and the age of carbon processed — ultimately
released as GHG - in these aquatic systems (Bouchard et
al. 2015). The age and GHG concentration of gas bubbles
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Thermokarst
lake

FIGURE 15. Location of the study site in the continuous
permafrost zone of the Eastern Canadian Arctic (a), north
of Baffin Island (b), within one of the several glacier valleys
of Bylot Island, Nunavut (c). The studied valley contains
numerous aquatic systems of different sizes (d). Source of
the permafrost map (a): Brown et al. (1998). Satellite photo
(c): Terra-MODIS, 22 July 2012. Photograph (d): I. Laurion.

show different trends in the various types of water bodies
(Figure 16). Small and shallow polygonal and ice-wedge
ponds produce modern CH, and modern to young (< 500
years BP) CO,, whereas larger and deeper lakes release
older GHG, up to ~ 3500 BP for CH,, close to the maximum
age of the permafrost terrace. There seems to be a gradient
in CH, age and concentration within lakes, with younger
and less concentrated CH, from the lake edge, and older
and more concentrated CH, from the center (deeper and
older bottom sediments). This suggests that the CH, age
and concentration in bubbles are controlled by the geo-
morphology and development of the lake. Considering all
ponds and lakes as a whole, CH, is generally one or two
orders of magnitude more concentrated than CO, in emitted
bubbles. These results are representative of summer condi-
tions only but show that this type of activity is associated
with permafrost degradation in the region.
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FIGURE 16. Concentration and age of bubbling GHG
collected from ponds and lakes on Bylot Island, Nunavut.
Gas concentration (x-axis) is expressed as partial pressure
(in ppmy, parts per million volumetric) of CO, (open circles)
and CH, (full circles). Radiocarbon age is expressed as the
normalized radiocarbon activity (A™C, in ppt; left y-axis)
corrected for isotopic fractionation and decay that took
place between sampling and measurement dates, and in
thousands of years before present (k yr. BP; right y-axis).
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Dissolved GHG saturation levels in the water column of
these aquatic systems show very different trends across the
various water bodies (Figure 17). Polygonal ponds are gen-
erally CO, sinks, and CH, sources. Larger lakes are near
equilibrium with the atmosphere (small sources), and ice-
wedge ponds are supersaturated in both gases, especially
when their margins are actively eroding.

The observed differences are related to morphology and
limnology. The polygonal ponds have flat and shallow bot-
toms covered by abundant cyanobacterial mats, resulting
in active photosynthesis and CO, consumption. Waters in
deeper lakes are generally well-mixed by wind, thus equili-
brating their GHG concentrations with the atmosphere.
Ice-wedge ponds are strongly stratified and have oxygen-
depleted bottom waters, which can lead to a high produc-
tion of dissolved CO, and CH, especially when shores are
eroding and transferring organic carbon to the water. The
highest saturation values were measured in an ice-wedge
pond with actively eroding shores (Figure 14). These results
are representative of summer conditions only, and more
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FIGURE 17. Saturation levels of dissolved GHG in pond and
lake water. Values are expressed as the departure from
saturation (in pM] for CO, (x-axis) and CH, (y-axis). Values
< 0 indicate a sink, whereas values >0 indicate a source.

measurements will be needed to provide a complete under-
standing of processes involved. Such findings neverthe-
less underscore the strong impact of local geomorphology
and permafrost degradation processes on aquatic system
biogeochemistry.

4.2.8 Permafrost and climate models

Global climate models (GCMs) from the climate model
intercomparison project (CMIP3/CMIPS5) show gener-
al agreement that permafrost degradation will occur in
northern Canada throughout the next century (Arzhanov
et al. 2012, Koven et al. 2013, Slater and Lawrence 2013).
However, model projections of the magnitude of perma-
frost degradation and the spatial distribution of expected
changes vary considerably due to inter-model differences
in projected warming and surface parameterization (Koven
et al. 2013). For example, considering a moderate global
warming scenario (Representative Concentration Pathway,
RCP 4.5), the suite of CMIP5 climate models project a
reduction in near-surface permafrost across the Northern
Hemisphere ranging from 15% to 87% by 2100 AD (Slater
and Lawrence 2013).

In the IRIS 2 region, CMIP5 models project limited to no
changes in permafrost area. The only regions projected to
lose permafrost are the southernmost margins of Baffin
Island such as the Meta Incognita Peninsula (Slater and
Lawrence 2013). However, under a substantially more
aggressive global warming scenario (RCP 8.5), GCMs pro-
ject widespread permafrost thaw in the Eastern Canadian
Arctic by 2100, with many models showing large reduc-
tions in permafrost area across most of south-central Baffin
Island (Slater and Lawrence 2013).

There are numerous challenges for modelling permafrost
changes using GCMs, particularly in regions with complex
topography such as the Eastern Canadian Arctic (Burn
and Nelson 2006). In particular, many GCMs cannot
accurately model the contemporary distribution of perma-
frost at the national scale using either direct or indirect
metrics (Lawrence and Slater 2005, Koven et al. 2013).
Furthermore, models that underestimate current permafrost
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distribution and overestimate active layer depths project
the greatest changes in overall permafrost distribution.
The Eastern Canadian Arctic GCMs, including those with
more complex land-surface parameterizations (e.g., BCC-
CSM1-1, GISS-ER-R), are unable to replicate the presence
of contemporary permafrost along the southern margins
of Baffin Island, while others have produced unrealistic-
ally thick active layers (Koven et al. 2013). The wide range
(15-87%) of projected permafrost losses at the hemispher-
ic-scale further highlights the large uncertainties present
in the various climate model runs. Inter-model variability
in permafrost thaw estimates primarily reflects the dis-
agreement over the magnitude of expected high latitude
warming and the difficulties in modelling subsurface-sur-
face-atmosphere coupling (Koven et al. 2013, Slater and
Lawrence 2013). There is also evidence that differences in
model projections of permafrost change are linked to dif-
ficulties in simulating the thermal relationships between
winter snowcover and ground surface temperatures, leading
to unrealistic air-ground thermal offsets in some regions
(Koven et al. 2013). Complex topography adds addition-
al uncertainty to permafrost projections with the lowest
spatial resolution (~1.0-2.5°) climate models unlikely to
capture fine-scale topographic variability and associated
permafrost processes (e.g., Gruber 2012) (Figure 18).

Although the most recent generation of GCMs repre-
sent a substantial improvement over earlier models (e.g.,
Lawrence and Slater 2005), the above-mentioned challen-
ges highlight the necessity for improvements in modeling
subsurface-surface-atmosphere coupling and future climate
scenarios (Rinke et al. 2012). A potential step towards the
integration of permafrost processes and climate modelling
is the development of high resolution regional permafrost
distribution models which can be perturbed by climate
data derived from GCM runs (Riseborough et al. 2008).
Several recent studies have noted promising results by per-
turbing regional empirical statistical or transient perma-
frost models with GCM projections (e.g., Bonnaventure and
Lewkowicz 2013, Zhang et al. 2013, Zhang et al. 2008).
Using the transient Northern Ecosystem Soil Temperature
model (NEST, Zhang 2003) perturbed with CMIP3 climate
model scenarios, Zhang et al. (2008) projected changes in

regional permafrost and active layer thickness across all of
northern Canada. In total, permafrost area was projected to
decline by 16-20% by the 2090s, with active layer thickness
increasing typically by 41-104%. In the Eastern Canadian
Arctic, Zhang et al (2008) found no change in the total
area of permafrost but projected increases in active layer
depths of ~50 cm across much of the region with regional
increases of up to ~1.0 m in south-central Baffin Island. The
further application of numerical or analytical permafrost
modelling perturbed with higher resolution Arctic regional
climate model output (e.g., Rinke et al. 2012) may therefore
be a useful means of assessing the future development of
geocryological hazards in the region.

4.3 Conclusions

As permafrost is the only element of the cryosphere that
people live on year-round, assessments of permafrost
attributes both current and future are critical in the region.
Currently there are many active research programs inves-
tigating a wide range of topics from the thermal evolu-
tion of permafrost, to the emergence and change of ter-
restrial and aquatic features within the terrain. As climate
is the primary driver of both permafrost distribution and
attributes we have a firm understanding that this has and
will continue to change. These changes will continue to
reshape the landscape, changing the ecosystem with both
local and global consequences. Some of these changes will
be obvious impacting the lives of northerners in subtle
ways whereas others will have profound and long-lasting
impacts. The aim of this chapter has been to serve as a
baseline of the current state of permafrost knowledge in the
IRIS 2 region, outlining research within the region itself
while highlighting some of the expected changes.
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Key messages
e The location of the Eastern Canadian Arctic with respect to ocean currents and remote oceanic processes strongly

limits marine biological productivity in the area.

e The potential and realized yield of commercial fisheries in eastern Baffin Bay is limited by a combination of
environmental, social and economical factors.

¢ Inthe future, marine productivity seems unlikely to increase with rising temperature, acidity and freshwater loading.

Abstract

The marine ecosystem of the Eastern Canadian Arctic is shaped by a combination of remote and regional processes that
affect freshwater loading, nutrient supply and ratios, acidification, and ice dynamics. Remote drivers include the inflow
of waters from the Pacific Ocean and rivers, as well as their transformations in transit toward eastern Baffin Bay. These
waters are relatively fresh, acidic and nutrient-poor with respect to the Atlantic waters entering the Bay through the West
Greenland Current. Changes in the physical/chemical properties and sea-ice conditions of these waters and their rela-
tive proportions condition the productivity of harvestable resources. In the East, where waters are strongly stratified and
highly acidic, this productivity is presently low compared to western Baffin Bay. In the future, warming and the melting
of glaciers/icebergs and sea ice are likely to further increase vertical stratification and oppose the increase in produc-
tivity that should occur under reduced-ice conditions, where more light is available to phytoplankton. Current hotspots
of marine productivity and harvestable resources (e.g., northern shrimp, Greenland halibut) are found where regional
oceanographic processes (e.g., mixing and upwelling) facilitate the upward renewal of nutrients under ice-free conditions.
The productivity and location of these hotspots will possibly shift in response to the changing climate. While marine
productivity in the Eastern Canadian Arctic is very low when compared to productive areas of the World’s Oceans, com-
mercial landings are also limited by a combination of socio-economic factors.
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5.1 Introduction

The rapid and profound transformation of the physical Arctic
environment can impact marine ecosystems and the servi-
ces they provide in at least two major ways in the Eastern
Canadian Arctic. Firstly, it directly challenges marine ani-
mals whose survival depends on cold temperatures or sea ice
for foraging, refuge or reproduction. Impending declines in
these populations as well as invasions by temperate species
are likely to reshape biodiversity and ecological interactions
(e.g., predation, competition) in marine food webs (blue
arrows in Figure 1). The second impact works indirectly
by changing the amount of food available to consumers. It
starts at the base of the food chain, where perturbations of

the physical and chemical environment readily affect the uni-
cellular photosynthetic plants that synthesize the new organic
matter on which the ecosystem depends (green arrows in
Figure 1). The amount of organic matter thus produced con-
strains the amount of food that can be harvested from the
sea. The overall response of marine ecosystems to climate
change integrates these so-called “top-down” and “bottom-
up” effects. Through their activity, primary producers, zoo-
plankton and the smallest microbes (e.g., bacteria, archea)
also exert a feedback on the environment by affecting the
ocean’s ability to store or release climate-active gases (e.g.,
carbon dioxide, CO,; methane, CH,; dimethylsulfide, DMS),
thereby modulating the global rate of warming.

Human nutrition, health and other socio-economical activities

Consumers

Planktivorous fish

Planktivorous birds
1° Bowhead whale

Consumers
Invertebrates
10 (copepods)
Protozoa
Producers
Phytoplankton
Ice algae
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Variability and change in the physical marine environment
(ice, temperature, salinity, currents, nutrients, contaminants, winds)

FIGURE 1. Conceptual framework showing the diverse effects of environmental change on the marine food web and the
services it provides to society in the Eastern Canadian Arctic. Alterations in the behavior, fitness, abundance or productivity

of any animal in the food web can result directly from fluctuations or changes in the physical environment (vertical blue

arrows). These alterations cascade to other levels of the food web through changes in predation or competition pressures

(oblique blue arrows). In parallel, changes in the primary production of plant food by different types of phytoplankton and

ice algae (vertical green arrow) set the quantity and quality of food available for consumers and harvestable resources up

the food web (oblique green arrows) and also feedback on climate through the production or release of climate-active gases

by the microbial community. These ecological shifts combine with societal responses (e.qg., changing use of ice and ocean,

economic development) to further affect the physical environment and so on.
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The small, photosynthetic algae that grow in the brine chan-
nels of sea ice and in surface seawaters are like miniature
factories that harvest light and incorporate CO, and essential
nutrients into organic matter, which is then exploited by
primary consumers such as protozoa (protozooplankton) or
copepods (metazooplankton) and passed on to larger con-
sumers. By contrast with the terrestrial environment, marine
plants, animal carcasses and organic debris are not tethered
and so will episodically sink tens, hundreds or thousands of
metres beneath the sunlit layer depending on how deep the
ocean is. A portion of this sinking biomass is decomposed
(or re-mineralized) by bacteria and archea, which liber-
ates elemental constituents in the water under the form of
dissolved nutrients. The rest reaches the deep ocean or the
seafloor, where it can feed benthic animals (e.g., sea stars,
mussels and their consumers) or be stored in the sediment.
In practice, this gravitational settling moves vital nutrients
away from the ocean surface. The vertical movement of
zooplankton and fish that feed at the surface and perform
daily and/or seasonal migrations to deep waters also trans-
ports significant amounts of carbon and organic matter to
depth (Benoit et al. 2010, Darnis and Fortier 2012). So the
ocean has a problem: nutrients are needed at the surface
where photosynthetic plants can use them, but gravity and
migrations trap nutrients in the deep. By modulating the
efficiency of this “nutrient trap”, environmental change at
global and regional scales affects the quantity of algae pro-
duced in surface waters (e.g., Li et al. 2009, Primeau et al.,
2013). This quantity conditions the productivity of the food
web that depends on it and also impacts the biodiversity
(i.e., number) of organisms living in the water column and
on the sea floor (Witman et al. 2008, Vallina et al. 2014).

Once organic matter is decomposed in deep waters or at
the seafloor, a minute fraction of the re-mineralized nutri-
ents released will make it back to the upper layers through
a slow, physical process known as diffusion. The only
means of re-injecting large amounts of nutrients toward
the surface is by moving deep water upward, which occurs
through wind-driven or topographically-steered (i.e. when
a current hits a vertical obstacle or becomes laterally con-
stricted) mixing or upwelling. Productive marine areas
and lucrative commercial fisheries are located where these

physical processes are most active and support the pro-
duction of large, nutritious phytoplankton species such
as diatoms. Indeed, different indices of marine food web
productivity, ranging from zooplankton biomass to fish
landings, are strongly correlated with primary production
at regional (Ware and Thomson 2005) and global (Nixon
and Thomas 2001, Irigoien et al. 2004, Chassot et al. 2010,
Conti and Scardi 2010) scales. Since these relationships
hold in Nordic seas and the Atlantic sector of the Arctic
Ocean (Chassot et al. 2007) (Figure 2), it is expected that
any change in primary production will affect the biomass
yield of organisms higher up the food chain in the Eastern
Canadian Arctic as well. Such change can occur through
alterations of the intensity of primary production or the
type of primary producers responsible for this production.
A switch from nutritious diatoms to the marine analogs
of ragweed (e.g., coccolithophores or the prymnesiophyte
Phaeocystis), has been known to alter food webs in other
cold seas (e.g., Macklin et al. 2002, Merico et al. 2003).
The possibility therefore exists that these organisms may
become more active in the future Eastern Canadian Arctic.

Mean annual fish yield (t km™)
o

200 300 00 00 &30
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FIGURE 2. Relationship between mean fisheries yield

for all (blue) and planktonic (green) fish and annual
primary production in Nordic and European seas. Shaded
areas represent 95% confidence intervals on the linear
regressions. C represents carbon. Adapted from Chassot
et al. (2007). Refer to Chapter 18, Figure 8 for values
specific to central Baffin Bay and the North Water Polynya
and Davis Strait.
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We know that approximately 189 fish species inhabit the
Canadian Arctic (Archambault et al. 2010) and we have a
coarse overview of the distribution of benthic resources
in the region (Jorgensen et al. 2005), but comprehensive
surveys of harvestable species at the spatial and temporal
scale needed to assess their potential yield and its temporal
change/fluctuations are not available (Boyer Chammard-
Bangratz 2013). Because primary production can be read-
ily estimated with satellites or ships, it provides a viable
alternative to infer changes in the aggregate productivity of
harvestable resources using the coarse relationships shown
in Figure 2. To do so, we will first review the knowledge
gained through ArcticNet’s expeditions and remote sensing
program (Figure 3) as well as previously published work,
and will then propose a future outlook.
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FIGURE 3. Position of the oceanographic stations sampled
with the CCGS Amundsen during ArcticNet expeditions in
the IRIS 2 region (2005-2011).

5.2 The large-scale and regional
oceanographic context

In the Eastern Canadian Arctic, the marine environment is
shaped by a combination of local and remote processes that

must be taken into account to understand present and future
biological productivity. The oceanographic system formed
by Lancaster Sound, Baffin Bay and the northern Labrador
Sea is a central ecological hub where southward flows of
water, sea ice and glacial ice converge along the Eastern
Canadian coastline (Figure 4). The region collects wat-
ers that, for a large part, originate from the Pacific Ocean
and thus spent over a decade transiting across the high
Arctic (Figure 5), where their properties have been modi-
fied by ice growth and decay, precipitation, river discharge
and biological activity (Azetsu-Scott et al. 2010). These
waters therefore integrate a myriad of signals that reflect
prior events and the cumulated impact of climate-driven
processes in recent years. By modulating the fluxes and
configuration of ice and water in Baffin Bay, the changing
Arctic climate will affect ecosystem services regionally
and far beyond in the western North Atlantic.

The situation is different along the coast of Greenland,
which receives water from the so-called “West Greenland
Current” that carries a mixture of relatively warm and salty
Atlantic water (Figures 4, 5). Along the way, this water
collects the melt water produced by the disintegration of
Greenlandic glaciers. Most of this water arcs west and
then south in northern Baffin Bay and the rest continues
northward into Smith Sound. This regional circulation
affects the physical and chemical properties of waters in
the Eastern Canadian Arctic, but it also transports organ-
isms from the North and the South (e.g., Reid et al. 2007).

5.3 Recent changes and events within or
upstream of the Eastern Canadian Arctic

In the central Arctic, most of the thick multi-year sea ice
has now vanished and released its freshwater into the
surface ocean (Perovich et al. 2013, Timmermans et al.
2013). Increased river discharge has considerably enriched
this freshwater pool in recent years (Morison et al. 2012).
Depending on the dominant mode of climate forcing over
the Arctic Ocean, this freshwater is either stored in or
released from the Beaufort Gyre (Yamamoto-Kawai et al.
2009, Morison et al. 2012) (Figure 5). The gyre is a large
rotary current that “attracts” water toward its center and
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FIGURE 4. Map showing

the convergence of liquid

and solid freshwater from
glaciers (purple lines), seaice
(white line) and freshwater
from the high Arctic (blue
line) into the IRIS 2 region.
The Background image is
from the NASA/GRACE
program.

FIGURE 5. Location of the IRIS 2 region
(yellow box) with respect to the large-
scale oceanic circulation of water
masses from the Pacific and Atlantic
oceans at the surface.

145



MARINE ECOSYSTEM PRODUCTIVITY

Chapter 5

146

acts as a water castle when it is energetic. When the gyre
weakens, a portion of the low-salinity water it holds leaks
into the Eastern Canadian Arctic through Lancaster Sound
and Nares Strait. The properties of this water are further
influenced by regional conditions and events. Accelerated
runoff, melting and iceberg calving bleed Greenlandic and
Canadian glaciers, leading to sea level rise and surface
freshening. The remnants of secular coastal ice shelves
shed colossal ice islands into the sea (England et al. 2008).
All these changes impact the IRIS 2 region and are bound
to affect vital ecosystem services, navigation and the access
to natural resources both regionally and downstream along
the Eastern Canadian seaboard.

5.4 Multiple stressors impacting
the lower food web

5.4.1 Loss of seaice

Sea ice is a platform for breeding and hunting as well as a
habitat for the algal community that supplies food to the
keystone copepod Calanus glacialis and benthic organ-
isms during spring (Loeng et al. 2005). It also constrains
the productivity of the pelagic ecosystem by blocking the
light necessary for photosynthesis. Sea ice seldom melts
where it grows. Between 500 and 900 km? y!' of sea ice
produced in the high Arctic are exported into Baffin Bay
(Tang et al. 2004). The minimum extent of sea ice in the
Arctic reached a new record low in September 2012, drop-
ping to 47% of its mean area for the period 1979-2000
(National Snow and Ice Data Centre). This ongoing loss
will dramatically alter the amount of ice exported into the
Eastern Canadian Arctic. The region also forms its own
seasonal sea-ice cover.

In Baffin Bay, the ice season has been contracting at the
mean rate of 8 days per decade since 1979 (Markus et al.
2009) and the southern edge of winter ice retreats north by
several hundred kilometres during negative phases of the
North Atlantic Oscillation (Heide-Jorgensen et al. 2007).
This interaction and the underlying ocean circulation are
instrumental in the formation of ice arches that gener-
ate open water singularities such as leads and polynyas

(Dumont et al. 2009). The North Water Polynya in Smith
Sound has been considered as a secular oasis for thriv-
ing populations of resident and migrant marine birds and
mammals (Tremblay et al. 2006). The Smith Sound ice
arch (ca. 78.6° N), which peculiarly characterizes the
northern extremity of the polynya, results from the hydro-
mechanical behavior of sea ice when winds and currents
force it into the restricted passage between Ellesmere
Island and Greenland. The arch itself is a failure line in
the ice cover that, according to the 45-year long ice chart
dataset (1968-2013) of the Canadian Ice Service, appears
somewhere between October and January but becomes
more easily visible from space only when downstream sea
ice loosens and drifts southwards. The onset of this motion
marks the opening of the polynya. A detailed analysis of
the arch from ice charts reveals that before 1994, it broke
up (the polynya ends) at week 31 £ 3 while after 1994 the
break-up occurs at week 27 + 3, a one-month advance
(Figure 6). While the time series is not long enough to
diagnose a climate-related change, the frequency of occur-
rence also seems to decrease over the 45-year period; the
arch did not form in 1990, 1993, 1995, 2007, 2009 and
2010, i.e., 6 times over the last 23 years. Unfortunately,
the dataset does not allow for a similar characterization of
the timing of the arch formation. However, changes in the
life cycle of the arch have direct repercussions on regional
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FIGURE 6. Long-term change in the week of arch break-
up, assessed with ice charts from the Canadian Ice Service
(CIS) and the Danmarks Meteorologisk Institut (DMI)
(unpublished data). A one-week uncertainty is implied for
all data points. The vertical black lines indicate years for
which an arch was present for at least two consecutive
weeks between January and August (CIS dataset).
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ice dynamics, the availability of light for photosynthetic
organisms (Bélanger et al. 2013) and the circulation of the
upper ocean (Dumont et al. 2010).

5.4.2 Iceislands and icebergs

In recent years, several ice shelves have been lost from
northern Ellesmere Island and numerous large fragments
broke off the Petermann glacier (see Chapter 3 for more
information on glaciers and ice shelves). Most glacial ice
singularities drift south toward Baffin Bay and Lancaster
Sound, with significant impacts on freshwater loading and
the motion of sea ice and water. West Greenland glaciers
shed tens of thousands of icebergs annually and those
account for the majority of glacial ice transiting through
Canadian waters. Most of these icebergs are eventually car-
ried north by the West Greenland current. Then some of the
largest ones continue north into Smith Sound while most
drift west across northern Baffin Bay and finally south with
the Baffin Land Current (Iceberg Alley), which entrains
additional icebergs from other glaciers (Tang et al. 2004).
A few of these icebergs can enter Lancaster Sound, where
they become grounded. Changes in seasonal sea ice, such
as a contraction in its seaward extent and lifespan, and
ocean circulation are bound to affect the pathways and
transit times of icebergs and ice islands.

Icebergs scour the seafloor sediment and disturb ben-
thic communities (Conlan et al. 1998) that supply food
to several species of fish and marine mammals. Scouring
removes late-succession organisms, creates opportunities
for colonizer species and releases nutrients into the water
column. Full re-colonization of a benthic community can
take more than 9 years following a scouring event (Conlan
and Kvitek 2005). On the Baffin Island shelf, scouring can
trigger the release of oil (seeps) and gas (vents), which pot-
entially impacts marine organisms and the air-sea exchange
of methane, a highly potent greenhouse gas (Levy and
Ehrhardt 1981, Judd 2003). Although the ecological
impacts of icebergs have not been studied in the Eastern
Canadian Arctic, drifting icebergs in the Southern Ocean
show elevated concentrations of chlorophyll on their walls
and in their wake (Schwarz and Schodlok 2009), which is

attributed to the release of micronutrients having a positive
effect on algal growth and accumulation (Smith et al. 2007,
Schwarz and Schodlok 2009). The elevated productivity
attracts zooplankton and marine birds in the Weddell Sea
and is quantitatively significant at the regional scale (Smith
et al. 2007). In the Arctic, the upward supply of macro-
nutrients caused by the upwelling of subsurface melt water
(Jenkins 1999) and the mixing effect of breaking waves on
icebergs potentially stimulate primary production. These
impacts have yet to be documented in the Canadian Arctic.

5.4.3 Freshening

A variety of freshwater sources dilute seawater, affect-
ing its physical and chemical properties with direct and
indirect effects on organisms and biological productiv-
ity. Figure 7 shows the relative contribution of different
freshwater sources to the waters flowing south along the
Eastern Canadian Arctic and those flowing north along the
Greenland coast. These sources are generally divided into
(1) oceanic water from the Pacific (which globally receives
more precipitation than the Atlantic and is thus a source
of remote freshwater), (2) the so-called “meteoric” water,
which includes waters provided directly or indirectly by
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FIGURE 7. Estimates of the quantities of freshwater (in

total height equivalent] and the contributions of different
sources in western (Canadian side) and eastern (Greenland
side) Davis Strait during September-October 2004. For each
category, the dominant or sole contributing source is given
in bold and possible but unresolved secondary sources are
given in italic. Adapted from Azetsu-Scott et al. (2012).
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regional precipitation (river discharge, glacier melt, pre-
cipitation) and (3) sea-ice melt water. Brine rejection during
sea-ice growth increases salinity and therefore leads to an
apparent decrease in liquid freshwater flux when the sites
of ice formation and melt are separated. For the year 2004,
Azetsu-Scott et al. (2012) estimated a total southward fresh-
water flux of ca. 125 000 m? s in western Davis Strait, com-
posed mainly of Pacific-derived water and meteoric water
of predominantly riverine provenance (e.g., the Mackenzie
River) with unresolved contributions by precipitation and
glacial melt (Figure 7). The flow of waters influenced by
brine rejection exceeded the amount of sea-ice melt, thereby
partially canceling out the combined flux of Pacific and
meteoric water. In eastern Davis Strait (Greenland side),
approximately 52 000 m? s of freshwater, produced mainly
by glacial melt with a secondary contribution of sea-ice
melt, flowed northward (Azetsu-Scott et al. 2012).

By lowering the salinity, freshwater produces a buoyant
surface layer that augments the vertical “stratification” of
the upper ocean. The relatively “light” surface layer then
behaves like oil on “heavier” water. Warming contributes
to make the surface layer even lighter since water density
decreases with increasing temperature. The density dif-
ference acts as a physical barrier that impedes the vertical
exchanges of heat, nutrients and gases between the surface
and the deep ocean. These exchanges drive biological pro-
ductivity, biogeochemical cycling and the oceanic circu-
lation (or conveyor belt) that prevents the poles from get-
ting much colder and the tropics from getting much hotter
(Dickson et al. 2007). Increased stratification opposes all
these crucial functions. As previously mentioned, essen-
tial nutrients must be transported from the deep ocean to
the sunlit, surface layer in order to sustain photosynthesis
and harvestable resources. This transport diminishes with
increasing stratification.

An example of how freshwater stratification impacts Baffin
Bay is provided in Figure 8, which shows a vertical sec-
tion of oceanic properties from Ellesmere Island (left) to
Greenland (right). Sampling was performed during the
ArcticNet expedition of the CCGS Amundsen in early
October 2007, the previous record year of minimum sea-ice
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FIGURE 8. Lateral and vertical gradients of temperature,
salinity, nitrate and chlorophyll fluorescence across
northern Baffin Bay at 76.2°N.

extent before 2012. The cold and relatively fresh Arctic
outflow is clearly visible at the surface in the west, where-
as the relatively warm and saline waters from the West
Greenland Current are seen in the East. The distribution of
the nutrient “nitrate”, which is known to limit primary pro-
duction in the Arctic Ocean (Tremblay and Gagnon 2009),
matches salinity patterns. Surface concentrations of nitrate
are extremely low where the stratification is strongest in
the west. Note that the lowest values of chlorophyll fluor-
escence (and index of phytoplankton biomass) co-occur
with the nitrate-poor water in the west. A sharp increase

2
2
>
o
©
(=)
c
©
o
S
o

32
31
.30

Ocean Data View

o
2

=}

o
2

o

'
N

w
8

©w
1A}

7.5

N
12

o

@

~

w

N



Chapter 5

MARINE ECOSYSTEM PRODUCTIVITY

in fluorescence occurs toward Greenland, where the wat-
ers are warmer and the sunlit upper layer coincides with
relatively high concentrations of nitrate. Below this latitude,
the Arctic outflow continues its transit to the south and
defines the oceanographic and biological setting of coastal
waters in the IRIS 2 region. This pre-conditioning severely
constrains primary productivity in the region.

Upward deliveries of the nutrient nitrate are crucial to sus-
tain photosynthesis and food webs in the Arctic Ocean
(Tremblay and Gagnon 2009), but respond negatively to
stratification. Inverse relationships have been observed
between the strength of the stratification and primary pro-
duction in Baffin Bay, Lancaster Sound and adjacent regions
(Ardyna et al. 2011, Ferland et al. 2011). In addition to the
intensity of primary production, the contribution of dif-
ferent functional groups of phytoplankton also responds
to increasing stratification, which generally favours small
species that do not efficiently support harvestable resources
(e.g., Lietal. 2009). By contrast, diatoms are associated with
productive food webs, efficient sequestration of CO, in the
ocean via gravitational settling and low production of DMS,
a climate-active gas acting as cloud nucleator and providing
negative feedback on photosynthesis. Other bloom-forming
algae such as Phaeocystis and coccolithophores typically
have negative impacts on food webs, a low potential for CO,
sequestration and are often good producers of DMS. When
present in high abundance, these organisms hamper the
feeding success of zooplankton and their predators higher
up the food chain. Phaeocystis colonies can clog fishing nets
and degrade the shoreline by producing large accumulations
of foam (Walsh et al. 2011 and references therein).

The reasons leading to functional shifts in phytoplankton
dominance are not fully understood, but coccolithophores
and toxic dinoflagellates typically develop in strongly strati-
fied, nutrient-impoverished surface waters (Sabine and
Tanhua 2010). The northern limit of their boreal extent
will possibly expand with warming (Walsh et al. 2011).
Coccolithophores have already replaced diatoms in por-
tions of the coastal Bering Sea, with dire consequences for
food webs (Macklin et al. 2002), and in some years, col-
onies of Phaeocystis pouchetii are abundant in the Barents

Sea (e.g., Wassmann et al. 1990) and the Greenland Sea
(e.g., Calbet et al. 2011). As far as we can tell, these organ-
isms have not yet developed high biomasses in the Eastern
Canadian Arctic (e.g., Tremblay et al. 2009; Ardyna et al.
2011), where the blooms investigated so far were dominated
by diatoms (Lovejoy et al. 2002, Tremblay and Smith 2007).
An intriguing possibility is that the very cold temperature
or some nutrient deficiency that prevails in the Arctic out-
flow presently guards our nearshore waters against harmful
algal blooms (HAB). At lower latitudes (e.g., the North Sea),
the incidence of these HAB has been positively linked to
population growth and the release of nutrient-rich effluents
in the coastal zone (Heisler et al. 2008). It would be prudent
to anticipate these effects as economic opportunities foster
coastal development in the North.

5.4.4 Acidification

The increasing freshwater loading is likely to have other
direct impacts on productivity, since it may affect the sur-
vival or fitness of organisms through osmotic stress and
acidification. The dissolution of anthropogenic CO, in
seawater leads to the production of carbonic acid and the
release of hydrogen ions that acidify the water (and thus
lower pH). This phenomenon is global, but is most acute
in cold waters since the solubility of gases increases with
decreasing temperature. Because CO, dissolves more read-
ily in freshwater than in saline water, a decrease in salinity
caused by ice melt increases the solubility of calcium car-
bonate, which decreases pH and exacerbates acidification.
The potential consequence of this acidification for living
organisms can be assessed, for example, using the satura-
tion state of aragonite (Qarg), a form of calcium carbonate
that constitutes the hard shells of pelagic pteropods, bot-
tom dwelling mollusks and cold-water corals. When Qarg
decreases, the water becomes corrosive to these organisms
and spontaneous dissolution of their shells may occur (Orr
et al. 2005, Fabry et al. 2008). While these effects are well
demonstrated in the laboratory, their long-term impact with
respect to other stressors (warming, stratification) and the
flexibility that organisms have to adjust to decreasing ng
remains to be fully assessed.

149



MARINE ECOSYSTEM PRODUCTIVITY

Chapter 5

150

In the Eastern Canadian Arctic, Qarg is lowest in surface
waters originating from the Pacific Ocean or sea-ice melt
and in the deep waters affected by the decomposition of
sinking organic matter (which releases CO,) (Azetsu-Scott
et al. 2010). Figure 9 shows the layers where waters are
either saturated (blue area) or under-saturated with respect
to aragonite (red area). The layers in red are those that
potentially create severe stress to animals with aragonite
shells. Across Baffin Bay and Davis Strait, the deep under-
saturated central layer results largely from the decompos-
ition of sinking debris, while another shallower horizon
corresponding to the Arctic outflow is clearly visible in
the West. This water is shallow enough to flow over corals
along Baffin Island. Large areas of Baffin Bay are col-
onized by cold-water corals, especially large gorgonian
coral forests (Kenchington et al. 2010). These organisms
are ecologically crucial since they can act as a refuge for
many species of fish and invertebrates (Edinger et al.
2007a). The skeletons of cold-water corals contain arag-
onite, which makes them highly vulnerable to acidification
(Wisshak et al. 2012). This vulnerability as well as the

Baffin Bay at ca. T2°N Davis Strait at ca. 67°N

Depth (m)

0 100 200 300 0 100 200 300

Distance from western end (km)

FIGURE 9. Lateral sections of the saturation state of
aragonite (Q..,) in Baffin Bay and Davis Strait. Waters in
the red area are undersaturated with respect to aragonite.
Adapted from Azetsu-Scott et al. 2010).

fragility of corals to fishing impact (Edinger et al. 2007b)
brought the United Nations General Assembly (UNGA)
to create a resolution (Resolution 61/105) to protect them.
While recent experiments showed that cold-water corals
may continue to produce skeletons under acidified condi-
tions, this production occurs at a high metabolic cost that
could prove detrimental to the organisms (McCulloch et
al. 2012). Furthermore, there is a lack of information on
how they will react to the indirect effects of acidification
on the pelagic ecosystem as well as to other stressors, such
as warming and scouring by icebergs.

5.5 Productivity regimes

Under ice-free and clear-sky conditions, satellites can
inform us of what happens immediately at the surface
since phytoplankton can be “seen” due to the green col-
or of chlorophyll. Primary production, which is usually
expressed as the amount of carbon fixed by unit of ocean
surface area during a day or a year (e.g., g C m? y), is then
estimated using mathematical algorithms that relate chloro-
phyll a (the photosynthetic pigment present in all algal spe-
cies) to solar irradiance and water temperature (also esti-
mated from space). The results are usually color-coded on
an artificial scale to make spatial differences more obvious
to the eye. Other approaches require a ship and the incu-
bation of water samples to determine how much dissolved
inorganic carbon is consumed by phytoplankton.

Satellite-based estimates of primary production for the
Eastern Canadian Arctic range from 5 to 100 g C m? y*!
for the period 1998-2010 (Figure 10). The spatial patterns
shown in Figure 10 are mostly driven by two remotely
sensed quantities: 1) the phytoplankton biomass (i.e.
chlorophyll-a concentration) and 2) the amount of under-
water light available for photosynthesis, which strongly
depends on sea ice and clouds. The satellite-based esti-
mation ignores primary production occurring under the
ice, which can be significant when the ice is thin or cov-
ered with melt ponds (Gosselin et al. 1997, Mundy et al.
2009, Arrigo et al. 2012). Very low productivity values
(purple in Figure 10) characterize most of the area, indi-
cating that productivity levels in the region are generally
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FIGURE 10. Spatial distribution of satellite-based estimates of annual primary production, averaged for the period 1998-
2010. Productivity zones can be divided into very low (purple), low (dark blue), moderate (light blue - green) and high
(yellow-red). Methods and algorithms are described in Bélanger et al. (2013).

close to those of a “biological desert”. Slightly higher val-
ues (dark blue) are often observed near the coasts, with
the exception of Baffin Island, which exhibits low coastal
productivity across its entire latitudinal swath. There is a
clear contrast with the Greenland side, where productivity
reaches moderate values (green). This pattern is consistent
with the prevalent southward flow of strongly stratified,
nutrient poor waters in the West (Figure 8). A comparison
with Figure 2 is most instructive and indicates that produc-
tivity in the Eastern Canadian Arctic is generally below
the level required to support even the smallest reported

fish catches for European and Nordic seas. Against this
backdrop some areas stand out as being more productive,
including the northern tip of Baffin Bay (North Water),
and the northeast sector of Hudson Strait. Primary pro-
duction at these “hotspots” is generally comparable to the
higher productivity observed in the less stratified waters
off Greenland. Riverine input appears to contribute to the
signatures observed in James/Hudson Bay. Ice edge pro-
duction and production in small polynyas also contribute
to increased estimates (and location of “hot spots™).
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Satellite-based estimates of primary production are corrob-
orated by shipboard measurements of chlorophyll concen-
tration (an index of phytoplankton biomass), which clearly
show elevated phytoplankton biomass in the North Water
and Lancaster Sound, but much lower values down the
coast of Baffin Island (Figure 11). In general, the high val-
ues occur in less stratified, ice-free areas where the avail-
ability of nutrients is greater (Figure 12). When or where

Chlorophyll a biomass (mg chla m?)

ice cover is substantial, chlorophyll biomass typically
remains low due to the negative effect of ice and snow on
light penetration and photosynthesis (Ardyna et al. 2011).
As the ice cover gets lower, however, photosynthesis and
phytoplankton biomass only increases in specific areas
where nutrients are abundant near the surface, thereby
generating “hotspots” of biological activity (Figure 12).
Therefore the loss of ice alone cannot be expected to bolster

FIGURE 11. Variation of phytoplankton
chlorophyll a biomass in different

06 07 08 09 10 12

sectors of the Eastern Canadian Arctic
between 2005 and 2011, based on direct
measurements made during expeditions
of the CCGS Amundsen.
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FIGURE 12. Relationships between observed chlorophyll
a biomass and ice coverage at specific locations sampled
by the CCGS Amundsen in Canadian Arctic waters where
nutrient availability is high (red line and area) or low
(blue line and area). The shaded areas and solid lines
respectively provide the range and mean of values
observed for a given class of ice concentration. Adapted
from Ardyna et al. (2011).

primary production and the yield of harvestable resources
that depend on it. This is consistent with pan-Arctic pat-
terns of annual primary production, which clearly indicate
that nutrient availability exerts the primary control on bio-
logical productivity in seasonally ice-free areas (Tremblay
and Gagnon 2009).

Judging from Figure 2 again, even the most productive
waters in the Eastern Canadian Arctic have a low potential
for commercial fish yield. Greenland halibut (or turbot)
and two species of northern shrimp (Pandalus montagui
and Pandalus borealis) are fished commercially in western
Baffin Bay, Western Labrador Sea and Hudson Strait, but
those fisheries historically have a low yield relative to those
on the Greenland side. By contrast with the Greenland
Shelf, the Baffin Island Shelf becomes very narrow and
interrupted by deep troughs north of Davis Strait, which
is thought to prevent the northward spread of the northern
shrimp. In this context, and because these species rely on
cold temperatures (< 6°C), the shrimp catch is likely to be
negatively impacted by warming. This impact seems to be

most severe in areas influenced by relatively warm Atlantic
water, judging from diminishing landings in the eastern
Labrador Sea (Boyer Chammard-Bangratz 2013).

While the potential yield of fisheries in the Eastern
Canadian Arctic can be considered low on a global scale,
it has yet to reach its full potential. Several economic
and social circumstances seem to contain the expansion
of commerecial fishing, including port facilities and tidal
constraints on access, a capacity to fish offshore during
summer months, the availability of processing plants and
the remoteness of markets in the South (Boyer Chammard-
Bangratz 2013).

5.6 Changes in the timing and magnitude
of biological productivity

Satellite-based investigations report an overall increase
in primary production at the pan-arctic scale (Arrigo and
van Dijken 2011, Bélanger et al. 2013), with responses
that vary broadly across regions. These changes can result
from modifications of light availability (e.g., through a
reduction of the ice cover) and/or nutrient supply affect-
ing both the timing and intensity of production. Against
a generally positive trend, we find strong indications that
total annual primary production is declining in regions
of prime ecological importance in the Eastern Canadian
Arctic (Figure 13). The North Water (NOW), located in the
northern Baffin Bay, experienced one of the most severe
drops in primary production (5 g C m2 yr~'; Figure 13).
This decline is particularly pronounced on the western side
where Pacific-derived Arctic waters flow south, which is
consistent with decreases in measured chlorophyll during
expeditions of the CCGS Amundsen (Figure 11). A con-
comitant increase in productivity above the North Water
in Kane Basin implies that the productive zone has shift-
ed north, possibly because reduced ice cover there now
allows the phytoplankton to exhaust nutrients before the
southbound waters enter Smith Sound. Nutrients in western
Kane Basin are known to be plentiful during early spring
due to vigorous mixing in Nares Strait (see Tremblay et al.
2002). An analogous situation has developed in Lancaster
Sound, where chlorophyll biomass (Figure 11) is increasing
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FIGURE 13. Absolute and standardized temporal trends in marine primary production in the Eastern

Canadian Arctic for the period 1998-2010. Results vary from strongly declining productivity (blue) to no

discernible change (white) and strongly increasing productivity (red).

in the West but remains stable at the southern entrance to
Baffin Bay.

The North Water and Lancaster Sound polynyas have his-
torically been regarded as productive areas supporting
intense diatom blooms. In the North Water the bloom
started in May and fuelled a rich marine ecosystem sup-
porting polar cods, large aggregations of marine mammals
and sea birds (Dunbar 1981, Stirling 1997). The transfer of
phytoplankton biomass to copepods and the herbivorous
food chain was highly efficient, leaving little material for
export to the seafloor (Tremblay et al. 2006). Yet recent
analyses of the shells of mollusks living on the sea floor
at ca. 600 m suggests that a large increase in the vertical
deliveries of freshly produced organic matter has occurred

during the last decade (Gaillard et al. 2017). The cause is
not clear but the authors hypothesize that changing sea-ice
dynamics and a lesser match between zooplankton grazing
and PP resulting from an earlier phytoplankton bloom is
likely. This is supported by satellite-based estimations of
monthly primary production, which reveal an increasing
trend for May and a decreasing trend for June and July. It
is also possible that the combined horizontal transport and
vertical sinking of organic matter now produced further
north results in larger deliveries of food to the seafloor in
Smith Sound (as opposed to south of it in former times).

At the larger scale, the continued existence of productive
zones inside Lancaster Sound and north of Baffin Bay,
wherever their exact position is, constitutes a “nutrient trap”
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whereby phytoplankton strip surface waters of the nutrients
provided by mixing in the narrow channels and shallow
sills of the Canadian Archipelago and Nares Strait. Once
the organic matter has sunk, the strong stratification in the
Arctic outflow subsequently prevents re-mineralized nutri-
ents from coming back to the surface. This secular context
contributes to the persistently low productivity of coastal
waters along Baffin Island. Absolute trends in satellite-
based PP for this sector are negligible (Figure 13), although
standardized trends suggest a small increase caused by a
greater availability of light (Bélanger et al. 2013). Point,
ship-based sampling along the latitudinal swath of east-
ern Baffin Bay suggests a generalized, but non-universal
decrease in chlorophyll a biomass, including stations locat-
ed in fiords and on the inner shelf (Figure 11). Meanwhile,
absolute productivity levels have been rising substantially
along the Greenland Coast (Figure 13), widening the con-
trast in productivity between the two sectors.

5.7 Outlook

Climate scenarios forecast local temperature increases
of 4 to 8 °C by 2050 in the Eastern Canadian Arctic (see
Chapter 2). For 2012, sea surface temperatures in Baffin
Bay were up by 2 to 3 °C relative to the 1982-2006 mean
for August (Timmermans et al. 2013). Total precipitation
is also expected to increase by 15 to 20% by 2050 in the
region (see Chapter 2). In combination, warming and fresh-
ening will increase the buoyancy of surface waters flowing
south though the area. This increase will be augmented by
accrued melting of Canadian glaciers and the Greenland
ice sheet, which attained a record high in 2012 (Nghiem et
al. 2012, see Chapter 3), as well as by remote events that
affect the rising supply of low-salinity, Pacific water across
Bering Strait (Woodgate et al. 2012), river discharge and
precipitation in the High Arctic (Yamamoto-Kawai et al.
2009, see Chapter 6 for more information on freshwater sys-
tems). The Beaufort Gyre has been storing huge amounts of
freshwater in the central Arctic (Timmermans et al. 2013),
but there are indications that the gyre is now weakening and
poised to release freshwater into the Canadian Arctic. These
events all conspire to increase the vertical stratification and

nutrient deficiency of coastal surface waters in the Eastern
Canadian Arctic.

Given the geographical location of the Eastern Canadian
Arctic with respect to the large-scale oceanic circulation,
it seems highly improbable at present that overall mar-
ine productivity will increase in the region. The apparent
shift of elevated productivity zones toward the north (Kane
Basin) or the west (inner Lancaster Sound) implies that
nutrients are stripped from surface waters before flowing
into the once productive zones of Smith Sound and eastern
Lancaster Sound. The seasonal timing of primary produc-
tion in these zones may also continue to change, with added
consequences on the structure and function of marine food
webs. The current fisheries yield is low and might some-
what increase if fishing effort intensified with the greater
incidence of ice-free conditions (fishing vessels can spend
more time offshore) and if new port facilities allowed fast
turnover of the catch (Boyer Chammard-Bangratz 2013).
However, the relatively short seaward extent of Eastern
Canadian Arctic shelves, their low-productivity status and
susceptibility to strong acidification makes it doubtful that
this ecosystem could support a local boom of harvestable
resources in the foreseeable future.
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Key messages

The limited number of survey gauges, and significant data gaps where gauges exist largely preclude any
assessment of trends in river runoff in the region.

Shifts in precipitation to evaporation ratios are leading to pronounced shrinkage of shallow ponds, and warming
is leading to decreases in ice cover on lakes and changes in phytoplankton and bacterial communities, along
with enhanced nutrients and/or water temperature changes.

Hydrological modelling efforts predict higher peak flows, longer flow duration and increased suspended sediment
loads over the twenty first century (due to increases in precipitation and warming fall temperatures).

Permafrost degradation and thermo-erosion processes are likely to continue to disturb the landscape, drain
ponds and ultimately transform the hydrology, biogeochemistry, and ecosystems of surface waters in the Eastern
Canadian Arctic.

Nunavut lakes are likely to experience warming rates well above the global average, but with large variations
among individual lakes. This will affect ice cover duration, water mixing and aquatic aquatic ecosystem properties
such as biological production, greenhouse gas fluxes, species composition and fish stocks. Paleoenvironmental
proxy records indicate a range in surface water runoff changes across the region, including areas where snowmelt
runoff has decreased, and other sites where snowmelt, rainfall and/or glacially derived runoff have increased

over the long-term.
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Abstract

Freshwater ecosystems, water quality and quantity are directly affected by climate, and indirectly via climate driven
changes in permafrost and landscapes. Recent observations and trends of freshwater systems (including rivers, ponds,
wetlands, and lakes) in the region are presented. The sparse number of observational records, combined with the chal-
lenges associated with field measurements of water balance parameters (e.g., end of year snow accumulation and run-
off) preclude robust interpretations of trends in river flows and water budgets across the region. Satellite data has been
used successfully to identify trends in lake ice conditions (later freeze-up and earlier break-up) and snow cover duration
(decrease of approximately 3 weeks) across the region over approximately the last 30 years. Paleoenvironmental proxy
records and paleoecological studies have been used to determine the longer-term trends in freshwater hydrology and
ecology. Paleoenvironmental proxies largely indicate an intensification of runoff due to increases in snowfall, rainfall and
glacial mass wasting, while paleoecological studies indicate changes in aquatic ecosystems related to increased ice off,
nutrients and/or water temperatures. Active layer thickening and permafrost disturbances have significantly transformed
the hydrology and ecosystems of ponds, wetlands and lakes, as well as the sediment, nutrient, metal and ion loads in
rivers and downstream water bodies. Extreme ecological changes such as the loss of epishelf lakes and drying of ponds
have been observed across the region. Continued and expanded monitoring of the responses of water quantity, water
quality, and aquatic ecology to climate change is required to improve our understanding of how freshwater ecosystems

are changing across the region.
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6.1 Introduction

Freshwater systems, including lakes, ponds, wetlands, and
rivers, are the foundation of major ecosystems, and repre-
sent a key resource for communities in the Arctic. Climate
change will have multiple direct, and interacting, impacts
on both the volume and integrity of freshwater systems.
Examples include, impacts on the physical processes that
control the inputs and losses of water (such as rain, snow-
fall, ground ice melt, ice cover, and evaporation), and the
terrestrial conditions (such as active layer depth, thermo-
karst topography, slope stability) that control the move-
ment, storage, and export of freshwater on the landscape
(Figure 1).

This chapter includes a brief review of the recent obser-
vations and trends in precipitation, and active layer and
permafrost conditions that are presented in Chapters 2 and
4 of this report, and discusses these changes in the con-
text of their control on surface hydrology in the region.
Understanding the characteristics of changes in precipita-
tion, such as precipitation type and seasonality, as well as
changes in ground thermal regime, are important for pro-
jecting changes in watershed hydrology and water quality.
Recent observations of conditions and changes in fresh-
water systems in the Eastern Canadian Arctic, including
changes to water volumes, water quality in rivers, wet-
lands, and lakes are also discussed. Changes in glaciers
are not included as these are the presented in Chapter 3 of
this report.

Over the last 10-15 years significant integrated long term
research and monitoring efforts at a number of sites across
the Eastern Canadian Arctic, including the Cape Bounty
Arctic Watershed Observatory (Melville Island), Ward
Hunt Island, Bylot Island, Lake Hazen (Ellesmere Island),
and the Apex River watershed in Iqaluit, have significantly
advanced our knowledge of the direct connection between
climate change and freshwater resources, biogeochem-
ical processes, and ecosystem health. These studies have
observed and documented the impact of rapidly warming
temperatures on Arctic freshwater systems, during some
of the warmest years on record in the region. Much of the

knowledge gained from these studies is reviewed in this
chapter and/or elsewhere in this IRIS 2 report.

6.2 Climate change as driver of
freshwater systems

The surface air temperatures in the Arctic between 2005-
2010 were higher than for any other five-year period since
measurements began in the late 1800’s (AMAP 2011). As
reported in Chapter 2, the warming in the Eastern Canadian
Arctic was more rapid than most other Arctic regions, and
is most pronounced in fall and winter, in response to later
sea-ice formation. This warming began relatively recently
(~1993), and is driven by both anthropogenic forcing as well
as changes in the North Atlantic sea surface temperatures
and the Arctic Oscillation (Chapter 2). Over the last 30
years the coldest months have warmed more than twice
the rate as the warmest months (Chapter 2). The discus-
sion below highlights the important implications of these
warming temperatures on the various aspects of Arctic
freshwater hydrology.

6.2.1 Timing, volume and type of precipitation

Changing climate will directly impact the type (liquid/
solid), volume and timing of precipitation. As air temper-
atures increase, so do the rates of evaporation and the cap-
acity for the atmosphere to hold water vapour. As a result,
the likelihood of increased frequency and/or intensity of
precipitation will also increase; especially if/where there
is an unlimited source of moisture at the surface.

Air temperatures in the Arctic have exhibited warming
in all months (Derksen et al. 2012) and increases in evap-
oration rates and water vapour have also been observed
(Boisvert and Stroeve 2015, Serreze et al. 2012). The ocean
and freshwater lakes represent important sources of water
vapour to the atmosphere, hence climate driven decreas-
es in the extent of lake and sea-ice cover feeback on (or
influence) the hydrologic cycle and climate by increasing
the availability of liquid water and thus evaporation rates.
Increases in atmospheric vapour are expected to lead to
higher rates of precipitation and possibly increased storm
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FIGURE 1. Conceptual diagram illustrating the direct
and indirect impacts of climate change on hydrology,
freshwater resources, and ecosystems, community
services and economy.

intensities, although our ability to predict the likely spa-
tial or seasonal distribution of the precipitation is poor
(Hartmann et al. 2013).

Climate station data for the 1981-2010 indicates that rough-
ly 65% of all precipitation in the region occurs in the sum-
mer and fall (Chapter 2, Figure 9). Although observations
generally suggest there have been increases in precipita-
tion, there is considerable uncertainty concerning these
trends for the region (Chapter 2). For example, although
the average of the nine climate stations in IRIS 2 exhibited
significant increases in both rainfall and snowfall during
the 1950-2013 period, part of this increase is attributed to
abnormally low snowfall amounts prior to 1965 (Chapter
2, Figure 10). If the period prior to 1965 is omitted, signifi-
cant increasing trends are observed for both rainfall (5.3%
per decade) and snowfall (3.0% per decade). However, the

trends over the most recent 30-year period were not sig-
nificant (Chapter 2).

The importance of these changes originate from the con-
trol that the timing and amount of precipitation have on
the volume and timing of both the peak snowmelt runoff
and summer rainfall volumes, which in turn have import-
ant implications for fisheries, recreational activities, water
supply, and water quality (sediment, pathogens, nutrients,
contaminants) (Figure 1).

6.2.2 Snow cover and snow cover duration

Seasonal snow cover exists for 7-9 months out of the year
across the Arctic, and is a critical factor determining riv-
er, lake and wetland water volumes in unglaciated water-
sheds. Snow cover in the IRIS 2 region varies widely, from
very deep (up to 500mm) in the mountainous regions of
Ellesmere and Baffin Islands, to relatively thin and patchy
across the large lowlands of Bathurst and Melville Islands
(Chapter 2).

Snow cover duration is largely a function of latitude and
altitude, but spring radiation budgets (air temperatures) that
typically lead to rapid melt in May-June are also import-
ant (Chapter 2, Figure 11). Snow cover duration increases
moving north-east across the IRIS 2 region, with the ear-
liest onset and longest duration of snow cover occurring
at high altitudes in the mountainous regions of Ellesmere
Island, Axel Heiberg Island, and on the north-east coast
of Baffin Island.

Surface observations and satellite data indicate a decrease
of approximately 3 weeks in the snow cover duration
since 1950, which is largely attributed to a delay in snow
cover onset as a result of enhanced air temperatures in
the fall (Chapter 2). Climate stations indicate an aver-
age ~20% decrease in snow depth across the region since
the 1950’s however, estimates of the trends in maximum
annual accumulation as snow water equivalence (SWE)
from satellite data show increases in SWE over the region
(Chapter 2).
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Snowfall accumulation has a direct impact on spring runoff
volumes across the Arctic, and the timing and amount of
snow depth has a significant impact on ground temper-
atures. Experimental snow augmentation experiments at
the Cape Bounty Watershed Observatory (CBAWO) on
Melville Island, demonstrate that increases in snow depth
on the order of 40 cm (approximately triple the ambient
snow cover), can lead to a 7-10 °C increase in mean monthly
winter soil temperatures (Lafreniere et al. 2013). Similarly,
very deep snow accumulation that occurs on land or in
stream channels has a strong heat retention effect, with soil
and channel surface temperatures up to 30 °C warmer than
air temperatures mid-winter (Bonnaventure et al. 2016).
However, a delay in onset of snow accumulation can sub-
stantially lower winter soil temperatures, despite consider-
ably higher end of season snow accumulation (Lafreniere
et al. 2013).

6.2.3 Ice cover duration, evaporation in
rivers and lakes

Ice cover plays an important role in the thermal regime of
lakes, including mixing, and rates of evaporation. As is
highlighted in Chapter 2, the lack of in situ observations of
lake and river ice in the region limits our ability to assess
trends for these conditions in the region. However, a Pan
Arctic assessment of in sifu and river ice trends shows
a trend towards earlier break-up dates across the Arctic
(Duguay et al. 2006, Lacroix et al. 2005). Data from satel-
lite imagery from 1985-2004 indicates that lakes within the
IRIS 2 region were consistent with the Arctic-wide trend of
later freeze-up (~0.8 days/year later) and earlier break-up.
(1.2 days/yr earlier) (Latifovic and Pouliot 2007). Changes
at Ward Hunt Lake on northern Ellesmere Island suggest
that the summer perennial ice regime was relatively stable
from 1953 to 2007, but experienced rapid thinning begin-
ning in 2008, and was ice free in the warm summer of 2011
(Figure 2, Paquette et al. 2015). The increase in the time
and extent of open water conditions has important implica-
tions for water balance due to changes in evaporation rates,
and also lake ecology due to changes in water temperature
and wind-induced mixing of the water column.

6.2.4 Ground thermal conditions,
active layer thickness

The rate and depth of seasonal thaw, hence active layer
thickness, exerts an important control on surface water
hydrology in permafrost watersheds. As the extent of the
active layer increases (i.e., as the frost table descends),
the storage capacity available for water in the subsurface
increases, which delays the time required for surface water
runoff to respond to precipitation inputs. Hence any pro-
cesses affecting the development of the active layer, also
have direct impacts on soil moisture, potential evaporation,
groundwater flow and storage, and surface runoff.

Ground thermal conditions which are largely a function
of air temperatures, hence active layers within the region
are generally thin due to the extended cold winters, and
relatively short and typically cool summers (Chapter 4). At
the local scale active layer thickness varies as a function
of ground cover (e.g., organic vs. mineral soil), and soil
moisture, with greater active layer thickness developing in
mineral soils, and/or where moisture is lowest.

There are sparse records of active layer depths in the IRIS
2 region from 4 Circumpolar Active Layer Monitoring
(CALM) sites including: Eureka, Tanqueray Fiord, Lake
Hazen and Alexandria Fiord. These records show the active
layer extending to between 41-62 cm depth between 1996
and 2001 (https://www2.gwu.edu/~calm/). These data are
too sparse to interpret temporal and spatial trends, but the
thickest active layers were found in 2000 and 2001. Given
that significant increases in mean annual air temperatures
have been observed across all stations in the region over the
last 30 years (Chapter 2), increases in active layer thickness
can be expected across this region.

Thickening of the active layer can have significant implica-
tions for surface water runoff and quality in areas of ice rich
permafrost, which is particularly susceptible to subsidence
and disturbances, such as active layer detachments (ALDs),
retrogressive thaw slumps (RTS), and thermokarst gullies
(gullies) (see also Chapter 4). Disturbances such as ALDs,
RTS and thermokarst gullies are associated with warm-
ing and are abundant across the region (Godin and Fortier
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FIGURE 2. The shrinking ice-cover of Ward Hunt Lake, at the far northern coast of Nunavut.

2012, Lamoureux et al. 2009, Rudy et al. 2013, Rudy et
al. 2016). These studies indicate that recent warming has
initiated widespread thermokarst and disturbance across
the region, but it remains unclear the extent to which this
represents a trend. Studies have shown these features have
occurred sporadically over the region during the past 50
years, but it appears likely that the recent observations are
unusual in density and frequency (Rudy et al. 2013).

6.3 Observations of change in
freshwater systems

6.3.1 Changes in river flow volumes

Very little is known about recent changes in surface run-
off volumes, or river flow in the Eastern Canadian Arctic
(Spence and Burke 2008). Despite the presence of a number
of water survey gauges in the region, the limited length of
the records precludes the inference of trends from obser-
vational data. Even less is known about how Arctic river
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quality (e.g., sediment loads, nutrient, dissolved ions, met-
als) is being affected by climate and related watershed
changes.

In unglacierized watersheds, surface runoff in the region is
largely a function of the difference between precipitation
and evapotranspiration, plus contributions from subsurface
water flows (e.g., thawing of ground ice, or permafrost ice),
and any groundwater flow in areas where permafrost is
absent. Because recent observations and projections for the
next 100 years indicate both increases in precipitation and
evaporation due to warming (Chapter 2), even estimating
the direction of change of river runoff for small rivers is
not straightforward. Trends for runoff from the Yukon and
the Mackenzie rivers between 1957-1996 suggest that for
these subarctic rivers, runoff is more dependant on precipi-
tation inputs than losses from evapotranspiration (ACIA
2005, Table 6.12).

Glacier watersheds and non-glacier watersheds may
respond differently to climate warming, as glacier ice melt
in warm and relatively dry years drives increases in dis-
charge, while non-glacial watersheds experience decreases
in runoff associated with the higher rates of evaporation
and diminished precipitation inputs (Lafreniere and Sharp
2003). Given the accelerating rates of glacier mass losses in
the Eastern Canadian Arctic, it can be expected that glacial
rivers will continue to see increases in runoff volumes in
the near future. However, as glacier areas diminish these
rivers will reach a tipping point where runoff volumes will
eventually decrease (Pelto 1996), or trigger a reorganiza-
tion of watershed boundaries and stream courses where
the melting glacier is situated on a drainage divide (e.g.,
recent river piracy Slims River, Yukon, Shugar et al. 2017)

The Apex River in Iqaluit is one of only a few unglacierized
rivers in the region with a Water Survey of Canada gauge
(Spence and Burke 2008). A study investigating the rela-
tionship between climate and discharge in the Apex River,
between 1973-1995, and 2006-2013 indicates that both the
seasonal discharges (including only years with complete
records, n=19) and the flow duration (the time from onset
of runoff to freeze up) between 2007-2013 were higher than

the long term mean (Kjikjerkovska 2016). These observa-
tions for the Apex River are consistent with other Canadian
subarctic rivers that have shown a trend toward later freeze
up as a result of warmer autumn temperatures (Magnuson
et al. 2000). The 11-year gap in the discharge record, as
well as the absence of data pertaining to precipitation type
(snow vs. rain) after 1997, significantly limited the analysis
of the relationships between the climate variables (tem-
perature, precipitation) and the seasonal components of
runoff (snowmelt runoff, rainfall runoff and baseflow) in
the Apex River. This study highlights how the absence of
consistent long-term observations in the Eastern Canadian
Arctic limits our capacity to describe, let alone predict, the
response of the river flows to changing climate.

In a study that combined hydrological modelling with down-
scaled climate projections in effort to predict twenty first
century runoff trends for a small High Arctic river (West
River at the Cape Bounty Arctic Watershed Observatory,
Melville Island) Lewis and Lamoureux (2010) determined
that total runoff for this river would increase, because pro-
jected increases in precipitation exceeded projected increas-
es in evaporation. This modelling effort also predicts higher
peak flows and delays in flow cessation (hence longer flow
duration) in this High Arctic system over the twenty first
century due to increases in precipitation (snow storage dur-
ing the winter and total precipitation) and warming fall
temperatures (Lewis and Lamoureux 2010; Figure 3).

A number of paleoenvironmental proxy and anecdotal
observations indicate substantial changes in surface water
conditions, ice cover and river discharge in recent decades.
For instance, Smol and Douglas (2007) showed that a series
of ponds that have been studied for 30 years have sharply
reduced volumes and in some cases have dried out entirely
(e.g., Figure 4). They noted that the volume reduction had
clear impact on the concentration of dissolved solids and
constituted a major change for aquatic communities in the
ponds. This work parallels reconstructed river discharge
in the northern Arctic coast that suggests snowmelt runoff
in major rivers has declined substantially during the past
400 years (Lamoureux et al. 2006). By contrast, other lake
sediment proxy records suggest increased runoff due to
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and synthetic Cape Bounty air temperature]. Symbols are monitored hydrologic data from Cape Bounty. Best-fit linear
regression lines are also shown.
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FIGURE 4. Drying Ponds at Allison Inlet, Bathurst Island, after a warm dry summer late August 2011.

snow melt intensity (Lamoureux and Bradley 1996) or rain-
fall intensity (Lapointe et al. 2012). Glacial systems also
show increasing runoff in the 20th century in many areas
of the region (Lamoureux and Gilbert 2004, Lewis et al.
2002, Moore et al. 2001). These proxies suggest important
changes to surface water environments in the region but
long-term patterns indicate a substantial range of surface
water change.

An extensive network of paleoecological studies based on
fossil indicators such as diatoms have been carried out in
the region and show a clear change in aquatic ecosystems
interpreted to be related to increased ice-off duration, along
with enhanced nutrient and/or water temperatures (Smol
et al. 2005). The timing of the initiation of these changes
ranges from the mid-1800 period in small pond systems to
the late 20th century in larger lakes, suggesting an increas-
ing climate effect across a wide range of pond and lake
environments.

6.3.2 Changes in water quality

6.3.2.1 Observations of climate change and disturbance
impacts on sediment loads

Sediment and particulate organic matter constitute an
important component of surface water quality. Much of the
region is covered with fine grained sediments of glacial and
marine origin and as a result, sediment erosion and trans-
port is widespread, particularly in the central and western
regions of IRIS 2. The primary controls over sediment ero-
sion are the availability, or sources of sediment, and hydro-
logical pathways (or connectivity) to transport the sediment
downstream (Orwin et al. 2012). Most research in the region
has focused on the transport of suspended sediment (e.g.,
Lamoureux and Lafreniere 2014) and little is known about
coarser bedload since the pioneering work of Church (1972).
Suspended sediment comprises clay, silt and sand-sized frac-
tions that are highly mobile in stream and river flow, and can
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also travel considerable distances in lakes and ponds under
ice cover (Cockburn and Lamoureux 2008). Few long term
sediment transport data sets exist in the region to assess
responses to climate and hydrological change. A number of
studies have investigated sediment transport on a short term
(1-3 year) basis and indicate a strong association between
higher discharge and sediment transport and yield. In snow-
melt dominated settings, this transport varies according to
the quantity of snow (or SWE) in the catchment at the end of
winter (Lewis et al. 2012). In years with greater snow, high
discharge conditions are sustained for a longer period and
result in disproportionately higher sediment transport across
different landscape types (Forbes and Lamoureux 2005,
McDonald and Lamoureux 2009). Summer rainfall has the
potential to increase sediment transport significantly, and an
intense rainfall event (c. 30 mm total) can outstrip snowmelt
sediment transport substantially (Cogley and McCann 1976,
Lewis et al. 2012). In glacial systems, sediment transport is
sustained throughout the summer melt period and depends
on specific flow pathways on, within, below and adjacent to
the ice (Moore et al. 2009).

Few hydrological modelling efforts have been undertaken
in the region to consider the impact of climate change on
runoff and sediment transport. Lewis and Lamoureux
(2010) modelled suspended sediment transport for a
small High Arctic river and found the climate projections
increase discharge, and have a disproportionate increase
in suspended sediment transport. Their model results indi-
cated that sediment yields would increase by 100-600% by
2100. They suggested that these estimates are likely to be
minimums, as the models did not account for changes in
sediment supply due to catchment disturbance by perma-
frost change (Lewis and Lamoureux 2010).

Landscape disturbance due to permafrost degradation is one
key mechanism to increase sediment availability for erosion
and transport (Figure 5). In locations where fine grained,
ice-rich surface materials occur (principally the western
islands and lowland coastal regions), slope failures such
as thermo erosional niching and active layer detachments
(ALD) (Figure 5) can substantially increase local sediment
availability (Chapter 4). Lamoureux and Lafreniére (2009)

FIGURE 5. Active layer detachments (ALD) at the Cape
Bounty Arctic Watershed Observatory immediately after
they formed at end of July 2007. (a) Looking up slope to the
initiation of the ALD. (b) Looking downslope from the same
position as (a). Note the sediment slurry floor of the ALD
and the high level of sediment made available for erosion.

noted that new disturbances had an immediate and large
downstream impact on sediment yields, but over a longer
timescale, these effects were less evident in larger river sys-
tems (Lewis et al., 2012). Sediment yields from disturbed
slopes exhibited in excess of 1000 times higher sediment
yields compared to undisturbed slopes. In addition to ero-
sion of mineral sediment, research suggests that disturbance
mobilizes a proportionate amount of particulate organic car-
bon (POC), about 1% of the mineral yield (Lamoureux and
Lafreniere, 2014). Most notably, the eroded POC appears to
be substantially older and has implications for downstream
biogeochemical cycling and aquatic ecosystem. In a long
term study of the impact of these disturbances, Lamoureux
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et al. (2014) showed that the impact varies by disturbance
according to hydrological conditions and flow pathways, and
further demonstrated that recovery was comparatively rap-
id and five years after disturbance, disturbances produced
much lower sediment yields. This contrasts to larger and
sustained forms of permafrost disturbance such as retrogres-
sive thaw slumps that appear to generate long term, exten-
sive downstream sediment transport effects (Rudy et al.
2015). Given the clear association between permafrost deg-
radation and increased sediment availability, the likelihood
of increased suspended sediment yields in surface waters
is substantial and could have important impacts on water
quality in the region.

6.3.2.2 Climate change and permafrost disturbance
impacts on dissolved loads

Solutes are the dissolved constituents in water, and in the
broadest terms a solute can be any material that passes
through a 0.45 pm filter. Solutes are typically exam-
ined from the perspective of several major groups of
constituents:

 major ions (such as sodium (Na*), calcium (Ca?*), mag-
nesium (Mg?*), chloride (CI), bicarbonate (HCO?"), and
sulfate (SO,*) among others);

* nutrients (including nitrate (NO*), ammonium (NH*"), and
phosphate PO,* (or other dissolved forms of phosphate);

* dissolved organic matter (DOM), which includes dis-
solved organic carbon (DOC), and dissolved organic
nitrogen (DON);

¢ and metals, which may include common metals like
aluminium (Al) and iron (Fe), as well as other trace met-
als (e.g., zinc (Zn), copper (Cu), mercury (Hg)) that are
present in concentrations that are orders of magnitude
lower than for Al and Fe, and many have important toxi-
cological effects (see Box A).

Solutes in water are important determinants of water qual-
ity, as they can determine the suitability for the potential end
use (e.g., human consumption or ecosystem support (e.g.,
fisheries)). The concentrations of solutes in water (usually

expressed in mg/L or ppm), as well as the total mass export,
or loads (i.e., kg per season) are largely controlled by the
source and amount of water, and as well as the pathway
the water follows in the watershed prior to reaching the
stream or river. Solute loads are therefore intimately tied
to climate change, specifically through it’s impacts on: the
amount, timing and type of precipitation (rain vs. snow);
the thickness of the active layer available for storage and
movement of water in the subsurface; and permafrost dis-
turbance, which influences the nature of surface flow path-
ways (Figure 1).

Lewis et al. (2012) found that the source of water (snow-
melt vs. rainfall) could be more important than the total
volume of runoff in determining the dissolved inorganic
ions and DOC yields. They found that although snowmelt
typically dominates the water yields, the major ion, DOC
and total dissolved nitrogen (TDN) loads can be dominated
by contributions from rainfall runoff following significant
late summer rainfall events. This study concludes the dis-
proportionate solute response to rainfall runoff is a result of
the input of water to the soil when the active layer is thick,
which enhances the weathering and release of soluble ions
from previously frozen soil.

Thermal perturbations (deep thaw) and physical disturb-
ance of permafrost have the potential to significantly alter
the quantity and composition of solutes in runoff. Thermal
perturbation releases previously frozen inorganic solutes
(metals and major ions), while physical disturbances
remove much of the organic rich surface soil and expose
the previously buried and frozen solute rich mineral soils at
the surface. Lewis et al. (2012) found that localized physical
disturbance had no discernable impact on the dissolved sol-
utes (major ions, DOC, and TDN). The authors attributed
the limited impact of the disturbances to the low propor-
tion of the catchment area that was disturbed (~3%), and
the limited water flow through the disturbances (i.e., dis-
turbances were hydrologically disconnected). Subsequent
research at CBAWO comparing smaller catchments with
varying degrees of permafrost disturbance supports that
the major ion concentrations and loads are only signifi-
cantly affected by disturbance if the spatial extent of the
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BOX A. Trends of mercury in landlocked char in the High Arctic and possible climate influences

Non-anadromous or landlocked Arctic char (Salvelinus alpinus), are the only fish species in lakes of the Canadian
high Arctic islands which are isolated from the ocean (Power et al. 2008). Char are the top predator and preferentially
feed on benthic chironomids (Order Diptera), the dominant invertebrate (Chételat et al. 2010, Gantner et al. 2010,
Lescord et al. 2015). Their importance in lake food webs and wide distribution makes them a key sentinel species in
studies of impacts of climate change on lake ecosystems. A major question being addressed is how climate warming
may influence methyl mercury, the toxic and bioaccumulative form of mercury, in Arctic freshwater environments.
This has been investigated using long term time series of methylmercury concentrations in arctic char (measured as
total mercury (Hg)) from 6 lakes on Cornwallis Island (Amituk, Char, North, Small, Nine-Mile, and Resolute) as
well as in Lake Hazen in Quttinirpaaq National Park on Ellesmere Island (82 °N). In addition, studies conducted at
the Cape Bounty Arctic Watershed Observatory (CBAWO) have developed a time series (2008-2016) for mercury
in char from two adjacent lakes, East Lake and West Lake. The West catchment has experienced numerous large
active layer detachments during 2007-2008 as well as subaqueous slumps, turning the lake very turbid, while the
East catchment has experienced relatively minor disturbances. The time series are based on annual collections of 7
to 25 adult char by gill netting in late July and early August. Further details on sampling and analysis of the char can
be found in Gantner et al. (2010) and Lescord et al. (2015). Temporal trend analyses and multiple linear regression
modelling was conducted with length-adjusted Hg concentrations and climate variables. Statistically significant
declines in length adjusted mercury concentrations in char muscle were found for 7 of 9 lakes (Amituk, Char, East,
Hazen, North, and Resolute). Annual percent

declines ranged from 2.0% (Nine-Mile; 2005- 8- ; .

16) to -8.5% (Char Lake; 2005-12). Small Lake ST A KRR A ) I
and West Lake showed significant increases of =S % . L

8.0% and 4.8% over the period 2007-2016 and -E I I I l .

2009-2016. While Small Lake is not turbid it

has higher DOC (2.2 mg/L) than all other lakes 0, 40 "Dissolved Nitrogen

except West Lake (1.9 mg/L), which may be - 0301

due to its greater area of bogs and wetland. & p2n-

The percent declines of mercury in char were E o101 l I

significantly inversely related to dissolved nm .

organic carbon (R? = 0.60, p=0.014) (Figure 1)
but not to particulate carbon (p=0.29) or dis-

DOC

solved methyl mercury in the water column

) 1 5 "
watershed-lake area ratio, or distance from o
the ocean. These declines are much more rap- ‘ I l l ._ l
'2\

id than atmospheric Hg concentrations over
\39 t‘“"’ o&\ {9 *f‘}

mg/L

the same period at Alert (north Ellesmere
Island) which are about 1%/year (Cole et al.
2013). Prior to the mid-2000s Hg concentra-

FIGURE A1. Percent annual change of methyl mercury in char
tions in char from lakes Amituk, Resolute and

muscle vs lake water chemistry. Significant correlations with
Hazen, where long term data (1990s to 2016)  Dissolved Nitrogen and Dissolved organic carbon (DOC) in lake water
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disturbance is greater than approximately 6% and if the
disturbance is well channelized (i.e., hydrologically con-
nected; Lafreniére and Lamoureux 2013). Lafreniere and
Lamoureux (2013) also found that thermal perturbation of
the active layer, which occurs catchment wide, can have a
greater impact on major ion fluxes, than localised physical
disturbance. This study, as well as subsequent work by
(Lamhonwah et al. 2017), demonstrate the significance of
deep thaw and the hydrological connectivity provided by
late summer rainfall as controls on the dissolved loads in
permafrost watersheds in the region. Together these studies

are available, appeared to be steady

highlight that understanding the timing, type and intensity
of precipitation and the frequency and magnitude charac-
teristics of projected warming are important controls on the
solute and water quality response of watersheds to regional
climate change (Figure 6).

Studies that have focused on the impact of climate change
on dissolved organic matter and nutrients in the Eastern
Canadian Arctic indicate that the thermal and physical dis-
turbance of the active layer and near surface permafrost
stand to have important impacts on the delivery of these
key nutrients to aquatic ecosystems. Organic carbon and

s Spring PNA =g Recolute —88—Amituk

or increasing. Over this longer per- 20
iod, Hg concentrations in char from 2.0 14
Resolute and Hazen Lake were sig- %

nificantly correlated with values of é‘__ 1.0 13 %
the spring Pacific North-America g S ] a4 ';"
pattern (PNA) an influential climate §§ 001 0.0 §
index in the Northern Hemisphere "E o . o5 @
mid-latitudes (Hazen: R? = 0.41, Eg 0.20 5 l::!
p=0.014, n=14; Resolute: R? =0.29, S

p=0.026, n=17) (Figure 2). Results of (31 DA ertwm e e 18

the multiple linear analysis for each
lake showed that equations which
included Previous Fall Temperature
(PFT) and PNA had strong predictive
power. However, the PFT term was
negative in each model, suggesting

FIGURE A2. Trends of mercury in arctic char in Resolute and Amituk Lake
appear to show a weak positive relationship spring Pacific North-America
pattern (PNAJ. No relationship was seen for the Arctic Oscillation index,
summer temperatures or ice coverage of nearby ocean waters

that higher temperatures result in lower Hg concentration in char. Evans et al. (2013) also found temperature term

was consistently negative in their models for Hg in lake trout from Great Slave Lake. Thus the declining mercury

in 7 of 9 lakes appears to coincide with higher summer and fall temperatures in the period 2005-2012. Higher

temperatures are also associated with earlier ice out and may result in dietary shifts for char.

In summary, long term studies are providing information on possible impacts of climate warming on methyl mer-

cury accumulation landlocked Arctic char and on the biogeochemistry of mercury in the High Arctic freshwater

environments. Mercury may be declining in char due to warming but this make be countered by enhanced methyl

mercury availability in lakes influenced by changes in their catchments such as permafrost degradation and greater

wetland productivity. Higher snow accumulation and/or summer rainfall might also influence mercury in char by

increasing DOC inputs to lakes. Ongoing research will attempt to address these questions.
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dissolved nitrogen are essential building blocs for metab-
olism and energy transfers in the aquatic food chain. Both
the amount and the type of organic matter and nitrogen
are important in determining ecosystem function. Higher
amounts of biologically available nitrogen (NO*- and NH*")
as well as more readily biodegradable (i.e., labile) organic
matter can enhance the biological productivity of aquatic
ecosystems. Studies conducted at the CBAWO following
the formation of a number of slope disturbances indicate
that runoff from disturbances exported suspended sediment
contained older (Lamoureux and Lafreniere 2014) and more
labile and less degraded organic compounds (Grewer et
al. 2015), relative to undisturbed areas. Molecular analy-
sis of the newly disturbed soils also showed that microbial
activity was substantially increased when compared with
undisturbed soils (Pautler et al. 2010). Similarly, a study
investigating the composition of DOM in runoff from a ser-
ies of catchments subject to varying degrees of disturbance,
indicates that although streams from disturbed watersheds
delivered slightly less DOM relative to less disturbed (or
undisturbed) catchments, the composition of the DOM was
more easily degradable (low molecular weight, less aro-
matic) and fresher (less degraded) with increasing extent of
disturbance (Fouché et al. 2017). Runoff following late sea-
son rainfall events also delivered elevated concentrations of
more easily degradable, and fresher DOM across all catch-
ments (Fouché et al. 2017). A parallel study that investigated
the potential impact of disturbances on the dissolved nitro-
gen loads, showed that the disturbed catchment exported
substantially more NO," than the undisturbed catchment,
especially following late season rainfall (Lafreniere et al.
2017). Other work demonstrates that the additional NO, was
microbially derived, likely from enhanced mineralization
of dissolved organic matter (Louiseize et al. 2014).

Together these investigations indicate that organic matter
derived from the deeper portion of the active layer or from
recently thawed upper permafrost soil is older, but more
biodegradable than near surface organic matter. This is
important as this indicates that organic matter mobilized
from permafrost degradation could serve to stimulate bio-
logical productivity in streams and soils, and the release of
old C to the atmosphere, and that the impacts of disturbance

on the composition of nutrients and DOM can persist for
several years following a disturbance event.

6.4 Hydrology of wetlands and the
response to climate change

6.4.1 Introduction

Wetlands are grounds that are saturated for at least a por-
tion of the year with some types allowing hydrophilic plants
to persist. In the High Arctic polar desert landscape, where
vegetation is usually sparse, these often-lush vegetated sites
offer a critical ecosystem for migratory birds and other
fauna. Wetlands can include ponds < 2 m in depth, small
strips of wet, vegetated ground alongside lakes, streams,
arctic coastlines, or downslope of semi-permanent hillslope
snowbeds. At the mesic to regional scale, wetlands usually
comprise a mosaic of ponds of varying sizes, wet meadows,
and both wet and dry ground. Often a network of low-cen-
tered and high-centered polygons exists and is indicative of
massive ground ice (Woo and Young 2006). Maintenance
of wetlands in the Eastern Canadian High Arctic depends
on (1) the presence of permafrost and a shallow active layer
(< 0.7 m), which limits the subsurface storage capacity,
serving to keep water levels above or near the ground sur-
face; (2) a regular supply of water (meltwater, ground ice
melt) which exceeds seasonal losses (evaporation, seepage);
and (3) the existence of peaty soils and wetland plants,
including moss, which help modify water storage and ther-
mal properties of the ground promoting ground ice forma-
tion, and in some cases permafrost growth.

The water budget is a useful framework to examine the
hydrology of High Arctic wetlands. Here it is defined as:

P(Sn+R)+Gin-Gout-E= £AS (1)

where P is precipitation either snow(snowmelt) (Sn) and
rainfall (R), Gin and Gout are lateral inflow or outflow
respectively, E is evaporation which here includes tran-
spiration, and AS is the change in storage. This term can
comprise fluctuating pond water levels, water tables, and
soil moisture changes in wet meadows. It also includes
the residual or error term for the complete water budget,
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especially if wetland storage cannot be directly assessed
(Young et al. 2015).

6.4.2 Emerging patterns

6.4.2.1 Snowcover

Snow continues to be an important source of water for
wetland systems in the High Arctic but variability in end-
of-winter snow conditions continues to be the norm, and
accurate measurement of end-of-year snow accumulation
(in terms of water equivalence) continues to be a significant
challenge to closing the water balance in Arctic watersheds
(Young et al. 2015). At Polar Bear Pass, an extensive low
gradient wetland located in the middle of Bathurst Island
(75°43°N, 98°40’W), snow receipt on low-lying ponds, wet
meadows, lakes and incised polygonal ground is highly
variable across space (e.g., ponds) and from one year to
the next (Table 1). Nearby hillslope snowbeds and incised
stream valleys continue to capture the most snow. Like
other sites in the Eastern Canadian Arctic (see Godin et al.
2016) the deeply incised polygonal wetland area in the
headwaters of a hillslope stream typically capture more
snow than the low-gradient wetlands. Strong winds are
also effective in redistributing snow from elevated regions
(plateau) into the lee of hillslopes and onto the adjacent
wetland (Young et al. 2013).

6.4.2.2 Rainfall

Impact of rainfall in High Arctic wetland ecosystems is
strongly tied to its timing. Rain during seasonal snowmelt
can accelerate melt by increasing the flux of heat into the
snowpack and/or cause its dissipation through mechan-
ical erosion. Arrival of rainfall at the tail-end of seasonal
snowmelt may prolong surface runoff into ponds, lakes and
wet meadows, gullies, or catchment outlets as the ground
is still largely frozen (Abnizova et al. 2014, Godin et al.
2014). Episodic and minimal rainfall during the thawed
season may do little to encourage runoff, especially if the
storage capacity of the active layer or pond is large and
evaporation demand matches or exceeds rainfall inputs
(Godin et al. 2014, Young and Labine 2010, Young et al.

2015) However, frequent rainfall events, even small ones
spaced throughout a season can be sufficient in maintaining
or raising saturated conditions until a larger rainfall event
triggers surface flow. Peak runoff from wetlands caused by
summer rains can occasionally match nival levels (Miller
and Young 2016, Young and Woo 2003).

6.4.2.3 Evaporation

Evaporation (including transpiration) continues to be an
important loss of water from wetland surfaces includ-
ing large low-gradient wetlands (see Bowling et al. 2003,
Lilijedahl et al. 2001, Muster et al. 2012, Young, 2017).
Highest rates of evaporation from wetlands typically occur
right after snowmelt when incoming radiation levels are
high and water is freely available owing to a shallow
thawed ground. Later in the season, evaporation rates can
be modified by changes in water availability and/or energy
flux. Open-water bodies, like ponds show greater losses
than wet meadow sites (Young and Labine 2010). In warm,
dry seasons in the High Arctic (e.g., 2011, 2012), drying
of ponds is common especially in areas that do not have
access to alternative water supplies (Figure 4, (Abnizova
and Young 2010). In some cases, emergent plants can inun-
date shallow ponds transitioning them into wet meadows
(Figure 7).

6.4.2.4 Lateral inflow/outflow

Ponds and wet meadows that receive additional inputs of
water either as surface inflow or groundwater at the tail-end
of the snowmelt season are generally resilient against losses
of water either due to evaporation losses or water seepage
as the active layer deepens. These terrestrial inflows are
also critical in depositing DOC and nutrients into nearby
ponds (Abnizova et al. 2014). In a recent study, Young et
al. (2016) showed that following the snowmelt season melt-
water from a late-lying snowbed supplied groundwater to
a downslope wet meadow raising water levels during both
dry and wet years but these ground water inputs were not
significant in comparison to seasonal snowmelt or summer
rainfall in terms of the seasonal water budget. Likewise,
groundwater outflow from this same wet meadow into a
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FIGURE 7. Photograph showing emergent plants in tundra pond, near Eastwind Lake, Ellesmere Island, mid-July, 2005.

nearby pond was also negligible when assessed in terms
of the pond’s seasonal water budget. This study along with
the one by Woo and Young (2014) signaled that for some
High Arctic sites, meltwater from late-lying snowbeds is
no longer an important source of water for wetlands, espe-
cially in the post-snowmelt season. This finding differed
from earlier wetland studies on Cornwallis Island, which
showed semi-permanent snowbeds were critical in sustain-
ing high water tables and outflow in a groundwater-fed wet-
land over several arctic summers (Young and Woo 2000).
The Young et al. (2016) study also suggested that it is the
future changes in seasonal snowcover and rainfall in High
Arctic landscapes that will directly affect the resiliency of
wetlands at scales from small to extensive.

Our understanding of runoff from extensive low-gradient
wetlands in the High Arctic, especially in non-glacierized
catchments is still inadequate. Runoff from patchy wet-
lands (Young and Woo 2000, Young and Woo 2003) and
small polygonal wetland catchments in response to thermo-
erosion gullying have been quantified (Godin et al. 2016).
In Northern Canada studies suggest that streamflow is
intensifying in response to recent climate warming (Dery
et al. 2009). In some mainland watersheds, peak stream-
flow is occurring earlier because of earlier snowmelt, while
baseflow is higher due in part to greater permafrost thaw
which has enhanced the storage capacity of watersheds
(Dery et al. 2009)
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FIGURE 8. Estimates of streamflow from the Polar
Bear Pass watershed (Eastern Sector-102.6 km?) in
2012 (warm/early melt) and 2013 (cool/late melt).

Stream runoff from the eastern sector of PBP (area=102.6
km?) is shown for two contrasting years (Figure 8). In 2012,
owing to an extremely warm spring, peak runoff occurred
by mid-June, and after a few days fell to baseflow levels
where it remained for the rest of the season. Here, the early
peaks are driven by snowmelt coming from the northern
part of the Pass (southerly aspect) and with the secondary
peaks attributed to meltwater from the southern half of
the Pass (northern aspect). In 2013, runoff is delayed well
into early July and while the snowmelt from the northern
half of the Pass initiates runoff, it is the meltwater inputs
from the southern part of the Pass that define peak runoff
(Figure 9). While two years of data is inadequate to come
to any defining conclusions, it is conceivable that these two
contrasting years could bracket the range in responses that
extensive wetlands like PBP can expect for the future as

FIGURE 9. Photograph of the typical snow cover pattern during snowmelt across Polar Bear Pass. North part of the Pass
melts out earlier than the southern part of the Pass which is still snow covered. Photo taken mid-June, 2010.
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the Canadian Eastern High Arctic continues to warm and
extreme climatic conditions become more common.

6.4.2.5 Wetland storage

Estimates of wetland storage are often determined as the
residual in a water budget, and subsequently they will
include errors in the water budget components (see Young
and Woo 2004). Most wetland ponds experience negative
seasonal storage as evaporation losses draw down water
levels and these losses are not replenished. Wet meadows
can show either negative or positive water storages, with
ground ice melt often raising soil moisture levels. At the
regional scale storage at PBP is much larger ranging from
-52 mm (cool year) to -125 mm (warm year) (Young 2017).
This estimate differs from an extensive low-gradient low
arctic coastal wetland (see Bowling et al. 2003) where
storage ranged from only -2 to -25 mm over two seasons.
Finally, episodic thermo-erosion processes such as gully-
ing (Godin et al. 2014, Godin et al. 2016), frost cracks
(Abnizova and Young 2010), and erosion of polygonal rims
(Boike et al. 2008) can drain ponds and polygonal land-
scapes quickly, thus enhancing overland flow connectiv-
ity, and ultimately altering soil moisture conditions and
vegetation cover even over small areas (Godin et al. 2014,
Godin et al. 2016).

6.5 Aquatic ecosystem responses to
climate change in the region: Trends and
uncertainties for lakes and ponds

Lakes and ponds are a major component of the northern
landscape (Rautio et al. 2011, Verpoorter et al. 2014, Muster
et al. 2017), and in the Eastern Canadian Arctic they occur
in diverse landscape types spanning the 2500 km latitud-
inal gradient from 60 to 83 °N, and across the vast 2500
km east-west expanse of Nunavut. They encompass a great
variety of ecosystem types, from shallow waters that melt
out and mix completely each year to deep, stratified lakes
that retain their ice cover through most of summer. As to be
expected from these diverse settings, aquatic ecosystems in
the region vary greatly in their current responses to climate
change, and in their likely sensitivity to ongoing climate

impacts. This section examines current changes that have
been observed in lakes and ponds within the region, and
the implications and uncertainties regarding future shifts.

The most severe ecological impact of climate change is the
complete loss of ecosystems and even certain ecosystem
types. One mechanism of this ecosystem extinction is
through changes in the hydrological balance, with shifts
in the ratio of precipitation to evaporation. Many lakes
and ponds in the North are shallow, yet often support large
populations of aquatic organisms including zooplankton.
They are maintained because of replenishment by snow-
fall (in some cases by glacial meltwaters) combined with
prolonged ice cover and low temperatures that ensure low
evaporative losses. An additional factor is the underlying
permafrost in these catchments that keeps the water table
high and favours rapid transfer of meltwaters to the lake.
There are likely to be large interannual variations in these
shallow waters, and the biota of these habitats are adapted
to sustain these changes. For example, experiments on High
Arctic microbial mats, which form a layer over the base of
many Arctic lakes, ponds and streams and often dominate
their total ecosystem biomass, have a high tolerance to the
salinity stress that would accompany evaporation (Lionard
et al. 2012). However, the long term drying up of ponds
will push even these hardy organisms to extinction. A pro-
nounced shrinkage of shallow ponds has been observed
in parts of Nunavut, with evidence at Cape Herschel on
eastern Ellesmere Island of complete evaporative loss of
some ponds (Smol and Douglas 2007).

In several parts of the circumpolar Arctic, the degradation
of permafrost around thermokarst lakes and ponds (thaw
lakes) is resulting in the complete drainage and disappear-
ance of these waters, or loss by infilling. Conversely, in
other parts of the Arctic, including in Nunavik, immedi-
ately to the south of Nunavut, thaw lakes are expanding in
abundance and size (Vincent et al. 2011, Vonk et al. 2015).
These trends have not been well assessed throughout the
Nunavut, although there is evidence of recent thaw lake
drainage in Nettilling Lake region on the Great Plain of
the Koukdjuak (Baffin Island).
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Another mechanism of climate-induced loss of freshwater
environments is through changes in ice barriers that are
structurally or hydrologically essential to the integrity
of the ecosystem. Epishelf lakes, which are freshwater
environments dammed by ice shelves, are especially vul-
nerable to such impacts. These ecosystems have unique
physical, chemical and biological characteristics, with
freshwater biota in the upper layer and marine biota at
depth, in exchange with the Arctic Ocean (Van Hove et
al. 2001). More than a dozen of these lakes occurred along
the northern coastline of Ellesmere Island at the beginning
of the last century, but with the attrition of the ice shelves,
these have been mostly lost (Veillette et al. 2008). The
largest was Disraeli Fiord epishelf lake, which was lost in
by the fracturing of the Ward Hunt Ice Shelf over the per-
iod 1999-2002 (Mueller et al. 2003). The sole remaining
epishelf lake is in Milne Fiord, which has a pronounced lay-
ering of its biological communities (Veillettte et al. 2011b).
This system has recently shown large year-to-year varia-
tions in its microbial community composition (Thaler et
al. 2017), and the ongoing thinning of the Milne Ice Shelf
implies that this ecosystem is on the brink of extinction
(Hamilton et al. 2017). The surface of the Arctic ice shelves
contain melt ponds with rich communities of microscopic
life (Vincent et al. 2004). As in Antarctica, these have been
considered as models for life on early Earth during periods
of global glaciation (Vincent and Howard-Williams 2000,
Hoffman 2016), but are they are now close to complete
extinction as a result of climate warming.

Shifts in ice cover of Nunavut lakes are already apparent,
and are likely to be much greater in the future. In a remote
sensing study of 11 lakes in Nunavut over a 15 year period,
from 1997 to 2011, all of the lakes showed an earlier onset
of melting and ice-out; for Lake Hazen, the deepest lake
in the High Arctic, the melt onset began two weeks earlier,
and for Eleanor Lake on Cornwallis Island, it was more
than 3 weeks earlier (Surdu et al. 2016). This extension of
open water conditions has wide-ranging effects on lake
ecology, including via increased exposure to direct wind
induced mixing. This may entrain nutrients from deeper
waters and stimulate production. For example, loss of ice in
Lake A on the northern coast of Ellesmere Island resulted

in a shifting in phytoplankton species composition and an
increase in picocyanobacteria (Veillette et al. 2011a). This
loss of ice and mixing may also increase the residence time
of contaminants in the lake by decreasing the under-ice
through-flow of river inputs (Veillette et al. 2012).

An extreme example of ice loss is Ward Hunt Lake at lati-
tude 83.1 °N. This is the most northern lake in Nunavut,
and in the past was overlaid by perennial ice, up to 4.3 m
in thickness. From 2008 onwards, however, this has under-
gone rapid thinning, with complete loss of ice cover in 2011
and 2012 (Paquette et al. 2015). This is reducing the amount
of bedfast ice in winter, a trend that has been recently docu-
mented in the shallow lakes of northern Alaska (Surdu et al.
2014). This in turn increases the availability of liquid water
habitats that persist under the ice during winter darkness,
resulting in conditions that allow microbial production of
greenhouse gases, especially methane (Figure 10, Mohit et
al. 2017). An experimental study has shown that changes
in light exposure in Ward Hunt Lake as a result of ice loss
can result in major shifts in species composition of protists
at the base of the food web (Charvet et al. 2014). A paleo-
limnological study of this lake showed that limnological
change began more than 100 years ago (Antoniades et al.
2007), prior to this acceleration of changing ice conditions.

Loss of ice is also likely to increase the extent of lake
warming, however there are no long term records for
Nunavut to assess the magnitude of this effect. Global
syntheses of lake temperature data show that on average
lakes are warming at about the same rate as air temperature
increases, but with large variations among lakes even from
the same region due to differences in depth, wind expos-
ure and transparency (O’Reilly et al. 2015). Duration of
ice cover is another factor, and Nunavut lakes are likely
to experience warming rates well above the global aver-
age, but with large variations among individual lakes. This
change in water temperature is likely to have wide-ranging
impacts on the physical, chemical and biological character-
istics of northern lakes. Certain lakes such as Lake Hazen
on Ellesmere Island may shift from one period of mixing
per year (monomictic) to two periods each year (dimic-
tic), which would likely stimulate primary production and
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FIGURE 10. Video screen shot of the microbial biofilms that grow on the bottom of Ward Hunt Lake and produce methane.
These greenhouse gas-producing communities may become more common as the winter ice continues to thin over Arctic

lakes and ponds in response to climate warming (Mohit et al. 2017).

perhaps all food web processes. Nunavut lakes contain
diverse assemblages of microscopic life (e.g., Comeau et
al. 2016, Chenard et al. 2015, Thaler et al. 2017, Mohit et al.
2017), and these communities are likely to change substan-
tially in the future in response to shifts in the physical and
chemical environment. Warming beyond the temperature
thresholds of cold region biota may push certain species
to extinction.

In several parts of the world, lake waters are becoming
browner as a result of increases in runoff of coloured dis-
solved material, and in northern catchments this may be
compounded by increased terrestrial plant growth (Wrona
et al 2016). Such changes can accelerate warming, as well
as alter the lake biota at several trophic levels (Williamson
et al. 2015). Conversely, increased soil weathering and nutri-
ent run-off in a warmer climate may lead to the greening of
Arctic lakes (Wrona et al. 2016), with potential ramifications
for oxygen regimes, phytoplankton species shifts (including

to toxic species) and food supplies for higher trophic levels.
Increases in lake productivity are thought to have an influ-
ence on Arctic char behaviour, with migration possibly ceas-
ing once productivity in these lentic environments exceeds a
certain as yet undefined threshold (Reist et al. 2006).

6.6 Summary and outlook

Warming air temperatures and increases in precipitation
observed across the IRIS 2 region over the past 30 years
or more, have had both direct and indirect impacts on
water budgets, water quality and freshwater ecosystems.
Although sparse and short term observations across the
region substantially limit the degree of certainty, these
changes are largely consistent, even if the magnitude is
often still poorly constrained.

The combination of warmer air and water temperatures,
enhanced precipitation, progressive active layer expansion

WARWICK VINCENT/CEN/ARCTICNET

181



FRESHWATER SYSTEMS

Chapter 6

182

and disturbance of the permafrost will continue to alter
the hydrological and ecological properties of surface wat-
ers in the Eastern Canadian Arctic. Observations support
that evaporation and precipitation (both snow and rain)
are likely to continue to increase, as well as flow duration.
Runoff volumes are anticipated to increase, as it does not
appear that the increases in evaporation due to warming
will outweigh increases in precipitation inputs. Warming
temperatures and increasing rainfall will also result in more
frequent and extensive permafrost degradation including
thermokarst features that have been shown to substantially
alter sediment, nutrient and contaminant loads in streams
and lakes. The impact of rainfall on hydrology and water
quality is very difficult to predict, as this is strongly tied
to the timing, frequency and intensity of rainfall, and
also importantly to the extent and nature of permafrost
degradation.

Observations from a number of studies across the region
indicate that the cumulative effect of these changes (warm-
ing water temperatures, higher nutrients, longer runoff sea-
sons) could result in priming freshwater ecosystems to a
new equilibrium by pushing certain species to extinction,
stimulating primary production and perhaps all food web
processes. Wetland ecosystems, ponds and epishelf lakes
appear to be particularly vulnerable to changing climate,
and here the impacts can range from increases in the num-
ber of ponds due to thermokarst, to complete losses of water
bodies and ecosystems, to notable changes in nutrient lev-
els, contaminants, and ecosystem structure.

Although remote sensing methods have greatly improved
our capacity to continue to monitor and observe some ele-
ments of the freshwater systems (e.g., water vapour, soil
moisture, SWE), these data sets are nevertheless relatively
recent and certain aspects of freshwater hydrology and
quality require manual sample collection and measure-
ments. Although much knowledge of freshwater systems
has been gained from a number of multiyear research pro-
jects in the region, the temporal extent of these observations
is short relative to the timeframe over which environmental
change has been occurring, and the spatial extent is min-
imal given the size and diversity of terrain, geology and

climate in the region. There is therefore a critical need for
the continuation, indeed expansion of monitoring efforts,
in order to collect the observations necessary to facilitate
the management of freshwater ecosystems and resources
in the future.

It is however not possible to sustain a widespread monitor-
ing effort with a handful of disparate research programs.
Sustaining and expanding observation networks will neces-
sitate the engagement and collaboration of northern com-
munities and governments, so that research programs can
help build the capacity for communities to sustain these
efforts and facilitate community based assessment and
management of freshwater resources and ecosystems.
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Key messages
e The Eastern Canadian Arctic has the greatest diversity of terrestrial ecosystems in the Canadian Arctic, and
includes all five sub zones of the Circumpolar Arctic Vegetation Map. While biodiversity of vascular plants declines
with latitude, variations in topography and micro-climate result in shifts in snow deposition and soil moisture,
which drives local variation in tundra vegetation.

¢ |nuit observations indicate vegetation is changing in the region, although the changes depend on the regional and
local conditions. Near communities, people have seen new plant species and all communities report the season is
getting longer, mainly because of earlier snow melt. People in the Qikigtaaluk region have observed some increases
in plant cover, including shrubs, however, the production of some berries (such as black berries) appears to be lower,
and the quality has declined.

e Experimental and other observational studies have complemented the local observations and shown the increased
temperatures result in earlier flowering, increased growth and seed production, and greater cover of shrubs
across the region. However, the changes do not yet involve the migration of new species from southern areas.

e Tundra vegetation across all of Nunavut will generally continue to increase in abundance, which will affect the
animals that depend directly on plants for food and habitat. However, there will be constraints on the increased plant
cover due to local effects of permafrost degradation, and in the High Arctic, due to the lack of soil development.

Abstract

The Eastern Canadian Arctic has the greatest diversity of tundra ecosystems in Canada, and the largest area of High Arctic
tundra in the world. These systems provide critical resources and services at local to global scales, and responses to the warm-
ing climate will have impacts at these scales. Inuit have observed important changes in the climate and in tundra systems
including increased height and density of shrubs in southern areas, and greater plant cover in the High Arctic. Production of
berry species has decreased in western inland areas, but increases have been observed near some Baffin Island communities.
Experiments and long-term studies have shown the same vegetation responses, such that plants flower earlier, grow larger, and
produce more and better seeds. Studies have also found that southern populations of tundra plant species do not perform as
well as local populations, even in warmed conditions. Hence, greater plant cover will likely be driven by increases in growth
and reproduction of the existing plants. However, the poorly developed soils, especially in the High Arctic, will restrict the
rate of plant cover increase. The shift to greater shrub cover in Low Arctic areas will lower albedo and increase absorption of
solar radiation, which will warm temperatures further in the region. Increased thaw depth in the carbon-rich permafrost soils
will also lead to further warming as carbon dioxide and methane are emitted from the warming soils. Continued observa-
tions and studies of the ongoing changes in tundra ecosystems will be important to inform adaptation strategies and policies.
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71 Introduction

The Eastern Canadian Arctic, which encompasses most
of Nunavut, has the largest variety of tundra ecosystems
in Canada, and Canada has the greatest variety of tundra
systems in the world (Henry et al. 2012, Walker et al. 2005).
These tundra systems span a huge latitudinal gradient (23°)
from the border between Manitoba and Nunavut on the
west coast of Hudson Bay to the north coast of Ellesmere
Island. This region has the greatest area of High Arctic
landscapes in the world, and these landscapes are pre-
dicted to change dramatically over the coming century
(Pearson et al. 2013). The ecosystems are generally clas-
sified by their dominant vegetation and plant species, and
vary strongly with moisture and exposure, from wetlands
to polar desert landscapes. These systems provide crucial
resources to wildlife and human populations across the ter-
ritory, including forage for resident and migratory wildlife
such as caribou, muskoxen, Arctic hare, lemmings, ptar-
migan and migratory birds (Henry 1998, Massé et al. 2001).
All of the terrestrial systems in this region are underlain
and affected by continuous permafrost, and the soils con-
tain enormous amounts of carbon: permafrost soils have
been estimated to contain ca. 50% of the soil carbon on
the planet (Tarnocai et al. 2009). As these tundra systems
respond to the changing climate, there will be important

feedbacks that will affect the rate of change in the systems
and the climate. This chapter reviews the diversity, distribu-
tion and importance of terrestrial ecosystems in the Eastern
Canadian Arctic, the changes that have been observed over
the past decades and in experiments, and the consequences
of these changes for communities, the region and the globe.

7.2 Diversity of species and ecosystems

The current tundra vegetation communities in the region
have developed since the end of the last continental glaci-
ation (ca. 11,000 — 9,000 ybp), as all of Nunavut was cov-
ered by either the Laurentide or Inuitian ice sheets (Briner
et al. 2016). Although there is some evidence for areas that
remained ice-free and allowed species to survive (glacial
refugia) in the High Arctic (Kliitsch et al. 2017), the major-
ity of species have migrated into the region since the ice
retreated (Ritchie 1984). Currently, Nunavut has an estimat-
ed 630 species of vascular plants and at least as many spe-
cies of lichens and bryophytes (e.g., mosses and liverworts),
with the greatest diversity in southern areas, near the forest-
tundra transition (Eamer et al. 2014). Vascular plant spe-
cies diversity declines steadily with latitude, and is strongly
related to mean July temperature (Rannie 1986). At the local
or landscape scale, there are pockets of higher diversity
in Arctic “oases” (Figure 1) where local climate and soils

FIGURE 1. Alexandra Fiord, a High Arctic polar oasis on Ellesmere Island.
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support a larger diversity of species than expected for the
region (Edlund and Alt 1989, Freedman et al. 1994). The
post-glacial migration continues, and is likely affected by
the current changes in climate (Alsos et al. 2007, Johnstone
and Chapin 2003). Natural barriers, such as the channels
between the Arctic islands and large areas of unsuitable
habitat, as well as the cool short growing seasons and poor
soil development have restricted the diversity of species
in Arctic tundra systems. However, the warming climate
will likely increase the reproductive output and success of
the existing species in the Arctic (Klady et al. 2011), and
increase the establishment and growth of the species cur-
rently there and species and populations that are expected
to migrate to northern areas (Alsos et al. 2007).

Vegetation types in the Eastern Canadian Arctic span the
diversity of complexes recognized in the Circumpolar
Arctic Vegetation Map (CAVM) (Gould et al. 2003, Walker

et al. 2005), as shown in Figure 2. All of the subzones in
the CAVM are represented in the region, ranging from low
and tall shrub tundra along the western Hudson Bay coast
in subzone E to cryptogam barrens along the northernmost
shores of the High Arctic islands (subzone A). The subzones
reflect the latitudinal decline in plant diversity, size, cov-
er, biomass and productivity (Figure 3), although regional
influences of the mountains in the eastern High Arctic, and
the oceanic influences of Baffin Bay are seen in the north-
ward extension of subzones B and C (Figure 2) (Gould et al.
2003, Walker et al. 2005). Tall shrubs and scattered small
trees can be found in sheltered well-drained areas in the
southern most areas (e.g., near Arviat; Boulanger-Lapointe
(2017). Continuous plant cover is generally found in all
areas of the Low Arctic region (subzones D and E), except
for rock outcrops, tops of eskers, and similar upland areas
that have poor soil development and are usually blown free
of snow during the winter. In High Arctic areas (subzones
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FIGURE 2. Vegetation complexes in the Canadian Arctic and the Circumpolar Arctic Vegetation Map (CAVM] subzones.
The division between High and Low Arctic follows Bliss and Matveyva (1992). From Gould et al. (2003).
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FIGURE 3. Distribution of biomass in the Canadian Arctic tundra; the dashed line represents the IRIS 2 region. The pattern
follows the CAVM gradient of subzones shown in Figure 2. From Gould et al. (2003).

A, B and C), plant cover diminishes and continuous cover
becomes restricted to protected lowland areas and along
streams, ponds and lakes (Bliss and Matveyeva 1992,
Freedman et al. 1994, Gould et al. 2003).

The lithology of the underlying rocks also strongly influen-
ces the species diversity and distribution across the Arctic
(Bliss and Matveyeva 1992, Edlund and Alt 1989, Walker
et al. 2005). This is especially notable in the High Arctic,
where soils are very weakly developed and the character-
istics of the poorly weathered underlying rocks strongly
affect the pH, nutrient availability and texture of the soils.
For example, in polar desert landscapes, the species com-
position and abundance is different on carbonate soils than
on granitic soils (Figure 4) (Bliss et al. 1994).

At the local scale, ecosystem types vary along gradients of
soil moisture and microclimate, generally induced by chan-
ges in topography (Figure 5). Protected areas on leeward
sides of hills and eskers have deeper snow cover in winter
which protect plants from freezing and desiccation, and leads
to greater water supply and survivorship (Figure 6) (Svoboda
and Henry 1987, Walker 2000). In some areas, late lying
snow beds have a unique set of plant species, that rely on
the recurrence of deep snow (Bjork and Molau 2007). In
addition, snow beds are important winter nesting habitat for
lemming species and caribou that use late lying snow beds
for cooling off in summer and to escape from biting insects
(Reid et al. 2012).
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FIGURE 4. The influence of substrate lithology on High Arctic tundra vegetation is clearly seen in this upland landscape at
Alexandra Fiord, Ellesmere Island. The light area on the right is due to dolomite rocks, which has fewer plants and plant
species than the darker area on the left, which is underlain by granitic rocks.

Topography and tundra plant communities

1. Dry exposed ridges
2. Mesic zonal sites
3. Wet meadows
4, Snow beds

a, wedl-drained,

Prevailing wind

Stream channe

FIGURE 5. An idealized local topographic gradient for the
Arctic showing five habitats: dry, mesic, wetland, snowbed,
and streamside vegetation. The microtopography plays

an important role in determining soil moisture status,

and hence species distributions. From Walker (2000).

© 2000 Blackwell Science Ltd.

FIGURE 6. Influence of slight changes in topography on soil
moisture in High Arctic tundra affects the diversity and
abundance of plants. The low areas with water courses are

most productive, and slightly higher areas are drier and are
generally snow free during the winter, and have very few if
any plants.

G. HENRY

G. HENRY
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7.3 Production and importance of
berry shrubs

While all vegetation provides direct and indirect servi-
ces to animals and humans, berry producing shrub spe-
cies are particularly important as a source of food and are
culturally important to Inuit (Boulanger-Lapointe 2017,
Desorsiers 2017, see also Box A). Across Nunavut, there
are five major species used by Nunavummiut: blueberry
(Vaccinium uliginosum), cranberry (Vaccinium vitis-idaea),
blackberry or crowberry (Empetrum nigrum), cloudberry or
bake apple (Rubus chamaemorus) and bearberry (Arctous
uva-ursi) (Figure 7) (Boulanger-Lapointe 2017, Desrosiers
2017, Gérin-Lajoie et al. 2016). A recent study of environ-
mental influences on production of these berry species
across the Canadian Arctic found that the greatest divers-
ity of berry shrubs occurred in Low Arctic areas, and berry
productivity was highest in CAVM subzone D (Figure 8)
(Boulanger-Lapointe 2017). Total berry production near the
three communities in subzone D (Iqaluit and Pangnirtung
in Nunavut, and Kangiqsujuaq in Nunavik) was 68% great-
er than those in High Arctic sites (subzone C) and 60%
greater than communities in subzone E or in the forest-tun-
dra ecotone (Boulanger-Lapointe 2017). The lack of shade
by tall shrubs and tree species and relatively warm summer
temperatures likely contributes to the greater productivity

FIGURE 7. Five common berry species found and harvested
in Nunavut: (a) bearberry (picture taken in the autumn),

(b) crowberry, (c) blueberry, (d) cranberry and (e) cloudberry.
From Boulanger-Lapointe (2017).
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FIGURE 8. Berry abundance at sites across the Canadian
Arctic arranged by subzone of the CAVM: subzone C
(blue shading); subzone D (kaki shading); subzone E and
FT (forest tundra) (green shading). Sites in subzone D
have the greatest total abundance, although the relative
abundances are different for the three species. Modified
from Boulanger-Lapointe (2017).

in subzone D. Productivity of Empetrum nigrum was most
strongly related to the mean summer (July-August) tem-
perature in the current year, while Vaccinium uliginosum
in the Low Arctic was most strongly related mean summer
(July-August) temperature of the previous year (Boulanger-
Lapointe 2017).

In a case study near Arviat, Nunavut the net annual produc-
tion of berries in a 45.5 km? region surrounding the com-
munity was determined to be 400 g m?, with E. nigrum
comprising the majority (90%) of the production. Collection
and analysis of animal droppings for berry seeds indicated
very low consumption of the total production: approxi-
mately 2% of the production was consumed by resident
and migratory snow geese (Boulanger-Lapointe 2017). This
is the only study to provide an estimate of the total berry
production and the amount eaten by animals, and although
restricted to one community in subzone E, indicates the
relatively large availability of berries for human and animal
use throughout the Arctic.



Chapter 7 TERRESTRIAL ECOSYSTEMS

BOX A. Inuit observations of ecosystem change in the region

Observations by local knowledge holders in communities across Inuit Nunangat have been critical for understanding
the rate and types of changes in local and regional environments. As part of a project in the International Polar Year
(IPY) (Henry et al. 2012) and continued in ArcticNet, Elders and other community members were interviewed and
asked for their observations and explanations of changes in the environment in response to the changes in climate
(Figure A1) (Gérin-Lajoie et al. 2016). In particular, people were asked about changes in the production and quality
of berries and in vegetation in their regions. The effect of the changing climate on tundra vegetation and berry pro-
duction has been variable across Inuit Nunangat. Elders in Baker Lake (Qamani’tuaq) have noted less precipitation
along with warming temperatures, and this has resulted in stunted shrub growth and smaller berries (Gérin-Lajoie et
al. 2016). At Pond Inlet (Mittimatalik) Elders have noticed increased numbers of blueberries and blackberries, along
with generally greater vegetation cover. However, they note that the berries have increased as the number of caribou
has decreased and that part of the change is because the caribou are no longer trampling the plants. They have also
noted new species, or rare species that have become more abundant, including species of willow. Similar changes
have been noticed by Elders in Pangnirtung, where blackberries appear to be increasing in cover and growing in new
places. They also have noticed a new species of dandelion and increases in grasses near the community (Gérin-Lajoie
et al. 2016). Scientific observations across the Arctic match those in communities, with increasing cover of shrubs
and other species, especially in areas with earlier snow melt and increased precipitation (Elmendorf et al. 2012a).

In nine communities and three research stations across the Canadian Arctic (Figure Al), plots were estab-
lished to follow the production of berries of five berry shrub species (Figure 7). In some communities, such

: e
Uy T
=

FIGURE A1. Map of communities where Elders and community members were interviewed and
where plots were established to follow berry production.
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as Kugluktuk, the plots were estab- Iqalult Berry Productivity 2009-2017
lished and are monitored by stu-
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itored since 2009 (Figure A2). The FIGURE A2. Iqaluit berry production.

record of annual berry production

maintained by the students at NAC is one of the longest in the Canadian Arctic, and the first to show the wide

variations from year to year, especially in production of crowberry (blackberry).

One of the major goals of these community-based projects was to engage students in both science and local know-
ledge in an effort to show how both are equally important to understand the changes in their environments, and
hopefully inspire them to become the next generation of northern scientists.

7.4 Responses to herbivory moderate grazing by muskox and snow geese by increasing
the growth and production of leaves and new shoots and

Despite the relatively low net primary production of Arctic  the new leaves tend to have greater nutrient concentrations
tundra systems, they provide forage for large numbers of resi- (Elliott and Henry 2011, Gauthier et al. 1995, Tolvanen and
dent and migratory herbivores. The greater net production  Henry 2000). Tundra systems have limited nutrient avail-
in low Arctic areas (Figure 3) supports larger populations of  ability due to the low soil temperatures and short grow-

large herbivores, including the barren ground caribou herds, ing seasons, and the availability is strongly affected by soil
muskoxen and migratory geese populations, relative to the
High Arctic. Wetland areas are the most productive tun-
dra plant communities and are important forage habitat for
large herbivores (Henry 1998). The wet sedge tundra used by
Greater snow geese on Bylot Island was found to support 46
+ 10% of the potential population based on the availability
and productivity of the forage plants (Massé et al. 2001).
Grazing by muskoxen (Figure 9) in High Arctic wet sedge

tundra alters the species composition and increases available
nutrients in the soil (Henry 1998). The growth of dominant

FIGURE 9. Muskoxen (Ovibos moschatus) on the Fosheim
Peninsula, Ellesmere Island.

species in wet sedge tundra has been found to withstand
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moisture conditions. Herbivores effectively increase the rate
of decomposition by consuming the vegetation and providing
nutrients directly through deposit of faeces and urine, and
indirectly as the faeces are more easily decomposed than
most plant litter. For example, concentrations of ammonium
(NH,) and nitrate (NO,) were much higher in the soils of wet
sedge tundra that were heavily grazed by muskoxen than in
a site without muskoxen (Henry 1998), and the availability
of nitrate increased in plots that had been experimentally
clipped up to two times in a season (Elliott and Henry 2011).
Grazing can also affect the response of tundra systems to the
predicted changes in climate by reducing the encroachment
of shrub species (Post and Pedersen 2008).

7.5 Ecosystem change and consequences

Recent climate warming has been most intense in the Arctic,
where temperatures have increased by as much as 1 °C per
decade in the past 30 years (IPCC 2013). The amplification
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of warming in the Arctic is largely due to the strong snow/ice-
albedo feedback (IPCC 2013, Serreze et al. 2009), with earlier
snow and ice melt and later freeze-up. This is most evident
in the loss of multi-year sea ice and the decreasing minimum
extent in September (Wang and Overland 2012). On land, there
is evidence that the area of Tundra Climate, a classification
based on the cold temperature and low precipitation condi-
tions in the Arctic, has decreased by about 20% over the past
25+ years (Figure 10) (Wang and Overland 2004). The steady
decline in the area of Tundra Climate is matched by reduc-
tions in the areas with a tundra signature in primary produc-
tivity as measured by satellite-based Normalized Difference
Vegetation Index (NDVI) and the strongest changes have
occurred in northwest Canada in the past 25+ years, with
notable changes in the Eastern Canadian Arctic (Figure 11)

(Bhatt et al. 2014, Wang and Overland 2004).

The terrestrial systems of the Arctic are still recovering

from the last continental glaciation, as plants and other

1978

Lost area of tundra group

{areas that were in the tundra

group in 1978 and in the
boreal group in 1998}

FIGURE 10. Changes in area of the
Tundra Climatic zone around the
circumpolar Arctic since 1982, based
on NDVI (Normalized Difference
Vegetation Index) and the Képpen
Climate Classification System. “NCEP”
and “CRU" are two datasets of monthly
surface air temperatures. “NDVI” is

a calculation based on light reflected
by vegetation, as detected by satellite.
Modified from Wang and Overland
(2004). © 2004 Kluwer Academic
Publishers. With permission of
Springer, Wang, M. and Overland, J.E.

CRU Area

B Temperate group

I Boreal group

B Tundra group
Frost group

FIGURE 11. Spatial distribution of
differences in tundra climate using the
Koppen climate classifications in 1978
and 1998. Based on CRU climate dataset.
From Wang and Overland (). © 2004
Kluwer Academic Publishers. With
permission of Springer, Wang, M.

and Overland, J.E.
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FIGURE 12. Passive warming experiments using open top chambers (0TCs) at Alexandra Fiord, Ellesmere Island. The OTCs
allow a warm layer of air to develop over the tundra surface and increase the temperature 1-3 °C (Bjorkman et al. 2015). The
OTCs are used at sites involved in the International Tundra Experiment (ITEX) (Walker et al. 2006, Elmendorf et al. 2012b).

organisms continue to disperse into the areas deglaciated
between 11 000 and 7000 years ago (Alsos et al. 2007,
Briner et al. 2016, Svoboda and Henry 1987). However,
the rapidly changing climate over the past 50 years has
disrupted and changed this progression, through changes
in the physical environment and responses of organisms.
With warming, there has been a strong trend to earlier
phenology (timing of leaf growth and flowering) and great-
er growth and reproductive output of plant species. The
sensitivity of plant phenology to warming is greatest in the
northern Arctic areas, such as Nunavut, and flowering has

become earlier in many tundra species (Bjorkman et al.
2015, Prevéy et al. 2017). This common response had been
seen in early warming experiments (Figure 12), where most
species showed advanced flowering and seed set (Figure 13)
(Bjorkman et al. 2015). However, the primary driver of
plant phenology in Arctic plants is the date of snow melt,
and an increase in snow fall leading to little or no change
in snow melt date can counter the effect of warming on
phenology, as was shown for plants at a High Arctic site
on Ellesmere Island (Figure 14) (Bjorkman et al. 2015).

G. HENRY
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FIGURE 13. Effect of 18 years of experimental warming on phenology of four tundra plant species. The analyses show
modeled difference, in number of days, in (a) flowering time and (b) seed maturation/dispersal between the warmed and
control treatment for each species across all years. Negative values [below the zero line) indicate earlier flowering in the
warmed treatment. Point estimates and 95% credible intervals are derived from a Bayesian hierarchical model including
random effects for plot and year. From Bjorkman et al. (2015).
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FIGURE 14. Change in predicted date of flowering time (95% credible intervals] in the control plots over the duration of the
study (18 y). A dotted line indicates that the 95% Cl of the slope parameter overlaps zero, and there is a weak relationship.
Flowering in Salix includes both male and female plants but seed maturation is for female plants only. Modeled results are
from a Bayesian hierarchical model with random effects for plot and year. Slopes were allowed to vary by species and site
as well as the interaction between the two. DOY = day of the year. From Bjorkman et al. (2015).
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The warming climate, earlier flowering and longer grow-
ing seasons will likely increase seed production in Arctic
plants, which has been measured in warming experiments
in the High Arctic (Klady et al. 2011). The ameliorated
conditions will also allow greater number of seeds to estab-
lish and for seedlings to survive, which in turn will affect
the species composition and abundance in Arctic tundra.
Northern migration of southern populations could also be
facilitated by the changing climate, and while dispersal
barriers may be relatively low (Alsos et al. 2007), the lack
of adaptation to local soil and other conditions may limit
the ability of these populations from warmer areas to estab-
lish in more northern Arctic sites (Bjorkman et al. 2017).
Hence, the ability of the current populations of species
in northern Arctic regions, such High Arctic Nunavut, to
adapt to the changing climatic regime will likely be more
important in maintaining and expanding the plant cover in
these areas than migration of southern populations.

Plant growth and net primary production has increased
across the Arctic, and has been noted at both circumpolar
(Bhatt et al. 2014) and local scales (Gauthier et al. 2009,
Hill and Henry 2011, Hudson and Henry 2009). At a long-
term research site on Ellesmere Island, substantial increas-
es in above and below ground biomass has been measured
in wet sedge tundra (Figure 15) (Hill and Henry 2011),
and there has been a steady increase in the biomass of
shrubs and moss in a shrub heath community over a decade
(Figure 16) (Hudson and Henry 2009). Similar increases in
biomass have been measured at Bylot Island over a nearly
20 year period, providing more forage for the migratory
snow geese and other herbivores in the region (Gauthier
et al. 2009).

One of the major changes noted across the Arctic, including
Nunavut, has been an increase in the abundance and height
of shrub species (Bhatt et al. 2014, Elmendorf et al. 2012,
Myers-Smith et al. 2011, Sturm et al. 2001). These changes
have been reported for many years by both northerners and
scientists (Gérin-Lajoie et al. 2016, Henry et al. 2012). The
changes in shrub cover were predicted by warming experi-
ments, which showed shrubs, grasses and sedges responded
strongly to the higher temperatures (Elmendorf et al. 2012,
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FIGURE 15. Change in above and below-ground biomass in
High Arctic wet sedge tundra at Alexandra Fiord, Ellesmere
Island between the early 1980s and 2005. Biomass in 2005
was significantly greater than in 1980-83 (p<0.05). From
Hill and Henry (2011).
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FIGURE 16. Changes in biomass index in a High Arctic
dwarf shrub heath community. The biomass index is based
on the total number of interceptions along 100 points in

a 1 m? quadrat, using a standard point-frame technique.
From Hudson and Henry (2009).
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VCURRENT VEGETATION Hudson and Henry 2010, Walker et al. 2006). Both the

s

experiments and observations have shown a decrease in the
cover of lichens and bryophytes, likely as a result of shad-
ing by the taller vascular plants (Elmendorf et al. 2012a,
Elmendorf et al. 2012b, Hudson and Henry 2010). However,
in High Arctic sites without erect shrubs, experimental

warming has resulted in increased moss cover (Hudson and
Henry 2010). A recent modelling study has shown there
could be a 50% increase in the cover of woody vegeta-
tion throughout the Canadian Arctic by the 2050s, includ-
ing significant increases in tree cover in the Low Arctic
(Figure 17, Table 1) (Pearson et al. 2013).

TABLE 1. Vegetation classes from the CAVM (Walker et al.
2005) used in modelling shown in Figure 17.

Code in Fig. 17

G1 | Rush/grass, forb, cryptogam tundra

G2 | Graminoid, prostrate dwarf-shrub, forb tundra

G3 | Non-tussock-sedge, dwarf-shrub, moss tundra

G4 | Tussock-sedge, dwarf-shrub, moss tundra

P1 | Prostrate dwarf-shrub, herb tundra

P2 | Prostrate/hemiprostrate dwarf-shrub tundra

S1 | Erect dwarf-shrub tundra
S2 | Low shrub tundra

T1 | Tree-cover mosaic (forest-tundra)

T2 | Tree cover

Vegetation dasnes
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c: e
e B
Ecs EEY
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FIGURE 17. Observed (a) and predicted (b) distributions in the 2050s of vegetation classes for Arctic Canada. The vegetation
classes are based on the CAVM (Walker et al. 2005). The predicted distributions for the 2050s are based on an equilibrium
dispersal scenario with unrestricted colonization of trees, Random Forest model, HadCM3 AOGCM, and A2a emissions
scenario. Projection: Lambert azimuthal equal area. From Pearson et al. (2013). Adapted by permission from Macmillan
Publishers Ltd.
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The impacts and consequences of the changes in vegetation
are and will be felt at the local, regional and global scales.
In interviews with Elders in communities across Inuit
Nunangat, a consistent observation was the greater cover
and height of shrubs, especially in Low Arctic commun-
ities (Gérin-Lajoie et al. 2016, see also Box A). Hunters and
others noted that it was becoming more difficult to travel
across the land because of the greater density of shrubs in
some areas. Another observation was that the taller shrubs
caused a decline in berry production, although this was not
found in all areas (Boulanger-Lapointe 2017, Gérin-Lajoie
et al. 2016). While the warming climate has resulted in
greater plant growth overall, Elders noted that the pro-
duction and/or quality of berries has generally declined in
their regions (Boulanger-Lapointe 2017, Gérin-Lajoie et al.
2016). The shift to a greater shrub cover will also affect
wildlife, including the migration of caribou and habitat
for ground nesting bird species, and may be assisting the
observed increases in moose populations in Low Arctic
regions of Canada (Tape et al. 2016). The increased density
and cover of shrubs and trees is likely to lead to a loss of
lichens in winter habitat for caribou (Cornelissen et al.
2001, Walker et al. 2006), as most of the ground lichen spe-
cies, including species of Cladina and Cladonia, are shade
intolerant. The loss of lichen biomass could be a concern for
caribou herds if it is widespread across the current forest-
tundra region. However, it is also likely that the animals
will shift their migration to remain in more northern areas
with abundant lichen biomass as the vegetation changes
(Ferguson et al. 2001). Shrubs are an important part of
the summer diet of caribou (Larter and Nagy 2004), and
increased abundance of this forage may be beneficial to
caribou populations. Grazing and browsing on shrubs by
large herbivores may act to slow the expansion of shrubs in
the Arctic, but the effect will depend on the density of the
herbivores and on the palatability of the particular shrub
species (Christie et al. 2015). The current decline in many
caribou herds across the Arctic may actually facilitate the
expansion of shrub species.

One of the major regional impacts, with global implica-
tions, will be the decrease in albedo (the reflectivity of the
ground surface) with the shift from herbaceous to shrub

tundra (Pearson et al. 2013, Chapin et al. 2005). The greater
density and height of shrubs will increase the amount of
absorbed solar radiation, and although shrub canopy will
shade the ground, the net effect will be to incr ease the heat
transferred to the atmosphere. One estimate showed that a
change from herbaceous tundra to shrub tundra could result
in a warming effect similar to that of doubling the concen-
tration of CO, in the atmosphere (Chapin et al. 2005), and
result in further regional warming of 0.6-1.8 °C by 2100
(Bonfils et al. 2012). The shrub cover will also increase win-
ter soil temperatures by trapping snow and increasing the
snow depth beneath the shrubs. This will result in greater
microbial survival and activity in the warmer winter soil
which should lead to increased depth of thaw and greater
nutrient and moisture availability for the shrubs, and fur-
ther increases in shrub height and cover (Myers-Smith et
al. 2011, Sturm et al. 2005).

Much of the vegetation change is expected to occur in the
Low Arctic, especially near the Forest-Tundra ecotone,
where there are responsive erect shrub species (includ-
ing species of alder, birch and willow) and the sites are
warm relative to the High Arctic (Elmendorf et al. 2012,
Myers-Smith et al. 2015, Pearson et al. 2013). However,
increases in vegetation cover is also expected in the High
Arctic, where there are large areas of polar desert with
<25% plant cover (Bliss and Matveyeva 1992). The cover of
Polar Barrens (areas with <50% plant cover) has been esti-
mated to be 56% of the Canadian Arctic, with the majority
of these areas in the High Arctic (Eamer et al. 2014, Ahern
et al. 2011). Vegetation development in these bare areas
will be facilitated by the greater growth and reproduc-
tion of species in polar oases that have greater plant cover
and diversity (Klady et al. 2011), and by the changes in
temperature and precipitation that could lead to increased
establishment of plants. Studies of vegetation development
on recently deglaciated terrain on granitic substrates on
Ellesmere Island (Figure 18) show the vegetation develop-
ment can be relatively rapid (Figure 19), with moss species
establishing within the first year of release from the ice, and
herbaceous vascular plants established within the first 3-5
years (Breen and Lévesque 2006, Jones and Henry 2003).
The establishment of shrub species takes 20 to 30 years
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FIGURE 18. Vegetation developing on land recently
released as the glacier melts and retreats.

after deglaciation, and represents an end of the sequence
of species (Svoboda and Henry 1987). However, estab-
lishment of a tundra plant community similar to those in
nearby areas that have developed for >6000 years since
the loss of the Inuitian Ice Sheet, will likely take at least a
century, as it is affected by the slow pace of soil develop-
ment, especially in High Arctic polar deserts (Svoboda
and Henry 1987).

The warming climate will also affect the carbon balance
of tundra ecosystems: the amount of carbon that is cap-
tured by vegetation and ultimately enters the soil, and
the amount lost to the atmosphere through respiration of
plants and soil organisms, and lost to streams, lakes and
the ocean. Increased growth and cover of vegetation will
be the result of greater uptake of CO, in net photosynthe-
sis. The increase in photosynthetic activity is seen in the
higher values of NDVI and other indexes derived from
reflected light sensed by satellite platforms (Bhatt et al.
2014). Warming experiments in High Arctic tundra have
shown that changes in net ecosystem productivity (the net
amount of CO, that flows between the land surface and
the atmosphere) will depend on soil moisture. Dry tun-
dra systems showed increases in the net flow of CO, into
the tundra because of greater photosynthesis, while wet
tundra showed a slight decrease because respiration rates
increased more than photosynthesis (Welker et al. 2004).

G. HENRY
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FIGURE 19. Vegetation development on a glacial foreland

on Ellesmere Island over 40+ years. Four stages were
recognized: Stage 1is dominated by moss species, and
occurs nearest to the glacier within the first two years of
deglaciation; Stage 2 peaks between 10 and 20 years after
deglaciation and is characterized by herbaceous species of
forbs (Papaver, Draba) and graminoids (Luzula); Stage 3 is
characterized by the first shrub species (Salix arctica) that
occurs 30-40 years after deglaciation; and Stage 4 is the
tundra community beyond the limit of the last glacial advance
(indicated as the Trimline), believed to have been during the
Little Ice Age (ca. 1450-1850). From Jones and Henry (2003).

Hence, changes in soil moisture in response to climate
warming will be important as it will affect the balance of
CO, fluxes in the tundra (Oberbauer et al. 2007). Elders
and scientists have already reported that areas are drier
and some creeks and ponds are drying out each summer.

Permafrost soils contain about 50% of the global soil carbon
(Tarnocai et al. 2009) and they could contribute significant
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amounts of carbon to the atmosphere in the coming dec-
ades, exacerbating global warming. The warming climate
will deepen the thaw in summer and stimulate microb-
ial activity that will result in the increase in emissions of
the greenhouse gases CO,, CH, and N,O. Forecasting the
effect of the permafrost-carbon feedback to climate warm-
ing is complex, as there will be variable responses due
to the presence or absence of ice in the permafrost soils
and whether the thawing leads to development of ponds
as the ice in the permafrost melts and the land subsides
(thermokarst) or drier tundra (Figure 20) (Schuur et al.
2015). In addition, the changes in moisture with thaw-
ing will affect the vegetation development and the carbon
inputs through litter to the soils: increased thaw leading to
drier soils may favour increased density of shrubs, while
thermokarst in ice-rich permafrost would increase wetland
vegetation. Although there would be greater input of litter

with increased deciduous shrub density, it has been found
that carbon and nitrogen storage is lower in soils from shrub
tundra than graminoid tundra in the same area, indicating
that a shift to shrub tundra may not lead to greater inputs
of soil carbon (Petrenko et al. 2016). In addition, the carbon
balance of tundra systems will be affected by permafrost
disturbance, such as active-layer detachments and retro-
gressive thaw slumps (Figure 21). These disturbances occur
in ice-rich permafrost areas, and can change the tundra
system from a small sink for carbon to a source of CO, and
CH, to the atmosphere (Cassidy et al. 2016). Carbon also
flows from the disturbances into water courses, where it
can be used by aquatic microbes and lost to lake or ocean
sediments (Lamoureux et al. 2009). These disturbances are
increasing in frequency and magnitude (Lantz and Kokel;
2008, Lewkowicz and Harris 2005) and will be important
regionally in the permafrost-carbon feedback.

FIGURE 20. Developing thermokarst ponds in ice-rich permafrost, Fosheim Peninsula, Ellesmere Island.

G. HENRY
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FIGURE 21. Aretrogressive thaw slump on the Fosheim Peninsula, Ellesmere Island. Note the ice underlying the dark
tundra soil. The soil slumps down the ice and mixes with the melt water.

7.6 Conclusions

The IRIS 2 region has the greatest variety of tundra eco-
systems in the Canadian Arctic, including all five sub-
zones of the Circumpolar Arctic Vegetation Map (CAVM)
(Walker et al. 2005). These tundra systems provide critical
resources and services for northern residents and wildlife.
For example, berry producing shrubs are used by humans
and wildlife and are important culturally and nutritionally
to Inuit, and the production of berries can be considerable
near communities in the CAVM subzone D. The warm-
ing climate is changing the composition and abundance of
species in tundra systems, and a general increase in shrub
cover has been observed by northerners and scientists in
the IRIS 2 region. The change from herbaceous tundra to
shrub tundra and further to forest-tundra in the Low Arctic
regions will have feedbacks to the climate through decrease
in albedo, similar to the loss of sea ice. These systems also
have huge amounts of carbon frozen in permafrost, which
is expected to contribute to further warming with increased

carbon emissions caused by deeper thaw. These signifi-
cant changes will have implications for communities across
the region, but will also have effects at the global scale.
Continued observations and studies by residents and sci-
entists will help to provide needed information to improve
predictions of the changes and develop better adaptation
policies and strategies.
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Key messages

The Eastern Canadian Arctic portion of Nunavut (the IRIS 2 region) extends over 3500 km north-south from
James Bay to northernmost Ellesmere Island. With a wide range of geology, relief, climate, ice conditions, and
other variables, the coasts of the region exhibit a wide variety of morphology, stability, drivers of change, and
coastal hazards.

There has been near-complete loss of Ellesmere Island ice shelves and associated ecosystems over the past
century, greatly accelerated in recent years.

Greatest storm activity in the region is in the Baffin Bay and northern Labrador Sea sector, where the greatest
open-water fetch can develop. There is evidence for an increase in storm activity across the region in the latter
part of the 20th century.

Seaice serves as seasonal shore protection, but later annual freeze-up leaving more open water during the fall
storm season increases the potential for storm wave activity and shore erosion in communities with vulnerable
waterfront infrastructure such as Hall Beach, Pond Inlet, Qikigtarjuaq, and lqaluit.

Projections of relative sea-level trends are equivocal in some places such as Igaluit and Qikigtarjuag, but indicate
continued sea-level fall in other communities such as Arviat, Rankin Inlet, Hall Beach, and Igloolik, where
shoaling affects harbour infrastructure and navigation. The rate of sea-level fall will be reduced with a higher
rate of global mean sea-level rise.

Past flooding events in Igaluit have resulted from extreme tides without storm activity and have flooded subsistence
infrastructure with potential impacts on food security. In principle, these tidal extreme flooding events should
be predictable, but absence of a tide gauge in Igaluit is an impediment.

Sea ice moving onshore can be a significant hazard, but damaging pile-up in communities, such as occurred in
December 2005 at Hall Beach, has not been widely reported. Pile-up ridges in thick multiyear ice are widespread
in the archipelago. One might postulate that thinner ice resulting from climate warming may increase the risk
of shore ice ride-up.
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Of particular concern to communities are the following:

¢ Changes and instability of coastal ice conditions, notably in the duration, thickness, and reliability of landfastice
for access to country food, particularly marine resources at the floe edge.

¢ Higher coastal flooding, or enhanced wave runup, affecting waterfront facilities including municipal, commercial,
and residential infrastructure, port facilities, subsistence infrastructure, and archaeologically significant sites
in areas of present or future sea-level rise.

¢ Increased coastal erosion rates in areas of stable or rising sea levels, with more open water and wave energy
in and close to communities. Unanticipated local shore erosion affecting waterfront infrastructure, even on

emergent coasts.

e Coastal ice dynamics, including the risk of more frequent ice ride-up and pile-up as sea ice thins and possibly
becomes more mobile.

¢ Rapidly falling sea levels affecting subsistence boating and navigation for sealift and cruise shipping.
e Stranding of coastal infrastructure in areas of rapid isostatic uplift and falling sea levels (coastal emergence).

e Tsunami risk to coastal communities, particularly in fiords in the high seismicity region of Qikigtaaluk.

Abstract

This chapter reviews the physical state and drivers of change on the eastern Nunavut coast, including the effects of cli-
mate and sea-level change and related hazards. Ice shelves on the north coast of Ellesmere Island have declined by 95%
since 1900. Storm activity is greatest in Baffin Bay and Davis Strait, also the region of maximum fetch. Much of the
coast is fetch limited by nearby land and sea ice and some parts of the archipelago have almost no wave action. While
sea ice thus protects the coast, landward ice motion can severely scar the shore zone and damage coastal infrastructure.
Thermal erosion of ice-rich sedimentary coasts is a lesser factor in this region than in the Western Canadian Arctic. Sea-
level projections for some communities, particularly in Hudson Bay and Foxe Basin, show continuing rapid uplift and
falling sea levels over coming decades. Some parts of Devon, Bylot, and Baffin islands have recent or ongoing sea-level
rise, but proximity to diminishing Greenland and Canadian Arctic land ice will limit future local sea-level rise. In some
cases such as Igaluit, even the sign of sea-level change (rising or falling) is uncertain. Rising sea level can increase the
risk of flooding, wave runup, and ice ride-up, while falling sea level can strand port infrastructure and impede navigation.
Landfast sea ice provides an important ecological service to northern residents as a travel and hunting platform for access
to country food. The declining duration and condition of landfast ice are stressing well-being and food security in northern
communities. Tsunami risk is another unquantified coastal hazard in fiords of the seismically active Baffin Bay region.
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8.1 Introduction

All human settlements in the Qikiqtaaluk (Baffin) region of
Nunavut and all but one (Baker Lake) in the Kivalliq region
are located on the coast. Baker Lake is tidal and supplied by
marine transport. Residents in these regions derive a large
part of their livelihood from marine resources, are highly
dependent on marine transportation, and all aspects of
the coastal-marine environment are central to ancient and
modern Inuit culture. More broadly, the Arctic coast is a
fundamental environmental and social-ecological interface,
a zone of high biological productivity, sustained human use
over millennia, vulnerable to natural hazards and human
disturbance, and among the most rapidly changing com-
ponents of Arctic landscapes (Forbes 2011). At the same
time, the human footprint on high-latitude coasts is gener-
ally much lighter than in highly populated regions and was
minimal prior to European contact (see, however, Viehberg
et al. 2017). Tent rings, domed stone caches, blinds, and
sod, stone and whalebone house structures can be found
along former shorelines, many now extensively uplifted
above present sea level, but the low population density
and extensive use of snow structures resulted in minimal
pollution, limited surviving indigenous built heritage, and
negligible alteration of the coast.

Over the past century, the progressive development of trad-
ing posts, police detachments, permanent settlements, mil-
itary installations, hydrocarbon and mineral exploration
and production, and associated port facilities have signifi-
cantly increased the physical impact of human activities
on the Arctic landscape and its coasts (Lamoureux et al.
2015, NOG 1995, Walker and Peirce 2015). The risks of
oil spills, particularly in ice-covered waters, have been a
high-priority concern, leading to legislation (e.g., Arctic
Waters Pollution Prevention Act, Canada 2017), research
(e.g., Barrie et al. 1978, Taylor 1980a, Sempels 1987, Owens
1994), and consideration in environmental impact assess-
ments for proposed industrial development. Extensive
clean-up and remediation has been undertaken at former
DEW Line sites and other installations. The growth of
shipping already evident in the Northwest Passage and

increased bulk cargo and cruise traffic along the Baffin
coast, at a time when much of the Arctic seabed remains
poorly charted, have heightened concerns about potential
pollution as well as impacts on sea ice and its use in the
subsistence economy. Open water leads created by ship
passage through fixed ice can impede subsistence access.

8.1.1 Objectives and scope

This chapter surveys the physical state of the coast in
the Eastern Canadian Arctic regions (Qikiqtaaluk and
Kivalliq) of Nunavut, with a focus on environmental driv-
ers of coastal change and hazards. At a time of accelerat-
ing environment change, as the climate is warming at a
faster pace in northern high latitudes, we also consider
the impacts of climate change on the nature and severity
of hazards and other constraints on northern livelihoods.

The Qikiqtaaluk coast ranges across 31.5° of latitude (3500
km N-S) from the southernmost island in James Bay to
the northernmost tip of Ellesmere Island (Figure 1). The
Kivalliq coast of Hudson Bay lies within this latitudinal
envelope, which spans a wide range of solar irradiance,
temperature, sea-ice duration and thickness, storm inci-
dence, and other climatic conditions, with an associ-
ated variety of vegetation and landscapes. The Eastern
Canadian Arctic coast includes a wide spectrum of coastal
exposure, from parts of southeastern Baffin Island exposed
to the Labrador Sea and Atlantic swell, to ice-locked shores
of the central Canadian Arctic Archipelago (CAA) and the
northern coasts of Ellef and Amund Ringnes, Meighen,
Axel Heiberg, Ellesmere and other islands fronting the
Arctic Basin. These parts of the coast facing the Arctic
Ocean have the thickest (but diminishing) multiyear sea
ice (Forbes and Taylor 1994, Stroeve et al. 2014) and fast-
declining ice shelves along the north coast of Ellesmere
Island (England et al. 2008, Mueller et al. 2008, Vincent
et al. 2001).

The coastal physiography and geomorphology throughout
most of the Arctic, where biology plays a minimal role
relative to its influence on lower-latitude coasts, is strongly
linked to the underlying geology (see Chapter 1; Wheeler
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FIGURE 1. IRIS 2 region shaded brown (Kivallig and Qikigtaaluk], showing major geographic features, settlements, and the
distribution of rock-dominated and unlithified (sedimentary) coasts.
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et al. 1996, Harrison et al. 2011). This is not only the case
for rock-dominated coasts (Hansom et al. 2014), which
make up about 38% of the Canadian Arctic shoreline (Ford
et al. 2016), but also for coasts developed in unlithified
sediments (Figure 1; Taylor and McCann 1983). In other
cases, cliff-base deposits or raised marine sediments in
areas of isostatic uplift may lead to classification of the
coast as sedimentary, despite prominent rock control of
coastal topography. The antecedent landscape on which
coastal drivers operate to form shorelines at the current
relative sea level is largely a function of the geology, glaci-
ation, and postglacial landscape processes.
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The morphological character, materials, and stability of
coasts in the IRIS 2 region show distinct variability related
to the underlying geology, modified by active subaerial and
marine processes, including tides, currents, storm waves,
and sea-ice interaction in the shore zone (Figure 2). Relative
sea-level change driven by residual viscous and present-day
elastic glacial isostatic adjustment and climate-driven chan-
ges in ocean water density also play a large role. Despite
the limited influence of organisms on the nature of Arctic
coasts, distinctive plant communities are found in low back-
shore settings where sufficient fine sediment and mois-
ture are present, e.g., between gravel beach ridges and on

FIGURE 2. (a) Icefoot functioning as winter street, with subsistence infrastructure along the waterfront, Iqaluit, March

2011. (b) Quartz sand beach with heavy mineral placer lamination, Igloo Bay, Clyde Inlet, east coast of Baffin Island, August

2007. (c) Ekalugad Fiord, opening to Home Bay, an area of lower relief on central Baffin Island, showing terraced proglacial
sandur (outwash plain and delta) in arm of fiord at right (cf. Church 1972) and moraine (emergent sill], July 2008. (d) Hamlet
of Pond Inlet (Mittimatalik] on Eclipse Sound, with sandy beach at base of vegetated slope, Bylot Island in background,

August 2009.
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protected ice-bound shores. Sub-Arctic islands of Nunavut
in James Bay have limited marsh development (Martini
and Glooschenko 1984, Martini et al. 2009). Arctic coasts
provide rich living resources at all levels of the food web
(Bluhm and Gradinger 2008, Cusson et al. 2007, Dale et al.
1989, ICC Alaska 2015, Sakshaug 2004), including benthic
organisms in shallow coastal waters (Figure 3).

FIGURE 3. Benthic habitats in shallow waters near
Qikigtarjuaq, NU, on Cumberland Peninsula, eastern Baffin
Island. (a) Sandy bottom, ~40 m water depth, south coast of
Broughton Island, with abundant clam syphons (mostly Mya
sp.) and brittle stars. (b) Sand and gravel with cobbles and
boulders in Broughton Passage, ~15 m depth, with dense
kelp patches and encrusting coralline algae (pink]. Photos
and interpretation courtesy of Ben Misiuk.

8.2 Drivers of coastal change
8.2.1 Tides and currents

Tides range from extreme microtidal (less than 0.5 m)
in the northwest to extreme macrotidal in the south and
southeast (Figure 4). The maximum recorded tidal range
at Iqaluit in Frobisher Bay is 12.6 m (CHS 2001). The large
tide has facilitated the development of extensive boulder-
strewn tidal flats in inner Frobisher Bay (McCann et al.
1981). Tidal currents of 5-7 knots (2.6-3.6 m/s) are encoun-
tered in the inter-island shipping channel in the middle of
Frobisher Bay (CHS 1959), as well as in other constricted
channels of the intricate southeast Baffin coast. On the
other hand, currents in Koojesse Inlet at Iqaluit are rela-
tively weak, < 0.8 m/s, typically much less (Dale et al.
2002, Hatcher 2013), but competent to move some sand
on both flood and ebb.

The circulation in Baffin Bay is counter-clockwise, with
warm water entering from the south along the west coast of
Greenland and cold water flowing south (carrying icebergs)
along the narrow Baffin shelf (Curry et al. 2011). There
is evidence from inner-shelf sand waves for strong tidal
currents near the eastern tip of the Cumberland Peninsula
(Hughes Clarke et al. 2015).

In James Bay, reversing tidal currents up to 2 m/s have been
reported in Akimiski Strait, between Akimiski Island and
the Ontario mainland coast (Martini and Grinham 1984).
In Foxe Basin, a persistent southerly flow is seen along
the west coast, as revealed by current measurements at
Hall Beach (Figure 5). Under non-storm conditions, tidal
currents set to the north (340°-350°) alongshore on the
flood tide, and more rapidly to the south (180°) on the ebb
(CHS 1959). Observed current speeds to the south (up to
1 m/s) are two to five times greater than those to the north
(Manson and Forbes 2008, unpublished data). The persis-
tence of this current just a few hundred metres offshore
keeps the floe edge very close inshore at Hall Beach.
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FIGURE 4. Tidal range in the IRIS 2 region (CanCoast data product, source data from Canadian Hydrographic Service).
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Hall Beach shoreface (h=10 m)
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FIGURE 5. Acoustic doppler current measurements on the outer shoreface at Hall Beach, Foxe Basin, over two weeks in
the fall of 2008 (Manson and Forbes 2008). Except when disrupted by storm winds, coast-parallel flood and ebb currents
oscillate between north and south, with a strong southerly net flow. Peak velocities to the south are approximately 1 m/s,

notably September 30, October 1, and October 3.

8.2.2 Climate and cryosphere

The climate of the study area ranges from Sub-Arctic to
High Arctic, with a large annual variability in temperature.
Although snow cover is present during much of the year,
precipitation is concentrated in summer, with annual totals
of <300 mm (with few storms) in the northwest to >1000
mm (with more frequent storms) along the Davis Strait and
Baffin Bay coasts. The annual variability in solar radia-
tion and air temperature (along with seasonal pressure and
wind patterns) drives the seasonal variability in sea-ice
concentration, while climate variability across the region
and the climate warming trend lead to variation in sea-ice
seasonal duration and thickness, and in the length of the
open-water season (Figure 6).

8.2.2.1 Permafrost

Except for the islands in James Bay, the IRIS 2 region lies
entirely within the zone of continuous permafrost, charac-
terized by soil temperatures <0 °C for two years or more
(see Chapter 4). Sediments at shallow depth in the shore
zone are typically ice-bonded (Taylor and McCann 1974,
1983, Taylor and Forbes 1987). In areas of rising relative
sea level, confined in the study region to the eastern fringe
of Baffin Island, Bylot Island, Lancaster Sound, eastern
Devon Island, possibly Admiralty Inlet, and the northern
tip of Ellef Ringnes Island, permafrost may also be present
in shallow nearshore waters.

The seasonal depth of thaw limits wave erosion of beaches
but is expected to increase, enabling deeper storm-wave
scour in a warming climate. Measured depth of thaw is
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a function of summer temperature and duration (thawing
degree days) and soil or sediment properties. Thus it is
not a simple function of latitude. Thaw depths as great as
0.69 m or more have been measured on Ellesmere Island
(Taylor 1978b) and as little as 0.2-0.3 m late in a cold sum-
mer at Resolute (Sadler and Serson 1981). Thaw depths
late in summer 2005 on Resolute beaches ranged from
0.32 to 0.81 m (St-Hilaire-Gravel et al. 2012). Taylor and
Frobel (2006) compared thaw depths at numerous sites in
the Barrow Strait region and detected a slow increase in the
depth of thaw over three decades 1974-2005, amounting
to 0.12-0.26 m. On Bylot Island beaches at the mouth of
Lancaster Sound, they reported an increase of 0.3 m in the
near-maximum depth of thaw from 1979 to 2005.
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8.2.2.2 Seaice andice in the shore-zone

Sea ice is a dominant factor in the nature and use of the
coast in the study region (Fig. 2a; Taylor and McCann 1983,
Forbes and Taylor 1994). Using a conservative threshold
of 5/10ths ice (50% cover), the decadal mean freeze-up
date for 2000-2009 ranged from September 5 (the break-up
date in the northwest) to 19 December, proceeding from
earlier in the north and west to later in the east and south
(Figure 6a). Excluding James Bay, Cape Dorset, Kimmirut,
Iqaluit and Pangnirtung have the latest mean freeze-up,
while freeze-up typically occurs in late October to late-
November for most of the other communities in the region.
The pattern of breakup is more complex and it is also high-
ly variable from year to year (Figure 6b). The southwest
coast of Southampton Island, south coast of Baffin Island,
the mouth of Frobisher Bay, and central Cumberland Sound

FIGURE 6. Sea-ice freeze-up and break-up dates using a 5/10ths ice-cover threshold, decadal mean 2000-2009 (CanCoast
data product, source data from Canadian Ice Service]. The IRIS 2 region is shaded brown.
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have mean break-up (50% open water) as early as April
18. The communities along the west coast of Foxe Basin
and Hudson Bay see break-up from mid-May to mid-June,
but ice can persist in central Hudson Bay and the Belcher
Islands as late as July. To the northwest, the interisland
channels in the Sverdrup Basin have break-up coinciding
with freeze-up, indicating that these areas on average do
not see 50% open water at any time of the year (Figure 6b).

As the climate is warming, break-up in some places is clear-
ly occurring earlier and freeze-up later (on average) than the
30-year climate normal. This change is captured in sea-ice
charts and in the observations of northern residents with
respect to long-term experience reflected in Inuit knowledge
(Ford et al. 2016). St-Hilaire-Gravel et al. (2012) found that
the annual duration of ice cover in the Resolute Bay area
has decreased by 0.95 days/year over 30 years (1979-2009),
predominantly due to a delay in the onset of freeze-up. To
the east in Lancaster Sound, the length of the open-water
season at Cape Charles Yorke (Baffin Island) has increased
more slowly (0.57 days/year) but is highly variable because
the cape acts as an anchor point for pack ice in the sound
and break-up is often delayed (St-Hilaire-Gravel et al. 2015).
In inner Frobisher Bay near Iqaluit, Hatcher and Forbes
(2015) found a similar increase in the open-water season
amounting to 1.0-1.5 days/year since 1969, with contribu-
tions both from earlier break-up and later freeze-up. Across
the Canadian Arctic, the length of the open-water season
is increasing by 3.2-12 days per decade (Ford et al. 2016,
Howell et al. 2009, Stroeve et al. 2014).

The nature and mobility of the ice varies widely. Along the
coast, extensive landfast ice develops throughout the region
each winter and plays a critical role as a platform for travel
and subsistence food access (Figure 7). The maximum win-
ter thickness of landfast ice typically increases with latitude,
from <1.5 m in Hudson Bay to >2 m further north, and the
length of the ice season varies likewise (Forbes and Taylor
1994). The landfast ice is often smooth and easily trav-
elled, but rough areas can occur, particularly where wind
has compressed young ice during the ‘setup’ period, before
the ice assumes a more stable arrangement for the winter.
In areas of large tidal range, as in Frobisher Bay at Iqaluit,

the periodic lifting and settling of ice on a boulder-strewn
tidal flat produces a very rough maze of ice that is difficult
to traverse (Figure 8a; Forbes and Taylor 1994, Hatcher and
Forbes 2015, McCann and Dale 1986, McCann et al. 1981).
Thin ice is a hazard both early in the year and in the spring
and early summer as melt begins to take place.

Nearshore anchor ice typically forms in a narrow zone,
within about 5 m of the lower low-water line (Sadler and
Serson 1981). An icefoot generally forms higher on the
shore, building up to the higher high-water line (Figure 2a;
Forbes and Hansom 2011). These two ice bodies may
become amalgamated and, in some cases, are buried
by sediment and persist well into summer, if not later
(Blake 1975).

Sea ice serves a seasonally protective role on most Arctic
coasts. In some areas with negligible open water (or very
short seasons with limited fetch), ice can severely limit
or virtually eliminate wave action, as seen in parts of
the CAA such as the Sabine Peninsula (Melville Island)
or Lougheed Island (Forbes and Taylor 1994, Taylor and
Forbes 1987). Elsewhere, more energetic waves remould
beaches and build storm ridges during the open-water
season (St-Hilaire-Gravel et al. 2010). Furthermore, the
presence of ice floes interacting with surf in the near-
shore can enhance the erosional impact of a storm by
‘ice wallow’ (enhanced hydrodynamic scour) on the
shoreface and more irregular wave action at the beach
(Taylor 1981).

Ice can also move against the coast under wind stress (or
stress transmitted through the ice pack), scouring the shore-
face and driving sediment onshore (Reimnitz et al. 1990,
Taylor and McCann 1976). Ice ride-up and pile-up phenom-
ena are common, widespread, and sporadically destructive
(Forbes and Taylor 1994). Most of the region’s coastline is
susceptible to this hazard, but some areas are particularly
prone. Ice ride-up involves direct encroachment of an ice
sheet with limited deformation and, in some cases, can
penetrate 100 m or more and severely damage infrastruc-
ture such as aids to navigation (Kovacs and Sodhi 1980,
Taylor 1978a). When the ice sheet is fractured by buckling
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FIGURE 7. Landfast ice filling Eclipse Sound (including Pond Inlet]) and forming a travel platform 10-20 km wide along the
east coast of Bylot and Baffin islands, with flaw lead (open water) in the shear zone beyond the ‘floe edge’ (edge of landfast
ice), 12 March 2017 (Terra satellite data from NASA Worldview, https://worldview.earthdata.nasa.gov). The width of the
landfast ice diminishes westward along the north coast of Bylot Island; it may even be discontinuous in the northwest but
is obscured there by cloud.
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or crumbling failure, it can form a pile-up ridge, frequently
10-20 m or more in height (Taylor 1978a, Taylor and Forbes
1987). Sverdrup (1904) reported an ice ridge approximately
36 m high off the southwest coast of Axel Heiberg Island
in April 1900. Ice pile-up events can be damaging, occur
rapidly, and pose a safety risk if they occur on a populated

shorefront, as happened at Hall Beach in December 2005
(Figure 8b).

FIGURE 8. (a) Rough ice over the tidal flats, Igaluit, March
2011 (DLF). [b) Ice pile-up on the beach at Hall Beach,
1 December 2005 (courtesy of C. Hotson).

8.2.2.3 Storms and wave climate

Atkinson (2005) analyzed the storm climatology for
seven sectors of the Arctic Ocean over 50 years (1950—
2000) and showed that the storm count for the CAA and
Greenland sector was much lower than for any other part
of the Arctic margin (Forbes 2011). This work was focused
on the Arctic Basin and did not include more southern
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parts of the CAA including the most populated areas of
Qikiqtaaluk and Kivalliq. Zhang et al. (2004) considered
cyclonic activity throughout the northern mid- to high
latitudes, using a ‘cyclone activity index’ that integrates
information on cyclone intensity, duration, and frequency.
They found higher storm activity in the Labrador Sea to
Baffin Bay sector of the Canadian Arctic, as would be
expected from knowledge of storm tracks and weather
data. Using 55 years of data (1948-2002), they found an
increase in Arctic storm activity in the second half of the
20th century and suggested that a shift in storm tracks had
occurred to bring more and more intense storms into the
Arctic, particularly in summer (Zhang et al. 2004), when
sea ice is approaching its annual minimum and open-water
fetch is increasing.

Ice is a critical factor in determining the impact of storms
on coastal stability and hazards (St-Hilaire-Gravel et al.
2010). A storm climate analysis for seven years of field
studies (2003-2009) at Resolute found that only 35% of
the 46 storms identified had the potential to generate wave
activity at the coast (St-Hilaire-Gravel et al. 2012). Of
these storms (restricted to ‘open-water season’ late July
to early October), open-water fetch ranged from zero to
230 km or more and hindcast significant deepwater wave
heights exceeded 2 m in 12 events, with a maximum of
5.2 m from the east in the storm of 4-7 August 2008. The
nearshore wave energy generated by storms depends not
just on fetch length but also on shoreline orientation, wind
direction, and shoreface bathymetry, such that the same
storm may have different impacts on adjacent parts of
the coast or opposite sides of islands (St-Hilaire-Gravel
et al. 2010).

Until recently, there were very few data sets with wave
observations in the region and coastal wave measurements
remained scarce. Advances in reanalysis and satellite data
time series are beginning to provide a better picture of the
regional wave climate in Arctic waters. For 1955-2004,
Swail et al. (2006) hindcast a 99th percentile significant
wave height between 4 m and 6 m in Davis Strait and <3
m in northern Baffin Bay. Stopa et al. (2016), using sat-
ellite altimeter data and wave hindcasting for 1992-2014
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(a shorter but more recent period than the other study),
showed the 99th percentile significant wave height ranging
from >5 m in Davis Strait to about 3 m off the mouth of
Lancaster Sound, and about 2 m in Smith Sound, Lancaster
Sound, and Barrow Strait. In Hudson Bay, observed month-
ly maximum significant wave heights as of the mid-1990s
ranged from 1.5 to 8.2 m (Shaw et al. 1998).

In Foxe Basin, limited wave records were obtained in three
depths across the shoreface at Hall Beach over two weeks
in September-October 2008 (Manson and Forbes 2008).
Figure 9 shows the 2008 wave record from the outer instru-
ment at Hall Beach in 10 m water depth. During this period,
there were several storm events with onshore waves and
significant wave heights >1 m (in one case >3 m), at a time
in the fall when open-water fetch to the northeast, east, and
southeast in Foxe Basin was effectively unlimited.
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Wave records have also been obtained at several locations
on the tidal flats at Iqaluit, for approximately nine weeks in
late summer and early fall of 2010 and 2011 (Hatcher and
Forbes 2015, Hatcher et al. 2014). The most frequent wind
direction in summer is from the southeast, the direction of
maximum potential fetch (approximately 50 km), but the
large tidal range reduces the probability of storm events
with high waves reaching the high-tide line. Dale et al.
(2002) reported a storm in which “waves 1 m in amplitude”
pounded the beaches at the head of the bay and transported
a substantial volume of sand alongshore and seaward.

While projecting future impacts of climate change on
coastal processes in the region remains extremely chal-
lenging, anticipated increases in open-water fetch, storm
frequency and intensity, and depth of thaw may combine
to reinforce each other in promoting more substantial shore
remodelling and potential impacts on infrastructure.

Wave height |

Mean wave direction (%)

0.0
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FIGURE 9. Acoustic doppler wave measurements on the outer shoreface at Hall Beach, Foxe Basin, over two weeks in the

fall of 2008 (Manson and Forbes, 2008).
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8.2.3 Glacial history, isostatic adjustment,
and relative sea-level change

Northern North America has a history of multiple contin-
ental-scale glaciation, culminating in the Laurentide Ice
Sheet at the last glacial maximum (LGM), about 25 000
years ago, when most or all of the region was buried in ice.
Some parts of the region have been ice-free for more than
10 000 years, while others were deglaciated much more
recently, including the area surrounding existing extensive
glaciers and ice caps. The formation of thick and extensive
ice sheets removed water from the ocean basins, lowering
global sea levels by about 120 m, while the resulting ice
mass depressed the crust, except in marginal regions where
limited uplift occurred. As the ice sheets diminished over
many thousands of years, global mean sea level rose and
the crust and underlying mantle rebounded in a process
known as glacial isostatic adjustment (GIA). The elastic
response to unloading of the crust was nearly immediate on
deglaciation, but the viscous readjustment of the mantle has
a time scale of the order of 10* years, so that many coastal
communities in the region are still experiencing GIA uplift
at rates equivalent to or faster than regional sea-level rise
(James et al. 2014, 2015).

The highest local evidence of sea level on land since the
last deglaciation is known as the ‘marine limit’. In the study
region, this ranges up to nearly 170 m along the Kivalliq
coast near Arviat (Figure 10; Simon et al. 2014) and over
100 m in many parts of the region. Land below the mar-
ine limit is former seabed, modified by shore processes
as it emerged above sea level and subsequently reworked
by weathering, freezing, downslope movement, sediment
transport, and, in some cases, development of an organic
cover. The emergence and cooling of saline marine clay and
silt (initially unfrozen on the former seabed) has important
implications for the stability of permafrost. Many com-
munities are founded on these marine sediments and are
affected by saline permafrost (cold sediments with limited
excess ice and weak ice bonding), which can compromise
the stability of building foundations (Hivon and Sego 1993,
Smith et al. 2012a,b,c).

Coasts affected by isostatic uplift exceeding the rate of
sea-level rise (thus falling ‘relative sea level’ — level with
respect to the land surface) have varying expressions of
raised former shorelines (see Chapter 1; Figure 7a, c), which
in some cases (where shore processes are active) form dra-
matic sequences of beach ridges (sometimes referred to as
‘staircases’) on the backshore slope below the marine limit
(e.g., Blake 1975, St-Hilaire-Gravel et al. 2012). Emergent
coasts also display terraced deltas, which occur in a range
of settings from fiord-head proglacial outwash (Figure 2c;
Church 1972) to the terraced finger deltas of the Sverdrup
Basin (Forbes and Taylor 1994).

From a natural hazards perspective, the most important
implication of GIA is its role in reinforcing 