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Headline Statements

These headline statements tell a concise story about Canada’s changing climate based on the findings of
this report. The statements are cross-referenced to specific sections in chapters of the main report, where
supporting evidence is found. There is high confidence or more associated with these statements, which are
consistent with, and draw on, the Chapter Key Messages.

Canada’s climate has warmed and will warm further in the future, driven by human influence. Global emissions
of carbon dioxide from human activity will largely determine how much warming Canada and the world will
experience in the future, and this warming is effectively irreversible. {2.3, 3.3, 3.4, 4.2}

Both past and future warming in Canada is, on average, about double the magnitude of global warming. North-
ern Canada has warmed and will continue to warm at more than double the global rate. {2.2, 3.3, 4.2}

Oceans surrounding Canada have warmed, become more acidic, and less oxygenated, consistent with ob-
served global ocean changes over the past century. Ocean warming and loss of oxygen will intensify with
further emissions of all greenhouse gases, whereas ocean acidification will increase in response to additional
carbon dioxide emissions. These changes threaten the health of marine ecosystems. {2.2, 7.2, 7.6}

The effects of widespread warming are evident in many parts of Canada and are projected to intensify in the
future. In Canada, these effects include more extreme heat, less extreme cold, longer growing seasons, short-
er snow and ice cover seasons, earlier spring peak streamflow, thinning glaciers, thawing permafrost, and
rising sea level. Because some further warming is unavoidable, these trends will continue. {4.2, 5.2, 5.3, 5.4,
5.5,5.6,6.2, 7.5}

Precipitation is projected to increase for most of Canada, on average, although summer rainfall may decrease
in some areas. Precipitation has increased in many parts of Canada, and there has been a shift toward less
snowfall and more rainfall. Annual and winter precipitation is projected to increase everywhere in Canada over
the 21st century. However, reductions in summer rainfall are projected for parts of southern Canada under a
high emission scenario toward the late century. {4.3}

The seasonal availability of freshwater is changing, with an increased risk of water supply shortages in
summer. Warmer winters and earlier snowmelt will combine to produce higher winter streamflows, while
smaller snowpacks and loss of glacier ice during this century will combine to produce lower summer stream-
flows. Warmer summers will increase evaporation of surface water and contribute to reduced summer water
availability in the future despite more precipitation in some places. {4.2, 4.3, 5.2, 5.4, 6.2, 6.3, 6.4}

A warmer climate will intensify some weather extremes in the future. Extreme hot temperatures will become
more frequent and more intense. This will increase the severity of heatwaves, and contribute to increased
drought and wildfire risks. While inland flooding results from multiple factors, more intense rainfalls will
increase urban flood risks. It is uncertain how warmer temperatures and smaller snowpacks will combine to
affect the frequency and magnitude of snowmelt-related flooding. {4.2, 4.3, 4.4, 5.2, 6.2}
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Canadian areas of the Arctic and Atlantic Oceans have experienced longer and more widespread sea-ice-free
conditions. Canadian Arctic marine areas, including the Beaufort Sea and Baffin Bay, are projected to have ex-
tensive ice-free periods during summer by mid-century. The last area in the entire Arctic with summer sea ice
is projected to be north of the Canadian Arctic Archipelago. This area will be an important refuge for ice-de-
pendent species and an ongoing source of potentially hazardous ice, which will drift into Canadian waters.
{5.3}

Coastal flooding is expected to increase in many areas of Canada due to local sea level rise. Changes in local
sea-level are a combination of global sea level rise and local land subsidence or uplift. Local sea level is pro-
jected to rise, and increase flooding, along most of the Atlantic and Pacific coasts of Canada and the Beaufort
coast in the Arctic where the land is subsiding or slowly uplifting. The loss of sea ice in Arctic and Atlantic
Canada further increases the risk of damage to coastal infrastructure and ecosystems as a result of larger
storm surges and waves. {7.5}

The rate and magnitude of climate change under high versus low emission scenarios project two very
different futures for Canada. Scenarios with large and rapid warming illustrate the profound effects on Ca-
nadian climate of continued growth in greenhouse gas emissions. Scenarios with limited warming will only
occur if Canada and the rest of the world reduce carbon emissions to near zero early in the second half of the
century and reduce emissions of other greenhouse gases substantially. Projections based on a range of emis-
sion scenarios are needed to inform impact assessment, climate risk management, and policy development.
{all chapters}

To view the full online version of the report visit www.ChangingClimate.ca/CCCR2019.
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1.1: Introduction

Climate change is one of the defining challenges of the 215t century. It is a global problem, and tackling it
requires global action. Governments around the world have committed to work together to limit global warm-
ing, recognizing that climate-related risks grow with the magnitude of warming and associated changes in
climate. The Paris Agreement under the United Nations Framework Convention on Climate Change, which
entered into force on November 4, 2016,” established a goal of holding the increase in global temperature to
1.5°C-2°C above pre-industrial levels, as well as a commitment to engage in adaptation planning and im-
plementation. Collective action in pursuit of the global temperature goal is being implemented; however, it is
recognized that this goal will only reduce and not eliminate the risks and impacts of climate change. Govern-
ments and citizens need to understand how climate change might impact them, in order to plan and prepare
for the challenges that climate change brings.

Understanding climate change and its consequences draws from the physical, biological, and social sciences.
Ongoing research in these fields is leading to an ever-growing body of published scientific literature related to
climate change. Assessing this growing knowledge base, and communicating how understanding of climate
change has grown, is challenging, especially as there is a wide audience for this information. The impacts of
climate change are a concern for individuals, communities, business sectors, and governments, from local
and regional to national and international scales. “Science assessments” provide a way to critically analyze
and synthesize existing knowledge on a topic, including an evaluation of confidence in our understanding and
of remaining uncertainties. In so doing, science assessments can serve as a source of robust information for
answering the questions and concerns of a wide audience. Global-scale scientific assessments of climate
change have been conducted by the Intergovernmental Panel on Climate Change (IPCC) (see Box 1.1) regular-
ly since 1990 and have been pivotal in providing the global community with a knowledge base to inform deci-
sion-making. National-scale climate change science assessments speak more directly to national audiences.

Box.1.1: The Intergovernmental Panel on Climate Change

The Intergovernmental Panel on Climate Change (IPCC) is an international body responsible for assessing the
science related to climate change. It was set up in 1988 by the World Meteorological Organization (WMOQO) and
the United Nations Environment Programme (UNEP) to provide decision-makers with regular assessments of
the scientific basis of climate change, its impacts and future risks, and options for adaptation and mitigation.
The assessments are undertaken and presented in a way that is relevant to policy but not prescriptive of any

specific policy.

1 Canada ratified the Paris Agreement on Oct 5, 2016 (https://treaties.un.org/Pages/ViewDetails.aspx?s-
rc=TREATY&mtdsg_no=XXVII-7-d&chapter=27&clang=_en).
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The IPCC is both scientific and governmental in nature. Participation in the IPCC is open to all member coun-
tries of the WMO and the United Nations. The Panel, made up of representatives of member states, makes
major decisions at plenary sessions. The IPCC Bureau, elected by member governments, provides guidance to
the Panel on the scientific and technical aspects of the Panel's work and advises the Panel on management
and strategic issues. IPCC assessments are written by scientists who volunteer their time and expertise as
authors of these reports. IPCC reports undergo multiple rounds of drafting and are reviewed by both scientific
experts and governments to ensure they are comprehensive and objective, and are produced in an open and
transparent way.

Canada is an active participant in the IPCC, and Canadian scientists contribute to IPCC assessments. More infor-
mation on Canada's contribution to the IPCC is available here:
https://www.canada.ca/en/environment-climate-change/services/climate-change/science-research-data/contri-
bution-intergovernmental-panel.html

SOURCE: IPCC FACTSHEET: WHAT IS THE IPCC? AVAILABLE FROM HTTP://WWW.IPCC.CH

Over the past two decades, Canada has produced three broad, national climate change assessments (Max-
well et al., 1997; Lemmen et al., 2008; Warren and Lemmen, 2014), as well as sector- or region-specific
assessments on human health (Séguin, 2008), transportation (Palko and Lemmen, 2017), and marine coasts
(Lemmen et al,, 2016). These reports communicated to Canadians the risks and opportunities climate change
presents and focused on assessing our readiness to adapt to potential impacts. National climate change as-
sessments help citizens and stakeholders become better informed and engage in discussions about how to
respond to the challenges of climate change in Canada through both mitigation and adaptation (see Box 1.2).
While all of these assessments included high-level overviews of observed and projected changes in Canada'’s
climate, only one report had a full chapter dedicated to changes in physical climate (Bush et al., 2014).

The current National Assessment, Canada in a Changing Climate: Advancing our Knowledge for Action, was
launched in 2017 (https://www.nrcan.gc.ca/environment/impacts-adaptation/19918). As part of this process,
a more comprehensive assessment of changes in Canada’s climate has been carried out than in past as-
sessments. The assessment as a whole will examine how Canada’s climate is changing, the impacts of these
changes, and how we are adapting to reduce risk. A series of authoritative reports will be completed between
2018 and 2021 as part of the National Assessment process. Canada’s Changing Climate Report (CCCR) is
the first major product of the current National Assessment, and it focuses on answering the questions: how
has Canada’s climate changed to date, why, and what changes are projected for the future? A National Issues
report will focus on climate change impacts and adaptation issues that are of national importance or that
would benefit from an integrated, cross-Canada perspective. A Regional Perspectives report will provide a
picture of climate change impacts and adaptation in six regions of Canada. Health of Canadians in a Chang-
ing Climate will provide an assessment of the risks of climate change to the health of Canadians and to the
health care system. An Enhanced Synthesis will be produced in 2021.

Canada
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Box.1.2: Responding to climate change: mitigation and adaptation

Mitigation, in the context of climate change, is defined as a human intervention to reduce the sources or
enhance the sinks of greenhouse gases (IPCC, 2013), since greenhouse gases (GHGs) have climate warming
effects. A source is any process, activity, or mechanism that releases GHGs to the atmosphere. Both natural
processes and human activities release GHGs. A sink is any process, activity, or mechanism that removes
GHGs from the atmosphere. In addition to GHGs, mitigation also applies to reducing emissions of other sub-
stances that have a warming effect on the climate.

Adaptation is the process of adjustment to actual or expected climate and its effects. In human systems, ad-
aptation seeks to moderate or avoid harm or exploit beneficial opportunities. In some natural systems, human
intervention may facilitate adjustment to expected climate and its effects.

Climate change is a global phenomenon, and Canada’s national climate change assessments build on a
foundation provided by the global-scale science assessments of the IPCC, which have been produced every
five to seven years since 1990. These assessments are widely recognized as the most authoritative reference
documents on the state of knowledge on climate change, its potential consequences, and response options.
Conclusions of successive IPCC assessments are considered to represent the most recent consensus of

the international science community, based on publicly available knowledge up to that time. In this report,

the most recent (Fifth) IPCC assessment (IPCC, 2013) is referred to heavily, especially in Chapters 2 and 3,
which provide a synopsis of observed and future global-scale climate changes (see Section 1.4). A Sixth IPCC
Assessment is currently underway, and a series of assessment reports will be released from October 2018 to
spring 2022 (http://www.ipcc.ch/). A large volume of scientific papers have been published since the body of
literature assessed in the IPCC Fifth Assessment. This report does not comprehensively assess this new liter-
ature, as doing so would duplicate the IPCC process. Rather, this report focuses on assessing new literature
that advances understanding of climate change in Canada.

1.2: Purpose and scope

The objectives of the National Assessment process and its associated reports and other products are to:

enhance understanding of climate change impacts and adaptation in Canada and provide the evidence base
for responding;

increase awareness of the relevance of climate change to Canadians and the need for timely action;
expand engagement in the assessment process;

equip and empower amplifier organizations to share findings with their audiences and create targeted
products; and

document progress made on advancing adaptation action in Canada.

Canada
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The purpose of this report is to provide a climate science foundation for the other National Assessment
products. Its objectives are to assess current knowledge about how Canada'’s climate is changing and why,
and what changes are projected for the future, to help inform mitigation and adaptation decision-making,
and to help raise public awareness and understanding of Canada’s changing climate. The CCCR is therefore
written for a broad range of professionals who are familiar with the topic of climate change but who may not
have expertise in the physical sciences. The assessment process plans to engage intermediary (or amplifier)
organizations to help raise awareness and understanding among the broader public of how Canada’s climate
is changing.

A climate science assessment, such as this report, is based on published scientific literature. It provides an
overview and synthesis of that literature and an evaluation of the confidence in our understanding and of re-
maining uncertainties, based on the expert judgment of the authors. A climate science assessment can help
inform decision-making but cannot provide detailed climate information to directly support local planning or
decision-making — this is the role of climate services. Regional climate services in Canada have been avail-
able for more than a decade through institutions such as Quranos and the Pacific Climate Impacts Consor-
tium and are now being established at a national scale. Persons engaged in climate impact assessments or
adaptation planning can make use of this assessment to provide an authoritative overview of climate science
relevant to climate change in Canada but will need to identify sources of information that are best suited to
their particular application. The Canadian Centre for Climate Services (CCCS) Library of Climate Resources

is a collection of links to climate datasets, tools, guidance, and other related resources. The Climate Services
Support Desk will assist Canadians in finding, understanding, and using climate data, information, and tools in
their planning and adaptation decision-making.

The scope of the CCCR is limited to physical climate science and is aligned with the scope of assessments
of the physical science basis of global-scale climate change by the IPCC’s Working Group |. IPCC Working
Group | reports (e.g., IPCC, 2013) cover climate drivers, observed changes in the global climate system and
their causes, and projection of future global-scale changes. The scope of the CCCR is similar but focuses on
observed and projected changes in climate for Canada’s land area and surrounding oceans. Changes in fresh-
water availability, a topic considered by IPCC Working Group Il (Impacts, Adaptation and Vulnerability) (IPCC,
2014), is included in the CCCR to maintain a close link to the underlying evidence base in terms of changes in
physical drivers.

While the aim is to provide an assessment of changes for Canada as a whole, information on regional-scale
changes is also included, where possible. Some dedicated regional climate analyses were undertaken in
support of the National Assessment, using political boundaries to define the regions, consistent with regional
definitions of previous national assessments (see Figure 1.1). These results are provided in Chapter 4. For
some topics — such as changes in oceans surrounding Canada; changes in glaciers, sea ice, and permafrost;
and changes in freshwater availability — regional perspectives are provided based on natural boundaries of
the systems of concern. These results are in relevant chapters of this report (see Section 1.4). To note, in
some places in this report, a geographical boundary for assessment of changes in northern Canada is used,
defined as the region north of 60° latitude and rather than by political boundaries, as in Figure 1.1. Therefore,
where “the North” is used, this refers to the three territories; where “northern Canada” is used, this refers to the
region north of 60° latitude.

Canada
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NORTH

BRITISH
COLUMBIA PRAIRIES

ONTARIO

|ATLANTIC

Figure 1.1: Regions used for specific climate analyses in the CCCR in support of the National Assessment

Figure caption: These six regions are defined by the political boundaries of the provinces and territories of Can-
ada and match the regions analyzed in Canada’s Third National Assessment. The North region includes Yukon,
Northwest Territories, and Nunavut. The Prairie region includes the provinces of Alberta, Saskatchewan, and
Manitoba. The Atlantic region includes the provinces of New Brunswick, Nova Scotia, Prince Edward Island, and
Newfoundland and Labrador. The remaining three regions encompass single provinces only (British Columbia,
Ontario, and Quebec).

Assessment of biogeochemical cycles, including carbon-cycle changes, and related information on Canadian
sources and sinks of greenhouse gases, is beyond the scope of this report. Information on nationally report-
ed anthropogemo emissions for Canada is available through Canada’s national GHG inventory (https:/www.

html). Information on the state of the North American carbon cycle can be found in the Second State of the

Carbon Cycle Report, currently in development with a planned publication date in the fall of 2018 (https:/
www.carboncyclescience.us/state-carbon-cycle-report-soccr).

Canada
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1.3: Sources of information and process of
development

1.3.1. Sources of information

The CCCR draws primarily from existing sources of information that have been peer-reviewed and are pub-
licly available. Exceptions include updates to published results, which were deemed acceptable as long as
the method used to update data was citable. In addition, projections of future climate change for Canada, for
some variables, are directly available as output from climate models. In this case, the projections specific to
Canada have not always been published, although the models used to produce these projections have been
comprehensively evaluated and documented in the peer-reviewed literature. Where relevant, quantitative in-
formation that has not been through external peer review was considered for inclusion; authors were required
to judge the quality and reliability of the information and to maintain a copy of it. All chapters of this report
underwent external peer review (see Section 1.3.2).

It is recognized that Indigenous observations and knowledge systems contribute significantly to our under-
standing of changing climate. This knowledge is incorporated in other reports of this assessment, where the
holistic perspective of Indigenous knowledge systems contributes to a fuller understanding of climate change
impacts and of the ability of human and natural systems to adapt.

1.3.2: Process of development

Environment and Climate Change Canada, as the focal point for climate science expertise in the federal
government, led the development of the CCCR. Authors with recognized expertise were invited to lead individ-
ual chapters of the CCCR. The lead author team, assessment coordinators, and representative stakeholders
came together for an initial scoping meeting in February 2017 to discuss the overall aims and scope of the
CCCR and to develop initial chapter outlines. Lead authors then formed chapter author teams with the re-
quired expertise to comprehensively assess chapter topics. Discussions at the scoping meeting with a panel
of stakeholders provided key input to developing the CCCR to be effective and relevant.

External review of the report included both a targeted review by invited reviewers with specific subject-matter
expertise and an open review involving other experts who registered through the National Assessment portal
(https://www.nrcan.gc.ca/environment/impacts-adaptation/19924). In addition, members of the National
Assessment Advisory Committee, National Adaptation Platform, and the Atmosphere-Related Research in
Canadian Universities (ARRCU) working group were invited to participate in the external review.

Canada
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1.4: Guide to the report

1.4.1. Key messages and use of calibrated uncertainty language

Each chapter of the CCCR begins with a set of key messages: those findings the authors felt are most rel-
evant to the target audiences. The key messages include quantitative information about how various com-
ponents of the climate system — such as the atmosphere and cryosphere — have changed over specified
periods of time and projections of additional change this century. These quantitative results emerge from

the body of evidence assessed within each chapter of the CCCR. As a science assessment involves critically
analyzing the knowledge base and deciding on the level of confidence in results (see Section 1.1), conveying
the degree of certainty and uncertainty about results is important. In the CCCR, authors have done this for key
messages by adopting the calibrated uncertainty language of the IPCC (Mastrandea et al,, 2010). This allows
authors and audiences to distinguish between what is well known and widely accepted and what is not well
known or not agreed upon.

Two metrics are used to communicate the degree of certainty about key messages (see Figure 1.2):

Confidence in the validity of a result based on the type, amount, quality, and consistency of evidence (e.g.,
mechanistic understanding, theory, data, models, and expert judgment) and the degree of agreement. Confi-
dence is expressed qualitatively.

Likelihood of a result occurring based on quantified measures of uncertainty expressed probabilistically
(based on statistical analysis of observations or model results, or expert judgment). Likelihood is expressed
quantitatively.

When a quantified measure of uncertainty (i.e., likelihood) is provided but no confidence level is given, a high
or very high confidence level is implied. Calibrated uncertainty language is italicized where used in the CCCR
(e.q., likely or very likely), and definitions are provided in Figure 1.2 and at the first use of one of these terms
in each chapter. Confidence statements are used more frequently in this report than are likelihood statements
because the requirements for an assessment of likelihood — quantified estimates of uncertainty — were not
available in the supporting literature in many cases.

Some Key Messages include statements that are expressed without a confidence level. These are not to

be construed as “no confidence” statements. In fact, the opposite is true; these are factual statements.

For example, a Key Message from Chapter 7 includes the statement “Relative sea level in different parts of
Canada is projected to rise or fall, depending on local vertical land motion.” By definition, relative sea level is
expressed as the mean sea level relative to a local reference land level; therefore, this statement is a fact. In
another example in Chapter 4, the following statement is part of a Key Message: “Annual and seasonal mean
temperature is projected to increase everywhere, with much larger changes in northern Canada in winter.”
This is a conditional statement of fact. Based on the assumptions driving the climate model, the output is
as described. In other cases, factual statements represent assessed findings for which evidence and under-
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standing are overwhelming. There is an example of this in Chapter 2, where the first key message includes the
statement “Warming of the climate system during the Industrial Era is unequivocal, based on robust evidence
from a suite of indicators.”

The application of calibrated uncertainty language is an important feature of the scientific assessments un-
dertaken by the IPCC, and the same approach is adopted here. In essence, the author teams identify relevant
scientific literature, data, or model outputs; evaluate the amount of evidence and the level of agreement (or
disagreement); and then apply their collective expert judgment to make an assessment of confidence, or
where possible, likelihood. The wording of each key message is a collective effort of the chapter author team,
aimed at providing clear and concise messages that are underpinned by the literature cited in the body of the
chapters. Summary statements are included in each chapter to provide a traceable account of the authors’
assessment of the supporting evidence for key messages.

Likelihood
High agreement High agreement High agreement
VIRTUALLY CERTAIN 99%-100% Limited evidence Medium evidence Robust evidence
EXTREMELY LIKELY 95%-100%
VERY LIKELY 90%-100% ™
=
LIKELY 66%-100%
g Medium agreement Medium agreement Medium agreement CONFIDENCE
[ Limited evidence Medium evidence Robust evidence SCALE
ABOUT AS LIKELY AS NOT 33%-66% o
o
<
UNLIKELY 0%-33%
VERY UNLIKELY 0%-10%
EXTREMELY UNLIKELY 0%-5% I_.O\_N agreement Lovs: agreement Low agreement
Limited evidence Medium evidence Robust evidence
EXCEPTIONALLY UNLIKELY 0%=1%

Evidence (type, amount, quality, consistency) =

Figure 1.2: Confidence levels and likelihood statements used in this report

Figure caption: The confidence levels and likelihood statements used in this report are the same as those used in
the IPCC Fifth Assessment Report (IPCC, 2013). Generally, evidence is most robust when there are multiple, con-
sistent independent lines of high-quality evidence. A level of confidence is expressed using five qualifiers: very
high, high, medium, low, and very low. The figure depicts summary statements about evidence and agreement
and their relationship to the confidence scale. The relationship is flexible, with “fuzzy boundaries” between differ-
ence confidence levels. The categories of likelihood are also considered to have fuzzy boundaries. For example, a
statement that a result is likely means that the probability of its occurrence ranges from over 66% to 100%. This
corresponds to a chance of the event occurring of two-thirds or more.

FIGURE SOURCE: MASTRANDREA ET AL., 2010.
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1.4.2: Time frames and time periods of analysis

This report assesses observed and projected changes in climate for Canada. Therefore, it refers to both past
and future time periods. Past changes are assessed over periods of time for which there are sufficient data
records, either based on direct measurements (observations) and/or satellite data. This means that observed
changes are described almost exclusively for time periods beginning sometime in the 20" century. The CCCR
does not assess changes in current climate relative to conditions that existed in the distant past (paleocli-
mate) but does provide information on levels of greenhouse gases in the atmosphere going back to the mid-
18th century using values directly measured from ice cores (see Chapter 2, Section 2.3).

To assess past changes in the climate, sufficiently long climate data records are needed for a detectable
change to emerge from the natural fluctuations in the climate system. In general, estimates of change have
smaller uncertainty with longer records. In the CCCR, different time periods for describing observed changes
in climate are reported, reflecting the length of the available data record as well as the time when the work
was completed. Some of these records extend back to the early 20" century, many begin after the mid-20"
century, and satellite-based records start in the late 1970s at the earliest.

There are also no standard time periods for assessing and discussing future changes in climate. Time peri-
ods of interest depend on the needs and concerns of the user of the information; for some, near-term chang-
es and impacts are of most concern, whereas, for others, their interest demands a longer-term view. In the
CCCR, assessment of future climate changes is based primarily on results from coordinated experiments to
model global climate (see Chapter 3, Box 3.1). These experiments have designated time periods describing
near-term, mid-21% century, and late 215t century conditions. The near-term time period has, naturally, shift-
ed forward in time while the mid-21° century (2046-2065) and late 215t century (2081-2100) time periods
remained the same. In the CCCR, we consider 2031-2050, about 10—30 years from now, as the near-term pe-
riod. Where changes in climate are discussed relative to the end-of-the-century, this should be understood to
mean by the year 2100. The near-term and late-century time periods are used in Chapter 4 to provide projec-

tions of future changes for Canada for various indicators and indices related to temperature and precipitation.

Elsewhere in the report, results from the fifth phase of the Coupled Model Intercomparison Project (CMIP5,
see Chapter 3, Box 3.1) may be discussed with respect to the CMIP5 defined near-term time period (2016~-
2035). Climate models project future changes relative to a reference period. In the CMIP5 experiments, the
reference period was 1986-2005, which was representative of “current climate” at the time the experimental
set-up was established.
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1.4.3: Chapter guide

The core content of the CCCR is contained within Chapters 2 to 7. Chapters 2 and 3 focus on global-scale cli-
mate changes, and Chapters 4 to 7 focus on changes in climate across Canada. The global context presented
in Chapters 2 and 3 is useful for understanding changes in Canada, recognizing the interconnectedness be-
tween changes occurring within a country or region and those occurring throughout the world. Chapter 2 pro-
vides a historical perspective on global-scale changes, summarizing observations of change throughout the
Earth's climate system and current understanding of the causes of these observed changes. Chapter 3 looks
at future global-scale changes, describing the Earth system models used to project future climate change

as well as the various emission scenarios — alternative plausible futures — used to drive these models. In
addition to background on the methods of projecting future climate change, a synopsis of future changes at
the global scale is presented, focusing on changes in temperature and precipitation, along with a discussion
of how future global temperature change is related to the total amount of human emissions of carbon dioxide
over time.

Chapters 4 to 7 each cover observed changes, understanding of causes of change (specifically, the contribu-
tions of human influences and natural climate variability), and future changes, for different components of the
climate system in Canada. Chapter 4 assesses past and future changes in temperature and precipitation for
Canada, including changes in temperature and precipitation extremes, and presents analyses of some recent
individual extreme events and their causes. Chapter 5 covers the cryosphere — those parts of Canada with
frozen water, including snow, sea ice, land ice (glaciers and ice caps), freshwater ice (lake and river ice), and
permafrost. Chapter 6 assesses past and future climate-related changes to Canada’s freshwater availability
through key components of the water cycle, including streamflow, surface water levels (lakes and wetlands),
soil moisture, drought, and groundwater. Chapter 7 looks at changes occurring in the three oceans surround-
ing Canada, including physical and chemical changes.

The final chapter of this report (Chapter 8) provides a short synopsis of changes for Canada as a whole and
then a synthesis of changes assessed in Chapters 4 to 7 for northern Canada and for the five regions of
southern Canada. This chapter may be useful for readers who prefer an overview of changes by geographical
region before reading in-depth about changes in different components of the climate system in the core chap-
ters. This chapter also helps transition to subsequent reports being prepared as part of the National Assess-
ment (see Section 1.1).
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This chapter provides a
synopsis of the evidence that
the Earth's climate system is
warming, that other aspects of

climate are changing consistent
with this warming, and that
human activities are the main
cause of these changes.
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Chapter Key Messages

2.2. Observed Changes In The Global Climate System

Warming of the climate system during the Industrial Era is unequivocal, based on robust evidence from a
suite of indicators. Global average temperature has increased, as have atmospheric water vapour and ocean
heat content. Land ice has melted and thinned, contributing to sea level rise, and Arctic sea ice has been
much reduced.

2.3: Understanding The Causes Of Observed Global Change

Warming has not been steady over time, as natural climate variability has either added to or subtracted from
human-induced warming. Periods of enhanced or reduced warming on decadal timescales are expected, and
the factors causing the early 215t century warming slowdown are now better understood. In the last several

years, global average temperature has warmed substantially, suggesting that the warming slowdown is now
over.

The heat-trapping effect of atmospheric greenhouse gases is well-established. It is extremely likely? that hu-
man activities, especially emissions of greenhouse gases, are the main cause of observed warming since the
mid-20" century. Natural factors cannot explain this observed warming. Evidence is widespread of a human
influence on many other changes in climate as well.

2 This report uses the same calibrated uncertainty language as in the IPCC’s Fifth Assessment Report. The following
five terms are used to express assessed levels of confidence in findings based on the availability, quality and level of
agreement of the evidence: very low, low, medium, high, very high. The following terms are used to express assessed
likelihoods of results: virtually certain (99%-100% probability), extremely likely (95%-100% probability), very likely
(90%-100% probability), likely (66%—100% probability), about as likely as not (33%—-66% probability), unlikely (0%—
33% probability), very unlikely (0%-10% probability), extremely unlikely (0%—5% probability), exceptionally unlikely
(0%—1% probability). These terms are typeset in italics in the text. See chapter 1 for additional explanation.
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Summary

The Earth's climate system comprises interacting physical components — the atmosphere, the hydrosphere
(liquid water on Earth), the cryosphere (frozen elements), the land surface, and the biosphere, which encom-
passes all living things on land and in water. Measurements of variables within all of these systems provide
independent lines of evidence that the global climate system is warming. The consistency of the signals
across multiple components of the climate system provides a compelling story of unequivocal change.

The best-known indicator for tracking climate change is global mean surface temperature (GMST), estimated
as the average (or mean) temperature for the world from measurements of sea surface temperatures and of
near-surface air temperatures above the land. This measure has risen an estimated 0.85°C (90% uncertainty
range between 0.65°C and 1.06°C) over the period 1880-2012. Each of the last three full decades (1980s,
1990s, and 2000s) has broken successive records for average 10-year temperatures. A warming slowdown
occurred in the early 215t century, even though decadal temperature for the 2000s was higher than that for the
1990s. Natural climate variability influences GMST on a variety of timescales; therefore, periods of reduced or
enhanced warming on decadal timescales are expected. The causes of the early 215 century warming slow-
down are now better understood, and it appears to have ended, with the years 2015, 2016, and 2017 being the
warmest on record, with GMST more than 1°C above the pre-industrial average level.

Signals of climate warming are also evident in other components of the climate system. The shift toward a
warmer global climate on average has been accompanied by an increase in warm extremes and a decrease

in cold extremes. The amount of water vapour (atmospheric humidity) in the atmosphere has very likely in-
creased, consistent with the capacity of warmer air to hold more moisture. Not only has the ocean warmed at
the surface, it is virtually certain that the whole upper ocean (to a depth of 700 m) has warmed. Global mean
sea level has risen an estimated 0.19 m over the period 1901-2010 (90% uncertainty range between 0.17 m
and 0.21 m) as a consequence of the expansion of ocean waters due to warming (warmer water takes up
more volume) and the addition of new meltwater from shrinking glaciers and ice sheets worldwide. The extent
of Arctic sea ice has also been shrinking in all seasons, with declines most evident in summer and autumn.

Understanding how much human activity has contributed to the observed warming of the climate system
also draws from multiple lines of evidence. This includes evidence from observations, from improved under-
standing of processes and feedbacks within the system that determine how the climate system responds to
both natural and human-induced perturbations, and from climate models (see Chapter 3.3.1).

The ability of greenhouse gases (GHGSs) in Earth’s atmosphere to absorb heat energy radiated from the Earth
is well understood. Emissions of GHGs from human activities have led to a build-up of atmospheric GHG
levels. This rise in atmospheric GHG levels, predominantly carbon dioxide, has been the main driver of climate
warming during the Industrial Era. The strong warming effect of increases in GHGs has been offset to some
extent by increases in levels of atmospheric aerosols, which have climate-cooling effects. Variations in the
brightness of the sun during the Industrial Era have had a warming effect on climate that is at least 10 times
smaller than that from human activity and cannot explain the observed rise in global temperature. Volcanic
eruptions have cooling effects on global climate that can last several years but cannot explain the observed
long-term change in global temperature.
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Determining how much of the observed climate warming and other climatic changes are due to these driv-
ers is a complex task, as the climate system does not respond to these drivers in a straightforward way.

To accomplish this task, climate (or Earth system) models are essential tools for identifying the causes of
observed climate changes. Experiments with these models simulate how the climate system responds to
real-world changes, including the impacts of human activities, and compare this with idealized experiments
without human interference. On the basis of analysis of observations and such experiments, it is extremely
likely that human influences, primarily emissions of GHGs, have been the dominant cause of the observed
global warming since the mid-20™ century. Studies have confirmed that there is a human contribution to ob-
served changes in the lower atmosphere, the cryosphere, and the ocean, on a global scale.
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2.1: Introduction

The oscillation between cold ice ages and warm interglacial periods over the past two million years on Earth
is a testament to the effect on Earth’s climate of changes in global average temperature on the order of 5°C
(Jansen et al.,, 2007; Masson-Delmotte et al,, 2013). In modern times, on century timescales, the globe has
warmed by about 1°C since the beginning of the Industrial Era (see Section 2.2.1), and additional warming is
unavoidable in this century. The Paris Agreement under the United Nations Framework Convention on Climate
Change’® has a stated goal of holding the increase in global average temperature to well below 2°C above
pre-industrial levels and pursuing efforts to limit the temperature increase to 1.5°C. Given that historic warm-
ing has already moved us close to this goal, it is important to understand how and why climate is changing.
This chapter provides a summary of that understanding, based primarily on the evidence presented in mul-
tiple chapters of the Intergovernmental Panel on Climate Change (IPCC) Working Group 1 Fifth Assessment
Report (AR5) (IPCC, 2013a).

This is one of two chapters of this report that examine global-scale climate change. Together, Chapters 2
and 3 provide context and background information for the assessment of past and future climate change in
Canada found in Chapters 4 to 7. This context allows the report to provide a complete narrative to Canadian
audiences about how changes in Canada are a manifestation of global-scale climate change. The background
information on climate change and climate variability in this chapter is referred to in subsequent chapters

of the report. While drawing primarily from the IPCC AR5, this chapter also includes some recent studies to
update trends for key indicators of global climate change and to highlight areas where scientific understand-
ing has advanced significantly since 2013. This chapter focuses on contemporary climate change, covering
recent periods in the past (from multi-decade to century timescales) for which instrumental records are
available. For a recent assessment of changes in past climate over longer timescales (from multi-century to
multi-millennia timescales) and their causes, readers are referred to chapter 5 in the IPCC AR5 (Masson-Del-
motte et al., 2013).

This chapter first presents the evidence from observations of global-scale climate changes (see Section 2.2)
and then addresses the causes of contemporary climate change. The chain of evidence that enables scien-
tists to be confident that human activities have played the dominant role in observed climate change over the
past century or so is presented in Section 2.3. This chapter assesses studies using models of the climate sys-
tem. Such models are required to comprehensively evaluate the causes of observed climate change, because
they incorporate the complex processes and feedbacks that determine the climate system’s response to both
human-caused and natural factors. Descriptions of how climate models are constructed, evaluated, and used
to project future changes in climate are presented in Chapter 3, Section 3.3.

3 https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
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2.2: Observed changes in the global climate
system

Key Message

Warming of the climate system during the Industrial Era is unequivocal, based on robust evidence
from a suite of indicators. Global average temperature has increased, as have atmospheric water
vapour and ocean heat content. Land ice has melted and thinned, contributing to sea level rise, and
Arctic sea ice has been much reduced.

The global climate system comprises a number of interacting components, encompassing the atmosphere,
hydrosphere (liquid water in oceans, lakes, rivers, etc.), cryosphere (snow, ice, and frozen ground), biosphere
(all living things on land and in water), and the land surface. Long-term changes that are consistent with an
overall warming of the climate system can be observed throughout the various components of the system. In
this section, observed changes in global mean surface temperature (GMST), precipitation, the cryosphere, and
oceans are reviewed. These changes are summarized from Chapters 2, 3, and 4 of the IPCC AR5 (Hartmann
et al, 2013; Rhein et al,, 2013; Vaughan et al., 2013). More recent observations indicate a general continuation
of warming and related changes, with short-term year-to-year variability evident, as it is in the earlier record
(Blunden and Ardnt, 2017; USGCRP, 2017).

“Climate” can be considered the average, or expected, weather and related atmospheric, land, and marine
conditions for a particular location. Climate statistics are commonly calculated for 30-year periods, as recom-
mended by the World Meteorological Organization. “Climate change” refers to a persistent, long-term change
in the state of the climate, measured by changes in the mean state and/or its variability (IPCC, 2013c).
Measuring climate change therefore requires long-term observations of climate parameters so that long-term
trends can be distinguished from shorter-term variations (see Section 2.3.3).

Changes in the frequency, intensity, and duration of climate and weather extremes* are expected to accom-
pany a changing climate. These changes can have large impacts on human and natural systems. For some
types of extremes (e.g., hot and cold days/nights), changes in frequency are a natural consequence of a shift
toward a warmer climate on average. For other extremes, the factors underlying expected changes are more
complicated and can involve changes in the water cycle, ocean temperatures, atmosphere-ocean circulation,
and other factors.

Quantifying changes in many extremes of climate and weather is more challenging than quantifying chang-
es in mean climate conditions, for several reasons (IPCC, 2012). By definition, extremes occur infrequently.
Therefore, observational data spanning many decades or longer are needed to derive adequate statistics
about the historical occurrence rate of extremes, but these are often lacking.

4 Weather extremes occur over shorter timescales (e.g., short-duration heavy precipitation event) than climate extremes
(e.g., drought). For further details on differentiating weather and climate extremes, refer to IPCC (2012).
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2.2.1: Global annual and extreme temperature changes

Global-scale records of surface temperatures, based on thermometer observations of surface air tempera-
tures over land and measurements of sea surface temperatures, are available from the late 19th century
onwards. From these observations, various research groups have developed global temperature datasets (see
Figure 2.1) using different procedures for processing the available raw data, such as the treatment of gaps in
observations (see Section 2.3.3). Based on these independently produced global temperature datasets, a best
estimate of GMST has been calculated, which represents changes over both land and ocean. This estimate
shows that GMST rose 0.85°C over the period 1880-2012 (based on a linear trend, with a 90% uncertainty
range between 0.65°C and 1.06°C) (Hartmann et al., 2013). The last three full decades (1980-2010) have
been the warmest on record, with the longest dataset extending back to 1850 (see Figure 2.1) (Hartmann et
al,, 2013). Global temperatures in the last three years with complete records (2015, 2016, and 2017) are the
three warmest years on record for the globe on average (WMO, 2018), at more than 1°C above pre-industrial
average levels (Blunden and Arndt, 2016, 2017; WMO, 2017, 2018; Hawkins et al., 2017).

— Met Office Hadley Centre and Climate Research Unit
— NOAA National Centers for Environmental Information
— NASA Goddard Institute for Space Studies 'y
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Figure 2.1: Observed global mean annual surface temperatures anomalies, 1850-2016

Figure caption: Departure (anomaly) of global mean annual surface temperature from the average over the
1961-1990 reference period, from three datasets. The grey shading indicates the uncertainty in the dataset
produced by the Met Office Hadley Centre and the Climatic Research Unit at the University of East Anglia, UK
(HadCRU).

FIGURE SOURCE: WORLD METEOROLOGICAL ORGANIZATION, 2017. WMO STATEMENT ON THE STATE OF THE GLOBAL CLIMATE

IN 2016 (WMO*NO. 1189), FIG. 1, P.5.
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Annual GMST has not increased in a steady linear progression since the late 19th century (see Figure 2.1).
During several periods, warming was more pronounced (e.g., 1900-1940 and 1970 onwards) or less pro-
nounced (e.g., 1940-1970). These fluctuations arise from natural variations within the climate system (inter-
nal climate variability) and outside (external) forces, including human factors (see Section 2.3.3).

Almost the entire globe experienced warming on a century scale (1901-2012). This warming was not uniform
from one region of the Earth to another, owing to a range of factors, including internal climate variability, and

regional variations in climate feedbacks and heat uptake (Hartman et al,, 2013). In general, warming has been
strongest at high northern latitudes and stronger over land than oceans. Since Canada has a large land mass,
much of which is located at high northern latitudes, warming across Canada has been about twice the global
average (see Chapter 4, Section 4.2.1).

Cold and warm extremes of temperature can have large impacts on human and natural systems. Based on
multi-decadal observational datasets and rigorous statistical analysis, the IPCC AR5 reports that, for global
land area as a whole, the number of warm days and nights® very likely increased and the number of cold days
and nights very likely decreased over the period 1951-2010. Robust statistical assessment of heat waves
and warm spells is more challenging. The IPCC AR5 assesses with medium confidence that, since the mid-
20t century, the length and frequency of warm spells, including heatwaves,é has increased for global land
areas as a whole (Hartmann et al., 2013). At the continental scale, it is likely that heatwave frequency has
increased in some regions of Europe, Asia, and Australia over this period. For North America and Central
America, there is medium confidence that more regions have experienced increases in heatwaves and warm
spells than have experienced decreases (Hartmann et al., 2013).

2.2.2: Global annual and extreme precipitation and related
hydrological changes

Increasing global temperatures have impacts on the hydrological (water) cycle. The amount of moisture the
atmosphere can hold increases with rising temperatures (about 7% per degree Celsius of warming). It is very
likely that global specific humidity — a measure of the amount of water vapour in the air — near the surface
and in the troposphere’ (see Figure 2.2) has increased since the 1970s, consistent with the observed tem-
perature increase over this period (Hartmann et al., 2013).

5 Warm days and nights and cold days and nights are defined from daily temperatures as days when daily maximum
(daytime) and minimum (nighttime) temperatures are above the 90th (warm) or below the 10th (cold) percentile.

6 Heatwaves and warm spells are defined variously throughout the literature but refer to multi-day periods with high
temperature extremes.

7 The troposphere is the lowest layer of the Earth’s atmosphere, extending from the surface to an average altitude of 10
km in the mid-latitudes (this altitude varies by season and location).
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Figure 2.2: Multiple independent indicators of a changing global climate

Figure caption: Multiple indicators of a changing global climate from independently derived estimates. Datasets

in each panel have been normalized to a common period of record.

FIGURE SOURCE: HARTMAN ET AL., 2013, FAQ 2.1, FIGURE 2. DATASETS ARE FOUND IN HARTMAN ET AL., 2013, SUPPLEMENTA-
RY MATERIAL SECTION 2.SM.5.
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The effects of increasing atmospheric concentrations of greenhouse gases (GHGs) on the hydrological cycle
and precipitation are more complex than for temperature. Precipitation varies substantially over time and
space, to a greater extent than does temperature. Long-term precipitation trends are smaller, compared to the
range of precipitation variability, than are temperature trends relative to the range of temperature variability.
Therefore, a greater density of monitoring stations with long records of precipitation is required for robust as-
sessment of precipitation trends than is the case for temperature. Owing to a lack of data, there is low confi-
dence in estimates of precipitation changes over land at the global scale before 1951 and medium confidence
thereafter. Annual average precipitation for global land areas increased slightly over the period 1901-2008,
and different datasets vary in the magnitude of observed changes (Hartmann et al., 2013). It remains a
challenge to determine long-term trends in precipitation for the global oceans. At the regional scale, average
annual precipitation for the mid-latitude land area in the Northern Hemisphere shows a likely overall increase
since 1901, with medium confidence before 1951 and high confidence after that date (Hartmann et al., 2013).
The changes in precipitation across Canada are discussed in Chapter 4.

As climate warming has made more moisture available in the atmosphere, this additional atmospheric mois-
ture can lead to increased intensity of extreme precipitation events that varies by location. Observed chang-
es in extreme precipitation are generally larger than those in total annual precipitation. At the global scale,
extreme rainfall over land, measured as the number of heavy precipitation events, has likely increased in more
regions than it has decreased since the 1950s. There is large variability among regions and between seasons,
but the highest confidence in observed results is for central North America, where there was very likely a
trend toward heavier precipitation events since the 1950s (Harman et al., 2013).

While changes in precipitation patterns may be expected to contribute to changes in drought and floods, there
is low confidence in global-scale trends for both of these hazards (Hartmann et al., 2013). However, region-
al-scale trends are evident in some areas, with a likely increase in frequency and intensity of drought in the
Mediterranean and West Africa and a likely decrease in central North America (mainly central United States
but including parts of southern Canada) since 1950. Perspectives on changes in the frequency and magnitude
of droughts and floods in a Canadian context are provided in Chapter 6 (see also Chapter 4, Section 4.4 for a
discussion of the 2013 Alberta flood).

2.2.3. Ocean changes

A number of changes observed over the past century provide evidence of a warming global ocean (Rhein et
al., 2013) (see Figure 2.2). Comprehensive estimates of global mean temperatures in the upper ocean (to

a depth of 700 m) reveal that warming since the early 1970s is virtually certain. The global average warm-
ing for the upper 75 m of the ocean over the period 1971-2010 was an estimated 0.11°C (90% uncertainty
range from 0.09°C to 0.13°C) per decade. There is greater uncertainty in measurements of ocean tempera-
tures before 1971 due, in part, to the scarcity of observations, but the IPCC AR5 reports that global average
ocean warming (0-700 m) from the 1870s to 1971 was likely. Warming has also been observed deeper in the
oceans, although the trends are not as strong. The IPCC AR5 reports that the increasing ocean heat content
(absorbed heat that has been stored in the ocean; see Figure 2.2) accounts for roughly 90% of the energy ac-
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cumulated globally over the period 1971-2010 (high confidence). This accumulation of energy in the ocean is
strong evidence of excess energy in the Earth system, with less energy leaving the Earth system than entering
(see Section 2.3.1; Rhein et al.,, 2013). In addition to absorbing excess heat, the Earth's oceans have also been
absorbing excess carbon dioxide (CO,) from the atmosphere, increasing their acidity (See Chapter 7, Section
7.6.1).

Global sea level rises primarily as a result of the expansion of ocean waters due to warming (thermal ex-
pansion) and the addition of water to the ocean from land ice (glacier and ice sheets) that is delivered to the
oceans by melting and increased ice discharge. Tide-gauge records from around the world and, more recently,
satellite altimeter data, indicate that the global mean sea level has been rising since the late 19th century (see
Figure 2.2). The level has risen by an estimated 0.19 m (90% uncertainty range from 0.17 m to 0.27 m), based
on a linear trend over the period 1901-2010, and the rate of this sea level rise has likely increased since the
early 20" century (Rhein et al., 2013).

Both rising global sea level and increasing ocean heat content are strong evidence of a warming world. Influ-
ences of these global changes on the oceans surrounding Canada are detailed in Chapter 7.

2.2.4: Changes in the cryosphere

The cryosphere refers to portions of the Earth with sufficiently cold temperatures for water to freeze, and
includes snow, sea ice, land ice (glaciers and ice caps), freshwater ice (lake and river ice), permafrost, and
seasonally frozen ground. The IPCC AR5 assessed changes in the cryosphere around the globe and found,
with very high confidence, that almost all glaciers worldwide have continued to shrink and that the Greenland
(very high confidence) and Antarctic (high confidence) ice sheets have lost mass (based on two decades of
data) (Vaughan et al.,, 2013). The IPCC AR5 reported that, over the period 2003-2009, the greatest losses of
glacier ice were from glaciers in Alaska, the Southern Andes, Asian mountains, the periphery of the Greenland
ice sheet, and the Canadian Arctic (Vaughan et al., 2013).

There is very high confidence that the extent of Arctic sea ice (both newly formed annual ice and multi-year
ice) declined over the period 1979-2012, and that declines occurred in all seasons but were most pronounced
in summer and autumn (high confidence). Annual mean sea ice extent in the Arctic very likely declined at a
rate of 3.5%—4.1% per decade over this period. Antarctic sea ice extent very likely increased over the same pe-
riod at a rate of 1.2%—1.8% per decade. The causes of variations in Antarctic sea ice properties and trends re-
main less well known than those for the Arctic, and the World Meteorological Association (2018) reports that,
since the increase was reported in 2013, Antarctic sea ice extent was at or near record low levels throughout
2017. There is also very high confidence that snow cover extent has declined in the Northern Hemisphere
(especially in spring) and high confidence that permafrost temperatures have increased in most regions since
the 1980s, which is related to regional warming. Overall, the net loss in mass of ice from the global cryo-
sphere (due to changes in glaciers, ice sheets, snow cover, sea ice extent, melt period, and ice thickness) is
evidence of strong warming at high latitudes (see Figure 2.2) (Vaughan et al,, 2013). Further details on these
changes and implications from a Canadian perspective are found in Chapter 5.
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Section summary

In summary, these changes documented in the atmosphere, oceans, and cryosphere since the late 19th cen-
tury (see Figure 2.2), as well as additional changes documented in the IPCC AR5, provide a strong, coherent
picture of a warming planet based on multiple, independent lines of evidence. For this reason, warming of the
climate system is robustly demonstrated; that is, it is found to be unequivocal.

2.3. Understanding the causes of observed global climate change

Key Message

Warming has not been steady over time, as natural climate variability has either added to or subtract-
ed from human-induced warming. Periods of enhanced or reduced warming on decadal timescales
are expected, and the factors causing the early 215 century warming slowdown are now better under-
stood. In the last several years, global average temperature has warmed substantially, suggesting that
the warming slowdown is now over.

Key Message

The heat-trapping effect of atmospheric greenhouse gases is well-established. It is extremely likely
that human activities, especially emissions of greenhouse gases, are the main cause of observed
warming since the mid-20™" century. Natural factors cannot explain this observed warming. Evidence
is widespread of a human influence on many other changes in climate as well.

2.3.1. Factors determining global climate

Scientists have understood the basic workings of Earth’s climate for almost 200 years. Studies in the 19th
century had already identified the key role of Earth's atmosphere and of CO, in raising the temperature of
the planet (Fourier, 1827; Tyndall, 1859; Arrhenius, 1896). The fundamentals of the climate system, including
factors that determine climate and that can drive climate change, have been included in every major IPCC
assessment as foundational background information (IPCC, 1990, 1996, 2001, 2007, 2013a).

Earth’s long-term climate and average temperature are regulated by a balance between energy arriving from
the sun (in the form of shortwave radiation) and energy leaving the Earth (in the form of longwave radiation)
(see Box 2.1). When this balance is disrupted in a persistent way, global temperature rises or falls. Factors
that disrupt this balance are called “climate drivers” or “climate forcing agents,” evoking their influence in
forcing climate toward warmer or cooler conditions. Their effect on Earth's energy balance is called “radia-
tive forcing,” which is defined as the net change in the energy balance of the Earth system due to an external
perturbation. The strength of radiative forcing is measured in units of watts per square metre (W/m?). Positive
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radiative forcing indicates excess energy is being retained in the climate system — less energy is leaving than
is entering the system — leading to a warmer climate, whereas negative radiative forcing indicates more en-
ergy is leaving the climate system than entering it, leading to a cooler climate (Le Treut et al., 2007; Cubasch
et al, 2013). Radiative forcing provides a useful means of comparing and/or ranking the influence of different
climate drivers.

Climate drivers can be either natural or anthropogenic — resulting from human activities. The fact that Earth's
average temperature and climate have varied significantly over geologic time indicates that natural factors
have varied in the past. On shorter timescales of decades to centuries, the main climate drivers are changes
in solar irradiance, volcanic eruptions, changes in atmospheric composition, and changes to the land surface.
The latter two are influenced by human activities. How changes in these climate drivers influence incoming or
outgoing radiation is described below.

Box 2.1: The greenhouse effect and drivers of climate change

The Earth's climate system is powered by energy from the sun reaching the Earth in the form of sunlight.
Some of the incoming solar radiation is reflected back to space, but the rest is absorbed by the atmosphere
and at the Earth’s surface, which warms the planet. The Earth cools down by emitting radiation back to space
at a rate that depends on the temperature of Earth. Since the Earth is much colder than the sun, it emits
infrared radiation in the lower-energy, longwave part of the energy spectrum (infrared radiation, invisible to the
human eye), whereas the sun emits mainly high-energy, shortwave radiation (visible and ultraviolet light).

The Earth's average temperature is determined by the overall balance between the amount of absorbed
incoming energy (as light) from the sun and the amount of outgoing energy (as infrared radiation) from Earth
to space. Only a portion of the incoming energy from the sun is used to warm the Earth, as some of it is re-
flected by the Earth’s atmosphere and surface. About two-thirds of the incoming solar energy (about 240 W/
m?) is absorbed and used to warm the planet (Hartman et al., 2013). Some of the outgoing infrared radiation
(heat radiation) is absorbed and then re-emitted by clouds and GHGs in the lower atmosphere. This process
is known as the greenhouse effect, and it leads to heat being trapped in the lower atmosphere, which warms
the Earth’s surface. Naturally occurring GHGs in the atmosphere — mainly water vapour and CO, from natural
sources — produce a natural greenhouse effect that raises the Earth’s mean surface temperature from about
-16°C to about +15°C (Lacis et al., 2010). This higher temperature creates conditions favourable for life on
Earth and also increases the flow of heat from Earth to space (to about 240 W/m?) so that it balances the
flow of incoming solar energy.

In a stable climate, global average temperature remains roughly constant because of this balance between in-
coming and outgoing energy. However, the Earth’s energy balance can be perturbed. Factors that disrupt this
balance and cause climate warming or cooling are called climate drivers or climate forcing agents. Climate
drivers can be either natural or human-caused. They can disrupt the Earth’'s energy balance by 1) changing the
amount of incoming solar radiation; 2) changing the Earth’s albedo, that is, how much incoming solar radia-
tion is reflected from the Earth’s surface and atmosphere; and 3) changing the amount of outgoing infrared
radiation by changing the composition of the atmosphere (see Figure 2.3).
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THE GREENHOUSE EFFECT
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Figure 2.3: The greenhouse effect and key drivers of climate change

Figure caption: The sun is the source of energy for Earth (1). Some of the sun’s energy is reflected back to space
(2), but the rest is absorbed by the atmosphere, land, and ocean and re-emitted as longwave radiation (radiant
heat). Some of this radiant heat is absorbed and then re-emitted by greenhouse gases in the lower atmosphere,
trapping heat in the lower atmosphere and reducing how much is radiated to outer space. This process is known
as the greenhouse effect (3). Changes to the amount of incoming solar radiation (1), the amount of reflected
sunlight (2), and the heat-trapping capacity of the atmosphere (3) cause climate warming or cooling. Factors that
drive such changes are called climate drivers or climate forcing agents.

FIGURE SOURCE: UPPER PANEL: NATIONAL ACADEMY OF SCIENCES AND THE ROYAL SOCIETY (2014).
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Solar irradiance, the strength of solar radiation received at the Earth’s surface, fluctuates by a small amount
over a solar cycle of approximately 11 years, and these fluctuations can explain global temperature variations
of up to approximately 0.1°C between the strongest and weakest parts of the cycle. Small, multi-decadal
trends (increasing and decreasing) in solar irradiance can also occur, with similarly small effects on global
climate (Masson-Delmotte et al., 2013).

Volcanic eruptions periodically eject large volumes of gases and dust into the stratosphere (upper atmo-
sphere). Sulphate aerosols (tiny airborne particles) that form from these gases reflect solar radiation and
thereby induce a cooling effect.® Since volcanic eruptions are episodic, and sulphate aerosols remain in the
stratosphere for only a few years, the cooling effects are short-lived. The global cooling effect of large vol-
canic eruptions, such as the eruption of Mount Pinatubo in the Philippines in 1991, is clearly evident in the
global temperature record (see Section 2.3.3 and Figure 2.9).

Human activities affect Earth's reflectivity (albedo) by changing the atmospheric composition and the land
surface. For example, the combustion of fossil fuels emits a variety of pollutants, in addition to GHGs, into the
lower atmosphere, where they form aerosols of various chemical compositions. These aerosols may either re-
flect or absorb solar radiation and are important drivers of climate change. Aerosols in the lower atmosphere
also serve as particles on which water vapour can condense to form clouds (cloud condensation nuclei).
Changes in aerosol concentrations can therefore induce changes in cloud properties which, in turn, can affect
Earth’s albedo. While the interactions between aerosols and clouds are complex and involve a number of
different processes, an increase in aerosol concentration is known to produce brighter clouds, which reflect
more solar radiation, inducing a cooling effect. Human alterations of the land surface also tend to increase
albedo. When forested lands are cleared for cultivation this tends to produce more reflective land surfaces
(Le Treut et al.,, 2007; Cubasch et al., 2013).

Changes in solar irradiance, volcanic eruptions, and changes in albedo affect Earth’'s energy balance by alter-
ing the amount of incoming energy available to heat the Earth, but the primary driver of the amount of heat
leaving the Earth is changes to the chemical composition of the atmosphere. While the two most abundant
gases in Earth’s atmosphere — nitrogen (78%) and oxygen (21%) — are transparent to outgoing longwave
radiation, allowing this heat to escape to space, some trace gases absorb longwave radiation, creating the
greenhouse effect, and are referred to as GHGs (see Box 2.1). GHGs have both natural and human sources.
The main GHGs are water vapour, CO,, methane (CH,), ozone (0,), nitrous oxide (N,0), and groups of synthet-
ic chemicals referred to as halocarbons (see Box 2.2). Changes to the atmospheric concentrations of GHGs
affect the transparency of the atmosphere to outgoing heat. Individual GHGs differ in their capacity to trap
heat, and most are more powerful GHGs than CO,. However, CO, is by far the most abundant GHG (Myhre et
al., 2013) aside from water vapour. The build-up of atmospheric GHGs has reduced heat loss to space and

is therefore a positive radiative forcing, with a warming effect on the climate system (Le Treut et al., 2007,
Cubasch et al,, 2013).

8 Volcanoes also emit CO,, a GHG, but the climate effect of volcanic CO, emissions is small (Myhre et al., 201 3).
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Box.2.2: Sources of the main greenhouse gases

The main greenhouse gases (GHGs) have both natural sources and anthropogenic sources — from human
activity — with the exception of the group of GHGs referred to as halocarbons, which are human-made. Since
anthropogenic sources add emissions to the atmosphere at a rate greater than natural processes can remove
them from the atmosphere, atmospheric levels of GHGs are building up.

Carbon.dioxide

Carbon dioxide (CO,), along with methane (CH,), is part of Earth’s carbon cycle, which involves the movement
of carbon among the atmosphere, the land, the ocean, and living things. CO, enters the atmosphere from a
variety of natural sources, most notably as a result of plant and animal respiration, and is removed from the
atmosphere through the photosynthesis of plants and uptake by the ocean. The main anthropogenic sources
of CO, are the burning of carbon-containing fossil fuels (coal, oil, and natural gas) and deforestation / land
clearing. Land clearing can involve either burning trees and other vegetation, which releases CO, immediately,
or allowing cut vegetation to decay, which releases CO, slowly. The manufacture of cement is another import-
ant source, as it involves heating limestone (calcium carbonate), the main component of cement, in a process
that releases CO,,.

Methane

The main sources of CH, — a carbon-containing GHG — are from decomposition of organic matter by
micro-organisms under low-oxygen conditions. Wetlands are by far the largest natural source of CH,. Anthro-
pogenic sources include rice paddies, landfills, and sewage; fermentation in the gut of ruminant animals; and
artificial wetlands. Along with other pollutants, CH, is also produced when fossil fuels and trees are burned
with insufficient oxygen for combustion to be complete. It also leaks or is vented to the atmosphere from
geological sources, mainly during the extraction, processing, and transportation of fossil fuels, although natu-
ral leaks also occur.

Nitrous.oxide

Nitrous oxide (N,0) is part of Earth's nitrogen cycle. Anthropogenic sources are mainly related to the use of
nitrogen-based synthetic fertilizers and manure to improve crop productivity, and the cultivation of certain
crops that enhance biological nitrogen fixation. These sources have added significant amounts of reactive ni-
trogen to Earth's ecosystems, some of which is converted to N,0 and released to the atmosphere. Some N,O
is also released to the atmosphere during the combustion of fossil fuels and biomass (e.g., trees or wood-
based fuels) and from some industrial sources.
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Halocarbons

Halocarbons are a group of synthetic chemicals containing a halogen (e.g., fluorine, chlorine, and bromine)
and carbon. There are a variety of industrial sources.

Water vapour

Water vapour is the most important naturally occurring GHG. Human activities do not directly influence the
amount of water vapour in the atmosphere to any significant degree. However, the amount of water vapour
in the atmosphere changes with temperature, and changes in water vapour are considered a feedback in the
climate system (see Box 2.3).

Determining the relative contribution of different forcing agents perturbing the Earth’'s energy balance pro-
vides a useful first-order assessment of the causes of observed climate change (see Section 2.2). Howev-
er, the climate system does not respond in a straightforward way to changes in radiative forcing. An initial
perturbation can trigger feedbacks in the climate system that alter the response. These climate feedbacks
either amplify the effect of the initial forcing (positive feedback) or dampen it (negative feedback). Therefore,
positive feedbacks in the climate system are cause for concern because they amplify the warming from an
initial positive forcing, such as increases in atmospheric concentrations of GHGs.

There are a number of feedbacks in the climate system, operating on a wide range of timescales, from hours
to centuries (Cubasch et al,, 2013; see, in particular, Fig 1.2 and associated text in this reference). Important
positive feedbacks that have contributed to warming over the Industrial Era include the water vapour feed-
back (water vapour, a strong GHG, increases with climate warming) and the snow/ice albedo feedback (snow
and ice diminish with climate warming, decreasing surface albedo) (see Box 2.3). There is very high confi-
dence that the net feedback — that is, the sum of the important feedbacks operating on century timescales
— is positive, amplifying global warming (Flato et al.,, 2013; Fahey et al., 2017). Some feedbacks are expected
to become increasingly important as climate warming continues this century and beyond. These include
feedbacks that change how rapidly the land and ocean can remove CO, from the atmosphere and those that
may lead to additional emissions of CO, and other GHGs, such as from thawing permafrost (Ciais et al., 2013;
Fahey et al., 2017) (see Chapter 5, Section 5.6).
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Box.2.3: Positive feedbacks that amplify climate change

The water vapour feedback

Water vapour is a greenhouse gas (GHG), as it absorbs outgoing longwave radiation (heat radiation) from
Earth. Unlike other GHGs such as carbon dioxide (CO,) and methane, water vapour levels in the atmosphere
cannot be controlled or altered directly by human activity. Instead, the amount of water vapour in the at-
mosphere is a function of the temperature of the atmosphere. There is a physical limit to how much water
vapour air can hold at a given temperature, with warmer air able to hold more moisture than cooler air. For
every additional degree Celsius in air temperature, the atmosphere can hold about 7% more water vapour.
When air becomes saturated with water vapour, the water vapour condenses and falls as rain or snow, which
means that water vapour does not reside for long in the atmosphere. When an external forcing agent, such as
increases in atmospheric CO,, causes climate warming, the rise in temperature both increases the evapora-
tion of water from the surface of the Earth and increases the atmospheric water vapour concentrations. This
increased water vapour, in turn, amplifies the warming from the initial CO,-induced forcing. Therefore, water
vapour provides a strong positive climate feedback in response to changes initiated by human emissions of
other GHGs (Boucher et al., 2013).

The.snow/ice.albedo.feedback

Snow and ice are bright, highly reflective surfaces. While open water reflects only about 6% of incoming solar
radiation and absorbs the rest, snow-covered sea ice reflects as much as 90% of incoming radiation. This
value decreases to 40%—70% during the melt season, due to melt ponds on the ice surface (see Figure 2.4;
Perovich et al., 1998; Perovich et al.,, 2007). Climate warming decreases the amount of snow and ice cover on
Earth, reducing the Earth's albedo (reflectivity). Darker land and water surfaces exposed by melting snow and
ice absorb more incoming solar radiation, adding more heat to the climate system and amplifying the initial
warming, in turn causing further melting of snow and ice. Increased absorption of solar energy over the ocean
is particularly important, as this additional heat must be dissipated in the autumn before ice can form again,
thereby delaying the date of freeze-up. This positive climate feedback is particularly important in the North-
ern Hemisphere, where declines in Arctic Ocean sea ice and snow cover have been strong (see Chapter 5,
Sections 5.2 and 5.3). In combination with other feedbacks involving the ocean, atmosphere, and clouds, the
snow/ice albedo feedback explains why temperatures across the Arctic have warmed at approximately twice
the rate of the rest of planet (Overland et al,, 2017; Pithan and Mauritsen, 2014; Serreze and Barry, 2011).
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I. Open ocean Il. Bare ice I1l. Ice with snow

a =0.06

Figure 2.4: Snow and ice change Earth’s albedo

Figure caption: Albedo is a unitless quantity that indicates how well a surface reflects solar energy. Albedo (a)
ranges from 0 to 1, with O representing a black surface that absorbs 100% of energy and 1 representing a white
surface that reflects 100% of energy. The presence of ice, and to a greater extent snow-covered ice, on dark sur-

faces (such as the ocean) increase albedo.

FIGURE SOURCE: NATIONAL SNOW AND ICE DATA CENTER. THERMODYNAMICS: ALBEDO; IN ALL ABOUT SEA ICE; NATIONAL
SNOW AND ICE DATA CENTER. HTTPS://NSIDC.ORG/CRYOSPHERE/SEAICE/PROCESSES/ALBEDO.HTML [10 JULY 2018]

Section summary

In summary, the fundamental drivers of Earth’s climate are therefore well known, as are the radiative prop-
erties and heat-trapping effect of GHGs in Earth’'s atmosphere. The very first scientific assessment by the
IPCC’s Working Group | (IPCC, 1990) began with the statement that “we are certain there is a natural green-
house effect, which already keeps the Earth warmer than it would otherwise be” and “we are certain that
emissions resulting from human activities are substantially increasing the atmospheric concentrations of
GHGs and these increases will enhance the greenhouse effect, resulting on average in an additional warm-
ing of the Earth’s surface.” The body of scientific knowledge has grown enormously in the years since that
assessment, as scientists continue to deepen their understanding of the myriad of processes within com-
ponents of the climate system, and interactions among these components, that affect the climate system'’s
response to changes in climate drivers. However, the fundamental relationship between increases in GHGs
and climate warming is well established.
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2.3.2: Changes in greenhouse gases and radiative forcing over the
Industrial Era

The Industrial Era refers to the period in history, beginning around the mid-18th century and continuing today,
marked by a rapid increase in industrial activity powered by the combustion of fossil fuels. Burning these
carbon-based fuels releases CO,, as well as other gases and pollutants, to the atmosphere. The Industrial Era
is recognized as the period when human activity has substantially affected the chemical composition of the
atmosphere by increasing the concentration of trace gases, including GHGs (Steffen et al., 2007).

2.3.2.1. Changes in greenhouse gas concentrations over the Industrial
Era

GHGs are emitted to the atmosphere from both natural and human sources (see Box 2.2) and are also re-
moved from the atmosphere, primarily through natural processes referred to as natural “sinks.” Atmospheric
concentrations of GHGs increase when the rate of emission to the atmosphere exceeds the rate of removal.
Even a small annual imbalance, in which emissions exceed removals, can lead to a large build-up of the gas
in the atmosphere over time (in the same way that a small annual deficit in a financial budget can lead to a
large accumulation of debt over time). Sinks and imbalances differ for different GHGs. CH, is removed from
the atmosphere primarily through photochemical reactions that destroy it chemically. These reactions remove
almost as much CH, each year as is emitted from both natural and human sources, leaving a small annual
excess of emissions (Ciais et al., 2013; Saunois et al., 2016). In contrast, only about half of the CO, emitted
from human activities each year is removed from the atmosphere through land sinks (mainly uptake by plants
during photosynthesis) and ocean sinks (mainly through CO, dissolving into the ocean) (Ciais et al., 2013;

Le Quéré et al., 2016). The ongoing annual excess of human-emitted CO, is the cause of the observed rise in
atmospheric CO, concentrations (see FAQ 2.7).

46

FAQ 2.1. Are humans responsible for the observed rise in
atmospheric carbon dioxide?

Multiple independent lines of evidence show with high confidence that human activities are responsible for
the observed rise in atmospheric carbon dioxide (CO,) since 1750, and that this rise is inconsistent with natu-
ral sources.

The carbon cycle involves the movement of carbon between different reservoirs on Earth — the atmosphere,
oceans, terrestrial biosphere, and the solid Earth, including fossil-fuel reserves. While carbon naturally moves
among these reservoirs, the total amount of carbon on Earth remains essentially constant. Over the 10,000
years preceding the Industrial Era, this natural carbon cycle was roughly balanced, with atmospheric CO,
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concentrations remaining nearly stable. Since the start of the Industrial Era, CO, in the atmosphere has rap-
idly increased. Over 1750-2011, the atmospheric increase was 240 Pg? (90% uncertainty range from 230 to
250 Pg) of carbon (C), as shown by air samples from ice cores and by direct measurements of atmospheric
CO, concentrations since 1958. How do we know that this measured increase was due to human activities
rather than to changes in the natural carbon cycle?

From our records, we know that humans emitted 375 Pg C (90% uncertainty range from 345 to 405 Pg C) into
the atmosphere from burning fossil fuels and manufacturing cement, and we can estimate that human-in-
duced land use change (including deforestation and reforestation) contributed a further 180 Pg C (90% un-
certainty range from 100 to 260 Pg C) to the atmosphere over the period 1750-2011. Together, these human
emissions totalled 555 Pg C (90% uncertainty range from 470 to 640 Pg C). Since we know that the increase
in atmospheric CO, (240 Pg C) was less than that amount, it follows directly that the natural system must
have been a net sink of carbon over this period. This is known as the “bookkeeping method,” and it is a strong
piece of evidence that human emissions, rather than natural sources, are responsible for the observed in-
crease in atmospheric CO,. There is also direct evidence that individual natural reservoirs have acted as sinks
for atmospheric carbon. For example, the measured carbon in the oceans is estimated to have increased by
155 Pg C (90% uncertainty range from 125 to 185 Pg C), leading to ocean acidification (see Chapter 7, Section
7.6.1).

Independent geochemical evidence confirms that the increase in atmospheric CO, was primarily driven by
fossil-fuel consumption and did not arise from natural sources (see Figure 2.5). Direct measurements starting
in the 1990s show a small decrease in atmospheric oxygen (0,) concentrations, consistent with fossil-fuel
burning (as 0, is consumed during combustion), but inconsistent with a non-oxidative natural source of CO,,
such as the oceans or volcanoes. Second, plants and fossil fuels (derived from ancient plants) have lower
13C/12C stable isotope ratios than the atmosphere, meaning these sources are relatively depleted in the
isotope 13C. Burning fossil fuels and plants emits carbon (primarily as CO,) to the atmosphere with depleted
levels of 13C. This reduces the 13C/12C ratio of atmospheric CO,. Measurements confirm that this is what is
occurring. The observed atmospheric CO, increase, O, decline, and 13C/12C decrease are larger in the North-
ern Hemisphere, consistent with the major emissions source of fossil fuels. Together, these lines of evidence
produce high confidence that observed atmospheric CO, increases are due to human activity (Ciais et al.,
2013).

9 1 petagram (Pg) = 1015 grams. 1 petagram is equivalent to 1 billion metric tonnes (1 gigatonne). In the atmosphere,
the mass of carbon is directly related to the abundance of CO, per unit volume, measured in parts per million (ppm).
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Figure 2.5: Changes in atmospheric composition indicating a human origin for the rise in carbon dioxide

Figure caption: Atmospheric concentration of carbon dioxide (CO,), oxygen (0,), and 13C/12C stable isotope ratio
in CO, recorded over the last decades at representative stations. Top panel: CO, (green line) from Mauna Loa
Northern Hemisphere (MLO) and South Pole Southern Hemisphere (SPO) atmospheric stations, and O, (blue line)
from Alert Northern Hemisphere (ALT) and Cape Grim Southern Hemisphere (CGO). Lower panel: 613C in CO,
from MLO and SPO. The ratio of the 13C to 12C isotopes, relative to a standard, is measured by §13C (delta C
13), which is defined as 613C = [ (13C/12C)sample / (13C/12C)standard - 1] x 1000 and has units of permil.
Samples with a larger value of 613C are said to be enriched, while samples with a lower §13C are said to be
depleted.

FIGURE SOURCE: CIAIS ET AL., 2013. FIG. 6-3 MODIFIED TO INCLUDE ONLY THE TOP TWO PANELS.
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Well-mixed GHGs are those that persist in the atmosphere for a sufficiently long time for concentrations to
become relatively uniform throughout the atmosphere. For such substances, emissions anywhere affect
atmospheric concentrations everywhere. Global average concentrations of well-mixed GHGs can be deter-
mined from measurements taken at only a few monitoring locations around the globe. Canada monitors GHG
concentrations at a number of locations, and these data are used, along with those from other monitoring
stations, to determine global average GHG concentrations (see Box 2.4).

Box.2.4: Canadian atmospheric greenhouse gas monitoring

The Canadian Greenhouse Gas Measurement Program operates stations that precisely monitor atmospheric
levels of greenhouse gases (GHGs) carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,0) in all regions
of the country. The most remote site, at Alert, Nunavut, contributes measurements to the Global Atmosphere
Watch Programme of the World Meteorological Organization, which tracks changes in global GHG concentra-
tions. Northern Hemisphere GHG concentrations, such as those observed at Canadian sites, are slightly high-
er than the global average because of larger sources of emissions in the Northern Hemisphere. The long-term
trends from all Canadian sites closely track the increasing global CO, concentration trend, while also showing
clear seasonal cycles of CO, concentration due to photosynthesis (plants remove CO, from the atmosphere)
and biogenic respiration (plants and animals breathe out CO,) (see Figure 2.6).
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Figure 2.6: Canada’s greenhouse gas monitoring network

Figure caption: Canada'’s greenhouse gas (GHG) monitoring network (map) and example observations for carbon
dioxide (plot) from Alert, Nunavut (upper photo) and Fraserdale, Ontario (lower photo).

FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
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Canadian monitoring sites are also used to track changes in regional GHG emissions and removals due to the
impact of the changing climate on vulnerable ecosystems, such as the tundra and boreal forest. The vast Ca-
nadian boreal forest (2.7 million km?) typically takes up a net 28 megatonnes of carbon from the atmosphere
per year (Kurz et al.,, 2013). Fraserdale, situated close to the boreal forest, is influenced quite strongly by for-
est processes that affect atmospheric CO, levels. Lower concentrations of CO, are evident in summer (dom-
inated by photosynthesis) and higher concentrations are evident in winter (dominated by respiration) com-
pared with the more distant site at Alert that is not surrounded by significant vegetation. Research has found
that the net amount of carbon taken up in the Canadian boreal forest has increased in warmer years (Chen

et al,, 2006). In contrast, studies in Scandinavian boreal forests have found that the net uptake of carbon has
decreased in recent years (i.e., 1999-2013) (Hadden and Grelle, 2016). This highlights the value of performing
specific atmospheric observations in the Canadian boreal forest. Furthermore, atmospheric observations of
CH, in the Arctic could detect any rapid changes in emissions due to thawing of permafrost.

In summary, atmospheric observations play a key role in tracking global trends in GHG concentrations, in
monitoring changes resulting from global GHG mitigation efforts, and in understanding the climate feedback
of Canadian ecosystems.

Long-term records of changes in atmospheric concentrations of the three main well-mixed GHGs — CO,, CH,,
and N,O — are compiled from direct atmospheric measurements (beginning in the late 1950s for CO, and in
the late 1970s for CH, and N,0) and from ice-core measurements, which extend the time period of analysis
back hundreds of thousands of years. The evidence clearly shows that the concentrations of these GHGs
have increased substantially over the Industrial Era, by 40% for CO,, 150% for CH,, and 20% for N,O (Hart-
man et al., 2013) (see Figure 2.7). Global concentrations of the main GHGs in 2015 were about 400 parts per
million for CO,, 1845 parts per billion for CH,, and 328 parts per billion for N,O (WMOQ, 2016). These concen-
trations exceed the highest concentrations during the past 800,000 years recorded in ice cores (Masson-Del-
motte et al., 2013).
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Figure 2.7: Increases in global greenhouse gas concentrations during the Industrial Era

Figure caption: Global mean atmospheric concentrations of carbon dioxide (CO,) (magenta and red), methane
(CH,) (light and dark green), and nitrous oxide (N,0) (light and dark blue), based on data from ice cores (dots) and

direct atmospheric measurements from the Cape Grim Observatory, Australia (light lines) and from the Canadian
greenhouse gas monitoring site at Alert, Nunavut (dark lines).

FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.

2.3.2.2: Changes in radiative forcing over the Industrial Era

As discussed in Section 2.3, changes in atmospheric concentrations of GHGs produce a radiative forcing.
The current understanding of the radiative forcing effects of all important climate forcing agents over the
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Industrial Era is synthesized in Figure 2.8.° The following discussion highlights major features of Figure 2.8,
beginning with those agents causing warming effects, followed by those agents causing cooling effects, and
concluding with a summary about the net forcing effects from human activity.
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Figure 2.8: Natural and anthropogenic forcing of climate, 1750-2011

Figure caption: Radiative forcing (RF; the net change in the energy balance of the Earth system due to an ex-
ternal perturbation), based on changes in concentrations of forcing agents, between 1750 and 20171 (Myhre et
al, 2013), in units of watts per square metre (W/m?). Hatched bars are radiative forcing (RF), and solid bars are
effective radiative forcing (ERF), the RF once rapid adjustments in atmospheric temperatures, water vapour, and
clouds to the initial perturbation are accounted for. Uncertainties (5%—95% uncertainty range) are given for ERF
(solid horizontal lines [whiskers]) and for RF (dotted whiskers). The total anthropogenic forcing is the sum of the
anthropogenic forcing contributions. See description in Section 2.2.

FIGURE SOURCE : BASED ON MYHRE ET AL., 2013, FIGURE 8.15; AND IPCC, 2013A, FIGURE TS.6.

10

The term “effective radiative forcing” was introduced in the IPCC Fifth Assessment Report to better quantify the im-
pact of forcing agents by accounting for rapid adjustments in the climate system to an initial radiative forcing (Myhre
et al,, 2013). For well-mixed GHGs, radiative forcing (RF) and effective radiative forcing (ERF) values are similar,
whereas for aerosols from human activity, these values are significantly different, and ERF is considered the better in-
dicator. In this section, we use the term RF, but these terms are differentiated in Figure 2.8, on which the text is based.
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The main warming agents, as indicated by bars extending to the right in Figure 2.8, are CO,, CH,, N,0, and
tropospheric ozone, with a few other gases contributing small warming effects globally. These other gases
include halocarbons — synthetic industrial chemicals composed of carbon and a halogen, such as chlorofluo-
rocarbons. Together, GHGs have been by far the dominant positive forcing agents over the Industrial Era. CO,
alone accounts for two-thirds of the forcing (1.82 W/m? [90% uncertainty range from 1.63 W/m?2to 2.01 W/
m?]) from all well-mixed GHGs (2.83 W/m? [90% uncertainty range from 2.54 W/m?to 3.12 W/m?). Increases
in CH, concentrations have been the second largest contributor to positive forcing (0.48 W/m? [90% uncer-
tainty range from 0.43 W/m?to 0.53 W/m?). There is very high confidence in these values, because the radia-
tive properties of well-mixed GHGs are well known and because historical concentrations of well-mixed GHGs
are also well known from ice cores and direct measurements.

Ozone is not directly emitted but is formed in the lower atmosphere (troposphere) as a result of both natural
processes and emissions of air pollutant gases, including CH,. The warming effect of increases in tropospher-
ic ozone is sizeable and known with high confidence. Ozone also forms naturally in the upper atmosphere
(stratosphere) as a result of chemical reactions involving ultraviolet radiation and oxygen molecules. Strato-
spheric ozone levels have decreased as a result of human emissions of ozone-depleting substances such as
refrigerants. The resulting cooling effect has slightly offset the warming effect of increases in tropospheric
ozone (Myhre et al,, 2013).

Cooling effects (as indicated by bars to the left in Figure 2.8) have been driven by human emissions that
have increased the levels of aerosols in the atmosphere and by human changes to the land surface that have
increased Earth’s surface albedo. Aerosol forcing is divided into two components: direct effects, mainly from
absorbing or scattering incoming solar radiation, and indirect effects from aerosol interactions with clouds.
Most aerosols (e.g., sulphate and nitrate aerosols) predominantly scatter (reflect) radiation. In contrast, black
carbon, an aerosol that is emitted as a result of the incomplete combustion of carbon-based fuels, absorbs
radiation. Black carbon is a strong warming agent, although calculating the net effect of black carbon emis-
sion sources needs to consider the warming and cooling effects of the other aerosols and gases emitted
with it during combustion (Bond et al., 2013; see Chapter 3, Box 3.3). The direct effect of aerosols is therefore
composed of a negative forcing (cooling) from most aerosols and a positive forcing (warming) from black
carbon, for a net negative forcing of 0.45 W/m? (90% uncertainty range from a negative forcing of 0.95 W/m?
to a positive forcing of 0.05 W/m?)" (medium confidence). The total aerosol effect in the atmosphere, includ-
ing aerosol—cloud interactions, is a strongly negative forcing, estimated with medium confidence to be 0.9 W/
m? (90% uncertainty range from 1.9 W/m? to 0.1 W/m?). Although there continue to be large uncertainties
associated with the magnitude of aerosol forcing, overall there is high confidence that the cooling effect of
aerosol forcing has offset a substantial portion of the warming effect of GHG forcing.

There is also high confidence that human-caused land use changes (such as deforestation and conversion
of other natural landscapes to managed lands) have had a cooling effect by increasing Earth’s albedo, with a
negative forcing of 0.15 W/m? (90% uncertainty range from 0.25 W/m? to 0.05 W/m?). However, this has been
partially offset by decreases in Earth’s albedo due to black carbon being deposited on snow and ice, darken-
ing the surface and thereby increasing the absorption of solar radiation. Black carbon deposition on snow is

11 This value is the effective radiative forcing (ERF) from direct effects of aerosols, accounting for rapid adjustments of
the climate system (see Figure 2.8).
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estimated to have exerted a small warming effect of 0.04 W/m? (90% uncertainty range from 0.02 W/m? to
0.09 W/m?) (low confidence) (Myhre et al., 2013).

The best estimate of total radiative forcing due to human activities is a warming effect of 2.3 W/m? (90%
uncertainty range from 1.1 W/m? to 3.3 W/m?) over the Industrial Era, composed of a strong positive forcing
component from changes in atmospheric concentrations of GHGs, which is partially offset by a negative
forcing (cooling effect) from aerosols and land use change. Forcing by CO, is the single largest contributor to
human-caused forcing during the Industrial Era.

This total forcing from human activities can be compared with natural forcing from changes in volcanic erup-
tions and solar irradiance. During the Industrial Era, irregular volcanic eruptions have had brief cooling effects
on global climate. The episodic nature of volcanic eruptions makes a comparison with other forcing agents
difficult on a century timescale. Volcanic forcing is, however, well understood to be negative (climate-cool-
ing effect) with the strongest forcing occurring over a limited period of about two years following eruptions
(Myhre et al., 2013; see Section 2.3.3). Changes in total solar irradiance over the Industrial Era have caused

a small positive forcing of 0.05 W/m? (90% uncertainty range from 0.00 to 0.10 W/m?) (medium confidence).
Consequently, there is very high confidence that, over the Industrial Era, natural forcing accounts for only a
small fraction of forcing changes, amounting to less than 10% of the effects of human-caused forcing.

Section summary

In summary, as concluded by the IPCC (IPCC, 2013b), total radiative forcing is positive and has led to an
uptake of energy by the climate system. The largest contribution to total radiative forcing is caused by the
increase in the atmospheric concentration of CO, since the beginning of the Industrial Era. This factor is the
dominant driver of global warming and climate change over this period. Natural forcing from solar irradiance
changes and volcanic aerosols made only a small contribution throughout the last century, except for brief
periods following volcanic eruptions.

2.3.3: Natural climate variability

Even when a strong anthropogenic forcing drives climate change (see Section 2.3.2), signals of climate
change may be difficult to detect against a backdrop of a climate system that is naturally chaotic — "noisy”.
This chaotic behaviour is due to internal climate variability and natural external forcings, which can be large
over short periods (for example, forcing by volcanic eruptions). Internal climate variability, such as El Nifio—
Southern Oscillation (ENSO) (see Box 2.5), is variability that arises within the climate system, independent of
variations in external forcing.
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Box.2.5: Modes of climate variability

“Modes of climate variability” are distinct and robust features of variability in the climate system with identifi-
able characteristics, affecting particular regions over certain time periods. Generally, these features alternate
or “‘oscillate” between one set of patterns and an alternate set. A familiar example is the El Nifio—Southern
Oscillation (ENSO), but there are other modes of variability also discussed in this report.

ElL Nino-Southern Oscillation.and.Indian.Ocean Dipole

ENSO is a quasi-periodic variation in sea surface temperature and other related variables, such as surface
pressure and surface wind, lasting about three to five years and situated mainly over the tropical eastern
Pacific Ocean. ENSO affects much of the tropics and subtropics, but also influences the mid-latitudes of both
hemispheres, including Canada. The warm phase of ENSO is known as El Nifio (warm waters in the tropical
eastern Pacific Ocean) and the cool phase as La Nifia (cool waters in the tropical eastern Pacific Ocean). The
warm phase tends to be associated with warmer winter air temperatures and drier conditions over much of
Canada. The opposite is true during La Nifia. Related to ENSO is the Indian Ocean Dipole (IOD), a variation in
sea surface temperature centred in the Indian Ocean, with a typical timescale of about two years.

Pacific.Decadal Oscillation.and. lnterdecadal Pacific.Oscillation

The Pacific Decadal Oscillation (PDO) is a recurring pattern of sea surface temperature variability centred
over the northern mid-latitude Pacific Ocean. The PDO has varied irregularly, with a characteristic timescale
ranging from as short as a few years to as long as several decades. As with ENSO, the warm (positive) phase
of the PDO tends to be associated with warmer winter air temperatures over much of Canada (Shabbar and
Yu, 2012). At times over the past century, this mode of variability has exerted a strong influence on continen-
tal surface air temperature and precipitation, from California to Alaska. The Interdecadal Pacific Oscillation
(IPO) is related to the PDO, but with a much wider geographic range of influence (Salinger et al., 2001).

Arctic.Oscillation.and.North Atlantic. Oscillation

The Arctic Oscillation (AQ), sometimes referred to as the Northern Annular Mode, is the dominant pattern of
variability of sea level pressure and atmospheric pressure north of about 20° north latitude. If the pressures
are high over the Arctic, they are low over the mid-latitudes, and vice versa. The AO varies over time, with no
particular periodicity. The positive phase of the AO tends to be associated in winter with warmer air tempera-
tures over western Canada, and colder temperatures in the north and east. The North Atlantic Oscillation
(NAO) is related to the AO but is centred over the North Atlantic Ocean rather than the whole of the Northern
Hemisphere. The NAO has a strong influence on the strength and direction of westerly winds and the location
of the storm track over the North Atlantic Ocean. The positive phase of the NAO is also associated with warm
winter temperatures over much of western Canada, and cold winter temperatures over eastern Canada.
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Atlantic Multi-decadal Oscillation

The Atlantic Multi-decadal Oscillation (AMO) is a recurring pattern of sea surface temperature of the North At-
lantic Ocean (north of the equator and south of about 80° north latitude), with a characteristic timescale of 60
to 80 years. The AMO has been known to influence hurricane activity, as well as rainfall patterns and intensity,
across the North Atlantic Ocean.

Global mean surface temperature (GMST), as calculated by a linear trend, has increased significantly since
the 1880s, especially since the 1950s (see Section 2.2.1). However, the changes in GMST have been far from
uniform, with substantial variability among years, decades, and periods spanning several decades. These
short-term fluctuations are superimposed on an underlying externally forced trend (see Figure 2.9) (Morice et
al., 2012; Karl et al.,, 2015; Hansen et al., 2010).
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Figure 2.9: Annual global mean surface temperature and anthropogenic radiative forcing

Figure caption: Differences in annual global mean surface temperature (relative to 1961-1990) from three data-
sets. Radiative forcing due to human activities is shown by the black dashed line.

FIGURE SOURCE: ADAPTED FROM FYFE ET AL., 2016.
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To analyze the causes of the short-term fluctuations in GMST, we first need to be confident that the observed
variability is real and not an artifact, an error introduced by the way the data were collected or analyzed. Long-
term GMST time series have been produced by a small number of scientific teams using data collected from
around the world. Values are reported as an anomaly: a departure from the average over a reference period
(1961-1990 for Figure 2.9). Differences among the estimates are due mainly to differing choices made in
processing the underlying raw observations. For example, one estimate (HadCRUT4.4) is an average for only
those grid cells where observations exist, whereas the other estimates (NOAA-Karl and GISTEMP) use infill-
ing; if observations are missing for certain locations, they are estimated based on values for neighbouring
locations. These estimates of GMST, and others, are routinely updated as errors are identified and adjusted
(see Box 4.1). Correcting and updating long-term datasets with new observations as these become available
is imperative for tracking global change from year-to-year, decade-to-decade, and century-to-century.

Some of the ups and downs over time shown in Figure 2.9 are associated with the ENSO, the fairly periodic
internal variation in sea surface temperatures over the tropical eastern Pacific Ocean, affecting much of the
tropics, subtropics, and some areas outside the tropics, including Canada (Box 2.6). The warming phase is
known as El Nifio and the cooling phase as La Nifia. ENSO events can be powerful enough to be recorded as
significant signals in GMST. The 1997/1998 El Nifio was regarded as one of the most powerful El Nifio events
in recorded history, resulting in widespread droughts, flooding, and other natural disasters across the globe
(Trenberth, 2002). It terminated abruptly in mid-1998 and was followed by a moderate-to-strong La Nifia,
which lasted until the end of 2000 (Shabbar and Yu, 2009).

Some other ups and downs shown in Figure 2.9 are associated with natural external forcing agents, such as
large volcanic eruptions. The 1991 eruption of Mount Pinatubo, in the Philippines, was the second largest
terrestrial eruption of the 20™ century. It ejected a massive amount of particulate matter into the stratosphere
and produced a global layer of sulphuric acid haze. GMST dropped significantly in 7991-1993 (McCormick et
al., 1995). Similarly, the 1982 eruption of El Chichdn, the largest volcanic eruption in modern Mexican history,
ejected a large amount of sulphate aerosols into the stratosphere (Robock and Matson, 1983). The cooling
impact of the of El Chichdn eruption on GMST from 1982 to 1984 was partly offset by global warming associ-
ated with a very strong El Nifio event during this time (Robock, 2013).

Naturally occurring variations in GMST, whether internally generated or externally forced, should be viewed

in the context of global mean radiative forcing caused by human activities (Fyfe et al,, 2016). The combined
radiative forcing from human activities has increased over time (see Figure 2.9) (Meinshausen et al,, 2011).
The periods in Figure 2.9 labelled “big hiatus” and “warming slowdown” correspond to times when the domi-
nant mode of internal decadal variability in the Pacific — the Interdecadal Pacific Oscillation (IPO) — was in its
negative (cold) phase. In addition, during the “big hiatus” period, radiative forcing increased relatively slowly,
owing to cooling contributions from increasing tropospheric aerosols, as well as stratospheric aerosols from
the Mount Agung eruption in 1963 (e.g., Fyfe et al. 2016). In the intervening period, the IPO was in its positive
(warm) phase. A given phase, warm or cold, of the IPO typically lasts from 20 to 30 years, much longer than
the timescale associated with ENSO. Recent computer models (Meehl et al,, 2013; Kosaka and Xie, 2013; En-
gland et al,, 2014) and studies based on observations (Steinman et al.,, 2015; Dai et al., 2015) indicate that the
IPO plays an important role in changes in GMST over time.
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Finally, the "warming slowdown” — a slowdown in the rate of increase of GMST observed over the early 2000s
— has been much debated (Karl et al., 2015; Lewandowsky et al., 2015; Rajaratnam et al., 2015). Observations
indicate that the rate of global mean surface warming from 20071 to 2015 was significantly less than the rate
over the previous 30 years (Fyfe et al,, 2016). It is now understood that both internal variability and external
forcing contributed to the warming slowdown (Flato et al., 2013; Fyfe et al,, 2016; Santer et al.,, 2017). The
contribution from external forcing has been ascribed to: 1) a succession of moderate volcanic eruptions in
the early 21%-century (Solomon et al., 2011; Vernier, 2011; Fyfe et al., 2013; Santer et al., 2014; Ridley et al.,
2014; Santer et al,, 2015); 2) a long and anomalously low solar minimum during the last solar cycle (Kopp and
Lean, 2011; Schmidt et al., 2014); 3) increased atmospheric burdens of sulphate aerosols from human activity
(Smith et al., 2016); and 4) a decrease in stratospheric water vapour (Solomon et al,, 2010). In the last several
years, GMST has warmed substantially (e.g., Hu and Fedorov, 2017), with an exceptionally strong ENSO in
2015/2016, suggesting that the warming slowdown is now over.

Section summary

In summary, multiple independent time series of historical GMST, model simulations of historical variability
and change, projections of future change, and physical understanding of natural climate variability together
indicate that, on decadal timescales, the rates of warming can differ, and periods of reduced or enhanced
warming are expected. The IPCC AR5 concluded that both internal variability and external forcing contributed
to the warming slowdown, and subsequent research confirms this conclusion and provides improved under-
standing of the contributions of various factors.

2.3.4. Detection and attribution of observed changes

Establishing the causes of observed changes in climate involves both “detection” and “attribution.” Specifical-
ly, “detection” means demonstrating that an observed change is inconsistent with internal climate variability;
in effect, this is a task of detecting a signal from the “noise” of background climate variability. “Attribution”
means identifying the causes of an observed change in terms of different forcings (Bindoff et al., 2013). The
IPCC AR5 included a chapter (Bindoff et al., 2013) assessing the evidence for attributing global and regional
changes in a range of variables to GHG increases and other forcings. Understanding the causes of climate
change on the global scale is important for understanding the causes of regional climate change discussed in
Chapters 4 to 7 of this report. In this subsection, we summarize relevant findings from the IPCC AR5 assess-
ment and more recent findings on global-scale attribution. The relatively new science of attribution of individ-
ual events, as opposed to longer-term changes, is discussed in Chapter 4, Section 4 .4.

Detection and attribution studies compare observed climate changes with simulations from different types of
climate-model experiments: 1) simulations of the response to external forcings of interest; and 2) simulations
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with no variations in external forcing that show the effect of internal climate variability. Confidence in such
analyses is increased by using simulations from multiple climate models developed in centres around the
world, and by validating simulated internal variability by comparison with observations. If an observed change
is inconsistent with simulated internal variability alone, then a response to external forcing is detected. If

the observed change is consistent with model simulations including a particular forcing, such as GHGs, and
inconsistent with simulations omitting it, then the observed change is attributed, in part, to that forcing. Since
more than one forcing drives trends in climate, an observed change is generally not wholly attributable to
variations in one forcing. The sections below summarize attribution of observed changes in each component
of the climate system.

Atmosphere.and. surface

The IPCC AR5 assessed contributions of greenhouse gases, other anthropogenic forcings (mainly aerosols),
and natural forcings to the observed trend in GMST that increased approximately 0.6°C from 1951 to 2010,
based on several studies that had assessed these trends quantitatively using detection and attribution meth-
ods. The trend attributable to combined forcings from human activities (mainly changes in GHGs and aero-
sols) is likely between 0.6°C and 0.8°C (see Figure 2.10) and extremely likely more than half of the observed
increase (Bindoff et al., 2013). Note that, as expected, IPCC AR5 assigned a lower likelihood level to the nar-
rower confidence interval (0.6°C to 0.8°C) and a higher likelihood level to the broader one (greater than half
the observed warming). However, when the GMST response to forcings is separated into contributions from
GHG forcing and aerosol forcing, uncertainties are larger due to several factors: large uncertainties in aerosol
forcing, differences in the simulated responses to these forcings among models, and difficulties in separating
the response to GHG increases from the response to aerosol changes. Nonetheless, more than half of the ob-
served increase in GMST was very likely due to the observed human-caused increase in GHG concentrations.
The combined effect of aerosols from volcanic eruptions and variations in solar irradiance made only a small
contribution to observed trends over this period (statistically, the contribution was not significantly different
from zero). Similarly, internal variability made only a small contribution to trends over this period. Warming
was also observed over the first half of the 20t century, and this warming was very unlikely to have been due
to internal variability alone, but it remains difficult to quantify the contributions of internal variability, anthro-
pogenic forcing, and natural forcing to this warming (Bindoff et al., 2013).
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Figure 2.10: Forcings to which global mean warming has been attributed, 1957-2010

Figure caption: IPCC AR5 assessed likely ranges (horizontal lines [whiskers]) and their mid-points (bars) for forc-
ings to which global mean warming over the 1951-2010 period can be attributed: well-mixed greenhouse gases,
other anthropogenic forcings (dominated by aerosols), combined anthropogenic forcings, natural forcings, and
internal variability. The black bar shows the observed temperature trend (HadCRUT4 dataset) and the associated
5% to 95% uncertainty range (whiskers). Bars to the left of 0.0°C indicate an attributable cooling; bars to the right
indicate an attributable warming.

FIGURE SOURCE: BINDOFF ET AL., 2013, FIGURE 10.5.

Since the publication of the IPCC ARS5, studies have shed further light on aspects of detection and attribution.
For example, the influence of observational uncertainty on estimates of the GMST trend attributable to GHGs
was found to be small relative to other sources of uncertainty (Jones and Kennedy, 2017). Another study
found that considerable differences remain among models in the simulated response to forcings from hu-
man activity, particularly to non-GHG forcing (Jones et al., 2016). However, the conclusions of these studies
remain consistent with the IPCC AR5 (Bindoff et al,, 2013). Even when using a novel approach to detection
and attribution (Ribes et al., 2017), the assessed range for the contribution to observed warming trends from
human activities remains consistent with the range in the IPCC AR5 (Bindoff et al., 2013).

The IPCC AR5 also assessed that it was likely that forcings from human activity have contributed to warming
of the lower atmosphere (troposphere) since 1961 (Bindoff et al., 2013). Recent research continues to sup-
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port this assessment. A new study found that apparent differences between the rate of warming of the lower
atmosphere in climate models and in satellite observations since 1979 are smaller than previously reported
(Santer et al., 2017).

There is medium confidence that human activities have contributed to observed increases in atmospheric
specific humidity and to global-scale changes in precipitation over land since 1950, including increases in the
Northern Hemisphere at mid- to high latitudes (Bindoff et al., 2013). Large uncertainties in observations and
models, and large internal variability in precipitation, precluded greater confidence. Research since the IPCC
AR5 (e.g., Hegerl et al., 2015; Polson et al., 2016) has examined sources of uncertainty in more detail, but the
overall conclusions remain consistent with those of IPCC AR5 (Bindoff et al.,, 2013).

Ocean

Several aspects of observed global-scale change in the oceans have been attributed to human activity. In
particular, it is very likely that human-caused forcing made a substantial contribution to upper ocean warming
since 1970 and to a rise in global mean sea level since the 1970s (Bindoff et al., 2013). It is very likely that hu-
man-caused increases in CO, have driven acidification of ocean surface waters, through uptake of CO, from
the atmosphere, decreasing pH by 0.0014 to 0.0024 per year (see Chapter 7, Section 7.6.1). Recent research
continues to support the attribution of ocean warming and sea level rise to human influence (e.g., Slangen

et al., 2014; Weller et al,, 2016), with new estimates of the heat content of the upper ocean showing a larger
warming trend than that assessed in the IPCC AR5 (Durack et al., 2014).

Cryosphere

It is very likely that human-caused forcings have contributed to Arctic sea ice loss since 1979 (Bindoff et al.,
2013). This conclusion was based on model simulations, which were able to reproduce the observed decline
only when including human-caused forcings. There is low confidence in the understanding of an observed in-
crease in the extent of Antarctic sea ice. However, since that assessment was made in 2013, Antarctic sea ice
extent has decreased, with September 2017 sea ice extent being the second lowest on record (NOAA, 2017).
It is likely that human-caused forcing contributed to the observed surface melting of the Greenland Ice Sheet
since 1993 and to the observed retreat of glaciers since the 1960s, but there is low confidence in attribution
of the causes of mass loss from the Antarctic Ice Sheet. There was likely a contribution of human activity

to observed reductions in Northern Hemisphere snow cover since 1970 (Bindoff et al., 2013). New research
strengthens the evidence for attribution of the decrease in Arctic sea ice extent (e.g., Kirchmeier-Young et al.,
2017), and Northern Hemisphere snow cover (e.g., Najafi et al., 2016) to human influence.

Extremes

On the global scale, it is very likely that human-caused forcing has contributed to observed changes in the
frequency of daily temperature extremes since 1950, including increases in hot extremes and decreases in
cold extremes (Bindoff et al., 2013). For regions with sufficient observations, there is medium confidence that
human-caused forcing has contributed to increased intensity of heavy precipitation events since 1950. New
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research further strengthens the evidence for attribution of changes in temperature and precipitation ex-
tremes to human influence (Zhang et al., 2013; Kim et al., 2016; Fischer and Knutti, 2015; Christidis and Stott,
2016).

Section summary

In summary, the IPCC AR5 assessment (Bindoff et al.,, 2013) that it is extremely likely that human activities
are the main cause of the observed warming since the mid-20™" century was supported by robust evidence
from multiple studies, and has been further supported by additional studies since 2013. Evidence for detect-
able human influence on other climate variables in the atmosphere, ocean, and cryosphere was very strong at
the time of the publication of the IPCC AR5 (Bindoff et al., 2013), and evidence has continued to accumulate
since then.
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Chapter Key Messages

3.2: Future Change and Climate Forcing

Emissions of greenhouse gases from human activity, particularly carbon dioxide, will largely determine the
magnitude of climate change over the next century. Therefore, reducing human emissions will reduce future
climate change.

3.3: Modelling the Response of the Climate System to External
Forcing

In the near term (to approximately 2040), projected warming will be similar under all emission pathways. But
by the late 215t century, the differences between possible emission pathways will have a considerable effect.
Available estimates indicate that the global climate will warm by an additional 1°C (for a low emission sce-
nario) to 3.7°C (for a high emission scenario). Scenarios that would limit warming to an additional 1°C or less
require rapid and deep emission reductions.

3.4: Cumulative Carbon and Global Temperature Change

Global temperature change is effectively irreversible on multi-century timescales. This is because the total
amount of carbon dioxide emitted over time is the main determinant of global temperature change and be-
cause carbon dioxide has a long (century-scale) lifetime in the atmosphere.

3.5: Regional Downscaling

Climate projections are based on computer models that represent the global climate system at coarse reso-

lution. Understanding the effects of climate change for specific regions benefits from methods to downscale
these projections. However, uncertainty in climate projections is larger as one goes from global to regional to
local scale.
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Summary

This chapter provides an overview of Earth system models and how they are used to simulate historical
climate and to make projections of future climate. Historical simulations allow models to be evaluated via
comparison with observations, and these show that models are able to reproduce many aspects of observed
climate change and variability. They also allow experiments to be conducted in which human and natural
causes of climate change can be identified and quantified. In order to make future projections, it is necessary
to specify future emissions, or concentrations of greenhouse gases and aerosols, as well as future land-use
change. Owing to uncertainty regarding future human activity (in particular, the extent to which ambitious
emission reductions will be implemented), a range of future scenarios must be used. Results from future
climate projections are discussed, along with sources of confidence and uncertainty. On average, the mod-
els project a future global mean temperature change (relative to the 1986-2005 reference period) of about
1°C for the low emission scenario (Representative Concentration Pathway [RCP] 2.6) and 3.7°C for the high
emission scenario (RCP 8.5) by the late 21t century, with individual model results ranging about 1°C above
or below the multi-model average. This change is over and above the 0.6°C change that had already occurred
from 1850 to the reference period. The low emission scenario (RCP2.6) is consistent with limiting the global
temperature increase to roughly 2°C and is therefore roughly compatible with the global temperature goal
agreed to in the Paris Agreement. This scenario requires global carbon emissions to peak almost immediately
and reduce to near zero well before the end of the century.

Regardless of the global mean surface temperature level attained when emissions become net zero, tem-
perature will remain at about that level for centuries. In other words, global temperature change is effectively
irreversible on multi-century timescales. The relationship between cumulative emissions of carbon dioxide
(CO,) and global mean surface temperature provides a simple means of connecting emissions from fossil
fuels — the main source of anthropogenic CO, — to climate change. It also leads to the concept of a carbon
emissions budget — the amount of carbon that can be emitted before temperatures exceed a certain value.
The Intergovernmental Panel on Climate Change (IPCC, 2014) has assessed that, to have a 50% chance of
keeping global warming to less than 2°C above the pre-industrial value, CO, emissions from 2011 onward
would have to remain below 1300 billion tonnes of CO, (GtCO,), roughly equal to what has already been emit-
ted since the beginning of the Industrial Era. For a 50% chance of keeping the temperature increase to less
than 1.5°C, emissions from 2011 onward would have to be limited to 550 GtCO,. It must be noted that estima-
tion of carbon budgets, especially for low temperature targets, is a rapidly developing area of research, and
updated budgets will be assessed in the near future.

The chapter concludes with a discussion of downscaling methods, that is, methods to transform global
Earth system model results into more detailed, local information better suited to impact studies. Downscaled
results are often used in impact studies, but users must keep in mind that the enhanced detail provided does
not necessarily mean added value, and that uncertainty is larger at smaller spatial scales.
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3.1: Introduction

Future climate change will be driven primarily by human emissions of greenhouse gases (GHGs). Emissions
of aerosols (airborne particles) collectively cool the climate and so offset some climate warming, but this
effect is projected to decrease in the future as aerosol emissions decline. To understand the effects of these
drivers on the climate, scientists use models — complex computer simulations of the climate system. Models
are used to make projections of future climate, based on future scenarios of GHG and aerosol forcing. These
models are developed and used at climate research institutions around the world, and results from multiple
models allow us to estimate uncertainty and overall confidence in future projections. While Earth system
models can simulate the climate system’s response to human emissions of GHGs, they cannot predict fu-
ture human activities. Therefore, projections are made using various scenarios, or pathways, of future GHG
concentrations, aerosol loading and land-use change (climate forcing agents; see Chapter 2, Section 2.3.1).
These pathways are described in Section 3.2. In Section 3.3, Earth system models are briefly described,

along with global-scale projections of future climate and sources of uncertainty in such projections. While all
forcing agents affect climate, carbon dioxide (CO,) is the main determinant of long-term global temperature
change. Section 3.4 describes the relationship between CO, emissions and global temperature change — a re-
lationship that is important in developing policies on temperature targets and on global emission reductions.
This section also discusses why climate change is irreversible, due to the long lifetime of CO, in the climate
system. Finally, Section 3.5 discusses how global model results can be “downscaled” to provide more detailed
regional information more suitable for impact assessment and adaptation planning.

3.2: Future climate change and climate forcing

Key Message

Emissions of greenhouse gases from human activity, particularly carbon dioxide, will largely deter-
mine the magnitude of climate change over the next century. Therefore, reducing human emissions
will reduce future climate change.

Projections of future climate change require projections of future climate forcing — the external drivers

of change such as GHGs and aerosols. These projections, in turn, arise from scenarios of future GHG and
aerosol emissions, which are based on varying assumptions about how human activities, such as fossil fuel
consumption and land use, will change. Future emission scenarios are typically developed using integrated
assessment models, which combine economic, demographic, and policy modelling with simplified physical
climate models to make projections of population growth, economic development, land use, and the implica-
tions of different policy options on climate-relevant emissions. As there is large uncertainty in the social and
economic aspects of such projections, a range of scenarios is generally provided, ranging from those in which
emissions are aggressively reduced to those with limited actions taken to mitigate emissions.
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The projections described in the IPCC Fifth Assessment (see Chapter 1) were based on a suite of future forc-
ing scenarios called Representative Concentration Pathways (RCPs) that cover the period from 2006 onward
(van Vuuren et al,, 2011). The RCPs are identified by a number indicating the change in radiative forcing — the
imbalance between the solar radiation entering the climate system and the infrared (longwave) radiation
leaving it caused by greenhouse gases and other external drivers (see Chapter 2, Section 2.3.1) — by the end
of the 21st century. RCP2.6 represents a low emission pathway with a change in radiative forcing of roughly
2.6 W/m?, RCP4.5 and RCP6 represent intermediate emission pathways, and RCP8.5 represents a pathway
with continued growth in GHG emissions, leading to a radiative forcing of roughly 8.5 W/m? at the end of the
century. In this report, we will refer to climate scenarios based on RCP2.6 as “low emission scenarios,” those
based on RCP4.5 and RCP6 as "medium emission scenarios,” and those based on RCP8.5 as “high emission
scenarios.” For each RCP, the integrated assessment models provide a comprehensive time series of emis-
sions and concentrations of individual GHGs (CO,, methane [CH,], nitrous oxide [N,0], chlorofluorocarbons,
etc.), along with aerosol emissions and land-use change. All of these forcings are inputs to Earth system
models, which then simulate the future response of the climate system, including biogeochemical feedbacks,
to these external forcing scenarios.

The RCPs supersede the so-called “SRES scenarios” (Nakicenovic et al., 2000), which served as the basis for
model runs reported in the IPCC Fourth Assessment Report. Although there are differences in detail, the SRES
A2 forcing scenario is roughly comparable to RCP8.5, the SRES A1B scenario is roughly midway between
RCP6 and RCP8.5, and SRES B1 is roughly comparable to RCP4.5 (e.g., Burkett et al., 2014). There was no
SRES forcing scenario comparable to RCP2.6. These forcing scenarios are updated every few years, and new
shared socioeconomic pathways (building upon the RCPs) will be used in model runs that will feed into the
upcoming IPCC Sixth Assessment (e.g., Riahi et al., 2017).

In all cases, CO, is the largest contributor to the historical and projected change radiative forcing, followed by
CH, and N,O (Myhre et al., 2013; Collins et al, 2013). This means that future changes in human emissions of
CO, will largely determine future climate.

An illustration of aspects of the RCPs is shown in Figure 3.1. It is important to note that no likelihoods are
ascribed to these future forcing scenarios — they are all deemed plausible, although, as emissions continue
to increase, low emission pathways become more difficult to achieve (e.g., Millar et al., 2017). The spread
across the RCPs represents some measure of our uncertainty about how socioeconomic factors may change
in the future, especially how aggressively humans will pursue emission mitigation, and therefore the pace at
which humans will continue to drive climate change. The low emission (RCP2.6) scenario is consistent with
limiting global temperature increase to roughly 2°C above the pre-industrial value (see Section 3.3.3) and is
therefore roughly compatible with the global temperature goal agreed to in the Paris Agreement (UNFCCC,
2015). This scenario requires global CO, emissions to peak almost immediately and reduce to near zero well
before the end of the century. Global annual CO, emissions reached about 10 Gt of carbon (about 37 GtCO,)
in 2017 (Le Quéré et al., 2017)
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Figure 3.1: Underlying features of the Representative Concentration Pathways

Figure caption: Socioeconomic (top row), energy intensity (second row), greenhouse gas emissions (third row),
and ultimately greenhouse gas concentration (bottom row) scenarios underlying the Representative Concentra-
tion Pathways (RCPs) used to drive future climate projections. The light grey shading indicates the 98th percen-
tile and the dark grey shading the 90th percentile of the underlying databases.

FIGURE SOURCE: REPRODUCED FROM VAN VUUREN ET AL. (2011), WHERE FURTHER DETAILS ARE PROVIDED.
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Section summary

In summary, projections of future climate require projections of future forcing from GHGs, aerosols, and
land-use change, which in turn depend on projections of future population and energy consumption. CO, is
the largest contributor to human-induced climate forcing, and so CO, emissions and the extent to which they
grow or decline will largely determine future climate.

3.3. Modelling the response of the climate system to external forcing

Key Message

In the near term (to approximately 2040), projected warming will be similar under all emission path-
ways. But by the late 215t century, the differences between possible emissions pathways will have a
considerable effect. Available estimates indicate that the global climate will warm by an additional
1°C (for a low emission scenario) to 3.7°C (for a high emission scenario). Scenarios that would limit
warming to an additional 1°C or less require rapid and deep emission reductions.

3.3.1: Earth system models

Earth system models are based on a mathematical representation of the behaviour of the atmosphere, ocean,
land surface, and cryosphere. They simulate a virtual planet using powerful supercomputers, allowing scien-
tists to probe the connections between various physical and biogeochemical processes, e.g., how the ocean
takes up heat and carbon, stores and then redistributes it. Two main ways such models are used are (1) to
compare simulations with and without historical forcings to determine human versus natural forcing effects,
and (2) to simulate future climate in response to various forcing scenarios.

Earth system models have some features in common with global weather-prediction models (used to make
daily weather forecasts) but do not depend on the use of observations as inputs and typically operate at
somewhat lower spatial resolution (i.e., the level of spatial detail is often limited to features with scales of

a hundred kilometres or larger). The lower resolution is necessitated by the computing demand of the long
simulations that are required. Simulations begin with the historical period (from 1850 to present), driven by
observationally based climate forcing (e.g., historical changes in GHG concentrations), and then continue into
the future, using different forcing scenarios (such as those described in the previous section) out to year 2100
or further (Figure 3.2).
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Figure 3.2: Building an Earth system model

Figure caption: Schematic illustration of the processes included in an Earth system model, and the way in which
mathematical equations describing physical processes are solved on a three-dimensional grid.

FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.

Earth system models represent an evolution from earlier physical climate models (representing the coupled
atmosphere, ocean, land, and sea ice components of the climate system) to models that go beyond this with
explicit representation of the carbon cycle (Flato, 2011; Flato et al., 2013). Including carbon and other bio-
geochemical cycles in the models allows simulation of global interactions among ecosystems, carbon, and
climate, as well as several terrestrial processes that occur at high latitudes. Changes to snow and sea ice can
cause positive (amplifying) snow/ice albedo feedbacks in the climate system (Euskirchen et al., 2016; Kashi-
wase et al., 2017; see Chapter 2, Box 2.4). As temperatures increase, the spatial extent of snow and sea ice
declines, reducing the reflectivity of land and oceans, allowing more solar radiation to be absorbed, and hence
further increasing temperatures. This feedback makes an important contribution to the higher rate of warm-
ing in the Arctic region, called Arctic amplification (FAQ 3.7; see Section 3.3.3). The models can also simulate
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increased growth of vegetation at northern high latitudes in response to a warming climate, an effect that
may reduce the land surface albedo and affect the exchange of energy and water between the land and the
atmosphere (Forkel et al., 2016). Changes in permafrost in response to changing climate — leading to chang-
es in hydrological conditions and CH, release (Schuur et al., 2008) — are also now included in some models.
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FAQ 3.1: Why is Canada warming faster than the world as a whole?

Short answer

The response of the climate system to increasing greenhouse gases varies from one region to another. As a
result, the rates of warming around the world are not the same. These variations are a result of climate pro-
cesses and feedbacks that depend on local conditions. For example, in Canada, loss of snow and sea ice is
reducing the reflectivity (or albedo, see Chapter 2, Box 2.3) of the surface, which is increasing the absorption
of solar radiation. This causes larger surface warming than in more southerly regions. Because of this and
other mechanisms, Canada is warming faster than the world as a whole — at more than twice the global rate
— and the Canadian Arctic is warming even faster — at about three times the global rate.

Long answer

Canada’s rate of surface warming is more than twice the global rate (Figure 3.3). The difference is even more
dramatic for the Canadian Arctic, where the rate of warming is about three times the global rate. Enhanced
warming for Canada as a whole and for the Canadian Arctic in particular is part of a climate phenomenon
known as “Arctic amplification.”
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Figure 3.3: Rates of warming for Canada, the Canadian Arctic and the world

Historical observations of annual mean surface temperature show that the rate of surface warming for Canada
(slope of the blue line) is more than twice the rate of surface warming for the globe (slope of the red line). The
rate of warming for the Canadian Arctic (slope of the grey line) is about three times the global rate. Canadian re-
sults are based on the Adjusted and Homogenized Canadian climate data (Vincent et al., 2015). The global result
is based on the HadCRUT data set (Morice et al., 2012).

FIGURE SOURCE: ENVIRONMENT CANADA CLIMATE RESEARCH DIVISION.

Il regions of the world, the climate response to radiative forcing™ (see Chapter 2, Section 2.3) from green-
se gases is determined by subsequent processes and feedbacks within the climate system. To under-

stand Arctic amplification, we can use climate models to estimate the contributions to temperature change

from different physical mechanisms. These estimates for the Arctic can then be compared with estimates for
other regions of the world. This approach has shown that that enhanced warming over high-northern latitudes
is due to contributions from five well-known climate feedbacks. These are, in decreasing order of importance,

12

Radiative forcing is the net change in the energy balance of the earth system due to an external perturbation. A
positive radiative forcing, such as that from the increase in atmospheric greenhouse gases, causes climate warming,
whereas a negative radiative forcing causes climate cooling.
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lapse-rate feedback, snow/ice albedo feedback, Planck feedback, cloud feedback, and water vapour feedback
(Figure 2). In the Arctic, each of these is a positive (amplifying) feedback —these feedbacks enhance the
warming from greenhouse gas forcing. These feedbacks operate elsewhere as well, but their strength and
direction vary from one region to another, and most are stronger in the Arctic (Figure 3.4)
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Figure 3.4: Contributions to warming of various feedback mechanisms for the Arctic and the Tropics

Feedback mechanisms make different contributions to warming, depending on the region of the world. The
contributions of lapse-rate, snow/ice albedo, Planck, cloud, and water vapour feedbacks to warming for the
Arctic and for the Tropics are shown for a modelled climate state in which carbon dioxide concentrations are
quadrupled from their pre-industrial levels. Feedbacks in the red-shaded area of the figure contribute to enhanced
warming in the Arctic relative to the Tropics, whereas feedbacks in the blue-shaded area contribute to enhance
warming in the Tropics relative to the Arctic.

FIGURE SOURCE: ADAPTED FROM STUECKER ET AL. (2018).
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LAPSE-RATE FEEDBACK: The lapse rate is how much the temperature in Earth’s atmosphere decreases as
altitude increases. Differences in the lapse rate in different parts of the world affect the response to increas-
ing greenhouse gas amounts. In the Arctic, for example, warming due to greenhouse gas forcing is largest
near the surface. The opposite is true in the Tropics, where warming due to greenhouse gas forcing is largest
higher up in the atmosphere, allowing radiant heat from Earth to more easily escape to space, and hence cool
the climate.

SNOW/ICE ALBEDO FEEDBACK: Snow and ice reflect considerable solar energy back to space (see Chapter
2, Figure 2.4). Warming melts snow and ice, causing the now darker surface to absorb more solar radiation
and heat further. Of course, this feedback only applies to regions where ice and snow are found. Thus, its
contribution to warming is substantial in the Arctic and negligible in the Tropics.

PLANCK FEEDBACK: The higher the temperature of any body (such as the Earth), the more energy it radi-
ates, creating a cooling effect. This is a negative feedback that, ultimately, limits warming on a global scale.
However, this cooling effect is weaker in the Arctic than in the Tropics, and therefore allows for a relatively
larger warming response at high latitudes.

CLOUD FEEDBACK: In climate models, greenhouse gas forcing generally results in more cloudiness in high
latitudes and less in low latitudes. In the Arctic, the increase in clouds enhances warming by trapping heat
near the surface.

WATER VAPOR FEEDBACK: Water vapor, like carbon dioxide, is a greenhouse gas. As the atmosphere
warms, it is able to hold more water vapor and so warming is enhanced. The Arctic atmosphere is very dry
and for this reason the contribution of the water vapor feedback to warming is small as compared to the
Tropics, where the atmosphere is moist.

In summary, warming caused by increasing greenhouse gas concentrations varies from place to place, largely
due to differing feedbacks at play from one region of the world to the next. Enhanced rates of warming over
Canada and the Canadian Arctic are due to a unique combination of such feedback mechanisms.
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How do we know that models are accurately projecting future climate? One method of measuring whether
models can realistically represent the complex interconnections among climate processes is to gauge their
ability to reproduce past changes. Simulations using observationally based historical forcing from 1850
onward provide the opportunity to directly compare model results to observations. The IPCC Assessment
Reports have traditionally included a chapter devoted to this type of model evaluation (e.g., Flato et al., 2013),
and these provide a synthesis of the large number of scientific papers on model performance. Figure 3.5
provides one example of model evaluation, comparing the annual global mean surface air temperature from
several different sources with simulations from 36 different models that participated in the fifth phase of the
Coupled Model Intercomparison Project (CMIP5; see Box 3.1). As the figure shows, Earth system models are
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able to reproduce the observed long-term increase in temperature (heavy black lines), along with the sporadic
cooling that follows large explosive volcanic eruptions. The magnitude of natural year-to-year variability is
also well simulated (thin lines), although one does not expect individual ups and downs to coincide (as each
model simulates its own internal variability). The heavy red line in the figure shows the multi-model average,
which is an approximation of the response of the climate system to external forcing (changing GHG con-
centrations and aerosol amount, land-use change, variations in solar irradiance, and volcanic aerosol), upon
which internal variability is superimposed. The difference between observed temperature and the multi-mod-
el average from roughly 2000 onward has been extensively analyzed (e.g., Fyfe et al,, 2016) and is due to a
combination of small errors in the observational record, decadal timescale internal variability, and incomplete

early 271t century volcanic forcing in the models (see Chapter 2, Section 2.3.3).
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Figure 3.5: Evaluating model performance against observations

Figure caption: Global annual mean surface air temperature anomalies from 1850 to 2012 (anomalies are

- GFOLESM2M

GIS3-E2-H

GISS-E2-H-CC

GISS-E2-R

Had GEMZ-A0
Had GEMZ-CC
Hed GEM2-ES
IPSL-CM5A-LR
IPSL-CM5A-MAR
IPSL-CM5B-LR
MIRDCS
MIRDC-ESM
MIRDC-ESM-CHEM
MPLESM-LR
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computed relative to the 1961-1990 average shown by yellow shading). The heavy black lines represent three
different reconstructions of temperature based on observations. Each of the thin coloured lines represents a sim-
ulation from one of 36 climate models. The heavy red line indicates the multi-model average. The overall warm-
ing trend is evident in both observations and simulations, particularly since about 1960, and both show cooling

following large volcanic eruptions (vertical dashed lines).

FIGURE SOURCE: FLATO ET AL. (2013).
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Box.3.1: The Coupled Model Intercomparison Project

All models used to project climate have some uncertainty associated with them, owing to approximations
that must be made in representing certain physical processes. To understand the uncertainty in models,
scientists compare them with other models and evaluate how much the models differ in their projections.

To determine this, an ensemble of models is needed, allowing a range of simulations and projections to be
analyzed and compared. The World Climate Research Programme has established the Coupled Model Inter-
comparison Project (CMIP) specifically for this purpose. An agreed-upon suite of historical simulations and
future climate projections are performed using the same external forcing (changing GHGs, land-use, etc.). The
outputs from the models are archived in a common format for analysis by the climate research community
(Taylor et al., 2012). Previous versions of CMIP have provided model results assessed in earlier IPCC Assess-
ment Reports. The most recent, fifth phase of this project, CMIP5, provided climate model results that were
assessed in the IPCC Fifth Assessment Report (IPCC, 2013), and many of these results are available from
the Canadian Climate Data and Scenarios website. Future climate projections in CMIPS used the Represen-
tative Concentration Pathways emission scenarios (see Section 3.2) (van Vuuren et al,, 2011). A new version,
CMIP6, is currently underway and will serve as input to the IPCC Sixth Assessment.

3.3.2: Sources of confidence and uncertainty

Confidence in climate model projections arises from many sources. First, climate models are solidly based on
physical laws and scientific understanding of physical processes. Second, climate model results are evaluat-
ed in detail by comparing model output to observations, as described in Section 3.3.1. The model evaluation
chapter in the most recent IPCC Assessment report provides many examples (Flato et al., 2013). Third, some
of the models used to make climate projections are also used to make seasonal climate predictions whose
skill is routinely evaluated (e.g., Kirtman et al., 2013, Merryfield et al., 2013; Sigmond et al., 2013; Kharin et al.,
2017).

There are, however, uncertainties that have to be considered when using model projections. These uncertain-
ties stem from the fact that models cannot simulate all physical processes exactly (and therefore must make
approximations), and from internal variability in both the simulated and the real climate system (see Chapter
2, Box 2.5). The uncertainty due to approximations of physical processes can be reduced, in principle, and
models continue to improve in this regard (Flato et al., 2013). However, it is impossible to reduce the uncer-
tainty from internal variability that is superimposed on the underlying forced climate change. In addition, there
is uncertainty about what future climate forcing (e.g., future GHG emissions) will be, which is accounted for
by making projections with a range of forcing scenarios. These sources of uncertainty vary in importance de-
pending on the time and space scale under consideration — generally, uncertainties diminish at larger spatial
scales as internal variability "averages out” to a certain degree when one considers larger regions (e.g., Haw-
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kins and Sutton, 2009). This also means that uncertainty is larger when one looks at small regions or specific
locations. In addition, at longer time scales (say, by the end of the 21t century), uncertainty is dominated by
differences in the forcing scenarios and internal variability is, by comparison, much smaller.

3.3.3: Global-scale climate projections

As described in Section 3.2, climate projections are a result of driving climate models with different future
forcing scenarios (RCPs, in the case of CMIP5). These projections include the response of the climate system
to external forcing (e.g., changing GHG concentrations), internal variability, and uncertainties associated with
differences between models. These effects can be separated, to some extent, by drawing upon projections
from multiple models (e.g., Collins et al., 2013). The multi-model average provides an estimate of the re-
sponse of the climate system to forcing, since internal variability and model differences are “averaged out” to
a large extent (see Box 3.2). The upper panel of Figure 3.6 shows the change over time in global mean sur-
face air temperature, as simulated by the CMIP5 models, spanning the period from 1950 to 2100. The heavy
lines indicate the multi-model average, and the shaded band represents the range of model results around
this average. Within this shaded band, each individual model result would look like one of the individual co-
loured lines in Figure 3.5, but for clarity this collection of individual lines is shown as a shaded band. The high
emission scenario (RCP8.5) results are shown by the red line and the orange shaded band, whereas the low
emission scenario (RCP2.6) results are shown by the blue line and the blue shaded band.

Box.3.2: Model projections and weighting

Climate change projections are generally based on an ensemble of climate models representing the state-of-
the-art in understanding and modelling climate. The reason for using an ensemble of models is that no single
model can be considered the best, since different models exhibit varying levels of realism in simulating cli-
mate, depending on the region and variable of interest. Even if a single best model could be determined, there
is no guarantee that its present-day performance would cause it to give more reliable projections of future
climate.

Climate change projections differ from weather forecasts in several crucial respects. One important differ-
ence is that, while we learn the accuracy of weather forecasts in the next few days, the true performance of
future climate projections will remain unknown until many decades from now (Weigel et al., 2010). In the ab-
sence of a consensus on which models are the best, common practice has been to rely on “model democra-
cy,” whereby each model in a multi-model ensemble is treated equally. This equal-weighting method assumes
that each model is different and yet equally plausible.

In recent years, however, there is increasing evidence in the scientific literature that model democracy has
some drawbacks. Accurate present-day model performance may not guarantee future performance, but poor
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performance clearly does not inspire confidence (for example, models that severely underestimate current
Arctic sea ice coverage may not be reliable in projecting future changes in sea ice coverage). As a result, there
is a growing appreciation that some performance-based weighting of model projections may be appropriate.
Indeed, the IPCC Fifth Assessment illustrated this for the case of Arctic sea ice (Collins et al., 2013). However,
a clear consensus on to how to weight models has not yet emerged.

A further drawback of model democracy is that it assumes each model is independent. However, climate
models often share common features because one model may use computer code adopted from another
model with minor adjustments, or two models may have been developed from a common earlier model.
Although schemes to account for model performance and independence are being developed and tested
(e.g., Sanderson et al.,, 2017; Knutti et al., 2017), this is still an emerging area of research. Initial exploration of
weighting approaches suggests that differences between weighted and unweighted projections for Canada
are small, and so traditional, unweighted multi-model projections are presented in this report.

There are two key points illustrated in the upper panel of Figure 3.6. First, when looking at projected climate
change, the spread across models (the vertical extent of the shaded bands) is smaller in the near term (to
around 2040) than it is toward the end of the 21 century, indicating that model uncertainty has a larger effect
further into the future. (Internal variability also contributes to the width of the shaded bands, as described
previously, but the size of this contribution is not expected to change significantly in the future.) Second, the
differences among forcing scenarios are small in the near term, but become large toward the end of the 275t
century (as illustrated by the growing separation between results for the low emission scenario [RCP2.6] and
high emission scenario [RCP8.5]). For simplicity, the medium emission scenarios (RCP4.5 and RCP6.0) are
not shown in the main part of the figure, but their end-of-century results are shown on the right-hand side of
the top panel for comparison.

The spatial patterns of projected temperature and precipitation change are shown in the bottom panel of Fig-
ure 3.6. The large difference in mean change between the high and low emission scenarios is clearly evident
in the maps (darker colours indicate larger change), but there is a marked similarity in pattern. For tempera-
ture, changes are larger over land than over the adjacent ocean, and are larger at high latitudes, particularly
over the Arctic, an illustration of Arctic amplification. As a result, projected warming in Canada is roughly
double the global mean. For precipitation, the pattern of change is more complex, with the polar and equato-
rial regions projected to have increased annual precipitation, whereas precipitation decreases are projected
for much of the subtropics (roughly 24° to 35° north and south latitude). For southern Canada, the projected
change in precipitation is rather small, but projected increases are larger further north. (Changes in annual
mean precipitation do not translate directly into changes in seasonal snow cover or water availability, as dis-
cussed in Chapter 5 and Chapter 6.)
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Figure 3.6: Global climate projections

Figure caption: The upper panel shows the multi-model annual global mean surface temperature change rela-
tive to a historical reference period (1986-2005) for a range of emission scenarios. The shaded bands indicate
the 5%—95% spread across the multi-model ensemble. The lower panels show the multi-model mean projected
change by late century (the 2081-2100 average minus the 1986-2005 average) for annual (a) mean surface
air temperature and (b) precipitation for the low emission scenario (RCP2.6) and the high emission scenario
(RCP8.5).

FIGURE SOURCE: COLLINS ET AL. (2013).
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On average, the models project a future global mean temperature change (relative to the 1986-2005 refer-
ence period) of about 1°C for the low emission scenario (RCP2.6) and 3.7°C for the high emission scenario
(RCP 8.5) by the late 21t century, with a 5%—95% range of about 1°C above and below the multi-model aver-
age. This change is over and above the 0.6°C change that had already occurred from 1850 to the reference
period. Therefore, the average projected change under the low emission scenario is consistent with the global
temperature target in the Paris Agreement of limiting global warming to between 1.5°C and 2.0°C, although
the projected range from all models extends both below and above this target. The low emission (RCP2.6)
scenario requires emissions of CO, to peak almost immediately and reduce to near zero before the end of
the century. Recent studies (e.g., Millar et al., 2017) provide more detailed analysis of scenarios that will limit
warming to 1.5°C, and these also involve very rapid and deep emission reductions.

More details regarding future projections, with a focus on Canada, are provided in other chapters of this re-
port. Confidence in climate change projections varies by region and by climate variable. So, for example, con-
fidence in temperature change is higher than confidence in precipitation change. This is in large part because
temperature change is a direct consequence of radiative forcing, whereas precipitation change is affected by
a number of complex interactions, including changes in the water-holding capacity of a warming atmosphere,
in global atmospheric circulation, in evaporation, and in other factors (e.g., Shepherd, 2014) (see Chapter 4).
Changes in snow and ice are a consequence of changes in both temperature and precipitation and are dis-
cussed in more detail in Chapter 5. Freshwater availability (see Chapter 6) and ocean changes (see Chapter 7)
are also affected by changes in temperature and precipitation, as well as by other factors.

3.3.4: Compatible emissions

Earth system models can be run in two different ways: one in which GHG concentrations are set and another
in which GHG emissions are set (both are available as part of the RCP datasets). Concentration-driven simu-
lations allow scientists to assess the difference, from one model to another, in how the climate responds to
identical changes in GHG concentrations in the atmosphere. This helps separate the response of the climate
system to a change in forcing (e.g., change in GHG concentrations) from the effect of carbon-cycle feedbacks
involving the terrestrial and oceanic biospheres. The response of these natural carbon sinks to atmospheric
CO, levels and to climate change will influence anthropogenic emissions compatible with a given CO, path-
way. Therefore, an interesting aspect of these concentration-forced simulations is that global anthropogenic
emissions can be computed — emissions that are compatible with the prescribed concentration pathway
(e.g., Jones et al, 2013). The range in compatible CO, emissions between different models provides a mea-
sure of the uncertainty inherent in representing carbon-cycle feedbacks in models. Figure 3.7 illustrates
results from compatible emission calculations and shows that, while there is some variation, this group of
models is consistent. For the RCP 2.6 scenario in which temperature is stabilized below about 2°C, the mod-
els have compatible emissions that start reducing immediately and reach near zero well before the end of the
century.
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Figure 3.7: Carbon dioxide concentrations and compatible emissions under the four Representative Concentration Pathways
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Figure caption: Carbon dioxide concentrations for four different Representative Concentration Pathways (RCPs;
upper panel) and the corresponding compatible emissions (lower panel) based on simulations from five different
Earth system models (Jones et al., 2013). The high emission scenario (RCP8.5) corresponds to emissions that
are more than double those today by the end of the century, whereas the low emission scenario (consistent with
temperature stabilization below 2°C) requires emissions to be rapidly reduced to near zero, or even negative,
levels well before the end of the century. Note that the IAM scenario curves indicate the emissions obtained from
the integrated assessment models that provide the RCP concentrations (see Figure 3.7).

FIGURE SOURCE: JONES ET AL., 2013.

Section summary

In summary, many Earth system models have been developed and used to make projections of future climate.
Uncertainty in these projections arises from internal climate variability, from shortcomings in the models
themselves, and from differences between plausible future forcing scenarios. Analysis of the entire collection
of model results allows the first two sources of uncertainty to be reduced (though not eliminated), as model
errors and internal variability are reduced by averaging across models. In the near term, to about 2040, the
differences between forcing scenarios is not large. By the end of the 215t century, however, the global mean
temperature increase projected for a low emission scenario is roughly 1°C, while for a high emission scenario
itis roughly 4°C. The lower emission scenarios require rapid cuts in human emissions.

3.4: Cumulative carbon dioxide and global temperature change

Key Message

Global temperature change is effectively irreversible on multi-century timescales. This is because
the total amount of carbon dioxide emitted over time is the main determinant of global temperature
change and because carbon dioxide has a long (century-scale) lifetime in the atmosphere.

CO, is the largest contributor to anthropogenic radiative forcing and hence the dominant driver of anthropo-
genic climate change (Myhre et al., 2013) (see Chapter 2, Section 2.3.2). It also has a very long atmospheric
lifetime (see Box 3.3). These properties mean that CO, emissions are the dominant control on future climate
change. Traditionally, the focus has been on annual average emissions and their changes over time. Howev-
er, recent research has found that the accumulation of CO, emissions over time are what determine global
warming. From this research has emerged the concept of a level of cumulative emissions (called a cumula-
tive carbon emissions budget) that must not be exceeded in order to limit temperature increases to a certain
threshold.
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3.4.1. The climate response to cumulative carbon dioxide emissions

The IPCC Fifth Assessment Report found that warming induced by CO, at any point in time since the begin-
ning of the Industrial Era is proportional to the total amount of CO, emitted up to that time (cumulative CO,
emissions; IPCC, 2013). This relationship has been seen in a range of climate models, across a range of emis-
sions pathways, and even at high levels of cumulative emissions (Tokarska et al., 2016). Figure 3.8 shows
that average warming is closely proportional to cumulative CO, emissions for the CMIP5 models’ simulation
of a CO, increase of 1% per year (thin black line). In this idealized simulation, atmospheric CO, concentration
increases from its 1850 value of around 285 ppm by 1% per year until its concentration quadruples in 140
years to about 1140 ppm. The relationship between cumulative emissions of CO, and global mean surface
temperature (GMST) is altered somewhat by the effects of other climate forcing agents (such as CH,, N0,
and various aerosols) that are included in the RCP scenarios, as shown by the divergence of the coloured
lines in Figure 3.8 from the thin black CO,-only line. Yet the total warming (due to CO, and other climate forc-
ing agents) is approximately the same, as a function of cumulative emissions, across the four RCP scenarios
shown in Figure 3.8. There is uncertainty in the relationship between warming and cumulative emissions,
indicated by the shaded bands in the figure, and this must be taken into account when interpreting the results.

This relationship between cumulative CO, emissions and the increase in GMST can be used to estimate the
maximum amount of CO, that can be emitted while limiting the temperature increase to a certain level. So,
for example, in order to limit global warming to less than 2°C, as agreed in the Paris Agreement (UNFCCC,
2015), cumulative emissions of CO, must stay below a given level. Because of the uncertainty in this relation-
ship, a likelihood must be attached to this level. Hence, the IPCC (2013) assessed that, to have a 50% chance
of keeping global warming to less than 2°C, CO, emissions from 2011 onward would have to remain below
1300 billion tonnes of CO, (GtCO,), roughly equal to what has already been emitted since the beginning of the
Industrial Era. For a 50% chance of keeping the temperature increase to less than 1.5°C, emissions from 20711
onward would have to be limited to 550 GtCO,. Similar carbon emissions budgets were obtained using an
integrated assessment model driven by a broader range of scenarios, an approach that may be more robust
(Rogelj et al,, 2016). The median IPCC (2014) 1.5°C emissions budget of 550 GtCO, relative to 2011 is only
13.8 years of CO, emissions at current levels of approximately 40 Gt CO, per year, and we have already used
about six years of this. However, several recent studies calculated this budget using an alternative approach,
based on an estimate of human-caused global warming from pre-industrial times to 2015 of approximately
0.9°C (e.g., Millar et al., 2017). This leaves room for an additional approximately 0.6°C of warming to be con-
sistent with a 1.5°C target. From this, cumulative carbon emissions budgets consistent with limiting warming
to 0.6°C relative to 2010-2019 with 50% or more chance were estimated to be 760-850 GtCO, (Millar et al.,
2017; Goodwin et al., 2018; Tokarska and Gillett, 2018), substantially more than the 390 GtCO, (from 2015) as-
sessed by IPCC (2014). Conversely, accounting for carbon-cycle feedbacks involving permafrost, which were
not included in the models assessed by IPCC (2014), would somewhat increase the warming for a given level
of CO, emissions and hence somewhat reduce the emissions budgets, particularly at higher warming levels
(MacDougall et al., 2015). The upcoming IPCC Special Report on Global Warming of 1.5°C will comprehen-
sively assess these emissions budgets and give an updated estimate of the remaining allowable emissions to
meet the global temperature target under the Paris Agreement.
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Figure 3.8: Relationship between global temperature and cumulative carbon dioxide emissions

Figure caption: Increases in global mean surface temperature with increasing cumulative carbon dioxide (CO,)
emissions (lower axis label refers to emissions in gigatonnes of carbon, upper axis label in gigatonnes of CO,).
Coloured lines show multi-model average results from the Climate Model Intercomparison Project (CMIP5) for
each Representative Concentration Pathway (RCP) until 2100, and dots show decadal means. Model results over
the historical period (1860 to 2010) are indicated in black. The coloured plume illustrates the multi-model spread
over the historical and four RCP scenarios. The thin black line and grey area indicate the multi-model mean (line)
and range (area) simulated by CMIP5 models resulting from a CO, increase of 1% per year.

FIGURE SOURCE: IPCC (2013).
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3.4.2: Irreversibility of climate change

Earth system model simulations of the response to CO, emissions show that GMST remains approximately
constant for many centuries following a cessation of emissions (Collins et al., 2013). For example, GMST
remains high in two simulations of Environment and Climate Change Canada’s first-generation Earth system
model, CanESM1, under a scenario in which CO, emissions increase and subsequently cease, being reduced
to zero in 2010 or in 2100 (Figure 3.9; Gillett et al,, 2011). Similar results are obtained using other models
(e.g., Matsuno et al,, 2012; Matthews and Caldeira, 2008; Frolicher and Joos, 2010). Thus, regardless of when
emissions cease, GMST remains approximately constant for the subsequent millennium.

Ceasing emissions of aerosols, which are short-lived and that largely exert climate-cooling effects (see Box
3.3) would lead to rapid warming, whereas ceasing short-lived GHG emissions would cause cooling (Collins
et al, 2013). The response to a cessation of emissions of other long-lived GHGs is qualitatively similar to that
to CO, (Smith et al., 2012), taking a very long time to reduce temperature. While GMST is expected to remain
constant after emissions cease, other aspects of the climate system are expected to continue to change.
Vegetation, ice sheet volume, deep ocean temperature, ocean acidity, and sea level are projected to change
for centuries after stabilization of GMST (Collins et al.,, 2013).

Box.3.3: Short-lived climate forcers

Climate forcers, also referred to as climate forcing agents, act directly to change climate and include both
natural and human contributors. They are often distinguished as short- or long-lived, according to their life-
time in the atmosphere. For example, carbon dioxide (CO,), the largest climate forcer from human activity, is
considered long-lived. Although often described as having a lifetime of a century or more, a single lifetime val-
ue is not strictly applicable (owing to its complex interactions with the Earth system), but an estimated 15%—
40% of CO, emitted by the year 2100 will remain in the atmosphere, and continue to exert a climate warming
effect, for more than 1000 years (Ciais et al.,, 2013). Short-lived climate forcers are those with a lifetime of a
few days to a few decades and include sulphate aerosols and black carbon (soot) with lifetimes of a few days;
tropospheric ozone and various hydrofluorocarbons, with a lifetime of a few weeks; and methane, with a life-
time of a decade or so. Reducing emissions of short-lived substances leads to lower atmospheric concentra-
tions of these substances shortly thereafter. Many of these short-lived species contribute to poor air quality.
Those that have a climate warming effect are also referred to as short-lived climate pollutants (http://www.
ccacoalition.org/en/science-resources) and include black carbon, methane, and tropospheric ozone. In some
cases, aerosols that have a cooling effect are co-emitted with short-lived warming agents (Arctic Council,
2011), complicating estimates of the near-term effectiveness of emission reductions. Short-lived climate forc-
ers are important in climate policy discussions because targeted mitigation of those with warming effects
can both slow global temperature increase and improve human health by improving air quality.
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Figure 3.9: Persistent elevation of global temperature after cessation of emissions

Figure caption: Global mean surface temperature simulated by the CanESM1 model under a scenario of increas-
ing CO, emissions (black), followed by a cessation of emissions in 2010 (green) and 2100 (red).

FIGURE SOURCE: GILLETT ET AL. (2017).
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Section summary

In summary, many aspects of climate change are irreversible on multi-century timescales. CO, persisting for

a century or more in the atmosphere is the main determinant of global mean temperature change, and global
temperature will remain elevated even after emissions cease. GMST could be reduced only if human interven-
tion could remove CO, from the atmosphere over a sustained period.

3.5: Regional downscaling

Key Message

Climate projections are based on computer models that represent the global climate system at
coarse resolution. Understanding the effects of climate change for specific regions benefits from
methods to downscale these projections. However, uncertainty in climate projections is larger as one
goes from global to regional to local scale.

3.5.1: Downscaling strategies

Climate projections must be made using global models because many of the processes and feedbacks that
shape the response of the climate system to external forcing operate at the global scale. For many applica-
tions, where only the change in some climate quantity is needed, global model projections can be used di-
rectly. This is because climate change normally applies over a much larger area than the climate itself, which
can vary markedly over short distances in some regions. This is particularly the case for projected change

in temperature, which has a very broad spatial structure, although local temperature may differ between, for
example, the bottom of a valley and the surrounding hillsides.

However, for other applications, global climate model projections are not adequate, as they typically have
horizontal spatial resolution, or grid spacing, of 100 km or coarser (see Figure 3.2 for explanation of model
characteristics) (e.g., Charon, 2074). As an example, when using climate projections to drive a detailed hydro-
logical model at the scale of a drainage basin, one needs values of future climate variables at a scale that re-
spects local topographic, coastal, and other features, and represents high-frequency variability and extremes.
Users of climate projections must therefore first evaluate whether they really need high-resolution climate
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scenarios or whether they could make effective use of lower-resolution climate change scenarios. Higher
resolution, in and of itself, does not necessarily indicate higher-quality or more valuable climate information.
But, for many applications, higher resolution may be necessary, and can also facilitate better understanding
among, and communication to, users. A caution, however, is that internal climate variability is reduced by
averaging results over large areas, and so as one goes from global to regional to local scale, internal variabil-
ity becomes larger, leading to larger uncertainty in projections at the local scale, relative to that at regional or
global scale (Hawkins and Sutton, 2009).

When climate information at a higher spatial- or temporal-resolution is needed, there are several approaches
available to take global climate model projections and “downscale” them to higher resolution for a region of
interest (or even a single location). These generally fall into two categories: statistical and dynamical down-
scaling.

Statistical downscaling is a form of climate model “post-processing” that combines climate model projec-
tions with local or regional observations to provide climate information with more spatial detail (Maraun et al.,
2010; Hewitson et al., 2014). Statistical post-processing methods typically downscale to higher resolution and
correct systematic model biases. A simple example is the so-called “delta method,” in which the change in
some climate quantity, obtained from a climate model projection, is added to the observed historical value of
that quantity. This allows projected changes from different climate models to be used in a consistent man-
ner, since each model’s climatological bias is eliminated. Bias correction is particularly important when using
downscaled climate information to drive impact models that depend on crossing absolute thresholds. For
example, snow accumulation is sensitive to whether temperature is above or below freezing.

Simple techniques like the delta method may be suitable for some quantities, such as mean temperature,
but not for others, such as daily precipitation, for which biases may be manifested differently, in variabil-

ity, extremes, or dry/wet spells (Maraun et al., 2010). More complex statistical downscaling approaches

are required in such cases, making use of detailed high-resolution observational datasets that reflect local
topographic influences. These high-resolution data are used to interpolate low-resolution climate change
projections to much higher resolution. In some cases, bias correction and other refinements are applied to
correct statistical properties such as variances (Werner and Cannon, 2016). Yet other statistical downscaling
methods take advantage of observed relationships between large-scale atmospheric circulation patterns,
which are often well simulated by climate models, and local variables. By assuming that these statistical
relationships remain fixed under a changing climate, climate model projections of circulation patterns can
be used to make projections of future climate at a particular location. The statistical relationships introduce
some aspects of local climate that may not be well represented in the driving global model (e.g., local topog-
raphy and proximity to a lake). Fundamentally, all statistical downscaling methods assume that relationships
between a model’s historical simulation and observations do not change over time, and that the information
provided by the climate model and historical observations at their respective spatial scales is credible. Thus,
the quality of statistical downscaling is directly related to the quality and availability of observational data.
Recent critical reviews provide more information on the strengths and weaknesses of statistical downscaling
and bias correction methods (Hewitson et al., 2014; Maraun, 2016).

Dynamical downscaling involves the use of a regional climate model, which is a physically based climate
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model (of the same level of complexity as a global model) that operates at high resolution over a limited area.
Regional climate models incorporate much the same physical processes and scientific understanding as
global climate models and indeed often share much of the same computer code. The important distinction

is that regional climate models are driven at their lateral boundaries by output from a global climate model,
as shown in Figure 3.10. The regional model also inherits errors and biases that may be present in the global
model whose results are provided at the boundaries. The main advantage of dynamical downscaling is that,
due to its limited area, a regional model can simulate climate on a much higher resolution than is possible
with a global model, using a similar amount of computing effort. This additional detail is often desirable,
particularly where the regional model output is used to drive another model (e.g., a hydrological model in
which detailed basin geometry, high-frequency precipitation and extremes, and other small-scale features are
essential). However, it remains an ongoing research topic to determine whether, and under what conditions,
regional models add value relative to the original global model results that are being downscaled. There are
no agreed-upon measures for added value (Di Luca et al., 2015; 2016; Scinocca et al.,, 2016), although the
evidence available at the time of the IPCC Fifth Assessment indicated that there is added value in some loca-
tions owing to the better representation of topography, land/water boundaries, and certain physical process-
es, and that extremes are better simulated in high-resolution regional models (e.g., Flato et al., 2013).

Global model 2.81°~250 km Regional model 0.22°=25km

Figure 3.10: Comparative resolution of global and regional climate models

Figure caption: Monthly precipitation simulated by the global model (left) and regional model (right) based on
simulations described by Scinocca et al. (2016). The global model results are provided to the regional model
along its boundaries, and the regional model recomputes climate in the interior of that limited area domain. The
higher-resolution regional model provides more detail, as seen in the simulated precipitation patterns.

FIGURE SOURCE: BASED ON SIMULATIONS DESCRIBED BY SCINOCCA ET AL. (2016).
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An additional advantage of dynamical over statistical downscaling is that physical relationships between
different climate variables (such as temperature and precipitation) are maintained. For very high-resolution
dynamical downscaling (at model resolution of a few kilometres), physical processes such as convection
can be resolved explicitly and can lead to improved simulation of climate variables such as precipitation
extremes. Several recent studies indicate added value, including a dynamical downscaling system that
includes a detailed representation of the Great Lakes (Gula and Peltier, 2012), the potential for added value
near well-resolved coastlines (Di Luca et al., 2013), and evidence for improved simulation of temperature and
precipitation extremes (Curry et al., 2016a,b; Erler and Peltier, 2016).

3.5.2: Downscaling results for North America and Canada

Both statistical and dynamical downscaling approaches have been applied and evaluated in many areas of
the world. For North America, coordinated dynamical downscaling comparisons have been undertaken as
part of the North American Regional Climate Change Assessment Program (NARCCAP: http://www.narccap.
ucar.edu/) and the Coordinated Regional Downscaling Experiment (CORDEX: https://na-cordex.org/). For COR-
DEX, simulations were run at resolutions of approximately 25 km and 50 km. In both NARCCAP and CORDEX,
Canadian models are represented. Coordinated experiments like these provide results from different regional
climate models, driven at their boundaries by output from different global climate models. They also allow
scientists to determine whether regional differences in projected climate change are related to the differences
in the global driving models or to differences in the regional downscaling models. However, the CORDEX en-
semble is considerably smaller than the CMIP global model ensemble, and studies using the CORDEX ensem-
ble tends to focus on sub-regions rather than on Canada as a whole.

For Canada, regional climate models with smaller domains and higher resolution are being used, particularly
by the Ouranos consortium and the Centre pour I'étude et la simulation du climat a I'échelle régionale (ESCER)
at the Université du Québec a Montréal. Some of these simulations provide results at 15 km resolution (e.g.,
https://www.ouranos.ca/en/program/climate-simulation-and-analysis/). Statistical downscaling results are
also readily available for Canada (https://www.pacificclimate.org/data/statistically-downscaled-climate-sce-
narios), with daily temperature and precipitation data at approximately 10 km resolution. These state-of-the-
art downscaling approaches (Werner and Cannon, 2016) are driven by multiple global climate model projec-
tions. In addition to the more detailed spatial structure, sophisticated statistical downscaling approaches can
also provide estimates of future changes in climate extremes and other indices (such as frequency of hot
days, growing season length, and drought indices) that are particularly important for certain impact studies
(see Chapter 4). Downscaled results can also be used as inputs to impacts models — such as hydrological,
crop, and ecosystem models — that are sensitive to variability on small spatial scales and to biases in climate
models (Wood et al., 2004).
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Section summary

In summary, global Earth system models are necessarily limited in the level of fine spatial detail they can
resolve. Techniques such as statistical or dynamical downscaling allow transformation of these large-scale
projections to a level of detail better suited to the climate information needs of many local and regional im-
pact studies. It must be noted, however, that uncertainty due to internal climate variability is reduced by area
averaging (e.g., averaging over Canada or the globe), and so uncertainty in climate projections is larger as one
goes from global to regional to local scale.
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Chapter Key Findings

4.2: Temperature

It is virtually certain that Canada’s climate has warmed and that it will warm further in the future. Both the ob-
served and projected increases in mean temperature in Canada are about twice the corresponding increases
in the global mean temperature, regardless of emission scenario.

Annual and seasonal mean temperatures across Canada have increased, with the greatest warming occurring
in winter. Between 1948 and 2016, the best estimate of mean annual temperature increase is 1.7°C for Cana-
da as a whole and 2.3°C for northern Canada.

While both human activities and natural variations in the climate have contributed to the observed warming in
Canada, the human factor is dominant. It is likely™ that more than half of the observed warming in Canada is
due to the influence of human activities.

Annual and seasonal mean temperature is projected to increase everywhere, with much larger changes in
northern Canada in winter. Averaged over the country, warming projected in a low emission scenario is about
2°C higher than the 1986—2005 reference period, remaining relatively steady after 2050, whereas in a high
emission scenario, temperature increases will continue, reaching more than 6°C by the late 21t century.

Future warming will be accompanied by a longer growing season, fewer heating degree days, and more cool-
ing degree days.

Extreme temperature changes, both in observations and future projections, are consistent with warming.
Extreme warm temperatures have become hotter, while extreme cold temperatures have become less cold.
Such changes are projected to continue in the future, with the magnitude of change proportional to the mag-
nitude of mean temperature change.

13  This report uses the same calibrated uncertainty language as in the IPCC'’s Fifth Assessment Report. The following
five terms are used to express assessed levels of confidence in findings based on the availability, quality and level of
agreement of the evidence: very low, low, medium, high, very high. The following terms are used to express assessed
likelihoods of results: virtually certain (99%-100% probability), extremely likely (95%-100% probability), very likely
(90%-100% probability), likely (66%—100% probability), about as likely as not (33%—-66% probability), unlikely (0%—
33% probability), very unlikely (0%-10% probability), extremely unlikely (0%—5% probability), exceptionally unlikely
(0%—1% probability). These terms are typeset in italics in the text. See chapter 1 for additional explanation.
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4.3 Precipitation

There is medium confidence that annual mean precipitation has increased, on average, in Canada, with larger
percentage increases in northern Canada. Such increases are consistent with model simulations of anthropo-
genic climate change.

Annual and winter precipitation is projected to increase everywhere in Canada over the 215t century, with
larger percentage changes in northern Canada. Summer precipitation is projected to decrease over southern
Canada under a high emission scenario toward the end of the 215t century, but only small changes are project-
ed under a low emission scenario.

For Canada as a whole, observational evidence of changes in extreme precipitation amounts, accumulated
over periods of a day or less, is lacking. However, in the future, daily extreme precipitation is projected to
increase (high confidence).

4.4: Attribution Of Extreme Events

Anthropogenic climate change has increased the likelihood of some types of extreme events, such as the
2016 Fort McMurray wildfire (medium confidence) and the extreme precipitation that produced the 2013
southern Alberta flood (low confidence).
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Summary

Temperature and precipitation are fundamental climate quantities that directly affect human and natural
systems. They are routinely measured as part of the meteorological observing system that provides current
and historical data on changes across Canada. Changes in the observing system, such as changes in instru-
ments or changes in location of the measurement site, must be accounted for in the analysis of the long-term
historical record. The observing system is also unevenly distributed across Canada, with much of northern
Canada having a very sparse network that has been in place for only about 70 years. There is very high con-
fidence' that temperature datasets are sufficiently reliable for computing regional averages of temperature
for southern Canada™ from 1900 to present and for northern Canada? from 1948 to present. There is medium
confidence that precipitation datasets are sufficiently reliable for computing regional averages of normalized
precipitation anomalies (departure from a baseline mean divided by the baseline mean) for southern Canada
from 1900 to present but only low confidence for northern Canada from 1948 to present.

These datasets show that temperature in Canada has increased at roughly double the global mean rate, with
Canada’s mean annual temperature having risen about 1.7°C (likely range 1.1°C —2.3°C) over the 1948~

2016 period. Temperatures have increased more in northern Canada than in southern Canada, and more in
winter than in summer. Annual mean temperature over northern Canada increased by 2.3°C (likely range
1.7°C-3.0°C) from 1948 to 2016, or roughly three times the global mean warming rate. More than half of the
warming can be attributed to human-caused emissions of greenhouse gases. Climate models project similar
patterns of change in the future, with the amount of warming dependent on future greenhouse gas emissions.
A low emission scenario (RCP2.6), generally compatible with the global temperature goal in the Paris Agree-
ment, will increase annual mean temperature in Canada by a further 1.8°C™ by mid-century, remaining roughly
constant thereafter. A high emission scenario (RCP.8.5), under which only limited emission reductions are
realized, would see Canada’s annual mean temperature increase by more than 6°C” by the late 215t century.

In all cases, northern Canada is projected to warm more than southern Canada, and winter temperatures are
projected to increase more than summer temperatures. There will be progressively more growing degree days
(a measure of the growing season, which is important for agriculture) and fewer freezing degree days (a mea-
sure of winter severity), in lock-step with the change in mean temperature.

There is medium confidence, given the available observing network across Canada, that annual mean pre-
cipitation has increased, on average, in Canada, with larger relative increases over northern Canada. Climate
models project further precipitation increases, with annual mean precipitation projected to increase by about
7% under the low emission scenario (RCP2.6) and 24%' under the high emission scenario (RCP.8.5) by the
late 2715t century. As temperatures increase, there will continue to be a shift from snow to rain in the spring
and fall seasons.

14 For simplicity, southern and northern Canada are defined according to geographical location in this report: southern
Canada is defined as the region south of 60° north latitude, while the region north of this latitude is defined as north-
ern Canada. The phrase “the North," is used to refer to the three northern territories, based on their political boundar-
ies (see Chapter 1, Figure 1.7).

15 The values presented in this Summary are median projections based on multiple climate models. Some models
project larger increases, while others project smaller increases.
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While, in general, precipitation is projected to increase in the future, summer precipitation in parts of southern
Canada is projected to decrease by the late 275t century under a high emission scenario. However, there is
lower confidence in this projected summer decrease than in the projected increase in annual precipitation.
There is high confidence in the latter because different generations of models produce consistent projections,
and because increased atmospheric water vapour in this part of the world should translate into more precipi-
tation, according to our understanding of physical processes. The lower confidence for summer decreases in
southern Canada is because this region is at the northern tip of the region in the continental interior of North
America where precipitation is projected to decrease, and at the transition to a region where precipitation is
projected to increase. The atmospheric circulation—controlled pattern is uncertain at its edge, and different
models do not agree on the location of the northern boundary of this pattern.

The most serious impacts of climate change are often related to changes in climate extremes. There have
been more extreme hot days and fewer extreme cold days — a trend that is projected to continue in the future.
Higher temperatures in the future will contribute to increased fire potential (“fire weather”). Extreme precipita-
tion is also projected to increase in the future, although the observational record has not yet shown evidence
of consistent changes in short-duration precipitation extremes across the country.

The changing frequency of temperature and precipitation extremes can be expected to lead to a change in the
likelihood of events such as wildfires, droughts, and floods. The emerging field of “event attribution” provides
insights about how climate change may have affected the likelihood of events such as the 2013 flood in
southern Alberta or the 2016 Fort McMurray wildfire. In both cases, human-caused greenhouse gas emis-
sions may have increased the risk of such extreme events relative to their risk in a pre-industrial climate.
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4.1: Introduction

Temperature and precipitation have a critical influence on both human society and natural systems. They
influence decisions about the most suitable crops to grow in a region, building heating and cooling require-
ments, and the size of a street storm drain. Temperature and precipitation are also the best monitored and
most heavily studied climate variables. This chapter focuses on changes in mean and extreme tempera-
ture and precipitation across Canada. It assesses past changes, our understanding of the causes of these
changes, as well as future projections. In addition, we evaluate climate indices derived from temperature and
precipitation data that are relevant to impacts or planning, such as heating, cooling, and growing degree days.
This report also assesses changes to the physical environment that are driven mainly by the combination

of temperature and precipitation, such as fire weather (see Box 4.2); snow and ice conditions (see Chapter
5); and river runoff, flood, and drought (see Chapter 6). Other climate variables, such as mean and extreme
wind speeds, are not assessed in this report owing to limited analyses of available observations and limited
research on the mechanisms and causes of observed and projected changes in Canada, although they are
highly relevant to issues such as wind-energy production and building codes.

Extreme climate events frequently result in costly climate impacts. A single event, such as the 2013 flood

in southern Alberta, can result in damage valued at billions of dollars. To better understand whether climate
change has contributed to the occurrence of a particular extreme event, we assess the extent to which
human influence on the climate may have played a role in such catastrophic events. As the science of event
attribution is still emerging, we provide a general description of event attribution, along with two examples:
the 2013 flood in southern Alberta and the 2016 Fort McMurray wildfire.

Canadian climate is wide ranging, varying from one region to another. It also naturally fluctuates from one
year to another and from one decade to another, on the backdrop of human-induced changes in the climate.
As we will see, natural internal climate variability™ is an important contributor to some of the observed chang-
es discussed in this chapter. Natural internal climate variability refers to the short-term fluctuations around
the mean climate at a location or over a region. Some aspects of natural variability are associated with large-
scale “modes of variability,” which are robust features in the climate system with identifiable spatial and tem-
poral characteristics (see Chapter 2, Box 2.5). For example, the positive (warm) phase of El Nifio—Southern
Oscillation (ENSO), known as El Nifio, tends to be associated in winter with warmer air temperatures and drier
conditions across much of Canada. The opposite is true during the negative (cold) phase of ENSO, known

as La Nifia. Other common modes of variability are also characterized by positive (warm) or negative (cold)
phases that tend to be associated with warmer or cooler seasonal temperatures for all or parts of Canada
(see Chapter 2, Box 2.5).

16  There are two types of variability in the climate not caused by human activities. One is a result of the chaotic nature
of the climate system, referred to as natural internal climate variability. The other is a response to natural forcing
external to the climate system, such as those caused by solar or volcanic activities (see Chapter 2).
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4.2: Temperature

Key Message

It is virtually certain that Canada'’s climate has warmed and that it will warm further in the future. Both
the observed and projected increases in mean temperature in Canada are about twice the correspond-
ing increases in the global mean temperature, regardless of emission scenario.

Key Message

Annual and seasonal mean temperatures across Canada have increased, with the greatest warming
occurring in winter. Between 1948 and 2016, the best estimate of mean annual temperature increase
is 1.7°C for Canada as a whole and 2.3°C for northern Canada.

Key Message

While both human activities and natural variations in the climate have contributed to the observed
warming in Canada, the human factor is dominant. It is likely that more than half of the observed
warming in Canada is due to the influence of human activities.

Key Message

Annual and seasonal mean temperature is projected to increase everywhere, with much larger chang-
es in northern Canada in winter. Averaged over the country, warming projected in a low emission
scenario is about 2°C higher than the 1986—-2005 reference period, remaining relatively steady after
2050, whereas in a high emission scenario, temperature increases will continue, reaching more than
6°C by late the 215t century.

Key Message

Future warming will be accompanied by a longer growing season, fewer heating degree days, and
more cooling degree days.

Key Message

Extreme temperature changes, both in observations and future projections, are consistent with warm-
ing. Extreme warm temperatures have become hotter while extreme cold temperatures have become
less cold. Such changes are projected to continue in the future, with the magnitude of change propor-
tional to the magnitude of mean temperature change.
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Temperatures referred to in this chapter are surface air temperatures, typically measured 2 m above the
ground, which have an immediate effect on human comfort and health, play an important role in determining
the types of crops a farmer can grow, and influence the functioning of local ecosystems. Temperatures in
Canada vary widely across the country. The lowest temperature on record is -63°C, observed at Snag, Yukon,
on February 3, 1947. The highest temperature on record is 45°C, observed at Midale and Yellow Grass, Sas-
katchewan, on July 5, 1937. Annual mean temperature provides a simple measure of the overall warmth of a
region: it varies from about 10°C in some southern regions to about -20°C in the far north. Seasonally, this
variability is even more pronounced. Winter averages range from -5°C in the south to about -35°C in the far
north, while summer averages vary from about 22°C in the south to 2°C in the far north (Gullett and Skinner,
1992).

In some locations in Canada, temperatures have been observed for a long time. For example, an observing
site in Toronto has provided continuous daily temperature records since 1840. Multiple sites have tempera-
ture records that date back a century or longer. However, the availability of temperature data is unevenly
distributed across the country or over different time periods. Observation sites are relatively densely distribut-
ed in the populated portion of southern Canada, while, for much of Canada, especially northern Canada,
observations are sparse (see Figure 4.1), and very few observation sites predate 1948. As a result, the analy-
sis of past changes in temperature for Canada as a whole is limited to the period since 1948, while 1900 can
be used as a starting point for records in southern Canada (Vincent et al., 2015; DeBeer et al., 2016).

Figure 4.1: Observing stations for precipitation and temperature in Canada

Figure caption: Location of stations for which long-term precipitation (blue) and temperature (red) observations
exist and for which the data have been homogenized (for temperature) and adjusted (for changes in the instru-
ments for precipitation). Over the past two decades, monitoring technology has evolved and the climate observ-
ing network has transitioned from manual to automated observations. Procedures are currently under develop-
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ment for joining and adjusting past manual and current automated climate observations in order to preserve
continuity for climate monitoring and trend analysis (Milewska et al. 2018; Vincent et al. 2018).

FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.

Temperature is also a key indicator of the climate response to human emissions of greenhouse gases
(GHGs), as increasing GHG concentrations result in warming of the lower atmosphere (see Chapter 2, Section
2.3). While the original purpose of historical observations was to monitor daily to seasonal climate variability
and support weather prediction, today these observations also support climate change impact studies and
climate services. Monitoring instruments, observational sites, and their surrounding environment, as well as
observation procedures, have undergone changes over the past century to meet new needs and to introduce
new technology. These changes also introduce non-climatic changes, referred to as “data inhomogeneities,’
in data records. Inhomogeneities affect the reliability of long-term trend assessment if not accounted for
(Milewska and Vincent, 2016; Vincent et al., 2012, see Box 4.1). In particular, the reduction in the number of
manned observational sites, with many being converted to automatic stations, has necessitated the integra-
tion of data from these different sources, which has proven challenging. Changes identified in the historical
data archive reflect changes in both climate and data inhomogeneity (Vincent et al., 2012). Techniques for
removing climate data inhomogeneity (“climate data homogenization”) have been developed to identify such
artifacts in climate records and remove them (see Box 4.1; Vincent et al.,, 2002, 2012, 2017; Wang et al., 2007,
2010).

Box.4.1: An example of climate data inhomogeneity

The record of observed temperature at Amos, Quebec, shows how changes in sites and their surrounding
environment can affect the estimation of long-term changes in the climate. Between 1927 and 1963, the
Stevenson screen at the Amos station was located at the bottom of a hill (see Figure 4.2a) and was moved
after 1963 (see Figure 4.2b) to level ground several metres away from its original place. The site was shel-
tered by trees and a building between 1927 and 1963, which could have prevented the cold air from draining
freely during nighttime. The current site has an open exposure and is more representative of its surrounding
region. Careful comparison of the temperature data at this site with those at a nearby station revealed two
step-changes, one of -0.8°C in 1927 and another of 1.3°C in 1963 (see Figure 4.2¢). The station history files
do not provide information on the cause of the first step, but it is possible that the screen was also relocated
at that time. These differences resulted in the original temperature data showing an increasing trend of 2.4°C
for 1951-1995 (see Figure 4.2d), whereas, after the artifact in temperature reading was removed, a warming
of only 0.8°C was shown.
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a) Amos, Quebec site before 1963 b} Amos, Quebec site after 1963
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Figure 4.2: How artifacts in instrument data can affect temperature change estimates

Figure caption: Photos of the observing site Amos, Quebec, taken by inspectors showing the site before 1963

(a) and after 1963 (b). (c) Time series of the difference in the annual mean of the daily minimum temperatures
between Amos and a reference station shows a decreasing step in 1927 and an increasing step in 1963, (d) The
original (red line) and adjusted (blue line) time series of the annual mean of the daily minimum temperatures. The
red dashed line shows an increasing trend of 2.4°C for 1915-1995 in the original series, while the blue dashed
line shows an increasing trend of 0.8°C for 1915-1995 in the homogenized data.

FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
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4.2.1: Mean temperature

4.2.1.1. Observed changes

The annual average temperature in Canada increased by 1.7°C (likely range 1.1°C —2.3°C") between 1948
and 2016 (updated from Vincent et al., 2015; Figure 4.3 and Table 4.1), roughly twice the increase observed
for the Earth as a whole (0.8°C for 1948-2016 according to the global mean surface temperature dataset
produced by the Met Office Hadley Centre and the Climatic Research Unit at the University of East Anglia,

UK, HadCRUT4 [Osborn and Jones, 2014]). Warming was not uniform across seasons, with considerably
more warming in winter than in summer. The mean temperature increased by 3.3°C in winter, 1.7°C in spring,
1.5°C in summer, and 1.7°C in autumn between 1948 and 2016 (see Figure 4.4 and Table 4.1). The changes
in temperatures are significant at the 5% level (i.e., there is only a 5% possibility that such changes are due to
chance). As well, warming was unevenly distributed across the country. The largest increases in the annual
mean temperature were in the northwest, where it increased by more than 3°C in some areas. Annual mean
temperature over northern Canada increased by 2.3°C (likely range 1.7 °C-3.0°C) from 1948 to 2016, or
roughly three times the global mean warming rate. Warming was much weaker in the southeast of Canada,
where average temperature increased by less than 1°C in some maritime areas. Winter warming was predom-
inant in northern British Columbia and Alberta, Yukon, Northwest Territories, and western Nunavut, ranging
from 4°C to 6°C over the 1948-2016 period. Spring had a similar warming pattern, but with smaller magni-
tude. Summer warming was much weaker than that in winter and spring, but the magnitude of the warming
was generally more uniform across the country than during other seasons. During autumn, most of the warm-
ing was observed in the northeast regions of Canada (mainly in northern Northwest Territories, Nunavut, and
northern Quebec). In addition to higher temperatures, the reduction in snow cover (see Chapter 5) and earlier
snowmelt (see Chapter 6) also indicate Canada has warmed.

17  The 95% uncertainty range of the trend estimate based on the annual temperature is 1.1 °C—2.3°C. Here and else-
where, in this chapter, computed 90% and 95% uncertainty ranges are referred to as the likely range (nominally repre-
senting 66% likelihood). This is done to account for other sources of uncertainty, such as data quantity and spatial/
temporal coverage.
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Figure 4.3: Trends in annual temperatures across Canada

Figure caption: Observed changes (°C) in annual temperature between (a) 1948 and 2016 and (c) 1900 and

2076. Changes are computed based on linear trends over the respective periods. Annual temperature anomalies
(departures from baseline means) are expressed relative to the mean for the period 1961-1990 (b) for Canada
as a whole and (d) for southern Canada (south of 60° north latitude); the black lines are 11-year running means.
Estimates are derived from the gridded station data. There are insufficient data in northern Canada to confidently
calculate warming trends from 1900 to 2016.

FIGURE SOURCE: UPDATED FROM FIGURE 2 OF VINCENT ET AL., 2015.
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Table 4.1: Observed changes in annual and seasonal mean
temperature between 1948 and 2016 for six regions and for all
Canadian land area®

REGION CHANGE IN TEMPERATURE, °C
Annual Winter Spring Summer Autumn

British Columbia 1.9 3.7 1.9 1.4 0.7
Prairies 1.9 3.1 2.0 1.8 1.1
Ontario 1.3 2.0 1.5 1.7 1.0
Quebec 1.1 1.4 0.7 1.5 1.5
Atlantic 0.7 0.5 0.8 1.3 1.1
Northern Canada 2.3 43 2.0 1.6 2.3
Canada 1.7 3.3 1.7 1.5 1.7

@ Changes are represented by linear trends over the period. Estimates are derived from the gridded station data. There is a
lack of data for northern Canada (see Figure 4.1).
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Figure 4.4: Trends in seasonal temperatures across Canada

Figure caption: Observed changes (°C) in seasonal mean temperatures between 1948 and 2016 for the four sea-
sons. Estimates are derived based on linear trends in the gridded station data.

FIGURE SOURCE: UPDATED FROM FIGURE 3 OF VINCENT ET AL., 2015.

In southern Canada, annual mean temperature increased by 1.9°C between 1900 and 2016 (updated from
Vincent et al.,, 2015). This warming is significant at the 5% level. This temperature did not rise steadily over
time. Temperature increased until about the 1940s, decreased slightly until 1970, and then increased rapidly
through 2016. This long-term behaviour of temperature is consistent with that observed globally (see Chapter
2, Section 2.2.71; Hartmann et al., 2013), but the magnitude of warming in Canada is larger. Mean tempera-
ture in southern Canada increased by 2.8°C in winter, 2.2°C in spring, 1.7°C in summer, and 1.6°C in autumn

during the same period.
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4.2.1.2: Causes of observed changes

It is extremely likely that human activities have caused more than half of the observed increase in glob-

al mean surface temperature from 1957 to 2010 (Bindoff et al., 2013). This causal effect was established
through detection and attribution analysis, comparing the observed changes with the natural internal climate
variability and with the expected climate responses to human activities (see Chapter 2, Section 2.3.4). Chang-
es in the climate become detectable if they are large when compared with natural internal climate variability,
and the change is attributed to human activity if it is (1) consistent with the expected “fingerprint” of hu-
man-caused change, as simulated by climate models (see Chapter 3); and (2) inconsistent with other plau-
sible causes. For Canada and the Arctic, where natural internal variability of temperature is high, attribution
of observed warming is more difficult than it is on a global scale. Nevertheless, evidence of anthropogenic
influence on Canadian temperature has emerged (Gillett et al.,, 2004; Zhang et al.,, 2006; Wan et al., 2018), with
a detectable contribution to warming in annual and seasonal temperatures and in extreme temperatures.

Two modes of natural internal climate variability that affect temperatures in Canada are the Pacific Decadal
Oscillation (PDO) and the North Atlantic Oscillation (NAO) (see Chapter 2, Box 2.5). About 0.5°C of the ob-
served warming of 1.7°C over the 1948-2012 period can be explained by a linear relationship between the
PDO and the NAO. Assuming this is completely due to natural climate variability, roughly 1.1°C (likely range
0.6°C—1.5°C) of the observed 1.7°C increase in annual mean temperature in Canada from 1948-2012 can be
attributed to human influence (see Figure 4.5; Wan et al., 2018). There is a 33% probability that anthropogenic
influence increased Canadian temperature by at least 0.9°C. It is likely that more than half of the observed
warming in Canada is due to human influence. The effects of natural internal climate variability on Canadian
temperature trends differ in different parts of Canada, enhancing the warming trend in the western Canada
and reducing the warming trend in eastern Canada over the past half of the 20™ century (Vincent et al., 2015).
The detection of anthropogenic influence on Canadian temperature is also corroborated by other independent
evidence, including the attribution of Arctic temperature change to the influence of GHGs and aerosols (Najafi
et al, 2015). The reduction in spring snow pack and the ensuing reduction in summer streamflow in British
Columbia have been attributed to anthropogenic climate change (Najafi et al. 2017a, 2017b; see Chapter 6,
Section 6.2.1). Anthropogenic warming has also increased fire risk in Alberta (Kirchmeier-Young et al., 20173;
see Section 4.4.1.2).
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Figure 4.5: Attribution of causes to temperature change in Canada, 1948-2012
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Figure caption: Changes in the observations (Observed, navy) and in the observed data removing the effects of
the Pacific Decadal Oscillation and the North Atlantic Oscillation (Observed*, grey), along with the estimated con-
tribution of all external forcing , anthropogenic forcing , and natural external forcing (effects of solar and volcanic
activities) to observed changes in mean (a, b, c) and extreme (d, e, f, g) temperatures for Canada as a whole over
the 1948-2012 period. The top panels show the estimations of attributable warming for (a) annual, (b) winter,
and (c) summer mean temperatures. The bottom panels show estimates of attributable warming for extreme
temperatures, including (d) annual highest daily maximum temperature, (e) annual highest daily minimum tem-
perature, (f) annual lowest daily maximum temperature, and (g) annual lowest daily minimum temperature. The
thin black bars indicate the 5%—95% uncertainty range.

FIGURE SOURCE: ADAPTED FROM FIGURE 7 OF WAN ET AL., 2018

4.2.1.3: Projected changes and uncertainties

Earth system models or global climate models provide projections of future climate change based on a

range of future scenarios incorporating GHGs, aerosols, and land-use change (see Chapter 3, Section 3.3.1).
The fifth phase of the Coupled Model Intercomparison Project (CMIP5, see Chapter 3, Box 3.1) was an in-
ternationally coordinated effort that produced a multi-model ensemble of climate projections. Results from
this ensemble specific to Canada have been generated using output from 29 CMIP5 models, based on three
scenarios: a low emission scenario (RCP2.6), a medium emission scenario (RCP4.5), and a high emission sce-
nario (RCP8.5). Results for a fourth scenario that was part of the CMIP5 protocol (RCP6.0) are also available,
but from fewer models. These multi-model results are described by Environment and Climate Change Canada
(ECCC, 2016) and are available for download from the Canadian Climate Data and Scenarios website (<http://
climate-scenarios.canada.ca/?page=download-intro>).

In the following, multi-model climate change projections for 2031-2050 and 2081-2100 (relative to a 1986—
2005 reference period) are shown for Canada for a low emission scenario (RCP2.6) and a high emission
scenario (RCP8.5), spanning the range of available scenarios. The low emission scenario assumes rapid and
deep emission reductions and near-zero emissions this century, whereas the high emission scenario as-
sumes continued growth in emissions this century. The two time periods were chosen to provide information
for the near term (2031-2050), when differences in emission scenarios are modest, and for the late century
(2081-2100), when climatic responses to the low and high emission scenarios will have diverged consid-
erably. This latter difference illustrates the long-term climate benefit associated with aggressive mitigation
efforts. The multi-model median change is shown in map form, along with time series of the average from
individual models, which is computed for all Canadian land area. The box and whisker symbols at the right
side of the time series provide an indication of the spread across models for 2081-2100. Values for different
regions in Canada are provided in Table 4.2.
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Table 4.2: Projected change in annual mean surface air temperature

for six regions and for all Canadian land areaq, relative to 1986—
2005¢°

REGIONP SCENARIO; PERIOD; MEDIAN TEMPERATURE (25TH, 75TH PERCENTILE), °C
RCP2.6 RCP8.5

2031-2050 2081-2100 2031-2050 2081-2100
British Columbia 1.3 (0.8, 1.9) 1.6 (1.1,2.1) 1.9 (1.4, 2.5) 52(4.3,6.2)
Prairies 1.5(1.1,2.1) 1.9(1.2,2.2) 2.3(1.7,3.0) 6.5(5.2,7.0)
Ontario 1.5(1.1,2.1) 1.7 (1.0, 2.1) 2.3(1.7,2.9) 6.3 (5.3, 6.9)
Quebec 1.5(1.0,2.1) 1.7 (1.0, 2.2) 2.3(1.7,2.9) 6.3 (5.3, 6.9)
Atlantic 1.3(0.9,1.8) 1.5 (0.9, 2.0) 1.9 (1.5, 2.4) 5.2(4.5,6.1)
North 1.8(1.2,2.5) 2.1(1.3,2.5) 2.7 (2.0, 3.5) 7.8 (6.2, 8.4)
Canada 1.5(1.0,2.1) 1.8(1.1,2.5) 2.3(1.7,2.9) 6.3 (5.6,7.7)

@ The median or 50th percentile value is based on the CMIP5 multi-model ensemble. The 25th percentile value indicates
that 25% of the CMIP5 model projections have a change smaller than this value. The 75th percentile value indicates 25% of
CMIP5 model projections have a change larger than this value.

b The linear warming trend from 1948 (start date for climate trend analysis for all of Canada based on historical obser-
vations) to 1996 (mid-point of 1986-2005) is calculated to be 1.2C. ¢ Regions are defined by political boundaries; “North”
includes the three territories (see Figure 1.1).

Projected temperature changes for winter (December—February average), summer (June-August average),
and annual mean are shown in Figures 4.6, 4.7, and 4.8, respectively. Enhanced warming at higher latitudes
is evident in the winter and annual mean. This is a robust feature of climate projections, both for Canada and
the Earth, and is due to a combination of factors, including reductions in snow and ice (and thus a reduction
in albedo) and increased heat transport from southern latitudes (see Chapter 3). This high-latitude amplifica-
tion is not apparent in the summer maps because, over the Arctic Ocean, summer temperatures remain near
0°C — the melting temperature of snow and sea ice. In the near term (2031-2050), the differences in pattern
and magnitude between the low emission scenario (RCP2.6) and the high emission scenario (RCP8.5) are
modest (on the order of 0.5°C to 1°C). However, for the late century (2081-2100), the differences become
very large. Under the high emission scenario, projected temperature increases are roughly 4°C higher, when
averaged for Canada as a whole, than under the low emission scenario. The differences are even greater in
northern Canada and the Arctic in winter. In southern Canada, projected winter temperature change is larger
in the east than in the west, with British Columbia projected to warm slightly less than elsewhere in Canada.
The projected summer change is more uniform across the country.
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Figure 4.6: Projected temperature changes for winter season
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Figure caption: Maps and time series of projected temperature change (°C) for December, January, and February,
as represented by the median of the CMIP5 multi-model ensemble. Changes are relative to the 1986-2005 peri-
od. The upper maps show temperature change for the 2031-2050 period and the lower maps, for the 2081-2100
period. The left-hand maps show changes resulting from the low emission scenario (RCP2.6), whereas the right-
hand maps show changes from the high emission scenario (RCP8.5). The time series at the bottom of the figure
shows the temperature change averaged for the Canadian land area over the 1900—2100 period. The thin lines
show results from the individual CMIP5 models, and the heavy line is the multi-model mean. The spread among
models, evident in the thin lines, is quantified by the box and whisker plots to the right of each panel. They show,
for the 2081-2100 period, the 5th, 25th, 50th (median), 75th, and 95th percentile values.

FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
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Figure 4.7: Projected temperature changes for summer season
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Figure caption: Maps and time series of projected temperature change (°C) for June, July, and August as repre-
sented by the median of the CMIP5 multi-model ensemble. Changes are relative to the 1986—2005 period. The
upper maps show temperature change for the period 2031-2050 and the lower maps, for the 2081-2100 period.
The left-hand maps show changes resulting from the low emission scenario (RCP2.6), whereas the right-hand
maps show changes from the high emission scenario (RCP8.5). The time series at the bottom of the figure show
the temperature change averaged for the Canadian land area and over the 1900—2100 period. The thin lines show
results from the individual CMIP5 models, and the heavy line is the multi-model mean. The spread among mod-
els, evident in the thin lines, is quantified by the box and whisker plots to the right of each panel. They show, for
the 2081-2100 period, the 5th, 25th, 50th (median), 75th, and 95th percentile values.

FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.

Canada



CANADA'S CHANGING CLIMATE REPORT
137

a) Temperature change RCP2.6 (2031-2050) b) Temperature change RCP8.5 (2031-2050)
Annual Annual

]

c) Temperature change RCP2.6 (2081-2100) d) Temperature change RCP8.5 (2081-2100)

Annual Annual

I — (0 C)

Temperature Change (Canada): Annual

O i S

F-[T 14

-5 T T T T T T T T T B
1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100

RCP8.5 RCP2.6 Historical

Figure 4.8: Projected annual temperature changes
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Figure caption: Maps and time series of projected annual mean temperature change, (°C) as represented by the
median of the fifth phase of the Coupled Model Intercomparison Project (CMIP5) multi-model ensemble. Chang-
es are relative to the 1986—-2005 period. The upper maps show temperature change for the 2031-2050 period
and the lower maps, for the 2081-2100 period. The left-hand maps show changes resulting from the low emis-
sion scenario (RCP2.6), whereas the right-hand maps show changes from the high emission scenario (RCP8.5).
The time series at the bottom of the figure shows the temperature change averaged for the Canadian land area
and over the 1900-2100 period. The thin lines show results from the individual fifth phase of the Coupled Model
Intercomparison Project (CMIP5) models, and the heavy line is the multi-model mean. The spread among models,
evident in the thin lines, is quantified by the box and whisker plots to the right of each panel. They show, for the
2081-2100 period, the 5th, 25th, 50th (median), 75th, and 95th percentile values.

FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
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The maps in Figures 4.6, 4.7, and 4.8 illustrate the median projection from the CMIP5 multi-model ensemble
— some models project larger changes and some project smaller changes. The spread across models pro-
vides an indication of the projection uncertainty discussed in Chapter 3, Section 3.3.2. The spread among the
CMIP5 ensemble is only an ad hoc measure of uncertainty. Actual uncertainty could be larger, because CMIP5
models may not represent the full spectrum of plausible representations of all relevant physical processes
(Kirtman et al., 2013). The spread across models also includes natural, year-to-year variability, which contin-
ues in the future much as it has in the past. Even when averaged for a region as large as Canada, differenc-
es in projected temperature among models are on the order of a couple of degrees. Under a low emission
scenario (RCP2.6), annual mean warming in Canada stabilizes at about 1.8°C above the 1986—-2005 refer-
ence period after about 2050, whereas, under a high emission scenario (RCP8.5), annual warming continues
throughout the 21t century and beyond, reaching about 6.3°C above the reference period by 2100. Additional
values for Canada as a whole and for various regions are presented in Table 4.2.

Temperature change is one of the key indicators of a changing climate, and many other climate variables are
directly or indirectly tied to temperature. The changes in mean temperature are the projected response to
emissions of GHGs and aerosols from human activities, and natural internal climate variability will continue
to be superimposed on these forced changes. Natural internal climate variability is simulated by the climate
models used to make projections of future climate change, and this is evident in the year-to-year variability

in the Canada-average temperature time series in Figures 4.6, 4.7, and 4.8 (the individual thin lines). Indeed,
this year-to-year variability looks much like what has been observed in the past (see Figure 4.2). In contrast,
the underlying forced response (approximated by the multi-model average — the thick line in the figures) is a
slowly, monotonically changing value that closely tracks the cumulative emissions of GHGs since the
pre-industrial era (see Chapter 3, Section 3.4.1). In assessing the impacts of a warming climate, this combina-
tion of slow forced change and natural internal variability is important to keep in mind — the future will contin-
ue to have extreme warm and cold periods superimposed on a slow warming forced by human activities.

Because the components of the global climate system are closely interconnected, temperature change in a
particular region, such as Canada, is closely related to the change in global mean. This is illustrated in the
left panel of Figure 4.9, which shows Canadian mean temperature change versus global mean temperature
change. As noted previously, Canadian mean temperature is projected to increase at roughly double the
global mean rate, regardless of the forcing scenario. That is, the relationship between Canadian and global
temperature change remains constant, as shown by the fact that the results from the different scenarios are
all aligned. This connection between global mean and Canadian mean temperature change provides a way of
estimating the implications of global change for Canada under alternative forcing scenarios. In other words,
impacts estimated under one forcing scenario can be scaled to approximate impacts under another forcing
scenario, since the ratio of Canadian to global temperature change is roughly constant. Of course, this as-
sumes that impacts scale directly with temperature (which may not always be the case).
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Figure 4.9: Connections between global mean and Canadian mean temperature change, and changes in length of the
growing season

Figure caption: The left-hand panel shows Canadian mean temperature change plotted against global mean
temperature change (°C for 20-year averages relative to 1986-2005) from fifth phase of the Coupled Model
Intercomparison Project (CMIP5) model simulations for three different forcing scenarios (green: RCP2.6; blue:
RCP4.5; red: RCP8.5). Heavy lines are least-squares linear fits, whereas thinner dashed lines are individual model
results. The right-hand panel shows the changing length of the growing season (in days, see Chapter 1, Section
1.2) for warm-season crops in the Canadian Prairies, as a function of changes in Canadian mean temperature.

FIGURE SOURCE: ADAPTED FROM LI ET AL., 2018.

The IPCC Fifth Assessment concluded that “Global mean temperatures will continue to rise over the 21t cen-
tury if GHG emissions continue unabated” (Collins et al., 2013, p. 1031). Because of the connection between
global mean and Canadian mean temperature changes, it is virtually certain that temperature will also contin-
ue to increase in Canada as long as GHG emissions continue.
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4.2.2: Temperature extremes and other indices

This subsection describes changes in temperature extremes and other indices relevant to impact assess-
ments. All are derived from daily temperature data. Some indices, such as the annual highest and lowest

day or night temperatures, represent temperature extremes and have widespread applications, such as in
building design. Others are important for specific users. For example, degree days are a commonly used
indicator of building cooling or heating demand, and of the amount of heat available for crop growth. Heating
degree days (the annual sum of daily mean temperature below 18°C) or cooling degree days (the annual sum
of daily mean temperature above 18°C) are used for energy utility planning, while growing degree days (the
sum of daily mean temperature above 5°C in a growing season) is an important index for agriculture. Some
indices, such as the number of days when daily maximum temperature is above 30°C or when daily minimum
temperature is above 22°C, have important health implications (Casati et al.,, 2013). Observed changes in
temperature indices and extremes indicate that warm events are becoming more intense and more frequent,
while cold events are becoming less intense and less frequent. These have important implications; for exam-
ple, extreme winter cold days are important in limiting the occurrence of some forest pests (Goodsman et al.,
2018).

4.2.2.1. Observed changes

The annual highest daily maximum temperature, averaged across the country, increased by 0.61°C between
1948 and 2016 (updated from Wan et al,, 2018). The largest increases were in northern Canada, while de-
creases were observed in the southern Prairies (see Figure 4.10a). The highest daily maximum tempera-

ture that occurs once in 20 years, on average, also increased (Wang et al.,, 2014). The annual lowest daily
minimum temperature, averaged across the country, increased by 3.3°C between 1948 and 2016, with the
strongest warming in the west (see Figure 4.10b) (updated from Wan et al., 2018). The lowest daily minimum
temperature that occurs once in 20 years, on average, increased more strongly (Wang et al., 2014). Overall,
extreme cold temperatures increased much more rapidly than the extreme warm temperatures, consistent
with greater warming in winter than in summer, as well as greater warming in night temperatures than in day
temperatures.

Indices of high temperature, such as hot days and hot nights, are particularly relevant to public health. Hot
days, defined as days with maximum temperature above 30°C, are rarely observed in the regions north of
60° north latitude. In southern Canada, the number of hot days annually increased by about 1 to 3 days at a
few stations over the 1948-2016 period (see Figure 4.10c; also see Vincent et al., 2018). Most locations in
Canada are not warm enough to have hot nights, defined as nights with daily minimum temperature above
22°C, and the number of hot nights has significantly increased only at a few stations in southern Ontario and
Quebec.

Warming in winter and spring has resulted in a significant decrease in the number of frost days (days with
daily minimum temperature of 0°C or lower) and ice days (days with daily maximum temperature of 0°C or
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lower), as well as shortened winter seasons (Vincent et al., 2018). Averaged for the country as a whole, frost
days have decreased by more than 15 and ice days by more than 10 days from 1948 to 2016. These changes
are consistent across the country. As a result, the frost-free season has been extended by 20 days, starting
about 10 days earlier and ending about 10 days later. Heating degree days have decreased while cooling
degree-days have increased (see Figure 4.10e and f). The length of growing seasons (see Figure 4.10d) and
the number of growing degree days have also increased. The growing season, which starts when there are
six consecutive days with daily mean temperature above 5°C in spring or summer and ends when this condi-
tion fails to be met late in the year, started earlier and ended later, resulting in an increase in growing season
length of about 15 days between 1948 and 2016. With the longer growing season, the number of growing
degree days increased.
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Figure 4.10: Changes in selected temperature indicators, 1948-2016
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Figure caption: Observed changes in: (a) annual highest daily maximum temperature, (b) annual lowest daily min-
imum temperature, (¢c) annual number of hot days (when daily maximum temperature is above 30°C), (d) length
of growing season, and (e) heating and (f) cooling degree days. Changes are computed based on linear trends
over the 1948-2016 period. Filled triangles indicate trends significant at the 5% level. The black dots on (c) and
(f) mark stations where hot days or daily mean temperature above 18°C do not normally occur. The legend may
not include all sizes shown in the figure.

FIGURE SOURCE: ADAPTED FROM VINCENT ET AL., 2018.

4.2.2.2. Causes of observed changes

It is very likely that anthropogenic forcing has contributed to the observed changes in the frequency and
intensity of daily temperature extremes on the global scale since the mid-20™ century (Bindoff et al.,, 2013; see
also Chapter 2, Section 2.3.4). Several detection studies have shown that the annual lowest daily minimum
temperature (Zwiers et al,, 2017; Min et al,, 2013; Kim et al.,, 2015) and the annual highest daily maximum
temperatures (Wang et al,, 2017) have been influenced by human activity in three subregions of North Amer-
ica. In Canada, an increase of 3.2°C in the annual lowest daily minimum temperature was observed from
1948 to 2012 (Wan et al,, 2018). Only a small fraction (about 0.5°C) of this increase can be related to natural
internal climate variability, and anthropogenic influence may have contributed as much as 2.8°C (likely range
1.5° to 4.2°C) to the warming (see Figure 4.5). In addition, much of the observed warming seen in the annual
highest daily maximum temperature may also be attributable to anthropogenic influence. Overall, most of
the observed increase in the coldest (likely) and warmest (high confidence) daily temperatures of the year in
Canada from 1948 to 2012 can be attributed to anthropogenic influence.

While there is a lack of studies directly attributing observed changes in other temperature indices, there is
high confidence that substantial parts of the observed changes in most of these temperature indices are also
due to anthropogenic influence. It is more difficult to detect anthropogenic influence in values such as annual
lowest daily minimum temperature, which are sampled once a year, than in other temperature indices that
integrate information from many data samples in a year. These indices are less affected by natural internal
variability, while nevertheless retaining the climate responses to external forcing.

4.2.2.3: Projected changes and uncertainties

The models used to make projections of future climate are discussed in Chapter 3, Section 3.3. When us-
ing climate model projections for impact studies, it is often important to consider that the model simulated
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current climate may differ from observed climate — a reflection of model biases (Flato et al. 2013). Many tem-
perature indices are connected to absolute thresholds (like the freezing temperature), and, so, mean biases
can substantially alter their usefulness. As a result, where absolute values are important, some form of bias
correction is needed. This is a method of correcting the model output to remove, to the extent possible, the
influence of model biases. The assessments of projected changes in temperature indices discussed in this
subsection are, unless otherwise stated, based on statistically downscaled and bias-corrected data (Li et al.,
2018; Murdock et al., 2014; Werner and Cannon, 2016; see Chapter 3, Section 3.5).

Daily extreme temperatures, hot and cold, are projected to increase substantially (see Figure 4.11). Annual
highest daily maximum temperature is projected to track the projected changes in summer mean tempera-
ture, but at a slightly higher rate (the largest difference between the two is less than 0.5°C, appearing in
2081-2100 under a high emission scenario [RCP8.5]). Annual lowest daily minimum temperature is projected
to warm faster than winter mean temperature over most of Canada, increasing the extreme minimum tem-
perature in southern Canada by about 3°C by the end of the century under a high emission scenario (RCP8.5).
Table 4.3 summarizes projected changes in Canada. For example, averaged over the country, the annual high-
est daily maximum temperatures are projected to increase by 1.4°C over the 2031-2050 period under a low
emission scenario (RCP2.6), and by 2°C for the same period under a high emission scenario (RCP8.5) com-
pared with the current climate (1986-2005). The corresponding projected increase in 2081-2100 under the
low emission scenario (RCP2.6) is 1.5°C, only slightly higher than the increases in 2031-2050. A much larger
increase, of about 6°C, is expected in 2081-2100 under the high emission scenario (RCP8.5).
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Figure 4.71: Future projections for selected temperature indices (extremes)

Figure caption: Multi-model median projected changes in (a) annual highest daily maximum temperature, (b)
annual lowest daily minimum temperature. All maps are based on statistically downscaled and bias-corrected
temperature data from simulations by 24 Earth system models. The two left-hand panel show projections for
2031-2050 and 2081-2100 under a low emission scenario (RCP2.6), while the two right-hand panels show pro-

jections for 2031-2050 and 2081-2100 under a high emission scenario (RCP8.5).

FIGURE SOURCE: ADAPTED FROM LI ET AL., 2018.
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Table 4.3: Multi-model changes in indicators of temperature®

REGIONP SCENARIO; PERIOD; MEDIAN (25%, 75% PERCENTILE)
RCP2.6 RCP8.5
2031-2050 2081-2100 2031-2050 2081-2100

Annual highest daily maximum temperature, °C

British Columbia 1.7 (0.9,2.4) 7(1.2,2.4) 3(1.6,3.2) 7(4.9,7.9)
Prairies 6(0.9,2.3) 6(1.1,2.4) 5(1.8,3.1) 9(5.2,8.2)
Ontario 6(1.0,2.4) .5(0.8,2.2) 5(1.9,3.0) 6(5.2,7.7)
Quebec 1.4(0.8,2.2) .3(0.7,2.0) 1(1.5,2.7) 9(4.7,7.7)
Atlantic 4(0.9,1.9) 2(0.6,1.9) 1.9(1.4,2.4) 5(4.6, 6.5)
North 3(0.6,2.2) 5(0.7,2.2) 8(0.9,2.7) 7(3.6,7.3)
Canada 1.4(0.7,2.3) 1.5(0.8,2.2) 2.0(1.2,2.8) 1(4.2,7.5)
Annual highest daily minimum temperature, °C
British Columbia 2.1(1.1,3.7) 2.7 (1.4,4.2) 3.7(2.4,5.3) 10.71 (8.5, 11.7)
Prairies 1(1.3,3.3) 5(1.6,3.8) 5(2.5,4.9) 10.5(9.3,12.8)
Ontario 6(1.9,3.5) 7(2.0,3.8) 3.9(2.9,4.7) 11.7(10,13.8)
Quebec 8(1.9,3.9) 2(2.0,4.4) 2(3.2,5.3) 12.6 (10.7,15.7)
Atlantic 8(1.8,3.8) 0(1.8,4.5) 8(2.8,4.9) 11.2 (9.6, 13.6)
North 6(1.8,3.4) 9(1.9,4.0) 9(3.0,4.8) 11.1 (9.4, 14.0)
Canada 5(1.7,3.5) 2.8(1.8,4.1) 8(2.9,4.9) 11.2(9.5,13.8)
Annual number of hot days, days
British Columbia 6 (0.7,2.5) 1.5(0.8,2.5) 2.5(1.7,3.6) 16.0 (9.0, 20.0)
Prairies 5(2.5,6.7) 6 (2.6, 6.8) 2(5.2,9.4) 34.3(22.8,40.1)
Ontario 4(3.6,7.1) 7(2.8,6.8) 8.8 (6.8,10.8) 38.0(28.1, 44.5)
Quebec 1.7 (1.0, 2.3) 4(0.8,2.1) 2.7(1.9,3.4) 14.5(10.1,17.3)
Atlantic 4(0.9,2.0) 2 (0.6,1.8) 2.1(1.5,2.8) 12.1(9.3,16.7)
North 3(0.1,0.5) 3(0.1,0.5) 0.5(0.3,0.7) 3.5(2.0,5.1)
Canada 6 (0.9, 2.3) 1.5(0.9,2.3) 2.6 (1.8,3.3) 13.2 (8.8, 16.2)
Length of growing season for warm-season crops, days

British Columbia 17.6 (12, 23.5) 22 (14.3,28.5) 23.3(17.7,29.3) 61.1 (48.1,70.5)
Prairies 11.5 (6.4, 16.0) 13.5(9.1, 18.3) 15.5(11.0, 20.5) 43.6 (35.6,50.8)
Ontario 11.8(6.9,17.5) 13.0(8.0,19.7) 17.0(11.8,22.8) 44.4 (36.9, 53.7)
Quebec 13.6(8.7,18.7) 14.0(7.7,20.2) 19.3(13.2,24.8) 50.7 (40.2, 62.7)
Atlantic 13.7 (8.6, 18.2) 14.3 (8.9, 19.6) 18.6 (13.7,25.2) 51.1 (42.5, 63.8)
North 8.8(4.7,13.4) 10.2 (5.0, 15.3) 12.9(7.3,18.4) 37.8(25.5,49.9)
Canada 10.8 (6.3, 15.6) 12.4(7.0,17.7) 15.3(9.9,20.9) 42.8(31.9, 53.8)
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Table 4.3: Multi-model changes in indicators of temperature®

Cooling degree days, °C-days

British Columbia 16 (9, 22) 6 (10, 25) 26 (19, 34) 168 (97,211)
Prairies 2(32,74) 55(32,79) 85 (66, 108) 386 (260, 461)
Ontario 7 (44, 90) 58 (44, 89) 108 (88, 125) 408 (306, 491)
Quebec 5(18,37) 23 (16, 32) 42 (33, 49) 183 (136, 236)
Atlantic 28 (19, 40) 29 (18, 37) 42 (33, 54) 187 (150, 268)
North 6 (4,10) 7 (4,10) 10(7,13) 58 (34, 83)
Canada 21 (14, 30) 21 (14, 37) 35 (27, 43) 160 (109, 204)
Heating degree days, °C-days
British Columbia -497 (-651, -408) -651 (-829, -502) -731(-907,-585) -1873 (-2115,
-1621)
Prairies -545 (-654, -435) -648 (-809, -508) -781(-957,-635)  -2036 (-2262,
-1779)
Ontario -550 (=681, -448) -607 (=752, -448) -770(-948,-655)  -1990 (-2337,
-1749)
Quebec -596 (=796, -477) -646 (=913, -480) -869 (-1061, -2257 (-2759,
-690) -1916)
Atlantic -524 (=679, -418) -573(-839, -428) -730(-897,-592) -1895(-2372,
-1662)
North -744 (-977, -593) -884 (-1174, -1057 (-1352, -2880 (-3568,
-563) -877) -2447)
Canada -656 (-850, -525) =772 (1020, -936 (-1178, -2503 (-3033,
-527) -770) -2142)

@ Based on statistically downscaled temperature from simulations by 24 Earth system models (adopted from Li et al., 2018).

b Regions are defined by political boundaries; “North” includes the three territories (see Figure 1.1).

In addition to changes in magnitude, the frequency of certain temperature extremes is also expected to
change. Extreme hot temperatures are expected to become more frequent, while extreme cold temperatures
less frequent. For example, under a high emission scenario (RCP8.5), the annual highest daily temperature
that would currently be attained once every 10 years, on average, will become a once in two-year event by
2050 — a five-fold increase in frequency. The annual highest daily temperature that occurs once every 50
years in the current climate is projected to become a once in five-year event by 2050 — a 10-fold increase

in frequency (see Figure 4.12). These projected changes indicate not only more frequent hot temperature
extremes, but also relatively larger increases in frequency for more rare events (e.g., 10-year extreme versus
50-year extreme; see also Kharin et al., 2018).
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Figure 4.12: Projected changes in recurrence time for extreme temperatures

Figure caption: Projected changes in recurrence time (in years) for annual highest temperatures that occurred,
on average, once in 10, 20, and 50 years in the late-20" century across Canada, as simulated by Earth system
models contributing to fifth phase of the Coupled Model Intercomparison Project (CMIP5) under a low emission
scenario RCP2.6 (upper) and a high emission scenario RCP8.5 (lower). The shading represents the range be-
tween the 25th and 75th percentiles

FIGURE SOURCE: VALUES ARE COMPUTED BASED ON KHARIN ET AL., 2013, ADAPTED FROM ECCC, 2016.

The projected increase in the number of hot days is substantial. In regions that currently experience hot days,
the increase may be more than 50 days by the late century under RCP8.5 (see Figure 4.13a). Areas with hot
days will progressively expand northward, depending on the level of global warming. The number of frost
days and ice days is projected to decrease, with projections ranging from about 10 fewer days in 2031-2050
under the low emission scenario (RCP2.6) to more than 40 fewer days in 2081-2100 under the high emission
scenario (RCP8.5) (see Table 4.3) The length of the growing season (see Figure 4.13b) and the number of
cooling degree days (see Figure 4.13c) are projected to increase, while heating degree days (see Figure 4.13d)
are projected to decrease (see Table 4.3).
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Figure 4.13: Future projections for selected temperature indices (degree days)
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Figure caption: Multi-model median projected changes in (a) annual number of hot days (days) when daily
maximum temperature is above 30°C (TX30), (b) length of growing season for warm-season crops (days) (GSL),
(c) cooling degree days (°C-days) (CDD), (d) heating degree days (°C-days) (HDD). All maps are based on sta-
tistically downscaled temperature from simulations by 24 Earth system models. The two left-hand panels show
projections for 2031-2050 and 2081-2100 under a low emission scenario (RCP2.6), while two right-hand panels
display projections for 2031-2050 and 2081-2100 under a high emissions scenario (RCP8.5), respectively. Areas
with less than one hot day per year on average are marked with grey in panel (a), while areas without sufficient
cumulative heat during the growing season to support growing warm season crops such as corn or soybean are
marked with grey in panel (b)

FIGURE SOURCE: ADAPTED FROM LI ET AL., 2018.

Changes in temperature indices and extremes are closely related to changes in mean temperature. The linear
relationship between the change in growing season length and Canadian mean temperature (the right side of
Figure 4.9; Li et al., 2018) is one example of how impacts (in this case related to agricultural productivity or

forest growth) can be related to temperature change, regardless of the specific pathway of future GHG emis-
sions. Such relationships not only assist impact assessments, but also assist plain-language communication
regarding global mitigation efforts and their effect on regional climate impacts. A second example is freezing
degree days, a measure of winter severity (e.g., Assel, 1980), which is the annual sum of degrees below freez-
ing for each day, expressed in units of °C-d. A reduction of several hundred °C-d is projected across southern
Canada in the late century, with changes of 1000°C-d or more projected for the North (see Figure 4.14). For

context, the historical value of freezing degree days at Whitehorse is roughly 1800°C-d, at Edmonton, roughly

1400°C-d, and at Toronto, roughly 375°C-d (based on 1981-2010 data <http:/climate.weather.gc.ca/climate
normals/index_e.html>).
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Figure 4.74: Future projections for freezing degree days

Figure caption: Projected change in freezing degree days (°C-d) for the period 2031-2050 (upper panels) and
2081-2100 (lower panels) relative to 1986—2005 average, computed from statistically downscaled daily tem-
peratures based on simulations by 24 models of Fifth phase of the Coupled Model Intercomparison Project
(CMIP5) models (Li et al., 2018). The left-hand panels show results for a low emission scenario (RCP2.6) and the
right-hand panels show results for a high emission scenario (RCP8.5).

FIGURE SOURCE: LI ET AL., 2018.

For temperature indices and extremes, projections by different models for the near term (2031-2050) under
a high emission scenario (RCP8.5) agree on the direction (increasing or decreasing) of changes for almost all
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regions. The model projections for the late century (2081-2100) also agree on the direction of changes for all
temperature indices and extremes for every region under a high emission scenario (RCP8.5). This indicates
the robustness of projected changes in temperature indices for the future.

It is virtually certain that, in most places in the world, there will be more hot and fewer cold temperature ex-
tremes as global mean temperatures increase (Collins et al. 2013). This will also be the case for Canada.

Section summary

In summary, it is virtually certain that the Canadian climate has warmed and that it will warm further in the
future, as additional emissions of GHGs are unavoidable. To date, warming has been stronger in winter than
in other seasons. Widespread changes in temperature indices and extremes associated with warming have
been observed. Both human activities and natural variation of the climate have contributed to this warming,
with human factors being dominant. The magnitude of future warming will be determined by the extent of
future GHG mitigation. Temperature indices and extremes will continue to change as Canada continues to
warm, affecting Canada’s natural, social, and economic systems. Substantial changes are projected in tem-
perature extremes. There will be more hot and fewer cold temperature extremes. The increase in Canadian
mean temperature is about twice the rate of global mean temperature. This is the case in the historical record
and also applies to future change, regardless of the emissions pathway that the Earth will follow. As changes
in temperature indices and extremes are closely tied to changes in mean temperature, changes in Canadian
climate and their resulting impacts are closely linked to changes in global mean temperature and, ultimately,
future emissions of GHGs.

4.3: Precipitation

Key Message

There is medium confidence that annual mean precipitation has increased, on average, in Canada,
with larger percentage increases in northern Canada. Such increases are consistent with model simu-
lations of anthropogenic climate change.

Key Message

Annual and winter precipitation is projected to increase everywhere in Canada over the 215t century,
with larger percentage changes in northern Canada. Summer precipitation is projected to decrease
over southern Canada under a high emission scenario towards the end of the 21¢t century, but only
small changes are projected under a low emission scenario.
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Key Message

For Canada as a whole, observational evidence of changes in extreme precipitation amounts, accu-
mulated over periods of a day or less, is lacking. However, in the future, daily extreme precipitation is
projected to increase (high confidence).

Precipitation, as the ultimate source of water for our lands, lakes, and rivers, plays an important role in human
society and in shaping and sustaining ecosystems. Human society and natural systems have evolved and
adapted to variable precipitation in the past. However, shifts in precipitation beyond its historical range of
variability could have profound impacts.

The amount of precipitation varies widely across Canada. The Pacific Coastal and Rocky Mountain ranges of
western Canada block much of the moisture brought by westerly winds from the Pacific. As a result, some
locations on the west coast receive an average of 3000 mm of precipitation or more in a year. In contrast, the
annual mean precipitation can be as low as 300 mm in parts of the Prairies. Because warm air can hold more
moisture, the amount of precipitation decreases from south to north, with annual precipitation of only about
200 mm in the far north (Environment Canada, 1995).

Precipitation records for some locations in Canada extend back for more than a century. While the Meteo-
rological Service of Canada has many observational stations at any given time, including more than 2500
stations currently active, only a few hundred stations have continuous long-term records. As with temperature
observations, there have been significant changes in observing instruments and/or procedures, including
many manned stations having been replaced by automated observing systems. Integrating the data from the
manned and automatic observations into one continuous series is challenging, as it requires the accumula-
tion of sufficient data from the new systems to fully understand their characteristics (Milewska and Hogg,
2002). Precipitation measurements have additional challenges when compared with temperature measure-
ments, as they are affected by weather conditions at the time of observation. This is because thermometers
are placed in well-protected screens, while precipitation gauges are in the open air. In general, precipitation
gauges catch only a portion of precipitation if it is windy, and they become less efficient as wind speed in-
creases (Mekis and Vincent, 2017; Milewska et al., 2018). Additionally, a small amount of precipitation is lost
due to evaporation and wetting of the inside of the gauge. Precipitation in the form of snowfall is particularly
difficult to observe. A gauge can catch only a small fraction of total snowfall; drifting snow makes it even
more complicated to measure snowfall amount. The introduction, over time, of new precipitation gauges has
unintentionally introduced data inhomogeneity into the records. The effect of weather conditions and the use
of different gauges on observational data need to be carefully adjusted for, to reflect the actual amount of
precipitation at a particular site.

Monitoring precipitation over a region is challenging because a gauge measurement is a point observation
and thus may not represent precipitation conditions over a large area. As precipitation is sporadic in time and
space, point observations of precipitation amount in a day can represent only a very small area surrounding
the observational site. However, station observations of precipitation amounts accumulated over longer time
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periods (a month or a year) can represent larger areas. For example, total precipitation for a season may

be interpolated for a location without observations with reasonable accuracy, if the location is within 20 to
120 km from the observational sites, depending on the season (Milewska and Hogg, 2001). Factors such as
topography, season, and dominant weather systems all affect the spatial representativeness of point observa-
tions of precipitation.

In general, there is insufficient station density in Canada to compute national average precipitation with desir-
able accuracy; thus, there is low confidence in quantifying regional or national total amounts of precipitation.
This is because the distance between observational stations with long-term records (see Figure 4.1) is gener-
ally greater than 120 km and because there is a large variation in precipitation over space. In northern Cana-
da, the distance between stations is often more than 1000 km. Locally normalized precipitation (the amount
of precipitation divided by its long-term mean) has been used in the past as one alternative. This measure

is less variable over space than precipitation amount. As a result, its value at a point location can represent
the average over a larger area. Stations with long-term records can provide regional averages for normalized
precipitation across southern Canada with reasonable accuracy, although this is not the case for northern
Canada (Milewska and Hogg, 2001). As a result, much of the assessment of national or regional changes

in precipitation is based on locally normalized precipitation, expressed as a percentage. While this makes it
possible to compute some form of national and regional averages, such averages should not be interpreted
as normalized spatial averages of precipitation. This is because the local normalization factor is not constant
in space.

4.3.1: Mean precipitation

4.3.1.1. Observed changes

Averaged over the country, normalized precipitation has increased by about 20% from 1948 to 2012 (Vincent
et al, 2015; Figure 4.15 and Table 4.4). The percentage increase was larger in northern Canada — including
Yukon, Northwest Territories, Nunavut, and northern Quebec — than in southern Canada. Nonetheless, sig-
nificant increases were experienced in parts of southern Canada, including eastern Manitoba, western and
southern Ontario, and Atlantic Canada. As mean precipitation is typically higher in southern Canada, the
absolute amount of precipitation increase is higher in the south, even though the increase in normalized pre-
cipitation is smaller in the region. The regional average of normalized precipitation based on the few available
long-term data from stations in northern Canada shows an increase of about 30% from 1948 to 2012 (Vincent
et al,.2015); confidence in the regional average is low, however. As trends from individual locations in northern
Canada are all increasing, there is a medium confidence that annual mean precipitation has increased in this
region. Taken together, there is medium confidence that annual precipitation has increased for Canada as a
whole. Additionally, the percentage increase in normalized precipitation is larger than what might be expected
from the warming-induced increase in water-holding capacity of the atmosphere, leading to doubt over the
magnitude of historical trends. There is low confidence in the estimate of the magnitude of the trend.
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Precipitation has increased in every season in northern Canada. In southern Canada, precipitation has also
increased in most seasons but the increase is generally not statistically significant. However, a statistically
significant decrease in winter precipitation has been observed in British Columbia, Alberta, and Saskatchewan
(Vincent et al., 2015; Figure 4.16 and Table 4.4).
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Figure 4.15: Changes in annual precipitation, 1948-2012 and 1900-2012

Figure caption: Observed changes in locally normalized annual precipitation (%) between (a) 1948 and 2012 and
(c) 1900 and 2012; changes are computed based on linear trends over the respective periods. Average of normal-
ized precipitation relative to the 1961-1990 mean (b) across Canada and (d) in southern Canada (south of 60°
north latitude); the black lines are 11-year running mean. Estimates are derived from the gridded station data.
There is a lack of data in northern Canada (see Figure 4.1).

FIGURE SOURCE: UPDATED FROM FIGURE 4 OF VINCENT ET AL., 2015.
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Table 4.4:; Observed changes in normalized annual and seasonal
precipitation between 1948 and 2012 for six regions and for all

Canadian land area®

REGION CHANGE IN PRECIPITATION, %
Annual Winter Spring Summer Autumn

British Columbia 50 -9.0 18.2 7.9 11.5
Prairies 7.0 -59 13.6 8.4 5.8
Ontario 9.7 52 12.5 8.6 17.8
Quebec 10.5 5.3 20.9 6.6 20.0
Atlantic 11.3 5.1 57 1.2 18.2
Northern Canada 32.5 54.0 42.2 18.1 32.1
Canada 18.3 20.1 253 12.7 19.0

aChanges are represented by linear trends over the period. Estimates are derived from the gridded station data. There is a
lack of data for northern Canada (see Figure 4.1 for the location of stations), which reduces confidence in the estimate.

a)
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Figure 4.16: Changes in seasonal precipitation, 1948-2012

Figure caption: Observed changes in normalized seasonal precipitation (%) between 1948 and 2012 for the four
seasons. Changes are computed based on linear trends over the respective periods. Estimates are derived from
the gridded station data. There is a lack of data in northern Canada (see Figure 4.1).

FIGURE SOURCE: FIGURE 5 OF VINCENT ET AL., 2015.

For long-term observed trends, at the century scale, changes in precipitation can be assessed only for
southern Canada, due to the lack of data for northern Canada. An increase was observed over all regions of
southern Canada since 1900 and is statistically significant at that spatial scale at the 5% level. Warming has
resulted in the proportion of the amount of precipitation falling as snow (i.e., the ratio of snowfall to total pre-
cipitation) steadily and significantly decreasing over southern Canada, especially during spring and autumn
(Vincent et al.,, 2015). This is also the case for the Arctic region. There is a pronounced decline in summer
snowfall over the Arctic Ocean and the Canadian Arctic Archipelago, and this decline is almost entirely caused
by snowfall being replaced by rain (Screen and Simmonds, 2012). Such a change in the form of precipitation,
from snow to rain, has profound impacts in other components of the physical environment, such as river flow,
with the spring freshet becoming significantly earlier (Vincent et al., 2015; see Chapter 6, Section 6.2).

4.3.1.2: Causes of observed changes

There is medium confidence that there is a human-caused contribution to observed global-scale changes in
precipitation over land since 1950 (Bindoff et al,, 2013). Much of the evidence of human influence on
global-scale precipitation results from precipitation increases in the northern mid- to high latitudes (Min et
al., 2008; Marvel and Bonfils, 2013; Wan et al., 2014). This pattern of increase is clear in climate model simu-
lations with historical forcing (e.g., Min et al., 2008) and in future projections (Collins et al., 2013). Observed
precipitation in northern high latitudes, including Canada, has increased and can be attributed — at least in
part — to external forcing (Min et al.,, 2008; Wan et al., 2014). Atmospheric moisture increases with warming in
both observations and model simulations. Natural internal climate variability from decade to decade contrib-
utes little to the observed changes (Vincent et al,, 2015). This evidence, when combined, leads us to conclude
that there is medium confidence that the observed increase in Canadian precipitation is at least partly due to
human influence.
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4.3.1.3: Projected changes and uncertainties

Multi-model projections of percentage changes (relative to 1986-2005) in winter, summer, and annual pre-
cipitation in Canada are shown in Figures 4.17, 4.18, and 4.19. The figures include maps of change for the
low emission scenario (RCP2.6) and high emission scenario (RCP8.5) for the near term (2031-2050) and late
century (2081-2100), and a national average time series of the normalized local changes for Canada as a
whole for the period 1900-2100. Unlike for temperature, which is projected to increase everywhere in every
season, precipitation has patterns of increase and decrease. In the near term, a small (generally less than
10%) increase in precipitation is projected in all seasons, with slightly larger values in northeastern Canada. In
the late century (2081-2100), under the high emission scenario, the changes are much larger, with extensive
areas of increased precipitation in northern Canada (more than 30% of the annual mean in the high Arctic).
Since annual mean precipitation is low in the Arctic, even modest changes in absolute amount translate into
a large percentage change. In contrast, large areas of southern Canada are projected to see a reduction in
precipitation in summer under the high emission scenario (RCP8.5); for example, a median reduction of more
than 30% is projected for southwestern British Columbia (see Figure 4.18). The projected decrease in sum-
mer precipitation (also projected in other parts of the world) is a consequence of overall surface drying and
changes in atmospheric circulation (Collins et al., 2013).

As was the case for temperature, the national average time series for precipitation in the lower panels of the
three figures show relatively small differences between the low emission scenario (RCP2.6) and high emis-
sion scenario (RCP8.5) in the near term (2031-2050). The winter season precipitation changes projected
under the two scenarios diverge somewhat by the late century, while the summertime changes are near zero
over the entire century, regardless of emission scenario. This small change in national average of locally
normalized precipitation hides the fact that summertime precipitation changes are projected to be large (and
hence impactful) in many areas of Canada. The large percent increases in northern Canada are generally
offset by the large percent decreases in southern Canada, so that the average of percent changes for Canada
as a whole in the time series plots shows little overall change in summer precipitation. As mean precipitation
is much larger in southern Canada than in northern Canada, the absolute amount of precipitation decrease in
the southern Canada is larger than the absolute value of precipitation increase in northern Canada. Region-
al differences are clearly important for impact studies, and quantitative information at the regional level is
provided in Table 4.5. In general, changes in precipitation exhibit more temporal and regional variation than
changes in temperature, and, so, projection results for precipitation have less confidence than projection
results for temperature.
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Figure 4.17: Projected precipitation changes for winter season
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Figure caption: Maps and time series of projected precipitation change (%) for December, January, and Feb-
ruary, as represented by the median of the fifth phase of the Coupled Model Intercomparison Project (CMIP5)
multi-model ensemble. Changes are relative to the 1986—2005 period. The upper maps show precipitation
change for the 2031-2050 period and the lower maps, for the 2081-2100 period. The left-hand maps show
changes resulting from the low emission scenario (RCP2.6), whereas the right-hand maps show changes from
the high emission scenario (RCP8.5). The time series at the bottom of the figure shows the change averaged over
Canadian land area and spans the 1900—-2100 period. The thin lines show results from the individual CMIP5 mod-
els, and the heavy line is the multi-model mean. The spread among models, evident in the thin lines, is quantified
by the box-and-whisker plots to the right of each panel. They show, for the 2081-2100 period, the 5th, 25th, 50th
(median), 75th, and 95th percentile values.

FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
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Figure 4.18: Projected precipitation changes for summer season
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Figure caption: Maps and time series of projected precipitation change (%) for June, July, and August, as rep-
resented by the median of the fifth phase of the Coupled Model Intercomparison Project (CMIP5) multi-model
ensemble. Changes are relative to the 1986—2005 period. The upper maps show precipitation change for the
2031-2050 period and the lower maps, for the 2081-2100 period. The left-hand maps show changes resulting
from the low emission scenario (RCP2.6), whereas the right-hand maps show changes from the high emission
scenario (RCP8.5). The time series at the bottom of the figure shows the change averaged over Canadian land
area and over the 1900—2100 period. The thin lines show results from the individual CMIP5 models, and the
heavy line is the multi-model mean. The spread among models, evident in the thin lines, is quantified by the box-
and-whisker plots to the right of each panel. They show, for the 2081-2100 period, the 5th, 25th, 50th (median),
75th, and 95th percentile values.

FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
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Figure 4.19: Projected annual precipitation changes
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Figure caption: Maps and time series of projected annual mean precipitation change (%) as represented by

the median of the fifth phase of the Coupled Model Intercomparison Project (CMIP5) multi-model ensemble.
Changes are relative to the 1986—2005 period. The upper maps show precipitation change for the 2031-2050
period and the lower maps, for the 2081-2100 period. The left-hand maps show changes resulting from the
low emission scenario (RCP2.6), whereas the right-hand maps show changes from the high emission scenario
(RCP8.5). The time series at the bottom of the figure shows the change averaged over Canadian land area and
over the 1900-2100 period. The thin lines show results from the individual CMIP5 models, and the heavy line is
the multi-model mean. The spread among models, evident in the thin lines, is quantified by the box-and-whisker
plots to the right of each panel. They show, for the 2081-2100 period, the 5th, 25th, 50th (median), 75th, and
95th percentile values.

FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
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Table 4.5: Projected percentage change in annual mean
precipitation for six regions and for all Canadian land area
relative to 1986-2005¢

REGION® SCENARIO; PERIOD; MEDIAN (25TH, 75TH PERCENTILE), %
RCP2.6 RCP8.5
2031-2050 2081-2100 2031-2050 2081-2100

British Columbia 4.3(-0.4,9.8) 5.8(0.4,11.9) 5.7 (0.0,11.4) 13.8 (5.7, 22.4)
Prairies 5.0 (-0.7,10.8) 5.9(-0.2,12.1) 6.5(0.4,13.1) 15.3 (6.3, 24.9)
Ontario 5.5 (0.4,11.1) 5.3(-0.1,10.8) 6.6 (1.8,12.4) 17.3 (8.5, 26.1)
Quebec 7.1(2.0,12.2) 7.2 (2.2,13.0) 9.4 (4.5147)  22.5(14.8,32.0)
Atlantic 3.8(-0.8,9.1) 4.7 (0.3,9.0) 5.0 (0.6,9.9) 12.0 (5.7, 19.3)
North 8.2 (2.1, 14.6) 9.4(2.8,16.7) 11.3(5.4,18.1)  33.3(22.1, 46.4)
Canada 5.5(0.2,11.2) 6.8 (0.4, 14.4) 7.3(2.0,13.2)  24.2(13.7,36.2)

@ The median or 50th percentile value is based on the CMIP5 multi-model ensemble. The 25th percentile value indicates
that 25% of the CMIP5 model projections have a change smaller than this value. The 75th percentile value indicates 25% of
CMIP5 model projections have a change larger than this value.

b Regions are defined by political boundaries; “North” includes the three territories (see Figure 1.1).

As the climate warms, particularly in northern Canada, there will inevitably be an increased likelihood of
precipitation falling as rain rather than snow. This is consistent with the observed changes in the snowfall
fraction noted earlier. Although there has not been a systematic analysis for Canada, one analysis projected

a decrease in the fraction of precipitation falling as snow, especially in the autumn and spring, for southern
Alaska and eastern Quebec (Krasting et al., 2013). In addition, regional climate model projections show a gen-
eral increase in rain-on-snow events over the coming century (Jeong and Sushama, 2017).

These results for changes in mean precipitation are consistent with the IPCC Fifth Assessment, in that the
high latitudes are projected to experience a large increase in annual mean precipitation by the late of this
century under the high emission (RCP8.5) scenario. The projected increase in annual mean precipitation in
the high latitudes is a common feature of generations of climate models. It can be explained by the expected
warming-induced large increase in atmospheric water vapour (Collins et al. 2013). Over the historical period,
an increase in annual total precipitation in the high latitudes has been detected and can be attributed to hu-
man influence (Min et al., 2008; Wan et al., 2014). There is high confidence in the projected increase in annual
mean precipitation. Confidence in projected changes in seasonal mean precipitation is lower. It should be
noted that models generally project less summertime precipitation for southern Canada under a high emis-
sion scenario.
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4.3.2: Extreme precipitation

Mean precipitation over a day or less can cause localized damage to infrastructure, such as roads and build-
ings, while heavy multi-day episodes of precipitation can produce flooding over a large region. This section
assesses only changes in short-duration (a day or less) extreme precipitation, for which there is relatively
more data and research than for longer-duration extremes.

4.3.2.1. Observed changes

There do not appear to be detectable trends in short-duration extreme precipitation in Canada for the coun-
try as a whole based on available station data. More stations have experienced an increase than a decrease
in the highest amount of one-day rainfall each year, but the direction of trends is rather random over space.
Some stations show significant trends, but the number of sites that had significant trends is not more than
what one would expect from chance (Shephard et al., 2014; Mekis et al., 2015; Vincent et al., 2018). This
seems to be inconsistent with global results (Westra et al.,, 2013) and the results for the contiguous region of
the United States (Barbero et al., 2017). The number of days with heavy rainfall’® has increased by only 2 to 3
days since 1948 at a few locations in southern British Columbia, Ontario, Quebec, and the Atlantic provinces
(Vincent et al.,, 2018). The number of days with one hour total rainfall greater than 10 mm, with 24-hour total
rainfall greater than 25 mm, or with 48-hour total rainfall greater than 50 mm also did not show any consis-
tent change across the country (Mekis et al., 2015). Days with heavy snowfall” have decreased by a few days
at numerous locations in western Canada (British Columbia to Manitoba), while they have increased at sever-
al locations in the North (Yukon, Northwest Territories, and western Nunavut). The highest one-day snowfall
amount has decreased by several millimetres (snow water equivalent) at several locations in the southern
region of British Columbia and Alberta (Mekis et al., 2015; Vincent et al., 2018).

The lack of a detectable change in extreme precipitation in Canada is not necessarily evidence of a lack of
change. On one hand, this is inconsistent with the observed increase in mean precipitation. As the variance
of precipitation is proportional to the mean, and as there is a significant increase in mean precipitation, one
would expect to see an increase in extreme precipitation. On the other hand, the expected change in response
to warming may be small when compared with natural internal variability. Warming has resulted in an in-
crease in atmospheric moisture, which is expected to lead to an increase in extreme precipitation if other
conditions, such as atmospheric circulation, do not change. On the global scale, observations indicate an in-
crease in extreme precipitation associated with warming. Moreover, the increase can be attributed to human
influence (Min et al., 2011; Zhang et al., 2013). The median increase in extreme precipitation is about 7% per
1°C increase in global mean temperature, consistent with the increase in the water-holding capacity of the at-
mosphere due to warming (Westra et al., 2013). Compared with the natural internal variability of precipitation,

18 Heavy rainfall is defined as rainfall greater than the annual 90th percentile from all rainfall events greater than 1T mm
per day.

19 Heavy snowfall is defined as snowfall greater than the annual 90th percentile from all events greater than T mm per
day.

Canada

168



CANADA'S CHANGING CLIMATE REPORT

this amount of increase would be too small to be detectable at individual locations. Only about 8.5% of all
stations over global land areas with more than 30 years of data show an increase in extreme precipitation at
the 5% significance level, which is slightly higher than the rate of stations showing an increase (5%) that could
be expected from chance (Westra et al.,, 2013). The detection of the increasing intensity of extreme precipita-
tion over lands on Earth is possible because of the vast amount of data available. On the regional scale, there
is much less information, which is the case for Canada, where long-term observations are very limited, and
detection becomes more difficult.

4.3.2.2: Projected changes and uncertainties

In the future, extreme precipitation is projected to increase in Canada. Averaged for Canada, extreme precip-
itation with a return period?° of 20 years in the late century climate is projected to become a once in about
10-year event in 2031-2050 under a high emission scenario (RCP8.5) (see Figure 4.20). Beyond mid-century,
these changes are projected to stabilize under the low emission scenario (RCP2.6), but to continue under the
high emission scenarios (RCP8.5). An extreme event that currently occurs once in 20 years is projected to
become about a once in five-year event by late century under the high emission scenario (RCP8.5). In other
words, extreme precipitation of a given magnitude is projected to become more frequent. Moreover, the rela-
tive change in event frequency is larger for more extreme and rarer events. For example, an event that current-
ly occurs once in 50 years is projected to occur once in 10 years by late 215t century under a high emission
scenario (RCP8.5). The amount of precipitation with a certain recurrence interval is projected to increase. The
amount of 24-hour extreme precipitation that occurs once in 20 years on average is projected to increase by
about 5% under a low emission scenario (RCP2.6) and by 12% under a high emission scenario (RCP8.5) by
2031-2050, and to increase as much as 25% by 2081-2100 under a high emission scenario (RCP8.5). Differ-
ences in the projected percentage changes in annual maximum 24-hour precipitation among regions of Cana-
da for the same emission scenario and time period are notably small. The median value for every region is in
general within the range of 25th to 75th percentiles of other regions, except under the high emission scenario
toward the late century (see Table 4.6).

20  Areturn period describes how common an event is. For example, a 20-year return period means the event has a 1 in
20 probability of occurring each year. Thus, a 20-year event would be expected to occur every 20 years, on average.
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Figure 4.20: Projected changes in recurrence time for extreme precipitation

Figure caption: Projected changes in recurrence time for annual maximum 24-hour precipitation that occurs, on
average, once in 10, 20, and 50 years in the late century across Canada, as simulated by Earth system models
contributing to the fifth phase of the Coupled Model Intercomparison Project (CMIP5) under a low emission sce-
nario (RCP2.6; upper) and a high emission scenario (RCP8.5; lower). The projections are at global climate model
resolution, and the processes that produce 24-hour extreme precipitation at local scale are not well represented.
Therefore, projections should be interpreted with caution. The shading represents the range between the 25th

and 75th percentiles.

FIGURE SOURCE: VALUES ARE COMPUTED BASED ON KHARIN ET AL., 2013, ADAPTED FROM ECCC, 2016.
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Table 4.6: Projected changes in annual maximum 24-hour
precipitation that occur, on average, once in 10, 20, and 50 years, as
simulated by Earth system models contributing to the fifth phase of
the Coupled Model Intercomparison Project (CMIP5)¢®

REGIONP SCENARIO; PERIOD; MEDIAN (25TH, 75TH PERCENTILE), %
RCP2.6 RCP8.5
2031-2050 2081-2100 2031-2050 2081-2100

10-year return value
British Columbia 59(3.8,9.3) 8.0 (4.5,13.3) 9.8(7.4,12.7) 26.1 (20.4, 31.3)
Prairies 55(2.3,9.2) 51(2.2,89) 7.8(4.5,10.1) 17.5(12.6,23.8)
Ontario 6.0 (1.4, 8.4) 5.3(2.1,10.9) 8.5(3.6,11.4) 20.5(15.4,26.7)
Quebec 6.8 (2.7,10.6) 7.2 (4.6,10.2) 10.0 (6.2, 15.6) 26.0 (17.8,30.2)
Atlantic 6.8 (3.4,10.2) 8.5(6.1,11.1) 13.5(7.8,18.2) 30.2 (22.9, 38.3)
North 7.1(4.1,8.7) 7.8(4.7,10.8) 10.8 (8.2, 13.5) 29.8 (23.2,36.2)
Canada 6.1 (4.0,8.5) 6.7 (4.1,9.5) 8.4(6.9,11.4) 22.9(18.8,26.9)

20-year return value
British Columbia 6.3(3.6,9.9) 6.7 (4.1,14.7) 9.8(7.4,13.6) 25.8(21.8,30.8)
Prairies 5.6 (2.6,10.2) 6.0 (2.6, 10.3) 8.8(4.7,10.8) 19.1 (14.1, 25.3)
Ontario 57(0.8,7.8) 5.1(2.3,10.7) 8.2(2.4,12.2) 20.1 (16.1,25.6)
Quebec 6.0 (2.2,10.8) 8.6 (3.8,9.9) 10.2 (5.1, 15.8) 25.8 (18.3,32.0)
Atlantic 7.9(3.6,11.9) 9.5(6.7,11.8) 13.7(7.9,19.2) 30.9 (24.1,39.1)
North 6.8 (3.6,9.4) 7.4(3.1,11.4) 10.7 (7.9, 13.3) 30.0 (22.9,35.1)
Canada 6.1 (3.7,8.7) 6.9 (4.5,10.0) 8.8 (6.6, 11.6) 24.2 (19.2,27.8)

50-year return value
British Columbia 7.0 (3.0, 10.5) 9.2 (5.1,16.0) 10.1 (7.5, 15.5) 28.7 (21.9,33.5)
Prairies 6.1 (2.3,10.5) 6.5(2.0,11.3) 10.0 (6.2,12.1) 21.3(14.8,26.8)
Ontario 4.9 (0.9, 8.4) 7.6 (0.8, 11.0) 8.5(2.8,13.0) 20.1 (13.3,28.0)
Quebec 6.3(0.9,9.9) 7.7 (3.3,11.9) 10.8 (4.7,17.1) 26.5(17.9, 33.8)
Atlantic 7.7 (3.5,12.8) 9.2 (6.6, 14.3) 14.3(7.9,21.2) 32.4(24.9,42.6)
North 4.9 (2.4,9.0) 6.4(1.7,10.2) 10.8 (7.8, 13.0) 30.1(24.9,33.8)
Canada 6.2 (3.8,9.2) 7.4(5.0,10.4) 9.2(7.0,11.9) 24.7 (19.6,29.7)

@ The median or 50th percentile value is based on the CMIP5 multi-model ensemble. The 25th percentile value indicates
that 25% of the CMIP5 model projections have a change smaller than this value. The 75th percentile value indicates 25% of

CMIP5 model projections have a change larger than this value.

b Regions are defined by political boundaries; “North” includes the three territories (see Figure 1.1).
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While results from global climate model projections (such as those above) are useful for impact assessment
and adaptation planning, there is an important caveat, especially for extreme precipitation. It is difficult to
interpret these projections at local scales. The spatial resolution of global climate models is coarse (typically
100-250 km). The precipitation extremes in a model therefore represent averages over an area of several
thousand square kilometres, and so convey different information than may be required for practical applica-
tions. More importantly, climate models may not include all of the physical processes that produce local in-
tense rainstorms. This affects the confidence we can have in statistical downscaling products that transform
precipitation from coarse resolution models to smaller areas. While regional climate models may operate at
much smaller scales, conventional regional climate models, which are used to conduct most of the dynamical
downscaling, do not accurately simulate important processes such as convection. These limitations must be
kept in mind when using projections for the purpose of regional and local adaptation; in particular, the project-
ed values given by these global or regional climate models should not be interpreted literally as the measured
amount of precipitation at a point location.

Estimating changes in short-duration extreme precipitation at a point location is complex because of the lack
of observations in many places and the discontinuous nature of precipitation at small scales. Projection of
such extreme precipitation is also difficult because of the shortage of simulations by models with a very high
resolution that resolve the physical processes that produce those extreme events (Zhang et al., 2017). Never-
theless, multiple lines of evidence support high confidence in projecting an increase in extreme precipitation
globally. These lines of evidence include attribution of an observed increase in high-latitude total precipitation
to human influence, consistency in projected future increases in extreme precipitation by multiple models,
and the physical understanding that warming would result in an increase in atmospheric moisture. It is likely
that extreme precipitation will increase in Canada in the future, although the magnitude of the increase is
much more uncertain.

Box.4.2: The impact of combined changes in temperature and
precipitation on observed and projected changes in fire weather

Changes in temperature and in precipitation each have impacts across many sectors. However, combined
changes in temperature and precipitation can have additional impacts, and some sectors rely on information
regarding concurrent changes in these two variables. An example is fire weather. Changing precipitation and
temperature (along with changing wind) alter the risk of extreme wildfires that can result from hot, dry, and
windy conditions. Understanding changes in both temperature and precipitation lends insight into changes in
wildfire risk and how it might evolve in the future.

The Canadian Forest Fire Weather Index (FWI) System is a collection of indices that use weather variables,
including temperature and precipitation, to characterize fire risk. It includes an index, labelled FWI, that syn-
thesizes information from the collection of indices to quantify day-to-day changes in the risk of a spreading
fire. A threshold of this index is often used to define days conducive to fire spread (Wang et al., 2015; Jain et
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al., 2017). In addition, three of the most commonly used indices are moisture codes, describing the dryness
of different categories of fuels (Wotton, 2009). All of the FWI indices represent factors affecting fire potential,
with larger values indicating greater fire potential, although the occurrence of a large wildfire also depends on
ignition sources, fuel characteristics, and fire management actions.

A few studies have looked at trends in these indices across Canada. Large year-to-year variability in the FWI
indices hinders detection of trends (Amiro et al., 2004; Girardin et al. 2004). Trends may sometimes be dis-
cerned from a very long record of data, as is the case with increases in the Drought Code?’ in northern Canada
and decreases in the Drought Code in western Canada and parts of eastern Canada during the 20" century
(Girardin and Wotton, 2009). Another study found that the mean number of fire spread days across Canada
increased over 1979 to 2002, although the trends varied regionally, and only some were significant (Jain et
al., 2017). Despite inconsistent trends in the FWI indices, there has been a significant increase in annual area
burned across Canada (Podur et al., 2002; Gillett et al., 2004).

Higher temperatures in the future will contribute to increased values of the FWI indices and, therefore, in-
creased fire risk. The increase in precipitation that would be required to offset warming for most of the FWI
indices exceeds both projected and reasonable precipitation changes (Flannigan et al. 2016). Increases in
extreme values of the Duff Moisture Code? are projected across most of the forested ecozones of Canada by
2090 (Wotton et al., 2010). Increases in fire spread days and extreme values of the FWI are projected, with the
largest changes in the western Prairies (Wang et al,, 2015). Several other studies also project increases in the
FWI indices and the length of the fire season in Canada in the future (Flannigan et al., 2009; de Groot et al.,
2013; Flannigan et al., 2013; Kochtubajda et al., 2006). Although the magnitude of projected changes varied
among these studies, most project increases in the FWI indices that correspond to higher fire risk.

Section summary

In summary, there is medium confidence that annual mean precipitation has increased, on average, in Can-
ada, with larger percentage increases in northern Canada. There is low confidence in the magnitude of the
increase because of poor spatial coverage of long-term, observational records. Such increases are consistent
with model simulated precipitation response to anthropogenic climate change. Annual and winter precipita-
tion is projected to increase everywhere in Canada over the 21 century, with larger percentage changes in
northern Canada. Summer precipitation is projected to decrease over southern Canada under a high emission
scenario toward the end of the 215t century, but only small changes are projected under a low emission sce-
nario. For Canada as a whole, there is a lack of observational evidence of changes in daily and short-duration

21 The Drought Code describes dryness in the deepest forest floor layers and in large debris; precipitation influences the
amount of moisture in this layer and temperature controls the rate at which the layer dries (Wotton et al., 2009).

22 The Duff Moisture Code describes dryness in the upper layer of forest floor debris; precipitation provides moisture
and both temperature and relative humidity control the rate at which the layer dries (Wotton et al., 2009).
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extreme precipitation. This is not unexpected, as extreme precipitation response to anthropogenic climate
change during the historical period would have been small relative to its natural variability and as such, diffi-
cult to detect. However, in the future, daily extreme precipitation is projected to increase (high confidence).

4.4: Attribution of extreme events

Key Message

Anthropogenic climate change has increased the likelihood of some types of extreme events, such as
the 2016 Fort McMurray wildfire (medium confidence) and the extreme precipitation that produced
the 2013 southern Alberta flood (low confidence).

There has been an increase in costly extreme weather and climate events worldwide (WMO, 2014) and across
Canada (Kovacs and Thistlethwaite, 2014; OAGC, 2016; OPBO, 2016). Much of this rise is due to greater expo-
sure to the effects of such extreme events, as Canada'’s population and the value of its supporting infrastruc-
ture have both increased considerably. Changes in the intensity and frequency of damaging extreme weather
and climate events due to climate change (IPCC, 2013) may also be playing a role. These extreme weather/
climate events attract attention because they are rare and often have notable impacts on our society and
economy.

It is generally not feasible to answer the question, Did human-induced climate change cause a particular
weather or climate event? Often, that event could have occurred in the absence of human effects. Instead,
recent research has focused on whether human activity has influenced the probability of particular weather or
climate events or, in some cases, the strength or intensity of the events. As the climate changes, largely due
to anthropogenic influences, the likelihood of a particular class of events — all events as extreme as or more
extreme than the one defined in the study — also changes (NASEM, 2016). In this sense, an extreme event
may be attributable to causes external to the natural climate system. Thus, a new branch of climate science,
called event attribution, has emerged that evaluates how the probability or intensity of an extreme event, or
more generally, a class of extreme events, has changed as a result of increases in atmospheric GHGs from
human activity.

A growing number of extreme events in Canada and worldwide are being examined in this way (e.g., Herring
et al, 2017, NASEM 2016). Several of these event attribution analyses are relevant to Canadians (see Table
4.7). Two examples are highlighted in this section, including a description of methods of analysis in Box 4.3.

Canada

174



CANADA'S CHANGING CLIMATE REPORT

Table 4.7: Event attribution analyses relevant to Canada

EVENT

REFERENCE

BRIEF OVERVIEW OF CONCLUSIONS

Drought

2015 drought in western
Canada

Szeto et al.,, 20162

Anthropogenic climate change increased
likelihood of extremely warm spring but no
contribution to the observed weather pattern
was detected.

Flooding

2014 flooding in south-
east Prairies

2013 Alberta floods

Szeto et al.,, 20152

Teufel et al., 2017°

Anthropogenic influence may have increased
rainfall, but landscape modification played a
key role in increased runoff.

Increased likelihood of extreme rainfall in this
region due to the anthropogenic component;

no anthropogenic influence detected for run-

off.

Cold extremes

Cold February 2015 in
North America

Extreme cold winter
of 2013/2074 in North
America

Extreme cold winter of
2013/2014

Bellprat et al,, 2016

Yu and Zhang, 2015

Wolter et al., 20152

Determined event was mainly due to natural
variability, although there might have been
some contribution from decreased Arctic sea
ice and increased sea surface temperatures.

Suggest warming trend made event less ex-
treme than it might have been.

Extreme cold events have become much less
likely due to the long-term, anthropogenic
warming trend.

Warm extremes

November/December
2076 extreme warm
Arctic temperatures

2074 extreme warm
temperatures in east-
ern Pacific and western
Atlantic

Kametal, 2017%

Kam et al,, 20152

Extremely warm Arctic temperatures most like-
ly would not have occurred without the anthro-
pogenic contribution.

Extreme warm temperatures over the eastern
Pacific and western Atlantic considerably more
likely with the anthropogenic component.
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Table 4.7: Event attribution analyses relevant to Canada

Arctic sea ice ¢

2012 record minimum
sea ice extent

March 2015 record low
sea ice extent

2012 record minimum
sea ice extent

Kirchmeier-Young et al.,
2017°

Fuckar et al., 20162

Zhang and Knutson, 2013

Record minimum in summer Arctic sea ice
extent would not have occurred without the
anthropogenic contribution.

The observed sea ice extent would not have
occurred without the underlying climate
change influence.

Record minimum in summer Arctic sea ice
extent extremely unlikely to be due to internal
variability.

Wildfires

2016 Fort McMurray
wildfire

2016 Fort McMurray
wildfire

2015 Alaska wildfire
season

Kirchmeier-Young et al.,
20172°b

Tettetal, 20172

Partain et al., 20162

Anthropogenic contribution increased likeli-
hood of extreme wildfire risk and the length of
fire seasons.

Anthropogenic contribution increased like-
lihood of extreme vapour pressure deficits,
which increase fire risk.

Anthropogenic contribution increased likeli-
hood of extreme wildfire risk.

a Included in the annual Bulletin of the American Meteorological Society special reports on event attribution.

Box.4.3: Methods for event attribution

b Discussed in more detail in this section.

¢ Discussed in more detail in Chapter 5.

Event attribution is used to quantify how human-influenced climate change affects the occurrence of a par-
ticular type (or class) of extreme event. Its goals are similar to those of the detection and attribution process
described in Chapter 2 (see Section 2.3.4), but it focuses on individual events. Event attribution analyses
(NASEM, 2016) compare the likelihood of a particular class of events (e.g., all events as extreme, or more
extreme, than the event defined in the study) between a factual world, which includes the human component,
and a counter-factual world that comprises only natural factors — that is, the “climate that might have been”
in the absence of the human component.

To demonstrate, Figure 4.21 shows distributions of possible values of a climate variable for the world without

the human contribution in blue, and for a scenario like the one we have experienced with the human contri-
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bution in red. The shaded regions represent the probability that a particular extreme event (an outcome as
extreme, or more so, than the one indicated by the vertical bar) will occur in each scenario. The probability of
the event increases when the human contribution is included — from 1in 60 to 1 in 5. The ratio of the prob-
ability with the human contribution to the probability without the human contribution is referred to as a “risk
ratio.” Although this event could occur in the absence of human influence, it is 12 times as likely (risk ratio of
12) when the human component is included.

The conclusions of an event attribution analysis often depend on how the question is posed. This includes
the choices made when defining events and designing the analysis approach. For example, the change in
probability between the two scenarios in Figure 4.21 depends on the placement of the vertical bar, or the
lower bound on the magnitude that defines the chosen event. Changes in the probabilities of temperature and
precipitation extremes depend on the probability of the events in the current climate, with larger risk ratios
corresponding to more extreme (rarer) events (Kharin et al., 2018). The uncertainty in the risk ratio (i.e., the
event attribution result) becomes larger for rarer events, as it is more difficult to estimate the probabilities

of these very rare events. The choice of the variable and/or region to determine the distributions also has an
impact on the results.

Two types of questions have been asked in event attribution analyses: How has the probability of the extreme
event (frequency) changed, and how has the intensity of the event (magnitude) changed? As an example,
event attribution for a flood-producing heavy rainfall event may try to answer, “Has human-induced climate
change made this type of heavy rainfall event occur more often?” (frequency) or “Has human-induced climate
change increased the amount of rainfall in these types of storms?” (magnitude). The human influence could
have a different impact on the frequency than on the magnitude of a particular event. It is thus important to
understand the characteristics of the event being assessed and to interpret the results of an event attribution
analysis in context.
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Figure 4.21: Hypothetical illustration of event attribution

Figure caption: The blue distribution represents the possible values of a climate variable in a world without a hu-
man influence. The red distribution represents the possible values of the same variable in a world with the human
contribution. The shaded areas indicate the probability of experiencing an extreme event (defined by the dashed
vertical bar) in each scenario.

FIGURE SOURCE: PRODUCED FOR THIS REPORT BY THE PACIFIC CLIMATE IMPACTS CONSORTIUM (PCIC).

Canada

178



CANADA'S CHANGING CLIMATE REPORT

4.4.1: Attribution of two recent events

4.4.1.1: 2013 Southern Alberta flood

In June 2013, an extreme flood event in southern Alberta became Canada’s costliest natural disaster to that
date, with significant damage to property and infrastructure throughout the region, including in the City of
Calgary. The flood displaced almost 100,000 people and resulted in $6 billion in damage, including $2 billion
in insured losses (ECCC, 2017).

A storm producing heavy rainfall over the region triggered the flooding event in the Bow River basin, but a
combination of both meteorological and hydrological factors led to the extreme flooding. A recent study

(Teufel et al., 2017) assessed the contributions of several of these factors, including anthropogenic GHG

emissions.

The study used the Canadian Regional Climate Model (CRCM5) to run large ensembles of high-resolution sim-
ulations for North America. To assess the contribution of human climate change, simulations of the model
were run using present-day levels of GHGs and also using pre-industrial levels to represent the time before
humans had a discernable impact on the climate.

To estimate the probability of the event, return periods were calculated for three-day rainfall totals during May
and June exceeding the observed amount. The return period for the observed event in the present-day climate
in the Bow River was estimated to be about 60 years. Using climate projections, the return period is estimat-
ed to be reduced to about 20 years by the late 215t century (under both an intermediate emission scenario
[RCP4.5] and a high emission scenario [RCP8.5]), implying that the type of extreme rainfall that led to the
southern Alberta flooding event will become much more common in the future.

Estimated return periods were compared between the present-day and pre-industrial climates, in order to de-
termine the human contribution (see Figure 4.22). Including human GHG emissions resulted in shorter return
periods (the event is more likely) for three-day maximum precipitation over the entire southern Alberta region
than for pre-industrial levels (see Figure 4.22a). Weather and climate variability tends to be larger for small-
er regions, resulting in a smaller ratio between the anthropogenic influence and natural internal variability.
Therefore, the anthropogenic influence on the rainfall events over the smaller Bow River basin region was less
pronounced (see Figure 4.22b). There is no discernable difference for maximum three-day surface runoff, and
thus no anthropogenic influence is detected for this variable (see Figure 4.22c). The authors acknowledge the
uncertainties in modelling complex surface hydrological processes and suggest that any increase in rainfall
could be offset by decreases in snowpack or frozen ground conditions.

In summary, human influence was detected for the flood-producing rainfall, particularly over the larger region,
but human influence could not be detected for the flood itself. A flood event is the result of many factors in
addition to the amount of rainfall, including the ground conditions, characteristics of the snowpack, and size
and orientation of the storm. As a result, two events with the same rainfall amounts do not necessarily pro-
duce floods of the same magnitude. The complex hydrological processes that occur after the rainfall reaches
the ground add additional uncertainty which decreases the ability to detect human influence.
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Increased GHG emissions, largely due to human activities, result in increased temperatures. Increased
temperatures allow more moisture to be available in the atmosphere for precipitation, leading to increased
intensity of extreme rainfall events. The 2013 southern Alberta flood was the result of a combination of many
factors, and this study demonstrated that human-induced emission of GHGs had increased the likelihood of
an extreme amount of precipitation in southern Alberta, at least as large as the amount observed during this

event.
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Figure 4.22: Precipitation and runoff that led to the 2013 southern Alberta flood
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Figure caption: Return periods for the observed three-day maximum precipitation (a, b) and three-day maximum
runoff (c) that led to the 2013 southern Alberta extreme flooding event. Present-day return periods are shown in
red, and return periods from three pre-industrial simulations are shown in blue. Analysis is for the larger southern
Alberta region (a) and the smaller Bow River basin (b, ¢). The box plots show the spread in the return periods
across different estimates of the observed values from the reference simulations. The box boundaries indicate
the range from the 25th to 75th percentiles, the middle line indicates the 50th percentile, and the whiskers extend
to 1.5 times the width of the box or the most extreme value.

FIGURE SOURCE: ADAPTED FROM TEUFEL ET AL., 2017.
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4.4.1.2: 2016 Fort McMurray wildfire

In early May 2016, a large wildfire burned almost 600,000 ha (a land area covering 6000 square kilometres)

in northern Alberta. This fire resulted in the evacuation of all of the residents of Fort McMurray (over 80,000
people) and halted production in the oil sands (Government of Alberta, 2016). Insured losses are estimated at
$3.5 billion (IBC, 2016). The total cost of the event is still being determined, but it is expected to be consider-
ably higher.

The fire ignited near the Horse River amid very dry fuel conditions. High winds a few days later resulted in
rapid spread and fire growth. A study has used event attribution to assess the influence of human-induced
climate change on several measures of wildfire risk (see Box 4.2), albeit not extreme fire itself, in this region
(Kirchmeier-Young et al., 2017a).

Like the previous example, the study used large ensembles of model simulations, in this case employing the
Canadian Earth System Model (CanESM?2). To assess human influence, the model was run with only natural
forcings (solar and volcanic effects) and also with a combination of natural and anthropogenic forcings. The
anthropogenic component includes GHG emissions, aerosols, atmospheric ozone changes, and land-use
change.

Fire weather (see Box 4.2), fire behaviour, and fire season measures were calculated to characterize fire risk
from climate model output. To quantify the anthropogenic contribution, a risk ratio (NASEM, 2016) was calcu-
lated as the ratio of two probabilities: one for the event’'s occurrence when the human component is included,
and one for the occurrence of the same event with only natural factors. The risk ratio can be interpreted as
how many times as likely the event is as a result of anthropogenic factors. For example, a risk ratio of 1 im-
plies no change in the probability of occurrence, and a risk ratio of 2 implies the event is twice as likely, or that
there has been a 100% increase in the probability of the event compared with the unperturbed climate.

Results of the analysis show that three of the fire risk indices — extreme values of the Fire Weather Index
(FWI; see Box 4.2), high number of spread days, and long fire seasons — all show risk ratio values greater
than 1 (see Figure 4.23), indicating extreme values of each measure of wildfire risk are more likely when
anthropogenic warming is included. Risk ratios vary among the different fire risk indices analyzed. However,
extreme values of all measures describing wildfire risk are more likely with anthropogenic forcing.

Increasing temperatures, like those observed across Canada (see Section 4.2), will lead to drier fuels, and
thus increased fire potential, as well as longer fire seasons. It would require increases in precipitation well
beyond what is expected with climate change to offset increasing temperatures in terms of the FWI indices
(Flannigan et al., 2016). The study demonstrated that the extreme Alberta wildfire of 2016 occurred in a world
where anthropogenic warming has increased fire risk, fire spread potential, and the length of fire seasons
across parts of Alberta and Saskatchewan.
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Figure 4.23: Risk ratios for three measures of extreme wildfire risk

Figure caption: Risk ratios for three measures of extreme wildfire risk in the Southern Prairies Homogeneous Fire
Regime zone (Boulanger et al., 2014), showing the increase in likelihood due to the anthropogenic contribution. A
risk ratio greater than 1 (dashed line) indicates the extreme event is more likely when the human contribution is
included. The three measures used to characterize extreme wildfire risk in this region are fire weather (extreme
Fire Weather Index), fire behaviour (high number of fire spread days), and fire season (long fire seasons). The
error bars represent the 5-95% uncertainty range.

FIGURE SOURCE: ADAPTED FROM KIRCHMEIER-YOUNG ET AL., 2017A.
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Section summary

In summary, a new field of event attribution has emerged, which aims to assess the role of human-induced
climate change in extreme events. Some recent extreme events across Canada have been analyzed in this
way, including the southern Alberta flood in 2013 and the Fort McMurray wildfire of 2016. For the first event,
GHG emissions from human activity increased the likelihood of extreme, flood-producing rainfall, but the con-
fidence in this attribution is low because of the difficulties in modelling precipitation extremes, which exhibit
large variability at small scales, such as for this event. For the second event, there is medium confidence that
human-induced climate change increased the likelihood of the extreme wildfire risk associated with the 2016
Fort McMurray wildfire. The assessment of medium confidence balances high confidence in human influence
on the increase in temperature, which affects fire risk strongly, with many other factors contributing to this
event that are more difficult to represent in a climate model.
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Chapter Key Messages

5.2: Show Cover

The portion of the year with snow cover decreased across most of Canada (very high confidence®) as did the
seasonal snow accumulation (medium confidence). Snow cover fraction decreased between 5% and 10% per
decade since 1981 due to later snow onset and earlier spring melt. Seasonal snow accumulation decreased
by 5% to 10% per decade since 1981 with the exception of southern Saskatchewan, and parts of Alberta and
British Columbia (increases of 2% to 5% per decade).

It is very likely that snow cover duration will decline to mid-century across Canada due to increases in surface
air temperature under all emissions scenarios. Scenario-based differences in projected spring snow cover
emerge by the end of the century, with stabilized snow loss for a medium emission scenario but continued
snow loss under a high emission scenario (high confidence). A reduction of 5% to 10% per decade in seasonal
snow accumulation is projected through to mid-century for much of southern Canada; only small changes in
snow accumulation are projected for northern regions of Canada (medium confidence).

5.3: Sea Ice

Perennial sea ice in the Canadian Arctic is being replaced by thinner seasonal sea ice (very high confidence).
Summer sea ice area (particularly multi-year ice area) declined across the Canadian Arctic at a rate of 5% per
decade to 20% per decade since 1968 (depending on region); winter sea ice area decreased in eastern Cana-
da by 8% per decade.

It is very likely that increased temperatures under all emissions scenarios will result in continued reduction in
sea ice area across the Canadian Arctic in summer and the east coast in winter. Most Canadian Arctic marine
regions will be sea ice-free for part of the summer by 2050 (medium confidence), although the region to the
north of the Canadian Arctic Archipelago and Greenland will be the last area in the Arctic with multi-year ice
present during the summer (very high confidence). Multi-year ice will, therefore, still drift into the Northwest
Passage (and present a navigation hazard for shipping) even when the Arctic Ocean is sea ice-free during the
summer.

23 This report uses the same calibrated uncertainty language as in the IPCC’s Fifth Assessment Report. The following
five terms are used to express assessed levels of confidence in findings based on the availability, quality and level of
agreement of the evidence: very low, low, medium, high, very high. The following terms are used to express assessed
likelihoods of results: virtually certain (99%-100% probability), extremely likely (95%-100% probability), very likely
(90%-100% probability), likely (66%—100% probability), about as likely as not (33%—-66% probability), unlikely (0%—
33% probability), very unlikely (0%-10% probability), extremely unlikely (0%—5% probability), exceptionally unlikely
(0%—1% probability). These terms are typeset in italics in the text. See chapter 1 for additional explanation.
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5.4: Glaciers And Ice Caps

Canada’s Arctic and alpine glaciers have thinned over the past five decades due to increasing surface tem-
peratures; recent mass loss rates are unprecedented over several millennia (very high confidence). Mass loss
from glaciers and ice caps in the Canadian Arctic represent the third largest cryosphere contributor to global
sea level rise (after the Greenland and Antarctic ice sheets) (very high confidence).

Under a medium emission scenario, it is projected that glaciers across the Western Cordillera will lose 74%
to 96% of their volume by late century (high confidence). An associated decline in glacial meltwater supply to
rivers and streams (with impacts on freshwater availability) will emerge by mid-century (medium confidence).
Most small ice caps and ice shelves in the Canadian Arctic will disappear by 2100 (very high confidence).

5.5: Lake And River Ice

The duration of seasonal lake ice cover has declined across Canada over the past five decades due to later
ice formation in fall and earlier spring breakup (high confidence). Seasonal maximum lake ice cover for the
Great Lakes is highly variable since 1971 (very high confidence), with no significant trend.

Spring lake ice breakup will be 10 to 25 days earlier by mid-century, and fall freeze-up 5 to 15 days later, de-
pending on the emissions scenario and lake-specific characteristics such as depth (medium confidence).

5.6: Permafrost

Permafrost temperature has increased over the past 3—4 decades (very high confidence). Regional observa-
tions identify warming rates of about 0.1°C per decade in the central Mackenzie Valley and 0.3°C to 0.5°C per
decade in the high Arctic. Active layer thickness has increased by approximately 10% since 2000 in the Mack-
enzie Valley. Widespread formation of thermokarst landforms have been observed across northern Canada.

Increases in mean air temperature over land underlain with permafrost are projected under all emissions sce-
narios, resulting in continued permafrost warming and thawing over large areas by mid-century (high confi-
dence) with impacts on northern infrastructure and the carbon cycle.
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Summary

Over the past three decades, the proportion of Canadian land and marine areas covered by snow and ice have

decreased, and permafrost temperatures have risen (see Figure 5.1). These changes to the Canadian cryo-
sphere are consistent with those observed in other northern regions (Alaska, northern Europe, and Russia).
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Figure 5.1: Indicators of changes in the cryosphere as a result of warming

Figure caption: Left: Difference in snow cover duration (SCD) and sea ice cover duration (ICD; upper), and in
seasonal maximum snow water equivalent (SWEmax) and sea ice thickness (SITmax; lower) between the periods
2006-2015 and 1981-1990. Right: Time series of cumulative specific volume change (the running total of ice
cap surface mass balance divided by ice cap area) for three ice caps in the Canadian Arctic; annual mean ground
temperature departure in the sub-Arctic Mackenzie Valley (Norman Wells) and high Arctic (Alert) relative to the
1988-2007 mean; annual maximum lake ice thickness (Great Slave Lake, Northwest Territories, and Baker Lake,
Nunavut); and annual river discharge summed for rivers draining into the Arctic Ocean from North America and
Eurasia.

FIGURE SOURCE: SCD AND SWE FROM A BLEND OF FIVE SNOW PRODUCTS; ICD FROM SATELLITE PASSIVE MICROWAVE DATA;
AND SIT FROM THE PIOMAS ARCTIC SEA ICE VOLUME REANALYSIS. ICE CAP VOLUME DATA FROM DAVID BURGESS, NATURAL RE-
SOURCES CANADA; GROUND TEMPERATURE DATA FROM SHARON SMITH, NATURAL RESOURCES CANADA; LAKE ICE THICKNESS
DATA FROM CLAUDE DUGUAY, UNIVERSITY OF WATERLOO; ARCTIC RIVER DISCHARGE DATA FROM STEPHEN DERY, UNIVERSITY

OF NORTHERN BRITISH COLUMBIA.
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Snow cover fraction (SCF) decreased across most of Canada during the 1981-2015 period due to delayed
snow cover onset in fall and earlier snow melt in spring. Regional and seasonal variability in the SCF trends
reflects internal climate variability in surface temperature trends. Over the same time period, seasonal max-
imum snow water equivalent (SWE__ ), which is indicative of seasonally accumulated snow available for
spring melt, decreased across the Maritimes, southern Ontario, and nearly all of Canadian land areas north of
55° north latitude, while it increased across southern Saskatchewan and parts of Alberta and British Colum-
bia.

Significant reductions in sea ice area over the period 1968-2016 were evident in the summer and fall across
the Canadian Arctic (5% to 20% per decade, depending on region), and in winter and spring in eastern Ca-
nadian waters (5% to 10% per decade). Perennial sea ice in the Canadian Arctic is being replaced by thinner
seasonal sea ice: multi-year ice losses are greatest in the Beaufort Sea and the Canadian Arctic Archipelago
(CAA), approaching 10% per decade. Sixty-year records of landfast sea ice thickness show evidence of thin-
ning ice in the CAA.

Glaciers in Canada have receded over the past century, with a rapid acceleration in area and mass losses over
the past decade, due primarily to increasing air temperature. Recent mass loss rates are unprecedented over
several millennia. Lake ice cover is changing across Canada, driven primarily by earlier spring breakup. Sea-
sonal ice cover duration declined for approximately 80% of Arctic lakes between 2002 and 2015. Permafrost
in the central and southern Mackenzie Valley has warmed at a rate of approximately 0.2°C per decade since
the mid-1980s. While modest, these increases are important because permafrost temperatures in these re-
gions are currently close to zero, so the ground is vulnerable to thawing. Permafrost temperatures in the high
Arctic have increased at higher rates than in the sub-Arctic, ranging between 0.7°C and 1°C per decade.

These changes to the cryosphere during recent decades are in large part a response to increasing surface
temperatures. Regional and seasonal variability are due to natural climate variability in surface temperature
trends, changes in the amount and the phase (rain or snow) of precipitation, and to remote influences within
the global climate system (such as variations in ocean circulation and sea surface temperatures). Changes to
individual components of the cryosphere are interconnected. For example, snow is an effective insulator, so
changes in the timing of snow cover onset and the seasonal accumulation of snow strongly influence under-
lying ground temperature and the thickness of lake and sea ice.

Further changes to the cryosphere over the coming decades are virtually certain, as temperatures are pro-
jected to increase under all future emission scenarios. There is robust evidence that snow cover extent and
accumulation, sea ice extent and overall thickness, and the mass of land ice will continue to decrease across
Canada throughout the 21t century. Most Canadian Arctic marine regions could be sea ice—free for at least
one month in the summer by 2050, but sea ice will continue to be found along the northern coast of the CAA.
Reductions in glacier mass in western Canada will impact the magnitude and seasonality of streamflow,
affecting the availability of freshwater for human use. Warming will lead to a loss of permafrost and alteration
of the landscape as thawing occurs. These changes to the cryosphere will not be spatially uniform due to
regional effects of natural climate variability at decadal to multi-decadal time scales.
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5.1: Introduction

The term “cryosphere” refers to places on the Earth where water is frozen, and includes snow, sea ice, land ice
(glaciers and ice caps), freshwater ice (lake and river ice), permafrost, and seasonally frozen ground. Although
the term may not be broadly familiar to Canadians, the cryosphere is a defining component of Canada’s land-

scape for at least part of each year, and for the entire year at higher latitudes and elevations.

The cryosphere plays a key role in the climate system by influencing surface reflectivity (albedo — snow and
ice are highly reflective of incoming solar energy; see Chapter 2, Box 2.3), heat transfer (snow is a highly
effective insulator of the underlying soil or ice), and hydrological processes (water storage and runoff). It also
has important ecosystem linkages, as many organisms have adapted to living in or on snow and ice. These
range from distinctive microbial communities, to seals and polar bears, which rely on sea ice for breeding,
feeding, and mobility. Ice cover influences the algae growing season, water temperature, and oxygen levels, as
well as allowing wildlife to reach shorelines and cross water bodies. The state of the cryosphere also influenc-
es the Canadian economy by supplying freshwater from snow and glaciers for human use during melt peri-
ods, impacting shipping and offshore operations, facilitating northern transportation and resource extraction
through ice roads, and supporting winter recreation. It also contributes to a wide range of hazards such as
spring flooding, avalanches, as well as landscape instability as permafrost thaws. The cryosphere is also
critically important in the traditional ways of life of many Indigenous communities, particularly in the North.
As well as influencing the abundance and location of land, freshwater, and marine resources on which these
communities depend, snow, ice, and permafrost also affect access to these resources.

This chapter provides an assessment of observed and projected changes in the Canadian cryosphere. This
updates a review conducted as part of the 2007/2008 International Polar Year (Derksen et al., 2012) and a
previous overview of Canada’s changing climate (Bush et al., 2014), as well as complementing recent assess-
ments of the global (Vaughan et al., 2013) and Arctic (AMAP, 2017a) cryosphere. When appropriate, the lon-
gest available datasets of continuous surface measurements from observation sites are provided (for exam-
ple, glacier mass balance, permafrost temperature). Otherwise, validated datasets from remote sensing and
land surface models are utilized to provide information for large areas (for example, sea ice concentration,
snow cover fraction, lake ice cover). The historical periods vary between components of the cryosphere, de-
pending on the available data, but extend from at least 1981 to present. Projected changes to the cryosphere
are based on state-of-the-art climate model simulations from the fifth phase of the Coupled Model Intercom-
parison Project (CMIP5) (https:/esgf-node.llnl.gov/projects/cmip5/) (see Chapter 3, Box 3.1). In some cases,
these models simulate variables that can be directly compared with observations — for example, snow cover
fraction. In other cases, analysis of model projections is more complicated, either because the models do not
directly simulate the variable of interest (e.g., permafrost area needs to be inferred from soil temperature) or
the spatial resolution of global models is too coarse to provide information on individual features of interest
(i.e., specific lakes or glaciers) (see Chapter 3, Figure 3.2 for an explanation of models).

Changes in temperature and precipitation are the primary drivers of variability and change in the cryosphere
— these variables are discussed for all of Canada in Chapter 4. Temperature influences the timing, duration,
and intensity of melt periods, as well as whether precipitation falls as rain or snow. Snowfall events determine
the accumulation of seasonal snow, an important reflective and insulating layer, while changes in snow depth
influence ice thickness (both lake and sea ice) and ground temperature.

Canada


https://esgf-node.llnl.gov/projects/cmip5/

CANADA'S CHANGING CLIMATE REPORT

5.2: Show cover

Key Message

The portion of the year with snow cover decreased across most of Canada (very high confidence) as
did the seasonal snow accumulation (medium confidence). Snow cover fraction decreased between
5% and 10% per decade since 1981 due to later snow onset and earlier spring melt. Seasonal snow
accumulation decreased by 5% to 10% per decade since 1981 with the exception of southern Sas-
katchewan, and parts of Alberta and British Columbia (increases of 2% to 5% per decade).

Key Message

It is very likely that snow cover duration will decline to mid-century across Canada due to increases

in surface air temperature under all emissions scenarios. Scenario-based differences in projected
spring snow cover emerge by the end of the century, with stabilized snow loss for a medium emission
scenario but continued snow loss under a high emission scenario (high confidence). A reduction of
5% to 10% per decade in seasonal snow accumulation is projected through to mid-century for much
of southern Canada; only small changes in snow accumulation are projected for northern regions of
Canada (medium confidence).

Snow cover is a defining characteristic of the Canadian landscape for a few months each winter along the
southern margins of the country and for up to nine or 10 months each year in the high Arctic. Snow is re-
sponsible for a cascade of interactions and feedbacks that affect the climate system, freshwater availability,
vegetation, biogeochemical activity including exchanges of carbon dioxide and trace gases, and ecosystem
services (Brown et al,, 2017). To understand changes in snow, it is necessary to consider multiple variables,
including snow cover fraction (SCF), which is affected by the timing of snow onset and snow melt, and the
maximum seasonal snow water equivalent (SWE,__ ), the amount of water stored by snow and available for
melt in spring. These variables affect the exchange of energy between the surface and the atmosphere (with
important feedbacks to the global climate system) and freshwater availability, as nearly all Canadian water-
sheds are snow-dominated in the winter. Snow is critical to winter travel and tourism in many regions of the
country and is a key requirement for the construction of winter roads that connect remote communities and
mines, particularly in the Northwest Territories, northern Manitoba, and northern Ontario.

Surface observations of snow depth from climate monitoring stations (such observations are referred to as
“in situ data”) are not well suited for detecting trends and variability in snow cover because they measure
snow only at individual points (Brown and Braaten, 1998). Snow depth can vary significantly at the local scale
because of interactions with vegetation and topography (typically driven by winds), which means single point
measurements may not capture the mean snow depth on the landscape (Neumann et al.,, 2003). In addition,
climate stations are exceptionally sparse above 55° north latitude in Canada and are biased to lower eleva-
tions in mountainous areas and in coastal areas in the sub-Arctic and Arctic. It is, therefore, challenging to
use the conventional Canadian climate observing network for a national-scale assessment of snow. Satellite
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observations and land surface models are available that provide daily, spatially continuous data across all

of Canada, extending back for decades. These products have a coarse spatial resolution (25-50 km), which
presents problems for alpine areas and regions with mixed land cover. Researchers have made significant
efforts to determine the agreement among datasets to ensure robust analysis of trends (Mudryk et al., 2018).

5.2.1: Observed changes in show cover

Based on an analysis of multiple datasets covering 1981-2015, SCF (characterized as the proportion of days
within each month that snow was present on the ground) decreased by 5% to 10% across most of Canada
during most seasons (Mudryk et al., 2018; see Figure 5.2), notably, for eastern Canada in spring (April/May/
June) and most of the Canadian land area in the fall (October/November/December). This loss of snow cover
is consistent with previous studies using in situ datasets covering a longer time period (Brown and Braaten,
1998; Vincent et al,, 2015), but the 1981-2015 period is characterized by stronger reductions in snow cov-

er during the snow onset period for eastern Canada in response to enhanced fall warming (consistent with
Brown et al., 2018). Decreasing SCF trends over high latitudes of Canada are consistent with documented
reductions in annual snow cover duration (SCD; the number of days with snow cover) across circumpolar Arc-
tic land areas of two to four days per decade (approximately 1% to 2% per decade, assuming 250 days mean
snow cover) (Brown et al,, 2017). Some studies (Derksen and Brown, 2012; Derksen et al., 2016; Brutel-Vuil-
met et al,, 2013; Hernandez-Henriquez et al., 2015; Mudryk et al.,, 2017) identified spring snow cover losses
slightly stronger than those in Figure 5.2, because different datasets and time periods were considered.
Despite these differences, all studies consistently show reductions in spring SCF.

Analysis of surface temperature from a blend of six atmospheric reanalysis datasets showed that warming
trends over the 1981-2015 period are found in all Canadian land areas with SCF reductions (Mudryk et al.,
2018). Cooling trends in winter and spring are associated with the regions of increasing SCF (see Figure 5.2).
Observations from climate stations in the regions where SCF trends increased over 1981-2015 also show
decreased maximum snow depth and SCD over the longer 1950-2012 period (Vincent et al., 2015), so the
positive trends over 1981-2015 reflect nature variability in regional surface temperatures and precipitation.
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Figure 5.2: Snow cover fraction and sea ice concentration trends, 1981-20175

Figure caption: Terrestrial snow cover fraction and sea ice concentration seasonal trends for 1981-2015.
Stippling indicates statistical significance (there is only a 10% possibility that such changes are due to chance).
Dashed line denotes limit of Canadian marine territory. Changes in sea ice are discussed in Section 5.3.

FIGURE SOURCE: MUDRYK ET AL. (2018)

While SCF information is important for identifying changes in where snow covers the ground, from a water-re-
sources perspective, it is important to understand how much water is stored in the form of snow. This is de-
termined from the pre-melt SWE __ . SWE__ declined by 5% to 10% across much of Canada during the period
1981-2015, according to the multi-dataset analysis shown in Figure 5.3 (Mudryk et al., 2018). This is consis-
tent with snow depth trends from surface measurements (Brown and Braaten, 1998; Vincent at al., 2015) and
other observational studies (for example, Mudryk et al, 2015). Increases in SWE__ are evident across parts
of British Columbia, Alberta, and southern Saskatchewan. The influences of temperature and precipitation
changes need to be separated to understand the driving mechanisms behind trends in SWE__ (Raisanen,
2008; Brown and Mote, 2009; Mankin and Diffenbaugh, 2014; Sospedra-Alfonso and Merryfield, 2017).
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Figure 5.3: Trends in maximum snow water equivalent, 1981-2015

Figure caption: Trends in maximum snow water equivalent (SWE_ ) (% per decade) for 1981-2015. Stippling
indicates statistical significance (there is only a 10% possibility that such changes are due to chance).

FIGURE SOURCE: MUDRYK ET AL. (2018).

5.2.2: Projected changes in show cover

Projections of surface temperatures across Canada for the near-term under a high emission scenario
(RCP8.5) show warming in all seasons in the multi-model average (see Chapter 4, Section 4.2.1.3), with con-
current decreases in projected SCF across all of Canada during all seasons (Figure 5.4; Mudryk et al., 2018).
During winter, projected snow cover reductions will be greatest across southern Canada, where temperature
increases result in less snowfall as a proportion of the total precipitation. Temperatures will remain
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sufficiently cold at higher latitudes that winter (January/February/March) SCF in this region is not projected
to change in response to warming. During spring, the region of snow sensitivity to temperature forcing is pro-
jected to shift north, as snow cover retreats across the boreal forest, sub-Arctic, and high Arctic. This leads

to projected negative SCF trends (loss of snow) across these regions during the April through June period.
Important differences in spring snow cover projections between emissions scenarios emerge by the end of
the century, with stabilized snow loss under a medium emission scenario (RCP4.5) but continued loss under a
high emission scenario (RCP8.5) (Brown et al., 2017).
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Figure 5.4: Projected snow cover fraction and sea ice concentration trends, 2020-2050

Figure caption: Projected terrestrial snow cover fraction and sea ice concentration seasonal trends (% per de-
cade) for the 2020-2050 period for Canadian land and marine areas. Trends are calculated from the multi-model
mean of an ensemble of climate models (Coupled Model Intercomparison Project - CMIP5), using a high emis-
sion scenario (RCP8.5). Stippling indicates statistical significance (there is only a 10% possibility that such
changes are due to chance).

FIGURE SOURCE: MUDRYK ET AL. (2018)
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Projected changes in SWE,__ indicate that reductions will be extensive (5% to 10% per decade through 2050,
or a cumulative loss of 15% to 30% over the entire 2020-2050 period) over much of southern Canada, with
the greatest changes in the Maritimes and British Columbia (see Figure 5.5). The decreases across the
prairies, Ontario, Quebec, and the Maritimes are attributable to increasing temperatures that will shift the
proportion of total precipitation that currently falls as snow toward rain (Sospedra-Alfonso and Merryfield,
2017). (Note that the greatest near-term reductions in SWE__, according to the climate model projections,
will be just south of the Canadian border.) Projected changes in British Columbia are consistent with project-
ed SWE__ reductions in the Western Cordillera (Fyfe et al, 2017). While SWE__ is projected to increase by
mid-century in the Eurasian Arctic (Brown et al., 2017), minimal change is projected across high-latitude land
areas of Canada because increased snowfall is expected to be offset by increasing temperatures that shorten
the snow accumulation season.

-~ S —
00 725 50 25 25 5.0 75 10.0

SWEmax trends (% per decade)

Figure 5.5: Projected trends in maximum snow water equivalent, 2020-2050

Figure caption: Projected trends in maximum snow water equivalent (SWE__, % per decade) for 2020—-2050 for
Canadian land areas. Trends are calculated from the multi-model mean of an ensemble climate models (Coupled
Model Intercomparison Project - CMIP5), using a high emission scenario (RCP8.5). Stippling indicates statistical
significance (there is only a 10% possibility that such changes are due to chance).

FIGURE SOURCE: MUDRYK ET AL., 2018
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The greatest snow loss across Canada during the 2020-2050 period is projected to occur in the shoulder
seasons (October—November and May—-June; Thackeray et al.,, 2016) (see Figure 5.6). During mid-winter, there
is minimal percentage change in projected snow cover extent because winter temperatures across northern
regions of Canada will remain cold enough to sustain snow cover and there is greater climatological snow
extent in winter, which results in smaller percentage changes (see Figure 5.5). The projected trends are simi-
lar to the rate of change already observed during the historical period (see Section 5.2.1). Trends from a large
ensemble of simulations from the Canadian Earth System Model (CanESM?2) are slightly stronger than the
CMIP5 multi-model mean because projected warming is greater in CanESM2 than in the CMIP5 multi-model
mean (Thackeray et al., 2016).
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Figure 5.6: Observed (1981-2015) and projected trends in Canadian snow cover extent and snow water mass, 2020-2050

Canada



CANADA'S CHANGING CLIMATE REPORT

Figure caption: Monthly projected trends in Canadian snow cover extent (upper) and snow water mass (lower)
from the Coupled Model Intercomparison Project (CMIP5) multi-model ensemble (blue) and from the Canadian
Earth System Model (CanESM) large ensemble (aqua), under a high emission scenario (RCP8.5). Monthly mean
observational trends (1981-2015) from the snow dataset used in Section 5.1.1 are shown in red. Boxes show the
25th-75th percentile range, the horizontal line shows the median, and the dashed whiskers illustrate the mini-
mum and maximum.

FIGURE SOURCE: MUDRYK ET AL. (2018)

Section summary

In summary, analysis of multiple sources of SCF data from satellite remote sensing and land surface models
over the 1981-2015 period show the portion of the year with snow cover decreased across Canada at a rate
of 5% to 10% per decade. There is very high confidence in these trends based on consistency among multi-
ple datasets and quantitative relationships with surface temperature trends in which there is also high con-
fidence (see Chapter 4). Seasonal snow accumulation decreased by a rate of 5% to 10% per decade across
most of Canada (1981-2015), with the exception of southern Saskatchewan, Alberta, and British Columbia
(increases of 2% to 5% per decade), driven by both temperature and precipitation changes. Because of greater
uncertainty in sources of data on snow accumulation (compared to those on SCF), we have medium confi-
dence in these trends. It is very likely that snow cover duration will decline to mid-century across Canada as
a result of increases in surface air temperature under all emission scenarios. This likelihood assessment is
based on the strongly established sensitivity of snow cover to surface temperature in both observations and
climate models. Scenario-based differences in projected spring snow cover emerge by the end of the century,
with stabilized snow loss for low and medium emission scenarios (RCP2.6 and 4.5) but continued snow loss
under a high emission scenario (RCP8.5). A reduction of 5% to 10% per decade in seasonal snow accumula-
tion (through 2050) is projected across much of southern Canada; only small changes in snow accumulation
are projected across northern regions of Canada because increases in winter precipitation are expected to
offset a shorter snow accumulation period. There is greater uncertainty in SWE projections (compared to
SCD) because of greater spread in climate model responses due to the competing effects of temperature and
precipitation, so there is medium confidence in these results.
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5.3: Sea ice

Key Message

Perennial sea ice in the Canadian Arctic is being replaced by thinner seasonal sea ice (very high con-
fidence). Summer sea ice area (particularly multi-year ice area) declined across the Canadian Arctic
at a rate of 5% per decade to 20% per decade since 1968 (depending on region); winter sea ice area

decreased in eastern Canada by 8% per decade.

Key Message

It is very likely that increased temperatures under all emissions scenarios will result in continued
reduction in sea ice area across the Canadian Arctic in summer and the east coast in winter. Most
Canadian Arctic marine regions will be sea ice-free for part of the summer by 2050 (medium confi-
dence), although the region to the north of the Canadian Arctic Archipelago and Greenland will be the
last area in the Arctic with multi-year ice present during the summer (very high confidence). Multi-year
ice will, therefore, still drift into the Northwest Passage (and present a navigation hazard for shipping)
even when the Arctic Ocean is sea ice-free during the summer.

Climate-driven changes to sea ice affect local ecosystems throughout Arctic Canada and influence north-

ern residents through impacts on travelling, hunting, and fishing, with implications for people’s lives, liveli-
hoods, cultural practices, and economic activities. Satellite data show dramatic changes in Arctic sea ice
cover during the past 40 years, which are unprecedented over the past 150 years (Walsh et al., 2017). The
once-dominant ice that lasts over at least one complete summer melt season (multi-year ice, MY1) in the
Arctic Ocean has been largely replaced by ice that melts completely during the summer (seasonal first-year
ice, FYI) (Maslanik et al., 2011; Comiso, 2012). This change is important because FYI drifts and melts more
readily (Tandon et al., 2018; Stroeve et al., 2012). Average ice thickness over the Arctic Ocean has decreased
considerably (Kwok and Rothrock, 2009; Haas et al., 2010; Laxon et al., 2013; Richter-Menge and Farrell, 2013;
Kwok and Cunningham, 2015; Tilling et al., 2015). Since 2007, a series of new record-low Arctic sea ice ex-
tents have been recorded in the month of September (when sea ice extent reaches the annual minimum), with
a loss rate of approximately 13% per decade relative to the 1981-2010 mean (<http:/nsidc.org/arcticseaice-
news/>; Stroeve et al. 2012). Concurrent with these changes in ice cover, shipping activity in Canadian Arctic
waters has increased over the past decade (Pizzolato et al., 2016; Dawson et al., 2018). Decreases in sea ice
extent are no longer confined to the months of low ice cover (August/September/October), but are now also
observed during the once-stable winter season (Serreze et al. 2007; Parkinson, 2014).

While the changes in sea ice extent and character across the Arctic are dramatic, there is considerable region-
al variability. Canadian sea ice areas are composed of portions of the open Arctic Ocean where ice can circu-
late freely (the western Arctic/Beaufort Sea region), contrasted with the narrow waterways of the Canadian
Arctic Archipelago (CAA), where ice is landfast for most of the year. Along the more temperate east coast and
in Hudson Bay, the ice melts completely each spring. (Sea ice does not occur on the Pacific coast.)
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5.3.1: Observed changes in sea ice

Estimates of total ice and MY| area within Canadian Arctic waters are available from the Canadian Ice Service
Digital Archive (CISDA), which is an integration of a variety of datasets, including satellite measurements, sur-
face observations, airborne and ship reports, and operational model results (see Canadian Ice Service, 2007
and Tivy et al., 2017a for complete details). This record has been shown to provide more accurate estimates
of sea ice concentration (SIC) in Canadian waters compared to satellite passive microwave estimates (Ag-
new and Howell, 2003). Analysis of seasonally averaged trends in SIC over the 1981-2015 period (selected
to match the period of snow datasets described in Section 5.2.1) found reductions over Canadian waters in
all seasons (see Figure 5.2). Regions with the strongest SIC declines were eastern Canadian waters in winter
and spring, and the CAA and Hudson Bay in summer and fall. SIC trend patterns are closely associated with
warming patterns during the seasons of ice onset and growth (from October through March). However, dy-
namic effects (such as wind, which redistributes sea ice) also influence the observed ice reductions in spring
and summer (Mudryk et al., 2018).

The CISDA archive also extends the record of total and MY| back to 1968, almost 10 years earlier than cov-
erage by satellite passive microwave observations. Between 1968 and 2016, sea ice area, averaged over the
summer period, has decreased significantly in almost every region of the Canadian Arctic, by up to 20% per
decade in some regions (e.g., the Hudson Strait and Labrador Sea; see Figure 5.7). Compared with trends
computed over the periods 1968-2008 (Tivy et al.,, 2017a) and 1968-2010 (Derksen et al., 2012), more
regions are now experiencing significant decreases, and the rate of decline is stronger in all regions except
Hudson Bay. The largest declines in MY| have occurred in the CAA (approximately 9% per decade) and Beau-
fort Sea (approximately 7% per decade).
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Figure 5.7: Trends in Arctic summer total ice and multi-year ice, 1968-2016
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Figure caption: Trends in summer total ice (left) and multi-year ice (MY], right) area from 1968 to 2016. Summer
is defined as June 25 to October 15 for the Beaufort Sea, CAA, and Baffin Bay regions, and from June 18 to No-

vember 19 for Hudson Bay, Hudson Strait, Davis Strait, and Labrador Sea, consistent with Tivy et al. (2011a) and
Derksen et al. (2012). Only trends significant at the 5% level (there is only a 5% possibility that the trend is due to

chance) are shown.

FIGURE SOURCE: CANADIAN ICE SERVICE DIGITAL ARCHIVE; MUDRYK ET AL. (2018)

While there are high year-to-year differences due to natural variability, time series of sea ice area (see Figure
5.8) clearly show negative trends. The Beaufort Sea experienced record-low sea ice area in 2012, becoming
virtually ice free near the end of the melt season (Figure 5.8a; Babb et al., 2016). This was nearly repeated in
2076. The CAA had record-low ice years in 2011 and 2012, eclipsing the previous record set in 1998 (Figure
5.8b; Howell et al., 2013). Baffin Bay has experienced consistently low sea ice area since 1999 (Figure 5.8c),
while Hudson Bay sea ice area has declined since the mid-1990s (see Figure 5.8d; Tivy et al.,, 2011b; Hoch-
heim and Barber, 2014). Modelling has demonstrated that the recent extreme lows in Arctic SIC would not
have occurred without anthropogenic climate change (see Box 5.1).
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Figure 5.8: Arctic summer total sea ice area, 1968-2016

Figure caption: Time series of summer total sea ice area for the (a) Beaufort Sea, (b) Canadian Arctic Archipelago
(CAA), (c) Baffin Bay, and (d) Hudson Bay regions from 1968 to 2016.

FIGURE SOURCE: CANADIAN ICE SERVICE DIGITAL ARCHIVE; MUDRYK ET AL. (2018)

Box.5.1: The influence of human-induced climate change on extreme
low Arctic sea ice extent in 2012

The Arctic experienced a record-low sea ice extent (SIE) in September 2012. Extreme low SIEs can have
impacts on Arctic communities, ecosystems, and economic activities. Determining the role of human-induced
climate change in extreme low Arctic SIEs is important, because understanding the role of anthropogenic
greenhouse gases compared to natural variability provides a basis for understanding future projections and
potential adaptation measures.

Event attribution methods are used to determine the influence of human-induced climate change on the
occurrence (or intensity) of extreme events (NASEM, 2016). The probability of a particular extreme event is
compared between two different sets of climate model simulations: those that include the contribution from
human activities and those that include only natural factors. The difference in these probabilities indicates
the effect of human-induced climate change on the event. Attribution studies are described in more detail in
Chapter 4, Section 4.4.

Increasing temperatures in the Arctic have been attributed to human-induced factors in many studies (Gillett
et al,, 2008; Najafi et al., 2015; Min et al., 2008). Furthermore, attribution studies show that the record-low SIE
in 2012 was extremely unlikely to be due to natural variability in the climate system alone (Zhang and Knut-
son, 2013) and that it would not have occurred without human influence on climate (Kirchmeier-Young et al.,
2017). Figure 5.9a shows September Arctic SIE over time from climate model simulations using only natural
factors (blue line) and simulations that also include the human-induced component (red line). Simulations
that include the human-induced component show a strong decreasing trend, similar to the observed decline
in SIE (black line). On the other hand, the simulations with only natural forcings show similar year-to-year
variability but no trend.

To compare the probability of the 2012 event from each set of simulations, probability distributions are
shown in Figure 5.9b. The distributions describe possible values that might be expected in each scenario and
how likely they are. The observed 2012 record-low SIE event (vertical dashed line) is within the distribution
from the simulations that include the human-induced component and is much lower than any values in the
distribution with only natural forcings. With the human-induced component included, there is a 10.3% possi-
bility of a September SIE more extreme than the observed 2012 event. For the natural-only simulations, this
probability is extremely small. Therefore, the record-low September SIE in 2012 was extremely unlikely to be
due to only natural variability of the climate and would not have occurred without the human influence on
climate (Kirchmeier-Young et al., 2017).
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a) Time Series b) Probability Distributions

(millions of km?)

Septemper Sea Ice Extent anomaly

1960 1970 1980 1990 2000 2010 2020 -4 -3 2 -1 0 1 2 3

September Sea Ice Extent anomaly
(millions of km?)

— Anthropogenic and natural — Natural only — QObservations -=+ Observed 2012 event

Figure 5.9: Comparison of Arctic sea ice extent between simulations with and without the contribution of human activities

Figure caption: (a) Time series of September Arctic sea ice extent (SIE) simulations that include the human-in-
duced component (red) and simulations that include only natural factors (blue), shown as anomalies. Time series
from 50 realizations of the Canadian Earth System Model (CanESM2) are shown, with the mean shown in bold.
The time series of observations from the National Snow and Ice Data Center is shown in black. The horizontal
dashed line indicates the record-low 2012 SIE. (b) Probability distributions for values from each set of simula-
tions with (red) and without (blue) the human-induced component. Shading represents the uncertainty in the
estimated distributions and the vertical dashed line indicates the record-low 2012 SIE.

FIGURE SOURCE: ADAPTED FROM KIRCHMEIER-YOUNG ET AL. (2017).

The decline of sea ice across the Canadian Arctic is driven by increasing spring air temperature and resulting
increases in the length of the melt season. This results in more open water, increased absorption of solar radi-
ation (which further contributes to ice melt), increased water temperature, and delayed fall freeze-up (Howell
et al,, 2009a; Tivy et al., 201 14; Stroeve et al.,, 2014; Parkinson, 2074). Changes in sea ice cover are also driven
by atmospheric circulation. The Beaufort Sea was once a region where ice would thicken and age before
being transported to the Chukchi Sea and recirculated in the Arctic (Tucker et al., 2001; Rigor et al., 2002), but
now the region has become a considerable contributor to the Arctic’'s MYI loss (Kwok and Cunningham, 2010;
Maslanik et al., 2011; Krishfield et al., 2014; Galley et al., 2016). Ice is still being sequestered from the Canada
Basin (one of the two ocean basins in the Arctic Ocean) and transported through the Beaufort Sea during the
summer months, but this ice is now younger and thinner and melts en route to the Chukchi Sea (Howell et al.,
2076a). The CAA was also a region with historically heavy MYI throughout the melt season, but MYI condi-
tions have become lighter in recent years (see Figure 5.7; Howell et al., 2015).
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Arctic sea ice thickness has declined in recent years, largely associated with a reduction and thinning of the
MYI fraction (e.g., Kwok and Rothrock, 2009; Haas et al., 2010; Laxon et al., 2013; Richter-Menge and Farrell,
2013; Kwok and Cunningham, 2015; Tilling et al., 2015). These studies indicate thickness declines are greater
in the Beaufort Sea compared with the north-facing coast of the CAA, which still contains some of the thick-
est sea ice in the world (Haas and Howell, 2015). Unfortunately, the spaceborne sensors used to obtain sea
ice thickness information over the Arctic Ocean are not of sufficient spatial resolution to provide thickness es-
timates within the narrow channels of the CAA. Although there are only four locations with consistent records
and point measurements may not capture regionally representative conditions, the Canadian Ice Service
record of in situ landfast ice thickness represents one of the longest datasets in the Arctic, spanning over five
decades. Maximum ice thickness has declined significantly at three sites in the CAA (Cambridge Bay, Eure-
ka, and Alert), with decreases ranging from 3.6 to 5.1 cm (+ 1.7 cm) per decade from the late 1950s to 2016
(Howell et al., 2016b). No significant trend was found at Resolute, a result that differs from an earlier study by
Brown and Cote (1992), which reported a significant increase in maximum ice thickness at Resolute over the
1950-1989 period.

Sea ice along the east coast of Canada is seasonal, with ice melting completely each spring. A robust indica-
tor of change is winter season sea ice area, defined as the average from January through March of each year.
The rate of decline between 1969 and 2016, determined from the CISDA for the entire east coast region, is
7.5% per decade (statistically significant at the 1% level; there is only a 1% possibility that the decline is due to
chance; see Figure 5.10). This is consistent with the passive microwave time series, which indicates a decline
of 9.5% per decade over the 1979-2015 period (Peng and Meier, 2017). There is regional variability within

the east coast region, as the rate of decline for the Gulf of St. Lawrence (8.3% per decade) is less than that
for eastern Newfoundland waters (10.6% per decade), while the decline for the southern Labrador Sea is not
statistically significant at the 5% level (there is a possibility of more than 5% that the decline is due to chance;
see Figure 5.10). Years with extensive ice cover are more prominent before 1995, but the region has experi-
enced recent heavy ice years as well (in 2014 and 2015). Sea ice variability in this region is driven largely by
temperature and atmospheric circulation (i.e., winds) associated with the Arctic Oscillation (also called the
Northern Annular Mode [see Chapter 2, Box 2.5]; Deser and Tang, 2008; Peterson et al., 2015).
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FIGURE 5.710: East coast sea ice area trends, 1969-20176

Figure caption: (a) Map of average January—March sea ice area trends for subregions of the east coast and (b)
time series of average January—March sea ice area trends for the entire region, 1969-2016.

FIGURE SOURCE: CANADIAN ICE SERVICE DIGITAL ARCHIVE; MUDRYK ET AL. (2018)
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5.3.2: Projected changes in sea ice

The narrow channels in Canadian Arctic waters are poorly represented by the coarse spatial resolution of
climate models. While uncertainty in model projections is therefore higher for the CAA than for the pan-Arc-
tic, evaluation of historical simulations shows the CMIP5 multi-model ensemble (see Chapter 3, Box 3.1) still
provides a quantitative basis for projecting future sea ice conditions (Laliberté et al., 2016). Under a high
emission scenario (RCP8.5), the CMIP5 multi-model projections indicate widespread reductions in SIC for the
ice melt (summer) and ice formation (fall) seasons (Mudryk et al.,, 2018; see Figure 5.4). For the east coast,
virtually ice-free conditions during the winter months are projected by mid-century under a high emission sce-
nario (RCP8.5) with uncertainty in these projections due to potential changes in the transport of sea ice from
the Arctic to the east coast (Loder et al.,, 2015).

The probability and timing of future sea ice—free conditions are sensitive to the definition of ‘ice-free’ (Lalib-
erté et al., 2016). When using a threshold of 5% ice area, there is a 50% probability that all Canadian regions
will be sea ice—free in September by 2050 under a high emission scenario (RCP8.5; see Figure 5.11). The
probability that all regions will be ice free is similar for August, but lower for October and November. Hudson
Bay, which is already largely ice free in August and September, has a high probability of being ice free for four
consecutive months (August through November) by 2050. Using a definition of 30% ice area, more persistent
ice-free conditions are projected. Baffin Bay is projected to be ice free for August through October, and the
Beaufort Sea and the CAA may be ice free in August and September by 2050.
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Figure 5.11: Probability of sea ice—free conditions by 2050
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Figure caption: Probability of sea ice—free conditions by 2050 under a high emission scenario (RCP8.5) from the
Coupled Model Intercomparison Project (CMIP5) multi-model mean using a definition of ice-free conditions of 5%
(left) and 30% (right) sea ice area.

FIGURE SOURCE: MUDRYK ET AL. (2018)

The likelihood of summer ice-free conditions in the central Arctic is connected to the magnitude of projected
global temperature increases, with a much greater probability of ice-free conditions for 2°C global warming
compared to 1.5°C (Jahn, 2018; Sigmond et al,, 2018). The area to the north of the CAA and Greenland will
be the last refuge for summer sea ice (including MYI) in the Arctic during the summer (Wang and Qverland,
2012; Laliberté et al., 2016), so ice will still drift into the Northwest Passage, where it will present a navigation
hazard for shipping, even when the Arctic Ocean is sea ice—free during the summer (see FAQ 5.1: Where will
the last ice area be in the Arctic?).
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FAQ 5.1: Where will the last sea ice area be in the Arctic?

Short answer:

The last sea ice area in the Arctic during the summer months will be along the northern coasts of Greenland
and the Canadian Arctic Archipelago (CAA), as well as areas between the northern islands of the CAA (Figure
5.12), providing an important refuge for sea ice—dependent species. As long as there is sea ice within this
region during the summer months, it will continue to be transported southward into the major shipping chan-
nels of the CAA, presenting an ongoing potential hazard for shipping in this region, even while the majority of
the Arctic is free of seaice.

Full answer:

The decline of summer Arctic sea ice extent associated with observed warmer temperatures is perhaps the
most visible feature of climate change over the past 30 years or more (Comiso, 2012; Fyfe et al., 2013). Arctic
sea ice is also thinner because older and thicker MY| has been gradually replaced by younger seasonal ice
(Kwok and Cunningham, 2015). Continued declines in both sea ice extent and thickness as a result of further
warming from greenhouse gas emissions are projected by the latest state-of-the-art climate models, and this
has led to questions about when the Arctic will become free of sea ice during the summer months. The con-
sensus from climate models is that a summertime sea ice—free Arctic could be a reality under a high emis-
sions scenario by mid-century; however, there is considerable regional variability in the timing of projected
sea ice—free conditions during the summer months (Laliberté et al., 2016).
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The “last ice area” (LIA) refers to regions of the Arctic immediately north of Greenland and the CAA, as well as
areas between the northern islands of the CAA (Figure 5.12). The concept of the LIA was borne from climate
model simulations that project sea ice within the LIA, even when the rest of the Arctic is virtually sea ice—free
during September (Laliberté et al., 2016). Sea ice will persist in the LIA because of the influence of large-scale
atmospheric circulation (prevailing winds) on sea ice motion, with the atmospheric Beaufort High driving the
counter-clockwise (anti-cyclonic) movement of sea ice in the Beaufort Gyre. As a result, Arctic Ocean sea ice
converges against the northern coasts of Greenland and the CAA, creating some the thickest sea ice in the
world, with some floes over 5 m thick (Kwok and Cunningham, 2015). This thick sea ice is more resistant to
melt under a warming Arctic. So, assuming no major changes in future atmospheric circulation patterns, sea
ice will persist in the LIA during the summer, even when the rest of the Arctic is sea ice—free.

Last Ice Area

Figure 5.12: Location of the last ice area

Figure caption: Approximate area (shaded in white) of the last sea ice area in the Arctic during the summer
months.

FIGURE SOURCE: BASEMAP — HTTPS://NOAA.MAPS.ARCGIS.COM/HOME/ITEM.HTML?ID=94F14EBO995E4BFC9D2439FC868345DA;
LAST ICE AREA ESTIMATE — HTTP://WWW.WWF.CA/CONSERVATION/ARCTIC/LIA/
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Recent scientific attention, in the context of the Paris Agreement under the United Nations Framework Con-
vention on Climate Change, has focused on the probability that the Arctic will become sea ice—free in the
summer. The Paris Agreement aims to strengthen the global response to climate change by limiting the
increase in global mean temperature to within 2°C above pre-industrial levels, while pursuing efforts to limit
warming even more, to 1.5°C. Climate model simulations show that a sea ice—free Arctic becomes increas-
ingly more likely as global mean temperatures increase beyond 1.5°C and reach 2°C (e.g., Jahn, 2018; Sig-
mond et al., 2018). These studies define sea ice—free conditions for the Arctic as a threshold of 1 million km?
sea ice extent; this remnant ice cover will be located in the LIA.

The LIA will be an important refuge for marine species who rely on sea ice for habitat and hunting, as well as
for communities that depend on these species. The persistence of sea ice within the LIA has implications for
shipping in the Arctic. For instance, even when the majority of the Arctic is sea ice—free during the summer,
thick multi-year ice from the LIA will continue to be transported southward into the channels of the Northwest
Passage, presenting a hazard to transiting ships (Haas and Howell, 2015).

221

Section summary

In summary, the Arctic sea ice environment has changed profoundly over recent decades (Barber et al., 2017).

Perennial sea ice that survives the summer melt is being replaced by thinner seasonal sea ice that melts in
the summer. Summer sea ice area (particularly MYI) declined across the Canadian Arctic by 5% to 20% per
decade (1968-2016, depending on region); winter sea ice area decreased in eastern Canada (by 7.6% per
decade, 1969-2016). There is very high confidence in these trends, which are derived by trained analysts
from Canadian Ice Service ice charts that provide region-specific sea ice information. It is very likely that
continued reductions in summer and fall sea ice across the Canadian Arctic, and winter sea ice in eastern
Canadian waters, will result from increased temperatures under all emission scenarios. Most Canadian Arctic
marine regions could be sea ice—free for at least one month in the summer by 2050 (high confidence) based
on simulations from CMIP5 models. There is very high confidence that the region to the north of the CAA
and Greenland will be the last area where thick MY will be present in the Arctic during the summer. Current
understanding of sea ice dynamics, based on satellite observations, indicates this MYI will continue to drift
into Canadian waters.
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5.4: Glaciers and ice caps

Key Message

Canada'’s Arctic and alpine glaciers have thinned over the past five decades due to increasing sur-
face temperatures; recent mass loss rates are unprecedented over several millennia (very high con-
fidence). Mass loss from glaciers and ice caps in the Canadian Arctic represent the third largest
cryosphere contributor to global sea level rise (after the Greenland and Antarctic ice sheets) (very high
confidence).

Key Message

Under a medium emission scenario, it is projected that glaciers across the Western Cordillera will lose
74 to 96% of their volume by late century (high confidence). An associated decline in glacial meltwa-
ter supply to rivers and streams (with impacts on freshwater availability) will emerge by mid-century
(medium confidence). Most small ice caps and ice shelves in the Canadian Arctic will disappear by
2100 (very high confidence).

Canada’s landmass supports approximately 200,000 km? of ice, which includes glaciers and ice caps in
western Canada, the Canadian Arctic Archipelago (CAA), and northern Labrador (Radic et al., 2014; Clarke et
al., 2015). These glaciers are responding to long-term climate changes since the Little Ice Age, as well as the
anthropogenic rapid warming of recent decades. The largest ice caps are located in Queen Elizabeth Islands
and Baffin Island of the Canadian Arctic. Because they drain to the Arctic Ocean, these ice caps represent the
greatest potential contribution from Canadian territory to sea level increases (Radic et al., 2074). Mountain
glaciers of western Canada cover a much smaller area and have less potential to affect global sea levels.
However, they are an important source of meltwater runoff, as melt from these glaciers is a significant con-
tributor to summer streamflow in river systems (Jost et al.,, 2012; Naz et al., 2014; Bash and Marshall, 2014).
The loss of mountain glaciers can therefore influence how much water is available, and when, in downstream
areas that can extend far from the source regions.

A key measure of health for glaciers and ice caps is surface mass balance, the difference between annual
mass gained through snow accumulation and mass lost due to melt runoff. In the relatively dry Canadian
Arctic, surface mass balance is determined primarily by the duration and intensity of the summer melt season
(Koerner, 2005), while glaciers in more temperate regions of Canada are also influenced significantly by year-
to-year variations in snowfall. Remote sensing measurements generally cannot be used to directly estimate
mass balance, with the exception of very coarse resolution gravimetric measurements from the NASA GRACE
mission (approximately 450 km x 450 km), but remote sensing does contribute valuable information on the
melt/freeze state (Wang et al., 2005), changes in ice thickness (Gray et al., 2016; Krabill et al., 2002; Berthier
et al,, 2074), and glacier motion and iceberg calving (Strozzi et al., 2008, van Wychen et al,, 2016, Gray et al.,
2001). For larger regions, models can be used to estimate mass balance (Lenaerts et al,, 2013; Gardner et al,,
2011). Long-term records of surface mass balance measurements from a small number of Canadian glaciers
are available through the World Glacier Monitoring Service (<http://wgms.ch/latest-glacier-mass-balance-data/>).
Acquiring surface measurements for the determination of glacier mass balance is logistically difficult, so only
selected glaciers in the CAA and western Cordillera are monitored (see Figure 5.13).
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5.4.1: Observed changes in glaciers and ice caps

Climate warming, combined with periods of reduced precipitation in Western Canada, has contributed to total
thinning of glaciers in the southern Cordillera by 30 to 50 m since the early 1980s (see Figure 5.13) (Zemp et
al., 2015). By the mid-1980s, glaciers in Garibaldi Provincial Park, southern British Columbia, had contracted
in area by 208 km? since the Little lce Age maximum extent of 505 km?, with accelerated shrinkage by anoth-
er 52 km? (or 7% of the Little Ice Age maximum) by 2005 (Koch et al., 2009). Glacier extent at several sites

in the central and southern Canadian Rocky Mountains decreased by approximately 40% from 1919 to 2006
(Tennant et al,, 2012). Glaciers of the Columbia Icefield, in the Canadian Rocky Mountains, also experienced
dramatic changes from 1919 to 2009, losing 22.5% of total area while retreating more than 1.1 km on aver-
age (Tennant and Menounos, 2013). Aerial photography shows that all glaciers in British Columbia’s Cariboo
Mountains receded over the 1952-2005 period, with a loss of approximately 11% in surface area (Beedle et
al., 2015). In eastern Canada, small alpine glaciers in the Torngat Mountains, Labrador (see Figure 5.13 for
location) shrunk by 27% between 1950 and 2005, with current thinning rates as high as 6 m per year across
the 22 km? of glaciers that remain in this area (Barrand, et al., 2017).

¥
Melvile 3

Devon (NW)

Meighen
12 White
- Melville
-16

1960 1970 1980 1990 2000 2010 2020

— Peyto
- Helm
-30 = Place

-50
1960 1970 1980 1990 2000 2010 2020

Cumulative thickness change (metres water equivalent)

FIGURE 5.13: Cumulative thickness change at long-term glacier monitoring sites in Canada

Figure caption: Map shows location of monitoring sites in the Canadian Arctic Archipelago and the Western
Cordillera (image courtesy of Google Earth). Graphs show change in cumulative thickness of reference glaciers in
the Canadian high Arctic (top left) and Western Cordillera (bottom left) since the early 1960s. Note the difference
in y-axis scale between graphs.
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FIGURE SOURCE: MASS BALANCE DATA FOR DEVON (NORTHWEST), MEIGHEN, MELVILLE, AND ALL SITES IN THE WESTERN
CORDILLERA ARE FROM THE GEOLOGICAL SURVEY OF CANADA ARCHIVES, AND DATA FOR THE WHITE GLACIER WERE OBTAINED
FROM TRENT UNIVERSITY (1960-2012; G. COGLEY) AND UNIVERSITY OF OTTAWA (2013-2015; L. COPLAND).

Glaciers and ice fields covering approximately 10,000 km? of the Yukon have decreased in area by approxi-
mately 22% between 1957 and 2007, and thinned by 0.78 m water equivalent (90% uncertainty range 0.44 to
1.12 m per year) contributing 1.172 mm (90% uncertainty range 0.63 to 1.617 mm) to global sea level over this
period (Barrand and Sharp, 2010). Mass balance of glaciers, measured at three monitoring sites in Alaska (all
within 300 km of the Kluane ice field, Yukon) indicate a rapid change from positive to negative glacier mass
balance in this region beginning in the late 1980s (Wolken et al., 2017).

Long-term in situ glacier monitoring indicates a trend of significant loss of mass for glaciers and ice caps in
the CAA beginning in the early 1990s (see Figure 5.13). Acceleration of glacier thinning in this region in the
mid-2000s coincided with increases in summer warming driven by the advection of warm air masses to the
Arctic from more southerly latitudes (Sharp et al., 2011; Mortimer et al,, 2016). Based on satellite measure-
ments and surface mass-budget models, total mass loss from glaciers and ice caps in the CAA has increased
more than two-fold, from 22 gigatonnes (Gt) per year between 1995 and 2000 (Abdalati et al., 2004), to 60 Gt
per year (90% uncertainty range 52 to 66 Gt per year) over the 2004-2009 period (Gardner et al,, 2013), and
67 Gt per year (90% uncertainty range 61 to 73 Gt per year) over the 2003-2010 period (Jacob et al., 2012),
with mass losses continuing to accelerate to 2015 (Harig and Simons, 2016). According to the most recent
assessments of regional glacier change, glacier melting in the CAA has contributed 0.16 mm per year to glob-
al sea-level rise since 1995, 23% of the contribution of the Greenland ice sheet and 75% of the Antarctic Ice
Sheet (Gardner et al., 2103; Shepard et al., 2012; Sharp et al., 2016).

The Barnes Ice Cap on Baffin Island, the last remnant of the Laurentide Ice Sheet that covered most of Can-
ada during the last glaciation, lost 17% of its mass from 1900 to 2010 (Gilbert et al., 2016). Approximately
10% of the total area of ice in the CAA is composed of small, stagnant ice caps (the oldest are less than 3000
years old), located almost entirely under the regional equilibrium line altitude, meaning they do not have an
accumulation zone and experience net thinning across their entire area in most years. These ice caps are
shrinking rapidly (Serreze et al., 2017) and fragmenting (Burgess, 2017), with many expected to completely
disappear within the next few decades. Of similar age to the small ice caps are the ice shelves of northern
Ellesmere Island, which are composed of floating glacier ice and/or very thick old sea ice. These ice shelves
have decreased in area by about 90% since 1900 (with more than 50% of that loss since 2003) and are ex-
pected to survive for only the next decade or two (Mueller et al., 2017).

Like many glaciers in the world, Canada’s glaciers are out of equilibrium with current climatic conditions and
will continue to lose mass for the foreseeable future. Summer warming in the Arctic has driven extreme melt-
ing of ice caps and glaciers over the past two decades, resulting in this region becoming the most significant
cryosphere contributor to global sea-level rise after the Greenland and Antarctic ice sheets.
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5.4.2: Projected changes in glaciers and ice caps

Climate model projections indicate that western Canada and the western United States together (grouped
together in many studies because of their similar mountainous domain) could lose approximately 85% (90%
uncertainty range 74% to 96%) of the 2006 volume of glaciers by the end of the century under a medium
emission scenario (RCP4.5). Under a high emission scenario (RCP8.5), this loss could exceed 95% (Radic

et al, 2014). Glaciers in the coastal ranges of western Canada are predicted to lose 75% (90% uncertainty
range 65% to 85%) of their 2005 ice area and 70% (90% uncertainty range 60% to 80%) of their volume by
27100 based on the mean of four emission scenarios (RCP2.6, 4.5, 6.0, 8.5) (Clarke et al., 2015). Glaciers in the
western Canadian interior are projected to lose more than 90% of the 2005 volume under all scenarios except
a low emission scenario (RCP2.6) (Clarke et al.,, 2015). These changes, in combination with the projected

loss of alpine snow cover, will impact regional water resources (Fyfe et al., 2017; see Chapter 6, Section 6.2).
Glacier-fed rivers may experience periods of increased discharge due to greater meltwater contributions in a
warmer climate, but this response is finite, and glacier mass loss associated with warming is projected to re-
sult in reduced summer streamflow by mid-century (Clarke et al., 2015). The rate and timing of this transition
will have important consequences for stream and river water quality and temperature, and for the availability
of water for human uses such as hydro-electricity generation and agriculture.

Regional land ice models project that glaciers and ice caps in the Canadian Arctic will lose 18% of their total
mass by 2100 (Radic et al., 2014, relative to a baseline mass reference estimated by Radic and Hock, 2011)
under a medium emission scenario (RCP4.5), equivalent to 35 mm of global sea-level rise (Lenaerts et al,,
2013; Marzeion et al.,, 2012). This loss of land ice volume in Arctic Canada by 2100 will contribute 41 mm of
sea-level equivalent (90% uncertainty range 26 to 56 mm) under RCP4.5, and 57 mm of sea-level equivalent
(90% uncertainty range 39 to 75 mm) under a high emission scenario (RCP8.5) (Radic et al., 2014). Densifi-
cation of high-elevation firn (partially compacted granular snow that is the intermediate stage between snow
and glacial ice) has reduced or eliminated the internal storage capacity of the larger (more than 2000 km?) ice
caps in this region, thus increasing their sensitivity to future warming (Noél et al., 2018). Based on the trajec-
tories of observed loss over recent decades, many of the remaining small ice caps (less than 2000 km?) and
ice shelves in the Canadian Arctic are expected to disappear by 2100.

Section summary

In summary, Canada'’s Arctic and alpine glaciers have thinned over the past three to five decades, due to
increasing surface temperatures (very high confidence). While spatial sampling is sparse, these long-term
trends in glacier thickness change have been measured annually following standardized protocols and agree
with independent remote sensing and model-based approaches. Multiple assessments using satellite data
and models show that mass loss from glaciers and ice caps in the Canadian Arctic represents the largest
cryosphere contributor to global sea-level rise after the Greenland and Antarctic ice sheets (very high con-
fidence). Based on a regional mass balance model forced by future climate scenarios, glaciers across the
Western Cordillera are projected to lose up to 85% of their volume by the end of the century (high confidence).
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This will lead to a decline in glacial meltwater supply to rivers and streams, although there is only medium
confidence in the absolute impacts on freshwater availability because of multiple other contributors to pro-
jected streamflow changes (see Chapter 6, Section 6.2). Based on output from various independent models,
glaciers and ice caps in the Canadian Arctic will lose 18% of their total mass by the end of the century, and
so will remain important contributors to global sea-level rise beyond 2100 (high confidence). Small ice caps
and ice shelves in the Canadian Arctic are shrinking rapidly. Based on observed changes in recent decades,
and ice cap and ice shelf sensitivity to projected temperature increases, most are expected to disappear well
before 2100 (very high confidence).

5.5: Lake and river ice

Key Message

The duration of seasonal lake ice cover has declined across Canada over the past five decades due
to later ice formation in fall and earlier spring breakup (high confidence). Seasonal maximum lake
ice cover for the Great Lakes is highly variable since 1971 (very high confidence), with no significant
trend.

Key Message

Spring lake ice breakup will be 10 to 25 days earlier by mid-century, and fall freeze-up 5 to 15 days
later, depending on the emissions scenario and lake-specific characteristics such as depth (medium
confidence).

Canada is a lake-rich country, particularly across the north, with approximately 20% to 25% of the Arctic
coastal lowlands covered by lakes (Duguay et al., 2003). Therefore, the timing of lake and river ice freeze-up
and breakup (known as ice phenology) and ice thickness are important indicators of climate variability and
change. Ice phenology is sensitive to changes in air temperature, whereas changes in ice thickness are linked
to changes in both air temperature and snowfall. Due to the insulating properties of snow, the timing of snow
accumulation on new ice and the seasonal accumulation of snow influence ice thickness. In situ records of
ice cover across much of Canada are limited, because surface-based ice monitoring is not practical in many
regions, so satellite remote sensing is commonly used to monitor lake and river ice (Howell et al., 2009).

Changes to ice phenology and thickness influence the role that lakes play in regional energy and water cycles
(Rouse et al., 2005). Ice cover also has strong effects on lake biogeochemical processes in cold regions:
changes in the ecological productivity of high Arctic lakes on Ellesmere Island are predominantly determined
by variations in ice cover duration (Griffiths et al.,, 2017). Reductions in ice cover may also allow greater
emissions of methane (a greenhouse gas) from Arctic lakes (Greene et al., 2014; Tan and Zhuang, 2015). The
importance of ice cover to ecosystems is not limited to the Arctic. For instance, earlier ice melt across the
Great Lakes is linked to turbidity and phytoplankton activity through enhanced wind-induced mixing (Bai et al.,
2015). Seasonal roads across frozen lakes serve as a critical supply lines to remote communities and mines
during winter months, while stable lake and river ice is a necessity for safe winter season recreation and trav-
el for residents of northern communities.
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5.5.1: Observed changes in lake and river ice

Surface observations show that ice breakup is occurring earlier, and freeze onset later, across small lakes in
southern Quebec, Ontario, Manitoba, and Saskatchewan (Brown and Duguay, 2010). A significant declining
trend in annual maximum ice cover was observed for the Laurentian Great Lakes over the 1973-2010 period
(71% decline for all of the Laurentian Great Lakes), with the largest declines occurring in Lake Ontario (88%),
Lake Superior (79%), and Lake Michigan (77%) (Wang et al., 2012). Heavy ice years in 2014, 2015, and 2018,
however, result in no trend over the full 1973-2018 period (Figure 5.14). The large year-to-year variation is
associated with the Arctic Oscillation/North Atlantic Oscillation (AO/NAO) and El Nifio—Southern Oscillation
(ENSO) (see Chapter 2, Box 2.5). For example, the record-breaking low in maximum ice cover in the winter of
2011/2012 occurred during a strong positive-phase AO/NAO and the cold phase of ENSO (La Nifia event) (Bai
et al., 2015). Whether variable ice cover contributes to observed increases in water temperature in the Lauren-
tian Great Lakes is a topic under debate. Recent findings suggest that changes in winter lake ice cover play
only a minor role in the observed warming trend (Zhong et al., 2016), whereas ice cover duration was linked to
summer surface water temperature (particularly in nearshore areas) when the lakes were examined at a finer
spatial scale (Mason et al,, 2016).
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FIGURE 5.14: Laurentian Great Lakes annual maximum ice cover, 1973-2018.

Figure caption: Laurentian Great Lakes annual maximum ice cover (%) (1973-2018). Red dashed line indicates
the long-term average.

FIGURE SOURCE: NOAA GREAT LAKES ENVIRONMENTAL RESEARCH LABORATORY, HTTPS://WWW.GLERL.NOAA.GOV/DATA/ICE
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Satellite measurements show that lakes in Arctic Canada have also been experiencing an earlier ice mini-
mum (the last date of floating ice cover on the lake surface) and an earlier date when the water is clear of
ice (see Figure 5.15; see also Duguay et al., 2006; Prowse, 2012; Cooley and Pavelsky, 2076). These changes
are consistent with a recent circumpolar assessment, which showed that approximately 80% of Arctic lakes
experienced declines in ice cover duration from 2002 to 2015, due to both a later freeze-up and an earlier
breakup (Du et al., 2017). Results from northern Alaska (which are likely similar to those in northwestern
Canada) show that lake ice has begun to thin in recent decades (Alexeev et al., 2016). From 1992 to 2011,
approximately one-third of shallow lakes in which the entire water volume historically froze to the bed by the
end of winter had changed to floating ice (Arp et al., 2012; Surdu et al., 2014). Canada’s northernmost lake,
Ward Hunt Lake (located on Ward Hunt Island), had maintained stable, continuous year-round ice cover for
many decades until very warm summers of 2011 and 2012, when the ice cover fully melted (Paquette et al.,
2015). This loss of inland perennial freshwater ice cover occurred nearly simultaneously with the collapse of
the nearby Ward Hunt ice shelf (Mueller et al., 2009; Veillette et al., 2010). Analysis of a 15-year time series
(1997-2011) of radar and optical satellite imagery provides further evidence that some lakes in the central
and eastern Canadian high Arctic are transitioning from continuous (year-round) to seasonal ice cover (Surdu
etal, 2016).

It is difficult to provide an assessment of river ice changes across Canada because of sparse observations
and a lack of recent assessments of the available data. There is evidence of earlier river ice breakup, consis-
tent with increases in surface temperature (Prowse, 2012). However, the impact that climate-driven changes
in ice phenology and thickness, combined with changing seasonal flow regimes (see Chapter 6, Section 6.2)
and the influence of hydraulic processes (i.e., changing ice strength), will have on ice jams and flood events is
not fully understood (Beltaos and Prowse, 2009).
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Figure 5.15: Changes in ice cover for selected lakes in the Canadian high Arctic, 1997-2011
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Figure caption: Number of days earlier (negative numbers) or later (positive numbers) of (a) melt onset, (b) sum-
mer ice minimum, and (c) date that water is clear of ice for selected lakes in the central and eastern Canadian
high Arctic from 1997 to 2011. Number of days’ change is reported relative to the 1997-2011 mean date (from
remote sensing observations). Lakes in polar-oasis (relatively high annual precipitation) environments are shown
as blue bars and lakes in polar-desert environments (relatively low annual precipitation) are shown as black bars.
The red dashed line indicates the 1997-2011 mean change.

FIGURE SOURCE: SURDU ET AL., 2016

5.5.2: Projected changes in lake and river ice

Changes in lake ice can be projected only indirectly, because lake models are not embedded within global cli-
mate models and individual lakes are not spatially resolved. When forced by a future climate under a medium
emission scenario (RCP4.5), lake ice models project that spring breakup will occur between 10 and 25 days
earlier by mid-century (compared with 1961-1990), and freeze-up will be five to 15 days later across Canada
(Brown and Duguay, 2011; Dibike et al., 2012) (Figure 5.16). This results in a reduction of ice cover duration
of 15 to 40 days for much of the country. More extreme reductions of up to 60 days are projected in coastal
regions. The range in projected changes is due to regional variability in temperature and snowfall changes,
and to lake-specific variables such as size and depth. The Laurentian Great Lakes can be resolved by lake
models if the projected climate forcing data are downscaled. This approach has identified consistent results,
with reduced ice cover duration of between 25 to 50 days across the Laurentian Great Lakes by mid-century,
due to both later freeze-up and earlier melt (Gula and Peltier, 2012). Mean seasonal maximum ice thickness is
projected to decrease by 10 to 50 cm by mid-century, with a more pronounced decrease in the eastern Cana-
dian high Arctic (Brown and Duguay, 2011).
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Figure 5.16: Projected change in ice freeze-up and ice breakup dates for Canadian lakes

Figure caption: Change in mean date (number of days) of (a) freeze-up and (b) breakup between the current
(1961-1990) and future (2041-2070) climatic periods for a hypothetical lake of 20 m depth. Note that all
changes are in the positive direction (later ice freeze-up and earlier ice breakup). Simulations performed with the
Canadian Regional Climate Model (CRCM4.2) using the SRES A2 emission scenario.

FIGURE SOURCE: DIBIKE ET AL., 2012

Warming is projected to drive an earlier river ice breakup in spring, which is due to decreased mechanical ice
strength and earlier onset of peak discharge (Cooley and Pavelsky, 2016). More frequent mid-winter breakup
and associated ice jam events are anticipated (Beltaos and Prowse, 2009), although projected changes in
river ice properties may reduce ice obstructions during the passage of the spring freshet (the increased flow
resulting from snow and ice melt in the spring) (Prowse et al., 2070). A shorter ice cover season and reduced
ice thickness may affect food security for northern communities by reducing the reliability of traditional ice-
based hunting routes and the safety of ice-based travel. The reliability and predictability of ice roads as supply
lines to northern communities and development sites is not fully dependent on climate, because these ice
roads are partially engineered each season (i.e., snow is removed to accelerate ice growth). However, there
have been instances of severely curtailed ice-road shipping seasons due to unusually warm conditions in the
early winter (Sturm et al., 2016). The seasonal operational duration for such ice roads is expected to decrease
as a result of winter warming (Perrin et al., 2015; Mullan et al., 2017).
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Section summary

In summary, the duration of seasonal lake ice cover is declining across Canada due to later ice formation in
fall and earlier spring breakup, with implications for freshwater ecosystem services, tourism and recreation,
and transportation. Although the surface monitoring network is sparse, there is high confidence in this trend
because of consistency between satellite observations and historical lake ice model simulations. There is a
weak negative trend in seasonal maximum lake ice cover for the Laurentian Great Lakes (1971-2017); large
year-to-year variation is the primary feature of the time series (very high confidence). Changes in lake ice are
difficult to project because lake models are not embedded within global climate models and individual lakes
are not spatially resolved. Instead, estimates of changing lake ice phenology are derived from lake ice models
forced by projected future climates. These simulations indicate spring lake ice breakup will be 10 to 25 days
earlier by mid-century, with a 5to 15 day delay in fall freeze-up, depending on the emission scenario. While
the impact of warming temperatures on ice phenology is clear, there is only medium confidence in these
projections because of numerous sources of uncertainty, including the quality of snowfall projections, the
limitations of lake ice models, and the role of lake-specific characteristics such as depth and morphology.

Canada

232



CANADA'S CHANGING CLIMATE REPORT
233

5.6: Permafrost

Key Message

Permafrost temperature has increased over the past 3-4 decades (very high confidence). Regional
observations identify warming rates of about 0.1°C per decade in the central Mackenzie Valley and
0.3°C to 0.5°C per decade in the high Arctic. Active layer thickness has increased by approximately
10% since 2000 in the Mackenzie Valley. Widespread formation of thermokarst landforms have been
observed across northern Canada.

Key Message

Increases in mean air temperature over land underlain with permafrost are projected under all emis-
sions scenarios, resulting in continued permafrost warming and thawing over large areas by mid-cen-
tury (high confidence) with impacts on northern infrastructure and the carbon cycle.

Permafrost is an important component of the Canadian landscape, underlying about 40% of the landmass
and extending under the ocean in parts of the Canadian Arctic. Soil properties (including both the deep min-
eral soil and any overlying layers of organic matter), ground cover, and the thickness of overlying snow cover
(because of snow’s insulating properties) have important influences on ground temperatures and, therefore,
permafrost characteristics. The soil layer above the permafrost that thaws and freezes annually is referred to
as the “active layer”

Understanding current permafrost conditions and how they may evolve in response to a changing climate

is essential for the assessment of climate change impacts and the development of adaptation strategies in
northern Canada. Permafrost conditions are linked to hydrological (e.g., drainage) and land surface processes
(e.g., erosion and slope movements); ground warming and thawing can therefore affect ecosystems. Thawing
of ice-rich permafrost results in ground instability; if not considered in the design phase, this can affect the in-
tegrity of infrastructure such as buildings and airstrips. Coastal communities face unique challenges because
of processes related to thawing of the shore face (Ford et al.,, 2016). The northern circumpolar permafrost
region holds reserves of carbon (approximately 1000 petagrams [Pg] in the upper 3 m) as large as the total
amount of carbon in the atmosphere (Hugelius et al.,, 2014; Olefeldt et al., 2016). If permafrost thaws, it could
therefore release massive amounts of greenhouse gases (carbon dioxide and methane) into the atmosphere
(Romanovsky et al., 2017a). Northern soils efficiently store mercury, which is vulnerable to release as a con-
sequence of permafrost thaw (Schuster et al., 2018). Permafrost thawing can also release other compounds
and dissolved material (e.g., Kokelj and Jorgenson, 2013; Kokelj et al., 2013), including contaminants asso-
ciated with waste facilities that may depend on permafrost for containment (e.g., Prowse et al., 2009; Thien-
pont et al,, 2013).
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5.6.1: Observed changes in permafrost

Permafrost conditions are challenging to monitor because they cannot be directly determined using satellite
measurements. They are therefore determined largely from in situ monitoring, which results in gaps in the
spatial distribution of measurement sites because of the relative inaccessibility of large portions of northern
Canada and historical emphasis in monitoring regions with infrastructure development potential (such as

the Mackenzie Valley; Smith et al,, 2010). Changes in permafrost conditions over the last few decades can be
assessed by tracking changes in two key indicators: permafrost temperature and thickness of the active layer.
Ground temperature, measured below the depth where it varies from one season to the next, is a good indica-
tor of decadal to century changes in climate, while the active layer responds to shorter-term climate fluctua-
tions (Romanovsky et al., 2010).

Ground temperature is measured in boreholes, generally up to 20 m deep, across northern Canada. Some

of these monitoring sites have been operating for more than two decades, while many others were installed
during the International Polar Year (IPY, 2007-2009) to establish baseline measurements of the temperature
of permafrost (Smith et al., 2010; Derksen et al.,, 2012). A comparison of data collected for about five years
after the establishment of the IPY baseline indicates that permafrost has warmed at many sites from the
boreal forest to the tundra (Smith et al., 2015a), with greater changes in the colder permafrost of the eastern
and high Arctic, where temperatures increased by more than 0.5°C at some sites over this short time period.
Continued data collection has extended the time series beyond 30 years for some sites, allowing researchers
to place the changes since IPY in the context of a longer record.

The temperature of warm permafrost (above -2°C) in the central and southern Mackenzie Valley (i.e., Norman
Wells, Wrigley) has increased since the mid-1980s, but the rate of temperature increase has generally been
lower since 2000 — less than about 0.2°C per decade (see Figure 5.17 and Table 5.1). The low rate of increase
is observed because permafrost temperatures are already close to 0°C in this region, so energy is directed
toward the latent heat required to melt ground ice rather than raising the temperature further. In the Yukon,
comparison of recent ground temperature measurements with those made in the late 1970s and early 1980s
suggests similar warming of approximately 0.2°C per decade (Duguay, 2013; Smith et al., 2015b). In contrast,
in the northern Mackenzie Valley (sites designated Norris Ck and KC-07 in Figure 5.17 and Table 5.1), recent
increases in permafrost temperature have been up to 0.9°C per decade, likely associated with the greater
increases in surface air temperature in this region over the last decade when compared with the southern
Mackenzie Valley (Wrigley, Norman Wells in Figure 5.17; Smith et al.,, 2017).
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Figure 5.17: Trends in permafrost temperatures

Figure caption: Observed trends in permafrost temperatures for locations in the northwestern Arctic, Mackenzie
Valley region (top) and eastern and high Arctic (bottom). Note that the range of the y-axis differs between graphs.

FIGURE SOURCE: BASED ON UPDATES FROM ROMANOVSKY ET AL., 2017B; EDNIE AND SMITH, 2015; SMITH ET AL, 2017.
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Table 5.1: Changes in permafrost temperature for selected sites
across northern Canada

Increase per decade, °C

Region Sites Entire record Since 2000

Central Mackenzie Norman Wells, Wrigley Up to 0.1 <01t00.2

Valley

Northern Mackenzie Norris Ck, KC-07 NA 0.5t00.9

Baffin Island Pond, Arctic Bay, Pang- NA 0.5t00.7

nirtung

High Arctic Resolute, Eureka NA 0.41t00.7

High Arctic Alert 0.5(15m),0.3t0 0.4 1.2 (15m), 0.7 to
(24 m) 0.9 (24 m)

Northern Quebec (Nun- Akulivik,Salluit, Quag- 0.7t01.0 0.5t00.9

avik)

taq, Puvirnituq, Tasiu-
jag, Umiujaqg (11-20 m)

SOURCE: NORTHWEST TERRITORIES AND NUNAVUT UPDATED FROM ROMANOVSKY ET AL. (2017B); NORTHERN QUEBEC FROM
ALLARD ET AL. (2016).

Since 2000, high Arctic permafrost temperatures have increased at higher rates than those observed in the
sub-Arctic, ranging between 0.7°C and 0.9°C at 24 m depth and more than 1.0°C per decade at 15 m depth
(see Table 5.1), consistent with greater increases in air temperature since 2000 (Smith et al., 2015a). Short
records from sites in the Baffin region indicate warming at 10-15 m depth since 2000 (see Figure 5.17 and
Table 5.1), but there has been a decline in permafrost temperatures since 2012 (Ednie and Smith, 2015) that
likely reflects lower air temperatures in this region since 2010. In northern Quebec, where measurements

at some sites began in the early 1990s, permafrost continues to warm at rates between 0.5°C to 1.0°C per
decade (Smith et al., 2010; Allard et al., 2016). Permafrost can exist at high elevations in more southerly loca-
tions. Canada’s most southerly occurrence of permafrost, at Mont Jacques-Cartier on the Gaspé Peninsula,
shows an overall warming trend at 14 m depth of 0.2°C per decade since 1977 (Gray et al., 2017).
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A network of thaw tubes throughout the Mackenzie Valley has provided information on trends in the ac-

tive layer thickness (ALT) between 1991 and 2016 (see Figure 5.18; Smith et al., 2009). ALT exhibits greater
variability among years than does deeper ground temperature, with higher values of ALT in extremely warm
years such as 1998 (Duchesne et al,, 2015). ALT generally increased between 1991 and 1998 but decreased
over the following decade in response to lower annual air temperatures in the region. Since 2008, there has
been a general increase in ALT in Mackenzie Valley, with peak values in 2012 (Duchesne et al., 2015; Smith et
al., 2017). At sites where the permafrost is ice-rich, increases in summer thawing have been accompanied by
significant settlement (subsidence) of the ground surface (Duchesne et al,, 2015).

A number of recent studies provide other evidence of changing permafrost conditions. Observations of
landscape change over time, often based on air photo or satellite imagery interpretation, have identified areas
undergoing thermokarst processes, such as lake formation and collapse of peat plateaus and palsas (e.g.,
Olefeldt et al., 2016; Kokelj and Jorgenson, 2013). Over the last 50 years in northern Quebec, there has been

a loss of permafrost mounds, collapse of lithalsas, and increases in the size of thermokarst ponds (Bouchard
et al, 2014; Beck et al., 2015; Jolivel and Allard, 2017), while palsa decay has been observed in the Mackenzie
mountains of the Northwest Territories (Mamet et al., 2017). A recent repeat of a 1964 survey of permafrost
conditions along the Alaska Highway corridor between Whitehorse and Fort St. John indicated that per-
mafrost continues to persist in organic-rich soils, but is no longer found at other sites (James et al,, 2013).
Changes in lake area in Old Crow Flats since 1951 have also been linked to thermokarst processes (Lantz and
Turner, 2015). A recent intensification of thaw slumping may also be tied to changes in climate, including in-
creases in precipitation (Kokelj et al., 2015, 20174a; Segal et al., 2016; Rudy et al., 2017). In the southern North-
west Territories, forest die-off has been attributed to permafrost thawing and ground subsidence (Sniderhan
and Baltzer, 2016). Erosion of Arctic coasts in the form of retrogressive thaw slumps can result from a combi-
nation of mechanical (wave action) and thermal (warming permafrost) processes, potentially exacerbated by
sea-level rise (see Chapter 7, Section 7.5; Ford et al., 2016; Lamoureux et al., 2015; Lantuit and Pollard, 2008).
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Figure 5.18: Active layer thickness departures, Mackenzie Valley, Northwest Territories, 1991-2016

Figure caption: Departures from the 2003—-2012 mean (solid line) in measured active layer thickness (and stan-
dard deviation, shaded area) for 25 thaw tube sites in the Mackenzie Valley, Northwest Territories.

FIGURE SOURCE: UPDATED FROM DUCHESNE ET AL., 2015; SMITH ET AL., 2017
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5.6.2: Projected changes in permafrost

Climate models project large increases in mean surface temperature (approximately 8°C) across present-day
permafrost areas by the end of the 215! century under a high emission scenario (RCP8.5) (Koven et al., 2013)
(see Chapter 3, Section 3.3.3). While this dramatic warming will no doubt affect permafrost temperatures and
conditions (e.g., Slater and Lawrence, 2013; Guo and Wang, 2016; Chadburn et al., 2017), it is challenging to
project associated reductions in permafrost extent from climate model simulations because of inadequate
representation of soil properties (including ice content) and uncertainties in understanding the response of
deep permafrost (which can exceed hundreds of metres below the surface). Simulations from a model con-
sidering deeper permafrost and driven by low and medium emission scenarios project that the area underlain
by permafrost in Canada will decline by approximately 16%-20% by 2090, relative to a 1990 baseline (Zhang
et al., 2008a). These declines are smaller than projections from other modelling studies that only examined
near-surface ground temperature (Koven et al.,, 2013; Slater and Lawrence, 2013). These simulations also
show that permafrost thaw would continue through the late 215t century, even if air temperatures stabilize by
mid-century (Zhang et al., 2008b).

Other climate-related effects also influence the future response of permafrost to warming and complicate
modelling of future conditions (e.g., Kokelj et al., 2017b; Romanovsky et al., 2017a). For example, intensifica-
tion of rainfall appears to be strongly linked to thaw slumping (Kokelj et al.,, 2015). New shrub growth in the
tundra can promote snow accumulation and lead to warmer winter ground conditions (Lantz et al., 2013).
Thaw and collapse of peat plateaus and palsas into adjacent ponds increase overall permafrost degradation,
and gullies that form because of degrading ice wedges can result in thermal erosion and further permafrost
degradation (Mamet et al.,, 2017; Beck et al., 2015; Quinton and Baltzer, 2013; Godin et al., 2016; Perreault et
al., 2017). Damage to vegetation and the organic layer due to wildfires (which are projected to occur more
frequently under a warming climate) can lead to warming of the ground, increases in ALT, and degradation
of permafrost (Smith et al., 2015¢; Zhang et al., 2015; Fisher et al., 2016). Similarly, vegetation clearing and
surface disturbance due to human activity and infrastructure construction can also lead to ground warming
and thawing and enhance the effects of changing air temperatures on permafrost environments (Smith and
Riseborough, 2010; Wolfe et al., 2015).
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Section summary

In summary, a large proportion of the northern Canadian landscape has undergone, or will soon undergo,
changes brought about by permafrost thaw. The temperature of permafrost is increasing across sub-Arctic
and Arctic Canada, and the ALT has increased over the past decade in the Mackenzie Valley (high confidence).
The rate of increase differs within and among regions due to variability in surface temperature changes, soil
properties, and preceding temperature conditions. There is high confidence in these trends: they are derived
from high-quality borehole measurements (permafrost temperature) and thaw tube networks (ALT), although
the measurements are spatially sparse. The observed permafrost temperature and ALT changes are con-
sistent with regional surface air temperature trends, but additional factors such as snow cover, vegetation
changes, and disturbance can also modulate the response of permafrost to a changing climate. Ongoing
landscape change across northern Canada associated with the expansion of thermokarst landforms was
identified from surface observations and remote sensing. There is medium confidence in the assessment of
thermokarst changes: they are associated with well-understood processes associated with the thaw of ice-
rich permafrost, but region-specific rates of change are difficult to determine. Projected increases in mean
air temperature over land underlain with permafrost under all emission scenarios will result in permafrost
warming and thawing across large areas of Canada by the middle of the 215t century (high confidence), with
impacts on northern infrastructure and the carbon cycle. This is the expected permafrost response to the
high probability of increased surface temperature across Arctic land areas, with additional factors such as
changes to snow cover, surface wetness, vegetation, and disturbance also influencing permafrost conditions.
Confidence in projected permafrost changes from climate model simulations is affected by inadequate rep-
resentation of soil properties (including ice content) and uncertainties in understanding the response of deep
permafrost.
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5.7: Discussion

This assessment of observed and projected changes to the Canadian cryosphere shows that the proportion
of Canadian land and marine areas covered by seasonal snow, lake and river ice, and sea ice are decreasing
over time; glaciers and ice caps are losing area and mass; and permafrost is warming and thawing. Further
changes to the cryosphere are inevitable over the coming decades, driven by increasing air temperature.
These changes will have major impacts on terrestrial, aquatic, and marine ecosystems, and on many sectors
of the Canadian economy. Impacts will include risks to freshwater supply, from changes in peak pre-melt
snow mass and the timing of snow melt across the country (Sturm et al., 2017; Fyfe et al,, 2017) and from
loss of glaciers in the Coastal Mountains and western Rockies. More precipitation falling as rain rather than
snow, combined with earlier spring thaw, will result in earlier peak streamflows, with subsequent reduced
summer and autumn flows. Determining the likely timing of summer sea ice—free conditions for Canadian
regions (Laliberté et al., 2016) has important implications for marine shipping in the Arctic (Pizzolato et al,,
2016). Lake and river ice conditions are important for overland transportation in the sub-Arctic and Arctic,
both for goods transported via ice roads (Sturm et al.,, 2016; Furgal and Prowse, 2008) and for local access to
the land (Tremblay et al., 2008). Thawing permafrost can release greenhouse gases (Olefeldt et al., 2016) and
contaminants (Schuster et al,, 2018), while permafrost degradation has effects on northern infrastructure,
further adding to the high cost of northern development (AMARP, 2017b; Pendakur, 2017; Prowse et al., 2009).

There is a strong reliance on satellite remote sensing to provide spatially continuous and long time series of
cryosphere data for climate analysis. While these data are subject to limitations, there would be essentially no
monitoring capability for Canadian snow and ice (especially in the Arctic) without satellite data. Models are
another important source of information, albeit limited by uncertainties in both model performance and the
data used to drive the models. Glacier mass balance and permafrost changes are determined from observed
measurements from a limited number of locations. While the individual measurements are high-quality, spa-
tial coverage and representativeness is poor. Some variables are difficult to monitor at all. For example, alpine
snow poses a unique challenge because the coarse resolution of snow mass data from satellites and global
models and the sparse networks of surface observations do not capture land cover variability and steep topo-
graphic gradients in areas of complex terrain. Addressing these methodological challenges and information
gaps, potentially through the use of regional climate model simulations (Wrzesien et al.,, 2018) is important
because alpine regions are extremely sensitive to climate change and have a large impact on water resources
(Fyfe et al., 2017; Berg and Hall, 2017; Sospedra-Alfonso et al., 2015). A second example is sea ice thickness
in the Canadian Arctic, where surface observations are few and current satellite data are unable to provide
estimates within the narrow channels and waterways of the CAA. Snow depth on sea ice influences how thick
ice can grow, but measurements are currently limited to airborne surveys, with limited sampling over time
periods and geographic areas.

Detection and attribution studies show that climate change induced by human activity has driven observed
changes to the cryosphere. This includes the decline in Northern Hemisphere spring snow cover (Najafi et al.,
2016), summer Arctic sea ice loss (Min et al., 2008; Kirchmeier-Young et al., 2017), and declines in land ice
mass balance (Marzeion et al,, 2014).
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Projected changes to the cryosphere are closely tied to the amount of future warming (Thackeray et al., 2016;
Mudryk et al., 2017; Notz and Stroeve, 2016). While continued temperature increases are very likely, there will
be natural variability at the decadal scale. This suggests that the influence of natural climate variability on air
temperature trends will modulate the response of components of the cryosphere across different regions of
Canada over the coming decades. Regardless of this decadal-scale natural variability, the two key messages
from this integrated assessment of historical observations and future climate model projections of the Cana-
dian cryosphere are clear. The proportion of Canadian land and marine areas covered by snow and ice have
decreased, and permafrost temperatures are rising. These observed changes to the cryosphere are virtually
certain to continue over the coming century in response to long-term increases in surface air temperatures
under all emission scenarios.
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Chapter Key Messages

6.2: Surface Runoff: Streamflow

The seasonal timing of peak streamflow has shifted, driven by warming temperatures. Over the last several
decades in Canada, spring peak streamflow following snowmelt has occurred earlier, with higher winter and
early spring flows (high confidence?). In some areas, reduced summer flows have been observed (medium
confidence). These seasonal changes are projected to continue, with corresponding shifts from more snow-
melt-dominated regimes toward rainfall-dominated regimes (high confidence).

There have been no consistent trends in annual streamflow amounts across Canada as a whole. In the future,
annual flows are projected to increase in most northern basins but decrease in southern interior continental
regions (medium confidence).

Streamflow-related floods result from many factors, and in Canada these mainly include excess precipitation,
snowmelt, ice jams, rain-on-snow, or a combination of these factors. There have been no spatially consistent
trends in these flood-causing factors or in flooding events across the country as a whole. Projected increases
in extreme precipitation are expected to increase the potential for future urban flooding (high confidence).
Projected higher temperatures will result in a shift toward earlier floods associated with spring snowmelt,

ice jams, and rain-on-snow events (medium confidence). It is uncertain how projected higher temperatures
and reductions in snow cover will combine to affect the frequency and magnitude of future snowmelt-related
flooding.

6.3: Surface Water Levels: Lakes And Wetlands

In regions of Canada where there are sufficient data, there is no indication of long-term changes to lake and
wetland levels. Future levels may decline in southern Canada, where increased evaporation may exceed in-
creased precipitation (low confidence). Projected warming and thawing permafrost has the potential to cause
future changes, including rapid drainage, in many northern Canadian lakes (medium confidence).

24 This report uses the same calibrated uncertainty language as in the IPCC’s Fifth Assessment Report. The following
five terms are used to express assessed levels of confidence in findings based on the availability, quality and level of
agreement of the evidence: very low, low, medium, high, very high. The following terms are used to express assessed
likelihoods of results: virtually certain (99%-100% probability), extremely likely (95%-100% probability), very likely
(90%-100% probability), likely (66%—100% probability), about as likely as not (33%—-66% probability), unlikely (0%—
33% probability), very unlikely (0%-10% probability), extremely unlikely (0%—5% probability), exceptionally unlikely
(0%—1% probability). These terms are typeset in italics in the text. See chapter 1 for additional explanation.
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6.4: Soil Moisture And Drought

Periodic droughts have occurred across much of Canada, but no long-term changes are evident. Future
droughts and soil moisture deficits are projected to be more frequent and intense across the southern Cana-
dian Prairies and interior British Columbia during summer, and to be more prominent at the end of the century
under a high emission scenario (medium confidence).

6.5: Groundwater

The complexity of groundwater systems and a lack of information make it difficult to assess whether ground-
water levels have changed since records began. It is expected that projected changes to temperature and
precipitation will influence future groundwater levels; however, the magnitude and even direction of change is
not clear. Spring recharge of groundwater aquifers over most of the country is anticipated to occur earlier in
the future, as a result of earlier snowmelt (medium confidence).
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Summary

Freshwater availability in Canada is influenced by a multitude of factors: some natural, some as a result of
human activity. Changes in precipitation and temperature have a strong influence, both directly and indirectly,
through changes to snow, ice, and permafrost. Disturbances of the water cycle by humans (dams, diversions,
and withdrawals) make it difficult to discern climate-related changes. Direct measurements of freshwater
availability indicators are inconsistent across the country and, in some cases, too sparse to evaluate past
changes. In addition, future changes are determined from a multitude of hydrological models, using output
from numerous climate models with different emission scenarios. These factors make it challenging to con-
duct a pan-Canadian assessment of freshwater availability, and even more difficult to determine whether past
changes can be attributed to anthropogenic climate change. In this chapter, national and regional studies are
considered, along with information on changes in temperature and precipitation from Chapter 4 and changes
to the cryosphere from Chapter 5, to assess changes to freshwater availability in Canada.

Past changes in the seasonality of streamflow have been characterized by earlier spring freshets (the in-
creased flow resulting from snow and ice melt in the spring) due to earlier peaks in spring snowmelt, higher
winter and early spring flows, and, for many regions, reduced summer flows. These changes are consis-

tent with observed warming and related changes to snow and ice. During the last 30 to 100 years, annual
streamflow magnitudes, surface water levels, soil moisture content and droughts, and shallow groundwater
aquifers have, for the most part, been variable, with no clear increasing or decreasing trends. This variability
corresponds to observed year-to-year and multi-year variations in precipitation, which are partly influenced by
naturally occurring large-scale climate variability (see Chapter 2, Box 2.5). However, for many indicators, there
is a lack of evidence (particularly in northern regions of the country) to assess Canada-wide past changes in
freshwater availability.

Continued warming and associated reductions in snow cover, shrinking mountain glaciers, and accelerated
permafrost thaw are expected to continue to drive changes in the seasonality of streamflow. This includes in-
creased winter flows, even earlier spring freshets, and reduced summer flows, as well as corresponding shifts
from more snowmelt-dominated regimes toward rainfall-dominated regimes. Annual streamflow is projected
to increase in some areas (mainly northern regions), but decline in others (southern interior regions). Thawing
permafrost could cause future changes in many northern Canadian lakes, including rapid drainage. The fre-
qguency and intensity of future streamflow-driven flooding are uncertain, because of the complexity of factors
involved. Projected increases in extreme precipitation are expected to increase the potential for future urban
flooding. However, it is uncertain how projected higher temperatures and reductions in snow cover will com-
bine to affect the frequency and magnitude of future snowmelt-related flooding. Lower surface water levels of
lakes and wetlands are expected, especially toward the end of this century, under higher emission scenarios
(see Chapter 3, Section 3.2), due to higher temperatures and increased evaporation. However, the magnitude
of these decreases will depend on how much future precipitation increases offset increased evaporation.

Future increases in drought and decreases in surface soil moisture are anticipated during summer in the
southern Canadian prairies and interior British Columbia, where moisture deficits from increased evapotrans-
piration are projected to be greater than precipitation increases. These changes are expected to be more
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prominent toward the end of this century under higher emission scenarios; however, there is considerable un-
certainty in their magnitude. Groundwater systems are complex, and, although it is expected that changes to
temperature and precipitation will influence future levels, the magnitude and even direction of change is not
clear. However, in the future, spring recharge of groundwater aquifers over most of the country is anticipated
to occur earlier, as a result of earlier snowmelt.

These anticipated changes from anthropogenic climate warming will directly affect the timing and amount

of future freshwater supplies, and they may be exacerbated by human management alterations to freshwater
systems. The impacts are expected to be more prominent toward the end of this century under higher emis-
sion scenarios, given the larger associated climate changes. Of particular concern are impacts in regions that
currently rely on snow and ice melt as freshwater sources, as well as continental interior areas, where in-
creased evapotranspiration from warmer temperatures could reduce future water supplies. However, freshwa-
ter supplies in all regions of Canada are expected to be affected in one way or another. It is also anticipated
that water-related extremes, such as droughts and floods, will intensify these impacts.
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6.1: Introduction

Canada has vast amounts of freshwater, in the form of lakes, rivers, and wetlands, aquifers with groundwater
reserves, as well as water stored in snowpacks, glaciers, and the soil. There are over 8500 rivers and more
than 2 million lakes covering almost 9% of Canada (Monk and Baird, 2011), while wetlands occupy an esti-
mated 16% of the country’s landmass (National Wetlands Working Group, 1988, 1997). This freshwater is fun-
damental to the environment (e.g., aquatic ecosystems) and to many social and economic activities, including
agriculture, industry, hydroelectricity generation, provision of drinking water, and recreation.

Freshwater availability is primarily governed by processes and interactions within the water cycle (see Figure
6.1). Rain or snowmelt water can run off over the land surface into lakes and streams, but direct surface run-
off is rare in many natural areas, such as forests. Rather, much of the precipitation infiltrates into the ground,
accumulates on the surface as snow, or fills surface water bodies, where it eventually infiltrates into the soil
or evaporates. Some of the infiltrated water remains in shallow soil, where it is taken up by vegetation and
transpired back to the atmosphere. Soil water may flow rapidly to streams and lakes through highly perme-
able subsoils or percolate down to recharge deeper groundwater aquifers. This deeper water flows to streams
much more slowly, over periods ranging from days to thousands of years, depending on the permeability of
the geologic formations. Human water management — including dams, reservoirs, and water withdrawals —
has also become an important component of the water cycle.
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Figure 6.1: The water cycle, its components, relevant processes, and interactions

Figure caption: In the water cycle, water that evaporates from oceans is transported over land, where it falls as
precipitation. It then either moves back to the atmosphere through evapotranspiration, is stored as ice or snow,
or makes its way to rivers/streams (via various pathways), where it eventually flows back to the ocean.

FIGURE SOURCE: UK MET OFFICE (2018).
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Within the water cycle, the amount and timing of freshwater is influenced by several natural factors, includ-
ing size of the watershed; type of landforms; storage characteristics (on the surface and in subsurface soil);
type, rate, and amount of precipitation; presence of ice; amount of vegetation; soil properties (including
permafrost); and evaporation. Each of these acts on a variety of scales in time and space. This complexity is
particularly prominent in Canada, with its large land mass, diverse climate and eco-regions, and varied geol-
ogy. Furthermore, much of the surface water is currently managed by humans (especially in the more heavily
populated southern regions), making it difficult to separate the effects of climate from those of management.

Freshwater monitoring varies across Canada, with spatially dense monitoring at many points in some areas,
but a lack of monitoring in others, especially in much of northern Canada. Most research on past and future
freshwater availability is on individual large watersheds or specified geographic regions, and changes are
evaluated over different periods, depending on data availability, with few Canada-wide assessments. Stud-
ies on future changes use many different hydrological models driven by output from global climate models
(GCMs) and regional climate models (RCMs) (see Chapter 3, Section 3.3). As a result, assessing past and
future changes of freshwater availability in a pan-Canadian context is difficult. However, freshwater is greatly
influenced by surface temperature and precipitation (see Chapter 4) as well as the cryosphere (snow, glaciers,
freshwater ice, and permafrost) (see Chapter 5), and there is considerable information on past and future
changes in these variables across most of Canada. In much of the country, the proportion of total precipita-
tion falling as snow is declining, the extent and duration of snow cover are decreasing, glaciers are receding,
permafrost is thawing, air temperature and resulting evapotranspiration are increasing, and precipitation is
increasing. These trends are projected to continue, and all affect the amount and timing of freshwater avail-
ability.

In this chapter, freshwater availability is defined as water available at the surface (streams, lakes, and wet-
lands), in the soil, and in aquifers (groundwater). The assessment focuses primarily on water bodies unaf-
fected by human management, using information from federal and provincial/territorial monitoring networks.
Since floods and droughts are directly related to freshwater availability, past and future changes in these
events are also assessed (Chapter 6, Sections 6.2.4 and 6.4.2). Climate change impacts on water quality are
not addressed in this assessment.

6.2: Surface runoff: streamflow

Key Message

The seasonal timing of peak streamflow has shifted, driven by warming temperatures. Over the last
several decades in Canada, spring peak streamflow following snowmelt has occurred earlier, with
higher winter and early spring flows (high confidence). In some areas, reduced summer flows have
been observed (medium confidence). These seasonal changes are projected to continue, with corre-
sponding shifts from more snowmelt-dominated regimes toward rainfall-dominated regimes (high
confidence).
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Key Message

There have been no consistent trends in annual streamflow amounts across Canada as a whole. In
the future, annual flows are projected to increase in most northern basins but decrease in southern
interior continental regions (medium confidence).

Key Message

Streamflow-related floods result from many factors, and in Canada these mainly include excess pre-
cipitation, snowmelt, ice jams, rain-on-snow, or a combination of these factors. There have been no
spatially consistent trends in these flood-causing factors or in flooding events across the country as
a whole. Projected increases in extreme precipitation are expected to increase the potential for future
urban flooding (high confidence). Projected higher temperatures will result in a shift toward earlier
floods associated with spring snowmelt, ice jams, and rain-on-snow events (medium confidence). It is
uncertain how projected higher temperatures and reductions in snow cover will combine to affect the
frequency and magnitude of future snowmelt-related flooding.

Canada has more than 8500 rivers and streams of various lengths (Monk and Baird, 2011). Many are affected
by human alterations, such as flow regulation (dams, weirs, and locks), water withdrawals, and diversions,
often associated with hydroelectric facilities (CDA, 2016). Studies on climate-related past changes in stream-
flow rely heavily on data from streams that are not subject to these forms of human regulation (i.e., unreg-
ulated) or those with limited regulation (see Box 6.1). In a few cases, studies have attempted to account for
regulation by determining naturalized flow using various hydrological models (Peters and Buttle, 2010). Future
streamflow changes are assessed using climate output (e.g., precipitation and temperature) from various
GCMs and/or RCMs that provide input to a hydrological model. The multitude of climate and hydrological
models used in these studies adds uncertainty to future streamflow changes (e.g., Seneviratne et al,, 2012).

Box.6.1: Canada’s hydrometric network

Hydrometric stations are located on lakes, rivers, and streams of many sizes, ranging from drainage basins as
small as a few hectares to large watersheds such as the Mackenzie Basin (1,680,000 km?). Over 2600 active
water-level and streamflow stations are currently operated under federal-provincial and federal-territorial
cost-sharing agreements. Streamflow is the volume of water flowing past a point on a river in a unit of time
(e.g., cubic metres per second). Most stations are located in the southern part of the country; as a result, the
network is often inadequate to describe water characteristics and trends in northern Canada. The Reference
Hydrometric Basin Network (RHBN) is a subset of stations from the national network that are used primarily
for the detection, monitoring, and assessment of climate change (ECCC, 2017). These stations are charac-
terized by near-pristine or stable hydrological conditions and have been active for at least 20 years (Harvey

et al, 1999) (see Figure 6.2). However, the RHBN is also unevenly distributed across Canada (with almost no
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representation of the high Arctic Islands), and the length of data records varies (Whitfield et al., 2012).

A RHBN Stations — Lakes
B RHBN Stations — Rivers

Figure 6.2: Current Reference Hydrometric Basin Network river and lake stations across Canada

Figure caption: Canada’s Reference Hydrometric Basin Network (RHBN), a subset of stations that have experi-
enced little or no flow alteration and have thus widely been used for streamflow-related studies. This assessment
relies on literature that incorporated primarily stations from the RHBN.

FIGURE SOURCE: DERIVED USING DATA FROM THE WATER SURVEY OF CANADA (ECCC, 2017) <HTTPS://WATEROFFICE.EC.GC.
CA/>).
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6.2.1. Streamflow magnitude

Streamflow magnitude (runoff) is a key indicator for evaluating changes in surface water. It is assessed

at monthly, seasonal, and annual timescales to determine changes in overall flow volumes, and on daily to
weekly scales to assess high and low streamflow extremes. In all cases, pan-Canadian analyses are infre-
qguent and, in most cases, older than regional studies. For Canada as a whole, annual streamflow trends were
mixed. Significant declines occurred at 11% of stations and significant increases at 4% of stations for the
1967-1996 period. Most decreases were in southern Canada (Zhang et al., 2001; similar results in Burn and
Hag Elnur, 2002). Seasonal runoff over the 1970-2005 period, in most of the 172 stations evaluated, was
dominated by natural variability. Twelve per cent of stations showed significant increases in winter runoff (De-
cember to February), while only 5% had significant winter decreases. Spring and summer trends were mixed,
with no spatial pattern (Monk et al., 2011). From 1960 to 1997, significant increases in April flow occurred at
almost 20% of stations, and significant decreases in summer flow (May to September) were observed at 14%
of the sites (Burn and Hag Elnur, 2002). The increases in April flow were also found (25% of stations) for the
longer 1950-2012 period (Vincent et al., 2015).

Regional studies of trends in annual and seasonal streamflow magnitudes are summarized in Table 6.1. Al-
though these individual studies use different time periods, hydrometric stations, and analysis techniques, the
findings are mostly consistent with the Canada-wide analyses. Annual flows over western Canada have varied
from one region to another, with both increasing and decreasing trends since approximately the 1960s and
1970s (e.g., DeBeer et al., 2016). Most declines were observed in rivers draining the eastern slopes of the cen-
tral/southern Rocky Mountains, including the Athabasca, Peace, Red Deer, Elbow, and Oldman rivers (Burn et
al., 2004a; Rood et al., 2005; Schindler and Donahue, 2006; St. Jacques et al., 2010; Yip et al., 2012; Peters et
al., 2013; Bawden et al., 2014). Long-term streamflow records (over more than 30 years) from the Northwest
Territories, including the Mackenzie River, indicated increasing annual flows (St. Jacques and Sauchyn, 2009;
Rood et al,, 2017). However, annual runoff from rivers draining into northern Canada as a whole (western
Arctic Ocean, western Hudson and James Bay, and Labrador Sea) showed no significant trends for the period
1964-2013 (Déry et al.,, 2016). Rivers in Yukon, British Columbia, Ontario, and Quebec reported mixed annual
trends (Fleming and Clarke, 2003; Brabets and Walvoord, 2009; Fleming, 2010; Fleming and Weber, 2012; Déry
et al, 2012; Nalley et al,, 2012; Herndndez-Henriquez et al., 2017).
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Table 6.1: Observed trends in annual, winter, and summer streamflow
magnitudes from basin-wide case studies in Canada

Watershed

(west to east)

Annual runoff or

streamflow trend

Winter runoff or

streamflow trend

Summer runoff or

streamflow trend

Source

Pan-Arctic

- (no significant trend)
1964-2013 into Bering
Sea, western Arctic
Ocean, western Hudson
and James Bay, and
Labrador Sea

M and { to the eastern
Hudson and James Bay
(eastern Arctic Ocean)

Déry et al. (2016)

Yukon River (YT)

>1944-2005; 1 during  1N1944-2005, due to

warm Pacific Decadal
Oscillation (PDO)

warm PDO, 1976—
2005

{ During warm PDQ,
1976-2005

Brabets and Wal-
voord (2009)

1976-2005
White River, Alsek River; 1N1975-1999 Fleming and
glacier in basins (YT) Clarke (2003)
Dezadeash River, no 4 1953-1999 Fleming and
glacier in basin (YT) Clarke (2003)
Big Creek, no glacierin 1, 1975-1999 Fleming and

basin (YT) Clarke (2003)
BC region Mixture of trends Most positive detect- Hernandez-Hen-
1966-2015 able trends occur in riquez et al.
spring in glacierized (2017)
westward rivers located
>1200m
Campbell, Stave, Cheak- 1 1984-2007 1 December—Jan- Fleming and We-

amus, and other rivers
in south coastal BC

uary, {, February,
1984-2007

ber (2012)

Cowichan River (BC)

J August, 1961-2006

Fleming (2010)

Fraser River (BC)

Variability increasing

Déry et al. (2012)

Fraser River (BC)

J June—August
19568-2012

BCMOE (2016)

Castle River near Bea-

ver Mines (BC)

J 1946-1948, 1951 -
2002

Rood et al. (2005)

Bridge River (BC)

Possible small
1984-2007

Small 1 1984-2007

Possible small P
June-July, { August,
1984-2007

Fleming and We-
ber (2012)
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Table 6.1: Observed trends in annual, winter, and summer streamflow
magnitudes from basin-wide case studies in Canada

Columbia River (BC) Possible small 1 1984~ 1 1984-2007 Possible small 1 June, Fleming and We-
2007 J August, 1984-2007  ber (2012)
Columbia River at Fair- |, 1946-1995 Rood et al. (2005)
mont Hot Springs (BC)
Peace River (BC) - 1984-2007 - 1984-2007 - 1984-2007 Fleming and We-
ber (2012)
Peace River at town of J$ =57%, 1912-2003 Schindler and
Peace River (AB) Donahue (2006)
™ 1916-2013 Rood et al. (2017)
Mackenzie River (BC, 1961-2002 Yip et al. (2012)
AB, YT, SK, NT)
™ 1965-2007 St. Jacques and
Sauchyn (2009)
™1940-2013 Rood et al. (2017)
Liard River (YT, BC, AB, { annual mean, ™ 1975-1999, and J June and August, Burn et al.
NT) 1960-1999 1960-1999 1975-1999 (2004a)
A annual minimum,
1960-1999
J annual maximum,
1975-1999
™ 1944-2013 ™ 1944-2013 ™ 1944-2013 Rood et al. (2017)
Peel River above Fort - 1975-2013 Rood et al. (2017)

McPherson (NT)

Athabasca River below
Fort McMurray (AB)

Significant ¢, 1958-
2009

J —=19% from 1958—
2003

Schindler and
Donahue (2006)

J —33.3% 1970-2003  Peters et al.
(2013)
4 —30% to —20%,
1958-2009
Athabasca River at - 1913-2013 Rood et al. (2017)
Athabasca (AB)
Peters et al.
(2013)
Athabasca and Peace J 1966-2010 Mostly ¢ 1966-2010, Majority 1. 1966-2010 Bawden et al.
River sub-basins (BC, with increases in (2014)

AB, SK)

several sub-basins
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Table 6.1: Observed trends in annual, winter, and summer streamflow
magnitudes from basin-wide case studies in Canada

Red Deer River (AB) 4 1913-2002 Rood et al. (2005)
Bow River (AB)
Small ¢ 1911-2002 St. Jacques et al.
and 1912-2007 (2010)
Elbow River below Glen- { 1912-2001 St. Jacques et al.
more Dam (AB) (2010)
Oldman River near J 1912-2001 St. Jacques et al.
Lethbridge (AB) (2010)

J —42% 1915-2003 Schindler and
Donahue (2006)

South Saskatchewan J 1913-1930, 1936- Rood et al.
River at Medicine Hat 2002; (2005); St.
(AB) Jacques et al.
M 1912-2001 (natural- (2010)
ized, climate only)
South Saskatchewan J —84% 1912-2003 Schindler and
River at Saskatoon (AB, Donahue (2006)
SK)
North Saskatchewan J 1911-2007 St. Jacques et al.
River at Edmonton (AB) (2010)
Prairie unregulated J 1966-2005 J 1966-2005 Burn et al. (2008)
streams
Winnipeg River (MB) ™ +58% since 1924 ™ since 1924 - since 1924 St. George (2007)
Hudson Bay (MB) 4 1964-1980s; ™ 1964-2008 4 1964-2008 Déry et al. (2011)
N 1980s-2008
Churchill (MB) 4 1964-2008 Déry et al. (2011)
Nagagami River (ON) ™ 1954-2008 Nalley et al.
(2012)
Missinaibi River (ON) ™ 1954-2008 Nalley et al.
(2012)
Black River (ON) ™ 1954-2008 Nalley et al.
(2012)
Richelieu River (QC) ™ 1954-2008 Nalley et al.
(2012)
Eaton River (QC) Small { 1954-2007 Nalley et al.
(2012)
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Table 6.1: Observed trends in annual, winter, and summer streamflow
magnitudes from basin-wide case studies in Canada

St. Lawrence River, 4 1950-2000 Assani et al.
south shore tributaries (2012)
(QC)
St. Lawrence River, trib- ™ 1950-2000 Assani et al.
utaries north and west (2012)
of Montreal (QC)
Thirteen rivers in New D 11/13 (5 signifi- 19/13 (5 significant at ~ Arisz et al. (2011)
Brunswick cant at 70%), 4 2/13, 70%) 1969-2006

1969-2006

TABLE SOURCE: UPDATED FROM MORTSCH ET AL. (2015).

Seasonally, there has been a consistent pattern of increasing winter flows in many regions (see Table 6.1),
particularly for more northern basins, such as the Mackenzie and Yukon rivers and those draining into Hud-
son Bay. Summer flows have been generally declining over most regions of Canada, although the declines are
not as widespread as for winter. Note that these studies are mostly consistent on the direction of change, but
there are large differences in the rate of these changes. Many of these regional trends in flow were linked to
precipitation trends or variability affecting the entire basin, although winter warming and associated snow-
melt explained several of the increases in winter/early spring flow (e.g., DeBeer et al,, 2016). In addition,
several flows were associated with naturally occurring internal climate variability (mainly El Nifio—Southern
Oscillation, Pacific Decadal Oscillation [PDO], and Arctic Oscillation [AQ]; see Chapter 2, Box 2.5), particularly
for western Canada during winter (e.g., Bonsal and Shabbar, 2008; Whitfield et al., 2010), the Mackenzie Basin
(St. Jacques and Sauchyn, 2009), and rivers draining into Hudson Bay (Déry and Wood, 2004).

Changes in extreme short-term streamflow are important indicators of flood risk. One-day maximum flow
magnitudes (the highest one-day flow recorded during the year) from 1970 to 2005 revealed that 11% of hy-
drometric sites across Canada have significantly decreasing trends (lower maximum flow levels), while only
less than 4% have increasing trends (higher maximum flow levels) (Monk et al,, 2011). A more recent study
using an expanded set of RHBN stations (280) for the 1961-2010 period yielded very similar results, with 10%
of the sites showing significant decreases and less than 4% significant increases (Burn and Whitfield, 2016)
(see Figure 6.3).
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Figure 6.3: Streamflow changes in Canada, trends in maximum flow, 1961-2010

Figure caption: Summary of trends in one-day maximum flow in Canada using stations on unregulated streams
from the Reference Hydrometric Basin Network (see Box 6.1). Significant trends denote that there is only a 5%
possibility that such changes are due to chance.

FIGURE SOURCE: MODIFIED FROM BURN AND WHITFIELD (2016).

Equally important to aquatic ecosystems and society are low flows, since they represent periods of decreased
water availability. More stations show significantly lower one-day minimum flow trends (18%) than show
significantly higher ones (8%) (see Figure 6.4) (Monk et al., 2011). Results from a smaller subset of RHBN
stations (Ehsanzadeh and Adamowski, 2007, for 1961-2000 and Burn et al., 2010, for 1967-2006) revealed
similar tendencies in seven-day low flows, with more sites having significantly lower values (36% and 18% for
each study, respectively) than higher values (7% and 5%, respectively).
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Figure 6.4: Streamflow changes in Canada, trends in minimum flow, 1970-2005

Figure caption: Summary of trends in one-day minimum flow in Canada using stations on unregulated streams
from the Reference Hydrometric Basin Network (see Box 6.1). Significant trends denote that there is only a 10%
possibility that such changes are due to chance.

FIGURE SOURCE: MODIFIED FROM MONK ET AL. (2011).

Another indicator of freshwater availability is baseflow, the portion of streamflow resulting from seepage of
water from the ground (related to groundwater; see Section 6.5). Baseflow often sustains river water supply
during low-flow periods. For the vast majority of sites in Canada, annual baseflow trends did not significant-
ly change from 1966 to 2005 (Rivard et al., 2009). However, an analysis of a baseflow index across Canada
found some locations with significantly decreasing trends (11% of stations) and others with increasing trends
(9%) (Monk et al., 2011). Additionally, in northwestern Canada, winter baseflow has increased significantly in
39% of the 23 rivers analyzed. The likely explanation is enhanced water infiltration from permafrost thawing
due to climate warming (St. Jacques and Sauchyn, 2009).

Only one published study directly attributed changes in streamflow magnitude within Canada to anthropo-
genic climate change. This included recent observed declines in summer (June—August) streamflow in four
British Columbia rivers (Najafi et al., 2017b). The decreases were due to smaller late-spring snowpacks (and
consequently, lower summer runoff), which were attributed to the human influence on warming of cold-sea-
son temperatures (Najafi et al,, 2017a) (see Chapter 4, Section 4.3.1.2).
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Projected future changes in Canadian streamflow magnitudes have not been extensively examined on a na-
tional scale, although several regional assessments have been conducted (see Table 6.2 and Figure 6.5). The
majority of these studies are based on the third phase of the Coupled Model Intercomparison Project (CMIP3)
climate models and SRES emission scenarios (see Chapter 3, Section 3.3) unless otherwise specified. The
findings are mostly consistent on the direction of change, although there are large uncertainties in magni-
tude. In general, for the mid-21st century, watersheds in British Columbia and northern Alberta are projected to
have increases in annual and winter runoff, whereas some watersheds in Alberta, southwest British Columbia,
and southern Ontario are projected to have declines in summer flow (Kerkhoven and Gan, 2011; Poitras et

al., 2017, Bennett et al., 2012; Bohrn, 2012; Harma et al., 2012; Schnorbus et al., 2011; 2014; Shrestha et al.,
2012a; Eum et al,, 2017; Islam et al.,, 2017). In the Prairie region, most rivers in southern Alberta and Saskatch-
ewan are projected to have decreases in both annual and summer runoff (Lapp et al., 2009; Shepherd et al.,
2010; Forbes et al,, 2011; Kerkhoven and Gan, 2011; Kienzle et al,, 2012; Tanzeeba and Gan, 2012; St. Jacques
etal, 2013, 2017). However, rivers in southern and northern Manitoba are projected to have increasing flow
(Poitras et al.,, 2011; Shrestha et al,, 2012b; Stantec, 2012). Projected changes in future annual runoff are
mixed in Ontario (EBNFLO Environmental and AquaResource Inc., 2010; Grillakis et al., 2011), while in Quebec
the majority of studies project increasing annual flows (Quilbe et al., 2008; Minville et al., 2008, 2010; Boyer

et al, 2010; Chen et al,, 2011; Guay et al., 2015). A Quebec study using several models from the fifth phase of
the Coupled Model Intercomparison Project (CMIP5) found that mid-century (2041-2070) flows for southern
rivers under both medium and high emission scenarios (RCP4.5 and RCP8.5) will be characterized by ear-

lier and smaller spring peak flow and lower summer runoff. Annual mean flow is anticipated to increase in
northern regions and decrease in the south (CEHQ, 2015). Annual streamflow is projected to increase for New
Brunswick (El-Jabi et al.,, 2013) and Labrador (Roberts et al., 2012). In northwestern Canada, there is evidence
that watersheds such as the Mackenzie and Yukon river basins will see an increase in annual flow, mainly due
to the higher precipitation amounts projected at higher latitudes (e.g., Poitras et al,, 2011; Thorne, 2011; Vetter
etal., 2017).

Table 6.2: Projected changes in annual and seasonal streamflow from
basin-wide case studies across Canada

Watershed Projections Key references

(west to east)

Baker River (BC) Most scenarios for the 2050s project increased Bennett et al. (2012)
winter runoff and decreased summer runoff,
including decreased snow water equivalent

Campbell River (BC) Increase in 2050s winter runoff, and decrease Schnorbus et al. (2011);
in summer runoff; no consensus on changes in Bennett et al. (2012)
mean annual runoff
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Table 6.2: Projected changes in annual and seasonal streamflow from
basin-wide case studies across Canada

Trepanier Creek, Decrease in 2050s mean annual and summer Harma et al. (2012)
Okanagan Basin (BC) streamflow, with spring freshet occurring two
weeks earlier, compared with 1983-1993 period

Ingenika River (BC) Increase in 2050s winter runoff; no consensus Bennett et al. (2012)
on changes in summer runoff

Fraser River (BC) No consensus for 2050s mean annual flow pro- Shrestha et al. (20712a)
jection for the Fraser River; flow during summer
would decline in all scenarios

Earlier spring snowmelt in the 2050s (approxi- Islam et al. (2017)
mately 25 days), yielding more runoff in the win-

ter and spring, and earlier recession to low-flow

volumes in summer at mouth

Columbia River (BC); Streamflow projections for the 2050s indicate Schnorbus et al. (2014)
Peace River (BC, AB) these rivers will retain the characteristics of a

nival regime by mid-century, although stream-

flow-timing shifts result in the form of generally

higher winter, earlier freshet onset, higher spring

runoff, and reduced summer runoff. An overall

increase in annual runoff is projected

Liard River (NT) General increase in annual flow under warming Thorne (2011)
climate scenarios

Mackenzie River (NT) Increasing tendency for mean annual runoff Vetter et al. (2017)
over the 215t century

Athabasca River (AB) Projected increases in spring and winter flows, Eum et al. (2017)
increases in minimum and maximum flows,
with summer flows projected to decrease in
the 2050s and 2080s; overall increase in annual
runoff reaching the river mouth
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Table 6.2: Projected changes in annual and seasonal streamflow from
basin-wide case studies across Canada

Southern Prairies (trib-
utaries of Saskatche-
wan River) (AB, SK)

Decreases in 2050s annual runoff, except for
increase in Cline River, AB, due to large increase
in winter runoff; increases in Red River and de-
creases in Old Man River, AB; a shift to an earlier
spring peak in runoff and drier late summer
expected

Lapp et al. (2009);
Shepherd et al. (2010);
Forbes et al. (2011);
Kienzle et al. (2012); St.
Jacques et al. (2013,
2017)

Churchill (MB)

In a hydrological model intercomparison, two
of three hydrological model projections for a
range of climate scenarios projected increases
in annual runoff, while a third model projected
decreases

Bohrn (2012)

Lake Winnipeg — Upper
Assiniboine and Morris
Basins (MB)

Increased annual runoff projected for the Upper
Assiniboine and for most scenarios in the Mor-
ris Basin

Shrestha et al. (2012b);
Stantec (2012)

Western Canada ba-
sins: Columbia, Fraser,
Yukon, Mackenzie,
Churchill, Nelson, Sas-
katchewan rivers

Increased annual mean flow projected for
2050s; increase in magnitude of winter stream-
flow and earlier spring peak flow for northern
basins; significant increase in 10-year return
frequency of 15-day winter and fall low flows
and one-day high flows for high-latitude western
Canadian basins; decrease in high-flow events
for the more southern basins (Churchill, Sas-
katchewan, and Athabasca)

Poitras et al. (2011)

Spencer Creek (ON)

Increase in mean annual and fall-winter
streamflow and decrease in March—April spring
peak flow

Grillakis et al. (2011)

Credit River (ON)

Mixed projections of annual streamflow

EBNFLO Environmental
and AquaResource Inc.
(2070)

305 Tributaries in QC

Increase in mean annual streamflow for major-
ity of Quebec watersheds; decreased June—Au-
gust contribution to annual streamflow

Guay et al. (2015)

Canada
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Table 6.2: Projected changes in annual and seasonal streamflow from
basin-wide case studies across Canada

Quebec Rivers south
of approximately 50
degrees north

Mean annual flows are projected in 2050s to CEHQ (2015)
decrease in southern regions and increase in

more northern areas; spring floods projected to

be earlier, with the volume and peak decreas-

ing in the south; summer—fall peak flood flows

projected to be higher over a large portion of

southern Quebec; summer flows lower

Tributaries of the St.
Lawrence (QC) (in-
cluding Richelieu, St.
Francgois, Yamachiche,
St. Maurice and Bati-
scan rivers)

Increases in 2050s mean winter runoff, with Boyer et al. (2010)
most scenarios projecting decreased summer
runoff and increased annual runoff

Chaudiére (QC)

Slight decrease in annual runoff for the 2020s Quilbe et al. (2008)

Chute-du-Diable (QC)

Most scenarios suggest increases in the win- Minville et al. (2008)
ter, spring, and fall runoff, whereas summer is

expected to see a decrease, with increases in

annual runoff for 2050s and 2080s

Peribonka River (QC)

Generally earlier spring freshet timing, slightly Minville et al. (2010)
higher spring peak, and slightly higher annual
runoff projected for 2050s and 2080s

Saint John, Nashwaak,
Canaan, Kennebecasis,
Restigouche, and Mira-
michi Rivers (NB)

Increase in 2050s mean annual streamflow; de- El-Jabi et al. (2013)
pending on the scenario and the time slice used,
increase in flood and drought frequencies

Pinus Ri